


· ,. .'.' '.' .' .

,This report WfJ.S prepared, as, an accountof work sponsoredby the
United State,s Governme[lt, Neither the United States nor, the Depart
mentof Energy,' nor any of their 'employees, nor any of thei (con- ,

',tractors, subcont~actors,ortheir employees, makes any warranty,
expressor implied, or assumes any legal liability or responsibility for
the accuracy,cornpletenessorusefulness of anyinformation,appa
ratus, product Or 'process disclosed ,(jrrepresents that its use would
not infringe privatelyownedrights.



MAT

Annual

Lawrence Berkeley Laboratory

University of California

Berkeley; California





iii

CONTENTS

GENERAL INTRODUcrION
David A. Shirley

I. MATERIALS SCIENCES
A. Metallurgy and Ceramics

1. Structure of Materials

a. Microstructure, Properties and Alloy Design--Electron Diffraction and Microscopy
Gareth Thomas, Investigator

1. Alloy Design: Steels .
2. Structural Ceramics . . . . . . . . . . . . . .
3. Electronic and Magnetic Materials (Non-Metallic)
4. Research Plans for Calendar Year 1979
5. 1978 Publications and Reports .......•.

1

7
17
23
30
31

b.

c.

d.

Atomic Resolution Microscopy
R. Gronsky and Gareth Thomas, Investigators

1. Achieving Atomic Resolution in Transmission Electron Microscopy
2. High Resolution Imaging: Theory and Experiment . . . . . .
3. Analysis and Lattice Imaging of a Transitional Event in Garnets
4. Study of Electron Microscope Transfer Functions
5. Imaging of Silicon-Silica Interfaces at 3 A Resolution
6. Spinodal Decomposition in Au-Ni Alloys
7. Lattice Imaging of Martensitic Steels
8. Interstitial Ordering in Tantalum
9. Research Plans for Calender Year 1979

10. 1978 Publications and Reports

Li5 MeV Electron Microscope
K. H. Westmaoott, Investigator

1. Progress Report on New 1.5 MeV High Voltage Electron Microscope Project
2. Carbon Segregation to Crystal Lattice Defects • . . . . . . . • . .
3. Ionization Damage in Electron-Irradiated Ceramics, and Chemical Bonding and

Structure of Glassy Phase . . . . . . . . . . . . . . . . . . . . . . .
4. Segregation at Grain Boundaries and Its Relation to Magnetic Properties in

Mn-Zn Ferrite .. . . . . . .
5. Research Plans for Calendar Year 1979
6. 1978 Publications and Reports

Powder Metallurgy
Milton R. Piokus, Investigator

1. Magnetostrictive Properties of Rare Earth-Iron Laves Phase Materials Prepared
by Powder Metallurgy Techniques . . . . . . .

2. High Density Sintering of Iron-Carbon Alloys Via a Transient Liquid Phase
3. 1978 Publications and Reports .

33
34
35
36
37
39
40
41
42
42

44
44

45

46
47
47

48
49
50

2. Mechanical Properties

a. Theoretical Problems in Alloy Design
J. W. Morris, Jr., Investigator

1. Theory of Phase Transformations ......•.........
2. Simulation and Characterization of Polygranular Microstructures
3. Mechanical Deformation .
4. The Development of Structural Alloys for Cryogenic Use
5. Development of High-Strength, High Toughness Alloys
6. Welding of Cryogenic Nickel Steels . .
7. Research Plans for Calendar Year 1979
8. 1978 Publications and Reports

52
56
56
58
61
64
64
65

b. Relations Between Dislocations, Point Defects and Properties of Metals
Jaok Washburn, Investigator

1. On the Nature of Amorphous Layers Produced by Phosphorous Ion Implantation
at 77 and 300 K . . . . . . . . • . . . . . . . . . . . . . . . . . . . 67

2. The Development of Dislocation Substructures in Silicon During Recrystallization
of Amorphous Layers .. . . . . . . . . . . . . . . . . . . . . . . . . . " 68



IV

3. Stacking Faults and Polytyping in Crystal CdS and Mixed Crystal
(Cd,Zn)S . . . . . . . . . . . .

4. On the Mechanism of Vapor-Liquid-Solid Growth of Silicon Expitaxial Layers
5. The Structure of Spectrally Selective Black Chrome Photothermal Absorbing

Coatings .
6. Effect of Exposure to High Temperature on the Optical and Structural

Characteristics of Black Chrome Coatings
7. Research Plans for Calendar Year 1979
8. 1978 Publications and . . . . . .

c. Erosion~CorrosionWear Program
Alan V. Levy, Investigator

1. Erosion Behavior.
2. Corrosion Behavior ...
3. Research Plans for Calendar Year 1979
4. 1978 Publications and Reports

d. Tenmerature OXidation and Corrosion of Materials
F. Ffhittle,

1. Introduction. . . . . . . . . .
2. Research Plans for Calendar Year 1979
3. 1978 Publications and Reports

68
69

71

72
74
74

75
79
81
8Z

84
86
87

3.

a.

1.

Z.

3.

4.

S.
6.

Properties

Effect ~ High Field Superconductivity

An Investigation of a Thermoplastic-Powder Metallurgy Process for the
Fabrication of Porous Niobhml Rods . . . . . . . . . . . . . . . . .

Direct Observation of the Gro,ych of Voids in Multifilamentary Superconducting
Materials Via Hot Stage Scanning Electron Microscopy . . . . . . . . . . .

Study of the Influence of Temperature on the Infiltration of Porous Niobium
with Tin .

Application of Superplasticity Principles to the Forming of Multifilamentary
Superconducting Wire from Porous Niobium Infiltrated with Al-Ge Alloys

Research Plans for Calendar Year 1979
1978 Publications and Reports

88

89

90

91
9Z
9Z

b. Microstructure and Mechanical Behavior of Cermnic Materials; Glass- and Ceramic
Metal Systems
Joseph A.

1. Sintering of Mullite-Containing Compositions . . . . . . . . . . . . 93
Z. Sintering of AlUJI1ina in the Presence of a Liquid Phase . . . . . . . 97
3. Comparison of ~fullitization of Kaolinite and Alumina-Silica Mixtures 97
4. Hydrogen Gas Corrosion of Fused Silica. . . . . . . . . . . . . 99
5. Mechanical Properties of Aluminum Silicate Materials . . . . . . 101
6. Elasticity, Internal Friction and High Temperature BackgroUJ1d in

Polycrystalline AIZ03-SiOZ Ceramics at Elevated Temperatures . 103
7. Effect of Mechanical DIscontinuities on the Strength of Polycrystalline

Aluminum Oxide . . . . . . . . . . . . . . . . . . . . . . . 105
8. Kinetics of Solid State Reactions in the PbO··ZrOZ-TiOZ System lOS
9. Poling Effect on Piezoelectric Behavior of PZT Ceramics 106

10. Wetting, Spreading and Reactions in Cu-Ag System 108
11. Research Plans for Calendar Year 1979 109
lZ. 1978 Publications and Reports 110

c. High Temperature Reactions
Alan Fl. Searcy,

1. The Effect of the Extent of Completion of Reaction and of Tenlperature on the
Rate of Decomposition of CaC03 Single Crystals in Vacuum . . . . . . . III

Z. The Effect of COz Pressure on the Rate of Decomposition of CaC03 Powder lIZ
3. The Effect of fiigh C02 Pressures on the Morphology of CaO Produced by CaC03

Decomposi tion . . . . . . . . . . . . . . . . . . . . . . . . . . . lIZ
4. Effect of Temperature and Time on the Surface Area of CaO Produced by

Decomposition of CaC03 Single Crystals in Vacuum . . . . . . . . . . 113
S. Variation of Surface Area and Crystallinity with Extent of Completion of

the Reaction Mg(OH)Z = MgO(s) + HZO(g) in Vacuum 114
6 . Active Calcium Hydroxides ..... . . . . . . . . . . . . . . . . . . 115



v

7.
8.
9.

10.

TIle Species Above Li3P04 and K3P04
High TeJTIpcorcttuire Surface Diffusion of

for Calendar Year 1979
1978 Publications and Reports

116
116
117
118

d. Structure and Electrical Properties of Composite Materials
Robert H. Bragg,

1., Introduction . . . . . . . . . . . . . . . . . . . . .
2. Density Decrease ffild Mrozowski Cracks in Glassy Carbml
3. Microstructure and Void Collapsei.n Glassy Carbon
4. Anomalous in Carbon
5. Graphitization and Carbons (Current Status)
6. Research Plans for Calendar Year 1979
7. 1978 Publications and Reports . . . . . . . . .

119
121
122
123
124
124
125

127

128
131
132
134
136
138
139
139

Helium

of the Cosmic Background

3.
4.
5.
6.
7.
8.
9.

Solid State Physics
1. EX'Perimental Solid State

a. Far Infrared ~pectr()s(:or)Y
Paul L. Inves!;'igatOlo

1. Infrared Surface
2. A New Measurement

Radiation .
Far Infrared Spectroscopy of Electrons on the Surface of
Far Infrared Sky Survey . . . . . . . . . . . . .
Ge:Ga Photoconductors in Low Infrared Backgrounds
Superconducting Heterodyne Receivers .
White Mountain Radiometer
Research Plans for Calendar Year 1979
1978 Publications and Reports

B.

b. Exper~nental Solid State Physics and Quantum Electronics
Y. Ron

1. Coherent Raman Scattering of Surface Waves in Thin Films
2. Coherent Brillouin Spectroscopy . . . . . . . . .
3. Resonant Coherent Anti -Stokes Raman Scattering . .
4. Kinetic Study of the Isotropic-Nematic Phase Transition in Liquid Crystals
5. One-Magnon Sideband Luminescence in WmF2 .
6. Picosecond Spectroscopy .
7. Brillouin Scattering in GaSe .
8. Brillouin Scattering By Surface E and 1'1 Waves in Metallic Films
9. F1ashlamp- Pwnped Dye Laser Development . . . . . . . . . . .

10. Wavelength-Modulated Rmlmn Spectroscopy .
11. Study of Surface Exciton-Polaritons by Optical
12. The Effects of !vIDBA on the Ruby Laser Output Characteristics
13. Optical Properties of Lj.quid Crystals by Surface Plasmon Technique
14. Study of Dynmnics of a Nonlinear Fabry-Perot ....
15. Laser Interactions with Molecular Beams . . . . . .
16. Experiments on Multiphoton Dissociation of Molecules
17. Research Plans for Calendar Year 1979
18. 1978 Publications and Reports .

141
141
143
144
144
146
146
148
149
151
151
152
152
153
153
154
154
154

c. Excited Quffiltum Fluids in Solids
Carson D. Investigator

1.
2.
3.

4.
5.
6.
7.
8.

Motion of Electron-Hole Drops and Excitons in Ge at Low Excitation
Acoustic Phonon Scattering in Electron-Hole Liquids . . . . .
Calculation of Properties of the Electron-Hole Liquid in Uniformly

Stressed Ge and Si . . . . . . . . . . . . . . . . .
Properties of the Strain-Confined Electron-Hole Liquid in Ge . . .
Recombination Processes in the Electron-Hole Liquid in Ge
Development of Ultrasensitive Apparatus for Study of Electron-Hole
Research Plans for Calendar Year 1979
1978 Publications and Reports . . . . . . . . . . .

Drops

156
158

158
159
162
163
163
164

Superc()nc.luc:tj.ng Devices, and l/f Noised.

1.
2.

Clarke,

Magnetotellurics with SQUID Ma!sl1E,tometeJ:s
Minicomputer for In-Field Process ing of ]Vlagnetotelluric Data

165
167



vi

3. Small Area Tunnel Junction DC SQUID . . . . . . . . . . . . . . . . . 168
4. Optimal Performance of DC SQUID Voltmeters and Magnetometers. . . . . 168
5. Enhancement of the Energy Gap in Superconducting Aluminum by Tunneling

Extraction of Quasiparticles 170
6. Measurement of the Electron-Phonon Scattering Time in Aluminum and Aluminum-

Erbium Alloys . . . . . . . . 171
7. Research Plans for Calendar Year 1979 173
8. 1978 Publications and Reports 173

2. Theoretical Research

a. Theoretical Solid State Physics
Marvin L. Cohen, Investigator

1. Electronic Structure of Al5 Compounds' . . . . .
2. Bulk and Surface Properties of Transition Metals
3. First-Principles Pseudopotentials .•.....
4. Calculation of Equilibrium Properties of Solids
S. Semiconductor Surfaces and Interfaces
6. High Temperature Superconductivity
7. Research Plans for Calendar Year 1979
8. 1978 Publications and Reports

C. Materials Chemistry
1 . Chemical Structure

a. High Pressure Chemistry
George Jura, Investigator

1. High Pressure Heat Capacities

b. Low Temperature Properties of Materials
Norman E. Phillips, Investigator

1. Improvements in Laboratory Temperature Scale Below 1 K . .
2. Low-Temperature Heat Capacity Studies on Synthetic Metals
3. Concentration of ''Magnetic'' Impurities in CuFe
4. Research Plans for Calendar Year 1979
S. 1978 Publications and Reports

c. Electrochemical Processes
Charles W. Tobias, Investigator

1. Fundamental Studies of Transport Phenomena in Electrochemical Cells
2. Research Leading to New Electrolytic Processes
3. Research Plans for Calendar Year 1979
4. 1978 Publications and Reports .

175
176
176
177
177
178
179
179

181

183
184
184
185
186

187
189
190
190

2. High 'Temperature and Surface Chemistry

a. High Temperature Chemistry
Leo Brewer, Investigator

1. High Temperature Solid-Electrolyte Electromotive Cell Measurements of
Generalized-Lewis-Acid-Base Interactions in Binary Transition Metal Alloys 192

2. High-Temperature Gaseous Equilibria Measurements of Generalized-Lewis-Acid-
Base Interactions in Binary Transition Metal Alloys . . . . . . . . . . 192

3. Critical Evaluation and Compilation of High-Temperature Thermodynamic Data 193
4. Research Plans for Calendar Year 1979 194
5. 1978 Publications and Reports .. . . . . . . . . . . . . . . . . . . . . 194

b. Chemistry and Materials Problems in Energy Production Technologies
Donald R. Olander, Investigator

1. Thermal-Gradient Migration of Gas-Liquid Inclusions in Salt
2. Separative Performance Transients in a Gas Centrifuge
3. Platinum-Catalyzed Gasification of Graphite by Hydrogen
4. Investigation of the Iron-Chlorine Reaction by Modulated Molecular Beam

Mass Spectrometry . . . . . . . . . . . . . . . . . . .
5. Separation of Flowing Gas Mixtures by Thermal Diffusion
6. Chemical Reduction of Refractory Oxides by Atomic Hydrogen
7. Laser Pulse Vaporization of U02 .

196
196
197

199
200
201
:W2



vii

8. Research Plans for Calendar Year 1979
9. 1978 Publications and Reports

204
204

1.
2.
3.
4.

c.

d.

e.

Electrochemical Phase Boundaries
Rolf H. Muller, Investigator

Ellipsometry of Electrochemical Interfaces . . .
Interferometry of Mass-Transfer Boundary Layers
Research Plans for Calendar Year 1979
1978 Publications and Reports

Solid State and Surface Reaction Studies
Gabor A. Somorjai, Investigator

1. Surface Structure and Chemisorption by Low Energy Electron Diffraction
2. Electron Spectroscopy Studies of Solid Surfaces and Adsorbates
3. Molecular Beam-Surface Interactions
4. Studies of Catalyzed Surface Reactions
5. Research Plans for Calendar Year 1979
6. 1978 Publications and Reports

Nuclear Magnetic Resonance
Alexander Pines, Investigator

1. High Resolution Multiple-Quantum NMR •••••.•••••••
2. Information Theory Treatment of Multiple-Quantum Coherence . .
3. Kinetic Processes in Cyclooctatetraene by Multiple-Quantum NMR
4. Conformation of Aliphatic Chains in Liquid Crystals
5. Synthesis of Isotopically Labeled Liquid Crystals and Single Crystals
6. Ferroelectric Phase Transition in Squaric Acid .
7. Magnetic Isotope Effect in the Solid State .
8. High Field NMR Spectrometer .
9. Exchange of Rotational Polarization in Methyl Groups

10. Research Plans for Calendar Year 1979
11. 1978 Publications and Reports . . . . . . . . . . .

205
207
209
209

210
211
211
212
213
213

215
216
216
217
217
218
218
219
219
219
219

II. CHEMICAL SCIENCES
A. Fundamental Interactions

1. Photochemical and Radiation Sciences

a. Photoassisted Surface Reactions, Materials and Mechanisms
Gabor A. Somorjai, Investigator

1. Photoassisted Catalytic Dissociation of H20 Over SrTi03
2. The Photoassisted Formation of Methane by the Pt-SrTi03 Single Crystal

Sandwich from Gaseous H20 and C02 . . . . . . . . . . . . .
3. Construction of a Low Pressure--High Pressure Apparatus for Photochemical

Studies .
4. Research Plans for Calendar Year 1979
5. 1978 Publications and Reports

b. Photochemistry of Materials in the Stratosphere
Harold S. Johnston, Investigator

1. Photolysis of the Nitrate Free Radical (N03) by Tunable Flashed Laser and
Detection of Products by Resonance Fluorescence . . . . . .

2. Internal Energy Dependence of the NO + 03 7 N02* + 02 Reaction.
3. N205 Photochemistry .
4. Vibronic Structuring of the Absorption Spectrum of Nitrous Oxide
5. Instantaneous Global Nitrous Oxide Photochemical Rates
6. Research Plans for Calendar Year 1979
7. 1978 Publications and Reports .

2. Chemical Physics

a. Energy Transfer and Structural Studies of Molecules on Surfaces
CharZes B. Harris, Investigator

1. Optical Spectroscopy of Aromatic Hydrocarbons on the Ni(lll) Surface
2. Generalized Ellipsometry of Anisotropic Overlayers on Metal Surfaces
3. A Complete Theory of Transient Stimulated Raman Scattering
4. Vibrational Energy Exchange in Condensed Phases Observed by Spontaneous

Raman Scattering . . . . . . . . . . . . . . . . . . . . . . . . . . .

223

223

223
223
224

225
227
228
234
237
241
242

243
251
254

257



VIII

5. LS1-11 Based Optical Multichannel Analyzer Operating System for Surface
Raman Scattering Studies . . . . . . . . . . . . . . . . . .

6. illfV Chamber Desi~led for IR and Raman Spectroscopy on Surfaces
7. Research Plans for Calendar Year 1979
8. 1978 Publications and Reports .

260
261
262
262

270

270
272
272

264

265
267
267
268
268
268

of Highly Excited Molecules

Intracavity Dye Laser Spectroscopy of Polyatomic Molecules . . . . . .
Energy Transfer in Methmle by Excitation of Fundamental, Overtone and

Combination Bands . . . . . .
Research Plans for Calendar Year 1979
1978 Publications and Reports

1.
2.

3.
4.
5.
6.
7.

c.

1.
2.

3.
4.

b. Molecular Be@n Spectroscopy
John W. Investigator

Analytic Potentials for Weakly-Bound Molecules . . . . . . . . . . . .
Production of Metal Atoms and Clusters from Gas Phase Dissociation of

Metal Carbonyls . . . . . . . . . . . . . . . . .
Chemiluminescent Chemi-Ionization by Metastable Rare Gases
Photoionization of Cs-Containing Metal Clusters
Molecular Beam Electric Resonance Spectroscopy
Research Plans for Calendar Year 1979
1978 Publications and Reports . . . . . . . .

d. Physical Chemistry with Emphasis on Thermodynamic Properties
Kenneth S.

1. Quantum Chemistry for Molecules Containing Heavy Atoms .
2. Relativistic Effects on Chemical Properties .
3. Statistical Mechanics of Dissociating Gases and Plasmas
4. Research Plans for Calendar Year 1979
5. 1978 Publications and Reports . . . . . . . . . . . . .

273
274
275
276
276

e. Chemical Dynamics Studies
Bl?UCe H.

1. Fluorescence of Gaseous Ions .
2. Dynamics of the F+-H2 Reaction .
3. Electronic State C~nposition of Ion Beams
4. Dynamics of C02+-D2 Collisions .....
5. Research Plans for Calendar Year 1979
6. 1978 Publications and Reports

278
278
279
279
280
280

f Theory of Atomic and Molecular Collision Processes
William H. Miller,

1. On the Possibility of Direct Solution of the Classical Liouville Equation
for Inelastic Molecular Collision Processes . . . . . . . . . .

2. Quantum Mechanical Reactive Scattering Via Exchange Kernels . . . . . . .
3. A New Classical Model for Electronically Non-adiabatic Collision Processes
4. Infrared Laser-Induced Chemical Reactions .
5. Siegert Eigenvalues for Autoionizing Electronic States
6. Research Plans for Calendar Year 1979
7. 1978 Publications and Reports .

281
282
283
284
285
287
287

g. Photoelectron Spectroscopy
D. A. Investigator

1. Normal Photoelectron Diffraction: A New Effect . . . . . . . . .
2. Electronic Structure and Surface States in Stepped Copper Crystals
3. EJ1hanced Molecular Orbital Intensities for the CO/Pd System
4. Band Bending at the GaAs-Ge Interface .
5. Direct and Indirect Transitions Along fhL in Silver .
6. Conduction-Band Dispersion Relations from Photoemission in GaAs
7. L-Edge Exafs in TitaniunJ .
8. Radiation Damage Studies by X-ray Photoelectron Spectroscopy.

III. Electron Irradiated Halates and Perhalates .....
9. Crystal-Field and Band-Broadening Effects on the Apparent 4d Spin-Orbit

Splitting in Cadmium Photoelectron Spectra .
10. Time-of-Flight Photoelectron Spectroscopy Using Synchrotron Radiation and

Molecular Beams . . . . . . . . . . . . . . . . . . . . . . . . . . . .

290
290
294
296
298
301
303

306

308

309



ix

11. Lifetime of the 5s5p6 State in Xe+ . . . . . . . . . . .
lZ. Analysis of the Decay Dynamics of Xenon Dimer, Including

Monochromatized Fluorescence . . . . . . . . . . . . .
13. Photodissociation of Ion from Time-Resolved Fluorescence
14. Research Plans for Calendar Year 1979
15. 1978 Publications and Reports .

310

311
313
315
315

h. Crossed Molecular Beams
Yuan T. Lee, Investigator

1. D)~amics of Photodissociation of 03 .
Z. Energy Disposal in the Photodissociation of CH31 .
3. Reactive Scattering of Fluorine with Vinyl Bromide
4. Atomic Oxygen Nozzle Beam Source Development . .. .
5. Crossed Molecular Beam Studies on the Interaction Potentials for

Cl (Zp) + Xe (IS) .
6. Crossed Molecular Beanl Study of the Li + HCl Reaction
7. Photoionization of (HZ)Zi Stability of H4+, ~amics of the FOYTIlation

of H3+ and Vibrational Predissociation of HZ+'HZ .
8. Photoionization of Small Clusters of Ar, Kr, Oz and HZ . . . . . .
9. Molecular Ion Spectrometer; The Lifetime of 02+(4nu) .

10. Proton Affinities of Hydrogen Halides Determined by the Molecular
Beam-Photoionization Methods .

11. Research Plans for Calendar Year 1979
lZ. 1978 Publications and Reports

317
318
319
321

321
3Z4

326
3Z8
331

33Z
334
334

i. Potential
F.

Surfaces for Chemical Reactions
,c;r';0(", t·p" 17 I II>

1. Three Isomers of the AI-C2HZ Systems .
Z. Electronic Structure of Homoleptic Transition Metal Hydrides;

TiH4, ~14, CrH4' FeH4, CoH4' NiH4 .
3. Singlet-Triplet Energy Separation for Silaethylene .
4. Structures and Energetics of Planar and Tetrahedral Dilithiomethane:

A Near Degeneracy of Singlet and Triplet Electronics States
5. The Photodissociation of FOYTIlaldehyde
6. Research Plans for Calendar Year 1979
7. 1978 Publications and Reports

337

338
339

341
342
343
343

356

353
355
355

360
360
361
361

345
346
346
348
352

358

Investigator

Radiative Decay from Low Lying Transitions in Lithiumlike and Bery1liumlike
Krypton (Z=36) . . . . . . . . . . . . .

Electric Field Quenching of the Metastable State of Hydrogenlike
Argon (Z=18) . . . . . . . . . . . . . . . . . . .

Charge Changing Cross Section ~1easurements for Heavy Ions at Energies
to 8.5 MeV/amu .

Theoretical Studies of Electric Field Quenching
Research Plans for Calendar Year 1979
1978 Publications and Reports . . . . . . . . .

1.
2.
3.
4.
5.
6.

7.
8.

b.

1.

2.

3.

4.
5.
6.

3. Atomic Physics

a. Low Atomic Physics
H. A.

Advanced Laser Development . . . . . . . . . . .
Parity Nonconservation in Atomic Thallium
Ion Trap Design for Optical Analysis of Confined Ions
Laser Diagnosis and Pumping of Confined Ions . . . . . . . . . . . . . .
Radiative and Collisional Deexcitation of Metastable (lsZs) 3S1 Li+ Ions
Isotope Shift and Line Profiles in No by Zeeman Scanned Absorption

Spectroscopy . . . . . . . . .
Research Plans for Calendar Year 1979
1978 Publications and Reports



1.
2.
3.
4.
5.

B.

x

Processes and Techniques
1. Chemical Energy

a. Formation of Oxyacids of Sulfur From S02
Robert E. Connick, Investigator

The Dimerization of HS03- to Form S2052- . . . . . . . . . . .
Evidence for a New Form of HS03- .
Identification of Yellow Species in Aqueous Solutions of HS03
The Reaction of Ammonia with Sulfur Dioxide
Research Plans for Calendar Year 1979

and S02

363
364
364
365
365

b. Conversion of Coal to Clean Liquid and Gaseous Fuel
Gabor A. Somorjai, Alexis T. Bell and K. Peter C. Vollhardt, Investigators

1. Hydrogenation of CO Over Polycrystalline Iron Catalysts. The Effects
of Added Oxygen and Potassium on the Reaction Rates and Product Distribution 366

2. The Role of Readsorption in Determining the Product Distribution During
CO Hydrogenation Over Fe Single Crystals . . . . . . . . . . . . . . . . . 366

3. Studies of Fischer-Tropsch Synthesis on Supported Ruthenium Catalysts 366
4. Chemical Changes Produced in Coal Through the Action of Lewis Acid Catalysts 367
5. Transition Metal Activation of Small Molecules . . . 369
6. An Immobilized Homogeneous Fischer-Tropsch Catalyst 372
7. Activated Benzenoid Hydrocarbons 372
8. Research Plans for Calendar Year 1979 373
9. 1978 Publications and Reports 373

c. Synthetic and Physical Chemistry
William L. Jolly, Investigator

1. X-Ray Photoelectron Spectroscopy 376
2. Synthetic and Mechanistic Studies 378
3. Research Plans for Calendar Year 1979 380
4. 1978 Publications and Reports 381

d. Electrochemical Systems
John Newman, Investigator

1. A Model for the Anodic Dissolution of Iron in H2S04 382
2. Mathematical Analysis of the Semiconductor Electrode 383
3. Gas Evolution in Electrochemical Systems . . . . . . 384
4. Corrosion of Iron-Based Alloys by Coal Char 384
5. Potential Distribution for Disk Electrodes in Axisymmetric Cylindrical Cells 384
6. Mathematical Modeling of the Lead-Acid Cell .. . . . . . . . . 384
7. Current and Potential Distributions in Lead-Acid Battery Plates 384
8. Research Plans for Calendar Year 1979 384
9. 1978 Publications and Reports . . . . . . . . . . . . . . . 385

1.
2.
3.
4.
5.

e.

f.

g.

Metal Cluster -Metal Surface Analogy
Earl L. Muetterties, Investigator

1. Structural and Chemical Features of Chemisorbed Species on Metallic Surfaces
2. Research Plans for Calendar Year 1979
3. 1978 Publications and Reports . . . . . . . . . . . . . . . . . . . . . . .

High Energy Oxidizers and Delocalized-Electron Solids
Neil Bartlett, Investigator

Graphite and Boron-Nitride Salts . . . . . . . . . . . . . . . .
Aromatic-Cation Salts . . . . . . . . . . . . . . . . . . . . .
Novel Low-Melting Salts Involving Interaction of XeF2 with XeF5+
Research Plans for Calendar Year 1979
1978 Publications and Reports . . . . .

Transition Metal Catalyzed Conversion of CO, NO, H2 and Organic Molecules
to Fuels and Petrochemicals
Robert G. Bergman, Investigator

1. Overview of Programs Initiated .
2. A Model for the Mechanism of Ziegler-Natta Polymerization of Ethlyene
3. Studies of Carbon-Carbon Bond FOrTIling Processes in the Reactions of

Binuclear Dialkyl Complexes with Carbon Monoxide
4. Research Plans for Calendar Year 1979
5. 1978 Publications and Reports .

386
386
387

388
391
392
394
394

396
396

397
397
398



xi

2. Chemical Engineering Sciences

a. Molecular Thermodynamics of Phase Equilibria for Water-Hydrocarbon Systems
at High Pressures with Special Attention to the System Brine-Methane
John M. Prausnitz, Investigator

1. High-Pressure Phase Equilibria in Hydrocarbon-Water (Brine) Systems
2. Research Plans for Calendar Year 1979
3. 1978 Publications and Reports . . . . . . . • . . . . . . . . . . .

III. NUCLEAR SCIENCES
A. Low Energy Nuclear Sciences

1. Heavy Element Chemistry

a. Actinide Chemistry
NoY~man M. Edelstein, Richard A. Andersen, Neil Bartlett, John G. Conway,
Kenneth Raymond, Glenn T. Seaborg, Andrew Streitwieser, Jr., David H. Terrrpleton
and Allan Zalkin, Investigators

1. Highly Selective Sequestering Agents for Plutonium and Other Actinides
in the 4+ Oxidation State . . . . . . . . . . . . . . . . . .

2. Synthetic and Structural Studies of Actinide and Other Compounds
3. Physical and Spectroscopic Studies ..
4. Research Plans for Calendar Year 1979
5. 1978 Publications and Reports

IV. COAL RESEARCH

a. The Interfacial Properties of Coal
Douglas W. Fuerstenau, Investigator

1. Introduction.

b. Deuterium Analysis of Coal by NMR
Alexander Pines, Investigator

1. Carbon-13 Analysis of Whole and Processed Coals
2. High Resolution Deuterium NMR in Solids
3. Research Plans for Calendar Year 1979
4. 1978 Publications and Reports

c. Coal Liquefaction Alloy Test Program
Alan V. Levy, Investigator

1. Erosion Behavior of Metals in Non-Aqueous Liquid, Solid Particle Slurries
2. Research Plans for Calendar Year 1979
3. 1978 Publications and Reports .

V. SOLAR ENERGY

a. Photovo1taic Solar Energy Converters
Jack Washburn, Investigator

1. Growth of Heteroepitaxia1 Films of CdS and (Cd,Zn)S on GaAs and Ge
Substrates . . . . . . . . . • . . . . . . . . . . . . . . . . .

2. Transmission Electron Microscopy Observation of Structural Defects in
Single Crystal and Po1ycrysta11ine CdS and (Cd,Zn)S Films

3. Electrical, Optical and Structural Characterization of CdS-CuxS and
(Cd,Zn)S - CuxS Heterojunctions

4. Research Plans for Calendar Year 1979
5. 1978 Publications and Reports

VI. MAGNETIC FUSION

a. Design of Ductile Superconducting Wire
J. W. Morris, Jr., Investigator

1. Introduction...........................
2. Development of High Field Superconducting Wire Through Controlled

Precipitation . . . . . . . .
3. Research Plans for Calendar Year 1979
4. 1978 Publications and Reports

399
400
400

403
406
415
430
431

437

441
441
442
443

444
445
445

449

449

450
451
451

455

455
455
455



Xll

VII. ADVANCED ISOTOPE SEPARATION TECI-lNOLOGY

a. Selective Photochemistry
C. Bradley Moore, Ini~e8:ti('1at;or

1. Frequency Dependence of IR Multiphoton .
2. Zero Pressure Lifetimes and Fluorescence Quenching of IC1(A3rrl)
3. Single Rotational Level Lifetimes in Sl Fonnaldehyde
4. Vibrational Relaxation of I-lF (v = 3,4) .....
5. Vibrational Relaxation of Matrix Isolated CI-l3F
6. Infrared Multiphoton Excitation of Formaldehyde
7. Research Plans for Calendar Year 1979
8. 1978 Publications and Reports .

459
460
462
463
466
467
468
468

b. Laser Isotope Separation
Yuan T. Lee and Y. Ron Investigators

1. Internal Energy Dependence of the SF6 Condensation Coefficient with
Scattered Molecule Velocity Analysis . . . . . . . . . . . . . . .

2. The Effect of Intenlal Excitation on the Frequency Dependence of ~~D
3. Infrared Multiphoton Dissociation of C2F5Cl .
4. Photoionization Study of Multiphoton Excited SF6 in a Molecular Beam
5. Research Plans for Calendar Year 1979
6. 1978 Publications and Reports .

VIII. CONSERVATION
1. Industrial Energy Conservation

a. Engineering An.alysis of Gas Evolution in Electrolysis
Charles W. Tobias, Investigator

1. Introduction .
2. Research Plans for Calendar Year 1979
3. 1978 Publications and Reports

470
472
473
477
482
482

487
488
488

of Potassium

2. Energy Storage

a. Development of Electrochemical Synthesis and Energy Storage
J. W. Evans, R. H. Muller, J. Newman and C. W. Tobias, In:lJei3tl.C!ators

1. Surface Morphology of Metals in Electrodeposition
2. Anodic Surface Layers on Battery Materials .....
3. Process Evaluation for the Electrowinning and Refining
4. Analysis and Simulation of Electrochemical Systems
5. Current Inefficiencies in Aluminum Reduction Cells
6. Research Plans for Calendar Year 1979
7. 1978 Publications and Reports .

489
491
496
497
499
501
502

IX. ENVIRONMENTAL RESEARCH AND DEVELOPMENT

a. Development of General Purpose Detector for Atoms and Molecules
Tetsuo Investigator

1. Introduction .
2. 1978 Publications and Reports

X. APPENDICES
A. Materials and Molecular Research Division Staff - 1978
B. List of Seminars . . . . . . . . . . . . . . . . . . .

507
507

511
519



1

GENERAL INTRODUCTION

® AnthcJnu

Calendar year 1978 was a good year for the
Materials and Molecular Research Division.
Affiliated with the Division at the end of 1978
were 35 faculty senior scientists, 8 staff senior
scientists, 15 associated faculty, 30 staff
scientists, 128 ppstdoctorals and other scientific
personnel, 314 graduate students, and 72 technical,
administrative, and clerical support staff for
a total of 602. The FY 1979 operating budget at
this Ivriting (April 1979) is $10,357,000. One
hundred and sixty-two journal articles were
published by 1I1MRD members during 1978, and 37 Ph.D.
and 24 M.S. degrees were awarded to 1I~'s
students.

From an organizational point of view, two major
themes characterized IIvmD's activities during 1978.
First, most of the new programs which had been
planned in 1977 have now been put into place, and
senior faculty or staff scientists have been added
to direct these programs. Second, the long-sought
building addition has finally made tangible pro
gress toward becoming a reality. At this Ivriting
it has been included in the President's FY 1980
budget and is presently before Congress. New
investigators, or investigators with new projects,
are listed below:

® Steven D. Brown has joined the Department
of Chemistry as an analytical chemist. He
has initiated a project on the analytical
ch~nistry of waste isolation with our actinide
chemistry group. He will also begin a pro
ject in FY 1980 entitled "Analysis of Trans
plutonium Elements in Dilute Solution" funded
by the Chemical Sciences Division, DOE.

c. De Jonghe has joined MlIffiD from
Cornell University, as a result of a wide
spread search to fill a newly-created ceramics
position in the Division. Dr. De Jonghe,
who will also be affiliated with the Materials
Science and Mineral Engineering Department,
has initiated a project entitled "Chemical
Properties of Ceramic Alloys and Processing
of Ceramic Materials" funded by the Materials
Science Division, DOE.

G. Evans has joined 1I~1RD and the
Department of Materials Science and Mineral
Engineering from Rockwell International, also
following a widespread search to fill a
ceramics position. Professor Evans has
initiated a program entitled fMecha~ical
Properties of Ceramics," funded by the
Materials Science Division, DOE.

® Leo M. Falicov of the Berkeley Physics
Department has now officially joined MlIffiD,
following several years of informal affilia
tion with the Division. He will initiate
a project entitled "Electronic Properties

of Surfaces," funded by the Division of
Materials Science of DeE, beginning in
FY 1980.

® Ronald Grons7<y, who has been very effective
in developing a proposal for an Atomic Resolu
tion Microscope facility in M1vIRD, has now
been recognized by the creation of a separate
project for atomic resolution microscopy,
directed by him and Professor Gareth Thomas.

® Heinz Heinemann has joined IIvmD from Mobil
Research Laboratories. Dr. Heinemann, who
has an international reputation in the field
of catalysis, will organize a coal chemistry
program in M1vffiD.

® N. Ross, from United Technologies
Corporation Research Center, has joined the
1I~ electrochemistry grol~, in which he will
fOl1nulate research programs in the surface
chemistry of electrodes. Dr. Ross has
initiated a program entitled "Electrode
Surface Chemistry" to be funded by the
Division of Fossil Fuel Utilization, DOE.

® Mitchel Shen of Berkeley's Chemical Engineering
Department has joined M1vffiD to initiate a pro
gram in polymer synthesis, entitled "High
Perfonnance Polymeric Materials." Professor
Shen has been supported by Director's funds
in FY 1979, and this new program will be
funded by the Division of Materials Sciences
of DeE, beginning in FY 1980.

® K. Peter C. Vollhardt, who has participated
in the program "Conversion of Coal to Clean
Fuels" of Gabor Somorj ai and Alexis Bell,
has now formulated an independent research
program entitled "Organometallic Chemistry
of Coal Conversion" to be initiated in FY
1980 and funded by the Division of Chemical
Sciences, DOE.

® David P. ffaittle has joined lI~ffiD from the
University of Liverpool, to initiate a program
entitled "High Temperature Oxidation and
Corrosion of Materials," which started in
FY 1979 under the auspices of the Division
of Materials Sciences, DOE. Dr. ~nittle,
who was selected as a result of a world-wide
search for an investigator to initiate cor
rosion research, will also be affiliated with
the Materials Science and Mineral Engineering
Department.

Along with gains come losses. Professor George
Jura retired from 1I~ effective June 30, 1978.
Professor Jura was an old hand in IlIffiD, having
joined the Division as a charter member in 1960.
He will be remembered by members of MlIffiD for many
reasons. This writer will remember him as the
member of his oral examination comnittee who asked



the most difficult questions, as well as for many
more pleasant later interactions.

Milton Pickus retired effective December 31,
1978. He is, however, still affiliated with MMRD
on a part-time consulting basis, and we look
forward to continued fruitful collaboration in
the future.

MMRD members participated in the organization
of two conferences in 1978:

(!l The Conference on Catalyst Deactivation and
Poisoning was held May 26-28, 1978 at LBL.
On the organizing committee were A. T. Bell,
D. A. Shirley and G. A. Somorjai of MMRD,
H. Harnsberger of Chevron Research Company
and H. Wise of Stanford Research Institute.

(!l Yuan T. Lee was Chainnan of the 1978
International Conference on the Dynamics of
Molecular Collisions held at Asilomar, June
25-30, 1978.

Again in 1978 a number of honors and awards
were bestowed upon MMRD scientists:

(!l Robert H. Bragg was selected to serve as
Chainnan of the Department of Materials
Science and Mineral Engineering.

(!l Marvin L. Cohen was awarded the Oliver Buckley
Award of the American Physical Society.

(!l John G. Conway was the recipient of the Lewis
A. Strait Award for distinction in spectros
copy, given biennially by the Northern
California Society for Spectroscopy.

(!l Iain Finnie of the Mechanical Engineering
Department, who conducts research in Alan
Levy's erosion-corrosion group, was elected
'to the National Academy of Engineering in
1979.

(!l Ronald Gronsky received the Robert t. Hardy
Gold Medal of the Metallurgical Society of
the AIME.

(!l Heinz Heinemann received a Distinguished
Scientist Award from DOE providing funds to
carry out research on coal liquefaction.

(!l C. Bradley Moore received the California
Section Award of the American Chemical
Society.

(!l Earl L. Muetterties received the American
Chemical Society Award for distinguished
service to inorganic chemistry.

(!l John M. Prausnitz delivered the 1978 G. N.
Lewis Memorial Lecture, received the E. V.
Murphree Award of the Division of Industrial
and Engineering Chemistry of the American
Chemical Society, and was elected to the
National Academy of Engineering in 1979.

(!l Henry F. Schaefer, III received the American
Chemical Society Award' in PUre Chemistry for
1979.
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(!l Glenn T. Seaborg received the American
Chemical Society's Priestly Award for 1979.

(!l David A. Shirley was elected to the National
Academy of Sciences in 1978 and received an
Sc.D. degree, Honoris Causa from the University
of Maine.

(!l Gareth Thomas received the E. O. Lawrence
Memorial Award in 1978.

(!l K. Peter C. Vollhardt was the recipient of
a Dreyfus Teacher-Scholar Award.

$ John S. Winn received an Alfred P. Sloan
Research Fellowship.

A few scientific achievements are listed below,
selected from the many accomplishments reported
by MMRD investigators in 1978:

(!l Eugene D. Commins and co-workers have dis
covered a positive parity violation effect
in atomic thallium. This effort comprises
a very important test of gauge theories of
the weak and electromagnetic interactions.

$ Carson D. Jeffries and co-workers have dis
covered that electron-hole droplets in ultra
pure gennanium are essentially immobile. This
phenomenon has many possible applications,
for example, in optical memory devices.

(!l IV. H. Miller, C. B. Moore, and H. F. Schaefer,
III have made a concerted experimental,
theoretical, and computational study of the
molecular mechanism for the laser photo
dissociation of formaldehyde, yielding for
the first time a detailed understanding of
this mechanism.

(!l John W. Morris, Jr. and co-workers have
developed the first nickel-free structural
steels which remain strong and tough in
ambients as cold as liquid nitrogen (77 K).
Two distinct Fe-Mn steels were developed:
Fe-la~ and Fe-5Mn composition. This break
through may solve a recognized materials need
in the handling and storage of liquefied
gases.

(!l Norman E. Phillips, in collaboration with
Neil Bartlett and co-workers, has made heat
capacity measurements on graphite interpolated
with S03F and AsF5' finding that the density
of states is comparable to that of metals.

(!l Paul L. Richards and co-workers have measured
the spectrum of the cosmic background radia
tion from 3 to 24 em-I. Their results show
small but significant deviations from the
Planck curve, which have implications for
the big-bang theory of cosmology.

$ Alan W. Searcy and co-workers have found
unexpected dependences on C02 pressure and
time of the crystalline fonn and surface area
of calcium oxide produced from calcite.

@ David A. Shirley and co-workers have observed
nonnal photoelectron diffraction from adsor-



bates on clean surfaces for the first time,
and have demonstrated the utility of this
phenomenon as a structural tool.

® Gabor A. Somorjai and co-workers have used
LEED and electron~loss techniques to determine
the surface structure of adsorbed ethylene
and acetylene on platinum (Ill) crystal faces.

® Gareth Thomas and co-workers have invented
a series of tough, ductile new steels in which
tensile properties are essentially independent
of the percent of martensite up to at least
40%. These include Fe/Al/C, Fe/Si!Mo/C, and
Fe/Si/Nb/C.

® Jack Washburn and co-workers have shown that
the structure of the solar absorber coating,
black chrome, consists of minute particles
of chromium metal and a dispersion of voids
in a matrix of amorphous chromium oxide.

3

Viewed from the prospective of April 1979, we
can be optimistic about the future outlook for
~llU). The President's budget for FY 1980 projects
an increase in MMRD's Basic Energy Sciences
operating funding from $8.8 million to $9.9 million,
or about a 13% increase. With similar increases
from the Department of Energy's Technology sections,
and other sources, we can look forward to the
initiation of some exciting new programs. An even
more exciting prospect is also in store, however.
In FY 1980 we expect to jnitiate the construction
of a new Chemical and Materials Science Laboratory
adjacent to Building 62. This project will include
an atomic resolution microscope facility, capable
of resolution down to the 1.7 A scale. With the
completion of this construction project, MMRD will
possess a strong complex of buildings extending
from Building 62 to Building 72. With these new
facilities we can look forward to significantly
enhanced levels of collaborative research.

David A. Shirley
Division Head
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METALLURGY AND CERAMICS

1. STRUCTURE OF MATERIALS

a. Microstructure, Properties and Alloy Design~~ElectronDiffraction and Microscopy'"

Gareth Thomas, Investigator

Stable y

Unstable y

1. ALLOY DESIGN: STEELS

a. Design of Strong, Tough Structural Steels

B. V. Narasimha and G. Thomas

Introduction. This continuing program involving
a systematic study of the relation between marten
site microstructure and mechanical properties of
simple, vacuum-melted steels has now provided us
with information on the effects of various alloying
elements on the martensite microstructure. It
is also now well established that in order to
optimize the mutually excluding properties of high
strength and high toughness, it is important to
have a microduplex structure, consisting of dis
located martensite and interlath retained y. The
major phase martensite contributes to the strength
of the alloy and the minor phase «10 vol%)
austenite contributes to increased toughness.

An understanding of the parameters (viz., heat
treatment and composition variables) controlling
the production of dislocated martensite is now
complete. However, the picture about retained
austenite is far from complete. Current efforts
are directed towards understanding on a fundamental
basis the mechanisms of stabilization of retained
austenite including the role played by the inter
stitial carbon. Results to date indicate that
carbide forming alloying elements which are stronger
than Cr would disfavor the retention of austenite
in the as-quenched structures. Since carbide
forming elements are necessary for good temper
resistance (in addition to their excellent harden
ability characteristics), one is limited to the
Fe/Cr/C base system to produce the desired micro
structure. However, this base provides steels
of excellent properties.

In addition to investigations on the mechanisms
of austenite stabilization, the influence of re
tained y on the mechanical behavior of the steel
is also being studied. Some of the beneficial
effects of retained y on toughness are summarized
in Table 1.

Processing variables are also under investiga
tion, especially a comparison of air-melted and
vacuum-melted steels of the same composition.
Preliminary results are encouraging for air-melted
Fe/Cr/C/Mn alloys.

*This work was supported by the Division of Materials
Sciences, Office of Basic Energy Sciences, U. S. Dept.
of Energy.

Table 1. Retained austenite and toughness.

Direct Effects

a. Crack branching
b. Crack blunting
c. Transformation induced

Plasticity (TRIP)

Indirect Effects
a. Avoids interlath carbide formation
b. Avoids high energy interlath rotation

boundaries by forming coherent y/a interfaces

(i) Reduced tendency for segregation of
embrittling constituents

(ii) Reduced tendency for interface
precipitation

Summaries of specific projects follow.

1. Structure-Property Relations and the Design
of Fe-4Cr-C Base Structural Steels for High
Strength and Toughness*

B. V. Narasimha Rao and G. Thomas

Some design guidelines for improving strength
toughness combinations in medium carbon structural
steels are critically reviewed. From this,
quaternary alloys based on Fe/Cr/C steels with
Mn or Ni additions are developed for improved pro
perties. Transmission electron microscopy and
x-ray analysis reveal increasing amounts of re
tained austenite in these alloys with Mn content
up to 2 w/o and Ni additions at 5 w/o after quench
ing from 1100°C. A corresponding improvement in
toughness properties is also found (Fig. 1). Grain
refining results in a further increase in the
amount of retained austenite. In addition, the
excellent combinations of strength and toughness
in these quaternary alloys are attributed to the
production of dislocated lath martensite from a
homogeneous austenite phase free from undissolved
alloy carbides.

The question of thermal instability of retained
austenite following tempering is investigated,
and it is shown that the decomposition of retained
austenite is closely related to the ease of
nucleation and growth of cementite. Thus,
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graphitizing alloying elements such as Ni are bene
ficial in postponing the decomposition of retained
austenite, Fig. 2.
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while maintaining the superior properties and
microstructure. Since this alloy has excellent
hardenability the effect of air cooling this
vacuum melted alloy on its structure and pro-·
perties is investigated. Tables 2 8~d 3 show some
of the preliminary data and clearly the toughness
properties undergo considerable degradation upon
slow cooling. AI though there is wide scatter,
the properties of the conventionally heat .. treated
(900°C) specimens are somewhat better than the
high temperature austenitized specimens. Micro ..
structural investigation is currently under way
to explain these variations in properties. Because
of the slow cooling, segregation can play an
important role both to achieve partitioning of
alloying elements between two phases as well as
partitioning to various interfaces to decrease
cohesion. This is being currently studied using
appropriate techniques (Auger, STEM x-ray analysis,
etc.) to identify the mechanism(s) of embrittle
ment.

*M.S. thesis in progress.

5.0
60 '-------L----1----~_ ___'____IV'----'
Fe/4 Cr/0.3 C

Weight % Mn or Ni

Fig. 1. KIc vs. w/o quaternary alloying for the
grain-refined structures. (XBL 781-4437)

3. Structure and Properties of Fe-3Cr-O.3C Base
Steels

30,----r--, M. Sarikaya* and B. V. Narasimha Rao

in progress.M.S.

Since Cr is a strategic alloying element almost
totally b]~orted in this country, one of the cur
rent research programs is concerned with material
substitution without altering the desired micro
structure and properties. From alloy design con
siderations, Mo is chosen as a substitute for
Cr and alloys based on Fe-3Cr-O.5Mo-O.3C + 2Ivln
or 2Ni are designed. Microstructural investiga
tion revealed that these modifications in composi
tion did not alter the beneficial microstructure
of the original quaternary alloy as shown in
Fig. 3. Consistent with this, the toughness
strength combinations of these "quaternary-plus"
alloys are equal to those of the base quaternary
alloys. Heat-treatment modifications aimed at
combining the benefits of high temperature austeni
tization with fine grain size yielded some
interesting results. Grain refining double treat
ments with intern~diate tempering (Fig. 4) to
obtain fine, uniform austenite grain size yielded
the best combination of strength and toughness,
Fig. S.
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Fig. 2. Variation in the x-ray volume fraction
of retained austenite with tempering temperature
in 2Mn and 5Ni modified alloys. (XBL 781-4425)

to Met. Trans. LBL-8064.

2. Effects of Air-Cooling on the Structure and
Properties of Fe- 4Cr- 2tvln -O. 3C Steels

T. Rabe* and B. V. Narasbnha Rao

The quaternary Fe-4Cr-2tvln-O.3C alloy steel
developed from first principles was shown to have
excellent combinations of strength and toughness
[(see preceding article a.l)]. One of the
objectives of the current research is to see
whether this alloy can be heat-treated economically

4. Influence of Air-Melting on the Structure ffi1d
Properties of Fe-3Cr-O.3C Base Steels

B. Steinberg* and B. V. Narasimha Rao

Although the influence of various alloying
elements on the structure and properties of vacuum
melted alloys is now well w1derstood, the effect
air-melting would have on the structure and proper
ties of these experimental steels is not kno,vn.
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Table 2. Heat treatment and variation of hardenability
in

Austenitizing Tempering Prior austenite Hardenabilitya
Sample # grain size, ]JIll (critical Diam)

9-0 900 none SO 12.3
9-2 900 200 SO 12.3

10-0 1050 none 166 15.0
10-2 1050 200 166 15.0
ll-O 1100 none 202 15.8
ll-2 1100 200 202 15.8

aCa1cu1ated

Table 3. Mechanical properties of Air-cooled steel.

YS UTS Reduction Elongation Hamdess CVN
Sample # (ksi) (ksi) in area Total (uniform) (Re) impact energy

(%) (%) (ft.-1bs)

9-0 174 231 38.7 10.7 (4.1) 46 19.1
9-2 177 230 41. 2 11.8 (4.5) 44 19.7

10-0 183 230 32.1 9.3 (3.9) 45 1l.9
10-2 184 230 34.4 8.8 (3.6) 45 14.0
ll-O 186 231 17.9 6.6 (3.6) 43 11.9
ll-2 180 229 23.3 8.0 (4.3) 45 14.3

Fig. 3. BF (left) and DF (right) micrographs from as-quenched Fej3CrjO.3CjO.5Moj2Ni alloy showing
dislocated lath martensite and interlath retained austenite. The DF micrograph was obtained using
a superimposed carbide and austenite reflection whereby both inter1ath carbides and inter1ath
austenite are shown in contrast. (XBB 78ll-13944)
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Air-melting is very economical and it was sho'v.nl
that the effectiveness of melting under low pres
sures to improve the toughness properties decreases
with increasing carbon. Since the present alloys
are medium carbon steels, air-melting is not
expected to result in a significant degradation
of properties. Although the tensile properties
are unaffected by the melting practice, air-melting
lowers the toughness properties of certain composi
tions. As shown in Fig. 6, while the toughness
properties of 2Mn "quaternary-plus" alloys are
unaffected by air-melting (before the on-set of
embrittlement), for the 2Ni "quaternary-plus"
alloys the properties following air-melting are
substantially lower than those following vacuum
melting. SEM fractographic analysis revealed
a much higher volume fraction of second-phase
particles (sulfides, oxides, nitrides, etc.) in
the 2Ni alloy compared to the 2Mn alloy. In
addition, as shown in the fractograph of Fig. 7,
unique, rib-like fracture morphology probably
produced by linear coalescence of voids is ob
served quite frequently in the 2Ni alloy. These
differences can explain the lower toughness in the
2Ni alloy compared to the 2Mn alloy.
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Fig. 5. Plot of strength and impact toughness
variations with heat-treatment employed (refer
to Fig. 4) in 2Mn and 2Ni "quaternary-plus" alloys.
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Fig. 6. Variation in Charpy impact energy as a
function of tempering temperature for the air
and vacuum-melted experimental alloys.

(XBL 7811-6146)
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(A)
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Fig. 7. Example of rib-like fracture (indicated
by arrows) in 2Ni alloy as seen in a 300°C
tempered CVN sample. (XBB 7812-15409)

5. Effects of Laser Heat-Treatment on the
Structure and Properties of Fe-4Cr-C Base Steels

*M.S. thesis in progress.

1. F. B. Pickering, Toward Improved Ductility
and Toughness, Japan Institute of Metals~, (1971).

D. Swain* and B. V. Narasimha Rao

Previous work on this series of experimental
Fe-4Cr-0.3C steels has proved them to exhibit the
combinations of high hardness and high toughness
necessary for many modern industrial applications.
The current investigation into the microstructure
and microhardenss of laser-treated surfaces on
these alloys was undertaken with the objective
of obtaining even higher surface hardnesses for
enhanced abrasion and wear resistance, without
significantly affecting the strength and toughness
of the bulk material (e.g., for use in mining
and mineral processing applications).

The predominant microstructural characteristic
observed in melts of all depths (from 1.5 to O.lmm)
is that of very fine dendritic grains. The
dendrites of the thinner melt layers are columnar
and oriented normal to the melt-bulk interface,
while those of the thicker melt layers vary from
equiaxed to somewhat columnar and are more randomly
oriented, Fig. 8(a). The hardness of laser skin
melted and hardened regions is significantly higher
than the martensitic substrate, Fig. 8(b). The
somewhat lower hardness values in melted regions
particularly close to the surface are probably
due to some decarburization as well as to inaccura
cies in the microhardness measurements close to
the surface. On the surface of the thin melt
layers of a Mnmodified sample, segregation of
a Mn-rich, and possibly glassy phase has been
observed by 8EM and analyzed by x-ray energy
dispersive methods. In order to explain the
hardness variations, detailed TEM and 8EM
investigations are being carried out.

*M.S. thesis in progress.

6. On the Orientation Relationship Between
Retained Austenite and Lath Martensite*

B. V. Narasimha Raot

Of the four orientation relations between fcc
austenite and bcc martensite, viz, Bain, Pitsch,
Nishiyama-Wasserman (N-W) and Kurdjumov-Sachs (K-S),
only K-S and N-W relations are widely reported.
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The K-S and N-W relations are related simply by
a 5.26° rotation around the nonnal of a close
packed plane in either crystal structure, Fig. 9.
Due to the inability of earlier investigators
to resolve retained austenite in steels transformed
to lath martensite, these investigators had to
rely on indirect methods of arriving at the orien
tation relations from the observed martensite
crystal (lath) orientations. The underlying assump
tion in all the earlier work is that the orienta
tion relationship between retained austenite and
lath martensite is unique in a given steel.
However, the present results show that the orien
tation relationship is not always unique.
Figure 10 shows the most frequently observed
indexed selected area diffraction pattern obtained
from lath bundles and the interlath austenite
in a medium carbon Fe-4%Cr-0.3%C steel.

T~~~"----'--
1022,-
t---~-:~~ ~
!

K-S ORIENTATION RELATION:

(011 Jbec II (/ II ) fe e

@ hkf bee

o hkQ fcc

N-W ORIENTATION RELATION

(OIlJ bec II (III lfce

[IOOJbel [IOn Ice

Fig. 9. Calculated composite austenite-martensite
diffraction patterns revealing the relatively
simple correspondence between the K-S and N-W
orientation relationships between fcc austenite
and bcc martensite. (XBL 7710-6262)

Figures ll(a) and 11(b) show the morphology of
lath martensite and retained austenite in bright
field and dark-field modes, respectively, in a
Fe-4Cr-0.3C-2~m steel. The highly symmetric
electron diffraction pattern of Fig. 10 allows
a reasonably accurate determination of crystal
orientations to be made. In Fig. 10, there are
two martensite zones [100]0: and [111]0:' and yet
a single [110] y zone (the subscripts G, and M refer
to martensite and the subscripts y and A refer
to austenite). Considering only one martensite
crystal variant at a time, the [111]0: and [llOJo:
combination results in the K-S relation, Fig. 12(a),
but if [100]0: and [110]y are considered, the re
sults is the N-W relation, Fig. 12(b). 'The
particular cOTIlbination of orientations, viz.,
[<100>0:' <111>0: and <llO>y] has been observed
frequently in the present investigation. Similarly,
the <100>0: and <111>0: combination of orientations
were observed to occur quite extensively by several
past investigators. 1 ,2 In the absence of retained
austenite reflections, the resulting diffraction
pattern corresponding to Fig. 10 would be as
depicted in Fig. 12(c) consisting only of the
[lllJ o and [100]0 zones. This has led previous
investigatorsl to misinterpret the two martensite
orientations as the result of adaptation of two
different variants of K-S relation in adjacent
laths of a packet. However, Nemirovskiy and
Nemirovkiy2 showed recently that the particular
combination of martensite lath orientations, viZo,
<111>0: and <100>(1,' can not be shown to correspond
to two different variants of the K-S re1atlOn.
These investigators, in an effort to find an
unique, single orientation relationship, concludedZ

Fig. 10. Most frequently observed selected area
diffraction pattern consisting of two martensite
zones [lllJo: and [10010: ffi1d a single austenite
zone, [1101y in the as-quenched stnlctures of
many medium carbon steels. (XBB 774-3113)
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(a) (b)
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Austenite Crystal
Orientation

- Selected Area Aperture
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N-W Austenite

Dislocated Loth Martensite

Fig. 13. Schematic showing the obeyance of both
K-S and N-W orientation relations within the same
lath martensite packet corresponding to the dif-
fraction pattern of Fig. 10. (XBL 786-5209)
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Fig. 11. (a), (b), BF and DF, respectively. showing retained austenite
in Fe-4Cr-O.3C-2Mn alloy. DF (b) is obtained using (022 reflection
of the [21l1y zone. y (XEB 775-4291)
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Fig. 12. Detailed analysis of diffraction pattern
corresponding to Fig. 10. (XBL 7710-6263)

that the deviation of the experimentally observ
able orientation of martensite crystals from cal
culations in accordance with the K-S orientation
relation is due to each martensite crystal orienta
tion rotated through ~ 2.6 0 round the norTIlal to
the close packed planes (Fig. 9) which enter the
orientation relation. On this basis, they con
cluded that the actual orientation relationship
is exactly intermediate between K-S and N-W. This
conclusion can not be disproved as long as only
martix martensite reflections are recorded,
Fig. l2(c). However, the present investigation
using direct evidence of retained austenite
reflections, Fig. 10, has shown that what is in
fact happening is that both K-S and N-W orientation
relationships are alternating within the same
packet and that the orientation relationshIp be
tween a particular martensite crystal (lath) and

parent austenite is either K-S or N-W but not
intermediate (see Fig. 13). More significantly,
it is identified in this study that austenite/
martensite phases can obey both K-S and N-W orien
tation relations alternating amongst the martensite
laths of the smne packet (Fig. 13). There is
no a priori reason why this can not happen. On
the other hand, a hypothesis can be advanced to
explain this on the basis that the two orientation
relations give better flexibility in terms of
increased variants available during marten;;ite
nucleation. 2 In addition, these observations
point out the extreme caution to be exercised
in the use of indirect methods of crystallographic
analysis for lath martensite transformation which
also probably accounts for the wide scatterl ,3
in the habit plane analyses of this technologically
important transformation.
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J. of Iron and Steel Inst. 208, 184 (1970).
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Fig. 14. Plot of fracture toughness, Klc' VS.
austenitizing temperature for the 0.2% Ti alloy.

(XBL 782-4602)

7. The Effect of Austenitizing Temperature Upon
the ~licrostructure and Mechanical Properties of
Experimental Fe/Cr/C Steels*

tM. F. Carlson, B. V. Narasimha Rao and G. Thomas

900 1000 1100 1200
Austenitizing Temperature, °c

1300

200,--.-----,----,.----_,- ~"

Fig. 15. Plot of prior austenite grain size vs.
austenitizing temperature for the 0.2% Ti alloy.

(XBL 782-4608)

of submicron particles (carbides and inclusions).

(iv) Due to the lack of significant changes
in the morphology of the retained austenite no
statements can be made concerning any effect
of retained austenite upon the toughness of the
steels used in this investigation.
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The present study investigates the as-quenched
strength and toughness of single Fe/Cr/C alloys
with and without titanium as a function of austeni
tizing temperature. Increasing the austenitizing
temperature from 870 to 1100°C and higher can
increase the fracture toughness, Klc' of common
high strength structural steels from 50 to 100%
with no loss in strength. However, the ductility
(% reduction in area from a tensile test) decreases
by as much as a factor of 3, and the Charpy impact
energy either decreases or remains constant. The
trend of increasing fracture toughness and decreas
ing Charpy impact energy appears to be inconsis
tent, but has been rationalized by considering
the interaction of the stress field as a function
of notch root radius and microstructure.

For the ternary Fe/Cr/C alloys the results
are consistent with earlier investigations l ,2
but the fracture toughness does not change with
increasing austenitizing temperature after 0.2 wt%
Ti is added, Fig. 14. The titanium forms carbides
(TiC) that did not dissolve, providing a roughly
constant number of crack nucleation sites, and
preventing austenite grain growth up to 1100°C,
Fig. 15. The differences in mechanical behavior,
particularly the rounded notch toughness are ex
plained in terms of the microstructural characteris
tics of the alloys and based on this, the following
conclusions are arrived at:

(i) The characteristic distance (i.e., distance
ahead of a sharp crack over which the applied
stress must be greater than the failure stress
for fast unstable crack propagation) in the alloy
steels studied in this investigation is related
to the mean interparticle spacing. It is also
concluded that the characteristic distance has
an upper limit for a given alloy steel.

(ii) The fracture toughness, Klc' does not
increase with austenitizing temperature if the
microstructure does not coarsen, i.e., the
characteristic distance Po does not significantly
increase.

*Met. Trans. (in press), LBL-7670.

+Present address: Boeing Commercial Airplane
Company, P.O. Box 3707, 38-10 Mail Stop, Seattle,
WA 98124.

1. R. O. Ritchie, B. Francis and W. L. Server,
Met. Trans. 7A, 831 (1976).
2. R. O. Ritchie and R. M. Horn, Met. Trans. 9A,
331 (1978). --

b. Developments in Duplex Ferritic-Martensitic
Steels

(iii) The apparent toughness of low alloy high
strength steels in the presence of a notch whose
radius, p, is greater than the characteristic
distance, decreases with increasing prior austenite
grain sizes and increases with decreasing numbers

G. Thomas

Introduction. The interest in duplex ferritic
martensitic low carbon steels (DFM) has grown
enormously in the past few years and many of the



underlying principles have already been documented,
e.g., in the recent symposium on "Modern
Developments in HSLA Formable Steel. ,,1 Whilst
this interest has been generated largely by the
fuel crisis and its impact on the need for weight
savings in transportation systems, the potential
applications of duplex alloys are broad indeed.
In fact, they form a new class of strong, ductile
steels for applications requiring tensile strengths
of order 100,000 psi. Essentially these duplex
steels can be regarded as composites of strong
(packet, lath) martensite (MS) and ductile ferrite
(a) in which the properties can be optimized by
controlling thr morphology and volume fraction
of martensite. -S This is achieved simply by
aging at the appropriate temperature (tie-line)
in the two phase (a + y) field and then quenching
to transform austenite to martensite. Optimum
results have been obtained with slinple economical
steels, e.g., Fe/Si/C.4,S

1. Principles of Alloy Design

Most of the alloy design principles for optimum
combinations of tensile strength and elongation
ductility have been discussed in previous papers
dealing with AISI 1010, 1020, Fe/Si/C and Fe/Cr/C
alloys. 1

In most of the work reported so far, the
strength of these two-phase alloys is given
empirically by the law of mixtures independently
of morphology, viz.,

where Of (a) and 0f(MS) are the strengths of fe:rite
and martensite and V(a) and [1 - V(a)] are thelr
volume fractions.

Some breakdown in this law has been found with
regard to ductility, which appears to depend on
ferrite morphology and substructure from the on
going work, the following points can be emphasized
with regard to new alloy development.

a. The effectiveness of alloying elements other
than Si, such as AI, Mo, in increasing
the slope of the A3 line so as to increase
the flexibility of the two phase annealing
process.

b. Si + AI combinations should be effective
in "grain refining" the martensitic dis
persion and also in inhibiting coarse
carbide formation, e.g., at a/MS interfaces.
Si and Al both increase the activity of
carbon in ferrite and therefore should
improve ductility.

c. Additions of elements, e.g., B, Mo, Nb to
linprove hardenability but noting influence
also on carbide formation.

d. The structure of the ferrite-martensite
interface, critically controls the mechani
cal behavior of the duplex steels.

IS

2. Work in Progress

Current research work, which aims at a funda
mental understanding of the structure property
relations, emphasizes the following aspects:

a. In fluence of the path by which the (a + ~B)
two phase mixture is obtained (i.e.,
y -+ [ex + y], or (MS or pearlite) -+ [ex + yJ)
on morphology and properties especially
ductility.

b. Role of small amounts of alloying elements
on structure and properties.

c. To determine whether the structure and
strength of the lath martensite [which
itself can be duplex (retained y at inter
lath boundaries)] is linportant.

d. To determine the factors associated with
ferrite structure and morphology on
ductility.

e. To linprove low temperature ductility.

f. To evaluate the general validity of the
law of mixtures equation.

g. To optimize heat treatments for flexibility
and simplicity of processing.

h. Analysis of the fracture mechanisms.

The above aspects are being investigated with
the experimentally designed alloys listed in
Table 1.

Table 1. Alloys investigated.

3-5Prior Work

Fe/O.S Mn/O.lO 1010 commercial grade
Fe/O.S Mn/0.20 1020 commercial grade
Fe/O.S Cr/0.06 C
Fe/2 Cr/O.07 C
Fe/4 Cr/O.07 C
Fe/2 Si/O.07 C (This alloy patented by DOE,

see Ref. 2)
Fe/O.S Si/O.07 C

Current Work

Series 1 (M.S. thesis by T. O'Neill, in progress)

Fe/l Mo/O.07 C
Fe/l Mo/O.6 Si/O.S C
Fe/Al/C
Fe/l Al/O.S Si/O.06S C

Series 2 (M.S. thesis by P. Costello, in progress)

Fe/Si/Mo/C
Fe/Si/Nb/C

1. J. Y. Koo and G. Thomas, Symposium on Modern
Developments in HSLA Formable Steels (1977), Met.
Trans. (in press), LBL-699S.
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2. J. Y. Koo and G. TIIomas, U.S. Patent #4,067,756.
3. M. J. Young, (lvLS. thesis), LBL-6620.
4. J. Y. Koo, (Ph.D. thesis) LBL-6657.
5. J. Y. Koo anrt G. TIlomas, . Trans. 525
(1977) .

c. Alloy Design: Magnetic Alloys

R. Mishra and G. Thomas

1. Microstructure of Rare-Earth Cobalt Based
Hard Magnets

In recent years, a new class of magnets, based
on rare-earth cobalt (l{E-Co) alloys with very
high intrinsic coercivities (Bci) and ma,'(imum
energy products [(BI-l) max] have emerged. TIle
study of their lnicrostructures has received con
siderable attention in the last few years.
Although much progress has been made in the under
standing of microstructure-ma6Detic property
relationships in s~ne of the RE-Co ma6nets, most
of the microstructural features (such as stacking
faults, twins, second phases and interfaces, etc.)
have not been well-characterized, and their pos
sible role in the materials' properties have yet
to be established. In the present work, an
attempt has been made to discuss and identify
a few of the desirable and undesirable micro
structural features in some complex RE-Co alloys,
with special ~nphasis on their characterization.

Transmission electron microscopy is being used
to characterize the microstructural features in
some 1: 5 and 2: 17 RE-Co magnets. In 2: 17 compounds
containing Fe and Mn, lamellae of hexagonal and
other polytypic regions embedded in the rhombo
hedral matrix are observed. TIle interface between
the hexagonal and rhombohedral phases can be
described as a stacking fault with fault vector
normal to the interfacial plane, (Fig. 16). APB's

Fig. 16. BF image of sintered (CoSFellvml)17Sm2
showing regions of hexagonal 2:17 phase lI-l) in
rhombohedral 2:17 matrix. TIle interface (A)
correspond to faults in the rhombohedral structures
and are out of contrast in (b) 'R ~ 0). Some
inclusions (B) are present also. ~ (XBB 770-9734)

parallel to the prism planes in the rhombohedral
structure have also been identified and character
ized. In contrast, no planar faults have been
observed in the 1:5 materials containing misch
metal (mm) as the major rare-earth component.
In these alloys extensive twinning and precipita
tion of a 2:17 rhombohedral phase are the major
microstructural features observed (Fig. 17).

The coercivity of the mm-containing 1: 5 magnets
is much higher than that of the Mn, Fe doped 2: 17
ma~1ets. Results of the microstructural investi
gation show that the 2:17 magnets contain predomi
nantly the hexagonal 2:17 phase mId other polytypic
phases embedded in the rhombohedral matrix. T11ese
structures also contain planar defects such as
APB's, stacking faults, interphase boundaries,
etc., which are known to act as preferential sites
for reverse domain nucleation. Magnetization
data confirm that in these magnets, coercivity
is in fact controlled by domain nucleation.

In the 1:5 magnets containing misch metal,
the intrinsic coercivity is quite high. TIlis
is believed to be due to domain wall pinning by
precipitates of the 2:17 phase even when they
are quite small in size. Also the occurrence
of twins probably contributes to high coercivity.

Fig. 17. (a) Matrix dark field Dnage of lvmo.s
SmO.Z CoS magnets showing twinning and 2:17
preCIpItate phase. (b) BF image of the micro
structure of 1: 5 magnets [as in (a)] upon annealing.
TIle 2:17 precipitates grow and impinge giving
rise to the cellular microstructure. (XBB 770-9733)



R. Mishra, Y. Belli and K. Kubarych

Fe--Cr-Co alloys with magnetic properties
comparable to those of alnico-permanent magnets
have been developed in recent years. The addition·
al advantage of Fe-Cr-Co alloys lie in their use-
ful mechanical properties such as ductility and
fracture behavior. However, these alloys are
ductile only in the solution treated stage and
lose their ductility after optimal aging for
magnetic properties. In this work, the results
of an investigation to design Fe-Cr-Co alloys
combining the best magnetic properties with the
best mechanical properties through an understanding
of their dependencies on the microstructure are
discussed.

Alloys of c~npositions Fe-28Cr-15Co, Fe-23Cr
l5Co-5V, and Fe-23Cr-15Co-3V-3Ti 0vt%) designated
as alloys A, B and C were studied. These are
solution-treated at 1300°C, 1000°C and 1000°C,
respectively, and are aged. Upon aging the alloys
below 670°C, they decompose spinodally. The
morphology of the microstructure is very sensitive
to the aging temperature. Optirrlwn magnetic pro
perties are produced by first aging the alloys
at 650°C for an hour in a magnetic field of 2KOe
and then step-aging at lower temperatures. In
step-aging the composition difference between
the two phases increases without the essential
features of the morphology of the thermomagnetical-
ly treated alloy being affected. (Figure 18 shows
BF micrographs taken from alloy A after 1~1r and
step-aging). The magnetic coercivity and remanences
corresponding to Fig. 18 are: a) Hc - 240 Oe,
Br - 12.7 kG; b) H ~ 610 Oe, Br ~ 13 kG; c) lie ~
530 Oe, Br ~ 12.7 RG; d) lie ~ 330 Oe, Br - 13.5 kG.

2. Jvlicrostructure and Pr,,,nl~ri'-ic',,

Magnets
of Fe-Cr-Co Hard
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111e higher value of Br is due to particle alignment
during ~'IT. The coercivity is affected by the
step--aging. Continuous cooling combined with
TMT also produce the same result. Alloys A, B
and C show similar magnetic properties for similar
aging treatments. The magnetization process is
controlled by domain wall pinning as opposed to
single domain hardening as evidence in Fig. 19.

The mechanical test results for alloys A and B
are sho,vn in Fig. 20. Tne general features are
that the alloy aged at lower temperature has a
greater increase in yield stress (over that of
the unaged alloy) but this increase in strength
is accompanied with a decrease in uniform elonga
tion. EXffinination of fractographs and TEM analysis
shows that, aging at lower temperature produces
transgranular cleavage due to the presence of
u-phase at the grain bowldaries, (Fig. 21) and
suggests that the grain boundary embrittlement
can be suppressed by a swaging operation so that
the thin film of u-phase breaks up. Also the
data suggests that replacement of 5% Cr with either
V or V+Ti suppresses the embrittlement to some
extent. The mechanical properties of ~ and
step-aged alloys are being studied at present
and correlation of microstructure to both magnetic
and mechanical properties may lead to a design
for Fe-Cr-Co alloys with the best of both these
properties.

2. STRUCTURAL CERAb!ICS

G. Thomas

Introduction. It is now generally accepted
that silicon nitride, silicon carbide and other
lightweight ceramics will soon be used as
structural components in many high-temperature
engineering applications, such as in small gas

Fig. I? BF images taken from the step-aged alloy A after the thermo
magnetIc treatment for I hr at: a) 670°C, b) 660°C, c) 650°C and
d) 640°C. Step-aging is done at 620, 600, 580, 560°C for 1 hr and
5 hr at 540°C. Figures (a) and (b) show secondary decomposition of
a2 phase producing small a particles. (XBB 785-5398)
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Fig. 19. Fresnel (a) and Focoult (b) micrographs
of the isothermally aged alloy B at 650°C for
50 hr showing domain wall (D) lying in the aZ
phase. (XBB 7710-10358)
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Fig. ZO. Mechanical property vs. aging times
for alloys (a) A, and (b) B aged at different
temperatures. [(a) XBL 788-5569, (b) XBL 788-5570]
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Fig. 21. Fractographs from alloy A aged at (a) 640°C and (b) 600°C. Note the intergranular
fractures in (a) and both inter- and Intragranu1ar fracture in (b). (c) Shows the y-phase
particles along the grain boundary on alloy B. [(a,b) XBB 789-12458, (c) XBB 789-12457]
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turbines. Fully dense SiC has been made with
strength over 120,000 psi at 1700°c,1 while even
the most advanced turbine blade alloys soften
at 1l00-1200°C. Problems however remain with
oxidation and corrosion resistance and in the
case of silicon nitride, also with high temperature
creep. Most of these problems are associated
with second phases, precipitates or segregation
at grain boundaries. Present research has there
fore mainly centered on the structure of the grain
bOLmdaries, and on their chemical composition.

Lattice imaging detects the glassy intergranular
film indirectly as a gap between two crystalline
grains. By imaging only with electrons which
were scattered dIffusely by the glass, the thin
film is detected directly as a bright line on
a dark background. TIle gap in the lattice image
may narrow or even close as a result of various
instnnnental factors, thereby obscuring an existing
glassy phase. TIle bright line in the dark field
rulage will at worst only broaden under the
influence of such factors, and an existing glassy
phase can never be obscured.

O. L. Krivanek and 1. M. Shaw

TIle thickness of the boundary film can be deter
mined from the intensity of the grain boundary
line. TIlicknesses obtained in this way are typical
ly 5-10 A larger than those detennined by even
the most careful lattice imaging. One possible
explanation of this difference is that there is
a partially ordered transition region between
the perfectly ordered Si3N4 crystal and the
perfectly disordered glass. (Such a region would
increase the width of the dark field image but
narrow the lattice image gap.) Further work on
what may be the first direct observation of a
partially ordered transition region is in progress.

More glass was found concentrated at the so
called triple points. A chemical analysis of
the glass by energy-dispersive x-ray spectrometry
(EDX) was used to estimate the composition of
the intergranular glassy films, and also (using
available phase diagrams) their softening tempera-

b. Microstructure and Composition of Silicon
Nitride Ceramics*

O. L. Krivanek and T. M. Shaw

So far all sintered and hot-pressed silicon
nitrides examined by the dark field method have
been shown to possess glassy films 10-15 A thick
at almost all grain boundaries (d. following
article b). Certain high strength silicon carbides
and Be-Si-N ceramic alloys are, however, free
of intergranular films (cf. following articles
c and d).

.,,-------
Supported by NSF.

1. O. L Krivanek, T. M. Shaw and G. Thomas,
J. Appl. Phys., in press, LBL-7696.

Several hot-pressed and sintered silicon
nitrides were studied by high resolution electron
microscopy and microanalysis, electron and x-ray
diffraction, mId spectrographic analysis. l Thin
intergranular glassy films were found to be common
in all the materials (Fig. 2). The films were
usually 10-15 A thick, but in silicon nitride
sintered with Y203 and A1203 the amorphous films
between Si3N4 grains and the yttrium H-phase were
approximately 50 A thick, while the films between
pairs of Si3N4 grains remained 10-15 A. This
difference is probably due to the H-phase precipita
ting out of the sintering liquid at a later stage
when the liquid was either more viscous or richer
in ~urities. The finding is important since
it indicates that the width of the glassy film may
be controllable by careful selection of sintering
conditions.

Dark FieldLattice Imaging

Diffraction

Pattern

Specimen

1. 1. Suzuki, private conununication.

TIle poor high temperature creep properties
of hot-pressed and sintered silicon nitrides are
usually attributed to glassy intergranular films
which soften at 1200-1400°C. TIle presence of
such films has been deduced from the high
temperature mechanical properties and from Auger
studies of grain boundaries exposed by fracture,
but direct studies by lattice imaging in an elec
tron microscope have failed to demonstrate their
universal presence. To resolve this controversy
a new technique has been introduced for imaging
of thin amorphous films,2 high resolution dark
field imaging of diffuse scattering (Fig. 1).

• Main beam

Optic axis

""WI Diffuse ring (very weak)

--- Objective aperture

Fig. 1. Comparison of lattice imaging and dark
field imaging of glassy (amorphous) films. By
positioning the objective aperture so that only
diffusely scattered electron pass through, the
glassy phase can be imaged as a bright line on
a dark background. (XBL 786-5135)
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Fig. 2. Dark field ~nages of various silicon nitrides: a) HS 130, hot
pressed; b) NC 132, hot-pressed; c) Kyocera, sintered; d) GTE, sintered
with Y203 and A1203' Bright lines and areas are due to the glassy phase.

(XBB 787-8788)
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We have studied hot-pressed materials close
to the BeSiN2 composition prepared by Dr. Gaukler
at Stuttgart University, and fOUlld no inter
granular glassy phases. Since it is unlikely
that densification proceeded by solid state
diffusion, a liquid phase must have been initially
present, but instead of solidifying into a glass,
it must have been absorbed into the crystalline
grains. TIlis should have resulted in impurity
bearing stacking faults originating at grain
boundaries. Such faults were found (Fig. 3),
and in fact were quite common.

basal planes. Oxygen and metal impurities can
also be incorporated into Be-Si-N grains by a
simple change of the stacking sequence. Thus
an impure liquid that might form at high tempera
tures and facilitate sintering or hot-pressing
may on cooling be completely absorbed by the
crystalline grains.

Beryllium is a highly poisonous material and
the laboratory is not equipped to handle it in
any significant anlounts. 1l1erefore a study is in
progress to determine whether the attractive
properties of the Be-Si··N system can be reproduced
using non-toxic metals such as 2n or Ml1 instead
of Be. To confirm the "fugitive liquid phase"
model it is also planned to examine partially
hot-pressed materials in which remains of the
liquid phase may still be present.

and Glasses*Ceramic

tures. 2 These temperatures\vere in excellent
agreement with the softening tanperatures of bulk
silicon nitrides, thus confinning that glassy
phases have a major influence on the high tempera
ture mechanical properties of silicon nitrides.

To obtain better mechanical properties either
the refractoriness of the glassy phase will have
to be improved, or the phase will have to be
eliminated altogether. It is planned to pursue
both paths, the first in collaboration with
Dr. D. J. Rowcliffe of the Stanford Research
Institute, and the second by hot-pressing various
ceramic alloys at LBL.

1ne Be-Si-N ceranlic alloy is an excellent
candidate for a glass-free structural ceranlic. All
compositions in the BeSiNZ to Be3N2 range can
be accommodated sirrrply by a change in the stacking
sequence of the hexagonally or cubically stacked

c.



Fig. 3. Stacking faults originating at a glass
free grain boundary in BeSiNz. Bright field and
dark field images of the same area. (XBB 7811-14186)

Supported by NSF.

d. Silicon Carbide:

M.-F. Sung, and G. Thomas

Densification during sintering or hot-pressing
relies on the transport of matter from grain
boundaries to internal voids. In doped ionic
solids this trffilsport can proceed purely by solid
state diffusion, but in covalent solids the dif
fusion rates tend to be too small to achieve any
appreciable transport. One therefore has to intro
duce a liquid phase through which densification
can proceed at a faster rate. Until two years
ago it was in fact thought that covalent solids
were unsinterable without such a phase. The
announcement of Prochazka, Greskowich and
Rosolowskil that covalent SiC can be sintered
to f1111 density upon the addition of small amounts
of C and B proved this to be wrong, and pointed
the way to glass-free sintered SiC with vastly
improved high temperature mechanical properties.
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Silicon carbides made by Professor Suzuki et al.
using the Prochazka process have been examined.
Their best material shows a strength of 120,000 psi
at 1700 c C whereas any liquid-phase sintered SiC
will normally drop to less than 10,000 psi around
1400 c C. Figure 4 shows the reason for this. The
grain boundary identifiable in (a) is almost
invisible in the dark field image (b). The remain
ing weak intensity is due to the inherent disorder
associated with any grain boundary. Thus there
is no glassy phase as expected from the mechanical
strength results.

All silicon carbides made by Suzuki show about
the same strength at room temperature, but at
high temperature some improve marginally while
others soften at l500-1600 c C. The poorer
materials have been examined also, and again no
glassy phase was found, but a much larger grain
size (20-100 ~ instead of 1-10 ~ in the good
material). SEM studies of fractured surfaces
have shown that both types of material fracture
mainly intergranularly. 1ile difference in high
temperature strength is therefore probably due
to excess B and C segregation at the grain
boundaries in the larger grain material. Auger
spectra (in collaboration with Dr. O. L. Krivanek
and Professor Heineman of Stanford University) are
being obtained from fracture surfaces to confirm
this hypothesis.

Fig. 4. Dark field images of a grain boundary
in SiC. (a) One grain diffracting, (b) both grains
out of contrast. The objective aperture geometry
for (b) is shown in the insert. (XBB 787-8724A)

1. A. Prochazka, C. Greskowich and J. H.
Rosolowski, J. Am. Ceram. Soc. 59, 336 (1976).



e. Grain Boundary Segregation in a-Al203

M. Harmer and 0. L. Krivanek*

Because it can be made quite pure, a-A1203
has become almost a model ionic ceramic, and many
experimental and theoretical studies concerned
with small amounts of various additives have been
made. An investigation of the distribution of
Mg and Ti was made in a study designed to comple
ment research at the University of Leeds, England
on the effect of Mg and Ti on the rapid firing
of alumina.

The distribution of the additives was investi
gated by x-ray microanalysis in a scanning trans
mission electron microscope (S~l/EDX) in collabora
tion with Drs. Roy Geiss of IBM and David Clarke
of Rockwell International. The results show that
Ti segregates appreciably at grain boundaries,l
but Mg was not detected, probably because of the
partial overlap of the Mg and Al x-ray peaks.
The detected Ti concentration at grain boundaries
was about 1 wlo in a grain boundary region 300 A
wise, slightly higher at triple points, and below
0.2 wlo more than 300 A away from grain boundaries
(Fig. 5).

Because the spatial resolution of the EDX micro
analysis is only about 300 A, it was not possible
to determine whether Ti was spread homogeneously
over the 300 A wide boundary region, or whether
it was concentrated closer to the boundary. The
segregation width being less or equal to 300 A
is however in excellent agreement with the
scientific consensus on segregation widths in
alumina, and it proves a recent theoretical predic
tion2 at the expense of a contrary one. 3

Fig. 5. Energy-dispersive x-ray spectra from a
grain boundary in a-Al203. Upper trace: probe
on boundary; lower trace: probe 300 A away. The
Ti peak height corresponds to a concentration of
1 w/o. (XBB 782-1221)
*Supported by NSF.

1. 0. L. Krivanek, M. Harmer and Roy Geiss,
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3. ELECTRONIC AND MAGNETIC lvlATERIALS (NON-METALLIC)

R. Mishra and G. Thomas

Introduction. Research in the area of
microstructure-physical property correlations in
the case of electronic materials has been lacking
until recently. This is a direct consequence of
the fact that many advanced and modern electron
materials are nonmetallic in nature and hence
microstructural characterization using advanced
analytical techniques become difficult. l In recent
years, some of these difficulties have been overcome
due to new developments in ion thinning techniques
and high voltage microscopy. Development of high
resolution analytical microscopy has provided scope
for wider research areas in these materials. Below,
investigations in three different areas, namely,
high frequency soft ferrites, Ca3Ga12Ge3012
substrate garnets, and 2nO varistors, are discussed
with special emphasis on the microstructural
features affecting the magnetic or electrical
properties.

1. G. Thomas, Proc. 4th International Conf. on
HVEM, Toulouse, (1975) p. 475.

a. Microstructure and Properties of High Frequency
Soft Ferrites

High initial permeability is often a technologi
cal requir~nent of a ferrite for many applications.
Initial permeability (~i) is one of the properties,
which can be very dependent on the microstructure.
It is believed that ~i arises as a result of
reversible displacements of the magnetic domain
walls within the materials. The presence of in
homogeneities such as second phases, pores, grain
boundaries etc., act as barriers to the domain
wall motion (and also alter the domain locally)
and hence affect ~i. Table 1 below shows the
variation in the values of ~i and S for Mn-Zn
ferrite at different frequencies.

Comparison of microstructural features such as
grain size and pore distribution, intergranular
phase, distortion of lattice, etc. revealed that,
between samples #3 and #6, the grain sizes are
17 ~ and 33 ~,respectively. Intergranular pores
were present in profuse quantities in both cases;
however, in the case of #3, intragranular pores
were scarce, (Fig. 1). Also, a new phase was
observed in the case of #3, but not in that of
No.6 (Fig. 2). EDAX analysis showed the presence
of Si and Ca as impurities at the grain boundaries
for specimen #3. In the case of sample No.6,
the amount of Si at the boundaries was quite low
and Ca was absent.

All these experimental observations of the
microstructure lead to the conclusion that the
initial permeability of the specimen with inter
granular pores can be explained by assuming revers
ible motion of the domain walls, pinned at the
pores. It is observed that, in the case of MnZn
ferrite single crystals, ~i is substantially lower
(1530 at 10 kHz). Also, annealing of specimen
#6, which is free of Ca, shows that the domain
wall damping increases or decreases depending on
the amount of Fe+2 present and also upon the forma
tion of a-Fe203 precipitates. The almost total
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Table 1. Variation of initial permeability and loss
parameter(s) with frequency.

Sample # 1 2 3 4 5 6
-<._--~--

1180 1915 3590 5340 9330 18500

(freq.) O.Ol-1J\1rlz 0.01-0.3 <0.2 <0.1 <0.1 <0.05

tano x 10-6 1.8 3.07 5.98 4.6 6.78 13.7

Jli 0.1 lvll-1z 0.1 MHz 0.1 tvlHz 10 kHz 10 ldiz 10 kHz

(a)

(b)

Fig. 1. S13M showing the distribution of
and grain sizes in C>CU"IJJ_CC> a) #3 and b) 116.

the complete absence pores in the grain
interior jn (a). (XBB 780-15842)

absence of lattice defects in all cases indicate
that structural imperfections play a very minor
role in controlling Jli'

Hexaferrites have found extensive application
as economical permanent magnets in the last two
decades. Standard ceramic methods are used to
obtain grain oriented polycrystalline ferrites.
Secondary recrystallization is often used to
obtain grain oriented materials. A study was made
of one of the mechanisms by which the texture in

Fig. Z. Particles of a ne\v phase near the pore
at a grain junction, with cI-FeZ03 structure.

(XBB 780

these materials develops. Figure 3a js a darkfield
micrograph showing the twins (light contrast
regions) j_n a partially textured material. Such
a material, when fully recrystallized, has
elongated grains as in Fig. 3b. It may be men
tioned here that the occurrence of grmvth twins
in metallic materials is not new. However, the
observation of grmvth twins in such complex ceramic
structures raises the possibility of such twins
playing a more significant role during sintering
of many materials and it may be possible to
utilize them to control texture in many ceramic
materials if desired.

Dislocations in Zn2Y type barium ferrite
crystals have recently been observed. The dis
location loops in Fig. 4 are perfect loops with
their Burgers vectors lying in the basal plane.
These loops are undissociated and were introduced
during crystal gro\vth. Since the Burgers vector
lies in the plane of the loops they appear to have



(a)

(b)

Fig. 3. (a) Dark field luicrograph taken using
a twin reflection of partially textured SrFelZ019'
The bright regions are twimled regions with the
c-axis parallel to their length directions.
(b) BF micrograph showing elongated grains iri a
fully recrystallized.SrFelZ019.Polycrystal. Note
the magnet1c propert1es as md1cated 1n the m1cro
graphs for the two microstructures.

[(a) ABB 774-3591; (b) ABB 774-3589]
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Fig. 4. Multiple beam bright field image showing
glide dislocation loops in ZnZY type Barium ferrite
single crystals. The loops are elongated to
minimize the edge component of the loops and hence
the strain energy. (XBB 774- 3590)

formed from a Frank-Read source. Th.e loops are
elongated so as to reduce the edge component of
the dislocation and thus minimize the strain
energy.

Structural defects such as stacking faults and
dislocationsl,Z in LiFe508 have been studied
experimentally in the past. Such defects also
have been shown to affect the properties. 3 An
explanation of the occurrence of the defects as
reported already in the literature is presented
here through atomistic calculation of fault
energies.

In principle, when computing the crystal energy,
one has to account for (i) electrostatic inter
action energy, (ii) residual covalent bond energy,
(iii) polarization energy, (iv) Born-Meyer repul
sion energy and (v) zeropoint vibrational energy.
Defining the stacking fault energy as the
difference in the energy of interaction between
the faulted and the perfect crystal, one needs to
take into account only those contributions that
would be significantly different in a faulted
crystal compared to that in the perfect crystal.
The covalency effect is next to the Coulomb energy
in uuportance in spinel and is even more important
that the polarization energy. To a first approxi
mation, when the nature of the fault is such that
the stoichiometry of the crystal and the nearest
neighbor distributions are not disturbed, the last
two effects can be neglected. The residual
covalency can be computed approximately from the
electrostatic interaction by assigning bond charges
- le[/s(O) to the centers of the nearest neighbor
bonds. The polarization effect can be ill.eluded
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in an approximate way through the electronic polar
izability of the faulted material. Thus, the prob
lem of the computation is reduced to a calculation
of surface energies discussed in Ref. 4. The results
of the calculations for some shear and growth faults
in MgAIZ04, NiFez04, LiFes08 and Fe304 are tabulated
in Table Z. Twinning energies for MgAIZ04 and Fe304
are also included in the table.

The computed values of fault energies in Table Z
shows that twins on {Ill} planes have energies much
lower than those of the growth type cation faults
on {Ill} planes. Also, the cation stacking faults
should occur with higher probability on planes
such as {lID} and {100} than {Ill}, consistent
with the observations. As pointed out by Veyssiere
et al., such computations are significant only for
comparison purposes and thus are semiquantitative.

1. 0. Vander Biest and G. Thomas, Phys. Stat.
Sol. AZ4, 6S (1974).
z. R:-K. Mishra and G. Thomas, Proc. 6th.
International Materials Symp. on Ceramics-Ceramic
Microstructures 76, 71 (1977).
3. R. K. Mishra-and G. Thomas, AlP Conference
Proceedings 34, 66 (1976).
4. R. K. Mishra and G. Thomas, J. Appl. Phys.
48, 4S76 (1977).

b. Segregation and Dislocations in Ca3GazGe30lZ
Substrates

R. Mishra, T. Roth and G. Thomas

Thin films of ferrimagnetic garnets are prime
candidates for bubble memory devices because gar-

nets are found to support bubbles of small enough
size and sufficient mobility to provide attractive
data storage densities and information retrieval
rates. For such applications, single crystal
magnetic garnet films are grown on nonmagnetic
garnet substrates through a liquid-phase epitaxial
growth process. The single-crystal substrate not
only provides nucleation sites for the growth of
the epitaxial films but gives mechanical strength
to the thin and fragile epitaxial layer in a device
chip. In addition, the lattice constants of the
substrate and epitaxial garnets are controlled
such that there is a sli~lt lattice parameter mis
match which results in a stress-induced component
to the uniaxial magnetic anisotropy of the
epitaxial layer.

Bubble device performance is directly related
to the uniformity and perfection of the magnetic
film. A prerequisite for the gro~~h of a defect
free film is a defect-free substrate. Such garnet
substrates have usually been made from gadolinium
gallium garnet (GGG or Gd3GaSOlZ)' However,
recently attention has been drawn to calcium gal
lium germanium garnet (CGGG or Ca3GaZGe30l2)
because of its superiority over GGG with respect
to cost and ease of processing. At this time,
however, defect densities in CGGG are higher than
those obtained in GGG crystals. It is hoped that
characterization of microstructural defects in
CGGG will suggest ways to optimize processing
parameters in order to eliminate the defects. For
this reason the objective of this research is to
systematically study and characterize micro
structural defects in CGGG using electron micros
copy techniques.

Table 2. Computed values of stacking fault energies in spinel.

Chemical Spinel Fault Calculated
formulae Type configuration energy

(ergs/cmZ)

MgA1204 Normal {l00} i (110) Z92
spinel

{1l0} i (110) 2S7

{Ill} i (110) 4130

{11I} Twin ZZ4

LiFeS08 Inverse {l00} i (110) 10Z2
spinel

{110} i (110) 194

{Ill} i (1l0) 3742

{l11}Twin 267

1 1 i [1l0] 79"2 [1l0] '" 4" [110] +

on (ilO)
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Fig. 5. BF linage of a microsegregate (dark region)
~n a thin area of Ca3GaZGe3012 with a spherical void
lJ1 the center. Dislocations are seen in contact with
the interface at regions designated d. (XBB 788-9505)

Chemical inhomogeneities approxlinately 0.4 ~
in size were detected which corrunonly had disloca
tions associated with them. These inhomogeneities
appear as dark regions in the lighter
Fig. 5. They are irregular in shape but most
closely approxlinated by an oblate ellipsoid. They
often have a spherical void central to their
interior. The inhomogeneities are found to have
the garnet crystal structure and contain only
elements intrinsic to the eGGG system, rich
in gallium and depleted in relative to
the stoichiometric eGGG matrix, Fig. 6. The voids
are believed to be filled with oxygen gas.

Isolated defects as well as linear were
found, Fig. 7. The linear arrays of were
almost always aligned parallel to <110> have also
been observed.

Several configurations of dislocations in close
proximity to the segregate iIlhomogenBities were
conunon. Despite their physical association with
the microsegregates the dislocations were always
found to lie in the matrix material and never
internal to the microsegregated regions. Some
dislocation lines lying strictly in the matrix
were found to have Burgers vectors parallel to
<113> directions. Dislocation lines lying at the
matrix/microsegregate interface or lying in the
matrix but in contact with this interface were

Go
Co

STEM/EDAX SPECTRA
~~~~~_~~K (x, P EF"A~K~S~ ~__

countst Co Ge counts!

Go
Ge

Energy - Energy --
Fig. 6. STEM/EDAX spectra showing the segregated reoions to be rich
in Ga and depleted in Ge relative to the CGGG matrix~ The probe
(ZOO A in diameter) positions are shown with respect to the segregate.

(XBB 785-5158)
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Fig. 7. Microsegregate with and without central sphere,
interspersed in linear arrays along <100> directions as seen
in these BF lnicrographs from adjacent area in a [001] foil.

(XBB 788-9496)

Fig. 8. A microsegregate\vith two mutually perpendicular dislocation
loops of Burgers vector along <100> imaged in 3 different orientations
in (A) make both loops visible and to make each of them disappear
individually in (B) and (C). (XBB 784-4978)



also comnon and were confirmed to have Burgers
vectors parallel to <112> crystallographic direc
tions. None of these dislocations showed evidence
of dissociation into partial dislocations and are
consequently assumed to be perfect.

Dislocation loops lying in the matrix and
encircling the microsegregate defects are also
observed, Fig. 8. These loops are typically about
0.6 y in diameter. The loops are found to be of
edge type having Burgers Vector parallel to <100>
directions and perpendicular to the {loa} planes
on which the loops lie. Evidence of dissociation
of these loops into partial dislocations whose
Burgers vectors are not parallel to <100> directions
have been found.

In order to determine the origin of the micro
segregate defects and the various dislocation con
figurations requires understanding the processing
history of the Czochralski-grown CGGG single
crystal boule in conjunction with these microscopy
results. Ine chemical inhomogeneities result fr~n
evaporation of germanium from the crystal grmvth
melt and segregation of gallium, which accumulates
locally, in the growing crystal. The evaporation
and segregation processes are suggested to be sen
sitive to thermal fluctuations and gradients in
the grovrth melt as well as processing parameters
such as melt composition, grmvth atmosphere,
crystal rotation rate, and crystal pullTIlg rate.

c. Direct Observation of Voltage Barriers in ZnO
Varistors

0. 1. Krivanek* and P. Williams

Ever since the discovery by Matsuokal of highly
non-ohmic V-I behavior of polycI)rstalline ZnO
sintered with various additives, the so-called
varistors have attracted attention as potential
circuit protectors against trffilsient ovel~oltages.2
The 106 to 108_fold increase in conductivity with
a 50% TI1CreaSe in applied voltage is normally
explained by breakdown of voltage barriers at grain
boundaries,1,3,4 but these barriers have never
been observed directly. It was therefore decided
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to TIwestigate the grain boundary voltage behavior
by voltage contrast scanning electron microscopy.S

Small pieces of CoO, Nd203 and Sm203-doped
varistor material were polished on one side and
etched slightly in dilute perchloric acid to reveal
the grain boundaries. Two gold electrodes sepa
rated by a 0.1 lllill wide gap were vapor deposited
onto the surface, ffild connected to external leads.
The voltage contrast observations were done in
collaboration with Yi-Ching Lin at the EECS
Department at Berkeley, using an ETEC sCffiIDing
electron microscope.

Figure 9 shows typical voltage contrast images.
As usual in voltage contrast imagTIlg, regions at
negative potential appear brighter. Figure 9a
shows the gap between the two electrodes at no
applied voltage. When 10 V is applied across the
gap (Fig. 9b,c) , the grains in contact with the
negative electrode become brighter, and the
bri~ltness is reduced in a series of steps at each
grain boundary all the way to the dark grains in
contact with the positive electrode. The discrete
nature of the steps proves the existence of
discrete voltage differences at the grain bound
aries.

At higher applied voltage the discrete steps
remain, but in addition a gradual change in bright
ness is observed inside the ZnO grains. This is
because the grain boundary barriers Cffil support
voltage differences only up to a certain value,
and the rest is taken up by the ZnO grain
resistance. Maximwll voltage difference per grain
boundary was estimated in this way to be 2.S V.

'I\vo models3,6 exist for the origin and the
breakdolVt1 of the grain boundary voltage barriers,
one based on tunneling through an insulating metal
oxide amorphous film, the other on a depletion
layer caused by grain boundary segregation of
dopants. An examination of the grain boundaries
by lattice imaging and high resolution dark field
electron microscopy, revealed no amorphous films.
This finding leads support to the depletion layer
model. It is plffiIDed to obtain a direct confirma
tion by an electron beam induced current (EBIC)
e:x.'Periment, in collaboration with Bell Laboratories.

Fig. 9. Voltage contrast images of a ZnO varistor. a) No applied voltage;
b) +10 V; c) -10 V. The negative potential areas appear brighter. (XBB 7812-15330)
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4. RESEARCH PLANS FOR CALENDAR YEAR 1979

Gareth Thomas

It has now become clear that in the retained
austenite-martensite microduplex structures, it
is essential to obtain the composition of retained
austenite. This is important to understand and
control a variety of processes, viz., stabilization
of austenite, mechanical and thermal stability
of retained austenite, etc. In addition to these
three processes which have important effects on
mechanical behavior, the composition of retained
austenite, particularly with respect to carbon,
is also important to wlderstand the mechanism of
lath martensite formation. This will be carried
out with the use of electron energy loss spectros
copy in STEM. Since diffusional processes result
ing in partitioning of alloying elements are parti
CUlarly effective during slow cooling, special
attention will be paid to the composition of
retained austenite in air-cooled structures.

The mechanical properties and microstructures
of the double-treated steels will be characterized
in detail in order to exploit the benefits of high
temperature austenitization and fine grain size.
Heat-treatment modifications will be studied in
a drive to obtain superior combination of proper
ties in air-cooled Fe/4 Cr/2 Mn/0.3 C alloys.
Extensive TEM investigation of laser-hardened
regions will be taken up to explain the very high
hardness values obtained in this region.

A new program aimed at understanding the
microstructure-sliding wear resistance relations
in experimental alloy steels developed in our
group has already indicated that in addition to
hardness, toughness plays an important role in
sliding wear. The exact roles of crack initiation
and crack propagation in sliding wear will be
studied. TEM studies in deformed regions will
be conducted to understand on a fundamental basis
the mechanisms of sliding wear.

Research up to now has been hampered by the
lack of good analytical electron microscope facili
ties at Berkeley. The arrival of the ion-pumped
scanning transmission electron microscope with
an energy-dispersive x-ray spectrometer (S~j/EDX),
and of the scanning Auger microscope (SAM) will
allow a continuation and extension of the many
programs that have come to rely heavily on such
facilities.

Since EDX cannot detect elements of Z < 11 and
SAM has a spatial resolution of only about 0.1 vm,
an electron energy loss spectrometer (ELS) is being
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built to analyze the transmitted electrons in a
STEM system. The spectrometer will detect all
elements down to He with spatial resolutions
approaching 100 A, and therefore will find many
applications in the work on light element ceramics.
However, although the minimum detectable mass (MDM)
by ELS is very small (~10-17 grams), the minimum
detectable mass fraction (MMF) is usually 1-2%
because of the large background. Many of the
segregation studies will therefore have to continue
to rely on EDX and SAM. On the other hand, an
ELS system offers many versatile possibilities
for spectroscopic studies of band structure, local
atomic environment, etc. It is planned to exploit
these capabilities to their full potential.

More specifically, the EDX and ELS will be used
to determine the composition, including 0 and N
percentages, of various Si3N4 glassy films. Grain
boundaries in SiC will be examined for excess C,
B and impurities, and those in BeSiN2 for 0 and
metal impurities. Nitrogen glasses with composi
tions similar to those found in silicon nitrides
will be prepared and different recrystallizing
heat treatments tried out. The systems Zn-Si-
N and Mn-Si-N will be explored. Other future pro
jects have already been mentioned under the
appropriate categories.

Another extremely promising technique that will
become possible with the clean vacuum STEM equip
ment is convergent beam electron diffraction (CB).
This technique has already been shown capable of
detectiIlg lattice parameter changes due to a 100°C
temperature rise in areas as small as 100
diameter. It is intended to use it in measuring
lattice parameter changes due to segregation at
grain boundaries, and due to bulk concentrations
of impurities in crystalline grains.

The research on ceramic ferrites will be con
centrated on the identification of microstructural
features responsible for high and low permeabili
ties in sintered MnZn ferrites and also the proces
sing steps to obtain very high permeability fer
rites. There will be major emphasis on the study
of chemical and microstructural features at the
substrate-epifilm interfaces in bubble garnet films
and also on the structure and microstructure of
plasma sprayed Fe films which have potential for
use in bubble devices. A study of the contamina
tion and oxidation problems during film preparation
will be undertaken to obtain reproducible films.
The relationship between the structure of the film
and the magnetic properties will be studied. The
research on Fe-Cr-Co magnets will continue in the
direction of establishing the best heat treatments
to obtain optimum hard magnetic properties and
mechanical properties. The microstructures of
rare-earth cobalt alloys with Cu, Fe and other
alloying elements will be studied to identify the
phases and their role in the hard magnetic proper
ties of these alloys.

In ferroelectric materials, (PZT and PLZT) ,
the kinetics of ferroelectric domain formation
will be studied in-situ by using hot-stage electron
diffraction and microscopy. A study of the electri
cal characteristics of the boundaries in ZnO varis
tors will continue to understand the mechanisms
of electronic conduction in these materials.
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electron-optical resolution for jmaging in the
transmission mode. All work to date has assumed
that adequate mechanical stability can be attained;
however, acceptable limits are readily specified.

The formation of an image in any optical system
has been found to depend most critically upon two
parameters: (1) the wavelength of the illuminating
radiation 2~d (2) the quality of the objective,
particularly with respect to its third-order
(spherical) aberration coefficient. A fundamental
resolution limit has therefore been specified by
the modified product of these u~o terms. l
Fortunately in an electron microscope, the illunlina
tion wavelength can be reduced by increasing the
accelerating potential, and this clearly exerts
the most profound influence upon resolvjng power
(see Fig. 1).

b. Atomic: Resolution Mi,crc,sc:op'\f*

R. Gronsky and Gareth Thomas, Investigators

Introduction. Due to a number of recent
developments in the field of electron optics, it
is now possible to "see" atoms. The method does
not require the involved deconvolution of diffrac
tion data, nor is it restricted to radically
altered samples of heavy elements; rather, using
simply prepared transmission electron microscope
specimens, the atomic structure of even the most
complex technological materials can be directly
imaged on photographic film.

This capability is one which has been anti
cipated by materials scientists for many years
and, sjnce becoming available, has been widely
citedl during the DOE (ERDA) Materials Science
Workshops as an urgent national need. There are
no atomic resolution microscopes currently in this
COUlltry (though there are several abroad) and the
present program seeks to correct this deficiency.
Based upon a recently submitted proposal to the
Department of Energy, MrvlRD would become the site
of an Atomic ReSOlution Microscope (ARM) laboratory
which would serve to perfect and apply this tech
nique, with collaborative input from the Arizona
State University, for the solution of materials
problems.

In its current status, this new program is aimed
at investigating the application of the best
available resolution in transmission electron
microscopy from both a theoretical and practical
point of view. \Vhen utilized in the study of close
packed alloys, only single-dimensional image detail
can presently be achieved; however, the images
contain infoTIlation of both structural and chemical
nature on an atomic-plane leveL With more open
structures (e.g., diamond-cubic Si or Ge), actual
atom positions have been distinguished, particularly
at structural discontinuities, although at times
requiring the aid of computer-assisted interpre
tation. Progress during the past year in some
of these areas is outlined below.

1. Materials Sciences Overview I and II, ERDA
77-76/1,2 Division of Basic Energy Sciences, ERDA,
August 1977.
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1. ACHIEVING ATOMIC RESOLUTION IN TRANSMISSION
ELECTRON MICROSCOPY

R. Gronsky

Research is being conducted in this area to
ascertain current and future limitations on

*This work was supported by the Division of Materials
Sciences, Office of Basic Energy Sciences, U. S. Dept.
of Energy.

Fig. 1. flot of minimunl attainable resolution
d ~ 0.6 C~/4 A3/ 4 as a function of spherical
aberratioh coefficient (Cs) and wavelength (A)
for different accelerating voltages. (XBL 7810-5896)

Alternatively, one can take advantage of the
fact that through the broader pass bands in the
oscillations of the contrast transfer function
at high spatial frequencies (Fig. 2), some finer
details may "escape" to the image. These details,
however, may not be simply related to the actual
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Fig. 2. Comparison of ray diagram (left) with electron-optical
functional description (right) for image formation in the TEM.
Maximum phase contrast will occur at those regions where the
transfer function has its greatest negative value.

(XBL 7810 -5899)

atomic structure of the specimen, and may require
extensive image processing2 or forward computer
simulation3 of images to compare with the experi
mentally derived micrographs. Nevertheless, under
suitable circumstances some information about
specimen structure may be obtained at a resolution
which exceeds the more conservative Scherzer limit.l

A final consideration in the operation of an
electron microscope is the combined effect of
electronic instabilities and partial coherence
of the illum~~ating beam on resolution. 4 Together
these impose a damping "envelope function" on the
objective lens transfer function which, in extreme
cases, can truncate the resolution limit long
before the Scherzer value is attained. It has
been verified that the most severe effects present
ly contributing to the envelope function for 100 kV
machines stem from the temporal incoherence of
the electron gun. At higher voltages, however,
high voltage stability and objective lens current
stability (both sources of chromatic error) seem
to dominate. S These points are of course being
carefully considered in setting performance
specifications for the atomic resolution microscope.

1. D. Scherzer, J. Appl. Phys. 20, 20 (1949).
2. Image Processing and Computer-Aided Design in
Electron tics, edited by P. W. Hawkes Academic
Press 1973.
3. P. Rez and O. L. Krivanek, Proc. Ninth IntI.
Congo on Electron Microscopy, Vol. I, 288 (1978).
4. J. Frank, Optik 44, 370 (1976).
5. M. A. O'Keefe anaJ. C. H. Spence, Arizona
State University (private communication).

2. HIGH RESOLUTION IMAGING: THEORY AND EXPERIMENT

P. Rez, O. L. Krivanek and R. Gronsky

A well-developed electron optical theory is
vital to the successful utilization of high resolu
tion imaging methods. Such a theory can not only
define, a priori, the optimum experimental param
eters for a particular specimen, but more
importantly, also prevent the misinterpretation
of image detail which may occur through naive
inspection of micrographs. The results reported
here pertain to both lattice fringe imaging of
face centered cubic alloys and structural images
of diamond cubic elements.

A partiCUlarly useful application of lattice
fringe imaging is the detection of variations in
fringe spacing on a very fine microstructural
scale. l These variations can then be interpreted
in terms of localized compositional variations
in the specimen.

Computations have been performed2 to test these
results assuming kinematic scattering into the
diffuse background, but allowing beams related
by Bragg vectors to interact dynamically (see
Fig. 1). The computations span variations in
thiclcness, objective lens parameters and modulation
strength for different types of spinodal alloys.
The results show good agreement with low-modulation
strength alloys (e.g., Cu-Ni-Cr), but for high
modulation-strength alloys (e.g. Au-Ni) the approxi
mations appear close to losing validity. Another
area of concern is the problem of possible projec
tion error for early stage structures where the
modUlation wavelength is small (see Fig. 2).
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I. R. Sinclair, R. Gronsky and G. Thomas, Acta
Met. 24, 789 (1976).
2. P:-Rez, Proc. 9th IntI. Congo on Electron
Microscopy, I, 289 (1978).
3. J. M. Cowley and A. F. Moodie, Acta Cryst.
10,609 (1957).
~ P. Rez and O. L. Krivanek, Proc. 9th IntI.
Congo on Electron Microscopy, I, 289 (1978).
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3. ANALYSIS AND LATTICE IMAGING OF A 'fRANSITIONAL
EVENT IN GARNETS

J. Y. Lavel*

Fig. I. Computer plot of the expected fringe image
profile for a spinodal alloy of modulation ampli
tude 0.08 A and thiclmess 160 A, taken at 100 kV
and -320 A defocus. Full frame width represents
one wavelength of the composition modulation.

(XBL 7812-13997)

The exsolution of magnetite from a substituted
Yttrium Iron Garnet, containing an iron excess
may lead to a transitional event which is
characterized by the formation of a transitional
zone at the center of which the magnetite nucleates.
Since there is some contrast between the matrix
and these zones and since selected area diffraction
does not show any difference between those zones
and the matrix in the reciprocal lattice, it is
of interest to analyze the structure of the transi
tional zones.

By lattice imaging it was possible to visualize
the perfect coherence between the transitional
iones and the matrix. A careful analysis of the
lattice fringes with a microdensitometer reveals
a slight shrinkage of the lattice within the zones,
(1%) (Fig. 1). If the configuration of (110)
planes corresponding to the intermediate lattice
(Fig. 2) is considered, an ordering of the lattice
inside the zones is observed. This rearrangement
and the depletion of gadolinium will lead to a
shrinkage of the lattice: if we referl to the
ionic structure and radii (Fig. 3) we can infer
a shrinkage rate which is compatible with the
observed value.

The results show the coexistence of perfect

Fig. 2. Lattice image of a spinodally decomposed
Au-Ni alloy showing that modulation wavelengths
of -30 are frequently observed. The fine scale
fringes are images of the (200) atomic planes.

(XBB 788-6388)

Using a multi-slice formulation of the dynamical
scattering theory3 computations were also made
of the expected image of an extrins~c stacking
fault in a wedge-shaped crystal of Si, at -3 A
poirit-to-point resolution. A comparison of these
computations with experimental images4 shows
excellent agreement up to a thickness of -230 A,
beyond which it is believed that a slight orienta
tion change adds complications to the image detail.
However, a simulated through-focal series at
constant crystal thiclmess of 62 and 130 A showed
perfect agreement with experimental results.

Fig. 1. Lattice image across the zone-matrix
boundary. (XBB 786-7876)



O. L. Krivanek*

The electron image transfer theory has now been
firmly established, at least for the case of axial
illumination.J- Tilted illumination introduces
slight complications, but even so the theoretical
description remains quite simple. 2,3 The main
prediction, namely that the apparent defocus vvill
change ~n tilting the lnain beam by an angle
as 3cs8t (cs is the spherical aberration
coefficlent) in the direction parallel to the beam
tilt, and as c 82 normal to the beam tilt, has,
however, neversb~en confirmed. Since tilted
illumination imaging is used extensively in this
laboratory, it was decided to verify the prediction
to put the tilted illumination imaging mode on
a solid theoretical basis.

Figure I shows a series of optical diffractograms
obtained from electron micrographs of amorphous
carbon taken at the same setting of the microscope

4. STUDY OF ELECTRON MICROSCOPE TRAJ"lSFER FUNCTIONS
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coherency between the zones and the matrix with
the depletion of gadoliniun. The observed
shrinl<age fits well the proposed ionic mechanism
for the transitional event. Only an invariant
plane mechanism could lead to this lattice con
figuration. Such transitional events shoUld apply
to other oxides or similar structures. 2 Their
analysis may be of great value for monitoring
specific properties of ceramics.

*Laboratoire des Microstructures C.N.R.S.-E.S.P.C.I.
75231 Paris, France.

1. J. Y. Laval, J. Mat. Sci. 13, 1937 (1978).
2. P. E. Champness and J. W. Lo"rimer, Electrin
Microscopy in Mineralogy (Springer-Verlag, 1976),
p. 177.

Fig. 1. Optical diffractograms of electron lnicro
graphs recorded at various beam tilts. The central
diffractogram corresponds to zero tilt.

(XBB 787-872 7)

objective lens (same real defocus), but at dif~
ferent beam tilts. The central diffractogram
corresponds to zero tilt, the corner diffractograms
to a tilt of 13.6 mrads, and the remaining diffrac
tograms correspond to tilts given by their position
in the 25-point array.

An optical diffractogram is essentially the
Fourier transform of the image, and therefore it
is also a direct representation of the contrast
transfer function. The pattern of bright rings
and dark gaps is characteristic of the contrast
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O. L. Krivanek*

5. IMAGING OF SILICON-SILICA INTERFACES AT 3 A
RESOLUTION

The interface roughness scatters electrons,
especially when the electrons are closely confined
to the interface by high electric fields, and this
reduces the electron mobility. Cheng and SulliYan4
explored the effect in 1973 and deduced, in excel
lent agreement with this work, that the interface
is abrupt and that surface roughness exists with
typical step height of 3.5 A and step separation
of 23.6 They did not, however, detect the longer
range undulations, and they conCluded that no direct
experimental confinnation of their indirect result
was possible. It is interesting to note that this
pess~istic conclusion was proved wrong only five
years later, and that equipment capable of doing

Thin cross sections of the Si-Si02 interface
suitable for high resolution electron microscopy
(HREM) were prepared by a special procedure in
collaboration with Bell Laboratories. The cross
sections were examined in a Siemens 102 electron
microscope at about 3 A resolution. 3 ReSUlts
obtained for 1000-1500 A thick oxides grown in
dry air are shown in Figs. 1 and 2. (Results
for thicker wet oxides are much the same.) Three
different interfaces [(100), (111), and (911)]
were examined, and in each case the interface was
viewed along the [011] direction.

Figure 1 shows medium magnification ~ages.
It Cffil be seen that the transition from the Si
crystal into the oxide is very abrupt (~ 4 A ),
that the oxide is free of any crystalline Si
protrusions, and that the interfaces undUlate
slightly with a height of 4-8 A and periodicity
of 200-500 A. Figure 2 shows higher magnification
~ages. The Si crystal lattice is directly
resolved, and steps one atomic plane high, spaced
20-30 A apart, can be seen along the interface.
These steps are 3.2 A high on the (Ill), and 1.4 A
on (100) and (911) interfaces. In a 100 kV
microscope of the Siemens 102 type, 1.4 A steps
can only be resolved by tilted illumination ~aging
(Fig. 2d; view figure along the interface with
eyes about 10 in. away but only slightly above
the plane of the paper). The tilted illumination
introduces minor artifacts into the ~age, but
it does not affect the appearance of the steps.

MOS (metal-oxide-semiconductor) devices serve
as the fundamental component of most integrated
electronic circuits. They are based on the flow
of electrons on the Si side of the Si-Si02 inter
face. This flow is affected by the interface
roughness and abruptness, as well as by fixed
charges in the oxide and by silicon atom dangling
bonds. Consequently many studies employing several
scattering and other direct techniques
(Rutherford backscattering, XPS, Auger spectroscopy,
ESCA, water droplet contact angle measurements)
have been undertaken in the past to determine the
structure of the interface. None gave any definite
results other than perhaps indicat~ng that the
interface is narrower than 30 A,l,~ as has now
become obvious because of electron microscopy
results.

Observed changes in apparent defocus
(full circles) and perpendicular (empty
to the beam tilt, compared to the"

resp(~cl:iv'e theoretical predictions of 3cs8t and

(full lines). (XBL 782-4557)

NSF.

1. K.-J. Hanszen, Adv. Opt. El. Micro. 4, 1 (1971).
2. S. C. McFarlane, J. Phys. C. 8, 2819-(1975).
3. O. L. Krivanek, (Ph.D. thesis}, U. of
Cambridge, (1975).
4. O. 1,. Krivanek, Optik 45, 97 (1976).

transfer function, and it provides much information
on the imaging properties of the electron micro
scope.

Defocus and astigmatism are determined from
the radii of the rings or ellipses, or from the
d~nensions of the hyperbolas that are obtained
at larger beam tilts. 4 The apparent defocus values
in the directions normal ffild parallel to the beam
tilt, as determined from Fig. 1, are compared to
the theoretical prediction in Fig. 2. The agree
ment is excellent, showing that tilted illumination
imilgi.ng can be used in the same quantitative way
as illumination ~aging has now been used
for some t~ne, and that ~age reconstruction can
in principle be employed to augment the already

of the tilted illurrlination
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Fig. 1. Images of (100), (Ill) and (911) Si-Si02 interfaces.
The straight reference lines above the Si crystal help to
reveal interfacial undulation. (XBB 783-2948)

Fig. 2. Higher magnification images of the Si-Si02 interface.
(a), c): axial illumination; (b), (d): tilted illumination.
Major crystallographic planes are indicated. Note the directly
resolved Si lattice and the one atomic plane high interfacial
steps. (XBB 783-2949)

the direct experiment has in fact now been available
for almost ten years.

*Supported by NSF.

1. B. E. Deal, J. Electrochem. Soc. 121, 198C
(1974).

2. J. Blanc, Proc. Electrochem. Soc. Meeting
(Seattle), (1978).
3. O. L. Krivanek, D. C. Tsui, T. T. Sheng and
A. Kamgar, Proc. Int. Conf. on the Physics of Si02
and its Interfaces, edited by S. T. Pantel ides ,
Pergamon Press (1978), LBL-76l2.
4. Y. C. Cheng and E. A. Sullivan, Surf. Sci.
34, 717 (1973).



6. SPINODAL DECOMPOSTIION IN Au-Ni ALLOYS*

C. K. Wu+

a. The One-Dimensional Modulation Model

By detailed metallography and diffraction, the
behavior of Au-Ni spinodal alloys during the early
stages of decomposition has been examined. An
analysis of reaction kinetics and morphology
suggests that only one-dimensional composition
modulations develop along a single crystallographic
direction. This is supported by unidirectional
satellite reflections in the diffraction pattern
and images which result from tilting experiments
wherein periodic modulations are observed along
only one cube direction in localized regions
(Fig. 1).

Fig. 1. The as-quenched Au-53 at %Ni alloy.
(a) with g = [200], strong modUlation contrast
can be seen. (b) with g = [020] operating in the
same specimen area as in (a), the modUlation
contrast is not seen, indicating that only one
dimensional modulation along [100] is developed
in this particular specimen area. (XBB 780-12874)
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Thus, a one-dimensional modulation "domain"
model is proposed to describe the early stages
of spinodal decomposition when composition waves
do not interpenetrate (Fig. 2).

Fig. 2. Schematic representation of the one
dimensional modulation model. The crystal is
divided into several representative grains. Within
each grain, small domains of one-dimensional waves
are developed which do not interpenetrate.

(XBL 782-4662)

The relationship between modUlation wavelength
and aging time for Au-Ni spinodal alloys obeys
the law A - t l / IO (Fig. 3). This is explained

'----~!d-o--~-'O~12----'I~-3------LIO~'
Log Aging Time, min

Fig. 3. The log-log plot of wavelength vs. aging
time. The slope is quite low (A ~ t I / lO) which
is a result of one-dimensional coarsening.

(XBL 782-4661)

by the dimensionality of the composition profile,
since this is a much slower coarsening rate than
that observed for multidimensional Ostwald ripening.
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b. Detection of Composition Amplitude 7. LATTICE I~~GING OF MARTENSITIC STEELS

High resolution electron microscopy has been
utilized to monitor the decomposition process in
Au-Ni spinodal alloys. Individual measurements
were made of lattice fringe spacings which are
sensitive to composition variations at the atomic
plane level. Results indicate that rather smooth
and regular c~nposition waves are obtained at an
early stage of dec~j~osition (Fig. 4), and that
later stage coarsening results in larger amplitude
fluctuations (Fig. 5). TIlis provides direct

B. V. Narasbnha Rao*

Often, the mechanical properties of alloy mar
tensitic steels are significantly affected by
processes that take place at an atomic level, Viz.,
segregation, atomic arrangements at various inter
faces. Of most significance in ultrahigh strength
steels are the retained austenite/lath martensite
boundary and the composHion of the former.
Figure 1 shows the lattice image of such a boundary.

OiSTAIKE (NO OF FRI'·~GES)

2.2

~------

Partially supported by NSF.

TIle lattice fringes are somewhat weak due to the
fact that austenite is nonmagnetic and martensite
is magnetic and the astigmatism corrections are
different in the two phases. With the help of
optical diffraction, Fig. 2, the following
important observations are made: (i) the retained
austenite/martensite boundary exhibits a high
degree of coherence, (ii) the moire fringes
(fringes with larger spacing) at the boundary
indicate that the retained austenite/martensite
boundary lS characterized by "ledges" and (iii)
initial measurements on d-spacings in retained
austenite and martensite indicate substantial carbon
enrichment. This work is in progress and ailns
to unravel the stabilization mechanism of austenite
as well as to understand the mechanism of "lath"
martensite formation.

Fig. 1. BF and lattice image micrographs of re
tained austenite/lath martensite boundary. A-
austenite; M - martensite. (XBB 782-2081)
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*From Ph.D. thesis, LBL-7432, Nov., 1978.
+Supported by NSF.

Fig. 5. A smoothed curve of microdensitometer
trace analysis for Au-53 at %Ni alloy aged 100
hr at 150°C. This represents a later stage of
decomposition which is characterized by sharp
interface and large composition amplitude.

(XBL 7711-6501)

evidence of simultaneous decomposition and
coarsening which agrees with theoretical predic
tions.

Fig. 4. Direct microdensitometer trace analysis
of fringe spacings in the Au-53%Ni alloy at an
early stage of aging. It is a smoothed curve by
taking average values over 10 fringe spacings at
a time, and reflects a small composition amplitude
(L1a ~ 6.5%) and diffuse interface. (XBL 7711-6341)
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Fig. 2. Optical microdiffraction analysis of the lattice image micrograph of the
retained austenite/lath martensite bou11dary shown in Fig. 1. The regions from which
the optical diffractograms are obtained in lattice image nlicrograph are identified
by 1,2,3. Note good correspondence between otpica1 diffractogram and the SAD pattern.

(XBB 782-2075)

8. Il'.'TERSTITIAL ORDERING IN TANTALUM*

U. Dahmen+

The ordered tantalum subcarbide Ta64C has been
subject to controversy concerning its structure
and morphology for some time. l During this study,
evidence has been obtained which shows that all
previously published work on this interstitially
ordered phase can be explained in terms of the
inadvertent introduction of oxygen into the
tantalum; and that the phase is actually Ta120,
and not Ta64C,

This conclusion is supported by the result that
when all diffraction and contrast effects published
in the literature are re-examined in light of new
work on the Ta-C system, they can be explained
consistently with the model of the ordered
suboxide Ta120, recently identified by Milillo
and Potter. 2 A recurring point of contention has
been the absence of the equilibrium Ta2C phase
in many of these studies. However, in the present
work, it is shown (see Fig. 1) that this is an
artifact of specimen preparation, which caused
the precipitates to be preferentially etched away.
It is also believed that the introduction of oxygen
into these samples occurred during foil preparation.



Fig. 1. Artifacts in thin foil preparation of
Ta - 0.5 at.% C, heat treated as in Ref. 1.
(a) BF picture showing electropolished foil with
Ta2e precipitate. (b) DF picture of chemically
thinned foil with holes due to etching of
precipitates. Note dislocation loops in both cases
(arrowed). (XEB 780-15221)

. thesis (in preparation).
+ . .
Partlally supported by the German Academlc Exchange
Service (DAAD) and the National Science
Foundation.

1. P. Rao and G. Thomas, Acta Met. 23, 309 (1975).
2. F. F. Milillo and D. I. Potter, Met. Trans.
2.12, 283 (1978).

9. RESEARCH PLANS FOR CALENDAR YEAR 1979

R. Gronsley and Gareth Thomas

Theoretical studies of high resolution imaging
will continue in an attempt to obtain an exact
fit with the experimental images of modulated
structures. Future calculations will incorporate
the effects of source coherence on the contrast
transfer fLll1ction for tilted beam imaging, and
emphasis will be placed on understanding the focus
dependent changes in image contrast observed for
these materials. Once the image details are
satisfactorily explained, the technique will be
applied to clarify the operating strengthening
mechanisms in spinodal alloys by detailed micro
structural analysis.
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Work is currently in progress to determine the
relationship between grain boundary structure and
precipitation phenomena in commercial Al-Zn-Mg
alloys (cooperative effort with Dr. P. Furrer of
Alusuisse, Ltd., Switzerland). Results will be
obtained to establish correlations between precipi
tate morphologies and atomic-level structural
details in the boundary plane.

A project has also been initiated in fundamental
studies of grain boundary structure, including
its effects on solute segregation. It is planned
to utilize high resolution imaging for monitoring
segregation induced by controlled doping at internal
boundaries of controlled bicrystals. These results
will also be compared to surface segregation
phenomena as detected by Auger Electron Spectros
copy.

Si-Si02 interfaces prepared by different proce
dures show slight variation in the high-field
electron mobility, and it is planned to establish
a correlation between the mobilities and the surface
roughness as determined by direct imaging. Next
it is intended to explore, again at about 3 A
resolution, the structure of many other electronic
interfaces: Schottley barriers, Josephson junctions,
GaAs-GaAlxAsl _ interfaces, etc. It is also planned
to determine tBe thickness and the structure of the
thin oxide that forms on the Si surface at room
temperature in air. With an eye towards the still
distant future an attempt will be made to achieve a
full three-dimensional reconstruction of the (Ill)
Si-Si02 interface at 3 A resolution from a series
of images obtained at various specimen tilts.

Tilted illumination transfer functions will be
further explored. The results will be utilized in
various applications requiring one-directional
resolution better than 3 A. The overall performance
of the main high resolution electron microscope,
the Siemens 102, will be improved by modifying
the electron gun chamber vacuum so that LaB6 cathodes,
which give approximately 20 times better brightness
than the conventional tungsten, can be employed.

The theoretical side of future atomic resolution
research will be developed by calculating the
images of the cores of grain boundaries obtainable
at 2 A point-to-point resolution. An experimental
and theoretical start will also be made in the
determination of the core structure of isolated
dislocations in covalent and ionic crystals by
direct imaging. .

10. 1978 PUBLICATIONS .AND REPORTS

R. Gronsky, Gareth Thomas and Associates

Journals and Books

1. R. Gronslcy and G. Thomas, Determination of
the Structural Aspects of Favored Grain Boundary
Reaction Sites, in Proc. of 9th Int. Congress on
Electron Microscopy, vol. I, edited by J. M.
Sturgess, Microscopical Society of Canada, Toronto,
(1978), p. 408.
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3. O. L. Krivanek, D. C. Tsui, T. T. Sheng and
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Study of Si-Si02 Interfaces, in Proc. Int. Conf.
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4. O. L. Krivanek, T. T. Sheng and D. C. Tsui,
A High-Resolution EM Study of the (911) Si-Si02
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5. O. L. Krivanek, EM Contrast Transfer Functions
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Structure of the Extrinsic Stacking Fault in
Silicon, Appl. Phys. Lett. ~, 451 (1978).

7. P. Rez and O. 1. Krivanek, Computer Simulation
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Properties of a Cu-Ni-Cr Spinodal Alloy, Met.
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c. 1.5 MeV Electron Mi(:m~~colpe*

K. H. westmacott,

LOCATION OF CARBON ATOM

(c)

(0)

Fig. 1. Schematic representation of events leading
to the formation of {lOa} defects: (a) isolated
vacancies and interstitial carbon, (b) vacancy/
carbon complex fonnation, (c) co-precipitation as
platelets on {IOO} plane, (d) final configuration
after lattice relaxation to form an a/3 [100] loop.

(XBL 789-5816)

following collapse of the {100} disk [Fig. led)]
allows the associated carbon atoms to be accom
modated without lattice strain. The displacement
and Burgers vectors of these vacancy/carbon
precipitates are -1/3 <100> which leads to unusual
contrast behavior in the electron microscope.
For example, with a 111 reflection excited the
stacking faults are all visible but the bounding
dislocations are out of contrast, see Fig. 2(a).
On the other hmld, when g ~ 331, the reverse
situation is encountered: the stacking faults
are invisible and the dislocations visible,
Fig.2(b).

2. CARBON SEGREGATION TO CRYSTAL LATTICE DEFECTS

M. I. Perez and K. H. Westmacott

1. PROGRESS REPORT ON NEW 1.5 MeV HIGH VOLTAGE
ELECTRON MICROSCOPE PROJECT

Alloys used in practical applications are rarely
homogeneous. Heat treatments prior to service or
the environmental conditions of service frequently
lead to the redistribution of solute elements
or impurities to specific regions of the material.
This solute segregation can produce dramatic changes
Lll properties, e.g., brittle intergranular fracture,
accelerated void gro~~h. Solute segregation
effects are usually detected at the solute sinks,
e.g., at grain or void boundaries, but the mechanism
and kinetics are not well understood. In the
present work a model system, Pt containing carbon,
has been studied and a better understanding of
carbon segregation obtained.

Pre-construction planning and design of the
High Voltage E-M facility at Building 72, LBL,
have continued with some slippage of the original
schedule, but the completion date is still well
in advance of the scheduled instrwnent shipping
date. The contract for the engineering design,
supply of equipment, and system responsibility
of the vibration isolation and seimic restraint
system was awarded to Korfund Dynamics Corporation.
Ground breaking on the project is now scheduled
for 2/15/79, with a completion date of 9/20/79.

Construction of the 1.5 MeV High Voltage
Electron Microscope is proceeding on schedule.
The high voltage generator and accelerator system
is nearing completion at the Haefely plant in
SWitzerland, while manufacture of the colunm at
Manchester is progressing satisfactorily. A
Siemens 125 kV electron microscope has been acquired
as a feeder instrwl~nt for the 1~1.

\~en platinwn containing a small amount
(8 x 10- 4) of carbon is quenched from near its
melting point and aged at temperatures around
400°C defect clusters on {100} planes form, ,~lereas
in pure platinum {1lI} loops form. A simple model
has been developed that shows that loops on {laO}
form when the precipitating vacancies have carbon
atOl1LS associated with them. This implies that
vacancies and carbon atoms are strongly bound-
probably to reduce the large strain energy
associated with interstitial carbon--and diffuse
as a substitutional entity. The sequence of events
leading to {100} loop formations is depicted
sch6natically in Fig. 1. The large residual holes

*This work was supported by the Division of Materials
Sciences, Office of Basic Energy Sciences, U. S.
Dept. of Energy.

A complete contrast analysis of the {IOO}
defects is in excellent accord with the proposed
model. It is also observed that carbon precipita
tion occurs on dislocations leaVing a region around
them denuded of both vacancies and carbon atoms.
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2. Electron micrographs illustrating the
unusual contrast behavior exhibited by 1/3 {lOO}
defects. In (a) when g ~ 111, the fal1lts are
visible since ex ~ 2'11/3 but the dislocations are
invisible (g.b. ~ 1/3). In (b) when g ~ 331, the
faults are now invisible since ex ~ 2'11, whereas the
bowlding dislocations are visible (g.b. ~ 1).

(:xJ3B 791-1178)

(b)(a)

It is thus concluded that in this alloy system
carbon in excess of the solubility liJuit segregates
by a vacancy mechanism to all the usual vacancy
sinks, i.e., surfaces, grain boundaries, disloca
tions and vacancy clusters. Since minor alloying
additions to c011Unercial alloy steel compositions
can affect the carbon activity, under certain
circumstances siJuilar segregation effects 811d
consequent property changes may be anticipated
in these systems.

3. IONIZATION DA1'vlAGE IN ELECTRON- IRRADIATED
CERAivIICS, AND CHEvIICAL BONDING AND STRUCTURB OF
GLASSY PHASE

J. -Y. Laval * and K. H. Westmacott

The progressive microstructural changes observed
in several ceramic materials during exposure in
the electron microscope have been studied L'1 detail.
Small defects, which are believed to arise from
the aCCU111ulation of gas molecules, nucleate and
grow to sizes up to ~500A in 10-15 min at 125 kV.
The effects are observed only in the intergranular
regions which have been identified as glassy phase.
An eX8mple of a bubble growth sequence in the
intergr8nular regions of silicon nitride is given
in Fig. 1. Similar structural changes have been
observed in the glassy phase regions of MnZn
ferrite and ZnO.

At microscope accelerating voltages in the
range 60-125 kV bubble nucleation and growth is
relatively rapid, whereas at 200 kV the rate is
greatly reduced, and at 300 kV and higher it be
comes negligible. This is strong evidence that
ionization processes are responsible for the
observed effects.

All the materials showing damage were prepared
from powders and contained MgO or CaO additions
to promote sintering and densification. These

Fig. 1. Sequence of micrographs showing the growth
of bubbles in the glassy phase intergranular
regions in MgO flu,'{ed Siy\f4' (a) t '" 20 sec
exposure (125 kV); (b) t ~ 2 min; (c) t ~ 5 min.

(XEB 791- 500)

additives playa vital role in modifying the
structure and bonding leading to ffil electron-be~l
sensi.tive state. A model incorporating
these features been developed which is
compatible with the accepted model for alkali
glass .in which tetrahedrally coordinated units
with strong iJlternal covalent bonds are misoriented
with respect to each other to fonn long range
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radiation effects in glasses, and correlates well
with spectroscopic studies and oxygen diffusion
data on glasses. Further insights into the
structure and bonding in glassy phases follow
and this aspect will be reported upon later.

*Charge de recherche Centre National de Ie
Recherche Scientifique, France

1. A. Hamelin, These d-Etat Orsay, France (197Z).
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4. SEGREGATION AT GRAIN BOUNDARIES AND ITS
RELATION TO MAGNETIC PROPERTIES IN Mn-Zn FERRITE

J.-Y. Laval

Z. By creating highly resistant boundaries in
such a way that eddy-current will be trapped
in each grain.

Mn-Zn ferrites are characterized by a high
initial permeability (~Q ~ 4000) but a low
resistivity (p '" 10 ~ em). Unfortunately when
a periodic magnetic field is applied to this
material, the permeability decreases at high
frequency (f). This demagnetization is due to
several different magnetic loss processes. Among
them the eddy-current loss factor is porportional
to fZ and to 1/p and becomes preponderant at high
frequency in Mn-Zn ferrites. There are two ways
to diminish the effect of eddy-current on demag
netization:

N
o

(b)

Si

•
Co

1.
+Z . Z+

By decreasing the Fe concentratIon; Fe
ions being mostly responsible for this
current. However, in practice it is
impossible to reach a FeZ+ concentration
:S 1.5%.

Fig. Z. Schematic representation of (a) silicon
oxynitride structure, and (b) change produced
by addition of CaO network modifier: Si-O-
dangling bonds are created. (XBL 7811-6197)

disordered networks. CaO or MgO additions act
as network modifiers in the same way as NaZO in
SiOZ and create dangling oxygen half ions lsee
Fig. Z). It is these combined defects (oxygen
half ions and modifier cations) which are suscepti
ble to ionization damage. At -100 kV the electron
inelastic scattering cross section is large enough
for electron transfer to occur between two half
ion 0- and Ca + or Mg++ to produce free oxygen
and metallic Ca or Mg. Under the conditions
existing in the microscope the 0 can migrate and
combine with other 0 in the glass interstices
to form embryonic gas bubbles which subsequently
grow. Bubble formation will occur only when the
network modifier is a univalent element. When
polyvalent additions are also present an oXid~
reduction process of the type ZMZ+ - Ze + ZM3 ;
o + Ze + 0- - will occur and the oxygen will remain
dissolved as 0--.

The predicted behavior is in complete accord
with the results reported in the literature on

This latter approach was adopted in the present
work. Following the results of Hamelinl on Mn
ferrite, the influence of CaO addition on magnetic
properties was studied and the relationship between
the resistivity and the structure of the grain
boundaries analyzed. Several Mn-Zn ferrites with
similar compositions, differing mainly in the
composition of the atmosphere during firing, were
compared. A carefUl analysis of edge-on grain
boundaries by high resolution electron microscopy
revealed no second phase (crystalline or glassy)
in the high quality ferrite (~Q '" 500,000), whereas
thick films of glassy phase were observed at the
grain boundaries when ~Q was much lower (lZ5,000)
and thinner films for intermediate values
(~Q '" 300,000). It is particularly noticeable
that the high performance ferrite which is glass
free has the highest resistivity at the grain
boundary (resistivity measured from tungsten
microelectrodes), whereas in glassy ferrites the
resistivity increases with the amount of glassy
phase but remains smaller.

These results show that the resistivity is
higher when Ca segregates but remains in solid
solution in the matrix. The influence of the
type of segregation on the conductivty has been
explained and a model for the conductivity at
the grain boundary proposed. The conductivity



is mainly related to the density of occupation
of octahedral sites by Fe3+ ions and to the oxido
reduction conditions. From these conclusions
it is possible to infer the thermochemical condi
tions for obtaining a Mn-Zn ferrite which maintains
a good permeability at high frequencies,

5. RESEARCH PLANS FOR CALENDAR YEAR 1979

K. H. Westmacott

Three main research areas will be developed
further during 1979. (1) With the conversion
of the 650 kV HVEM to side entry and environmental
cell operation now completed, in-situ oxidation
and reduction processes will be studied on several
systems, and the benefits of a controlled specimen
environment will be exploited in several other
applications. An electron microscopy and diffrac
tion study of the structure of intercalation
compounds has been initiated, and the promising
initial results will be extended to other systems.
In collaboration with N. Bartlett's group attempts
will be made to characterize the highly reactive
heavy metal fluoride intercalates. Stress build
up during the growth of oxide films will be
investigated using in-situ techniques. A study
of reduction processes in NiO will be made in
collaboration with J. W. Evans. (2) The impurity
segregation effects observed in Pt-C are important
enough to warrant further study. The generality
of the effects observed are strongly indicated
by preliminary results on other alloy systems,
including complex steels. A more detailed under
standing of interstitial solute/lattice defect
interactions will be sought and the modifying
role of alloying additions investigated. (3) The
implications of the model resulting from the study
of ionization effects in glassy phase ceramics
will be explored fully, and further experimental
studies initiated.

6. 1978 PUBLICATIONS AND REPORTS

K. H. Westmacott and Associates
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1. G. Thomas and K. H. Westmacott, High Resolution
and High Voltage Electron Microscopy at the
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d. PowderMetaillur!~y*

Milton R. Investigator

1. MAGNETOSTIUCTIVE PROPERTIES OF RARE EARTH
IRON LAVES PHASE MATERIALS PREPr\RED BY POWDER
IvlETALLURGY TECHNIQUES

Manoochehr Malekzadeh and Milton R. Pickus

Recently, a powder metallurgical approach has been
used successfully in this Laboratory to obtain the
brittle Rare Earth--Iron Laves phase intermetallic
comp01.mds in suitable sizes and shapes. Both solid
state and liquid phase sintering techniques were
studied. Whereas materials prepared by solid state
sintering contained considerable residual porosity,
those prepared by liquid phase sintering had
densities approaching the theoretical value. It
was further found that by magnetically aligning
the powder particles prior to solid state sintering,
the product, though porous, exhibited lnuch superior
static magnetostrictive properties as compared
with highly dense liquid phase sintered material.

alternating field until the dynamic field had a
value approximately equal to the bias field.

The static and dynamic magnetostrictions of
a magnetically aligned, solid state sintered sample
of TbO 3DyO 7Fe2 are shown in Fig. 2. Comparison
of Fig: Z with Fig. 3 indicates that, with respect
to both static and dynffinic magnetos trains , the
magnetically aligned sample is superior to the
highly dense liquid phase sintered material.

Static measurements of the magnetostrictive
response were reported previously. We now present
the dynffinic characteristics of the powder metallur
gically prepared samples. The evaluation of the
dynamic magnetostriction was accomplished by a
strain gauge technique. This technique is
advantageous because of its compactness and
accuracy when used with a tsnperature and magnetic
field compensating circuitry. The circuitry shown
Dl Fig. 1 provided alternating fields up to ± 5000e

100

Sample Aligned in Magnetic Field

---: Slali c 51 rain 01 Bias Field

I :Allernaling Sirain Excursion

Alterna ling Fie Id:
600 Oe rms, 160 Hz

WATER·COOLED
SELENOID MAGNET

Fig. 2. DynffiTIic magnetostrictions observed in a
magnetically aligned sffiTIple of TbO. 3DyO. 7FeZ.

(XBL 781-4471)
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Fig. 1. Experimental set-up for dynamic magneto-
striction measurements. (XBL 781-4408)

at various frequencies. The frequency of the
dynamic field was chosen at 160 Hz because it was
low enough to reduce eddy-current loss and far
from the harmonics of 60 Hz. At constant frequency,
the magnitude of the dynamic strain attained was
roughly proportional to the magnitude of the applied

*This work was supported by the Division of Materials
Sciences, Office of Basic Energy, U. S. Dept. of Energy.

The huge magnetostrains observed are indicative
of the advffiltage of these materials in applica
tions where a high power, broad-baJld, low frequency
source is desirable. The magnetic powder aligrnnent
approach, however, can also be extended to the
preparation of powder rolled thill plates and
lffiTIinates with a significant reduction in the
eddy-current loss. Prelnninary data indicate that
even better magnetostrictive properties can be
achieved by combining the use of magnetically
aligned powder with liquid-phase sintering.
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Fig. 1. Fe Z. 5 wi0 C; graphite coated iron powder,
steady state liquid phase sintering at l175°C.

(XBB 7711-11572)

Z. HIGH DENSITY SINTERING OF IRON-CARBON ALLOYS
VIA A TRANSIENT LIQUID PHASE

Tin Tseu1< Lam, J. Ling- Fai Wang and Milton R. Pickus

An important finding of this research is the
fact that sintering of graphite-coated iron powder
compacts makes it possible to achieve high densi
ties (95-99% of theoretical) in a short time (about
10 min) and at a moderate temperature (1175°C).
This is due to the presence of a transient liquid
phase at the sintering temperature. The procedure
has been found to be effective for carbon contents
from a few tenths of a wlo up to Z w/o. Mechanical
properties are obtained which are close to those
of wrought commercial plain carbon steels and much
better than those of canmercially produced powder
metallurgy steels.

In an earlier stage of this program it was
established that the continuous presence of a
liquid phase during sintering at l175°C also led
to the achiev~nent of high densities. However,
a necessary condition for the presence of a steady
state liquid phase at 1175°C is a carbon content
greater than Z w/o. The microstructure of such
high carbon materials is characterized by a brittle
cementite (Fe3C) network surrounding the pearlite,
as sho,Vfi in Fig. 1. A microstructure of this type
is associated with poor mechanical properties.
The photomicrograph shown in Fig. 2 is representa-

Fig. 2. Fe 0.43 wlo C; graphite coated iron
pO\\Tder, transient liquid phase sintering at 1175°c.

(XBB 785-5730)
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Fig. 5. Elongation vs. carbon content for three
different steels. (XBL 786- 5113A)

mercial hot rolled steel and commercial powder
metallurgy steels in Figs. 4 and 5. Although
separate curves are shown for initial and final
carbon contents, only the curves for final carbon
content (based on chemical analyses) are of real
significance. The difference is due mainly to
the fact that some of the initially present carbon
is lost during sintering by reacting with the oxide
layer normally present on metal powder particles.
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tive of a 0.43 wlo carbon steel prepared by
transient liquid phase sintering of graphite coated
iron powder. The structure, a mixture of ferrite
and pearlite, is just what would be expected for
a steel of this carbon content.
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.><:

Fig. 3. Schematic representation of process for
transient liquid phase sintering of graphite coated
iron powder. (XBL 786- 5117)

Fig. 4. Yield strength vs. carbon content for
three different steels. (XBL 786-Sl14A)
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The procedure for coating iron powder with
graphite to provide a transient liquid phase is
shown schematically in Fig. 3. Since each iron
particle is coated by graphite, the outer layer
of each particle must become liquid phase if the
temperature is higher than l154°C (the eutectic
temperature) regardless of the overall carbon
percentages of the samples. Therefore, localized
transient liquid phase sintering occurs at l175°C,
even though the carbon content is less than 2 w/o.
Because of the presence of a liquid phase, the
compacts densify easily and uniformly, in contrast
to commercially produced compacts which are composed
of prealloyed steel powder or a simple mixture
of iron and graphite powders.

The mechanical properties of steels made by
this new procedure are compared with those of com-
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J. W.

The model has proven to be exceptionally
and fascinatingly- capable of reproducing features
of the martensite transformation which have proven
difficult to explain theoretically. The transfor
mation naturally proceeds over a rmIge of tempera
tures, reproducing the separate martensite start
and finish tenperatures observed exper~nentally,
At each temperature the transformation occurs
~'U_V~'h" the sequential nucleation of a chain of

, 1'lhich nucleate one another in an autocataly
tic process. Varieties of isothennal, athennal,
and burst martensitic transfonnations of the sort
observed experimentally occur naturally. In
further agreement with experiment, the austenite

is often retained along the peripheries
and boundaries of plates, and the transformation
reverses itself along a path which exhibits the

and the characteristics of the martensite trans
formation remain poorly understood. It is, hmvever,
well Imown that the martensitic transformation,
as a shear transformation of the parent matrix,
is influenced by the need to accommodate
elastic strains as the transfonnation proceeds.
Previous work has shown that it is possible to

the shape, habit, and crystallographic
orientation of individual martensite particles
in several by treating the martensite

as an inclusion in the parent matrix
mId choosing , habit and orientation so as
to minimize elastic energy. The theoretical

taken in previous work, however, does
not lend itself to a holistic treatment of the
transformation through the nucleation and growth
of sequential plates in a developing strain field.

To gain further insight into martensitic trans
formations we have approached the problem through
a radically new model which is particularly well
suited to computer simulation studies. In this
model an elementary martensite particle is treated
as an elastic dipole at a point within a periodic
lattice. The particle may grow by inducing like
dipoles at adjacent sites, twin by inducing twin
ning dipoles at adjacent sites, or autocatalyze
an independent transfonnation by inducing a dipole
at a separated point within the lattice. The
choice of events is made computing the con-
sequences for the free energy (chemical + elastic)
of the lattice and requiring that this energy
decrease in the most favorable way. An efficj,ent
computer simulation scheme is used to recompute
the elastic field after each elementary event.
Both two- and three-dimensional simulation routLnes
have been constructed. The bulk of the research
carried out to date has, however, addressed the

case of the martensitic transformation
i.n two dimensions.

This
intensive

the Division of Materials
Sciences, U. S.

crvolZe:nic use.
years of

canied with it some .,,, '1..1

into the sources of em1br:Ltt 1
martensitic steels.

*This work was supported
Sciences, Office of Basic
of Energy,

S. Chen and A. G.

Insofar as our research
Sciences Division of DOE is
Year 1978 has seen the
of research in three
Calendar Year (1) The trans-~
formations in solids contribution
of elastic energy to the characteristics
of the transformation; research on welding
with particular the of steels
for cryogenic use; (3) of
field superconductors rhp()11Ol1 controlled nY'p,';T;-; 1-" ,-

tion processes. adv,mces in each
of these areas are below. In research
toward new for advanced needs
Calendar Year were able to a
breakthrough in of
nickel-free

It is widely held that the most
outstanding problem in the field of metal-
lurgy concerns the of martensitic
transfOllllations, steels.
The martensite transformation central to the
processing "md of every
structural However, despite
many years of intensive the mechanism

1. TI-JEORY OF PHASE TRANSFORMArIONS

Other research continued from
include the s:iJnulation and

polygr311U1ar microstructures, research
defannation, and research in the of
high strength, austenitic

The research here is
a of research in niT'T"-"'",

metallurgy theoretical
in phase transfoDllations and mech"mical
basic studies in defo:rm,rU_on
and in influence of microstructure
microstnlCtural transformations; on mechanlca.L
properties; and research in the
of new alloys for energy needs.
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c. Spinodal Decomposition and Coarsening

J. W. Morris, Jr. and A. G. Khachaturyan

This work constitutes the first lenown solution
for the elastic energy of thick plate precipitates
in the generalized elastic theory. It is now being
used in a general survey of the preferential
orientation of thick tetragonal precipitates in
cubic matrices.

To gain insight into the phenomena involved
in spinodal coarsening we have been studying a
model system consisting of an elastic Ising lattice
which undergoes decomposition in one dimension.
The governing equations for the evolution of
composition in this case, including elastic effects
take the form

I
I --- RELATIVE
I INTENSITY

I ...... FREE ENERGY

. I
\.1T......·....··· ..

COARSENINGGROWTHINCUBATION

......·.. ··· ...... ·....··.. ···1····.. ·.... ~~~--------~
I

....."l(,"',?<i#

, '.

J

I •
I '.

I '.
I '.

I ,/
I /log >-

log t-
Fig. 3. Schematic of the behavior of a binary
solution which undergoes a spinodal decomposition
along one axis, showing the behavior with time
of the dominant wavelength, the structure factor
of the associated satellite diffraction peak, and
the free energy. (XBL 782-4633)

In this research project, the dynamics of pre
cipitation and coarsening reactions in a binary
Ising lattice are studied using a simulation tech
nique. The initial random configurations of atoms
represents equilibration at a very high temperature,
Fig. S. Following a quench to a temperature below
the miscibility gap, the decomposition proceeds
by atomic interchanges of matrix and impurity atoms,
Fig. 6. Both excess energy <E - Ea: > and the average
cluster size <n> are found to obey simple power

The experimental situation is unclear, but the
results of the computer simulation show interesting
similarities with results obtained by G. Thomas
and co-workers using high resolution lattice
imaging techniques.

E. S. Pundarika

d. Atomistic Simulation of Precipitation and
Coarsening

computer model, on the other hand, under most condi
tions the amplitude coarsening is rapid and
completed at a very early stage of the process.
The wavelength coarsening continues to a much longer
time, but represents an increase in wavelength
at constant amplitude.

The driving force for late-stage coarsening
arises from irregularities in the spinodal profile
which cause long-range diffusion. As a consequence
of diffusion, certain of the spinodal fluctuations
will become unstable and disappear leading to
coarsening by a quasi-discrete process. The source
of long-term coarsening is illustrated in Fig. 4.
The upper figure shows the chemical potential
plotted as a function of distance superimposed
on the composition profile. The lower figure shows
the change in concentration, in arbitrary units,
also superimposed on the spinodal profile. As
expected long-range diffusion results in the net
transport of matter from regions of high chemical
potential to regions of low chemical potential
leading to a readjustment in the concentration
profile.

(1)
dc

njdt = F {cn ' cn±l' cn±2' y}

In spinodal decomposition of a solid solution
the solution spontaneously takes on a quasi-periodic
modulation in its composition. The early stages
of this process were described theoretically by
Cahn, who argued that the initial departure from
homogeneity in an unstable solution would take
the form of sinusoidal compositional fluctuations
tending to exhibit a particular dominant wavelength.
In the later stages of decomposition it is known
experimentally that the initial state will coarsen;
the compositional profile becomes somewhat
irregular and the dominant wavelength increases
with time. This behavior is governed by nonlinear
equations which have, to date, defied exact
solution. The theory of spinodal decomposition
is hence not well developed beyond the initial
stages.

where cn is the composition of the nth plane along
the direction of decomposition and y is an
appropriate combination of elastic constants.
These equations can be solved iteratively to follow
the development of the composition profile with
time. Equation (1) governing the evolution of
the concentration profile may be cast in a quasi
continuum form in which case the equation becomes
deterministic, or in an atomistic form, in which
the compositional profile develops through inter
changes of the atoms whose relative probabilities
are specifically taken into account.

The results of the simulation experiments are
schematically represented in Fig. 3. The spinodal
decomposition process is seen to divide into 3
stages, which are particularly well defined at
intermediate decomposition temperatures, and bear
an interesting parallel to those obtained in
atomistic simulations of precipitation and coarsen
ing as reported in the next section.

The picture of the spinodal decomposition process
derived from these computer experiments differs
qualitatively from that often used in theoretical
treatments of these subjects. In the model most
often employed it is assumed that coarsening
proceeds simultaneously with growth in the
amplitude of the fluctuation, and that the wave
length and amplitude coarsening continue to
extremely late stages of the process. In the
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Fig. 4. Computer simulation pictures of a late
stage in one-dimensional spinodal decomposition
at intermediate temperature. Shown are the varia
tion of composition with distance (both figures),
the chemical potential (u(x)-u: upper figure),
and the change in composition, Vcn), in the previous
one-tenth log cycle of coarsening time.(XBL 794-1141)
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Fig. 5. Initial random configuration of a 20%
B atom square lattice. (XBL 7812-13712)

Fig. 6. Configuration of Fig. 5 after quenching to
a reduced temperature of 0.8Tc, and holding there
for 8225 time units. (XBL 7812-13711)

200
onceDi

o

2

o
o

law relationships with time, (E"·E",) "' t-b , <n>'" t a ,
the exponents corresponding to Lifshitz and Slozov
mechanism at very late times. The general case
of precipitation and coarsening in binary Ising
square lattice follows four stages:

1. Initial relaxation
2. Cluster diffusion and coagulation

3. Transition stage of low coarsening rate
4. Ostwald ripening by diffusional process

The last stage, generally considered the steady
state coarsening, is reached at later and later
times, the lower the temperature.



e. Free Volume Calculations

K. Hanson

For many years the "free volume" concept has
been used to study the statistical mechanics of
liquids, solids and the transition between these
states. If we assume a lnany particle system where
molecules are modeled as hard spheres, then the
"free volume" of any particle is defined as the
space in which its center may move if all other
particles are held fixed. Similarly, the "free
surface" of such a particle is the surface area
of the cage defined by the free volume. In Ref. 1
it is pointed out that the free vohune and free
surfaces can be related to the thermodymllnic
pressure:

where
o particle diameter

Sf free surface

\) r free volume
I

P, V, N, K, and T are respectively pressure, volume,
number of particles, Bo1tzman's constant, and the
absolute temperature.

While many investigators have simulated molecular
dynamics experiments for the hard sphere model,
precise calculation of Sf and vf had not been
attempted because of the geometric complexities
j.nvo1ved. However, we have recently constructed
a computer code to exactly calculate Sf and vf.

1. W. G. Hoover, W. T. Ashurst and R. Grover,
J. Ch6n. Phys. ~, 1259 (1972).

2. SIMULATION AND CHi\RACTERIZATION OF POLYGRAl',lULAR
MICROSTRUCTIJRES

K. Hanson

A primary concenl of materials science is to
correlate material properties with the history
and microstructure features of a material. In
an effort to better characterize microstructures
we have computer simulated a variety of three
dimensional microstructures from known nucleation
and growth parameters. In our lnodel nucleation
dmes and locations are chosen and grains are
permitted to grow until first impingement. We
then analyze the resulting one-, two- and three
dimensional microstructural features. Our ultunate
goal is to simulate mechanical properties in these
microstructures thus pennitting correlations
between material properties and easily observable
microstructure features.

Presently, average grain size is the micro
structural feature most often quantitatively cor
related with material properties. Typically Nv ,
number of grains per volume is established by either
measuring the average area per grain, <a>, on a
two-dimensional section or measuring the average
line intercept length, <e>, of a test line dra~~
across the microstructure, giving equations of
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the following form:

Nv kl <a> (1)

Nv k2
<51,>-3 (2)

Stereologists realize that kl and k2 vary with
the size and shape distributions of the micro
structure being examined. However, we have recent
ly shown (LBL-SOOS) that Nv can be estimated by
the following equation:

Nv 2.4150 I<a> - 1.4552<51,>-3. (3)

This relationship is relatively insensitive to
shape and size distribut:i.ons. The constants are
derivable from Meijening's cell nilldel. In our
previous work (LBL-SOOS), we have demonstrated
that Eq. (3) provides an accurate estunate for
Nv in a variety of regular and nonregular micro
structures. Theoretical argL®ents are also presented
suggesting why Eq. (3) is insensitive to size and
shape distribution.

3. MEOlA"lICAL DEFORIvlATION

a. Theory of Plastic Deformation Through Thermally
Activated Glide of Dislocations ----

S. Altintas and K. Hanson

For the past six years we have had an active
program of theoretical research into Dle plastic
deformation of idealized crystals through the
thermally activated glide of dislocations. This
investigation has focused on the deformation of
crystals containing microstructural features which
may be treated as point barriers to dislocation
glide. 1he principal method of study has been
direct computer simulation. The results of this
research project have given significant new
insight into the process of plastic deformation
through thermally activated glide, which has
already had a major impact on theoretical work
in this area and on the qualitative interpretation
of experimental data. However, until vel; recently
it was not possible to carry out a direct experimen
tal verification of the results; the needed data,
mechanical property measurements coupled with high
resolution studies of dislocation configuration
in well-characterized crystals, were simply not
available.

During the past few months two experllnental
studies have appeared which are sufficiently
detailed to permit a direct comparison between
experunent and computer simulartion. The first
was carried out by Saimoto, Saka and Imura at Nagoya
University in Japan. They deformed hardened copper
at low temperature and performed high resolution
TEM studies to obtain the geometric characteristics
of the gliding dislocations. They remarked that
their results were in good agreement with our
predictions. In Fig. 1 we have plotted the actual
dislocation segment length distribution obtained
by Saimoto et al. against the computer sunulation
result (obtained by Altintas) for the case they
studied. The agreement is almost exact.
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Fig. 1. Comparison between experimental and
theoretical distributions of free segment lengths
along gliding dislocation in hardened Cu. Experi
mental data from Saimoto, Saka, and lmura, Nagoya
University. (XBL 783-7461, right)

Fig. 2. Comparison between experimental and
theoretical distributions of free segment lengths
along gliding dislocations in MgO. Experimental
data from Appel, Bethge, and Messerschmidt, East
Germany. (XBL 783-7461, left)

Research during the past year in this project
has been concerned with the characterization of
the deformation behavior of superplastic alloys,
and with the correlation of these plastic proper
ties with the pertinent parroneters, applied stress,
temperature, strain rate, microstructure, and
thermal history of the sample.

c <' a,Scm' deformation in the "easy glide" region
(i.e., no significant work hardening), and a
relatively low density of barriers. Until now
no such possibility has exjsted for any realistic
case of plastic deformation through dislocation
motion. The barrier now appears to lie in the
imprecision of material characterization rather
than in the theory.

Conventional testing (constant load creep and
constmlt extension rate tension) of superplastic
alloys yields data that fall into three distinct
regions. The high stress region of steady state
deformation is attributed to dislocation climb
controlled creep, while at somewhat lower inter
mediate stress levels, superplastic deformation,
due primarily to grain rotation and sliding,

The second relevant set of experiments was
conducted in collaborative \vork between Valkovskii
and Nadgornyi (Moscow), who measured the low
temperature mechanical properties of MgO cDrstals
containing fine clusters of impurity atoms, and
Appel, Bethge, and Messerschmidt (East Genllany),
who characterized the crystals and measured the
geometric properties of the gliding dislocations.
Appel et al. could not precisely specify the size
and density of the atom clusters because of resolu
tion limits in their instrument, but were able
to set bounds on these parroneters. From the Soviet
data we were able to infer the mechanical
resistance of the clusters to dislocation glide,
and from the mean dislocation segment length
measured by Appel et al., he could compute the
cluster density. Both results are well within
the bounds set by the East German characterization
studies. The dislocation segment length distribu
tion predicted from this data is conlpared with
the experimental data in Fig. 2. Again, the
agreement is almost exact.

The importance of these results lies in the
strong implication that the computer simulation
is quantitatively valid, and that we can, therefore,
perform an accurate, ab initio calculation of the
mechanical properties of crystals \~lich roughly
fit the requirement of the simulation model:

(b) Plastic and

D. Grivas and J. Sanchez

Deformation
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stable mechanically at liquid nitrogen temperature.
The austenite undergoes an essentially complete
transformation to dislocated martensite near the
fracture surface during either impact fracture
or quasi-static crack propagation at liquid nitrogen
temperature.

Continuation of the study during the year 1978
has produced more revealing evidence on the effect
of retained austenite. Direct analysis of the
retained austenite transformation in the fracture
surface layer using profile transmission electron
microscopy shows that the transfonnation product
in less ductile 9Ni steel and 6Ni steel is a dis
located martensite which should not be brittle.
Furthermore, analysis of the retained austenite
which transforms thermally on cooling from room
temperature to liquid nitrogen temperature in
alloys exhibiting reasonable and yet much less
toughness than the proper toughness level shows
that this austenite also transforms to dislocated
martensite. This evidence suggests that to
establish the ductile fracture mode, the austenite
should be retained through a sufficient degree
of plastic defonnation. This conclusion is sup
ported by the results obtained from a series of
comparative tensile tests at liquid nitrogen
temperature. The analysis of the liquid nitrogen
tensile tests of samples which are tough and of
samples which contain retained austenite, but have
substantially lower toughness, has shown that there
is a much more rapid decrease in the percent
retained austenite with strain in the less tough
samples (see Fig. 1). The implication of this
result, which is now under further investigation,
is that the beneficial effect of austenite is con
trolled by the requirement that the austenite
survive a sufficient plastic deformation to insure
against a brittle fracture.
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dominates the steady state defonnation rate. Our
work in the recent past has properly characterized
the low stress steady state behavior of these
alloys as being inconsistent with diffusional creep
hypotheses for these stress levels. Previous
theoretical and experimental work indicated that
stress directed mass-vacancy transport along or
to grain boundaries was the dominant creep process
at low stresses. ~TIile the precise dislocation
deformation process operative at low stresses is
still unclear, the existence of the new low stress
deformation behavior apart from diffusional creep
is no longer in doubt.

Stress relaxation work continues on both super
plastic alloys and single phase metals to
characterize plastic deformation and to correlate
stress relaxation behavior with steady state de
formation behavior. At the center of stress
relaxation test technique is a dual channel twelve
bit analog to digital converter fabricated during
the past year. This data logger permits both the
extension and load signals to be accurately recorded
simultaneously at precisely controlled intervals,
and alloys for data collection of high precision
over very short and long time intervals.

Work is continuing on stress relaxation testing
of superplastic alloys. This testing technique in
volves straining the sample at a constant rate until
steady state is clearly reached, then suddenly stop
ping the imposed extension while maintaining the
sample in a rigid configuration. TIle sample con
tinues to strain in response to the load contained
in the othenvise rigid configuration. As the sample
continues to strain, the load decreased due to the
elasticity of both the sample and machine load mem
bers. If this straining during the stress relaxa
tion is indicative of (superplastic) samples plastic
deformation behavior, the three distinct regimes of
plastic defonnation should be in evidence during a
single properly rilll stress relaxation test. Our
results in the past year show conflicting behavior.
Relaxation test data indicate that for some sffinples,
three regions of steady state behavior appear. That
is, samples exhibit high stress dislocation climb
creep early in the relaxation test, subsequent
superplastic behavior as the stress reaches inter
mediate levels, and finally the low stress defonna
tion mechanism is shown at low relaxation stresses.
This priority of mechanisms during a stress relaxa
tion test is not apparent for all samples, as some
relaxation data indicate that the superplastic
behavior is supressed or by-passed during a test,
while other data indicate that the low stress
behavior region is never reached.

*

4. THE DEVELOPMENT OF STRUCTURAL ALLOYS FOR
CRYOGENIC USE

a. The Influence of Retained Austenite on the
Properties of Cryogenic Steels*

C. K. S"yn, J. I. Kim and B. Fultz

The research performed previously (in 1977)
Showed that retained austenite in tough specimens
of properly heat treated 9Ni steel is not fully

Fig. 1. Transformation of retained austenite to
martensite in tempered 9Ni steel during tensile
tests at liquid nitrogen temperature. Thermally
stable and unstable austenite were introduced by
tempering for an hour at 600 and 625°C,
respectively, followed by water quench. An
identical pre-temper heat treatment of 800°C/l
hour/water quench + 670°C hour/water quench was
done. The initial amounts of stable and unstable
austenite YR% (s=O) at liquid nitrogen temperature
were 12% snd 6% in volume, respectively.

(XBL 791- 5560)

Research supported by the Office of Naval Research.



b. Superior Fe-Ni Ferritic Alloy for Cryogenic Use

J. 1. Kim

The development of steels of low alloying addi
tions involving simple processing is the universal
goal of research programs on the design of steels.
In response to this trend, low Ni or Ni-free
cryogenic steels have been lllvestigated in several
laboratories with a view to avoiding the high cost
of Ni. However, more complicated processing is
generally required to obtain equivalent properties
to those of higher Ni steel. Current research
has been carried out to devise simple processing
for 5.5 Ni steel for liquid nitrogen temperature
application, investigating the effect of thermo
mechanical processing on the mechanical properties,
in association with the microstructural changes.
Thermomechanical processing which includes a rolling
process was chosen in this, research since the
rolling process is an essential one in the produc
tion of plate.

The controlled rolling followed by a two-step
heat treatment produced excellent low temperature
Charpy impact properties, Fig. 2. It imparted
a fracture toughness of 220 ksi-in. l / 2 and a
yield strength of 127 ksi at liquid nitrogen
temperature. These values, comparable to those
of higher Ni steel, demonstrate that a superior
ferritic alloy of Fe-5.5 Ni which is wholly
ductile at liquid helium temperatures may be
procurable. Furthermore, those excellent proper
ties were found attainable only if the finish
rolling temperature was just below the recrystal
lization temperature. A further decrease of the
finish-rolling temperature, which is not desirable,
appeared to have little influence on the properties.
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Fig. 2. Variation of transition temperature with
heat treatment in Fe-6Ni steel: A: Control rolled:
B, C: Control-rolled plus temper at different
temperatures; D: Controlled-roll plus two-step
temper. (XBL 782-4643)
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The thermomechanical processing adapted in this
research is not regarded as an optimized one. Grain
refinement, one of the two main factors which
govern the cryogenic properties, was achieved by
a one-step heat treatment. The enforcement of
the stability of the retained austenite by the
dissolution of carbides was confirmed to be
accomplished through the one-step heat treatment,
Fig. 3. However, the formation of a finely dis
persed, thermally stable retained austenite was
shown to be a product of a combination of the two
step heat cycling. Each step of the heat cycling
appeared to have an independent role on the forma
tion of finely dispersed, stable retained austenite.
Since the retained austenite is an important factor
for cl)Togenic properties, further optimization
of the process will be concentrated toward a one
step process by which effective formation of
stable retained austenite cml be accomplished.

c. Nickel-Free Cryogenic Steels

S. K. Hwang

For several years we have been investigating
iron-manganese alloys as an alternative to iron
nickel steels for cryogenic uses. The research
has concentrated on ferritic grades of Fe-Mn since
these offer strengths competitive with those of
the ferritic Fe-Mn grades. The bulk of this
research has been devoted to improving the cryogenic
toughness of Fe-12 Mn, since this alloy offers
the maximum strength of the iron manganese binary
system.

The problem which had to be overcome to create
a useful cryogenic Fe-12 Mn alloy was the sup
pression of the catastrophic intergranular fracture
which intrudes near room temperature in typical
modifications of this alloy in the as-cooked con
dition. Our research has for some time concentrated
on finding the source of this intergranular fracture
and eliminating it, on the assumption that the
intergranular wealcness was due either to chemical
contamination or to the intrusion of second phases
along the prior austenite grain boundaries.
However, detailed "~ger electron spectroscopy and
transmission electron microscope studies finally
convinced us that the prior austenite grain
boundaries in the twelve manganese alloy are clean.
The intergranular fracture appears to result from
the inherent properties of prior austenite bound
aries in the 12 Mn steel.

Given this conclusion we sought an alloy addi
tion which would act as a surfactant to strengthen
the grain boundaries. The element boron appears
to be a particularly attractive addition for this
purpose. As shown in Fig. 4, boron modified Fe-12
Mn steels are exceptionally tough at cryogenic
temperatures even in the as-cooled condition. The
intergrffilular fracture is almost completely sup
pressed by the addition of boron. Radiographic
stUdies, as illustrated in Fig. 5, clearly show
tIle segregation of boron to the prior austenite
brain boundaries.

The boron-modified Fe-12 Mn alloy thus offers
a particularly interesting alternative to ferritic
iron-nickel steels in cryogenic applications. It
must, however, be employed with some caution. An
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A new high stTength austenitic steel is in demand
fOT making Tings for large electrical
generators. retaining are currently
made of an Fe- SCI' austenitic steel which is
colcl-expfillded to attain a yield strength of
~140-170 ksi. This alloy has been fovnd to be
susceptible to stress corrosion cracking in water
or damp hydrogen, and it does not appear feasible
to develop a yield strength mvch greater than

b.

K. M. and D. H. Klahn

Hardened
BI - 2 3 176 230 25 38

BI - 3 139 202 21 35

BI - 4 3 3 214 259 10 16

Bl - 5 3 179 225 23 54

BI 6 2.5 2.5 200 246 18 28

BI - 7 2 3 185 237 26 33

BI 8 3 2 193 245 22 26

BI <0 9 1.5 2.5 183 236 25 44

BI -10 2.5 1.5 188 236 25 50
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Table 2. Mechanical properties of some ultrahigh strength austenitic steel.

Tensile Properties Facture Toughness
Alloy Designation Y.S. T.S. cI. R.A. Keq* Kic

and Composition Heat Treatment (ksi) (ksi) (%) (%) Ksidan Ksidan

Alloy E Af+ 750°C/4 hr + 670°C/4 hr 205 230 18 65 98.5 112
Fe--36Ni--3Ti--3Ta--0.5A1 Af+ 750°C/3 hr--F.C.- 650°C/8 hr 193 230 24 60 104
--1.3Mo--0.3V--0.01B

AN (950°C/1 hr) + 750°C 4 hr +
670°C/4 hr 172 218 18 50

Alloy U Af + 750°C/2 hr--F.C.- 650°C/8 hr 220 230 18 50
Fe--36Ni--3Ti--3Ta An (ll00°C/1 hr) + 750°C/2 hr
2.5Nb--lMo--0.3V--0.01B --F.C.- 650°C/8hr 205 222 15 27 54

AN (950°C/l hr) + 750°C/2 hr
--F.C.- 650°C/8 hr 210 226 4 7

Alloy T Af + 750°C/3 hr--F.C.- 650°C/8 hr 195 223 18 53% 105 104
Fe--34.5N;--5Cr--3Ti--3Ta
--0.5Al--lMo--0.3V--0.01B Af+ 750/4hr + 670°C/4 hr 201 228 16 53%

Af: as-forged F.C. : furnace cooled
AN: solution annealed Keq: measured from undersize Charpy specimens

using Witts Equivalent Energy Theory

(>175 ksi in yield) were obtained, which increase
as the total amount of Ta plus Nb is raised, though
Ta appears to be a more efficient hardening agent
than l\Tb. All specimens except Alloy #4 exhibited
reasonable tensile ductility and failed by ductile
rupture. In the case of Alloy #4, the low tensile
ductility was found to be associated with severe
intergranular precipitation.

'fwo alloys of nominal compositions Fe-36Ni-3Ti
3%a-0.5Al-l.3Mo-0.3V-0.OlB (Alloy E) and Fe-36Ni
3%i-3%a-2.5Nb-lMo-0.3V-0.OlB (Alloy U) have been
designed for systematic investigation.

Some microalloy elements were added to supress
the formation of grain boundary precipitation.
Isothermal and double agings were carried out from
as-forged and solution annealed conditions.
Typical mechanical properties after different heat
treatments are shown in Table 2. The data show
that the strength and toughness goals of the
present program can be essentially met with alloys
processed from the as-forged condition. As
anticipated, the solution annealing step causes
a significant decrease in alloy strength and
tensile ductility. Transmission electron microscopy
reveals that the precipitation phase in Alloy E
is spherical shape y', while the strengthening
particles in Alloy U is identified as disk shape y' .

After double aging, alloys become nonmagnetic.
However, the permeability measurement on the
fracture surfaces indicated that the ferromagnetic
martensitic phase is induced during deformation.
To stabilize the austenitic phase and to insure
the alloy is nonmagnetic, Alloy E was moded by Cr,
which has been found to decrease both the marten-

sitic transformation temperature (Ms) and the Curie
temperature (c). An alloy of composition Fe-34.5Ni
5Cr-3Ti-3Ti-0.5Al-lMo-0.3V-0.0IB, designated
Alloy T, has been successfully developed. As seen
in Table 2, excellent mechanical properties can
be obtained in this stable austenitic alloy through
double aging treatment from the as-forged condition.

*Research supported by the Electric Power Research
Institute.

c. Metallurgical Control to Improve the Hydrogen
Resistance of High Strength Austenite*

K. M. Chang and D. H. Klalm

Hydrogen embrittlement of metals is an old and
frequently encountered problem. Components made
of alloys sensitive to hydrogen may undergo
catastrophic failure when stressed in hydrogen.
Though the material shows good ductility in normal
atmospheres, the high strength austenitic alloys
we designed for generator retaining rings also
require the resistance to hydrogen embrittlement
because the rotor unit of generators is usually
cooled by hydrogen gas during operation.

The first high strength alloy we designed with
200 ksi yield was Alloy E (Fe-36Ni-3Ti-3Ta-0.5AI
1.3Mo-0.3V-0.0IB) which also maintained excellent
toughness at full hardness state as seen in Table 2.
Hydrogen testing was conducted on several different
specimens including smooth- and notched-gage
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coherent ~b-rich strengthening phase y" has
attracted attention. The strengthening effect
of y" precipitates is ~ubstantially higher than
that of conventional y' precipitates at the same
volume fraction. This research was initiated to
investigate the possibility of y" precipitation
in Fe-base austenites and to establish the criteria
determining the type of precipitate.

In general, Ti and Al additions were fOill1d to
favor the formation of spherical y' precipitates;
the addition of Ta promotes the formation of y"
precipitates. The effect of Nb addition is similar
to that of Ta only if the alloy is highly super
saturated with Ti or Ta. If the Ti and Ta content
is low, Laves phases are observed to nucleate
heterogeneously along grain boundaries in the Nb
bearing alloys. The results are summarized in
Fig. 2. The ordered structure of transition
precipitate changes from "rectangular" to
"triangular" when the hardening element ratio
m '" Ti + AliTa + Nb increases. The change takes
place in the range: 1.5 < m < 1.9. This is the
first observation of the coexistence of y' and y"
in Fe-Ni-base austenitic alloys.

Eleven ingots based on Fe-36Ni with controlled
amounts of Ti, Ta, Al, and Iv'b addition were melted.
After solution annealing at 1200°C for 1 hr, the
specimens were held at 750 0 for 4 hr to develop
precipitates.

The chemical compositions of both the y' and y"
phases are generally expressed as Ni3X where X
can be Al, Ti, Nb, Ta, or their solutions. Both
precipitates may be considered as ordered face
centered-cubic structures (somewhat deformed in
y" case). According to the arrangement of
hardening element X atoms on the close-packed plane,
call y' has "triangular ordering" and y" has
"rectangular ordering." Due to the large misfit
of the y" phase with matrix along one crystal axis,
y" particles are always disk-shaped on the (100)
habit plane. The y' particles are spherical in
most cases.

Fig. 2. The variation of precipitate type with
chemistry in Fe-rich Fe-Ni austenites.

(XBL 7810- 5921)
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Fig. 1. Fatigue crack growth rates of a
precipitation-hardened austenite (Alloy E) showing
increased susceptibility to fatigue crack growth
in the presence of hydrogen. (XBL 7812-13642)
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Research supported by the Electric Power Research
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K. M. Chang

tensile specimens and compact tension fracture
toughness specimen in fatigue mode. It was found
that hydrogen has no effect on strength levels
as measured in a tensile test on either a notched
or smooth gage tensile specimen. However, hydrogen
does reduce the ductility of a notched tensile
specimen but has no effect on a smooth-gage
specimen. Furthermore, fatigue cracking test of
fracture specimens provide the clear evidence that
Alloy E is sensitive to hydrogen. The results
are plotted in Fig. 1 in which the slopes of the
curves are proportional to crack propagation
velocity. Both curves are approximately linear
and indicate a crack growth velocity 4.3 times
faster in hydrogen as compared to air.

The hydrogen susceptibility of Alloy E is
believed due to hydrogen attack on "unstable"
austenites, i.e., austenites which transformed
to brittle martensite under deformation. X-ray
diffaction and Mossbauer analysis on fracture
surface demonstrated that 70% of martensite phase
induced as fatigued in air, and more than 85%·in
hydrogen. It is well-lcnown that when martensitic
and ferritic steels are tested in a hydrogen
atmosphere, they are embrittled.

To reduce the sensitivity to hydrogen, a stable
austenitic alloy named Alloy T was made by
modifying Alloy E chemically with Cr addition.
This modified alloy has mechanical properties as
good as Alloy E (see Table 2) and is stable with
respect to meachanical deformation. The magnetic
permeability on fracture surface was measured less
than 1.05, that meant no martensitic phase induced.
All hydrogen tests indicate that mechanical
properties of Alloy T are not affected by the
presence of hydrogen.

Since the nickel-base superalloy Alloy 718 was
developed a decade ago, the precipitation of the

d. Ordered Transition Precipitates in Fe-Ni-base
Austenites
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6. WELDING OF CRYOGENIC NICKEL STEELS

K. W. Mahin and D. Williams

Due to increasing materials shortages and Ylsrng
costs in recent years, the importance of using
low cost weld wires and weldable high toughl1ess
high strength low alloy steels has become even
more critical, especially in the area of cryogenic
pressure vessels. Last year we announced the
establishJnent of a welding research facility in
~ffiD to study various aspects of the use of gas
metal arc welding for heat treated cryogenic steels.
Our curent work, initiated last year, deals with
the development of a low nickel ferritic weld wire
composition useful for the gas metal arc welding
of commercial Q &T Fe-9Ni plates. Previous wire
compositions developed by INCO (1968) and Nippon
Kokan (1977) (the latter intended for gas tungsten
arc welding) have been unable either to achieve
the critical toughness minimwn of 60 ft·-lb at
~196°C or to produce sound we1dments using the
GMAW process. In the initial phase of our project,
we reproduced the INCO and NKK compositions,
evaluating both their mechanical properties and
their "wlding properties. The lack of significant
amounts of deoxidant in the NKK composition caused
a high degree of porosity in the composition. On
the other hand, the "NKK weldments" exhibited high
toughness and good strength when tested in defect
free regions, whereas the INCO composition failed
to develop over 25 ft-lbf in the weld metal at
~196°C. Based on this information, as well as
studies of optimwn ranges for alloying elements
in an llNi ferritic wire, we proposed a number
of wire chemistries for study, which were variations
on these previous compositions. The first of these
wires demonstrated an increase in fusion zone impact
toughness, as well as an increase in weld metal
toughness, as indicated in Fig. 1. Fracture
toughness tests indicated that a minimwn toughness
of 100 ksi-in. l / 2 at -196°C can be obtained in
this weld metal, even in regions containing defects.

100~~-"'~~~T~~-'~-,~-~r---

Furthermore, tensile strengths in the weld mld
the heat affected zones are comparable to or
exceeded that of the con~ercial 9Ni ferritic base
plate. As a result of this work, we hope to deter
mine to a better extent the cause(s) for embritt1e
ment in ferritic weld metals m1d to identify the
means by which this embrittlement can be avoided.

7. RESEARCH PLANS FOR CALENDAR YEAR 1979

J. W. Morris, Jr.

1. Theory of Phase Transformation. During
the coming year computer sImulatIon studIes of
the martensite transformation will be continued.
111e statistics of TIlermal Activation will be
incorporated into the model; preliminary studies
suggest that this will lead to such phenomena as
dependence of the martensite start (Ms) temperature
on quenching rate, thel1nal martensite, and
"precursor" phenomena preceding the transformations.
In research on precipitate shape and habit we hope
to obtain a general solution for the habits of
thin plate precipitates, and general equations
for the precipitate shape as a function of growth
time which may be compared to experiment, In
research on decomposition in metals, our research
on spinodal decomposition will be extended to treat
pseudo-two-dimensiona1 decomposition in solids
including elastic interactions; research on the
complementary "tweed" decomposition has been begun
and will also be continued.

2. Theory of Microstructure. During 1979,
we plan to change the emphasis of our research
on irregular microstructures from a characteriza
tion of the microstructure to our analysis of the
influence of the microstructure on mechanical
properties. To accomplish this, for example, a
simple model of deformation and fracture will be
used in connection with the microstructure simula
tion code,

5. Welding Research. During 1979 our research
towards a good ferritic weld wire for GMAW welding

4. Development of Structural Alloys for
Cryogenic Use. Research during 1979 in this pro
ject area will proceed 'under three task headings.
First, we will continue research on the fundamental
microstructural sources of cryogenic toughness,
specifically considering the influence of fine
grain size on retained austenite. Second, we will
exploit the breakthroughs made during Calendar
Year 1978 in the development of iron manga.'1ese
ferritic cryogenic steels through further research
on these alloys. Third, we plan to reactivate
research on the development of tough structural
alloys for use in liquid helium, This research
will investigate the cryogenic behavior of both
ferritic and austenitic structural grades.

3. Mechanical Defol1nation. Research during
1979 will continue to address the problem of the
mechanical equation of state of simple metals,
with influence on the incorporation of steady state
creep and superplastic deformation into equation
of state fonnu1ations.
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of 9 nickel steel will continue. We have also
beg1lli research into the weldability of ferritic
iron nkkel alloys for use in liquid helium, and
this research will be pursued during the c~ning
year.

8. 1978 PUBLICATIONS AND REPORTS

J. W. Morris, Jr. and Associates

Journals

1. S. Jin, J. W. Morris, Jr., Y. L. enin,
G. Tnomas and R. 1. Jaffee, An Investigation of
Transformation Strengthening in Precipitation~
Hardened Fe-Ni Austenite, Met. Trans A 9, 1625
(1978), LBL-662l. -

2. K. Hanson and J. W. Morris, Jr., Computer
Simulation of Interacting Dislocation Motion
Resisted by Point-like Barriers, J. Appl. Phys.
49, 3266 (1978), LBL··6636.

3. B. Fultz and J. W. Morris, Jr., Multi-Channel
Scaling with an Eight Bit Microcomputer, Rev. Sci.
Instrum. 49, (1978), LBL-7392.

4. C. Syn, B. Fultz and J. W. Morris, Jr.,
Mechanical Stability of Retained Austenite in
Teepered 9N Steel, Met. Trans. A. 9, 1635 (1978),
LBL-7626. -

5. J. W. Morris, Jr., S. K. 11wang, K. A.
Yushchenko, V. L Ve1otzerkovetz, and O. G.
Kvanevskii, Fe··Mn Alloys for Cryogenic Use: A
Brief Survey of Current Research, Advances in
Cryogenic Eng. 24, (1978), LBL-6698.

6. S. K. I~vang and J. W. Morris, Jr., The
Suppression of Low Teeperature Intergranular
Brittleness in Ferritic AllOYS, Advances in
Cryogenic ..2i, (1978), LBL-6652.

7. J. W. Morris, Jr., L. Brewer, J. R. Cost and
P. Shemon, Research Directions in Phase Transforma
tions, Stability and Materials Interactions, Mat.
Sci. Eng. ~~, 75 (1978), LBL-6645.
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1. D. Grivas, Deformation of Superplastic Alloy
at Relatively Low Strain Rates (Ph.D. thesis),
LBL-7375, Feb. 1978.

2. B. Fultz and J. W. Morris, Jr., ~lliti-Channel
Scaling with an Eight Bit Microcomputer, LBL-7392,
March 1978.
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Tempered 9Ni Steel, LBL"7626, March 1978.

5. B. Fultz, A Mossbauer Study of Austenite
Stability and Impact Fracture in Fe-6Ni Steel
(M.S. thesis), LBL~7671, May 1978.

6. M. Hong, Study by Elastic Theory of the
Clustering of Solute Atoms During the Early Stage
of Solid Solution Decomposition (M.S. thesis),
LBL-7680, May 1978.

7. S. Altintas, Plastic Deformation of Crystals:
Analytic and Computer SiJTlulation Studies of Dis
location Glide, (Ph.D. thesis), LBL-768l, May 1978.

8. A. Ma, Increased Strengthening of Austenite
Alloys Through Dual Aging (M.S. thesis), LBL-8000,
June 1978.

9. K. Hanson, Determination of Grain Density in
Space Filling Geometries from Measurable '1\vo
Dimensional Parameters, LBL-8008, June 1978.

10. S. K. IivJaJlg, The Cryogenic Mechanical Proper
ties and the Intergranular Brittleness in Fe-12%
~m--0.25%Ti Ferritic Alloy System, LBL-80l8,
June 1978.

11. G. Hoover, N. Hoover, and K. Hanson, Exact
Hard Disk Free Volumes, LBL-8047, June 1978.

12. E. S. Pundarika and J. W. Morris, Jr.,
Kinetics of ClusteriBg Reactions, LBL-8456,
Nov. 1978.

Presentations

1. E. S. Pundarika, K. Hanson and J. W. Morris,
Jr., Computer Simulation of Decomposition in a
Binary System, AIME Annual Meeting, Denver,
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2. J. W. Morris, Jr. and A. G. Khachaturyan,
Computer Simulation of Spinodal Decomposition,
AI~ffi Annual Meeting, Denver, Feb. 26-March 2, 1978.

3. ](. Hanson and J. W. Morris, J r., Computer
Simulation of Polygranular Microstructures, AIlIffi
Annual Meeting, Denver, Feb. 26~March 2, 1978.
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Simulation of Dislocation Glide: Confrontation
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3. K. Chmlg and J. W. Morris, Jr., Effect of Solu
tion Annealing and Cyclic Transformation Strengthen'·
ing in the Precipitation Hardening Fe-Ni Austenites,
LBL-76l4, March 1978.

4. C. Syn, B. Fultz and J. W. Morris, Jr.,
Mechanical Stability of Retained Austenite in

7. D. Grivas and J. W. Morris, Jr., The Effect
of the Thermal Mechanical History on the Super
plastic Behavior of AllOYS, AI~ffi Annual Meeting,
Denver, Feb. 26-March 2, 1978.

8. M. Hong and J. W. Morris, Jr., Ductile Super
conducting Wire through Novel Metallurgical Tech-



niques, DOE Fusion Energy Meeting, Washington D. C. ,
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9. S. K. Hwang, The Cryogenic Mechanical Proper
ties and the Intergranular Brittleness in Ferritic
Fe-12% Mn AHoy: Annual Meeting of Korean Inst.
of Metals, Sept. 27-29, 1978.

10. J. W. Morris, Jr., Recent Advances in the
Thermal Processing of Steel, 25th Sagamore Conf.,
Bolton Lomding, N.Y., Aug. 1978.

11. K. M. Chang and J. W. Morris, Jr., Ordered
Transition Precipitates in Fe-Ni-based Austenites,
Fall Meeting, The Metallurgical Society, St. Louis,
Oct. 1978.

12. K. W. Mahin, Research Toward Ferritic Weld
Wire for 9Ni Cryogenic Steel, BES Welding Workshop,
Idaho Falls, Oct. 1978.
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13. J. W. Morris, Jr., The Linear Blastic Theory
of Phase Transformations in Solids, Solid State
Physics Colloquim, U.C. Berkeley, Oct. 1978.

14. J. W. Morris, Jr., Research on Ferritic
Cryogenic Steels, Sandia Laboratory, Albuquerque,
Nov. 1978.

15. J. W. Morris, Jr., Recent Advances in the
Heat Treatment of Steels, American Society for
Metals, Albuquerque, Nov. 1978.

16. J. W. Morris, Jr., The Sources and Control
of Ductile-Brittle Transition Behavior in Steels,
Materials Science Colloquim, Cornell University,
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17. K. W. Mahin, Development of a New Filler Metal
for Fe-9Ni LNG Tanks, WESTEC Conference, Los
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b. Relations Between Dislocaticms, Point Defects and Properties of Metals"

Jack Washburn, Investigator

1. ON THE NATURE OF AMORPHOUS LAYERS PRODUCED
BY PHOSPHOROUS ION IMPLANI'ATION AT 77 AND 300 K

J. Washburn and R. Drosd

A marked implantation temperature dependence
exists on the annealed microstructure resulting
from amorphous layers formed during ion implanta
tion. It is found that in flOO) silicon wafers
implanted to high doses (10 5P+/cm2) at 77 K, the
resultant amorphous layer recrystallized completely
at soooe in a short time leaving a very low density
of lattice defects behind. When the same experi
ment except for a room temperature implantation
temperature is carried out, many dislocation loops
were found [Fig. lea)]. To avoid the deleterious
effect of these defects on electrical properties
the common industrial practice is to implant at
low temperatures, but this is an expensive and
time-consuming process.

To determine the origin of this effect we have
observed the unannealed amorphous layers in the
transmission electron microscope. In Fig. l(b)
the 77 K implanted specimen shows a continuous
amorphous layer to the surface. The room tempera
ture implant, [Fig. l(c)], of the same dose shows
many bright spots in the dark field micrograph.
This indicates that there are still crystalline

islands within the amorphous layer. If recrystal
lization begins independently at each of these
islands then this may lead to many slightly mis
oriented crystals and hence a high density of
residual lattice defects.

To eliminate this situation the ion dose was
doubled and in Fig. led) it is seen that the
crystalline islands have been destroyed. Hence
the unannealed structure of the low temperature
implant and the room temperature implant with twice
the dose appear to be identical when viewed in
the TEvt However, upon annealing of this higher
dose implant a high density of dislocation loops
is found as in the other room temperature
implanted specimen, Fig. 1.

Apparently, even when the respective dose of
high and low temperature implants are adjusted
to give amorphous layers identical in continuity
and depth, there is still a yet to be understood
difference between them which yields different
annealed microstructures. This difference is
apparently tied to the implantation temperature
and allows the samples implanted at 77 K to
recrystallize defect free. It would be of great
p'racticcal importance t9 extend this behavior to
room temperature implanted specimens.

Fig. 1. (a) Annealed (100) sample implanted at 273 K, (b) Unannealed amorphous layer,
implanted at 77 K. (c) Unannealed amorphous layer, implanted at 273 K. (d) Unannealed
amorphous layer, implanted at 273 K with twice the dose (2xl015P+/cm2) of the other
samples. The bright spots at the top mark the boundary of the underlying crystalline
substrate. (XBB 792-2607)

*This work was supported by the Division of Materials
Sciences, Office of Basic Energy Sciences, U. S. Dept.
of Energy.
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J. Washburn and R. Drosd
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electrical
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the sample.

From observing wedge~shaped samples and stereo
pairs, it was found that these dislocations lie

Fig. L
fringes

TEN dark field micrograph showing Moire
from polytypjJlg in CdS.

781·572)



69

reJ.ai:Di'ely low sub-
(~ low vacuum condi

and without removal of the native
A hindrance to use of this

in a con-
film. Because

film tends to fOlm
solid substrate.

researchers. 'DIe
a silicon

clean substrate
grown si11con oxide

l.'-'cUll.iS" vacuum to eliminate ambient
cOj~t,mLLnclt:ing gases, (3) substrate temperature
for aiding desorption adsorbed surface con-
taminants and providing suffictent activation energy
for adatoms to occupy the posthons of potential
min:Llla. 111e conventional growth tech.11010-

, which are corrrrnonly :in semiconductor
technology, involve two ,i.e. ,

and By a three

strate
tions
silicon oxide
method has
tinuous
of surface

In our , the of the
native silicon oxide films were studied by the
gold-decoration teclmique and the alloy:iJ1g process
and :i.nitial stages studied by TBM
with a hot stage. new method has been developed
to maintatn a conhnuous liquid alloy film
which has made of area

taxial 5i

has been studied by many
necessary condttions for
film are: (1) an

free of lW-l.Ul <1.1.1.)

1 shows the mVLjJuv.LVi,Y

tn situ when
ferent structures are observed in
One is a black labeled
form along <110> chrections and

presence

rate
sequence.

rate was
defect struc··
set of

C:rO\vth
substrates
faulted films.

J is a TEtvl m:u:::rc)gr'aph
film ted on

GaAs substrate at a
Moire

SO, 25 and 17
of materials with

Vllhen the
, a much

faults OIl a
observed (Fig.

the Ga face of GaAs
but not

. 2. TEM
faults confined

(XBB 782-2393)

To determine if would affect these
substructures, a CdS film
on the Ga face\vas the hot
apparatu~: for 15 at 400°C. Only very
amounts of was observed. These
ferences in microstructure along with the observa"
tion that taxial is more obtained
on Ga-face sw)strates shows that the

is not sensitive to
also to the

4. ON THE IvU".CHNHSM OF VAPOR··LIQUIJ)-SOLID GROWTH
OF SILICON EXPITf\XIAL LAYERS

J. Washbv.m and D. Huo

of silicon films :i.S very
semiconductor device and

Fig. L Transmission
liquid Au/5i
shaped Au/5i

electron micrograph showing
(A) and irregularly
(B) at 470°C.

(XBE 780-13627)



• 20

70

(A) TB'v! bright-field of sputtered gold
film (III) silicon substrate at 340°C.
(B) area diffraction pattern.

(XEB 782-2186)

contacts the crystalline silicon substrate.
Another feature is the black globules labeled S
which are above the silicon oxide film; their shape
is determined by surface tension only, and not
the substrate. We believe that the native silicon
oxide film is not perfect and has a few pinholes
in it. The sputtered gold directly contacts the
crystalline silicon through these pinholes forming
liquid channels when the substrate temperature
is raised above the eutectic point. Silicon dif
fuses through these liquid channels to the free
surface forming liquid globules while gold diffuses
to the crystalline silicon substrate forming a
liquid film under the oxide in the shape of tri
angles. The fact that the globules and triangles
are liquid has been determined by selected area
diffraction as evidenced by the halos in Fig. 2.
lVhen silicon is continuously deposited on top of
this Au/Si film at temperatures around 560°C, a
supersaturated alloy solution is created and the
silicon diffuses through the liquid channels and
precipitates around the black triangles. The native
silicon oxide film on top of the precipitated
silicon then forms more cracks due to the local
volume expansion. More area of the crystalline
silicon substrate then directly contacts the liquid
alloy until the precipitated silicon forms a con
tinuous layer. The initial stages of epitaxial
growth and the growth sequence are shown in Fig. 3.

A new method has been developed to grow large
area epitaxial silicon films by growing a silicon
oxide layer (-100 ) on top of a gold layer. This
very thin oxide layer, grown in air at 200°C for
10 min, keeps the Au/Si liquid film continuous
when the substrate temperature is raised above
the eutectic point (370°C). After this special
oxide growth, the liquid Au/Si layer is more con
tinuous; the dimensions of the initial black tri
angles are much larger than in specimens prepared
without this preheat treatment. These results are
shown in Fig. 4.

. 3. Scanning electron micrographs showing the growth sequence
of precipitated silicon triangular islands. (XEB 780-13777)
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NEAR NORMAL SPECTRAL REFLECTANCE FOR
LBL BLACK CHROME ON NICKEL
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Little is known about this promIsIng coating
except that it exhibits good stability (350 QC),
solar selectivity and can be deposited by con
ventional electropolating techniques. As a result
of study of the black chrome coating it is possible
to develop engineering data and detailed terrvera
ture stability information, along with theoretical
insight into the mechanism of solar selectivity
with the hope of creating less expensive similar
high temperature coatings. This would be advan
tages economically since the black chrome coatings
would have good potential for widespread applica
tions in ~le production of industrial and domestic
process steam or hot water.

Specifically, selective coatings are more
_efficient and offer hi~ler heat gains and operating
temperatures than do the non-selective black
coatings. Wavelength selectivity is produced by
a substance that exhibits optical properties which
vary markedly from one spectral region to another
as shown in Fig. 1. A solar selective surface
effectively captures solar energy in the high
intensity visible and near infrared spectral
regions while exhibiting poor infrared radiating
properties. For optimum efficiency, the solar
absorber should possess a maximum possible

w
~ 0.6
j:!
1rl
-'
~ 0.4

J. Washburn and C. Lampert

5. THE STRUCTURE OF SPECTRALLY SELECTIVE BLACK
CHRQ\1E PHaTOTHERMAL ABSORBING COATINGS

Fig. 4. (A) Continuous Au/Si layer due to special
pre-heat treatment process. (B) Discontin
uous Au/Si layer without special treatment.

(XBB 7811-13893)

The microstru~ture and energy absorptive proper
ties of the Chrom-Onyx (trade name of the Harshaw
Chemical Company) type of black chrome solar
absorber were investigated to gain a better under
standing of their influence and the role they play
in solar wavelength selectivity.

Fig. 1. Variation of hemispherical spectral re
flectance with thickness for black chrome on nickel
plated substrates. An interfacial layer of nickel
is used to increase the infrared reflectance.

(XBL 783-472lA)

Table L Integrated absorptance and emittance values for various types of black
chrome. The highest ale ratio in terms of optical properties repre-
sents the superior absorber.

Type Rl R2 R4 R5 R9 R16 R17

ai 0.958 0.951 0.957 0.932 0.942 0.92 0.916

ei 0.070 0.065 0.078 0.046 0.051 0.070 0.050

ai/ei 13.7 14.6 12.3 20.3 18.5 13.1 18.3

Inter-
facial Ni Ni Ni Ni Cu Steel Ni
Layer

Be
Thickness 1.0 0.9 1.0 0.7 1.0 1.0 0.7
(microns)



absorptance (a) in the solar spectrum while
maintaining a minimum infrared emittance (e).
Black chrome coatings of ratios as high as
20 have been developed. A listing of coatings
developed is outlined in Table 1.

As a result of continued research the as"'plated
structure of black chrome was found to consist
of an agglomeration of metallic chromiwn and
amorphous oxide. Analysis using the scanning
electron microscope has revealed information about
the surface structure of the coating. A typical
surface morphology is depicted in Fig. 2.
Transmission electron microscopy was employed to
view the internal structure of the absorber.

Fig. 2. Scanning electron TIlicrographs depicting
the typical surface morphology of black chrome
on nickel. The surface structure in the higher
magnification picture shows voids and a sintered-
like character. (XBB 7812-15218)

From combined analysis it was determined that
black chrome, electroplated on a nickel substrate,
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consists of voids and particulate complexes within
the size range of 0.05 - 0.30 ]J in (ham. These
larger particles consist of even smaller disper
sions of chromium particles with mean diameters
in the - 100 range as shown in Fig. 3. These
particles are amassed and held suspended in an
amorphous chromium oxide (a - CrOx) , Verification
of the presence of metallic chromium was also
obtained by x-ray powder teclUliques. By in situ
annealing of the coating with the hot stage trans
mission electron microscope, it was observed that
upon heating to temperatures within the 300-400°C
range microcrystalline chromium oxide Cr203 was
identified. By observation of diffraction pattern
changes it was concluded that a -(Cr203) was
transformed to crystalline Cr203'

Fig. 3. Transmission electron micrograph in dark
field showing the internal microstructure of parti
cles depicted in Fig. 2. The bright white spots
represent metallic chromium particles. The dark
black regions are holes in the sample, created
by the sarrvle preparation process. (XBB 774-3545C)

Future research will attempt to further cor
relate specific changes in microstructure and
composition with solar absorptivity. Also, it
is anticipated that c~nputer modeling techniques
will be employed to sinlulate this coating by use
of effective medium and Maxwell-Garnet theories.

6. EFFECT OF EXPOSURE TO HIGH TEMPERATURE ON THE
OPTICAL MID STRUCTIJRAL CHARACTERISTICS OF BLACK
CHRQvlE COATINGS

C. Lampbert and J. Washburn

Black chrome, a popular selective coating,
reportedly has been able to withstand temperatures
up to approximately 350°C.1 It is our goal to
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Results showed that for short tenn (1 hour heat
treatnlents) below 300°C the reflective and micro
structural properties appeared to be unchanged
from the as-plated structure. There was, however,
a slight permanent increase in selectivity upon
initial heating.

Within the 300-400°C temperature range, there
was a noticeable shift in the entire reflectance
spectra towards the infrared. 'This shift may
correspond to the amorphous to crystalline trans
formation of Crz03' the matrix material. Infrared
abso~otion peaks becmne pronounced within this
range.

Between 400-500°C the reflectance spectra
shifted back towards the visible spectrum (to
higher energies). In vacuum a new phase tentative
ly identified as Cr304 fanned along with crystal
line Crz03 as shown in Fig. 3. The total concen
tration of metallic chromium declined with these
growing oxide phases.
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SPECTRAL REFLECTANCE FOR BLACK CHROME
HEAT TREATED IN AIR

Fig. 1. Hemispherical spectral reflectance for
black chrome annealed in air for various tempera-
tures. (XBL 7810-5938)

characterize this coating in terms of materials
science after various short term treatments have
been performed. Short term high temperature heat
treatments simulate stagnation conditions which
can exist when a concentrating solar collector
is illuminated without fluid flow. By comparing
the coating microstructure and chemical composition
after heating, it is possible to identify modes
of material degradation and changes in wavelength
se1ectj~ity. Also, further information is gained
about the mechanism of selectivity and its control
ling factors.

By use of hot stage tran.smission electron micros
copy 1iill,ed with hemispherical reflectance measure
ments, alterations in microstructure can be cor
related to optical property variation. For samples
annealed in air, inert and vacuum atmospheres the
results are characteristically similar. Annealing
in air appeared to mildly accelerate optical degra
dation, at higher temperatures, when compared with
other atmospheres. Typical reflectance changes
are shown in Figs. 1 and 2 for both air and inert
heat treating.

SPECTRAL REFLECTANCE FOR HEAT TREATED
ENCAPSULATED BLACK CHROME

Fig. 2. Hemispherical spectral reflectance for
heat treated black chrome encapsulated in an argml
atmosphere. XBL 7810-5939)
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Fig. 3. Transmission electron micrograph of black
chrome heat treated in situ at 500°C for 30 min.
This selected area diffraction dark field image
shows Cr304 as bright white spots. (XBB 78lZ-l52l9)

At temperatures in excess of 600 DC black chrome
degraded catatrophically. The coating failed
mechanically by peeling off the substrate. The
major difference between samples heated in air
and vacuum atmospheres was that the oxygen deficient
phase Cr304 was favored during annealing in vacuum,
and in air Crz03 was the prominent phase.

Future work will consist of verification of these
findings by alternative techniques, theoretical an
alysis, and the study of long term degradation of
black chrome. In this fashion important coating
lifetime information can be obtained. As a result
of combined research, a model for black chrome can be
developed along with the guidelines for further
solar selective coating design.
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1. K. D. Masterson and B. O. Seraphin, Inter
Laboratory Comparison of the Optical Characteristics
of Selective Surfaces for Photo Thermal Conversion
of Solar Energy, Univ. of Arizona, Tucson, Arizona,
NSF/RANN/SE GI 36731 X/TR/75/l, May 1975.

7. RESEARCH PLANS FOR CALENDAR YEAR 1979

Jack Washburn

a. Research on CdS-CuxS and (C~~n)S-CuxS Solar
Cells. Single crystal thin films of CdS and
lCdl,'Zn)S have been gro,~ epit~~ially on germanium
substrates. Test solar cells are being prepared
using these films by forming a thin layer of CuxS.
The effects of defects in the thin films on the
optical-electrical characteristics of the cells
is being investigated by correlated transmission
electron microscopy observations. The aim of the
research is a more complete understanding of the
factors that limit short circuit current in these
heterojunction cells.

b. Mechanism of Recystallization and Origin
of Defects in Regro,~ Amorphous Layers in Silicon.
Effects of implantation temperature orientation
and dose on the perfection of regro,~ amorphous
layers even for phosphorous implantation are still
poorly understood. Of particular interest are
the much higher defect densities after room tempera
ture as compared to low temperature implantation.
If the reasons for this difference were known it
might be possible to prescribe conditions that would
permit less expensive room temperature implantation
which would give the same low defect density that is
characteristic of liquid nitrogen temperature im
plants. This question is being investigated.

c. Vapor-Liquid-Solid Growth of Epitaxial
Silicon on SilIcon. EpItaxial fIlms of SIlIcon
on silicon can be grown at very low temperature
and poor vacuum by using the vapor-liquid-solid
technique. This technique may have applications
if low purity substrates could be used and films
of high enough quality can be gr01~. Films grown
by this method are being investigated using trans
mission electron microscopy.

d. Structure and Thermal Stability of Black
Chrome Solar Heat Absorbing Coatings. The changes
in structure of black chrome as seen by high
resolution electron microscopy and diffraction
are being correlated with changes in optical
characteristics of the surfaces. The aim is to
discover what features of the very complex micro
structure consisting of voids, minute chromium
metal particles and amorphous and crystalline
chromium oxides are essential to optimum optical
performance. These coatings have great potential
for use in solar collectors operating at medium
temperature, 100 to 300°C.

8. 1978 PUBLICATIONS AND REPORTS

Jack Washburn and Associates

Journals and Proceedings

1. K. Seshan, On the Glide Dissociation of a Frank
Dislocation Bounding Extrinsic Fault, Phys. Stat.
Sol. B., LBL-6926.

2. C. Lampert, Microstructure of a Black alrom
Solar Selective Absorber, Solar Energy Materials,
1, 1 (January 1979), LBL-8022.

3. K. Seshan and J. Washburn, A 'Three-Stage Model
for the Development of Secondary Defects in Ion
Implanted Silicon, Rad. Effects 37, 147 (1978),
LBL-54l0. -

4. C. M. Lampert, Structure of a Black Chrome
Solar Selective Surface, International Solar Energy
Society, American Section Annual Meeting, Denver,
Colorado, August 1978, published in Proceedings
of ISES, ~, 289, (1978), LBL-669l.

5. C. M. Lampert, Microstructural Characterization
of a Black Chrome Solar Selective Absorber, Society
of Photo-Optical Instrwnentation Engineers Annual
Meeting, San Diego, California, August, 1978,
published in "Optics Applied to Solar Energy,"
SPIE Proceedings, Vol. 161 (1978), LBL-8238.

6. C. Lampert and J. Washburn, A Solar Test
Collector for Evaluation of Both Selective and
Non-Selective Absorbers, International Journal
Solar Energy, Society, American Section Annual
Meeting, Denver, Colorado, August 1978, published
in Proceedings of ISES~, 359 (1978) LBL-6974 Rev.

LBL Reports

1. H. Ling, (M.S. thesis), Electrical and Electron
Microscopy Observations on Defects in Ion Implar,ated
Silicon, LBL-7386.

2. T. Mowles, (M.S. thesis), The Synthesis of
Monoclinic Zinc Diphosphide Single Crystals, LBL
7661.

3. R. Drosd, Transmission Electron Microscope
Study of the Computer Annealing Behavior of
Amorphous Layers Due to Ion Implanation in Silicon,
9th. Int. Congress on Electron Microscopy, Toronto,
Canada, August, 1978, LBL-7387.

4. C. Lampert, The Use of Coating for Enhanced
Solar Thermal Energy Collection, December 1978,
LBL-80n.

S. C. Lampert, Thin Film Decomposition Techniques
for the Production of Photovoltaic Devices, LBL
8080.

6. D. Huo, Growth of Au-Si Alloy Whiskers, LBL
8286.

7. K. Seshan, Observation of the Development of
Secondary Defects in Heavily Damaged Ion Implanted
110 and III Silison, LBL-7389.

8. M. O. Aboelfotoh, H. A. Aboelfotoh and
J. Washburn, Observations of Pretransformation
Lattice Instability in Near-Equiatomic NiTi Alloy.
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Alan V. Levy, Investigator

Introduction. Erosion-corrosion behavior of
materials in combined hostile environments is
one of the major materials degradation mechanisms
that occur in coal conversion system components.
In order to understand the complex mechanisms
that are simultaneously occurring, it is necessary
to separately investigate the three principal
aspects of the problem, i.e., particle trajectory
analysis, erosion mechanisms, and corrosion
chemistry.

To be able to define particle trajectories
in two phase flow in a curved pipe, analytical
solutions from both Lagrangian and Eulerian view
points have been developed. A computer progr8Jll
for two-phase flow in coal gasification environ
ments has been developed and proven out which
accurately models the flow in ffil inviscid gas.
A numerical solution was also developed for the
flow of a steady two-phase inviscid gas-particle
mixture near a stagnation point and related to
the erosion distribution along a stagnation point
surface. Boundary layer behavior in turbulent
flow regimes is being investigated to determine
the potential of injection of low corrosion
potential gases along the walls of elevated tempera
ture gasifier components to reduce material cor
rosion rates.

Corrosion behavior has concentrated on studies
combining oxidation and sulfidation cw,-,n»"',,,,,
simultaneously. It has been determined
two chemical reactions are the ones that
occur in elevated temperature of metals
in coal conversion conu)onents. To aid
the researcher a11d coal conversion and com-
bustion plant operators alike conti-nued ~V"",VIJ
ments have been made in the of real
t:irne, solid state sulfur based on calcium
fluoride and sodium sulfate to
measure and concentrations. The
corrosion of steel in contact with
various chars from coal conversion has
been investigated. The corrosion of
combined oxidation-sulfidation in coal conversion
system environments hav"e been found to be active
in in- situ oil shale environments.

Continuation of studies that the environ-
ments and detennine the effects of materials
exposed in the envixonments of altenlate energy
conversion systems will establish both the component
and materials design criteri,a that are necessary
to result in economically long-lived systems.

1. EROSION BEHAVIOR

S. J aharunir and A. Levy

a.

The effect of ductility or capacny for
deformation of single and twoc-phase metals on
their erosion behavior in gas~so1id particle erosive
streams has been determined as a function of several
variables that modify plastic behavior. In all
instances studied, increased local has
an inverse relation to erosion rate. Variations
in mean-free path between hard, second phase
particles in a ductile matrix, different levels
of work hardening, the shape of brittle inter'
metallic compounds and elevated temperature
softening of single phase alloys have all been
related to erosion behavior. It has been demon m

strated that as the ability of a metal to absorb
the kinetic energy of impacting particles by
plastically deforming in the area of the in~act
rather than creating fracture surface increases,
erosion rate decreases. A computer stress~ strain
distribution study for a ductile metal surface
being impacted by hard particles has been conducted
to define the conditions under which voids are
nucleated and cracks propagated at second phase
particle-ductile matrix boundaries that can result
in material loss from the target surface. The
complex analysis is based on the approxullate
solution for an elastic-perfectly plastic half
space given by Mervin and Johnson and Jeffries.

A new concept has been developed for the erosion
of ductile metals that relates erosion resistance
to the local plastic deformation capacity of the
metal in the immediate region of the eroding
particle impact. Stress fields have been calculated
for near surface regions of eroding ductile metals
that correlate with peak erosion rates as a func
tion of impingement angle and observed near-surface
microstructures. Void nucleation and crack propa
gation to form platelets in two-phase alloys are
a principal loss mechanism in low impingement
angle erosion. Erosion studies of high impingement
angle particles on single phase ductile metals
have d~nonstrated that the principal active
mechanism is one of extrusion of platelets of
metal along the surface that are fractured and
removed by subsequent particle impacts. The
mechanism has been simulated in large scale model
tests where visual observation is possible.

The understanding of how a halo region of eroded
material around the primary eroded region develops
in a jet impingement type of erosion test and
what it contributes to the total measured erosion
has been gained. The erosion behavior of both
thick and thin oxide scales formed in situ on
nickel and stainless steel, respectively, has
been determined. The basis for combining erosion
and corrosion in experiments is now established.

*This work was supported by the Division of Materials
Sciences, Office of Basic Energy Sciences, U. S. Dept.
of Energy.

Figure 1 shows the strain ffild stress conditions
around the second phase particle that are the
basis for the analysis. Figure 2 shows the dis
tribution of stresses that are equal to or exceed
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In the latter case, i.e., the Eulerian view
point, the molecular aspects of a dilute suspension
were studied with the use of the kinetic theory
for gas mixtures. It was considered that col
lisions between are present even for a
very dilute suspension, from a microscopic point
of view. The interparticle interaction as

to the fluid-particle interaction can be
from a macroscopic aspect.

different mean free paths existing
for the fluid and solid phase, a dilute suspension
was considered as a mixture of a continuum gas, the
carrier fluid; and a semi rarefied ,the solid

, with the classical results rarefied
dyumnics applicable to the solid phase.
complete fonTIulation of the particle

phase was developed, with plausible
boundary conditions, for a three-dimensional

and then specialized to a circular curved
geometry.

size and density and the appropriate drag law.
I,m is assumed much less than unity in the
present Comparisons with the~exact
numerical are very good for 1m as
as 0.4. See . 6 and 7.

solid particle
(XBB 780-15017)

. 5. Indentors for ~LJltlU.ldl,L1J,g

erosion on ductile metals.

To carry the to an even scale,
well- geometrically -bldentors, in

5, were Into the surface
an 1100 aluminum in a random maDlwr

on an MTS test machine. The surface deformation
obtained shows the occurrence of a threshold period

which plastic defomation occurred with
little or no material loss and the steady-state
rate of material removal that paralleled that
achieved in. steep angle impingement tests using
standard sized particles. 'Dms, the extrusion of

mechanism of material removal has been
iJ1 a visual observation scale that

can now be used as the basis for the
of a model for steep

c. Particle Trajectory Analysis of Gas-Solid
Particle l'vllxtureslilacurved Duct --,--

Fig. 6. Coordinate system of the geometry used.
CXB1 791-25)

Fig. 7. Comparison of
to the exact numerical
component.

W. S. Yeung

T118 particle phase of a gas-solid mixture was
investigated from both the Lagrangian and the
Eulerian viewpoints. In the former case, approxi
mate particle traj ectories, i.e., streamlines of
the particulate phase, were success fully obtained
by means of matched asymptotic expansion tedmique
for the case of a gas-solid mixture entering a
90 0 elbow. The fluid motion was assumed uniform
along the elbow. Solutions of the velocity
components and the corresponding position coordi
nates of the particle w~re expressed as asymtotic
sequ~lces in powers of Lm, the no~dimensional
momentum equilibration length. (Lm ~ where
W is a characteristic velocity and R a characteris
tic length of the system. t m is the momentum
equilibration time which depends on the particle

I
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d. Numerical Solution of the Gas-Particle
Momentum Equations at~ Reynolds Numbers

Jonathan A. Laitone

A numerical solution was developed for the flow
o~ a steady two-phase inviscid gas-solid particle
ffilxture near a stagnation point. This is a criti
cal erosion area arising in a corner flow, flow
into a flat plate, and flows over closed bodies
such as cylinders and blades. The nwnerical
solution has been applied to the gas-particle flow
typical of a coal gasification system. It was
f?und t~at the erosion distributiml along a stagna
tlOn pornt surface and the maximum erosion point
are highly dependent on the gas free stream
velocity. The erosion rate was found to be
proportional to the gas free stream velocity
raised to the exponent 3.8. The next phase of the
research will introduce viscosity to the numerical
scheIre so that boundary layer effects can be
observed.

e. Erosion Behavior of Oxide Scales Formed
In-Situ on Metals

G. Zambelli

Fig. 9. Cross section of fractures in NiO scale
showing Hertzian type cone fractures.

(XBB 782-1197)
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Erosion through the nickel oxide scale occurs
in a very short time under relatively severe
erosion conditions, as shown in Fig. 10. All of
the scales have a threshold period of no Ireasurable
erosion during which plastic deforlTlation and
crac~ing in t~e outer scal~ are occurring. The
erOSlon rate lncreases rapldly as the chipping
process o~ scale removal occurs, reaching a peak
when the mner scale is being chipped out and
the hole in the scale from the eroding particle
stream is widening. The initial appearance of the
much lower erosion rate (0.3 mg/gm) base nickel
o~curs midway down the curves on the decreasing
slde and, from this point on, affects the Ireasured
weight change.

0.5 1.0 1.5

Moss of impacting particles, Mp (g)

Fig. 10. Erosion rate of NiO scale of several
thiclcnesses during initiation period of erosion.

(XBL 793-977)

The basic protective mechanism to prevent
detriIrental oxidation-sulfidation of metals at
elevated temperatures is the formation of an oxide
barrier layer, in situ, on the surface of the
Iretal. A study of the erosion characteristics of
scales fOYIred on nickel and stainless steel is
being conducted. The scale formed on nickel in
an air atmosphere at 1000°C is two-layered with
each layer I:aving a different morphology and,
hence, erOSlon Irechanism. The outer colwnnar
scale initially undergoes surface pl;_stic
deformation (See Fig. 8) with subsequent loss
of material by lateral cracking and some radial
cracking that removes chips of oxide. The inner
equi -axed, porous grain scale undergoes Hertzian ~
type cone fractures (Fig. 9) with subsequent
chipping away of fragIren ts of scale.

Fig. 8. Plastic flow in NiO scale from impact by
single 250 ~ SiC particle at V ~ 100 mps.

(XBB 784-4663)
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The curves indicate that the equi-axed, porous
grained inner scale erodes at a higher rate than
the outer, columnar scale as the inner scale is
weaker and more friable, causing the erosion rate
to increase rapidly. ~Vhen the base metal is reached,
the curves start flattening out and eventually reach
the low constant erosion rate of the nickel, which
does not begin eroding because of its extended
threshOld, until several gm of particles have im
pacted the surface. The work-to-date indicates
that scale thickness and morphology and the bonding
between scale layers and base metal are the signifi
cant variables in determining the erosion rate of
the scale.

Z. CORROSION BEHAVIOR

a. Corrosion of 310 Stainless Steel in HZ-HZO-HZ~
Gas Mixtures

D. B. Rao, K. T. Jacob and H. Nelson

Elevated temperature combined oxidation
su1fidation corrosion tests on 310 stainless
steel in HZ-HZO-HZS gas mixtures were conducted
and the characteristics of the resultant scales
were determined and compared to those generated in
simple sulfidation exposures. The oxygen content
of the test gas was held constant and the sulfur
content varied. It was determined that, overall,
the scale structures and their compositions
generated in combined oxygen-sulfur atmospheres
were quite similar to those generated in straight
sulfur exposures of HZ -HZS gas. The primary
differences are the presence of a Fe-Ni-S phase,
molten at test temperature, as the outermost
scale in combined corrodant exposure (it is
unstable and absent in the HZ-HZS atmosphere) and
a thin FeCrz04 spinel containing some manganese
just above the sub-scale.

The presence of the spinel markedly slows the
reaction rate compared to scale formation in
HZ-HZS gas mixtures, but does not stop it. It is,
therefore, not a barrier to either an ion or
cation migration through it to form Fe, Ni rich
sulfides on the exterior and Cr, Mn rich sulfides
internally. However, it was determined that
preoxidizing the 310 stainless steel in a
straight oxidation atmosphere resulted in a
tightly bonded CrZ03 barrier layer that was an
effective barrier against sulfide formation in
subsequent exposures in the HZ-HZO-HZS atmosphere.
A major consideration in plmlt utilization patterns
and alloy design is the differences found in the
nature of scales formed with and without competi
tion by oxygen and sulfur atoms for metal ions.
These resulting differences affect their
performance as a barrier to corrosion.

b. Effect of Water Vapor and Crystal Orientation
on the Performance of a Sulfur Probe Based on CaFz
Electrolyte

K. T. Kacob, D. Bhogeswara Rao and H. Nelson

The development of a solid electrolyte sensor
for the determination of sulfur potential in coal

gasification reactors is based upon measurements
on the solid state cell

As a function of sulfur potential at 1073 and
1173 K and as a function of temperature for two
different gas compositions, it has been demon
strated that the emf is directly related through
the Nernst equation to the difference in sulfur
potentials established at the two Ar+Hz+HzS/
electrode interfaces. The electrodes are designed
to convert the sulfur potential gradient across
the calcium fluoride electrolyte into an equivalent
fluorine potential gradient with the aid of the
reaction

CaFZ(s) + l/Z SZ(g) + CaS(s) + FZ(g)

In the absence of water vapor, the response time
of the probe varies from approximately 9 hours
at 990 K to Z.5 hours at lZZ5 K.

The presence of water vapor in the gas phase
at concentrations generally anticipated in
commercial coal gasification systems is found to
accelerate the response of the cell. This is
related to the solubility of oxygen in calcium
fluoride and the consequent increase in anion
vacancy concentration. The oxygen ions easily
penetrate calcium fluoride in the pres~lce of
water vapor, but not in the presence of dry
oxygen. The optimum orientation of calcium
fluoride single crystals for solid state cells
appears to be the (100 ) direction.

Under the conditions of coal gasification, the
conversion of calcium sulfide to calcium oxide,
according to the scheme,

CaS(s) + HZO(g) + CaO(s) + HZS(g)

is not thermodynamically favorable. However,
the reaction of HZS(g) with CaFz,

CaFZ(s) + HZS(g) + CaS(s) + ZHF(g)

will result in small amounts of HF(g) in the gas
passing through the probe, which must therefore be
scrubbed for the removal of HF(g). The probe is
unsuitable for atmospheres of high oxygen potential
where calcium sulfide would become unstable.

c. A Solid State Probe for SOZ/S03 Based on
NaZS04-I Electrolyte

K. T. Jacob and D. Bhogeswara Rao

Solid state electrochemical detectors for
sulfur and sulfur-bearing gas species are useful
for monitoring the total integrated exposure of
metallic and ceramic compounents to corrosive gas
atmospheres in fossil energy systems. Conductivity
measurements as a function of temperature and
partial pressures of S03, SOZ and 0z (Fig. 1),
using two-terminal dc and three-terminal guarded
ac techniques, and transference experiments
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Fig. 1. Variation of electrical conductivity of
NaZS04-1 with the partial pressure of S03 in the
gas phase. (XBL 787-14Z1)
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using B-alumina as electron-blocking electrodes
indicate that the transport nu.mber of Na+ ions is
ur.lity iJ?- NazSO~ - 1. An analysis of the frequency
dlsperslon of ln~edance in the range of 50 " 104
Hz suggest that the equivalent circuit for ac
measurements consist of a double layer capacity
in series with electrolyte assistance. Plots of
the imaginary vs. real parts of the impedance
are linear ffild tile true electrolyte assistance
is obtained by extrapolation of the i~edance
curve to zero imaginary component .

30

A concentration cell based on NaZ304-1
electrolyte,

produces emfs that are in agreement with those
calculated from the Nenlst equation (Fig. Z).
The emf of the cell is related ~ J the ratio of
the product PS03 • pol/Z at the two electrodes;

Pso • P' l/Z

E RT In 3 °z
ZF P" P"

3°3 °z

This equation appears to be valid even when
equilibrium is not attained in tile gas phase. At
rooderate flow rates of gases and in the presence
of platinum electrodes and catalysts, equilibrium
is readily attained and the emf can be related to
the partial pressures of 30Z, 0z or 3Z in the gas
phase;

Approximately 8 minutes ~,re required for the emf
to attain 98% of a step lilcrease. About half this
time is required to flush the reaction tube with a
different test gas. For commercial application
the response time can, therefore, be reduced by
minimizing the volume of the test gas inside the
probe. TIle cell can be used for monitoring
the 30Z/303 pollution in air, and in combination
with an 0A'Ygen probe it Cffil be used for the
determination of 30Z/S03 concentrations in coal
combustion reactors, for the evaluation of the
partial pressure of 3Z in coal gasification
systems and for emission control in nonferrous
smelters using sulfide ores. The probe is similar
to that developed recently by Gauthier et a1.
using KZ304 as the electrolyte, but can operate
at hiWler pressures of S03' Because of the greater
polarizing power of the Na+ ion compared to the
K+ ion, Naz3z07 is less stable and can be formed
only at a considerably higher pressure of S03
than that required for KZ3Z07.

d. Elevated Temperature Corrosion of Alloys in
Oil Shale Retorting Atmospheres

E

E

p' p'
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E. S. Elliott

TIle in-situ oil shale retorting process
generates high temperatures up to ZOOO°F and
aggressive chemical environments containing
oxygen, sulfur, and carbon. TIlis type of environ
ment could lead to premature failure of metallic
components in the shale body such as thermowells
due to high-temperature sulfidation-corrosion.



An investigation of the performance of several
stainless and alloy steels that were exposed in
simulated in-situ retorting environments was
conducted. Based on the morphology and composi"
tions of the corrosion scales obtained, an estimate
of the activities of sulfur and in the
retorting atmosphere was made. 3 shows
a typical scale morphology on a conmlercial 18-8
stainless steel exposed for 72 hours in an J\ntrim
shale retorting environment at temperatures up
to l800°F. TIle figure shows evidence that sulfur
ions from molten FeS in the environment penetrated
the initially~fol1nedCrZ03 layer on the surface of
the steel. These sulfur ions combined with Cr and
Fe ions in the alloy form an ilmer Fe-Cr sulfide
scale. Asswning stoichiometric condition, the
estimated activity range for sulfur in the

Cr Fe Ti
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retorting environment was calculated to be
10- 5 atm > PSZ > 10- 8 atm, while the estimated
activity range for oxygen was 10- 19 atm > POZ >
10- 22 atm.

3. RESEARCH PLANS FOR CALENDAR YEAR 1979

Alan V. Levy

The role of plasticity in the erosion of
materials will be pursued with both analytical and
eA'}Jerimental work to define the forces exerted by
particles striking a surface and how the forces
are distributed in the target material. Stress

~liddle of Outer Scale

Cr Fe s Cr Fe Ni

Fig. 3. 347 stainless steel exposed at the second level of
simulated in-situ oil shale retort. (XBB 789-lZ300A)



analyses will be made for materials with various
ductilities, mean free paths between hard, second
phase particles in ductile matrices, various work
hardening exponents and other factors that can
affect the ability of a surface to absorb impact
energy. The generation of fracture surface and
its location in the near surface area will be
calculated and related to loss of material from
the surface. Experiments will be conducted to
support the stress analyses. The experiments will
utilize large lnodels of the calculated behavior
with well-defined geometry penetrators mechanically
deforming target surfaces as well as standard
erosion tests using gas-solid particle streams.

TIle erosion behavior of thin oxide barriers
on corrosion resistant alloys will be expanded to
include simultaneous barrier forrnation and erosion
in reactive gas-particle streams. The ductility
of barrier scales and applied protective coatings
will be varied to determine the effect of ductility
of the coatings on their erosion behavior. The
differences in erosion behavior as a function of
the morphology of the scale or coating and its
aWlerence to the underlying metal surface will be
determined.

The fluid mechanics models developed to describe
the trajectories of particles in two- and three
dimensional flows of gas-solid particle streams
will be experimentally tested using sub-sonic
flow systems and laser doppler velocimetry. The
flow trajectories will be directly related to the
erosion potential of the streams in various
geometries, both analytically and experimentally.
The system to modify the gas chemistry in the
boundary layer to promote protective barrier
formation rather than destructive corrosion will
be completed analytically and investigated
experimentally.

Sulfidation corrosion of metals in in-situ
oil shale retorting environments will be more
thoroughly investigated in a separately funded
DOE project. Corrosion studies within the BES
program will concentrate on determining the
effects of sulfur and sulfidation reactions on
the poisoning of coal conversion system catalysts
using refined metallographic and scanning Auger
spectroscopy techniques. The use of pre-oxidation
and applied coatings to form effective corrosion
barriers on stainless type alloys will be
investigated.

4. 1978 PUBLICATIONS AND REPORTS

Alan V. Levy and Associates

Journals

1. J. Laitone, Erosion Prediction Near a Stagnation
Point Resulting from Environmental Solid Particles,
AIM Journal (in press) .

2. K. 1'. Jacob, D. Bhogeswara Rao and H. G.
Nelson, Stability in Chromium III Sulfate in
Atmospheres Containing Oxygen and Sulfur, Met.
Trans. A (in press).
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3. H. Hirano and A. V. Levy, An Investigation of
nvo-Body Abrasive Wear, Proceedings of Interna
tional Conference on Fundamentals of Tribology
(in press) .

LBL Reports

1. W. S. Yeung, Some Molecular Aspects of the
Particulate Phase in a Dilute Suspension Flow
System and Its Eulerian Formulation, LBL- 8440.

2. W. S. Yeung, Matched Asymptotic Solution for
the Particle Traiectories of a Gas-solid Mixture
Flowing Through a Curved Duct, LBL-8521.

3. R. Miner and V. Nagaraj an, The Oxidation of
Chromia Formers in Air and Low POZ Atmospheres,
LBL-8478.

4. R. Miner and V. Nagaraj an, The Oxidation of
Alumina Formers in Air and Low Po Atmospheres,
LBL-8377. 2

5. V. Nagaraj an, R. Miner and A. Levy, Elevated
Temperature Combined Oxidation-Sulfidation of
Experimental Cr203 Barrier Scale Alloys, LBL-8522.

6. V. Nagaraj an, R. Miner and A. Levy, Elevated
Temperature Combined Oxidation-Sulfidation of
Experimental AIZ03 Barrier Scale Alloys, LBL-8523.

7. R. Mayville and I. Finnie, Experimental Large
Scale Simulation of Solid Particle Erosion of
Ductile Metals, LBL-85Z7.

8. G. Zambelli, Particulate Erosion of NiO
Scales, LBL-85Z4.

9. L. Lapides and A. Le\~, The Halo Effect in
Jet Impingement Solid Particle Erosion Testing of
Ductile Metals, LBL-8525.

10. B. Gordon and J. Newman, Corrosion of Iron
Base Alloys by Coal Char at 871 and 982°C
(M.S. thesis), LBL-7604.

11. K. T. Jacob and D. B. Rao, Use of Phase
Relations in Design of Alloys for Multi-Component
Environments for System Fe-Ni-Cr-Mn-S-O, LBL-8526.

12. K. T. Jacob, D. B. Rao, A Solid State Probe
for S02/S03 Based on NaZS04-1 ElectrOlyte,
LBL-8262.

13. K. T. Jacob, D. B. Tao and H. G. Nelson,
Effect of Water Vapor and Crystal Orientation on
the Performance of a Sulfur Probe Based on CaF2
Electrolyte, LBL-8529.

Presentations

1. A. Levy, Erosion-Corrosion Behavior of
Materials, ASM-WESTEC, Los Angeles, California,
March 1978.

2. A. V. Levy, Erosion of Metals at Elevated
Temperatures, U. S. Army Workshop on Mechanisms
of Erosion in Hot Flowing Media, Captiva Island,
Florida, May 1978.

3. G. Zambelli, Erosion of NiO Scales on CP



Nickel, U. S. Army Workshop on Mechanisms of
Erosion in Hot Flowing }~dia, Captiva Island,
Florida, May, 1978.

4. V. Nagarajan and A. V. Levy, Elevated
Temperature Oxidation-Sulfidation of CrZ03 and/or
AlZ03 Barrier Scale Alloys, Electrocheffilcal Society
}~eting, Seattle, Washington, May 1978.

S. D. B. Rao, K. T. Jacob and H. G. Nelson,
Corrosion of 310 Stainless Steel in HZ-HZO-HZS
Mixtures, Electrochemical Society Meeting,
Seattle, Washington, May 1978.

6. A. V. Levy, Erosion of Cera~c Materials,
OOE-BES Workshop on Ce-anJics Research, Snowbird,
Utah, July 1978.

7. D. B. Rao and H. G. Nelson, Corrosion
01emistry of the Intemal Components of Coal
Gasifiers, Bay Area High Temperature Chemistry
Conference, Stanford University, Palo Alto,
California, July, 1978.
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8. P. A. Doyle and A. V. Le\y, Erosion of Metals
at Elevated Temperatures, TMS-AI}lli Fall Meeting,
St. Louis, Missouri, October 1978.

9. S. Jahanmir and A. V. Levy, The Effects of
Microstructure of Ductile Alloys on Solid Particle
Erosion Behavior, TMS-AIME Fall ~~eting,
St. Louis, Missouri, October 1978.

10. G. Zambelli, I. Finnie and A. V. Le\~, Erosion
of Oxide Scales on }~tal Substrates, TIvJS-AI~lli
Fall Meeting, St. Louis, Missouri, October 1978.

n. 1. Finnie, The Wechanisms of Erosive Wear in
Ductile ~~tals, TMS-AlME Fall ~~eting, St. Louis,
Missouri, October 1978.

lZ. I. Finnie, Basic ~~chanisms of Erosion of
Ductile and Brittle Materials, Arizona State
University, Tempe, Arizona, November 1978.

13. E. S. Elliott and A. V. Levy, ~~terials for
In-Situ Oil Shale Retorts, LETC-DOE Second
Annual Oil Shale Conference, Grand Junction,
Colorado, December, 1978.
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d.

David P.

Fluidized bed combustion, although not a nmv
concept, a novel process for
a wide range of fuels efficiently at high com
bustion intensities, whi.le keeping the emission
of sulfur and nitrogen oxides -Ivell below any of
the rigid standards currently being proposed or
in force, Coal and suitably sized sorbent parh"
cles are introduced to the combustor where combus ..
tion of the coal occurs. The coal combusts at
a low temperature, in the range '750--
950°C, enables good sulfur rentention by
the sorbent in the bed; this temperature is also
below the ash fusion point. Sufficient sulfur
oxide sorbent must be- added to the bed to effec

reduce S02 emission to a level below that
for current air pollution regulations,
or dolomite are the preferred sorbents.

react with the S02 released during combustion
to calcium or sulfate. The sorbent
particles, together ash, serve as fluidizing
solids and the bed is fluidized by air blown up
through a distributor plate on which the bed rests.
Fluidizing velocities are generally in the range
3-13 &~d the bed operates with about 10-20%
excess air. The coal content of the bed is
typically around 2%. Spent sorbent al1.d ash are
constantly withdraJvn from the bed; the sorbent
can be regenerated or discarded as solid waste.

The mechanisms of attack are of prime interest
and studies will concentrate on the dissolution
and transport of sulfur through the oxide scale,

~vith the competitive nucleation of sulfide
oxide phases in the early stages of corrosion.

Incorporation of sulfur within the oxide scale
may well alter the defect chemistry and transport
properties of the normally protective oxide scales.
In addition, the morphology of internally
precipitated sulfides is often critical in deter""
mining whether or not the protective scale is
able to fonn on the alloy surface.

b. Hot Corrosion by Solid Sulfatic Deposits

There are a number of options avai.lable for
removing the combustion energy fr~n the c~nbustor;
by generation of steam from tubes immersed in
Jhe bed, by heating the driving fluid for a closed
cycle gas turbine in in-bed tubes, or the bed
may be used, in effect as the combustion chamber

carburizing or nitriding
of the atmosphere and computer programs

are available to calculate these for any complex
In turn, these have to

be to the stabilities of the various metal
compounds lvhich may fonn, and relevan.t metal/oxide/
sulfide stability diagrams are available or can
be constnlcted. A test rig, in which the corrosive

of sulfur and oxygen can be
controlled flows of ,H2S and H20
the final of construction and

a. Corrosion Mechanisms i.n Co}nplex Atmospheres
of Low Oxidizing Potential

Processes for the conversion of coal to other,
more convenient forms of fuel and for the lnore
efficient combustion of coal are currently of
high topical interest. All involve exposure of
metallic components to gaseous environ-
ments of relatively low potential but
containing significant concentrations of sulfur
and carbon compounds which can rise to sul-
hdation and carburization In the past,
high teDlperature corrosion resist&~ce has centered
around the formation of protective oxide scales,
such as Cr203 and A1203' which thicken
and alloy compositions have been VJJL.Lllu,ceu.

achieve this. However, in these oxygen
activity, complex environments, different
mechanisms of corrosion resistance and
degradation will be important, and these have
to be established. Efforts will be made to estab
lish the important metallurgical and environmental
variables involved in an understanding of the
corrosion chemistry and material behavior patterns
and to correlate theories of alloy corrosion
kinetics with diffusional, structural and composi
tional parameters of the metal oxides, sulfides,
and carbides.

Ivlulticomponent environments of the type referred
to above are best simulated by reproducing the

The objective of this research program is to
gain a better understanding of the corrosion
chemistry and material behavior i.n
ture environments which will lead to more
materials selection criteria for temperature
systems. Resistance to corrosive environments
at high temperature has become an absolute
ment for materials in recent years. This is
particularly true in the energy
systems currently in the ueve.LVl-JJIll;::llL

well as those of longer range ,
advance gas turbin.e engines, coal combustion
conversion systems, magnetohydrodynamics,
temperature reactors for electric generatlon
and" as a source of process heat.
understanding of both fundamental and praCitic:al
aspects of material degradation by tempera"
ture oxidation and corrosion Dlandatory for
successful alloy design and The
research program "High Temperature Corrosion and
Oxidation of Materials" supported the Basic
Sciences Division, was due to be in
August 19'78, but the principal joined
the Laboratory only in mid- December Thus,
most of the projects are in the stages of
development, and what follows is a background
to the specific areas to be

"'This work was supported by the Division of Materials
Sciences, Office of Basic Energy Sciences, U. S. Dept.
of Energy.

1. INTRODUCTION



of a gas turbine. In this latter case, operation
is usually carried out at pressure and with a
larger excess of air.

A number of advantages are claimed for fluidized
bed combustion in comparison with more conventional
coal combustion systems of which the more important
seem to be: most of the sulfur content of a fuel
is captured during combustion thus reducing the
emission of sulfur oxides; low bed temperatures
(800-900°C) discourage the release of NOX and
alkali metal vapors which can condense to fonn
obstructive and sometimes corrosive deposHs;
and there is up to a 75% reduction in boiler tube
volume.

In conventional coal-fired, steam-generating
boilers, superheater and reheater tubes are sub
ject to fireside corrosion and this is associated
wHh the deposition of ash containing alkali metal
salts. However, because of the lower temperatures
involved, the release of alkali salts from the
ash is less likely in fluidized bed combustion.
In adclHion, CaS04 melts only at 1400°C and
originally it was anticipated that fireside cor
rosion problenls of the in-bed steam-raising tubes
by the ash/coal/calcium sulfate burden would be
minimal.

However, it appears that a sulfidation/oxidation
ty~e attack is possible and presumably the CaS04
decomposes to release sulfur. The generation
of sulfur activities sufficiently high to sulfidize
the alloys :ln~lies that the oxygen potential of
the system, at least locally, is relatively low,
since the two potentials are related through the
CaO/CaS/CaS04 equilibria. Such low oA)Tgen poten
tials may arise from either incomplete mixing
in the gas phase leading to localized variations
in gas composition, or to the presence of thick,
compact deposits on the tube surfaces. It is
important to establish which of these is involved
since potential solutions to the corrosion problenl
are critically dependent on this.

Exposure of test s~les to CaS04/CaO mixtures,
together with control of either the sulfur, or
the oA)Tgen potential in the atmosphere using
HZ/H2S and HZ/H20 or Co/C02 mixtures, respectively,
wIn be carried out. The importance of the
morphology of the CaS04 deposits in permitting
gas access to the n~tal surface will also be
studied, together with the paranleters controlling
the decomposition of the sulfate. Alloy chemistry
parameters are a further important variable since
these control the morphologies of sulfides which
develop, and these latter are pr:lnmrily responsible
for the accelerated rates of degradation which
take place.

c. Hot Corrosion by LiqUid Sulfate Deposits

Hot corrosion is a form of accelerated oxidation
of alloys exposed to high temperature combustion
gases containing small amounts of :lnlpurities.
In a gas turbine atmosphere the hot corrosion
occurs mainly due to the deposition of alkali
salts. It has been accepted that the ~ortant
constituent of the corrosive deposit is Na2S04
along with other minor ~urities like NaCl and
some vanadium salts. Somet:lnleS iron rich salts
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are also fmmd in the deposit. NaZSOj is the
major contaminant in the high temperature a€ro
engine operations, whereas in the gas turbines
operating in a marine environment NaCl may deposit
along with Na2S04' In a marine environment NaG
is ingested into the gas turbine mainly as an
aerosol of sea-salt along with the intake air.
TI1ermodynamic calculations predict that all the
NaCl present should be converted to Na2S04 by
reaction with SOZ and HZO present in the combustion
gases. However, because of the short residence
of the combustion gases some NaCl particles may
survive to be deposited on the blades. At higher
t~nperatures NaCl Jnay instantly evaporate due
to its high vapor pressure, but in gas turbines
operating at low to moderate power, the likelihood
of deposition is greater a:nd due to the lower
blade temperature the residence time of the con
densed NaCl on the surface of the blade may be
longer.

There are two main mechanisms responsible for
degradation under these conditions. The one
emphasizes interaction between molten deposit
and the protective oxide scale, the so-called
fluxing theory, while the other attributes the
accelerated rates of attack which are desired
to the formation of sulfides within the alloy.
Both probably contribute to the overall process,
and the precise mechanisms seem to be a critical
function of operating temperature. The possibility
of forming complex alkali metal sulfates exists,
and in addition the role of NaCl in jJ1creasing
rates of metal degradation is not clear. These
aspects wil1 be studied using a test rig in which
continuous control1ed deposition of contaminating
deposits on the surface of test samples occurs
during high temperature exposure. Reaction
mechanisms wil1 be identified and related to the
chemistry of the deposits and alloy c~l1position
variables.

d. Oxide Scale/Alloy Adhesion

The oxidation resistance of alloys and coatings
is currently being improved by additions of active
elements, Y, Ce and the like or dispersed oxide
phases. These improve scale/metal adhesion and
are particularly ~ortant during exposure which
involves thermal cycl ing. A number of theories
explaining this effect have been proposed. None
is entirely satisfactory, but modification to
the detailed morphology of the alloy/scale inter
face seems to be the crucial factor. Furthennore,
recent workl has indicated that the nature of
the dispersed phase is not particularly significaJ1t,
providing it is stable; its distribution, h~wever,
is decisive since this controls the modification
to the interface. Thus, attempts are beu1g made
to understand more fully the nature of the alloy/
scale jJ1terface and how this is modified by the
presence of suitable alloying additions.

The use of other stable dispersed phases such
as nitrides, intermetallics and possibly carbides
or borides is also a possibility, however, except
in a few instances, there are problems with their
stability, Dispersed stable oxides can be intro
duced by a controlled pre-internal oxidation
treatment, although this process is not readily
suited to commercial ,practice. However, many
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1. B. D. Bastow, D. P. Whittle and G. C. Wood,
Corros. Sci. 16, 51 (1976).

1. I. M. Allam, D. P. IVhittle and J. Stringer,
Oxid. of Metals, in press.

Theoretical studies are now being extended
to situations where the scale consists of a
layered structure, and to the more complex.cases
where diffusion through multiphase scales IS
involved, this latter requiring simultaneous solu
tion of complex transport equations within each
phase. These may also be important where multi
component gaseous enVIronments are also Involved.

2. RESEARCH PLANS FOR CALENDAR YEAR 1979

Research into corrosion by CaS04-containing
deposits will concentrate on establishing un~er
what environmental conditions sulfide formatIon
is important. Equally whether the nature of the
deposit in pennitting the environment access to.
the underlying alloy is critical will be determIned.
Corrosion under these conditions, where the sulfur
is supplied by a decomposing sulfate will b~
compared to that in an entirely gaseous enVlron
lnent of identical sulfur and oxygen potentIals.
Again, attempts will be made to corr~late sulfide
morphology with the extent of corrOSIon.

The effects of alloy chemistry of gas turbine
materials on rates of hot corrosion is now fairly
well-established, and the work will now concentrate
on environmental factors. The influence of small
concentrations of chloride in the liquid sulfate
deposit will be investigated together with the
possibilities of fonning complex alkali metal-
base metal sulfates. This seems particularly
relevant to the lower temperature conditions
relating to marine and stationary engines.
Interactions between molten sulfate deposits and
protective oxides will be studies.

Continued effort to elucidate the mechanisms
of improved scale adhesion with dispersion
containing alloys and coatings will be directed
towards materials containing A1Z03-dispersions,
and fonning A1203 scales, thus eliminating any
possible chemical effects. In addition, it has
been suggested that the dispersed oxide phase

Studies of high ten~erature corrosion by gaseous
environments containing sulfur and oxygen compoWlds
will continue. At least three mechanisms seem
possible for continued sulfide formation: the
existence of continuous networks of sulfIde
through the scale, dissolution and diffusion of
sulfur through the oxide lattice, and molecular
transport of the corrosive atmosphere through
pores or cracks in the scale. The rel~tIve
importance of these three mechanIsms WIll be
established. The competitive nucleation between
sulfide and oxide in the early stages of corrosion
will be followed, since it is recognized that
if sulfides form first they can persist. The
solubility of sulfur in Crz03 and A1203 as a
function of sulfur and oxygen activity in the
gas will be determined by equilibrating oxide
samples with appropriate gas mixtures; sulfur
transport studies will also be carried out and
attempts made to quantify sulfide distribution
within the alloy with accelerated rates of cor
rosion.

Z. D. P. ~~ittle, B. D. Bastow and G. C. Wood,
Proc. Roy. Soc. A 356, 177 (1977).
3. D. P. Whittle, D. J. Young and W. W. Smeltzer,
J. Electrochem. Soc. 123,1073 (1976).
4. W. W. Smeltzer an~. P. Whittle, J.
Electrochem. Soc. 125, 1116 (1978).

David P. ~nittle

Oxidatione. Diffusional
Phenomena

high temperature components are alunlinized prior
to service the surface layers belUg converted
to a metal'aluminide which has a high resistance
to subsequent oxidation because it is able to
develop a protective AlZ03 scale. Attempts to
carry out the internal oxidation treatment simul
taneously with the aluminizing treatment seem
to have been successful and the parameters control
ling this process are now being studied. Detailed
morphological investigations of alloy/scale
interface on subsequent high temperature exposure
will be carried out, and attempts made to quantify
scale/metal adhesion with the size, distribution
and morphologies of the dispersed phase.

The objective of this part of the program is
to correlate the theories of alloy oxidation kine
tics with diffusional, structural and compositional
parameters of metal oxides. During high tempera
ture oxidation of alloys, the scales that form
often contain a number of different phases, each
of which contains more than one alloy component.
Thus, the ratio of the metals in the scale is
different from their ratio in the alloy because
the various components have different affinities
for oxygen, and the rate of transport in the scale
is different for each cation, and in each phase.
The composition of the scale lnay also vary with
position due to these differing diffusivities.
Diffusion in the alloy is also involved. Because
of the relatively strong thermodynmnic interactions
between oxygen and the common alloying additions
in heat resisting materials, multicomponent dIf
fusion theories have to be used to develop trans
port equation. For example, the flux.of oxygen
into an alloy is predominantly detennined by
interaction with the metal gradients rather than
by diffusion along its own gradient.

Solution of the transport equations for the
case in which a single solid solution scale is
formed showed excellent agreement between the
independently determined theoretical ~nd experi
mental cation profiles in the scales lU NI-CO
alloys providing strong support for the diffusion
model. i Further solutions have been developed
demonstrating the relative importance of the
various diffusional and thermodynamic interactions
on the oxidation rate,Z on the stability of the
alloy/scale interface3 and on the formation of
subscale. 4



may be an efficient sulfur-getter and inhibit
sulfidation attack: this possibility will also
be studied.

Theoretical studies will concentrate on the
analysis of internal subscale formation in alloys.
The interface between oxide particles and alloy
matrix, or alloy grain boundaries, appear to act
as easy diffusion paths for interstitial elements
such as oxygen, and attempts will be made to
incorporate this into the diffusion model.

3. 1978 PUBLICATIONS AND REPORT'S

David P. ~~ittle and Associates

Journals and Books

1. D. M. Johnson, D. P. ~ittle and J. Stringer,
The Hot Corrosion of Directionally Solidified
Ni-Cr-Nb-Al Eutectic Alloys, Oxidation of Metals
]d, 2'73 (19'78).

2. D. M. Johnson, D. P. ~Vhitt1e and J. Stringer,
The High Ten~erature Oxidation Behavior of
Ni-Cr-Nb-Al Directionally Solidified Eutectic
Alloys, Oxidation of Metals 12, 257 (1978).

3. I. M. Allam, D. P. ~~ittle and J. Stringer,
The Oxidation Behavior of CoCrA1 Systems Containing
Active Element Additions, Oxidation of Metals 12,
35 (19'78). ~

4. W. W. Smeltzer and D. P. ~Vhittle, The Criterion
for the Onset of Internal Oxidation Beneath the
External Scale on a Binary Alloy, J. Electrochem.
Soc. 125, 1116 (19'78).

5. J. Stringer, I. M. Allam and D. P. ~Vhittle,
The High Temperature Oxidation of Co-Cr-Al Alloys
Containing Yttrium or Hafnium Additions, Thin
Solid Films 45, 377 (19'78).

6. J. Strjnger, V. Nagarajan and D. P. ~~ittle,
The Role of Chloride in the Hot Corrosion of Cobalt
Base Alloys, High Temperature Metal Halide
Chemistry, edited by D. L. Hildenbrand and D. D.
Cubicciotti, Electrochem. Soc. Inc., New York,
(19'78), p. 509.

'7. B. D. Bastow, D. P. ~~ittle and G. C. Wood,
Alloy Depletion Profiles Resulting from the
Preferential Removal of the Less Noble Metal during
Alloy Oxidation, Oxidation of Metals ]d, 413 (19'78).

8. T. Hodgkiess, G. C. Wood, D. P. ~Vhittle and
B. D. Bastow, Compositional Changes in the
Underlying Alloy Produced by the Oxidation of
Ni-Cr Alloys, Oxidation of Metals ]d, 439 (19'78).

9. O. T. Gonce1, J. Stringer and D. P. ~ittle,
The Effect of Internal Stable Nitride and Oxide
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Dispersions on the High Temperature Oxidation
of Fe-Cr Alloys, Corros. Sci. ll, '701 (19'78}.

10. D. P. ~ittle, I. M. Allam and J. Stringer,
Effect of Yttrium and Hafnium Additions on the
Oxidation Behavior of the System Co-Cr-Al,
Materials and Coatings to Resist High Temperature
Corrosion, edited by D. R. Holmes and A. Rahmel,
Appl. Sci. (19'78), p. 55.

11. D. P. }Vhittle, High Temperature Oxidation
of Superalloys, High Temperature Alloys for Gas
Turbines, edited by D. Contsouradis, P. Felix,
~ Fischmeister, 1. Habraken, Y. Lindbolm and
M. O. Speidel, Appl. Sci. (19'78) p. 109.

Papers Presented

1. D. P. ~ittle, General Aspects of High
Temperature Attack: The Influence of the
Atmosphere, invited paper to seminar on High
Temperature Corrosion, Euratom, Joint Research
Center, Petten, Netherlands, February 19'78.

2. D. P. ~ittle, Hot Corrosion, jnvited paper
to seminar on High Temperature Corrosion, Euratom,
Joint Research Center, Petten, Netherlands,
February 19'78.

3. D. P. ~ittle and J. Stringer, Improvements
in High Temperature Oxidation Resistance by
Additions of Reactive Elements or Oxide Dispersions,
invited paper to Metals Society and Royal Society
Meeting, London, England, May 19'78.

4. D. P. ~ittle, O. T. Goncel and J. Stringer,
The Effect of Internal Nitride and Oxide Disper
sions on thee High Temperature Oxidation of
Fe-Cr Alloys, Spring Meeting of Electrochemical
Society, Seattle, WA, May 19'78.

5. M. E. El Dahshan, D. P. ~ittle, M. A. Romero
and J. Stringer, Sulfidation of Cr-Cr-W and
Ni-Cr-W Alloys, Spring Meeting of Electrochem
Soc., Seattle, WA, May 19'78.

6. D. P. ~TIittle, Oxidation of Superalloys,
invited paper to C.O.S.T. 50 Conf. on Materials
for Gas Turbines, Liege, Belgium, September 19'78.

7. M. E. El Dahshan, M. A. Romero, D. P. ~TIittle
and J. Stringer, Sulfidation Behavior of High
Tungsten, Ni- and Co-Base Alloys, Fifth Int.
Corrosion Conf., Rio de Janeiro, Brazil, September
19'78.

8. D. P. ~ittle, I. A. Allam and J. Stringer,
Improvements in Oxidation Resistance by Dispersed
Oxide Addition: A1203-Forming Alloys, Fall
Meeting of A.I.M.E., St. Louis, MO, October 19'78.

9. D. P. ~TIitt1e and N. Swindells, Hot Corrosion
Testing of Gas Turbine Blading, C.O.S.T. 50 Seminar,
Leatherhead, England, November 19'78.
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3. PHYSICAL PROPERTIES

a. Superconductivity Effect - High Field Superconductivity'"

Milton R. Investigator

1. AN INVESTIGATION OF A THERMOPLASTIC-POWDER
METALLURGY PROCESS FOR THE FABRICATION OF POROUS
NIOBIUM RODS

Dennis R. Nordin, J. Ling-Fai Wang, and Milton
R. Pickus

The porous niobium rods used for producing
multifilamentary superconductors by LBL's
infiltration process are presently prepared by
isostatically compacting niobium powder in flexible
molds and sintering the green rods under conditions
that provide a pore volume fraction in the range
of 20-25%. The possibility of producing continuous
lengths of porous rod in smaller diameters was
the objective of the present study.

The approach used was to coat niobium powder
with a suitable polymer and thus impart to the
material the fabrication characteristics of a
thermoplastic. The polymer used was polystyrene
and it was prepared as a 3% solution in toluene.
Coating was accomplished by adding an amount of
this solution to niobium powder contained in an
evaporating dish, and heating ,~lile stirring.
After evaporation of the toluene, the niobium
particles were coated with polystyrene, and the
resulting mixture could be extruded as 3/16 in.
diameter rod at a temperature of 165°C, using
pressures in the range of 7000 to 27,000 psi,

depending on the ratio of polymer to metal. To
facilitate extrusion the eutectic mixture of
diphenyl and diphenyl ether was added in the ratio
of one part eutectic to five parts polystyrene.
Its function was to serve as a plasticizer.

The extruded rods were then heated in a con
trolled atmosphere in the following manner: The
temperature was maintained at 400°C to allow
volatilization of the polymer and additive, and
then increased to 1300°C for initial sintering.
At this stage, the niobium rods were smooth,
straight and had sufficient strength for handling.
The rods were then transferred to a high tempeta
ture furnace for final sintering at 2250°C.

The process is shown schematically in Fig. 1.
A short length of sintered niobium rod, with a
controlled volume fraction of interconnected pores,
produced by this process is shown in Fig. 2. The
required extrusion pressure (Fig. 3) varies
lnversely with the anlount of polymer present. As
shown in Fig. 4, the amount of porosity can be
controlled, for a given set of sintering conditions,
over a considerable range by selecting the
appropriate ratio of polymer to metal powder. A
ratio of 8% by weight of polymer provided the
desired amount of porosity for this phase of the
progranl.

Fig. 1. Schematic representation of the polymer aided
extrusion process for producing porous niobium rod.

(XBB 779- 8861)

Extrusion
of

polymer-coated
Nb powder

*This work was supported by the Division of Materials
Sciences, Office of Basic Energy Sciences, U. S. Dept.
of Energy.

Removal
of

polymer

Sintering
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porous Nb rod

Infiltrated rod

Infiltration bath
I molten Sn, AI-Ge, AI-Si, etc. )
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Fig. 1. Scanning electron micrographs of bronze
process wire reacted in the hot stage at 750°C.
a) after 1 hour; b) after 2 hours; c) after 3 1/2
hours; d) after 6 hours. (XBB 780-14430)
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Fig. 2. Section of porous niobium rod after
polymer removal and sintering. (XBB 7711-11169)

Fig. 3. Extrusion pressure as a function of amount
of polymer, with and without plasticizer.

(XBL 781- 5)
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Fig. 4. Relationship between residual porosity
and amount of polymer, with and without plasticizer.

(XBL 781-6)

2. DIRECT OBSERVATION OF THE GROWI1i OF VOIDS
IN MULTIFILAMENTARY SUPERCONDUCTING MATERIALS
VIA HOT STAGE SCANNING ELECTRON MICROSCOPY

J. Ling-Fai Wang, Richard W. Lindberg, John T.
Holthuis, and Milton R. Pickus

The need for large high field lnagnetic devices
has focused attention on multifilamentary super
conductors based on A1S compounds such as Nb3Sn.

1ne bronze process for Nb3Sn conductors has been
developed commercially to a high degree of sophis
tication. However, after many years of intensive
research and development, the latest assessment
prepared by the Division of Magnetic Fusion Energy
(DOE/ET-0016) concluded that more research and
development are needed in order to obtain reliable
superconducting materials by this process.



A major problem in their application is their
strain sensitivity after the required long reaction
times. There is a need to determine the fundamen
tal causes for the resulting degradation of their
mechanical and superconducting properties. During
the past year, D. S. Easton and D. M. Kroeger of
Oak Ridge National Laboratory visited MMRD's
superconducting materials group to discuss the
Kirkendall voids revealed by their room temperature
microscopy work on reacted smnples, and the
skepticism of the superconducting community in
regard to the actuality of their existence and
therefore to the significance of their role.

Shortly after their visit, an improved hot
stage constructed by the MMRD group for the scan
ning electron microscope was en~loyed to study
the formation of the AIS phase by solid state
diffusion. The nuc1eati.on and growth of voids
near the interface of the AIS phase (Nb3Sn) and
matrix (bronze) were observed and monitored in situ
and recorded on video tape. Sucessive layers
of material heated in the hot stage were subse
quently removed and the new surfaces were examined,
using SEM-EDAX and optical microscopy, to confirm
the fact that the observed porosity was indeed
a bulk rather than a surface phenomenon. These
voids are considered to be a primary cause for
degrading the mechanical, thermal and supercon
ducting properties. Figure 1 shows the sequence
of nucleation and growth of the voids at 750°C,
over a period of six hours. Normal heat treating
times are of the order of 70 hours.

3. STUDY OF THE INFLUENCE OF TEMPERATURE ON THE
INFILTRATION OF POROUS NIOBI~1 WITH TIN

John T. Holthuis, J. Ling-Fai Wang and Milton
R. Pickus

There appear to be a very small number of viable
approaches to the fabrication of multifilamentary
superconductors based on AIS compounds. Of these,
perhaps the most versatile is LBL's infiltration
process, since it is the only one lQ10wn to be
effective for Nb3Sn as well as for the high field
aluminum-containing compounds. It seems important,
therefore, to establish the limits and latitude
of the parameters affecting the process. One
important parameter is the infiltration tempera
ture. The objective of this study was to determine
the optimum temperature range for the niobium-
tin system.

In past work, the tin bath was maintained at
a temperature of 675°C, since this resulted in
consistent infiltrations using an immersion time
of one minute and a back-fill pressure of one
atmosphere. There are two constraints affecting
the choice of an optimum temperature. If the
temperature is too high, some reaction will occur
between niobium and liquid tin to form brittle
intermetallic compounds which can have a detri
mental effect on subsequent mechanical deformation.
At temperatures that are too low, an increase
in the viscosity of molten tin and a decrease
in the wetting of niobium by tin will lead to
lllcomplete infiltration. Figure 1 shows the
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Fig. 1. Porous niobium rods infiltrated with tin
at 675°C. Arrows indicate the brittle intermetallic
compound formed at this temperature.

(XBB 7811-14431)

Fig. 2. Porous niobium rods infiltrated with tin
at 550°C, showing little evidence of reaction.

(XBB 780-14323)



formation of some intermetallic compound at 675°C
(indicated by arrows). Figure 2 shows that corn
plete infiltration can be accomplished at 550°C
with little evidence of reaction. The lowest
temperature used successfully thus far is 530°C.
The influence of increased back pressure and longer
immersion times are now being investigated. This
information is nec;essary for planned work on porous
niobium rods of considerably larger mass.

4. APPLICATION OF SUPERPLASTICITY PRINCIPLES
TO THE FORMING OF MULTIFILAMENTARY SUPERCONDUCTING
WIRE FROM POROUS NIOBIUM INFILTRATED WITH Al-Ge
ALLOYS

Christopher G. Rutan, J. Ling-Fai Wang and Milton
R. Pickus

The use of the jnfiltration process for the
preparation of rnultifilamentary superconducting
wire based on the compound Nb3(Al,Ge) has been
previously reported. A principal difficulty was
the lack of ductility of the composite material
that limited the fineness of wire that could be
produced. Since no corresponding problem was
encountered with niobium-tin composites, a study
was made to improve the ductility of the Al-Ge
eutectic alloy that was used as the infiltrant.
The application of superplasticity principles
substantially improved the ductility of the Al-

151J
Fig. 1. Infiltrated Nb-Al-Ge composite showing
spheroidized eutectic structure developed by
quenching and heat treating. (XBB 780-14178)
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Fig. 2. Fine lamellar structure of Al-Ge eutectic
alloy contained in the pores of a niobium matrix.

(XBB 780-14177)

Ge alloy itself. The objective of the present
study was to apply the findings to the Al-Ge alloy
confined in the network of pores in the niobium
matrix.

Although the morphology of the eutectic alloy
was found to be a significant factor, there appears
to be more latitude in its structural features
as a result of the surrounding niobium matrix.
Whereas in the bulk eutectic a lanlellar structure
was associated with extreme brittleness, a
structure of this type when confined within a
pore was not as detrimental provided the lamellae
were small and uniformly distributed.

Two different morphologies of the confined
eutectic were found to be acceptable. One, a
fine spheroidized structure, was achieved by
quenching the composite after infiltration, and
subjecting it to a spheroidizing heat treatment.
The second, a fine lmnellar structure, was
achieved by controlling the rate of solidification
of the confined Al-Ge eutectic. During subsequent
deformation, the fine lamellae break up into small
particles, thus establishing an equivalence to
a spheroidized structure. Figure 1 shows the
spheroidized structure, and Fig. 2 shows the fine
lamellar structure within the pores of the niobium
matrix. A length of rnultifilamentary wire produced
by controlling the morphology of the infiltrant
is shown in Fig. 3.



Fig. 3. A length of fine Nb-AI-Ge multifilamentary
wire: overall diameter, 0.017 in.; infiltrated
core diameter, 0.007 in. (XBB 789-12486)

5. RESEARCH PLANS FOR CALEJ\)I)AR YEAR 1979

Milton R. Pickus

It is now widely recognized that for advanced
energy research and technology, such as lligh energy
physics ffild magnetic fvsion, a need exists for
multifilamentary superconductors with high critical
fields and critical temperatures. The most
promising candidates are the A15 compounds. All
of these compounds are brittle and, therefore,
difficult to obtain in the required fonn.
Conductors based on the compound J\TI3Sn, using
solid state diffusion reactions, have been
developed commercially to a high degree of
sophistication. Unfortunately, their strain sensi
tivity and thermal instability have been recognized
recently and constitute potentially major problems
in their application. Basic research programs
are being carried out at LBL, both to determine
the fundan~ntal causes for these problems and
to confirm their circumvention in other approaches,
such as LBL's infiltration process.

Using a SCmllling electron microscope with an
improved hot stage, the in-situ study of the
diffusion reactions in superconducting materials
fabricated from Nb rods arrayed in a bronze matrix
will be extended to those materials fabricated
from tubular Nb with a bronze core and porous
Nb rods infiltrated with liquid tin. Efforts
will be made to correlate the data with the dif
ferent physical and superconducting behavior of
these materials.

Hot stage scmming electron microscopy will
be further utilized to determine the conditions
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under which spreading and wetting of liquid tiIl
occurs on solid an.d porous niobilnn surfaces. The
influences of both the magnitude of the back pres
sure and the duration of Dl~ersion on infiltration
temperature will also be investigated. The data
of both studies will be used to optimize the condi
tions for plmllled work on infiltrating porous
niobium rods of considerably larger mass.

The kinetics of fonnation of the various inter
metallic compounds in porous niobium infiltrated
with tin, aluminum-genl1anium ffild aluminum- silicon
alloys will be studied as a function of reaction
temperature. These data will be used in optimizing
the infiltration process parameters the super-
conducting properties, and the behavior.

The critical transition temperatures and criti
cal current carrying capacities of the reacted
Ivires of Nb-Sn, Nb-Al-Ge and Nb-AI-Si will be
measured.

6. 1978 PUBLICATIONS AND REPORTS

Milton R. Picl0J.s and Associates

LBL_l3:eports

1. K. E. Douglas, A Low Temperature Kinetic Study
of the Fonmation of the Superconducting Al5 Phase
in the Nb-Al-Ge System (tv!. S. thesis), LBL-7629,
March 1978.

2. Dennis R. Nordin, An Investigation of A
Thernl0plastic-Powder Metallurgy Process for the
Fabrication of Porous Niobium Rods (M.S. thesis),
LBL-7346, June 1978.

3. J. Ling-Fai Wang, J. T. Holthuis, M. R. Pickus
and R. W. Undberg, Direction Observation of the
Growth of Voids in ~ultifilamentarySuperconductulg
Materials via Hot Stage Scanning Electron
Microscopy, LBL-8376 abstract, 1978.

4. Binh Phung, A Kinetic Study of the Fonnation
of the Superconducting A15 Phase in the Nb-A1-Si
System (M.S. thesis), LBL-8500, December 1978.

5. Abid Noman, An Investigation of the Effects
of Particle Size on the Mechanical Properties
of Porous and Tin Infiltrated Niobium Rods
Fabricated by a Thermbplastic-Powder Metallurgy
Technique (tvJ.S. thesis), LBL-850l, December 1978.
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Nb-Al-Ge Con~osites Through Spheroidization of
the AI-Ge Eutectic, (M.S. thesis), LBL-8502,
December 1978.

Patent

1. M. R. Pickus and Robert L. Ciarde11a, Quench
Age Method for the Fabrication of Niobium-Alwninul1l
Superconductors, U. S. Patent 4,088,512, May 1978.
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A.

Introduction. A major objective of the research
program deals with the determination of the factors
that playa role in obtaining a ceramic material
with a designed character (with emphasis on micro
structures and nature of grain boundaries), and
with the correlation of the character with mechani
cal behavior and corrosion resistance at
temperatures. This objective also involves studies
on the kinetics and mechanisms of solid state
reactions, sintering of powders with and without
the presence of a liquid phase, and distribution
of phases a multiphase system. The compositions
under study- -mull ite, alumina, magnes ia, lead
titanate, lead zirconate"- are basic materials;
of industrial and electronic ceramics, and
refractories. The furldmnental approach in these
studies using physical and solid state chemistry
fundamentals, and dislocation theory result in
the development of principles that should be
applicable to other polycrystalline metal, ceramic,
and composite materials.

A second objective of this program is concerned
with structural and thermodynamic studies of glass
metal and cenunic"metal systems. It involves
studies related to wetting, bonding, and the nature
of the interfaces between dissimilar phases; to
the thermodynamics and kinetics of chemical reac
tions at such interfaces; m1d to the kinetics
and mechanisms of dissolution and diffusion in
glasses. A basic lli1derstanding of the nature
of interfaces and the mechanisms of reactions
at interfaces is critical in studies of all
materials. An application is to the field of
thick film conductors.

1. SINTERING OF ~~LITE-CONTAINING COMPOSITIONS*

Michael D. Sacks and Joseph A. Pask

Fabrication of mullite by sintering is affected
by many processing variables including:
(1) sintering conditions (time, temperature and
atmosphere) and (2) powder and green compact
characteristics (Al Z03/Si02 ratio, nnpurities
and particle/pore SIze, shape, and packing charac'
teristics). In this investigation, several pro
cessing schemes were used to form mullite powders
for sintering studies. In each case, the basic
processing steps were: (1) wet mixing of the
binary oxide raw materials, A1 203 and Si02,
(2) calcining the dried mixtures to form mullite
by chemical reaction, and (3) comminution to attain
a fine particle size material. Mullite powders
were then pressed into discs and sintered for
various trnes in the temperature range l540-1730°C.

Figure 1 (left side) shows plots of percent
theoretical density (%Pth) vs. tn time for several
compositions (overall A1203/Si02 ratios 73/27,

*This work was supported by the Division of
Materials Sciences, Office of Basic Energy Sciences,
U. S, Dept. of Energy.

74/26, 75/25). The enhanced sintering with
decreasing overall content is considered
to be due to the presence of a small amount of
glassy phase. Transmission electron micrographs
(Fig. 2) reveal such a glassy phase in the
73 w/o A1203 composition. The amorphous nature
of the phase at triple points (Fig. 2, top) is
confirmed by diffuse rings in the electron dif
fraction pattern. Glassy grain bOlli1dary films
also appear to be present i.n this composition

. 2, bottom).

111e direct proportionality between %Pth and
S:n t~le, observed over a large range of densifi
cation (:e60-90%Pth), is characteristic of
intermediate stage sintering during which grain
gro,vth occurs. According to several sintering
models,1,2 the slopes of the %Pth vs. S:n time
plots may be used to determine the difference
between the activation energies for diffusion,
Q, and grain gro,vth, E (Fig. 1, right side).

In a series of experiments with high surface
area raw materials, large agglomerates were fonned
upon drying the AlZ03/SiOZ mixture. These sintered
to some extent during calcination to form large
aggregates (Fig. 3, top left). The calcined
material was sintered "as is" and after being
subjected to vibratory grinding up to 12 hT. The
aggregates are broken down to several microns
or less upon extensive grinding (Fig. 3). Very
large interaggregate pores are present in the
unground powder (0 hr) compact. Interaggregate
pores decrease in size as aggregates decrease
in size (with increasing grinding trne). At high
magnification (bottom, Fig. 3), it is seen that
the individual particle size is approximately
the same (0.1--0.5 p) regardless of grinding time.
The consequence of these factors is shown in Fig. 4
(%Pth vs. t~le plots at l660°C for powders ,vith
various grinding times) and Fig. 5 0nicrographs
after sintering at l660°C for 18 hr for various
grinding times). Aggregate areas sinter to maxnnum
density while interaggregate areas remain porous.
Larger interaggregate pores in the green compact
(short grind times) result in a lower final density
for a given sintering trne and temperature. These
results indicate the ~~ortance of uniform packing
of powder particles for achieving high densities.
In each case, the individual particle size is
small (-0.1-0.5 p) and the overall green density
is approx~lately the same (53-55%pth)' However,
the packD1g becomes more uniform with more exten
sive grinding. Even after 12 hr grinding packing
is not completely uniform (Fig. 3, far right)
which may account for the residual, non«uniformly
distributed porosity after extensive sintering
(Fig. 5, far right) .
-*----_._----

Supported by NSF.

1. R. L. Coble, Sintering of Crystalline Solids,
J. Appl. Phys. 32, 787 (1961).
2. B. Wong and~. A. Pask, Models for Kinetics
of Solid State Sintering, to be published in the
J. Am. Ceram. Soc.
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Fig. 1. Left: Plots of %Pth vs. log time for samples sintered in the range 1540-1730°.
Right: Plots of ~n(dp/dtnt)'T vs. l/T·(d~/dtnt) is the slope of the straight line por-
tion of a given curve in the graphs to the left. (XBL 78l0-5885A)
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. 2. Top: TEM micrograph of triangular glass
"pocket. " Bottom: TEM mi_crograph of suspected
glass grain boundary "film." (Micrographs
obtained by Dr. W. Kriven.) (XBB 770-10655)

o hr 05 hr I hr 12 hr

Fig. 3. Top: SEM micrographs of green compact surfaces of 75 wt% A1203 samples
which illustrate rapid breakdown of large aggregates upon grinding (0-12 hr).
Bottom: Higher magnification mlcrographs which show individual crystallites
("'0.1-0.5 jJ). (XBE 7811-14762)



Fig. 4. Plots of %Pth vs. tDne for 73 ~~% AlZ03
composition. This composition (grolli1d for various
tDnes, O~lZ hr) was sintered at l660°C.

(XBL 78l0~ 5883)

o hr 0.5 hr I hr 12 hr

Fig. 5. SE!v! micrographs of Fig. 3 samples after sintering at l660°C for 18 hr. %pth
is given in Fig. 4. (XBB 785-5Z69A)



Fig. 1. Formati.on of neck between two poly
crystalline A1Z03 spheres held at lSl5°C for
3 min as observed with hot-stage SEM.

(XBB 781Z-152ll)

2. SINTERING OF ALUMINA IN THE PRESEl'iCE OF A
LIQUID PHASE

Philip L. Flaitz and Joseph A. Pask

Although there have been a number of studies
on the sintering of ceramics, these have concerned
themselves with solid state sintering rather than
sintering in the presence of a liquid phase. In
view of this situation, a study is being made of
a model system of uniform~sized alumina spheres,
using a glass of known composition for the liquid
phase. The glass forn~ a binary eutectic phase
equilibrium diagram with alumina. The quantity
and composition of the liquid at the test tempera
ture can then be estimated. These studies were
nlade using a hot-stage S~l, capable of reaching
a maximum temperature of l750°C. This apparatus
allows direct observation of the nlicrostructure
changes during sintering, and can also be used
for shrinkage measurements.

Initial studies used a glass of albite composi
tion (Na20'A1203'6 Si02) , which, with alumina,
could be made to represent a wide range of
porcelain and high-alumina ceramic compositions.
These studies had to be discontinued when it was
found that the furnace life was drastically reduced,
to the point where a furnace would not last long
enough to complete one run. This behavior was
attributed to the volatilization of Na20.
Attempted modifications of the furnace did not
improve the situation, the system was thus
abandoned.

The glass system currently lmder study uses
anorthite (CaO'A1203'2 Si02) , which has a melting
point of l56S oC and forms a eutectic with alumina
at l540°C. First observations have shown the
formation of liquid at AlZ03 contacts below the
melting temperature of the eutectic. Figure 1
shows a neck which formed when the system \'las held
at lSlSoC for 3 min. The appearance of a liquid
phase below the eutectic temperature is under
investigation. Examination of polished sections
of samples heated to higher temperatures has shown
that the liquid penetrates the grain boundaries
(Fig. Z), and eventually leads to grain gro\vth
by solution reprecipitation. To further investi
gate the grain boundary penetration, samples are
being prepared for wetting studies of single
crystal and polycrystalline alumina by anorthite
glass, using sessile drop techniques.
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Fig. Z. Penetration
crystalline A1 Z03
at 1600°C for ZO
temperature.

of grain bOlmdaries of poly
anOTthite composition liquid
as observed with SEM at room

(XBB 781Z-1

3. COMPARISON OF IvlULLITIZATION OF KAOLINITE AND
ALUMINA-SILICA MIXTURES

Sylvia M. Johnson and Joseph A. Pask

Studies have been undertaken on the comparison
of the effect of impurities on the morphology and
gromh of mullite crystals in mullite-liquid
mixtures formed by heating kaolinite (A1203'
ZSi02'ZH20, a refractory clay mineral) and equiv
alent ratios of alumina (-SO w/o) and silica
(-50 w/o) to 1650 and l700°C. Iv1ullite forms from
kaolinite by thermal decomposition and exsolution
of SiOZ, and from the oxide mixture by a solid
state or peritectic reaction.

The morphologies of the crystals formed by use
of the different starting materials are quite dis
parate. Mullite crystals formed by solid state
reaction are primarily rounded rectangular prisms
in contrast wi.th the elongated sharp-cornered
crystals formed from kaolinite (Fig. 1). The
relatively pure kaolinite contained small amounts
of TiOZ, FeZ03' NaZO and KZO. Equivalent amounts
added to the AlZ03-Si02 mixture showed essentially
no effect except for a slight increase TIl the size
of the mullite crystals.

Additions of 2 w/o CaO, and 5.7 w/o FeZ03 (an
equivalent molar percentage to CaO) to kaolinite
and to equivalent AlZ03~SiOZ mixtures, however,



do result in_ significant differences in the mullite
crystallization. When CaO is added to the AIZ03
SiOZ mixtures, the size of the crystals is con
siderably increased. The shape of the crystals,
however, does not change but remains blocklike.
The effect of Fez03, on the other hand, is quite
different. The crystals not only increase in size
but the morphology also changes, becoming similar
to that of kaolinite. The crystals elongate and
have sharp points. Addition of CaO to kaolinite
does not increase the particle size to the same
extent as in the AIZ03-SiOZ sample. FeZ03
increases the size of the mullite crystals formed
from kaolinite but does not have as great an effect
on the morphology. The resulting microstructures
of AIZ03-SiOZ and kaolinite mixtures containing
Fez03 are very similar.

98

The effect of temperature is also significant
and is different for- the two oxide additions. The
crystal size is much larger in the kaolinite
samples containing FeZ03 which were fired at l70QoC
in comparison with those only at l650°C (Fig. 1).
However, for CaO- containing samples the difference
in crystal size is not as large.

It has been reported by a number of workers
that FeZ03 will enter into solid solution with
mullite while CaO will not. This difference
affords an explanation of the varying effects.
CaO remains in the liquid phase and only affects
the diffusivity, thereby increasing the crystal
size but having no effect on the shape. FeZ03'
on the other hand, will be present in both phases,
affecting the diffusivity so as to cause crystal

Fig. L Microstructures of (top row, left to right) mixtures of
AlZ03-SiOZ, AlZ03-SiOZ-CaO, and AIZ03-SiOZ-FeZ03 fired 8 hr at 1700°C
plus 16 hr at l650°C; (middle row) kaolinite, kaolinite plus CaO, and
kaolinite plus FeZ03 fired 8 hr at 1700°C plus 16 hr at 1650°C; and
(bottom row) kaolinite, kaolinite plus CaO, and kaolinite plus FeZ03
fired Z4 hr at l650°C. (XBB 780-15144)
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In coal gasification applications, refractory
linings are exposed to a corrosive attack of
complex reducing gases under dynamic conditions.
One of the principal gases is hydrogen. The loss
of silica is due to the following reactionl

Stephen T. Tso and Joseph A. Pask

4. HYDROGEN GAS CORROSION OF FUSED SILICA*

growth as well as affecting crystal structure
features that affect the surface energy of dif
ferent crystallographic faces resulting in changes
in crystal shape.

(1)
Fig. 1. Flow rate of HZ (CFH). (XBL 789-5807)

4xlO- 5atm

-4l5xlO atm
-45xlO atm

[SiO] ~

[SiOJ -- S1. 4 kcal/mole

-55.86 kcal/mole

t.G

t.G

1700 K

1600 K

The weight loss vs. time curves are linear in
the range of lZOO to l400°C as seen in Fig. 3.
The apparent activation energy of the reactionl
was determined to be 8Z kcal/mole (Fig. 4). The
apparent fluctuation is shown only at l300°C. It
was found that the reaction rate at l400°C is -30
times that at lZOO°C. Thermodynamic data predict
the following equilibrium pressures of SiO and
HZO with PHZ - 1 atm: ([SiO] ~ [HZO]):

1500 K ~G -60.4 kcal/mole [SiO] ~

examined by SEM, is shovm in Fig. Z. A drilling
effect was observed which was not present in opaque
glasses. This behavior can be understood on the
basis of the difference of the heat transfer
mechanism in transparent silica glass and in
opaque glasses. The heat transfer through silica
glass can occur either by phonons or photons. The
mean free path of the phonon is of the order of
the distance of the structural unit (the silica
tetrahedra). Because of this low mean free path,
;the conductivity of silica glass is poor and nearly
constant at temperatures above -600°C. 3 This
behavior is experimentally f01md in agreement with
theoretical expectations. 4 At temperatures higher
than 10000e photon processes become the major heat
transfer mechanism. For transparent materials,
like silica glass the emission and absorption of
thermal radiations (photons) are bulk, rather than
surface phenomena. 5 In opaque materials, of which
the emission and absorption of radiations are
surface phenomena, heat can flow by conduction
only. Thus the temperature distributions are con
tinuous throughout. Wbereas in silica glass with
low thermal conductivity so that most of the heat
transfer takes place by radiation, temperature
may vary continuously to some value near the
surface and then drop to a lower surface tempera
ture. Since the hydrogen gas can permeate through
the system, the reaction rate in the holes, where
the temperature is higher, will be higher than
at the surface. This temperature distribution
caused a special surface morphology on the reacted
silica glass as seen in the series of photos in
Fig.Z.

The possibility that the silica loss was due
to self-decomposition in a very low oxygen partial
pressure instead of reaction with hydrogen was
also investigated. The silica glass was heated
along with titanium metal at l300°C for more than
Z4 hr in a vacuum furnace (Ptotal -ZxlO- 7 Torr).
No weight loss was detected at this temperature.

The appearance of the surface of reacted silica
glass at l300°C for different reaction times, as

Figure 1 shows the reaction rate vs. the flow
rate of the hydrogen gas. The reaction rate is
negligible at a low flow rate of HZ gas and
increases with increasing flow rate-becoming
saturated at a flow rate of about IS CFH, corres
ponding to a linear gas veolocity of Z5 cm/sec.
This flow rate represents the transition from a
stagnant gas layer transport controlleclstep in
the overall reaction. All subsequent experiments
were conducted by using a linear flow rate higher
than Z5 cm/sec so that the total reaction rate
would not be affected by the flow rate of hydrogen
gas.

In order to study the kinetics of this reaction,
a hydrogen furnace was modified to provide a con
trolled gas flow rate past the specimens in the
temperature range of lZOO-1400°C. The hydrogen
gas had a purity of 99.999% and a dew point of
-84.4°C. The silica glass specimens were Z mm
thick disks cut from 9 mm dia rods (spectro
graphical analysis indicated -0.06 w/o of oxides
as impurities).

Preliminary runs in the hydrogen atmosphere
showed that silica glass divitrified to form
cristobalite, starting from the glass surface and
propagating into the center of the glass. It
decreased in extent with increased use of the
alumina furnace tube. Sodium was collected in
the cold trap. It was postulated that sodium oxide
present in the alumina tube as an impurity was
reduced to sodium vapor which nucleated cris
tobalite on the glass surface. The NazO-SiOZ phase
equilibrium diagram and reported dataZ support
this postulate. Devitrification phenomena were
completely avoided by heating the alumina tube
in a hydrogen atmosphere at l400°C for Z4 hr before
testing the specimens.



The weight loss rate only corresponded to a pres
sure of 10- 7 atm.91 the equation J(mole/cm'sec) ~
44.33 PSiO(~tm)/IMf .. From.the abo~e discussion
and takmg Into consIderatIOn the Increase of the
real surface area (Fig. 2) which was estDnated
at 1 to 3 times of the projected area, the total
reaction rate was found to be proportional to the
product of equilibrilffil partial pressure of SiO
and actual surface area. This result suggests
that even though a high flow rate of hydrogen gas
was applied to remove a possible stagnant gas layer
near the surface the total reaction rate was still
diffusion controlled. A possible diffusion barrier
is the adsorbed water molecular layer on the silica
surface. Assuming that an equilibrjJ1ffi pressure
of SiO exists in the bUlk, then the diffusion out
of the system of SiO species is the rate control··
ling step for this reaction. Since this adsorbed
layer will not be swept away
and will not increase :in thiclcness, the
weight loss vs. time curve is linear. The depend
ence of diffusivity through this surface layer
is only a weak function of temperature compared

A

B

C

100

to the exponential dependence of equilibrium pres
sure on temperature. It results in a total mass
transfer rate similar to that for the convective
mass transfer mechanism. This model is consistent
with observed phenomena and empirical data.

by NSF.

1. M. S. Crowley, Hydrogen Silica Reactions j~

Refractories, JUn. Ceram. Soc. Bull. 46 No.7,
(July 1967) and 49 No.5, (May 1970):-
2. Introduction~o Ceramics, W. D. Kingery et a1.,
2nd Edition. Wiley Interscience, p. 350;
,gonveIsion of ~artz Tr~~~te, S. B. Holmquist,
J. Am. Ceram. Soc. 44 No.2, 85 (1961).
3. W. D. Kingery, Heat Conduction Processes in
Glass, J. Am. Ceram. Soc. 44 No.7, (1961).
4. C. Kittel, Interpretation of Thermal
Conductivity of Glasses, Physics Review 7S No.6,
972 (1949) and Ceram. Abstr. January 195~' p. 15a.
5. R. Gordon, A Review of Radiant Heat Transfer
in Glass, J. Am. Chern. Soc. 44 No.7, 305 (1961).
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Fig. 2. Surface morphology of reacted Si02 glass surface
at l300°C for increasing reaction times of 4 to 48 hr (A
to E) . (XBB 780-14504)



101

0.14
llE: a2±8 keel/mole

6.8 7.05.8 6.0 6.2 6,4 6.6
lIT ("lei) x 10-4

5.650

<>

1350"C
-2

"- 10
..::

N
E
(J

"-
E
!'Jl

w
1300"C I-«

a::
IC?

1250"C

O:--__-<--__-'--__~ '___ ___J

o 30 40
(hrs)

0.02

0.12
~

N

E
~
E 0.10
!'Jl

«
w
a:: 0.08
«
"-
(f)
(f)

o
-l 0.06
l-
I
l'J

~ 0.04

Fig. 3.
l400°C.

Weight loss of Si02 vs. time at 1200 to
(XBL 789- 5808)

Fig. 4. Reaction rate vs. the reciprocal of
temperature. (XBL 789-5809)

5. MECHANICAL PROPERTIES OF ALUlvIINUM SILICATE
MATERIALS *

Philip C. Dokko and Joseph A. Pask

In continuing efforts to study mechanical prop
erties of mullite lnaterials and means of improving
them, fracture toughness and erosion resistance
were evaluated for single phase mullite and other
exploratory multiphase aluminum silicate materials.
Their correlations with microstructure and other
properties such as compression and bending
strengths were sought. Comparisons were also made
with single phase alumina and silica specimens
tested under identical conditions.

(prepared by Mazdiyasni using metal alkoxide
powder)l and B represent single-phase mullite;
specimens C through L, various mixtures of mullite
and. other phase(s); specimens M, N (manufactured
by Coors PorcelaIn Co.) and ° (Lucalox supplied
by General Electric Co.), single-phase alumina;
and specimens P and Q (fabricated from fused silica
supplied by Corning Glass Works), silica. Average
grain sizes were <3 ym for all hot-pressed speci
mens and ~7 ym for sintered aluminum silicate
materials whereas those for sintered alumina were
9 and 20 ym for specimens N and 0, respectively.

Examination of this Table suggests the following
conclusions:

Fracture toughness (KIC) values were obtained
from maximum loads for double torsion specimens
at room temperature (RT) and l400°C. Erosion loss
was measured as weight loss of a specimen subjected
to 90° impingement by SiC particles at RT and 900°C.
The weight loss was then converted to volume and
normalized with respect to number of particles
(tN) .

In Table 1, the values for fracture toughness
and erosion loss are listed together with compres
sive and four-point bending strengths for each
specimen characterized by overall composition,
phase composition and density. Specimens A

1) The effect of thermal expansion anisotropy
of mullite grains and possibly the presence of
a cleavage or parting plane2 (which may be the
limiting factors for bending strength, fracture
toughness and erosion resistance, at high tempera
tures in partiCUlar) appears to be minimized by
a decrease in grain size and/or total porosity.

2) Improved properties of mullite can be
obtained by introducing appropriate second phases
due to their differential thermal expansion or
other elastic constants. Thus, alumina at RT or
cristobalite at high temperatures can improve
toughness and erosion resistance. A simultaneous



Table L Specimen character and mechanical properties.

Phase Distribution Bulk Density, g/cm3 * ilV'''XL)Composition, vC ,KSI
Specimen % A1 20

3
M/A/e (G),'" % /open Porosity, % 1400 0 e e /particle

RT/900°C

A 71. 8 100/0/0(0) 3.15/0.5 93.4 22.5/26.6 2.51/2.99 1.82/1.91

B(s)t 74.0 100/0/0(0) 3.10/0.2 68.4 H.3/14.7 2.52/2.44 1.87/4.06

C(s) 71. 8 99/0/0(1) 3.00/0.1 18.2 14.2/11.5 2.70/2.32 2.27/1.49

D(s) 71. 8 93/0/0(7) 3.06/0.04 19.0 17.2/8.9 1.82/1.77 2.36/2.15

E 71. 8 93/0/0(7) 3.08/0.3 27.4 30.3/19.4 2.23/3.01 1.90/1.68

F 71.8 89/1/0(10) 3.00/0.4 21.5 24.6/12.4 2.42/1.35

G 62.9 83/0/0(17) 2.99/0. 13.5 30.1/9.2 2.24/3.10 2.35/1.05

H 71.8 78/10/0(12) 2.91/6.7 44.5 12.1/17.8 2.21/2.57 1.59/1.11

I 77 .2 80/20/0(0) 3.24/0.1 46.0 23.2/20.8 3.05/1.88

J 71. 8 40/37/11(12) 3.06/2.7 42.2 34.5/14.7 3.10/4.76 1.61/1.00 f-'
0

K 87.1 56/44/0(0) 3.46/0.1 33.3 39.5/12.0 4.77/2.36 1.21/0.96 N

L 87.1 54/46/0(0) 3.44/0.2 23.9 19.4/9.4 4.40/1.77

M 100 0/100/0(0) 3.74/4.0 13.9 26.5/11.4 4.84/0.95 1. 34/1.18

N(s) 100 0/100/0(0) 3.91/0.2 35.4 34.4/20.7 4.81/2.25 1. 45/1. 42

O(s) 100 0/100/0(0) 3.97/0.2 53.7 34.5/34.4 4.74/2.95 1.30/0.72

P 0 0/0/72(28) 2.29/0.6 - 1.6/4.5 0.49/0.85

Q 0 0/0/3(97)++ 2.20/0.1 12.0 7.2/9.5 0.80/2.71

*M = Mul1ite, A = Alumina, C = Cristobalite, G = Glassy phase

Vc = Compressive strength, VB = Bending strength, K1C = Fracture toughness

ilV = Erosion loss

= Sintered (Hot-pressed otherwise)

++0/0/89(11) after testing at 1400°c
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increase in bending strength can be realized if
additional factors of strong interfaces (or grain
boundaries) and homogeneity are present. Severe
microcrackDlg 1S detrimental to both bending
strength and toughness. The presence of an alumina
phase increases high temperature erosion resistance
although bending strength and toughness are adverse
ly affected. The ability of the glassy phase to
enhance plasUc deformation at high temperatures
appears to effectively improve erosion resistance
without a detrimental effect on toughness prOVided
that the amount is adequate, although the compres
sion and bending strengths may suffer an apprecia
ble loss.

*Supported by NSF.

L K. S. Mazdiyasni and L. M. Brmvn, Synthesis
and Mechanical Properties of Stoichi~netric
Aluminum Silicate (Mu11ite), J. Am. Ceram. Soc.
55 No. 11, 548 (1972).
~ A. N. Winchell and H. Winchell, The Micro
scopical Characters of Artificial Inorganic~lid
Substances, Academic Press (1964), p. 268.

6. ELASTICITY, INTERNAL FRICTION AND HIGH
TEMPERATURE BACKGROUND IN POLYCRYSTALLIl'.'E
Si02 CERAiVlICS AT ELEVATED TEMPERATURES

Amar P. S. Rana, Anthony G. Evans and Joseph A.
Pask

The study of grain boundaries has great
practical significance toward development of shear
resistant materials to perform crucial roles jn
high temperature applications. Dynamic experiments
as a function of temperature are an aid to achieve
this goal.

In Fig. 1, the initial linear decrease in
modulus above room temperature is due to thermal
vibrational energy increasing the separation
between atoms and slightly decreasing the force
necessary for further separation. For a given
frequency, a temperature will be reached where
grain boundaries start becoming mobile resulting
in relaxation of shear stress acting on grain
boundaries, and the elastic modulus will start
decreasing rapidly. Beyond the t~nperature (Tp),
corresponding to the peak in internal friction
(Q-l) vs. temperature (Fig. 2), the bounDaries
bec~ne sufficiently mobile and the shear stress
along the grain boundaries is essentially com
pletely relaxed at all times. Thus the rapid
drop stops, ·whereas the linear drop due to thermal
vibrational energy continues. For polycrystalline
materials above room temperature this can be des
cribed by:

no
Fig. 2. NOl1nalized internal friction (with back
ground sbustracted) as a function of reciprocal
absolute temperature for mullite (~5 wlo AI Z03):
(A) Expermlental curve at = 892 C w1th d1stnbu-
tion ~ 3.25. curve
for T with parameter = O.

. (XBL 7811-6212)

M(T) ~ M(O)-CT-F(l-tanh.(s+U/T)), (1)

where M(T) is the elastic modulus at temperature
T K, M(O) is the extrapolated value to 0 K of
linear drop due to thennal vibrational energy,
C is slope of the linear decrease due to thermal
vibrational energy, and F is the drop near Tp .
For a lnaterial with single relaxation time (T),
S=-U/Tp where U=Activation energy/gas constant.

Equation 1 is valid above room temperature, which
is of interest for ceramic materials. If data
at temperatures approaching 0 K are available,
then this equation can be modified by changing
the second term to BTexp(-To/T) to account for
the third law of thennodynamics, viz , derivative
of elastic Dilldulus with respect to temperature
must approach zero as the temperature approaches



absolute zero. For the case of a distribution
of relaxation tDnes the equation can be fitted
by adjusting the parameter U. This distribution
in relaxation tDiles occurs, when only a fraction
of the boundaries are in a condition to relax
near Tp ' Some already relax easily while others
are stll1 stiff.

In Fig. 3, it is seen that the initial slope
of the linear drop region is the same for (a)
A1Z03 and (b) A1Z03 with 1.5% SiOZ' This
sDililarity is due to the fact that the thermal
expansion is almost the same for the two materials
at low temperatures; small amounts of mullite
at grain boundaries do not seem to have an effect.
Comparing (a) and (b) it is noticed that Al Z03/
mullite graln boundaries in (b) start relaxing
about 1003 K giving a rapid drop, and at -1313 K
AlZ03/AlZ03 grain boundaries start to relax in
(b) .

Internal friction is the dissipation of energy
when stress and strain are not in phase. Figure Z
shows normalized Q-l vs. liT (with background
subtracted) for mullite/mu1lite grain boundaries.
The grain boundary peaks are found to be broader
than predicted theoretical1y.l A log normal
distributionl in relaxation tDiles is used to
adequately describe the spectrum of relaxation
tDiles govel11ing the grain boundary re1c~ation
with distribution parameter of 3.Z5. A theoretical
single relaxation tDile curve is also shown. An
activation energy of 169 kcal/mole was found by
peak shift due to change in frequency. This agrees
well with literature values. Z-4

-1Figure 4 shows Q vs. T curve for Al Z03 + 1.5%
SiOZ' The Alz03/mullite grain boundaries relax
around 1003 K (486Z cis) and AIZ03/A1Z03 grain
bowldaries relax around 1313 K (4775 cis). From
peak shift, activation energies of 35 kcal/mo1e
and 185 kca1/mole were found for AlZ03/mullite
and AlZ03/AlZ03 grain boundaries, respectively.
Activation energy for creep at high strain rates
was determined from measurements using a hot
press setup for prereacted AlZ03 + 1.5% SiOZ'
A value of l88±ZZ kcal/mole was found. This
established that AlZ03/AlZ03 grain boundaries
are predominantly responsible for high strain
rate creep.

At relatively high temperatures, the Q-I vs. T
curve of most materials rises continuously to
very large values of internal friction. This
phenomenon which has become known as the high
temperature background is manifested by poly
crystalline samples as an upturn in internal
friction on the high temperature side of the grain
boundary peak. It is often fitted quite well
by an expression of the type
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Fig. 3. Temperature dependence of Young's modulus
of elasticity for polycrystalline (a) commercial
AlZ03, and (b) AIZ03 + 1.5 w/o SiOZ'

(XBL 7811-6Z13)
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Fig. 4. Internal friction as a function of
temperature for po1ycrystalline A1Z03 + 1.5 w/o
SiOZ showing peaks due to AlZ03/mullite and
A1Z03/AIZ03 grain boundaries. Average surface
area (lJZ)/grain = Z5. (XBL 7811-6Z14)

-1Q = A exp(-U/RT)), (Z)

where A and U are em,uirical parameters. It is
assumed this arises due to stress build up at
regions of stress concentrations, e.g., protrusions
and ledges at grain boundaries, grain corners.
If Uo is activation energy for the controlling
mechanisms, then whether an anelastic or visco
elastic mechanism is involved can be identified

as indicated in Table 1. For mu11ite (75\vt%
AlZ03), U=38 kcal/mole, Uo=169 kcal/mo1e. Since
U<Uo, an ane1astic lnechanism is involved in the
high temperature background. From frequency
dependence n = 0.Z3 is obtained. Thus U = nUo
0.Z3*169 = 38 kcal/mole matches well with the
experDilental value, thus establishing internal
consistency.
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Table 1. Method of identifying whether anelastic
or viscoelastic mechanism is involved in
high temperature background.

8. KINETICS OF SOLID STATE REACTIONS IN THE PbO
Zr02-Ti02 SYSTEM

Sudhir S. Chandratreya and Joseph A. Pask

Viscoelastic
mechanism

Distribution in T U=U
o

Anelastic
mechanism

U < U
o

say U=nU0 (n<l)

Q-l=K!(w exp(U !RT»n
o

Importance of the ferroelectric system PZT
and the need to characterize the processing param
eters in its mynufacture were discussed in last
year's report. In particular, the need to deter
lnine the kinetics of various solid state reactions
occurring during the calcination stage was discus
sed with respect to the better sinterability of
the PZT powder, lower loss of volatile components,
reproducibility of electrical properties and energy
savings through temperature-time schedule optimiza
tion. The present report focuses on the kinetics
of PbZr03 formation because it is believed that
PbZr03 formation is a prerequisite to PZT solid
solution formation. The kinetics of the PbZr03
formation Inay thus govern the overall kinetics
of PZT fonnation. The procedure followed included
powder characterization, isothennal reaction,
followed by wet chemical analysis.

Fig. 1. Percent of PZ vs. time at 810°C for two
mixing times of powder and two compaction pressures.

(XBL 7810-5971)

Figure 1 shows the percent product formed as
a function of time at 810°C, for two mixing times
and two compaction pressures. Mixing was expected
to increase the reaction kinetics due to (a)
uniform dispersion of reactants, and (b) possible
c~nminution with reduced particle size. Compaction
was expected to affect kinetics by reducing inter
particle contacts, breakage of agglomerates and

The raw materials used were reagent grade PbO
(massicot) and reactor grade Zr02 (baddeleyite)
of size range (-30 + 20) microns. S~l eXaTIlina
tion indicated the powder to consist of
agglomerates made of submicron crystallites. TEM
examination and x-ray broadening indicated the
crystallite size to be of the order of 500 A.
Powders were mixed for different tWle periods
and pressed at different pressures to study the
effect of mixing and compaction pressure on the
reaction kinetics. Compacts were then isothermally
reacted for various times at various temperatures.
Reacted mixtures were analyzed for unreacted PbO
by wet chemical analysis using complexometric
titration.
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7. EFFECT OF MECHANICAL DISCONTINUITIES ON THE
STRENGTH OF POLYCRYSTALLINE ALUMINUM OXIDE

1. A. S. Nowick and B. S. Berry, IBM Journal
of Research and Development 5, 297 (1961).
2. Ilhan Aksay (Ph.D. thesis), University of
California, Berkeley, March 1973, LBL-1403.
3. C. O. Hulse and Joseph A. Pask, J. Am. Ceram.
Soc. 49 No.6, 314 (1966).
4. R:-A. Penty and D. P. H. Hasselman, Mat. Res.
Bull. 7 (10), 1117 (1972).

Jay S. Wallace

This study examined the effect of artificially
introduced spherical voids formed by using an
organic material on the bend strength of a poly
crystalline brittle solid (alumina) and compared
the results to traditional empirical and phen~neno
logical porosity-strength relationships. No cor
relation was found between these relationships
and the data.

The statistical approach by Weibull was examined
particularly with regard to the implications to
microstructural features. A direct test of Weibull
statistics showed deviations from theory, perhaps
due to the very small stressed volumes employed.
Microstructural evidence suggested that some of
the basic assumptions in Weibull's formulation
may restrict its use in this and perhaps other
systems.

Based on McClintock's model of randomly dis
tributed cracked grain boundaries, the weakest
link theory and microstructural evidence of clusters
of voids, it is proposed that fluctuations in
the local void densities produce clusters of voids
which are the most critical flaws in the sample
and are thus responsible for the noted reductions
in strength with increasing void fractions.
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the effect of agglomerate size and character as
distinct from size and character is
not well understood.

9. POLING EFFECT ON PIEZOELECTRIC BEHAVIOR OF
PZT CERAMICS

Recent studies of poling effect on PZT ceramics
confirmed that porosity has to be minimized in
order to pole a at a high field without
breakdmvn. The used iJl this study
was Pb (ZrO. Detailed processin,g steps
have been sintering, the density
of the reached 8.00 g/cm3 which is
approximately 100% density. The poling circuit
was set up so that current and poling
voltage across the specimen were recorded at the
same time.

1. S. So Chandratreya and R. Ivl. Fulrath, .MtvlRD
Annual Report for 1977, LBL~7355, p. 151.

exist for the kinetics

("~\!(-:"H}(-'" to assume
a condition

However,

exposure of fresh reactant surfaces.
from Fig. 1 the effect of is
cant to the effect of comp,actic)J1.

3 show results of pynp'r;Yll'JTYTC:

time at no and 730°C.
at °C and also at 760°C,

that the reaction the initial
rapid part slows dmvn In actual
manufacture of PZT this to the presence
of UJlreacted in the to the
detriment of The reasons of such
reaction behavior are under When
the log time required to fonn 50% is
plotted vs. the inverse absolute temperature,
the slope of the curve an
apparent activation energy of 97 l11is
value is in excellent with the DTA based
results reported yyyo,~u';r",c'lu

Percent of PZ vs. time at 710°C.
(XBL 7810~6026)
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The breakdolvn effect can be correlated with
the change of current (Fig. 1). Consequently,
quantitative studies on poling could be carried
out without getting into the breakdown region.
It was found that consistent breakdmvn occurred
at a dissipation current level of 0.4 to 0.5 mA
as ShOlvn in Fig. I. Specimens broke at ISOaC
when poled at 3 kV/nun for less than 30 sec, at
140°C vlhen poled at 4 kV/nml for less than 1 min,
and at 125°C when poled at 4 kV/nun for less than
4 mDl. It was determined that 100cC is the optimum
temperature for this composition. It was then
possible to raise the poling field to 6 kV/nml
for 10 min consistently without breakdmvn while
the poling current is less than 0.15 mA which
is far away from the breakdovm current limit.
A systematical study was then carried out on the
dependence of coupling coefficient on poling field,
poling temperature and poling time.

lVli~ Tim\! l'r>ilg$Uf@

~..Jl~ ~_
96 20
96 <4

0.5

0.4

0.1

Poling Condition

140 "c
4 kV/mm

< I min.

Applied Voltage (kV)

Fig. 3. Percent of PZ vs. time at 730°C for two
compaction pressures. (XBL 7810~5972)

Fig. 1. Poling current-voltage behavior for PZT
thin disk specimen for given poling conditions.

(XBL 784-4895)
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It was found that when the specimens were poled
at 25 and 50 0e for 5 min, Kp increased exponential
ly with poling field up to 6 kV/llilll. Poling at
1000e for 5 min, Kp initially increased exponential
ly and then climbed up to a saturation value when
the field was above 4 kV/rrml (Fig. 2). SDnilar
behavior was found in PT ceramics. 2 It can be
readily seen that poling the specimen above a
certain elevated temperature at which Kp can. reach
saturation value is desirable.

Poling tDfie dependence of Kp was detennined
at 100°C. As the field increased from 1.8 kV/rrml
to 6 kV/mm, the coupling coefficients increased
rapidly and reached a saturation value (Fig. 4).
Within the experimental range, it was concluded
that as long as the temperature was above a certain
value, the field should be as high as possible
as long as poling current is away from the break
do~~ region. The poling time is not a very crucial
parameter under these circumstances.

o

kV!mm

1.8
3
4
5
6

Poling Temp. 100·C

Poling Time (min)

Fig. 4. Variation of Kp with poling time for
indicated conditions for PZT specDnen in semi-
log plot. (XBL 784-4885)
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Fig. 2. Variation of planar coupling coefficient,
Kp, with poling field for indicated conditions
for PZT specimen in semi-log plot. (XBL 784-4890)
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If the poling field was kept at 3 kVImm for
poling times of 5, 10 and 20 min, Kp was found
to increase exponentially with temperature up
to 100Ge and reach a saturation value at l2Soe
(Fig. 3). Although the specimen poled at l25°e
and 3 kVImm for 20 min showed the same dissipation
current as the one poled at 1000e and 6 kV/mm
for 10 min, their respective coupling coefficients
were 0.56 and 0.62. These results suggest that
among the specimens poled above a certain elevated
temperature, the one poled at highest field can
reach the highest Kp value.

b

'":; 0.1
1>:

Poling Field :3 kv/mm Another effort was devoted to sintering large
PZT specimens because of their wider SUitability
for device applications and the advantages of
saving time, effort and expense during processing.
Nonnal sintering was used in this study. The
fabrication processes were the Saille as the con
ventional lnethod for fabricating thin dick speci
mens except that the uniaxial cold pressing step
prior to sintering was replaced by an isostatic
pressing step. The starting composition was
Pb(ZrO.52TiO.48~03 with l.wt% and 5 wt% PbO added
to provIde lIqUId phase smtermg and also to
supress PbO 'vapor loss. ExperDnents showed that
while high Zr concentration spots were found in
the central region of the rod-shaped specimen
with 1 w/o PbO, high Pb concentration spots were
found in the central regions of the rod-shaped
specimen with 5 w/o PbO. Both results can be
explained on the basis of thermodynamic behavior
~~d microstructural observations. It is suggested
that for this particular corrvosition, the amount
of excess PbO should be about 3 w/o in order to
obtain a dense homogeneous rod-shaped specimen.

12525 50 75 100
Poling Temperature ("C)

o :5min

/1 10
IJ 20

o

Q.
-'"

C
<l>
<.>

""OJ
0u

'"<::

Q.
:>
0

U
b
0
<::

0.1<>a::

Fig. 3. Variation of Kp with poling temperature
for indicated conditions for PZT specimen in s~ni-
log plot. (XBL 784-4886)
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1. Shu-Sheng Chiang, Poling Effect on Piezo
electric Behavior of PZT Ceramics, (M.S. thesis),
LBL-8004, June 1978.
2. S. Ikegami, I. Veda and T. Nagata, Electro
chemical Properties of PbTi03 Ceramics Containing
La and Mn, J. Acous. Soc. Am. 50 No.4, 1060 (1971).

10. WETTING, SPREADING AND REACTIONS IN eu-Ag
SYSTEJ\1

Paul Sharps and Joseph A. Pask

The phase diagram provides an explanation for
the corrosion of both composition substrates by
the eutectic liquid at 900°C. Initially, the
interface will attempt to reach chemical equili
briunl; at a given temperature the substrate will
then assune the solidus composition and the liquid
the liquidus composition. A pure copper substrate'
dissolves silver from t~e liquid which is not
the case for a solidus substrate. The liquid
of eutectic composition dissolves copper in either
case. The solution mechanisms would thus be
expected to be different. If sufficient tWle
is allowed, the whole system will reach the inter
face equilibriunl compositions.

The 900°C copper liquidus drop on the copper
solidus substrate at 900°C are in equilibriun,
and a symmetrical drop shape was expected.
However, upon running the experWlent the 1iquid
drop assumed a bell shape (Fig. 3). The micro
structure of the drop at room temperature consisted

400
Cu

Fig. 1.
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Sessile drop experiments were conducted to
study the effect on their configuration of various
types of chemical nonequilibria between the solid
and liquid. Reactions at the solid-liquid inter
faces caused by the nonequilibria conditions are
considered to lead to spreading. l The various
nonequilibrium and equilibriun conditions were
selected on the basis of phase diagram (Fig. 1).
The eutectic composition was melted on pure copper
substrates and on copper solidus substrates at
both 780 and 900°C, and the 900°C Cu liquidus
composition was melted on pure copper substrates
and on copper solidus substrates at 900°C.

The eutectic liquid spread on pure copper at
both temperatures. At 780 oe, the liquid was
saturated with respect to both copper and silver.
X-ray line scans and EDAX indicated that silver
diffused into the substrate. Thus, if the
substrate is unsaturated with respect to the
liquid, the solution reaction causes spreading.
At 900 oe, the substrate and drop were unsaturated
with respect to each other, and not only did the
silver diffuse into the substrate but the liquid
also dissolved the substrate uniformly along the
interface. The dissolution occurred more strongly
along grain boundaries. The liquid was also
observed to spread along the grain boundaries
of the substrate in the 900°C experw~nt. At
780°C? no such grain boundary spreading was seen,
thus In both cases spreading was attributed to
the reaction rather than to capillary penetration
along surface grain boundaries.

For the eutectic liquid on the Cu solidus
composition at 780°C, the system was in chemical
equilibrium and no evidence of a reaction at the
interface was evident. An equilibriun contact
angle should have formed. The liquid wet the
substrate, however, and showed capillary spreading
along surface grain boundaries with incomDlete
coverage of the grains (Fig. 2); thus no true
contact angle was seen. In consideration of the
fact that the phase diagram refers to bulk liquid
and solid equilibria, the liquid does not neces
arily have to be in equilibrium with grain bounda
ries, thus this factor can also be responsible
for flow along grain boundaries and hence spreading.
At 900°C, the liquid dissolved the solidus sub
strate uniformly, and also spread along surface
grain boundaries. From the present data, in
general, reactions at the interface and possibly
surface grab1 boundaries, and capillary flow along
grain boundaries by a wetting liquid are considered
to lead to spreading of a liquid on a polycrystal
Ime substrate.

Fig. 2. Edge of spreading of eutectic liauid
on copper solidus at 780°C (160X). (XBB 780-14734)



Fig. 3. Cross section of copper liquidus on copper
solidus at 900°C (14.5X) (XBB 780-14745)

of a primary copper rich phase and a fine two
phase eutectic structure. On heating and just
above the eutectic temperature of 780°C, a phase
composition of Cu solidus and eutectic liquid
fonned. The eutectic liquid wetted around the
periphery of the drop as described above,
separating from and leaving behind the solid pre
cipitates. On continued heating to 900°C, the
separated liquid approaches the equilibrium
liquidus composition by dissolving the substrate.
The liquid retained in the interstices of the
precipitated Cu solidus grains dissolves the grains
preferentially because of their higher surface
area. In the case of the Cu liquidus drops on
pure Cu substrate, bell shaped drops were also
observed. On heating to 900°C, the eutectic liquid
around the periphery dissolves substtate in order
to reach the liquidus composition as before. In
this case, however, the substrate shows greater
attack in the center portion of the interface
since it is preferentially dissolved because of
its higher Cu chemical potential.

1. Ilhan A. Al(say, Carl E. Hoge, and Joseph A.
Pask, Wetting Under Chemical Equilibrium and Non
equilibrium Conditions, J. Phys. Chem. 78 No.
lZ, 1178 (1974).

11. RESEARCH PLANS FOR CALENDAR YEAR 1979

Joseph A. Pask

a. Characterization of Phase Transformations
in the SiOZ-AlZ03 System

Studies will be made on the conditions under
which stable and metastable mullites are nucleated
and the kinetics of their grmvth. Specimens will
be characterized by electron transmission micro-
scopy, electron diffraction and x-ray diffraction.
The nature of grain boundaries will be explored
by high voltage electron transmission microscopy
and by electron microprobe.
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b. Mechanical Behavior

Internal friction measurements will be made
up to lZOO°C on polycrystalline compositions con
taining mullite/mullite, nlullite!~lZ03' and
AlZ03/AlZ03 grain boundaries. Correlations of
data will be made with mechanical behavior at
high temperatures.

c. Liquid Phase Sintering

Liquid phase sintering of alumina with anorthite
liquids will be made with the hot stage scanning
electron microscope. Parallel experiments will
be made on wetting and spreading. Correlations
of the SEM and sessile drop data will be made
with the microstructure development.

Sintering studies of TiC-Ni compacts both with
and without organic binders will be completed
this academic year. Kinetics and mechanisms are
being evaluated. Sessile drop experiments and
the hot stage SEM are being utilized to identify
the progressive sintering geometry and the mass
tansport mechanisms.

d. Refractories for Coal Gasification Processes

NSF support for a project entitled, "Structure,
Strength and Corrosive Resistance of Aluminum
Silicate Materials," will continue through part
of the calendar year. The project objective is
to determine the mullite-containing compositions
and microstructures that have the best capability
to resist corrosion by Hz-containing atmospheres
and to resit erosion conditions encountered in
coal gasification processes. Kinetics and
mechanisms of the corrosion processes encountered
by the different phases in a normal microstructure
will be studied. Mechanical behavior aspects
that will be followed are the correlation of micro
structure with strength in bending, strength in
compression, and mechanical toughness at lZOO°C.
A major effort is also being made to realize a
theoretically dense polycrystalline mullite by
pressureless sintering and to study the kinetics
of sintering.

e. Interfaces

Spreading, wetting and reactions at interfaces
at elevated ten~eratures between liquid glasses
and metals will be studied. Factors being ex
plored are the composition of the glass and the
use of alloys with two and three elements. Of
particular interest is the determination of the
conditions under which adherence occurs in these
complex systems.

f. Electronic Ceramics

Studies on the processing of PZT ceranlics with
an excess of PbO to control stoichiometry and
on the kinetics and mechanisms of the solid state
reactions to form PZ and PT will be continued.

Experiments on thick film conductors will be
completed this academic year. Factors that play
a role in the distribution of the phases that
provide electric continuity will be evaluated.
Studies on ZnO thin films are being initiated.
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Elizabeth K. Powell and Alan W.

During the present year diffraction,
scanning electron microscopy, surface area
measurements were our tools for product charac-
terization. Next we should be able to report
results from of transmission electron
microscopy, diffraction, and solution
calorDnetry as well.

1. A. W. Searcy and D. Beruto, J. Chem,
80 425 (1976) .

A. W. Searcy and D. Beruto, J. Phys. Chem.
g, 163 (1978) .

Introduction. A theoretical framework
for-the ~analysls of kinetics of decomposition
reactionsl ,2 predicts that rates
under certain conditions may upon the

and/or the pore geometry of the solid
reaction product, For this reason we have
in<:::n:;a,;irJ.g emphasis on coupling with our kinetic
studies measurement of of the solid
products of decomposition reactions as functions
of the temperature, reactant particle size and
product gas pressure, The properties of solid
products so far examined have to be very
sensitive to these variables, and
the possibility that solid materials
can be produced in forms of increased nrClr'ClC'Cl

value by manipulation of the processing variables
has become a major focus of some of our research.

1. THE EFFECT OF THE EXTENT OF COMPLETION OF
REACTION Al'ill OF TEJvlPERATURE ON TIlE RATE OF
DECOlvlPOSITION OF CaC03 SINGLE CRYSTALS IN VACUlJtvI

The general theory for decom~osition reaction
kinetics of Searcy and Beruto l , shows that
effusion of the gaseous reaction product through
the pores of a growing layer of solid product
may become rate limiting and that the thel1no
dynamic stability of the solid may influence the
reaction kinetics.

Fig. 1. Initial rate of weight loss of CaC03
single crystals and rates after 60 and 80% of
reaction as a function of temperature. Values are
uncorrected for changes in the surface area with

(XBL 7812,,6276)

We have measured the rate of decomposition
of calcite (CaC03) single crystals in vacuwn as
a function of temperature to determine if the
growing product layer has a measurable influence
either because of the increased effusion path
with time or because of a change in thermodynamic
stability of the solid as a consequence of a
strain-induced transition. 2

Figure 1 shows the initial rates and rates
calculated after 60% and 80% decon~osition on
the assumption that the total area of reaction
IS constant with time. Correction of these rates

"This work was supported by the Division of Materials
Sciences, Office of Basic Energy Sciences, U. S.
Dept. of

for the changes in area of CaC03 as the reaction
proceeds linearly inward from each surface causes
the rate measured after 60% decomposition to super
:impose almost exactly on the initial rate plot
while the rates measured after 80% decomposition
average some 50% higher. The apparent activation
enthalpies found from the three plots are 48.1,
49.1, and 50.7 kcal, which are equal within
probable experDnental error to each other and
to the value, 49 kcal, reported by Beruto and
Searcy for initial rates of CaC03 decomposition. 3

The coincidence in apparent activation enthal
pies measured through the first 80% decomposition
inlplies that the rate limiting step is unchanged
over that range of reaction. The near coincidence
in rates when corrected for area changes :implies
that the rate limiting process is a process that
occurs on or near the CaC03 interface with the



porous product layer and that neither effusion
of COZ nor desorption of COZ from the outer surface
of the porous CaO layer is rate limiting.

1. A. W. Searcy and Dario Beruto, J. Phys. Chem.
80, 4Z5 (1976).
~ A. W. Searcy and Dario Beruto, J. Phys. Chem.
~, 163 (1978).
3. D. Beruto and A. W. Searcy, J. Chem. Soc.
Faraday Trans. I, lQ, Z145 (1974).
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The measured fluxes in vacuum were only about
10- 5 times the fluxes predicted from equilibrium)
data for the reaction if the CaO product is not
in an active state and if each reaction step is
inherently reversible. The observations that
the decomposition rate is unaffected by the CO2
pressure in the range from 10- 4 Torr (the COZ
pressure that corresponds to the measured C02
flux in vacuum) to 10-1 Torr and that it is
independent of the thickness of the CaO layer
formed at each particle are also consistent with
the interpretation that the reaction has a highly
irreversible step.

Z. DiE EFFECT OF COZ PRESSURE ON THE RATE OF
DECOMPOSITION OF CaC03 POWDER

Jay Ewing, Dario Beruto, and Alan W. Searcy

The rate of decomposition of calcite powder
varies as a function of COZ pressure in a surprising
manner that so far defies our efforts to understand
in even the broadest terms. Some of our observa
tions appear consistent only with the interpreta
tion that a step of the decomposition is highly
irreversible and other observations appear consis
tent only with the interpretation that all steps
are inherently reversible.

Calcite powder with dimensions of the order
of three microns was decomposed at 1073 K in a
platinum basket suspended in a microbalance in
vacuum or at COZ pressures in the range from 10-1
to 9 Torr. At 700°C the equilibrium decomposition
COZ pressure is about 33 Torr. The rate of evolu
tion of COZ per unit area of the basket cross
section was essentially the same when a O.Z g
sample was used as when a 0.7 g sample was used.
But surface area measurements showed the powder
to decompose at a uniform rate throughout the
sample. Rates of COZ evolution (Fig. 1) were
similar both in vacuum and at various COZ pressures
to rates foynd for single crystals by Darroudi
and Searcy.
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Fig. 1. Flux of COZ evolved from CaC03 powder
(in mg/min per cmZ of cross sectional area) as a
function of COZ pressure. (XBL 785-5050)

On the other hand, the observations that the
rate of decomposition is the same per unit area
of basket cross section as per unit area of single
crystal and that the rate is independent of the
depth of the powder bed are seemingly consistent
only with the interpretation that a metastable
equlibrium is established for single crystals
and for powder that is relatively insensitive
to externally imposed COZ pressures in the low
pressure range, but sensitive to high COZ pressures.
The data that led to these perplexingly contra
dictory conclusions have been carefully checked.
Efforts to clarify this mysterious situation will
continue.

1. T. Darroudi and A. W. Searcy, MMRD Annual
Report for 1977, LBL-7355, p. 143.

3. THE EFFECT OF HIGH COZ PRESSURES ON DiE
MJRPHOLOGY OF C.aO PRODUCED BY CaC03 DECOMPOSITION

Jay Ewing, Dario Beruto, and Alan W. Searcy

In the Annual Report of last year hot pressing
experiments of Knutsen, Beruto and Searcy were
reported that showed evidence of considerable
condensed phase diffusion and sintering of CaO
at 900 to 1000°C when the CaO was formed by
decomposition of CaC03 particles in a hot press.
We have now proved that surprisingly high condensed
phase mobility results at temperatures as low
as 700°C if CaC03 is decomposed under C02 pressures
close to the equilibrium decomposition pressure
of if COZ is reacted with active CaO in the
absence of CaC03'

Figure I shows the variation of surface areas
of CaC03 powder samples as a function of their
fractional conversion to CaO when various relative
ly high pressures of C02 were present. At these
pressures the surface areas vary more erratically
with the extent of reaction than did surface areas
reported last year for lower C02 pressures. The
higher surface areas were found in runs in which
the rates also were higher than in other runs
made under nominally similar conditions.

Scanning electron microscope pictures of samples
decomposed at 6 Torr COZ pressures or less showed
angular CaO particles that appeared indistinguich
able from the original unsintered CaC03 particles.
Pictures of particles of CaO formed at 9 Torr
C03 pressure, however, showed that considerable
diffusion and sintering had occurred (Fig. Z).



113

5000

~ 4000
o
E

"-..
N

E
~ 3000
'-
<r
(j)
u
o

'<
'-

~ 2000

CO2 Pressure,
torr

o 1.5
\J 3.0
/:':, 4.5
o 6.0
o 9.0
® Vocuum-+9.0

Vacuum

o

To demonstrate that a reaction of CO Z with
active CaO can produce the mobility observed,
a sample of CaC03 powder was decomposed in a
vessel suspended in vacuum from a microbalance,
and 9 Torr COZ was introduced into the reaction
chamber. The sample gained weight equivalent
to 8 to 10 mole %COZ' SEM pictures of the cooled
product were similar to Fig. 2 and x-ray pictures
showed about 8% CaC03' We plan experiments to
determine whether the C02 dissolves in the CaO
lattice at 700° to form C03-Z ions or perhaps
forms a liquid eutectic.

o

o 4. EFFECT OF TEMPERATURE AND TIME ON TIlE SURFACE
AREA OF CaO PRODUCED BY DECOMPOSITION OF CaC03
SINGLE CRYSTALS IN VACUUNI

Elizabeth K. Powell and Alan W. Searcy

o
o

Sized powders of CaC03 with dimensions as small
as 40 vm yielded crystalline CaO. The transition
from the poorly crystalline to crystalline CaO
must occur by a diffusionless mechanism induced
by accumulated strain in the poorly crystalline

Surface areas found for the crystalline CaO
at 700° were about 107 mZjg compared to 95 found
for 3 V powders at the same ten~erature. The
small crosses of Fig. 1 designate s~les that
were held at 900°C for several hours after
decomposition was completed at the temperatures
indicated on the plot. Clearly, diffusion of
the CaO at 900°C in vacuum is insufficient to
cause significant reductions in surface areas.

Studies at Berkeley and at the University of
Genoa have shown that the decomposition of calcite
powder of cross sectional dimensions of the order
of 1 to 10 \.ll11 in vacuum yields a poorly crystalline
CaO formed into particles of the same apparent
dimensions as the initial calcite, but with very
high internal porosity.l A layer of the same
poorly crystalline CaO grows to a thiclcness of
the order of 15 to 30 V during decomposition of
single crystals of calcite but transforms in
thicker sections to highly crystalline CaO that
is oriented relative to the initial calcite
lattice. Z It was of interest to determine the
surface area of the crystalline CaO formed from
large calcite crystals for comparison with that
measured for powders: A lower surface area for
the product of large crystal decomposition would
indicate that formation of the oriented crystalline
CaO may occur by diffusion. A surface area similar
to that for the poorly crystalline CaO would
indicate that the crystallization is essentially
diffusionless.

Figure 1 shows surface areas measured for CaO
formed by decomposing large calcite crystals at
constant temperatures in the range 650 to 900°C.
The relative x-ray peak heights for various samples
showed that the CaO was always highly crystalline,
but was oriented in one of three different ways
relative to the initial calcite lattice. Similar
multiple orientations of CdO formed by CdC03
decomposition were recently described and analyzed
by others. 3 CdC03 and CaC03 have similar
structures.

CoO

CaC03 decomposed
(XBL 784-4840)

0.4 0.6 0.8
Mole Fraction CoO

o "'-__-L...__--'-__---'- .l.--_---'

CoC03 0.2

o

1000

Fig. 1. Surface areas vs. mole %
in various pressures of COZ'

Fig. 2. Scarming electron micrograph of CaO
produced from CaC03 decomposition in 9 Torr
pressure COZ' (XBL 785-3793A)



114

Powell and Searcy3 suggested that the initial
solid product of decomposition at low pressures
(the Knudsen cell conditions) may be a glass
like form of MgO (perhaps stabilized by water
dissolved to f01111 OIr ions). If so, the heat
of formation of partially decomposed Mg(OH)Z should
be significantly higher than predicted for mixtures
of Mg(OH)Z and normal MgO. Furthel~~re, surface
areas of the partially decomposed Mg(OH)Z should
be lower than predicted for mixtures of the
crystalline solids, and the mixtures of partially
decanposed should not give sharp MgO
diffraction patterns. Here are reported surface
area and crystallinity measurements as functions
of the extent of Mg(OH) 2 decomposition, the fonner
at several tenlperatures.

70~

Thomas A. Reis, David J. Meschi, and Alan W. Searcy

5. VARIATION OF SURFACE AREA AND CRYSTALLINITY
WITH EXTENT OF CO~WLETION OF THE REACTION Mg(OH)2~
MgO(s) + H20(g) IN VACUUM
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Fig. 1. Variation of the total BET surface area
of Mg(OH)2 powder with the n~le fraction of MgO
produced by isothermal vacuum deconlposition at
various temperatures. (XBL 78lZ-6275)

Decomposition rates become negligible when
the smnples still contain 5 to 15 mole %HZO,
as found by previous investigators. The total
molar BET surface area of Mg (OH) Z/MgO mixtures
produced by isothermal decomposition of Mg(OH)2
in vacuum is a lLnear function of the Inole
fraction of MgO product (Fig. 1) indicating (1)
that the initial MgO has the same molar surface
area as the present when reaction is cOInplete,
and (2) that sintering of MgO is negligible during
decomposition in vacuum. If a glass-like phase
is formed, it is stable throughout the decomposi-
tion as as the residual water remains in
the samples.

The x-ray diffractometer peak heights and full
width at half maxiJna (H'iIN) of the principal peaks
for Mg(OH)Z and MgO were measured with FeKa
(1. 937A) excitation as a function of tho mole
fraction of MgO (Fig. 2). Ine x-ray diffractometer
detection threshOld was at about 5% MgO, indicating
the aln~st immediate appearance of the product phase.

900

o

I ~jL--_~1__'---~~--'
700 800

60 '-----'-
600

Fig. 1. BET surface areas of CaO produced by
complete decomposition of calcite single crystals
at various temperatures. Circles indicate iso
thermal decompositions. Crosses indicate smnples
heated to 900°C after decomposition was complete.

(XBL 7812-6272)

CaO when its dimensions are of the order of 15 to
30 )Jill, as hypothesized earlier from observation
of the intermediate CaO layer during single crystal
decompositions. 2

Investigations of the thermal decomposition
of powdered brucite in vacuo, Mg(OH)Z(s) ~
MgO(s) + HZO(v) , were initiated in an attempt
to understand a difference of four orders of
Inagnitude in decomposition pressures of H20(v)
observed uring two different methods, the static
manometric method and the ICnudsen effusion
method, Z at the same temperatures. Ibis pressure
difference translates into about 8.5 kcal~nole
difference in the apparent free energy of the
reaction.

1. D. Beruto and A. W. Searcy, Nature 263, 221
(1976) .
2. D. Beruto and A. W. Searcy, J. Chem. Soc.
Faraday Trans. I, 70, 2145 (1974).
3. N. Floquet and--J. C. Niepce, J. Mat. Sci.
13, 766 (1978).
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Fig. 2. X-ray diffractometer principal peak
heights for MgO and Mg(OH)2 as functions of the
mole fraction of MgO produced by isothermal vacuum
dec~nposition at 310°C and 0.50 Torr. FMcITvl values
in parentheses. (XBL 7812-6273)

about 32±3 from about 5% to full decomposition.
These values are about a factor of ten larger
than those determined for MgO crystals
mortar-crushed to a fine powder was used
as a reference, and final peak heights were only
about 7% those of the single crystal fragments.

The lack of any Si~lificffilt reduction in f~
values after about two weeks continued heating
in vacuo at the highest decomposition temperature
used in this series of experiments, 345°C, compared
to the 20 hr required to complete the decomposition
at 310°C, indicates that if peak broadening is
a consequence of strain, the strain is not ~~._~"""/
annealed out. But Fig. 3 shows that heating to
600°C or higher for 10 to 12 hr causes sintering
that reduces the surface areas and increases
sample crystallinity.

Calorimetric measurements which should prove
whether or not the MgO formed in vacuum decomposi
tions has the high heat of formation predicted
by the Powell and Searcy hypothesis have been
initiated. The x-ray and surface area measurements
suggest that the product is not a glass, but rather
small MgO crystallites with water chemisorbed
as OW.

250 (j!) 500
(7)

1. W. F. Giauque and R. C. Archibald, J. Am.
Chem. Soc. 59, 561 (1937).
2. E. Kay and N. W. Gregory, J. Phys. Chem. 62,
1079 (1958)
3.. E. K. Powell and A. W. Searcy, J. Anl. Ceram.
Soc. 61, 216 (1978).

The FM~ values for MgO measured for samples
decomposed at 310°C were relatively constant at

Fig. 3. Variation of the MgO principal peak height
and the BET surface area with the annealing
temperature. MgO produced by isothermal vacuum
decomposition of Mg(OH)2 powder at 310°C and
0.50 Torr. Annealing times of 10-lZ hr were used
at each temperature. R~~ values in parentheses.

(XBL 7812-6274)

6. ACTIVE CALC IUM HYDROXIDES*

If CaC03 or Ca(OH)Z is decomposed in dry
nitrogen [at 700°C or above for CaC03 or 460°C
for Ca(OH)Z] the product is ordinary CaO, which
reacts slowly on exposure to water or water vapor
to form ordinary crystalline Ca(OH) z. Decomposi
tion of powdered CaC03 at 700°C in vacuum or of
powdered Ca(OH)Z at 300 to 400°C in vacuum yields
poorly crystalline calci~n oxides with a surface
area of 70 to 95 m2jg for the carbonate product

Dario Berllto, G. Bell~ri, L. Barco and Alan W.
Searcy

Beruto and Searcy showed that the poorly
crystalline, high surface area form of CaO produced
by decomposition of calcite in vacuum reacts with
moisture to yield a poorly crystalline form of
Ca(OH)2, which undergoes an exothermic transition
to normal crystalline Ca(OHJ2 when heated to about
300°C.l We find that nonnal Ca(OH)2 can be used
as the source of a poorly crystalline Ca(OH)2
which has properties so far indistinguishable
from that fOlmd by Beruto and Searcy. We will
call these poorly crystalline solids active cal
cium hydroxides because they react more readily
with C02 than does crystalline Ca(OH)Z' Here
we report work carried out at Berkeley ffild at
the University of Genoa, which establishes the
conditions under which active calcium hydroxides
are formed using either CaC03 or ordinary Ca(OH)2
as the starting material.
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and 95 to 100 mZ/g for the product of hydroxide
decomposition. Both of these oxides react very
rapidly with water or water vapor at room tempera
ture. If the partial pressure of water vapor
to which either oxide is exposed at room tempera
ture is 15 to Z5 nM, ordinary crystalline Ca(OH)Z
is produced with surface areas less than ZO mZ/g.
But if the partial pressure of water vapor is
about 4 mm, poorly crystalline Ca(OH)Z of surface
areas of the order of 30 to 45 mZ/g is formed.

The active hydroxi~e produced from either
initial starting material transforms to normal
Ca(OH)Z at about 300°C with a decrease in surface
area to 10 to ZO mZ/g.

SEM pictures show that the reduction in surface
area that accompanies the exothermic transformation
to ordinary Ca(OH)Z is correlated with a crack
healing process. SEM examination also shows that
at high water partial pressures crystalline Ca(OH)Z
grows on the surface of the poorly crystalline
CaO while at low partial pressures the dominant
reaction proceeds with little change in shape
of the porous CaO particles.

We conclude that the active forms of Ca(OH)Z
are produced only if a poorly crystalline form
of CaO is the starting material and if the partial
pressure of water is relatively low. At higher
water pressures ordinary Ca(OH)Z forms by solution
of CaO in an adsorbed film of water followed by
precipitation. The data strongly suggest the
surprising conclusion that active Ca(OH)z forms
by diffusion of water into the active CaO at room
temperature.

*Work performed in part at Berkeley under sponsor-
ship of U. S. Department of Energy and in part
at Laboratorio di Chimica, Facolta di Ingeneria,
University di Genova, Genova, Italy under partial
sponsorship of the Centro Studi di Chimica e
Chimica Fisica dei Materiali del CNR.

1. D. Beruto and A. W. Searcy, Nature, Vol. Z63,
No. 5574, pp. ZZl-ZZZ, (1976).

7. THE VAPOR SPECIES ABOVE Li3P04 AND K3P04

Guido Gigli and Alan W. Searcy

The ions produced by electron bombardment of
the vapor above lithium phosphates have been
reported by Buchler and Stauffer and by
Steblevoskii and coworkers, but insufficient
information was obtained to identify the neutral
vapor species that are the parents of these ions.
No information about the vapor above K3P04 has
been available. We have measured the appearance
potentials for ions produced from Li3P04 vapor,
have measured ion intensities at several tempera
tures, and have measured the influence of a porous
alumina barrier on relative ion intensities. We
obtained some data also for K3P04 vapor. Several
interesting conclusions can be drawn:

a. The appearance potentials and the relative
Ion llltensities (02+ intensities were not measured)

116

are those expected if the major vaporization reac
tion is Li3P04(s) '" ZLi(g) + LiP03(g) + l/ZOZ(g).

b. LiPOZ, POZ and PO are brrportant molecules
of the neutral vapor of Li3P04'

c. From relative intensities of LiP03+, LiPOZ+,
PO+, and POZ+ and known heats of atomization of
PO and paZ, the heat of the reaction LiP03(g) ~
LiPOZ(g) + O(g) is calculated to be lZZ±Z kcal.
This value is cmlsistent with the heat required
to break the p-o bonds in PO and paZ, 141 and
lZ9 kcal, respectively.

d. Our K3P04 sample (which had a crystal
structure unlike any we could find) vaporizes
incongruently to yield K(g) + l/ZOZ(g) + a
condensed phase enriched in PZ05' K3P04(g) is
present in the vapor at a concentration of the
order of 3 x 10- 3 times the concentration of K(g) .

8. HIGH TEMPERATURE SURFACE DIFFUSION OF COPPER

David J. Meschi and Alan W. Searcy

For some fcc metals, such as copper and nickel,
the surface diffusion coefficient is an~malously
high near the melting point.l,Z Bonzel has
attempted to explain this behavior of the diffusion
coefficient for copper on the basis of highly
mobile dimer and trimer adsorbed species. But
if we assume equilibrium between monomers and
dimers, and use Drowart and Honig's4 value of
46 kcal/mole for the bond energy of CUZ, then
the concentration of CuZ is found to be lower
than that of Cu by a factor of about 10. Thus
polymers do not appear to be the dominant diffusing
species.

We have explored an alternate model that
supposes adsorbed molecules to vibrate with
energies consistent with the Boltzmann distribu
tions and with random angular distributions. This
n~del differs from previous models in that it
treats both jump distance and jump frequency as
functions of the adsorption energy.

Mobile adatoms are bound to the surface by
a potential which can be conventiently expressed
as a Morse potential:

Z
V(Z) '" Vo(l-e- az) - Vo .

Vo is the depth of the potential well, Z is the
coordinate normal to the surface and a is a param
eter which can be determined from Va and the
vibrational frequency in the Z direction. The
mobile adatoms are then Morse oscillators, with
the period of oscillation, i.e., the jump time,
given by the relation,

1 _ EZ
--.-::::.-----,l'/""Z ' where ~ - -V '
V (l-~) 0o
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EZ being the energy associated with the Z direction,
and Va the vibrational frequency at low (or zero)
energy.

The intrinsic diffusion coefficient of these
species is expressed in the usual form,

R. G. Gretz, and R. L Jaffee (McGraw Hill, New
York,1969).
3. H. P. Bonzel, Surface Sci. Zl 45 (1970).
4. J. Drowart and R. E. Honig, Phys. Chem.
§l, 980 (1957).
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where £ is the jump distance, and n the jump
frequency. For the model we propose both n and £
are functions of or ~, so the relation becomes,

_ 1 2- IT (T)(Vn )

Here VII is the velocity in the plane of the sur
face and is not correlated with T. Although both
T and vll increase with temperature, this circum
stance of itself cannot account for the increase
in the diffusion coefficient at high temperatures.

For cop~er at 1300 K, Da is found to be about
4 x 10-4cm sec-I, when Va is taken as 14 kcallmole,
which is approximately the mean bond energy of
copper.

Alan W. Searcy

Our general theoretical model for interpreting
the kinetics of decomposition reactions will be
tested against data for three carbonates each
of which shows different behavior from other
two: CaC03, SrC03, and BaC03' For SrC03, no
decomposition kinetic data have been available,
and the studies will concentrate on the behavior
of single crystals in vacuum. For CaC03, a closed
system is being used to investigate the rate of
decomposition at COZ pressures closer to the
equilibrium decomposition pressure than is practi
cal by the usual weight loss methods. For BaC03
which decomposes to BaO traversed by pores of
several vm diameter, the effect of particle sizes
larger and smaller thffil these pore diameters on
decomposition rates in vacuum will be studied.

Fick's equation can be used to find the flux
in the x direction:

where Ca is the concentration of the mobile
species. To evaluate Ca we assume that the mobile
adsorbed species are in eqvilibrium with the vapor
and obtain Ca = 3 x 105cm-Z.

The temperature dependence of Da Ca/Cs' which
is determined in the main by the last exponential
in the expression for Ca , is calculated to be
67 kcallmole, in good agreement with Bonzel and
Gjostein's value of 68 kcal/mole. 3

Then Ds ' the diffusion coefficient measured
by Bonzel and Gjostein,2 should be equal to
Da CalCs where Cs is the conce~%ration of atoms
in the surface layer, about 10 atm/cm2. At
1300 K, for copper Da Ca/Cs is approxlinately
10-13cm2sec-l, compared with Bonzel and Gjostein's
n~asured value of approximately 10-4cm2sec-l.

We have initiated mass spectrometer studies
of the catalysis by high temperature surfaces
of the interconversion of S03 and SOZ and of the
decomposition of metal sulfates. Both studies
are directed to significant theoretical questions
and both may yield insights of value in solving
the practical problems of r~noval of sulfur
containing molecules from gas mixtures.

Because the properties of the porous solid
product of a decomposition reaction may differ
substantially from those of the nonnal equilibrium
product and because these properties may influence
the decon~osition kinetics we have initiated trans
lnission electron microscope studies of the struc
ture, particle size, and particle orientation
of SrO from SrC03 and are collaboratlllg with
Gareth Thomas on a slinilar study of the CaO from
calcite decomposition. Because there is experi oo

mental evidence that the solid products of decom
position reactions are sometimes formed by a
cooperative process rather than by the steps of
diffusion and interface transfer as assumed in
our general model, we have undertaken a cooperative
effort with Anthony G. Evans to develop a model
for strain induced transitions in such systems.

-D
aJ

Thus our model predicts the temperature
dependence of surface diffusion well but gives
a poor prediction of the magnitude of the diffusion
coefficient. The features of our model that are
unique do not appear to be responsible for this
discrepancy. Evidently a major aspect of surface
diffusion kinetics is not yet understood.

Measurements of the heats of solution of
partially and fully decomposed Mg(OH)Z and of
mechanical mixtures of well crystallized Mg(OH)Z
and MgD have been initiated. The calorimetric
data should establish whether or not the anomalous
ly low HZO decomposition pressures measured for
Mg(OH)Z can be explained as a consequence of a
highly unstable MgO product.

1. N. A. Gjostein, Surfaces and Interfaces. I,
Edited by J. J. Burke, N. L. Reed, and V. Weiss
(Syracuse Univ. Press, Syracuse, NY, 1967).
Z. H. P. Bonzel and N. A. Gjostein, Molecular
Processes on Solid Surfaces, Edited by E. Drauglis,

In 1978 we showed that some 8 mole %CO2 will
react with the CaO which is formed by decomposing
CaC03 in vacuwn at 700°C and that in consequence
extensive sintering results. Experlinents are
planned for 1979 which will test whether the COz



dissolves in the metastable CaO phase, or promotes
sintering by some other mechanism.

10. 1978 PUBLICATIONS AND REPORTS

Alan W. Searcy and Associates

Journals

1. Alan W. Searcy and Dario Beruto, The Kinetics
of Endothermic Decon~osition Reactions: II.
Effects of the Solid and Gaseous Products, J.
Phys. Ch~n. ~, 163 (1978).

2. Gary Knutsen and Alan W. Searcy, Characteriza
tion of the Gaseous and Solid Products of Aluminum
Sulfate Deco~osition, J. Electrochemical Society
125, 327 (1978).

3. Elizabeth K. Powell and Alan W. Searcy, The
Kinetics and Thermodynamics of Decomposition of
Dolomite to a Metastable Solid Product, J. Am.
Ceram. Soc. ~l, 216 (1978).

4. Alan W. Searcy and Dario Beruto, Response
to Comments on "Kinetics of Endothermic Decomposi
tion Reactions: II. Effects of Solid and Gaseous
Products," J. Phys. Chern. ~, (1978).

5. James A. Roberts, Jr., Nathan S. Jacobson
and Alffil W. Searcy, Kinetics of Transport of C02
through Porous CaO and BaO formed by Carbonate
Decomposition, J. Chern. Phys. 69, (1978).

LBL Reports

1. Jay Ewing, Effect of C02 on the Oxide
Decomposition Products of Calcite, (M.S. thesis),
LBL-8003, June 1978.
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2. Nathan S. Jacobson, Gas Flow through Porous
Barriers, (M.S. thesis), LBL-8283, October 1978.

3. Ming-Der Huang, David J. Meschi, and Alan
W. Searcy, Thermodynamic Properties of SeS Gas,
LBL-8076, September 1978.

4. Jay Ewing, Dario Beruto, and Alan W. Searcy,
The Nature of CaO Produced by Calcite Powder
Decomposition in Vacuum and in C02' LBL-83l2,
October 1978.

Technical Talks and Conferences

1. Gary F. Knutsen, Dario Beruto, and Alan W.
Searcy, Catalytic Sintering of CaO by C02 Gas,
Am. Ceram. Soc., Detroit, MI, May 6-11, 1978.

2. David J. Meschi and Alan W. Searcy, Surface
Diffusion of Copper at High Temperatures, Pacific
Conference on Chemistry and Spectroscopy, Am.
Chem. Soc., September 27-28, 1978.

3. Jay Ewing, Dario Beruto, and Alan W. Searcy,
Effect of C02 on the Oxide Decomposition Products
of Calcite, 31st Pacific Coast Regional Meeting,
Am. Ceram. Soc., San Diego, CA, October 25-27,
1978.

4. Thomas Reis, David J. Meschi, and Alan W.
Searcy, Dependence of Surface Area and Crystal
linity of MgO on the Fraction of Brucite (Mg(OH)2)
Powder Decomposed, 31st Pacific Coast Regional
Meeting, Am. Ceram. Soc., San Diego, CA, October
25-27, 1978.
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d. Structure and Electrical Properties of Composite Materials"

Robept H. Bpagg, Investigatop
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By the end of CY 1976 we had completed kinetic
studies and established that GC actually graphitizes,
i.e., undergoes a significant increase in apparent
crystallite size (Fig. 1) and a decrease in inter
layer spacing tending toward the 0.335 nm character
istic of crystalline graphite, with an activation

Fig. 2. Arrhenius graph derived from Fig. 1.
(XBL 765-6906)

L Il'ITRODUCTION

The objective of our research on carbon materials
is to understand the structure and properties of the
class of elemental materials called hard carbons,
so called because they are difficult to graphitize.
In sharp contrast with the other major class, the
graphitizable or soft carbons, these materials do
not appear to experience significant grain growth
even when heated to 3000°C in inert atmosphere, the
basic graphitic layers remain disordered, and the
material remains the basic graphitic layers remain
disordered, and the material remains mechanically
hard. We chose Glassy Carbon (GC) as the most suit
able model material for study, because it is obtain
able in chsnically pure, monolithic form and there
fore can be used in a wide range of physical prop
erty measurements. It also has numerous specialty
technological applications and is available commer
cially from several manufacturers in the U. S.,
Japan, France, Germany and the U. K. Glassy Carbon
is made by heating a phenol-formaldehyde-furfural
thermosetting resin in inert atmosphere to temper
atures up to about 1000°C. During this treatment
various gases--H20, benzene, ethane, methane, and
ultimately hydrogen--are evolved and what remains
is a shiny, low density, brittle black solid which
fractures conchoidally, ergo the term Glassy Carbon.
The solid resin from which GC is made is transparent,
with a faint reddish or~nge color and has a specific
gravity of about L 3. The overall shrinkage during
subsequent carbonization is large, but because of
the concomitant mass losses the resultant GC only
attains a specific gravity of about 1.5 compared to
2.28 for single crystal graphite. This material is
therefore highly porous but nevertheless is phys
ically very hard, and has a compressive strength as
high as 414 MFa (70,000 psi).
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Superposition of crystallite size via time
(XBL 765-6902)

170 '-----'----cc:'-::c------'--~~---l.-.--::_::
o 100 200 300

*This work was supported by the Division of Materials
Sciences, Office of Basic Energy Sciences, U. S. Dept.
of Energy.

Fig. 3. Electrical conductivity of glass carbon
heated at 2400°C for 2 hr. (XBL 765-6907)
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VOID GROWTH IN
GLASSY CARBON
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. 5. Arrhenius graph of S/V aJmealing kinetics.
(XBL 776- 5642A)

ink

ration, S/V, which is derived from the small angle
x-ray scattering, in tel~S of in the total
internal surface area. This internal surface area
is inaccessible to gases (i.e., closed porosity) but
is enormous, ranging from abo\lt 1100 m2/cm3 for
1000°C HIT to about 500 m2/cm3 for 2700°C HIT. The
kinetics of S/V decrease were found to be first or
cler with an activation energy of 64 ± 10 kcal/mole
(Fig 5). This is not far from 70 kcal/nillle, the
migration energy of vacancies in the a-direction in
crystalline graphite. Inus our present belief is
that the surface area kinetics are related to a pore
rnQr'~pr)iy1CY mechanism, in which smaller pores close
and larger pores expand decreasing the total speci
fice surface area. However, as cliscussed in the
followlng article 2 the total porosity change, which
is non-kinetic, is believed to result mainly from
anisotropic thermal expansion which causes thennal
stresses at pore edges and subsequent pore opening.
This mechanism is known to operate in polycrystalline
graphite giving rise to Mrozowski cracks. The lat
tice imaging pictures clearly reveal a tangled in
terwound lath-like structure reminiscent of macaroni,
with the "macaroni" consisting of 5 to 10 graphitic
layers having a spacing of about 0.34 run apart (see
Fig. of the following article 3). The picture also
shows why extensive grain growth caml0t occur, and
in fact the concept of grain gro~~h in the tradi
tional sense is meaningless for GC. In addition it
was clear that the pores necessarily are slit-shaped
and should open easily when high thermal stresses
occur.
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energy of 215 ± 40 kca1/mo1e (Fig. 2). This is
suggestively close to the 260 kcal~nole generally
accepted as the "apparent" activation for the
graphitization of soft carbons. We had found
that GC has electrical properties very similar to
those of amorphous semiconductors. The conductivity
o has con~onents attributed to temperature indepen
dent boundary scattering, Mott-type hopping conduc
tion, and near helium temperatures a Kondo-like In
T dependent component (Fig. 3). The magnetoresis
tance fl,p/p, measured in magnetic fields H up to 5.0
Tesla, was found to be qlways negative, a single
valued function of H/TI / 2, and to increase in abso
lute values with increasing heat treatment temper
ature up to 2800°C (Fig. 4). One cell show that a
negative magnetoresistance will be associated with
unpaired electron spins and also a paraInalSIlEjt:LC
susceptibility, even GC also exhibits a dia-
magnetism of the SaIlill of magnitude as that of
crystalline graphite. Some of the
would be sDnplified if the mobility w the charge
carriers varies as T-I/2, for then apart from the
negative sign fl,p/p proportional to (H/T1/ 2)2 follows
directly. However, only a few measurements of the
Hall effect were made, so the temperature dependence
of w was not obtai.ned, and the lowest temperatures
reached in measurements was 10 K, so it was not
clear that fl,p/p saturates as would be expected for
paramagnetism.

Not long after the end of CY 1977 an extensive
investigation of the pore structure of GC was also
completed. By combining simple density measure
ments, small angle x-ray scattering and lattice
imaging in the electron microscope considerable in
sight into the structure and dynaInics of structural
change was obtained. Density measurements of GC
subjected to various Heat Treatment Temperatures
(HTT) for various Heat Treatment times (HTt) showed
that the density decreased as ~ITT was increased
above 1000°C, but did not change appreciably once a
given HIT was reached (see Fig. 1 of the following
article 2). Since mass losses for temperatures
above 10000e are negligible it follows that the
total porosi.ty is a non-kinetic It thus be-
CaIne possible to interpret the surface to volume

Fig. 4. Magnetoresistance of glass carbon heated at
2400°C for 2 hr. (XBL 765-6927)
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The work on in-situ composites (i.e., direction
ally solidified eutectics) was discontinued with the
completion of one lVI.S. thesis which clarified the
interphase relationships in the AI-CuAl? eutectic,
and another which verified that the thennal expan
sion of the directionally solidified AI-CuA12 eutec
tic is anisotropic, as expected, but also showed
unexpectedly that the thennal expansion increases
as the interlamellar A decreases. While
the field of in-situ composites has technological
importance (especially for jet engine applications)
and one has barely scratched the surface of the
basic science of this field a decision was made to
concentrate the efforts of our group on carbon lnate
rials where our prior experience is much greater
and the threshold of significant breakthroughs
seems to be much closer.

2. DENSITY DECREASE AND MROZOWSKI CRACKS IN GLASSY
CARBON

R. H.

It is well knO\Yn that when GC is heated above its
carbonization temperature, a large density decrease
occurs. As sho\Yn in . 1 when GC is heated above
1000°C the density decreases from 1.5 g/on3 to about
1.33 g/cm3 when heated to 2700°C. Detailed time,
dependent measurements show that the density decrease
is non-kinetic, i.e., depends only upon the maximum
temperature reached. In our experiments heating
rates in the range 50-100°C per minute were employed.
It has been suggested that the density decrease is
caused by defonnation under pressure gen-
erated within closed porosity by desorption and
continued pryolysis of the resin precursor. l However,
it is felt that since our GC has been equilibrated
at 1000°C, the pyrolysis is Virtually complete and
the density decrease is mainly caused by an irrever
sible opening of cracks caused by thennal mismatch.
The data of Fig. 1 Cill! then be analyzed as follows:

1.6..-~~~--~-,~~--~·~~----~

DENSITY OF
GLASSY CARBON

p

(gm/cc)
1.4

HTt ~ 10 Hours

1.2~ L-,_~__LoI ~ -d

1000 1500 2000 2500 3000
HTT ("C)

Fig. 1. Density of glassy carbon heat treated at
various t~nperatures. (XBL 776-5644)

Consider a mass m of volume 10
3 which increases to

~ Ll1) 3 upon being heated to a temperature T. 0

that the Ll1 \~lich is observed is a
pennanent defol111ation not removed when the material
cools to room temperature, and no mass loss occurs.
Then a simple calculation shows that the initial
density Po and the after heat treatment p
are related by

1
p

Let the thel1na1 e:A1Jansion be given by
Ll1/1 ~ Thus upon appropriate substitution
and rearrangement

The data of Fig. 1 have been replotted accordingly
in Fig. 2 first vs. I~"T, and vs. IfrT minus 1000°C.
Clearly LIT c, HTT minus 1000°C from which a mean
thermal expffilsion coefficient a ~ 22.9 x 10-6/ oc
is obtained. For comparison we note that in graph
ite cy,c '" 26.5 x 10-6/ oC and CY.a'" 1.5 x 10-6;oC.
Thus we suggest that there is no need to invoke a
gas pressure induced mechanism to explain the den
sity decrease; it follows logically from anisotropy
in the thel11lal expansion. In GC the evidence is
strong that we merely deal with an extreme case of
~ITozowski cracks, well known to occur when poly
crystalline graphites are heated above their baking
temperature.
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Fig. 2. Thermal expansion analysis of density
decrease of glassy carbon. (XBL 7812-6300)

The implications of this analysis are far reach
ing. One is that the thermal rupturing will produce
cracks and expose new dangling bonds. Thus the in
crease in the absolute magnitude of the negative
magnetoresistance Llp/ p with increasing 1m is readily
explained. Another implication is that Llp/p should
have little dependence on ~ITt unless the porosity
becomes open enough to admit atmospheric gases which
tie up the unpaired electron spins. A third is the



GC 1000

o GC plate

D. GC *J ,normalized to 002 peak of GC plote

122

possibility that mechanical stress can collapse the
pores, i.e., that grinding will produce a density
increase in GC. This is discussed in the following
article 3.

1. D. B. Fischbach and M. E. Rorabaugh, 13th
Biennial Carbon Conference, Irvine, CA, July 1977
(post deadline paper).

3. MICROSTRUCTURE AND VOID COLLAPSE IN GLASSY CARBON

D. Baker and R. H. Bragg
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It has been found that spots which could only
arise from crystalline material are often o~sZrved
in the electron diffraction patterns of GC.' How
ever, these spots have only been reported when the
GC specimens were thinned by crushing; when thinned
by ion milling they are not observed. It was hypo
thesized that the spots caused by diffraction from
nonequilibrium forms of carbon resulting from occa
sional flattening of the wrinkled layers seen in Fig.
1. If thisis correct then one would expect that pro
longed severe grinding would produce enough flat
sheets that eVen the x-ray diffraction line profiles
would become sharper.

Fig. 1. Lattice image of glassy carbon.
(XBB 788-7454)

To test this hypothesis several properties of GC
1000 were compared before and after grinding in a
vibratory ball mill (kindly performed by Dr. David
L. Kantro, Research Laboratory, Portland Cement

Fig. 2. Diffraction patterns of GC, as received and
wet ground. (XBL 7810-6029)
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Fig. 3. Porod graph of small angle scattering by
glassy carbon. (XBL 7810-6031)
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Association, Skokie, Illinois). The results are
tabulated below:

Watcr or
Particlc Bulk kerosenc Helium

size dens it)' density dens it)'
Material Treatment ~ (g/on3) (g/on 3) (g/on 3)

GC Plate None monolithic 1. 53 1. 53 1. 53
GC Itl ground in 1,1',1- 1-5 0.59 1. 53 1. 98

trichloreothane
GC #2 ground dry 3-8 0.57 1. 53 1. 9.\

3.55

0<1:

N3.50
o
o

"

Interlayer spacings of heat treated glossy
(XBL 7812-6298)
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carbon.

The GC plate has no appreciable porosity access
ible even to helium gas but clearly the grinding has
opened some pores to helium. It was found that the
wide range patterns of the two ground specnnens were
nearly identical, but as shown in Fig. 2 the grind
ing has caused small but significant structural al
terations. However, the small angle scattering
patterns are far more informative. In Fig. 3 curves
of log intensity vs. log sine, "Porod plots," are
shown. In this plot the slope at large angles is
diagnostic; the steeper the slope the more spherical
the shape of the voids. The major effects of wet
grinding have been to reduce the particle size as
shown by the very strong double Bragg scattering, and
open some pores to helium. Dry grinding on the other
hand, as shown by the flatter slope, has produced an
even more slit-like pore structure. It appears that
stresses large enough to collapse the GC microstruc
ture on the scale of 100 A can occur under certain
conditions of grinding. This may also be achievable
in a mechanical test.

Fig. 2. Wide range diffraction patterns of glossy
carbon and graphite. (XBL 7812-6297)

the profile distortion owing to low specimen absorp
tion was insignificant for GC 1200 and GC 2700, but
this has been found to be erroneous. Recent work
has shovm that the shift in the 002 peak position
is significant and must be taken into account, 111e
order in which the corrections are applied is of
primary nnportance. The effects of these corrections
are illustrated here.

1. R. R. Saxena, The Structure and Electrical Prop
erties of Glassy Carbon, LBL-5l29.

2. A. G. ~Vhittaker and B. Tooper, 11th Biennial
Conference on Carbon, Gatlinburg, TN, July 1973.

4. ANOMALOUS LARGE LAYER SPACINGS IN GLASSY
CARBON

L. G. Henry and R. H. Bragg

In previous work, Saxena (LBL-5l29, 1976) pre
sented measurements of the interlayer spacings of GC
1000 heated in the range 1000 to 2700°C. In this
work (Fig. 1), values of d002 greater than 3.50 A
were reported for HTT less than l500°C, whereas it
is generally accepted that the interlayer spacing
of fully carbonized materials does not exceed 3.44
A. Figure 2 shows x-ray diffraction line profiles
for GC 1000°C and a polycrystalline graphite. From
the uncorrected data it would appear that the inter
layer spacings for GC 1000 and GC 2700 are 3.75 A
and 3.49 A, respectively. However, as reported pre
viously the line profiles of GC typically reqUire
extensive corrections. The techniques developed to
correct for the distortions caused by Compton scat
tering, strong small angle x-ray scattering, Lorentz
polarization, and the variation of the atomic scat
tering factor were employed in previous work, but
the correction for low specimen absorption seems
to have been applied incorrectly. Bose and Bragg
(LBL-6648, 1978) reported that the correction for
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In the present work it can be shownl ,2 that the
line profile corrected for the distortion caused by
the deep penetration of the x-ray beam is given by

A g(2B) = A [h(2B) - 2:.;[, (2B)]2
0

,

y "om

to that of soft carbons. The degree of graphitiza
tion reached for a given heat treatment is usually
greater than that estimated from d002 derived from
uncorrected line profiles.

where: A = area of x-ray beam, ]l = linear absorption
coefficient, g(2B) = x-ray line profile for a very
thin specimen, h(2B) = sin2B I(2B)/AR, I(2B) = mea
sured line profile, y = 2]lR/sinB, h' = dh/d2B and
R = source- specimen distance, and 2Bm is the mea
sured 2B.

1. D. T. Keating and B. E. Warren, Rev. Sci. Instrwn.
23 519 (1952).

R. H. Bragg and C. M. Packer, Rev. Sci. Instrum.
1202 (1963).

R. H. Bragg

5. GRAPHITIZATION IN SOFT AND HARD CARBONS
(CURRENT STATUS)

(2) The pore stlvcture of hard carbons coarsens
with an activation energy about equal to
that of vacancy migration in graphite layers.

It appears that GC, a~d presumably hard car
bons in general "graphitize" with about the
same activation energy.

(1)

It is worthwhile to swrunarize what we feel to be
the current situation in carbon materials based
upon results reported in CY 1976, CY 1977 and those
reported herein:

(c)

24 26 28
28
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Fig. 3. Effect of correction on x-ray line profiles.
(a) Raw data; (b) corrected for low specimen absorp
tion, Compton scattering and small angle scattering;
(c) corrected for Lorentz polarization and atomic
scattering factor. (XBL 7812-6299)

(3) Negative magnetoresistance Dl hard carbons
probably results from unpaired electron
spins.

(4) The dens ity decrease which occurs when GC is
heated is caused by the opening of "Mrozowski"
cracks via irreversible anisotropic thennal
expansion.

The effect of applying the corrections on the re
gion near the 002 reflection are shmm in Fig. 3.
Panel (a) shows the uncorrected data replotted front
Fig. 2. Panel (b) shows the data after correction
for low specimen absorption, Compton scattering and
small angle scattering, and panel (c) shows the
results after (b) has been corrected for Lorentz
polarization and atomic scattering factor variations.
It can be seen that the two peak positions, initial
ly quite far apart in (a), have moved almost into
coincidence in (c). 1ne implications of Fig. 3 are
sW1Marized below.

We believe that in both (1) and (2) the values we
obtained are slightly low because of our prior in
ability to bring samples to temperature quickly, or
to quench rapidly. Item (1) is a lnajor advance in
unifying our knowledge concerning the response of

carbons to heat treatment, and item (2) is the
time that a gross measurement such as small

angle x-ray scattering has been used to characterize
the motion of point defects.

6. RESEARCH PLANS FOR CALENDAR YEAR 1979

_~. Uncorrected (a) First correction(b) Total correction(c)

The implications of these results are far-reaching.
It seems likely that in fully carbonized hard car-
bon materials all d002 spacings reported to be .
greater than 3.44 are l.n error. That IS, the basIc
structural order in hard carbons is very sDnilar

GC 1000··1
GC 2700-2

3.7SA
3.40A

3.70 A
3.47 A

3.44 A
3.43A

Robert H. Bragg

Our research plans for CY 1978 had to be altered
early in the year because of the premature voluntary
tennination of one graduate student, Ms. Showchia
Ho, and the award of the Ph. D. to another Dr. S.
Bose, considerably ahead of the time anticipated. It
seemed a good time to correct two basic problems
that have long plagued our work, a leaky Dewar and
a cumbersome high temperature furnace. The Dewar
has been completely dismantled and previous solder
joints replaced by welded construction. Also, the
entire low temperature electrical transport property
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measurement apparatus had to be moved to another
room in Bldg. 62. It is expected that the relocated
reassembled facility will be operational early in
CY 1979. With the repairs on the Dewar ten~eratures
as low as 1.2 K should be achievable. The heat
treatment furnace has been redesigned to include a
preheat chamber and a multi-sample selector so that
many samples can be brought simultaneously to the
same rITT, but quenched individually at arbitrary
BTt without opening the furnace. The experiments
planned for CY 1979 are as follows:

(1) Graphitization Kinetics. A new lot of GC
material, ordered early in CY 1978 was finally re
ceived near year end. Enough samples will be heat
treated to obtain kinetic data of d002, Lc and La
over the temperature range 1000-3000°C. Recent ex
perience with computer analysis of the raw x-ray
data, and by maldng use of the Canberra electronics
available on one x-ray machine most of the labor as
sociated with the accwnulation and data reduction is
eliminated. The objectives here are to (a) refine
the value for the highest activation energy to deter
mine if it is identical with that of graphitization
in soft carbon~"(b) use the value thus determined
to ascertain if a single activation energy can be
used to characterize processes occurring below
2200°C, and (c) separate size and strain c~nponents
in the x-ray line broadening data because we suspect
that the apparent crystallite size changes are most
ly caused by failure to eluninate the strain contri
bution to x-ray line broadening. This work will be
the M.S. thesis of a new student, Mr. L. G. Henry.

(2) Electrical Properties. Enough of the samples
heat treated in (1) will be measured to resolve sev
eral basic questions raised earlier. These are (a)
does 6P~P saturate.for large ~/T, (b) do~s ~ vary
as T-l! , and (c) 1S the hoppmg conductlOn com
ponent in GC really independent of HTT as it now
appears. Earlier we found that the H/Tl/2 depend
ence of 6p/p is not obeyed below 2200°C rITT, and
in the same region the Kondo mechanism occurs. We
will obtain data accurate enough to remove this
component analytically and detennine if the data
recalcut7zed "ithout this component will show that
the H/T law holds independent of 1ITT . We are
also hopeful that a colleague can be pursuaded to
make some paramagnetic susceptibility measurements
on selected materials for a direct comparison with
6p/p. Finally we will try to derive at least a
plausible explanation of functional dependence of
6p/p, jf it turns out that ~ indeed varies as r l / 2.
This work will be the Ph. D. thesis of Mr. D. Baker.

(3) Void Growth Kinetics. Samples heat treated
in (1) will be measured accurately for density and
S/V; the former to refine the thermal expansion
hypothesis discussed in article 2 and the latter to
refine the S/V kinetics, expecially for HTT less
than 2200°C. It is intended to conduct parallel
S/V measurements on pyrolytic graphite, a soft car
bon, to detennine if there is a discontinuity in
the kinetic law at about 2200°C which seems to be
the case for virtually all studies reported to date.
Some attempts will be made to densify previously ex
panded GC by sDnple compression in a mechanical test
ing machine. The small angle x-ray scattering mea
surements will be made in the ONRL 10 -meter Small
Angle Scattering Facility. We have already built a
carousel for use there which will enable us to

charlge smnples quickly without breaking the system
vacuum, &id this take advantage of this facility
which reduces the time to collect data by a factor
of about 100.

(4) The Phenomenon of Graphitization. Graphiti
zation is the phenomenon of ordering in carbon mate
rial in which an interlayer spacing d002 of 0.344 nnl
is taken to represent completely random stacking of
A, B and C layers in the faulted graphite lattice,
and 0.335 nm is taken to be characteristic of the
perfect ABAB ... stacking sequence of hexagonal
graphite. Many studies of many other properties in
cluding crystallize size, dim11agnetic susceptibility,
creep, and of course d002 have Sh01Vfi that:

(a) for!{fT below 2200°C different properties
seem to be characterized by different kinetic laws.

(b) for BTT > 2200°C all properties seem to be
characterized by the sameKInetic law. This seems
to be borne out in our own work. The "apparent"
activation energy for this process is about 260
kcal/mole.

~~lat is disquieting about this situation is (a)
the graphitization process seems to set in abruptly
at 2200°C, and (b) the activation energy is about
twice the bond energy for carbon. It has been sug
gested that the currently accepted carbon phase
diagram is in error, and in fact a phase transforma
tion to another form of graphite occurs at about
2200°C at one atmosphere pressure. This might ex
plain many observations because after heating dis
ordered carbons above this temperature some of the
material would subsequently tralsform back to ordi
nary graphite. We plan to do some experiments in
which material previously heated above 2200°C is
subsequently given prolonged heat treatments at
lower temperatures. It is generally considered that
all defects except layer stacking disorder are an
nealed at ten~eratures below 2200°C. Consequently
our experiments should provide indirect, but strong
evidence for or against the phase transformation
hypothesis. We are also giving some thought to doing
in-situ direct x-ray measurements at t~nlperature to
search for the phase transformation.

(5) Our intention to begin work on graphite
intercalation compounds still exists. Much depends
upon whether an appropriate Postdoctoral Fellow can
be pursuaded to join us.

7. 1978 PUBLICATIONS ANTI REPORTS

R. H. Bragg and Associates

Journals

1. R. R. Saxena and R. H. Bragg, Electrical Con
duction in Glassy Carbon, J. Non-Crystalline Solids
~, 45 (1978).

2. S. Bose, U. Dahmen, R. H. Bragg and G. Thomas,
Lattice Image of ~~C Glassy Carbon, J. Ceram. Soc.
.£:1:, 174 (1978).
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3. S. Justi and R. H. Bragg, Tensile Properties
of Directionally Solidified Al-Si Eutectic, Met.
Trans. A. 9A, SIS (1978).

4. S. Bose and R. H. Bragg, Small Angle Scatter
ing Investigation of Oriented Voids in Pyrolytic
Graphite, J. Appl. Phys. 49, 2916 (1978).

S. R. R. Saxena and R. H. Bragg, Kinetics of
Graphitization in Glassy Carbon, Carbon 16, 373
(1978). -

LBL Reports

1. Sudhangshu Bose, Pore Structure and Growth
Kinetics in Carbon Materials, LBL-7638, Ph.D. thesis,
April 1978.

Presentations

1. R. H. Bragg, Kinetics of Void Growth and Defect
Annealing in Glassy Carbon, 5th London International
Carbon and Graphite Conference, London, September
1978.

2. M. Linville, D. Baker, and R. H. Bragg, Effect
of Grinding on Diffraction Patterns of Glassy Carbon,
Anerican Ceramic Society, 31st Pacific Coast Regional
Meeting, San Diego, October 1978,

3. S. Bose and R. H. Bragg, Kinetic Processes in
Glassy Carbon During Graphitization, American
Ceramic Society, 31st Pacific Coast Regional Meeting,
San Diego, October 1978.

4. S. Bose and R. H. Bragg, Analysis of X-ray
Patterns of Porous Carbon Materials, American Ceramic
Society, Basic Science Division, Fall Meeting,
Gaithersburg, November 1978.

2. Dennis F. Baker, Ther Thermal Expansion of S. R. H. Bragg, Structure and Annealing in Carbon
Directionally Solidified Al-CuA12 Eutectic, LBL-7682, Materials, University of Ife, Physics Colloquim,
M.S. thesis, June 1978. Tfe, Nigeria, July 1978.
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PHYSICS

1" Experimental Solid State Physics

Paul L.

Fig. 1. Infrared absorption spectrum of CO on
nickel film. (XBL 7812-13211)

1. INFRARED SURFACE SPECTROSCOPY

Robert B. Bailey, Shirley Chiang, Takeo Iri and
Paul L. Richards

A low temperature thermal detection scheme
has been developed and combined with the techniques
of Fourier transform infrared spectroscopy to
measure vibrational spectra of molecules adsorbed
on metal surfaces. A small doped germanium thermo
meter is attached directly to the sample to detect
the ten~erature increase which occurs when infrared
radiation is absorbed. To achieve the necessary
sensitivity, the sample is cooled to 1.6 K.
Between infrared measurements the sample can be
cleaned, heated, and exposed to gas molecules
to produce a variety of chemically different sur
face states. Initial experiments on po1ycrystal
line nickel films show that adsorbed carbon
monoxide molecules undergo transitions between
three distinct bonding configurationa as the sample
temperature increases from 77 to 350 K.

The largest signal detected in the infrared
absorption spectrum of a metal surface is from
the conduction electrons. Vibrational modes of
adsorbed molecules contribute absorption peaks
which are a small fraction of this smooth back
ground absorption. The advantage of our thermal
detection technique is that the background signal
is smaller than the signal detected in conventional
reflection spectroscopy, making the experiment
less sensitive to noise sources which modulate
the total signal.

1700 1800 1900 2000 2100
FREQUENCY l1/CMJ

2200

Our first measurements have been made on thin
metal films evaporated on single crystal A1203
substrates. The sample is mounted in an ultra
high vacuum chamber with a base pressure of 10-10
Torr and is coo~~d to 1.6 K by a liquid helium
filled cold finger. Resistive heating can be
used to raise the sample temperature during evapora
tion and gas exposure. When the heater is turned
off, the low heat capacity sample cools rapidly
so that the high temperature chemical state is
preserved during the low temperature spectral
measurements. Argon ion bombardment is used to
clean the sample surface. A reference spectrum
of the clean metal is subtracted from the data
on surfaces of interest to distinguish surface
absorptions from other spectral features.

Figure 1 shows four different measurements
of the infrared spectrum of carbon monoxide mole-

*This work was supported by the Division of Materials
Sciences, Office of Basic Energy, U. S. Dept. of Energy.

cules chemisorbed on a polycrystalline nickel
film. The metal film was evaporated at a sample
temperature of 77 K, exposed to CO gas at the
pressure 2 x 10- 5 Torr for several minutes, and
then cooled to 1.6 K for the infrared measurements.
The initial spectrum (T ~ 77 K) shows a strong
CO stretching vibration at 2108 em-I, a weaker
one at 1970 em- , and many sharp lines from
atmospheric water vapor present in the spectrometer.
Subsequent spectra of the same sample were measured
after heating the crystal to successively higher
temperatures for one minute intervals. The CO
absorptions shift to lower frequencies as the
temperature is increased. They also decrease
in intensity as molecules desorb from the surface.
At intermediate temperatures the low frequency
vibration grows in strength at the expense of
the high frequency line. At T ~ 350 K a third
vibrational mode appears at 1820 em-I

Each of the three absorption lines is associated
with a distinct bonding configuration between
the carbon monoxide molecule and the nickel
surface. Chemical interactions with the metal



and dipole-dipole coupling to other nIDlecules
detennine the displacement of the observed vibra
tional resonance from that of the free molecule
at 2143 em-I. The strength of these interactions
depends upon surface coverage, and this causes
the line shifts observed as molecules desorb from
the surface.

The high frequency spectral line in Fig. 1
is generally attributed to a molecule bonded weakly
to a single nickel atom. Vibrations occur at
lower freqlJencies for stronger chemical bonds
and for adsorption sites which involve two or
more nickel atoms. Thermally induced changes
in the absorption spectrum provide a measure of
the activation energy for desorption and for
transitions to different bonding configurations.

To identify the bonding sites which produce
the observed infrared absorption on polycrystallL~e
films, we have begun measurements on oriented
single crystal samples. Nickel (111) crystals
a few microns thick have been gravID epitaxially
on sodium chlori.de substrates to provide the low
heat capacity samples required bi our detection
scheme.

Our thennal detection technique is pres~ntly
sensitive to absorptions of one part in 10 of
the incident radiation in a spectrum covering
the frequency range from 1000 to 3000 cm- l with
a resolution of 2 em-I. Published infrared
reflection measurements1 have achieved this
sensitivity level only at lower resolution and
over much narrower spectral rw~ges. With antici
pated improvements the absorption technique shOUld
approach the sensitiVity of electron e~ergy loss
spectroscopy2 which can now detect 10- monolayer
of carbon monoxide, but with a spectral resolution
of only 80 cm,·l. Broadband infrared spectra with
both high resolution and high sensitivity can
be used to identify many different molecules and
to study their interactions on metal surfaces.

1. A. M. Bradshaw and F. M. Hoffman, Surf. Sci.
513 (1978).
H. Ibach, H. Hopster, and B. Sexton, Appl.

Surf. Sci. l, 1 (1977).

2. A NEW MEASUREMENI OF THE NEAR-MILLIMETER
SPECTRUlvl OF TIIE COSMIC BACKGROUND RADIATION

David P. Woody and Paul L. Richards

New measurements of the emission spectrum of
the night sky have been ~ade in the frequency
range from 1.7 to 40 cm- using a fully calibrated,
liquid-heliwn cooled, balloon-borne spectrophoto
meter. The residual atmospheric contributions
to the spectrum measured at an altitude of 41 km
were removed by fitting and subtracting a sbnple
atmospheric model. The results show that the
spectrlJTIl of the cosmic background radiation peaks
at 6 em-I and is approximately that of a 3 K
blackbody out to several tbnes that frequency.
However, the data show deviations from a sbnple
blackbody curve.

128

Previous measurements l of the cosmic background
radiation (CBR) have sholID that its spectrunl is
approxbnately that of a 3 K blackbody over the
frequency range from 0.02 to 17 on-I. Tllese
observations have been instrumental in establishing
the Big Bang theory of cosmic expansion as the
accepted model of the universe. In its most
el~nentary version this theory predicts a black
body spectrwn for the CBR. The experimental
results reported to date, however, have lacked
the accuracy required to detect deviations from
a Planck curve as large as 20%. We report here
an observation of 1he CBR in the frequency range
from 2.5 to 20 cm- with a flux accuracy of better
than 10% of the peak flux of a 3 K blackbody at
6 em-I.

The apparatus used for this experbnent was
an bnproved version of the balloon borne Fourier
spectrophotometer developed for our previous
measurement of the near-millwleter CBR, which
is described in refs. 2 and 3. The sensitivity
was increased by an order of magnitude over that
of our previous system by the use of a 3He cooled
composite bolometer. 4 Improvements were also
made to the antenna by the use of a Winston con
centratorS to define the ~ 7° field of view on
the sky and by the addition of a large earthshine
shield.

The cryostat containing the antenna and the
spectrometer was mounted in a gondola with the
required telemetry and launched fr~n Palestine,
Texas by the National Center for Atmospheric
Research (NCAR) at 1940 CDT on iI'lay 3, 1977. The
gondola was suspended 0.6 km below the 8.5 x 10 5 m3
balloon and was free to rotate about the vertical
axis. Three hours of data were obtained at a
float pressure which varied from 2.0 to 2.4 mbar.
The mean pressure was nearly a factor two less
than for our previous measurement because of our
use of a larger balloon.

A total of 30 separate interferograms were
measured: 15 at a zenith angle of 25°, 5 at 36°,
5 at 43° and 5 for characterizing the instrument.
In order to optbnize the signal-to-noise ratio
on low resolution features, approximately 60%
of the time was spent obserVing features wider
than 1.0 cm- l and 40% at resolutions between 0.13
and 1.0 cm- l The individual interferogrmns were
convolutionally phase corrected for Iblear and
quadratic phase errors, averaged i\.n groups according
to zenith angle, and Fourier tr~nsformed to obtain
spectra.

The spectrophotometer was calibrated after
the flight using a low temperature blackbody source
inserted approxbnately halfway dOIYl1 the antenna.
Spectra were measured with calibrator temperatures
of 5.44, 10.34, and 20.14 K. Spectra of the 300
K room measured before and after the flight agreed
within 3% and, when corrected for detector satura
tion effects, were consistent with the cold black··
body calibrations. The zero level was detennined
both in the laboratory and during the flight by
obsel~ing a cold blackbody immersed in the liquid
helium bath. The instrumental responsivity ob
tained from these spectra is shown in Fig. lea).
The low frequency response is lWlited by the wave
guide cutoff from the 0.13 em diameter exit
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in Fig. l(b). The broad contribution from the
CBR is seen to peak at 6 cm- l and to decrease
at higher frequencies, even before corrections
are made for the atmospheric line emission which
dominates the spectrum above lZ cm- l . The
atmospheric contribution to the night sky emission
was removed by fitting a model of the line emission
to the observed spectrunl. The model was the sc@e
as that described in Ref. 1 with the addition
of updated 0z line parameters6 and corrections
for Doppler and Zeeman broadening. 7 The only
free parameters in the model were the colwJm densi
ties of the three constituent gases at a zenith
angle of 25°. These were determined to be
Z.76 ± 0.16 x 101'7 HZO/cmZ, 1.72 ± 0.14 x 1017
03/cm2, and 1.09 ± 0.15 x 10Z2 02/cmZ. The fitted
0z colunm density agrees with the value calculated
using the knO\Vll lnixing ratio of 21% and prOVides
a check that the calibration is correct to within
7%. Since the fit to the atmospheric model was
dominated by the narrow features above 15 em-I,
the fitted colwnn densities were unaffected by
the presence of the broad CBR. The response of
the instrunlent to the atmospheric emission cal
culated from this model is shmVll in Fig. 1 (c) .
In the region where the atmospheric emission is
less than that from the 1.67 K reference ten~eature,
the response is negative.

The reponse of the instrument to the emission
of the night sl0,[ at a zenith angle of Z5° is shown

The antenna pattern was evaluated by diffraction
calculations and by Ineasurements on prototype
systems. 3 Measurements made during previous
flights of the apparatus showed that the detected
emission from the earth and the antenna is less
than 1% of the peak flux from a 3 K blackbody. Z
The details of these measurenillnts and the calibra
tion procedure will be reported in a more extensive
publication.

Fig. 1. (a) Calibration of the flux responsivity
determined from the response of the instrument
to a cold blackbody. (b) Observed response to
the night sl'Y emission. (c) Calculated response
to the atmospheric emission, including the effect
of the 1.67 K reference blackbody. (d) and (e)
Response to the CBR at two different spectral
resolutions obtained by subtracting (c) from (b).
The measured spectrum of the CBR sho\Vll in Fig.
Z is obtained by dividing the response data (e)
by the flux calibration (a). (XBL 789-5875)

aperture in the Winstron concentrator, while the
high frequency response is rolled off by a
Fluorogold~l filter. The features apparent at
low frequencies are a result of mode structure
in the anterula. The net estimated error for the
calibration was ± 10% at Z cm- l decreasing to
+5 and -8% above 10 cm- l . The sources of error
included are calibrator temperature and emissiVity,
the effect of a varying liquid helium level in
the optics, detector noise, and the stability
of bolometer, preamp, and telemetry systems.

The integrated flux of the CBR obtained from
our measurement is equal to that from the

2.96 ~:~~ K blackbody curve which is shown as a

dashed line in Fig. 2. However when the fit is

Figure 2 shows the ± 1 0 error linlits of the
measured CBR flux for a triangular resolution
function with ~l on- l FW~l. The observed night
sl'Y emission before subtraction of the atmospheric
contribution is also sho\Vll for comparison.
Inlportant sources of error include essentially
random detector noise, nearly random atmospheric
fitting errors and calibration errors which are
strongly correlated over the spectral range. The
error limits sho\~ in Fig. 2 are rms sums of these
three sources of error treated as if they were
random. The present sIl,ectrum is consistent with
our preVious results2,3 and with the work of
vuehlner and Weiss9 at the 90% confidence level.

The most striking feature of our data is the
qualitative agreement with a sin~le Planck curve.
The agreement covers nearly a decade in frequency
and extends from the Rayleigh-Jeans to the Wien
part of the spectrwn. This qualitative result
is extended two decades further towards the
Rayleigh-Jeans limit by inclusion of the microwave
datal also sho\~ in Fig. 2.

The response of the instrwnent to the CBR
(corrected to a zero K reference temperature)
which remains after subtracting l(c) from l(b)
is shown at resolutions of 0.Z8 cm- l and 1.79 cm- l
in Figs. led) and lee). The quality of the
atn~spheric Inodel can be judged by noting that
the nns residual above 20 cm- l , where the CBR
is expected to make a negligible contribution,
is comparable to the detector noise and is small
compared with the observed spectral intensity.8
The flux spectrum of the CBR is obtained by
dividing lee) by l(a).

504020 30
Frequency (em-I)

10o



Fig. 2. Measured spectrum of the cosmic background
radiation plotted as ± 1 0 error limits assuming
that all contributions to the error are random.
There are gaps in the data at the frequencies
of strong atmospheric emission lines where the
errors become very large. For comparison we also
show the raw emission spectrum of the night sky
from an altitude of 41 km without any correction
for atmospheric anission, as well as the spectrum
of the 2.96 K blackbody which fits the measured
integrated flux, and selected microwave and optical
measurements of the CBR. A significant portion
of the error in the measured CBR arises from un
certainty in an essentially constant calibration
factor, so is strongly correlated over the
spectrum. A complete analysis which includes
these correlations shows that there is a 5 0
discrepancy between the measured curve and the
best fit blackbody. The statistics of the fit
are dominated by the frequency range 3 to 11 cm- l
where the atmospheric correction is small.

(XBL 789-5876)

analyzed using a maximum likelihood method in
which the correlations in the calibration errors
are included, the measured spectrum deviates from
the Planck curve by 50. It varies smoothly from
~ 10% above the 2.96 K Planck spectrum at 6 cm- l
to 20% below it at 11 cm- l .

The spectral shape and measurements at different
air masses put severe constraints on possible
local sources of the deviation. It is seen in
all of the scans (which cover - 1.7 sr of the sIcy)
and thus the possibility of a few bright sources
is eliminated. It does not fit a power law
spectrum and its magnitude is much larger than
the continuum emission expected from the apparatus,
the earth,or galactic dust clouds. The spectra
measured at different zenith angles and float
pressures place an 85% confidence limit on the
deviation not being atmospheric in origin. It
could not arise from errors in the correction
for known atmospheric constituents which is small
for v < 11 cm- l . No significant structure of

the type expected for molecular emission is seen
jn the deviation at resolutions down to 0.13 em-I.
Water vapor dimers and wings from high frequency
lines, which may be present at mountain-top and
airplane altitudes, are completely negligible
at the 2 mbar float pressure of our measurement.
Common types of interferometer ghosts were also
shown to be negligible.

The simplest cosmological models of an expanding
universe predict blackbody radiation based on
very few assumptions. These models fail, however,
to predict many gross features of the universe.
Reality is clearly more con~licated. Deviations
from the Planck curve are expected at some level
and their observation is of highest importance
for the refinement of cosmological models.

Compton scattering of the CBR by "hot" electrons,
radiation d~ing of turbulence, and annihilation
of matter and antimatter are some of the mechanisms
which could lead to deviations from a blackbody
spectrum. 10 In the limit of few scattering events
the expected spectrum is a superposition of
Planckian spectra which can be characterized by
a Rayleigh-Jeans temperature TRJ and the fracr~onal
energy transfer U from the matter to the CBR.
In the limit of many photon conserving scattering
events the spectrum is characterized by a Bose
Einstein distribution with a finite chemical
potential~. The net result of these mechanisms
is to scatter low energy photons to higher energy
and hence to shift the peak in the spectrum to
higher frequencies. The above models do not fit
the data as well as a simple Planck curve. The
fit is degraded by 10 for U > 0.03 or ~ > 10-17
ergs. The result for U places a limit on the
energy exchange between the photons and an optical
ly thin hot plasma. This limit is 3% of the energy
in the CBR at the time of interaction.

The data are consistent at the 80% confidence
level, however, with a two parameter curve with
the shape of a 2.79 K blackbody, but an emissivity
of 1.27. 11 The possibility of a constant per
centage error in the calibration curve has been
carefully considered. No possible source of such
an error has been identified. If it had occurred
it would destroy the agreement of our data with
the accepted column density of 02' The addition
of the microwave data to the fits has little effect
on the values of the fitted parameters and, in
particular, does not improve the limit on U given
above. 13

In conclusion, the data reported here confirm
the thermal character of the CBR at a temperature
of - 3 K and definitely show the peak in the
spectrum at 6 cm- l and the decrease out to 24 cm- l
where the intensity has dropped by a factor of
10. The measured upper limit to the flux at
24 em-I places a useful limit on the flux from
widely distributed cosmic dust. The data however
do not fit a simple Planck curve with a single
temperature, and the nature of the difference
is not consistent with likely mechanisms that
are expected to produce deviations. The existence
of any such deviation is of cosmological signifi
cance. Further theoretical work and observations
at both microwave and near millimeter wavelengths
are desirable.



The authors are greatly indebted to many persons
for assistance with this experiment. This work
was a continuation of earlier experiments in which
J. C. Mather and N. S. Nishioka were coauthors.
Their earlier work and continuing support were
invaluable. Professor K. A. Anderson provided
the gondola and nearly ideal telemetry equipment.
Mr. J. H. Primbsch gave invaluable assistance in
all areas in the art of ballooning, Mr. S. C.
McBride helped with the launch, and the NCAR staff
at Palestine, Texas, provided us with a successful
balloon flight.

1. For a collection of data previous to this
work see L. Danese and G. de Zotti, Rivista del
Nuovo Cimento 7, 277 (1977).
2. D. P. Woody, J. C. Mather, N. S. Nishioka
and P. L. Richards, Phys. rev. Lett. 34, 1036
(1975). -
3. J. C. Mather, P. L. Richards and D. P. Woody,
IEEE Trans. Microwave Theory Tech. 22, 1046 (1974).
4. N. S. Nichioka, P. L. Richards and D. P. Woody,
Appl. Opt. 17, 1562 (1978).
5. R. Winston, J. Opt. Soc. Am. 60, 245 (1970).
6. The calculated 02 line strengths were provided
by Ramesh Kakar of the Jet Propulsion Laboratory,
Pasadena, California.
7. H. J. Liebe, G. S. Gimmestad and J. D.
Hopponen, IEEE Trans. Antennas and Propagation
AP-25, 327 (1977).
~e excellent agreement between the atmospheric
model and our observations shows that the measure
ments reported by E. I. Robson et al., Nature
251 (1974), which are incompatible with the model,
must be regarded as erroneous.
9. D. J. ~1uehlner and R. Weiss, Phys. Rev. Lett.
30,757 (1973).
TO. Y. B. Zeldovich, A. Z. Illarionov and R. A.
Syunyaev, JETP 35, 643 (1972).
11. It has been suggested that a change in the
value of Planck's constant with time might
influence the spectrum of the CBR. This specula
tion is based on the assumption that the photon
occupation number is determined by the value of h
when the CBR was last thermalized, while the
density of states in the observer's reference 12
frame is determined by the present value of h .
A 27% increase in the value of h since the CBR
photons were last in equilibrium with matter would
be required to fit the data.
12. P. D. Noerdlinger, Phys. Rev. Lett. 30, 761
(1973) .
13. A weighted average of the microwave data
gives a temperature of 2.65 ± 0.8 K (see Ref. 1),
but x2 = 10 for 20 degrees of freedom which
indicates that the published errors are not
statistical. According to the X2 test, blackbodies
with temperatures which range from 2.44 to 2.92 K
are consistent with the microwave data.

131

gas can populate bound states at the gas-liquid
interface. Electrons in the gas are attracted
to the surface by an electrostatic image potential
arising from polarization of the liquid helium
and any external electric fields which are present.
In the absence of external fields the spectrum
of bound states is hydrogenic with an ionization
energy of 159 GHz.

We have used a precisely machined cylindrical
metal cell partially filled with liquid helium
as a controlled environment in which to study
this system. We have done a self-consistent
electrostatic screening calculation to determine
the depth of helium in the cell, the total charge
populating surface states, and the distribution
of charge on the surface from the AC capacitance
between the planar bottom of the cell and a
cylindrlcal insulated region on the top of the
cell. ~TIen a field of several hundred volts per
centimeter is applied across the cell the frequen
cies of transitions between bound states are
shifted into the far infrared.

We have used a C02 pumped methyl alcohol laser,
an electric field modulation technique, and an
InSb hot electron bolometer to measure the spectrum
of transitions from the ground state to various
excited states as a function of the electric field.
The laser light is introduced into the cavity
through a Winston light concentrator. It bounces
around randomly;, and .is; sampled through a second
Winston·concentrator which conveys it to the
detector. The electric field is swept linearly
in time and modulated at 20 kHz. The resonances
observed in the 20 kHz detector signal are shown
in Fig. 1. The laser light is also chopped at
100 Hz and the 100 Hz detector output is used
to normalize fluctuations in laser power.
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3. FAR INFRARED SPECTROSCOPY OF ELECTRONS ON
THE SURFACE OF LIQUID HELIUM

David K. Lambert and Paul L. Richards

It is known that free electrons which approach
the surface of superfluid liquid helium from the

Fig. 1. Derivative of the absorption of 525.4 GHz
laser light as a function of applied electric
field. The electronic surface charge density
varies from 2.6 x 10 7 to 9.2 x 10 7 e1ectrons/cm2
as the field is increased. The transitions are
identified by the changes in the quantum number.

(XBL 7811-6164)
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4. FAR INFRARED SKY SURVEY*

A one-meter balloon telescope has been asssnbled
at Berkeley which is designed to survey the sl(f
in seven bands between 10 and 3000 )Jln. The system
has a beam size of 16 arc-min and a limiting sensi
tivity of a few flux units. The sensitivity will
remain high for extended sources up to several
degrees in size. In its initial phase the survey
will cover the northern sl(f from -ISOto + 75 0

latitude. The prDilary scientific goal of this
project is to measure the temperature, emissiVity,
and distribution of extended cool dust clouds.
A catalogue of all far infrared sources observed
will be prepared.

A schematic diagram of the gondola is shmvn
in Fig. 1. The gondola will be suspended from
a 1. 5 x 105 m3 balloon at a zenith angle of -45°
and rotated at -2 rpm. A minDnum of 4 observations
of each point in the scanned region of the sl(f
will be obtained with 24 hr of balloon flights

-4
10

Fig. 2. Spectral transmittance of a low pass
filter made from A1 203 antireflection coated with
polyethlyene, as weIl as SrF2, LiF2' and carbon
black dispersed in polyethylene. The falloff
of this filter is considerably faster than the
dashed line for (frequency)-2. (XBL 7812-6230)
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The control we have over all experunental
variables allows us to extract quantitative transi
tion frequencies and line shapes without being
plagued by the systematic uncertainties in previous
experiments. Our data thus far agree well with
calculations done by O'Connell using the model
described above and the vVKB approxDilation, but
there are significant differences which should
yield information about the region of transition
between the bulk liquid and the gas. We are also
analyzing the absorption line shapes (using a
nwnerical model of the electrostatic field in
our absorption cell) in the hope that this will
yield information about collective effects at
high surface electron densities.

We are planning to explore a number of different
physical situations with this apparatus. The
bound-state energies are expected to increase
if the depth of the helium pool is reduced
sufficiently that the electrostatic contribution
of the bottom of the cell becomes important.
Larger binding energies are also expected for
electrons on hydrogen or neon. Also, if a magnetic
field on the order of 10 kG is applied parallel
to the helium surface, correlated excitations
in the electron liquid or solid become much sDilpler
to observe and interpret.

Fig. 1. Configuration of gondola. (XBL 7510-7473)
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Table 1. System parameters.
===c===c===

1. Telescope area:

2. System throughput:

3. Detector dimensions:

4. Beam diameter:

5. Rotation period:

6. Pulse length from point source:

7. Noise bandwidth:

8. Dark electrical holometer NEP:

9. Optical efficiency:

10. Background radiation:

0.086 sterad cm
2

4 x 4 mm

16 arc-min

27 sec at 45° zenith angle

30 ms

12 Hz

2 x 10-15 \,/~

0.16 - 0.24 (including filters

and bolometer absorption)

E = 0.02 to 0.06 depending on

band, T = 235 K

Table 2. Background limits for NEP and NEF in various frequency bands
for a 24-hr survey with a throughput of Af/, = 0.086 sterad cm2
and a background characterized by the eA~ected ~nissivity and
efficiency of the survey instrument at altitude.

3 - 37 0.027 0.24

3 - 38 0.035 0.24

3 - 166 0.03 0.24

3 - 330 0.021 0.20

455 - 618 0.025 0.16

742 - 1279 0.06 0.24

Frequency Band
, [cm- l ]

3 - 17

Emis
sivity

E

0.027

Efficien
cy

0.20

NEP [H/~] NEF 2
NEF

(referenced H/cm Flux

2.0 10-15
4.7 x 10-l i , 11

(bolometer
limited)

4.2 x 10-15
8.3 x 10-14

5.3

1.8 x 10-14
3.0 x 10-13

11

4.3 x 10-14 8.5 x 10-13 14

7.8 x 1.9 x 10-12 16

9.9 x 10-Ii, 2.9 x 10-12 60

2.8 x 10-13 5.5 x 10,--12 3~'

from the latitude of Palestine, Texas. The orien
tation of the gondola is determined from magneto
meters, an N-slit photomultiplier star finder
system, and rate gyroscopes.

The f/l parabolic primary mirror and the hyper
bolic secondary mirror are made from diamond
turned, copper coated aluminum. The top-looking
cryostat cools the entire region behind the hole
in the primary mirror. A hexagonal array of
Winston concentrators is used to convey radiation
fro the f~cal plane, through filters, to the seven
canposite bolometric detectors. l Since hot stars
have infrared spectra which vary as frequency
squared, the filters for this experiment must
have very good near-infrared rejection. The
spectral transmittance of one of our low (frequency)

pass filters is sho\Vll in Fig. 2. In order to
achieve background limited sensitivities, it is
necessary to cool the detectors below the tempera
ture of the main helium bath which is in equili
brium with the ambient pressure at the flight
altitude of 30 Ian. The bolometers are attached
to a small 4He bath which is punlped by cooled
activated charcoal to obtain an operating tempera
ture of 1.0 K. The operating parameters of the
telescope system are given in Tables 1 and 2.

supported in part by National Aeronautics
and Space Association.

1. N. S. Nishioka, P. L. Richards and D. P. Woody,
Appl. Opt. 12, 1562 (1978).
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The unstressed detectors were either mounted
inside a small shiny brass integrating cavity
with a 1 mm diameter entrance aperture as shown

The wafers were annealed for 30 min at 200°C in
argon to remove implantation damage and to activate
the boron. A 1 vrn layer of gold was sputtered
onto the p+ contact surfaces. Detectors with
dimensions of 1 x 1 x 3 mm were cut with a wire
saw. TIle four bare surfaces of each detector
were chemically polished as described above. Pure
indium solder was used to mount the detectors
on 6 mm lengths of 1 mm diameter steel drill rod.

Low temperature, low background tests were
performed in the helium temperature black-walled
box shown schematically in Fig. 1. A small black
body source and a 150 Hz tuning fork chopper were
mounted in one chamber of the cold box. The black
body was operated at temperatures between 10 and
25 K. Also sho.Vll in Fig. 1 are baffles used to
trap stray radiation and to define the solid angle
of radiation incident on the detector. TIlis
arrangement avoided difficulties of attenuator
calibration encountered when radiation from an
external source is used.

DETECTOR

PREAMPLIFIER

CHOPPER

HEATER! 'THERMOMETER

-I CM
1------1

TIle stressed detectors were 1 x 1 x 6 mm
rectangular parallelepipeds. TIle long dimension,
along which the stress was to be applied, was
aligned within one degree of a [100] axis. The
1 x 1 mm ends were lapped perpendicular to the
1 x 6 mm faces, and therefore parallel to each
other, to within a few tenths of a degree. The
detectors were then chemically polished and the
small ends were ion implanted as described above
for the unstressed detectors. Two 250 vrn thick
sheets of indium placed between the boron-doped
faces and two flat copper contact pads extruded
when the stress was applied.

5. Ge:Ga PHOTOCONDUCTORS IN LOW INFRARED BACK
GROUNDS*

E. E. Haller, M. R. Hueschen and P. L. Richards

We report the development of infrared photo
conductive detectors which are background fluctua
tion noise limited at photon fluxes ~ 108 s-l.
TIle detectol~ were fabricated from germanium doped
with 2 x 10 cm- 3 gallium. Detectors operated
in the conventonal manner at T = 3 K showed signi
ficatn photoconductive response for wavelengths
out to 120 vrn with a minimum NEP of 2.4 x 10-17 W
Hz-1/2 at 94 vrn. Detectors operate~2at T = 2 K
with a uniaxial stress of 60 kgf mm applied
along a [100] direction showed significant response
to 205)lm and gave a minimum NEP of 5.7 x 10-17,W
Hz-1/2 at ~ 150 vrn. TIle stressed detectors are
four orders of magnitude more sensitive than any
previous photoconductor beyond 120 vrn.

We report photon noise limited performance
of photoconductive detectors made from gallium
doped germanium in very low infrared backgrounds
(~ 108 incident photons per second). TIlese detec
tors were made from a large volume crystal of
Ge:Ga of the quality used for lithium drifted
germanium gamma-ray spectrometers. TIlis material
contained very low concentrations of deep traps
and minority impurities (mainly phosphorus). TIlese
conditions were made possible by the use of high
purity Ge crystal growing equipment. The detector
contacts were made by implanting boron ions. Such
contacts have been shown to be superior to any
other type of contact to p-type Ge at low tewpera
tures. TIle Ga concentration of 2 x 1014 cm- 3 was
chosen small enough to avoid impurity banding
effects. Because the optical absorption lengths
are longer than the device dimensions at this
doping level, the best performance is obtained
in an integrating cavity. When operated in the
conventional way, Ge:Ga photoconductors give signi
ficant response out to 120 vrn. The application
of a large uniaxial stress along a [100] crystal
lographic axis reduces the binding energy of group
III impurities to "'6 meV and thus shifts the thres
hold of the detector to longer wavelengths. With
a uniaxial stress of 60 kgf mm- 2, significant
photoconductive response is seen out to 205 )lm.

TIlis detector development was motivated by
the needs of space astronomy projects using cooled
optics, such as the infrared astronomical satellite
(IRAS) , the cosmic background explorer satellite
(COBE) , the far infrared sky survey experiment
(FIRSSE), and the shuttle infrared telescope
facility (SIRTF). The conditions of these experi
ments are such that detectors are reqUired which
approach photon noise limited operation at very
low infrared background levels.

TIle unstressed detectors were made by cutting
1.0 and 1.5 mm thick wafers perpendicular to the
crystal growth axis. TIle wafers were lapped with
1900 mesh grit, chemically polished with a 4:1
mixture of HN03:HF until all damage was removed,
and rinsed with methanol. Implantation of B+
ions formed p+ ~ontacts on both faces. Doses
of 1014 ionslcm at 25 keY and 2 x 1014 ions/cm2
at 50 keY were implanted to provide a roughly
square step doping profile about 2000 A thick.

Fig. 1. Schematic diagram of low background test
apparatus. TIle low temperature blackbody source
and a 150 Hz BulovaR chopper are mounted in one
of the three chambers in a He temperature Cu box
with black absorbing surfaces. A conventional
detector in an integrating cavity is shown in
the terb position. A Hughes W164 ~DSFET and a
3 x 10 ~ Eltec feedback resistor were used in
the cooled portion of the amplifier.

(XBL 7812-13634)
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Table 1. Measurement conditions and results for three detectors.

Conventional Stressed

In Cavity No Cavity Low Q Cavity

Cutoff wavelength

at half height ()lm) 114 114 193

Peak of spectral

responsivity ()lm) 94 94 150

Operating temp. (K) 3 3 2

Incident photon

rate N (s-1) 4.0 x 107 4.8 x 107 3.4 x 108

Bias field (V/cm) 2.5 2.0 0.42

Peak responsivity R

at 150 Hz (A!W) 24 7.7 19

nG at 150 Hz 0.32 0.10 0.16pc

NEP at peak, 150 Hz
,.

2.4 x 10-17 10-17 5.7 x 10-17(W -'2 5.0 xHz )

n 1. Za 0.34 0.73

aEqual to unity within the accuracy of our optical flux calibration.
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apparatus shown in Fig. 2(b) acted as a low Q
cavity for the stressed detectors when its front
and rear openings were covered with aluminum foil,
leaving a 1.4 mm diameter input aperture.

The photocurrent was measured with a convention
al trans impedance amplifier circuit including
a cold load resistor and a cold MOSFET operated

Fig. 3. Measured spectral responsivity of a
conventional and a stressed detector, when enclosed
in the integrating cavities described in the test.
Other properties of these detectors appear in
columns 1 and 3 of Table 1. (XBL 7811-6150)

STRESSED
DETECTOR

(b)ICM

CONVENTIONAL
DETECTOR

(0)

Fig. 2. (a) A conventional detector supported
on a steel post inside an integrating cavity formed
in a brass block with a 3.7 mm drill. (b) A
detector mounted in the assembly used to produce
uniaxial stress. The stress is applied with a
1/4-80 screw through a ball bearing, a snugly
fitting piston, paper insulators, and eu and In
pads. (XBL 7811-6152)

in Fig. 2(a), or directly behind a 1 mm diameter
aperture for single pass measurements. The stress
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6. SUPEHCONDUCTING IlETEHODYNE HECEIVERS*

In principle a superconductor~insulator~
superconductor (SIS) tunnel junction approaches
the ideal switch lunit more than the super"
Schottky or related devices because the singulari~
ties in the of states on both sides of
the junction cause an sharp onset of
quasiparticle current at the gap voltage
26./e. In practice the S-values thus far obtained
from Pb- In-Au alloy junctions in the 1. 5 - 4.2 K
temperature range are con~arable to an ideal
Schottky at ~1.3 K. An unportant feature of this
device is the absence of series
resi.stance. External microwave LLlLLU.G ".-'-'Gm'""l,,'"

The ideal nonlinear element for a classical
heterodyne mixer is a switch which can be driven
between high and low resistance states by the
local oscillator (LO). At microwave frequencies
Schottky diodes with I-V characteristics of the
form I = 10 [ex}) (SV) -1] are often used for this
puspose. Conventional Schottky diodes have
S = e/kT ~ 40 V·-l at 300 K and somewhat
values at reduced The
in such diodes arises activated
conduction and disappears at low
enough that tunneling currents The
super-Schottky diode which operates quasi

tunneling between a alld
a semiconductor has S ~ 11 ,600' T ~ 1 K. Such
a sharp corner on the I ~V curve is of adVaJrltilge
for small receivers at short millimeter
and submilluneter because of the dif·,

of obtaining amounts of LO power
and LO noise problems

are Low temperature also
low mixer noise. The maximum oper:lt:Lng fr,eqllerlcy'
of these Schottky devices is set
ment that the -;Hnr-:hrm Ld-I--',ct\~.CGcUl"" disl:::h:ln,e
through the series
semiconductor twice

Paul L. Hichards and Tpk~)vri 119

at voltages 2D/e is
millimeter wave heterodyne mi.-xing.

Junctions with 2)JJ1l ch~leter and RN = 50r2 have
little at the
of 36 GI-Iz. Because there is no series res istance ,
residual can be tuned out. Single
sideband conversion efficiencies of 0.16 and nlixer
noise as low as K ~ 8hv/k
have been The are compared
Ivith shot noise lunited mixer Photon
assisted tunneling effects are seen whi.ch indicate
the approach to photon noise limited operation.

'k

A portion of this work was
Office of Naval Resean::h.
of Biomedical and Envi:rorunent:l1 Hes,omrcrl.
Dept. of Energy.

two to three orders of magnitlJde better than a
good bolometer at K and 150 Hz.

ExperiJnents at lower fllL,( values indicate that
the measured noise is close to the noise limit
of our ~~lifier. lunited (BLIP)
perfonncJJ1ce at lower of photon flux would
thus either or lower
amplifier noise. The current responsi-
vity for the conventional detector in a caVity
(24 A/W) is the yet reported for a Ge:Ga
photoconductor.

I t is difficult to compare the perfonTIallCE
of different detectors of dif··
ferences in an~lifier noise frequency,
background level, detector , and inte~
grating cavities. However the NEPs of our con
ventional Ge:Ga detectors conlpare favorably with
the best result reported preViously in the litera
ture for any modulation frequency and any back-
ground level x 10-17W Hz·"l/ t,) . They are
sigJlificantly than the best reported value
at our frequency, of 150 Hz for any background
level (9 x 10-17W Hz-l/2). The minimum NEP of
our stessed Ge:Ga detector is four orders of
magJlitude better than the best previously reported
photoconductive perfOTIlanCe for wavelengths beyond
120 jJ (NEP ~ 5 x 10~1~V Hz- 1/ 2 in GaAs). It is

Ine absolute for a
conventional and a stressed Ul their
respective cavities are shm"n in
Fig. 3. The of three detectors
operated at Hz is summarized in Table L The
accuracy of the infrared power calibration is
estunated to be ±30%.

as a source follower. Negative feedback held
the detector bias constant. The output
was proportional to the current through the
detector. Noise was measured by digitizing the
output of the amplifier and a Fourier
transfonn program on a minicomputer to Ldl-U"UiiUo

the noise power spectral density. Relative
spectral responsivity was measured in a comparative
ly high background photon flux by umnersing the
detector in liquid He at the end of a light pipe
connected to a room tenrperature Fourier transform
spectrometer. The output was normal-
ized with a In the low background
tests the power on each detector was
calculated by llumerical integration of the product
of the blackbody spectrum and the relative spectral
responsivity of the detector.

The quantum n has been con~uted
by settulg the measured values of NEP equal to
the photon noise Limited results computed from
2hv (N/n) 1/ 2. The values of n obtained are
(close to lUlity) and are consistent with estimates
of the absorption efficiency based on the extinc
tion length. We thus conclude that the measured
~tPS are indeed photon noise lunited.
of these values of n with the values of
of quantum and photoconductive
nGnc ~ Rhv/e the
ments yields photoconductive gains of O. and
0.29 for the conventional detectors and 0.22 for
the stressed detector. The latter number is large
considering the length of the stressed detector.
This is due in part to the increased hole mobility
in stressed
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assembly was across a full
microwave in the E-field

direction as shmVll in . 1. The outer dimensions
of the channel in which substrate was placed
were varied to provide em rf choke.
An in front of the
and a the low tempera-
ture circuit. and LO power from
carefully calibrated 36 were combined
in a lOdE directional introduced into
the cryostat a seCClon of stainless steel
waveguide. 111ree 50 r,: stainless steel
IF cables were in.stalled in the cryostat. One
was tenninated with a short circuit to measure
IF cable losses, one was terminated :[n a SO rt
cold load to a noise source for calibratlilg
the IF and one was cOlU1ected
to the mixer. A directional was used
to inject a into the mixer output to evaluate
its to the IF Measurements in
the band MHz were made using
a transistor with TIF ~ 50 K

a spectrum

the junctionbe used to resonate out
Since there are

to the aJ110W1t of CdPdIC:.LILdl!Ce which
res011ai~ecl, it is useful to inquire to what

can be made by
IU;:'LJll)'. iWIC1~ic>n par3J11eters. As junction

~\i decreases exponen"
Consequently

'1 Ullci: i cln CctjJ'''C.JL LetHC'" remains
state conductance
the critical

, is scaled in ~-r,~,v,-r..

'" 1 at 36
critical current

In order to maintain
for and output , the

JLl',LCI.J.L'H area must be scaled with fre-
The need for very small jWlCtions at

could be avoided by using several
junctions in series. This would also increase
the saturation level of the device. Since SIS

actively developed for other
of jUllction par3J11eters

Innrii',nc have been
to

can thus

can be
extent

(e) Mixer Signal

30

Fig. 2. Static I-V curves are shown above for a
1. 5 K junction without (a) and with (b) PLO' Plots
of IF amplifier output voltage in the frequency
range from 30 - 80 !11Hz are shown below as a
function of junction bias voltage. Curve (c) was
obtained with a SO rt, 1. 5 K load in place of the
mixer. Curve (d) with a matched 1. 5 K load in
front of the mixer. Curve (e) with a calibrated
36 GIlz signal applied to the mixer from a Klystron
oxcillator. Values of mixer noise temperature
were deduced from (c) and (d), and conversion
efficiency from (e). (XBL 789-5821)
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the cm diameter wafer.
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Table 1. Properties of two SIS mixers operated at 1.5 K. The experimental
errors are given as 50% confidence limits.

Jc RN wCRN TM TM L -1 -1
PLOc Lc

(A/cm2)
expt theory expt theory (W)

(n) (K) ( K)

390 100 2 So 14 3. 1 0.16 ± .02 0.16 3 x 10-9

710 52 1.4 25 ± 9 6.1 0.15 ± .02 0.18 5 x 10-9

The I-V curve of an SIS junction at 1.5 K is
shown at the top of Fig. 2 with PLO ~ 0 and also
with Pw adjusted for optimum conversion efficiency.
Thl knee of the I-V curve corresponds to S = 9,800
V- , compared with 7,730 for an ideal super
Schottky at the same temperature. The conversion
efficiency and the noise in an SIS mixer are
plotted on the same voltage scale at the bottom
of Fig. 2. For 0 < V < 1.3 mV, the response is
dominated by hysteretic Josephson mixing which
is very noisy. In junctions with larger values
of zero voltage current, this response (and noise)
was as much as one order of magnitude larger than
shown, but could be suppressed with a magnetic
field.

Above 1.3 mV mixing occurs because of the two
regions of curvature on the quasiparticle I-V
curve. The noise in this voltage range is small
and is independent of magnetic field. A periodic
modulation of the quasiparticle mixing appears
due to photon-assisted tunneling because the range
of voltage occupied by the knee of the static
I-V curve is comparable to hv/e. This is the
quantum correction to mixing calculated by Tucker
and Millea. The properties of two SIS mixers
are shown in Table 1. The mixer performance has
been calculated from the static I-V curve in each
case using classical mixer theory and assuming
that the capacitance has been resonated out at
the signal frequency, but that the capacitance
short circuits all harmonics. This is a reasonable
representation of our experiments because wC~ ~ 1.
The calculated values of conversion efficiency are
in good agreement with the measurements. The
calculated values of TM assuming only shot noise
are somewhat less than the measured values.

The present performance of the SIS mixer is
sufficiently good to make practical applications
very attractive. The stability and resistance
to thermal cycling of the Pb-In-Au alloy junctions
is a substantial advantage over the point contact
Josephson mixer which had higher noise (TM= 54 K)
and higher conversion efficiency = 1.3 at the
same frequency. The apparent ease with which
operation can be extended to higher frequencies
appears to be an advantage over the GaAs super
Schottky diode. The full benefit of this mixer
will not be obtained unless an IF amplifier with
TIF - 1 K can be developed.

*Work supported in part by the Office of Naval
Research.

7. WHITE MOUNTAIN RADIOMETER*

James L. Bonomo and Paul L. Richards

Over the past several years we have developed
sensitive composite bolometric infrared detectors.
These detectors are used in the infrared surface
spectroscopy, the cosmic background measurements,
and the sley survey described above. In collabora
tion with the Berkeley Radio Astronomy Laboratory
we are now using these detectors to do far infrared
astronomical measurements from a ground based
telescope.

Far infrared astronomy still remains an under
developed field, hampered by atmospheric absorp
tion, atmospheric noise and poor detector sensi
tivity. We have constructed a detector system
designed to overcome some of these problems and
to operate efficiently in the 300 vm wavelength
band. The system uses a fast, sensitive composite
Ge bolometer detector and a high altitude (381qn)
1.5 m diameter infrared telescope with a high
speed wobbling secondary mirror,

The radiometer incorporates a self-contained
3He refrigerator to cool the bolometer to -0.35 K.
This low temperature is required in order to
obtain high sensitivity (NEP - 5 x lO-lSW/vITZ)
at high enough speed (-80 Hz) to eliminate noise
due to sley fluctuations.

Despite unusually severe weather conditions
during the 1977-78 winter observing season pre
liminary measurements were lnade on a number of
objects of astronomical interest. This experience
showed that our part of the system (the radiometer
and the chopping secondary mirror) is in good
operating condition, but that improvements were
required in the telescope pointing.

During the past year, a set of shaft encoders
has been attached to the eXisting telescope,
promising a much improved pointing capability.
This should enable us to look at entirely new
classes of objects, including cool dark clouds.
Improvements were also made in the physical organi
zation of the observatory, in order to increase
the efficiency of our operations. We expect these
changes to allow us to collect significant amounts
of data in the winter 1978-79 observing season.

*Work supported in part by NSF and through the
Berkeley Radio Astronomy Laboratory.



8. RESEARCH PLANS FOR CALENDAR YEAR 1979

Paul L. Richards

Surface Spectroscopy. The thermal detection
technique described above for measuring the
infrared absorption spectra of molecules on metal
surfaces will be utilized for a variety of molecu
lar species. Epitaxial [111] Ni foils have been
gro~n which will permit the utilization of this
technique for measurements on single crystal
surfaces. A second approach to this problem is
to use a cooled spectrometer to measure infrared
emission from surfaces. Apparatus for this
experiment is well advanced and the development
will be pursued vigorously. Emission experiments
of the type contemplated have many of the advan
tages of the thermal detection scheme already
in use, but are compatible with more conventional
samples and conventional surface characterization
tools such as LEED and Auger spectroscopy.

Electrons on the Surface of Liquid Helium.
Quantitative measurements of the transition fre
quencies between electronic bound states are now
being carried out as a function of electric field.
These measurements will be used to test WlCB cal
culations of the energies of the electronic states.
As soon as these results are completed we will
investigate the influence of the substrate on
the electronic energy levels above a thin layer
of helium. Depending on experimental difficulties
encountered, the measurements may be extended
to other dielectric liqUids such as hydrogen.

Experimental Cosmoloy' Our cycle of measure
ments of the spectrum 0 the cosmic background
radiation has been completed. Our conclusion
that there exist small but measurable deviations
from the blackbody spectrum is of great astrophysi
cal importance. It is vital that other experiments
be done to further test the validity of this
result. We are exploring the question of whether
our existing apparatus can be easily modified
in such a way as to prOVide more information on
this subject.

The instrument development phase for the two
infrared astronomy projects, the far infrared
sky survey and the White Mountain radiometer,
appear to be essentially completed. Both projects
should produce data during the coming year.

Far Infrared Instrument Development. The
infrared surface spectroscopy and the filter cali
bration experiments for the infrared sky survey
have revealed weaknesses in our spectroscopic
capability. In order to improve this situation
we will rebuild our Martin-Puplett polarizing
interferometer so that it will operate in a vacuwn
over the wavelength range from 20 < A < 2,000 ]JIll.

In this instrument development we will make use
of infrared po1arizers fabricated by optical
lithography. This extension of the capabilities
of the polarizing interferometer will be of
interest to other workers in the field.

A simple portable adiabatic demagnetization
cryostat is nearing completion which will permit
operation of far infrared bolometric detectors
at temperatures below 0.2 K. It is anticipated
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that bolometers operated at such low temperatures
will be nearly an order of magnitude more sensitive
than the best far infrared bolometric detectors
we are now us ing.

9. 1978 PUBLICATIONS Al"ID REPORTS

Paul L. Richards and Associates

Journals and Books

1. N. S. Nishioka, P. L. Richards and D. P. Woody,
Composite Bolometers for Submillimeter Wavelengths,
Appl. Opt. 11, 1562 (1978), LBL-6085.

2. D. K. Lambert and P. L. Richards, An Analysis
of the Martin-Pup1ett Interferometer, Appl. Opt.
11, 1595 (1978), LBL-6637.

3. D. K. Lambert and P. L. Richards, New Results
in the Theory of Plane Mirror Interferometers,
J. Opt. Soc. Am. 68, No.8 (1978), LBL-6647.

*4. J. H. Claassen and P. L. Richards, Point
Contact Josephson Mixers at 130 GHz, J. Appl. Phys.
49, 4130 (1978).

*5. J. H. Claassen and P. L. Richards, Performance
Limits of a Josephson Mixer, J. Appl. Phys. 49,
4117 (1978). -

*6. P. L. Richards, Millimeter Wave Superconducting
Devices, Superconductive Electronics, Edited by
B. S. Deaver, Jr., C. M. Falco, J. H. Harris, and
S. A. Wolf, (American Institute of Physics, New
York, 1978), p. 223.

Reports

*1. P. L. Richards, T. M. Shen, R. Harris and
F. L. Lloyd, Quasiparticle Heterodyne Mixing in
SIS Tunnel Junctions, submitted to Appl. Phys.
Lett.

2. D. Woody and P. L. Richards, Spectrum of the
Cosmic Background Radiation, submitted to Phys.
Rev. Lett., LBL-8325.

*3. E. E. Haller, M. R. Hueschen and P. L.
Richards, Ge:Ga Photoconductors in Low Infrared
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Talks

1. D. P. Woody, N. S. Nishioka and P. L. Richards,
A New Measurement of the Cosmic Background
Radiation at Near Millimeter Wavelengths, Invited
Talk, National Radio Science Meeting, Boulder,
Colorado, January 9-13, 1978, LBL-69l4.

*2. J. H. Claassen and P. L. Richards, Josephson
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Radio Science Meeting, Boulder, Colorado, January
9-13, 1978.

3. D. P. Woody, N. S. Nishioka and P. L. Richards,
New Measurement of the Submillimeter Cosmic Back-
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ground, 1nird International Conference on Submilli
meter Waves and Their Applications, University
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of Noise in Josephson Mixers, Fifth International
Conference on Noise in Physical Systems, Bad
Nauheim, Germany, March 13-16, 1978.
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*10. P. L. Richards, Superconducting Receivers
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LBL-7639.

*13. P. L. Richards, Millimeter Wave Supercon
ducting Devices, Invited Talk, Conference on Trends
in Superconductive Electronics, Charlottesville,
Virginia, March 1978, LBL-7685.

14. P. L. Richards, Absolute Calibration of
Incoherent Submillimeter Radiation, Invited Talk,
National Radio Science Meeting, Boulder, Colorado,
November 6-9, 1978.

15. P. L. Richards, Measurements of the Cosmic
Background Radiation, Joint Astrononly Physics
Colloquium, University of Arizona, November 15,
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16. P. L. Richards, JVleasurments of the Spectrum
of the Cosmic Background Radiation, Colloquium
at the Department of Physics, California Institute
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'*Supported by the U. S. Office of Naval Research.
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Y. Ron Shen, Investigator

1. COHERENT AA\1AN SCATTERING OF SURFACE WAVES
IN THIN FILMS

"Chenson Chen, A. Rubens B. de Castro, and
Y. Ron Shen

Recent observation of anomalous enhancement of
Raman scattering of pyridine molecules on silver
surfacesl ,2 has stimulated many workers in an at
tempt to understcmd the underlying mechanism"
Several theories have been proposed; however, as
yet there has been no published experimental data
to confirm or reject any particular one. In our
experiment, we propose to study the enhanced Raman
scattering by coherently exciting two surface waves
at WI and w2, with WI - W2 " WRaman , and by observ
ing the coherent anti-Stokes scattering (CARS)
nal at By using surface waves which have
electric exponentially attenuated perpendi-
cularly to the silver-pyridine interface, we can
restrict the active region to a thin film with
thickness of the order of one wavelength. If we
observe the anomalous enchancement, then we can
state that the effect is confined to the surface
layer, with no bulk contributions, and that the
Raman scattering cross section is somehow enhanced
by four or five orders of magnitude.

The physical nature of non-radiative surface
waves as well as their dispersion relations and
techniques of excitation ~ave been extensively cov
ered in the literature. 3,

In our experiment, two surface waves will be lin
early excited by the Kretschmann ATR scheme, with
two tunable dye lasers at WI ~6000A and W2 " WI - wR·
The lasers will be focused to maximize nonlinear
interaction; also the electric fields of the surface
waves are further enhanced, typically by a factor of
ten, by the generation of the surface waves. The
electric fields at and W2 in the nonlinear
medi~n (medium b - ., pyridine) generate a polar-
ization 1::(3) at W" - w2 via a third order non-
linear process -

(3) (3) "t (w" ZW
1

- w
Z

) "~ :k,(wl)~(wl)~ (wz)·
It should be noted that the third order susceptibil
ity is directly proportional to the Raman cross
section,S

f
R

damping parameter.

The nonlinear polarization p(3) in turn, drives an
electric field !lo at 2wl - and radiates power
which can be observed with photomultiplier,

"This work was supported by the Division of Materials
Sciences, Office of Basic Energy, U. S. Dept. of Energy.

W

1£(3) I

where kxo " wavevector for the surface wave at w.

the dye , with peak power
]iJl.evddlth ~ 0.2 near 6000 A, and

with 2 mm beam diameter, will be focused by a f ,~
100 cm lens onto the silver surface. Initially, to
demonstrate the of a CARS signal, we
shall use benzene instead of , as benzene
has a relatively nonlinear susceptibility.
For benzene, WR " cm- I , with the above input
parameter, and with WI " 5950 A and w2 " 6350 A,
the output is 60 watts and the CARS

should be angularly about 10

from the reflected pump beams. If the nonlinear
susceptibilities for benzene and p)~idine are com
parable, we would expect a CARS signal on the order
of watts for pyridine. However, if the scattering
cross section (and hence the nonlinear suscepti
bility) is truly enhanced by 105, then the CilRS
signal would be enhanced by 1010 , which would lead
to purrrp depletion effects. Experimental verifica
tion is presently under way.

~--~~-~~-

Supported by UN1CA~W and CNPq, Brazil.

1. M. Fleischmann et al., Chern. Phys. Lett. ~,
163 (1974).
2. R. P. Van Duyne, J. de Physique 38, 239 (1977).
3. A. Otto, Z. Phys. 216, 398 (1968)~
4. E. Kretschma~n, Z.~hys. 241 313 (1971).
5. R. Eyer et aI., AppL Phys. ~, 387 (1974).

2. COHERENT BRILLOUIN SPECTROSCOPY

Alexander Jacobson and Y. Ron Shen

We have established the viability of coherent
Raman techniques in the study of acoustic phonon
excitations. The of coherent Raman
methods are by now well known: high signal~to-noise
ratio, discrimination from fluorescence, and high
spectral resolution. 1 TIlese techniques are based
on the foure"wave mixing scheme with strong res
onances in the iJhird order nonlinear optical sus-
ceptibility (3 " + when the dif-
ference of two IWl -
approaches the frequencies material
They can therefore be applied to Brillouin spectros
copy by tuning IwI"" I towards the acous tic phonon
resonance at <;;; 1

Consider an isotropic fluid exposed to two
counter-propagating optical beams
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1 A ~( ) i(kz-wt)
~ '2e (Q w e

w

A density wave will be coherently driven by the
electrostrictive force through mixing of the two
fields. It satisfies the driven acoustic wave
equation2

(2)

Here v is the acoustic velocity, r is the acoustic
damping constant, and y ~ pae/ap is the electro
strictive constant. The steady-state solution of
Eq. (2) is a propagating density wave at frequency
w- [2 and a concomitant time-varying change in the
dielectric constant ~s(z,t) ~ (yip) ~p(Z,l). This
propagating phase grating may beat with £([2) to
generate a third-order nonlinear polarization at w,
governed by the Brillouin susceptibilities

<fl-'1:
I p:l

.ci
'- 20,5
S

--0
>- 19,0
I-

--0
(f) 17,8z
IJJ --0
I- 16,7
z

--0
.-J 15,3
<l: --0z 13,5(!)

(f) --0
12,5

-~o

11.2
--0
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--0
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Fig. 1. Observed Brillouin spectra of CS2, obtained
with various pump intensities. (XBL 7811-6153)

x
- 2if(w - Q)

where lUn ~ v(k + K) ~ nv/c (w + [2). For C82' using
spontaneous Brillouin measurements,3,4 we estimated
a peak nonlinear susceptibility of 6.5 x 10-1(32)esu.
ThIS is ~ 5 times as strong as the resonant X
produced by the strongest 656 em-I Raman mode in the
same material, and suggests that coherent Brillouin
signals should be easily observable.

To demonstrate coherent Brillo~ig spectroscopy,
we have adopted the RIKES scheme.' Our set-up
was similar to that of Ref. 6 but used approximately
counterpropagating beams. The pump and probe lasers
were of the Hausch design and had powers of about
10 and 1 kW respectively, and linewidths of 1 GHz.
Provision was made to vary the pump intensity sys
tematically without any alignment shifts to demon
strate the intensity dependence of the Brillouin
spectra. Careful spatial filtration was necessary
in the probe beam to eliminate scattered light.

Figure 1 shows the observed Brillouin spectrum
of CS2 for various pump laser intensities. The
half peak spacing wB = 0.23 cm at w ~ 16980 cm- 1 is
in excellent agreement with the calculated acoustic
phonon frequency from the lcnown hypersonic velocity
of C52. 3 The linewidths of the resonance peaks in
Fig. 1 are dominated by the laser linewidths, and
the slightly dispersive shape of the peaks is due
to the background optical Kerr effect arising from
field-induced molecular reorientation. 7-9

Figure 1 shows that as the pump beam intensity
increases, the ratio of Stokes peak strength to
anti-Stokes peak strength increases strongly.
Detailed calculation shows that if background con
tributions can be ignored, this ratio would be
precisely the square of Stokes gain factor, egBz ,
where

(4)

In our experiment, the broad (1 GHz) bandwidth of
our lasers prevented us from utilizing the maximum
resonant enhancement of X(3), or observing the de
tailed Brillouin lineshapes. By taking into account
the dispersion we were able to adequately fit our
experimental data, Fig. 2.

Experiments are planned to (1) demonstrate the
Brillouin enhancement of phase conjugated wave
generation by near degenerate four-wave mixing and
(2) determine the d~spersion of the "Rayleigh wing"
contribution to X(3) due to field-induced molecular
reorientation.

1. See for example, M. D. Levenson, Physics Today
30, 44 (1977) and references therein.
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3. RESONANT COHERENT ANTI-STOKES RAMAN SCATTERING

Robert W. Smith, Jean-Louis Oudar, and Y. Ron Shen

During the remainder of this calendar year, the
resonant CARS process will be used to study the
simultaneous excitation of two optical phonons in a
sample of cuprous oxide. The incoherent scattering
of light by two phonons has been observed in cup
rous oxide, CU20, by Yu and Shen. 5 They found that
as the input laser frequency was tuned near 16510
em-I (corresponding to the excitation of one riz
phonon and the Is yellow exciton) a large Raman si¥
nal at l6Z90 em-I appeared. This shift of 220 em
corresponds to the generation of two ri2 phonons of
110 cm- l each. In the resonant CARS e~eriment the
laser inpyts will be at wL = 16510 cm- l and Ws =
16290 cm- , with the signal being generated at
2wL - ws = 16730 em-I. Yu and Shen estimate that
the Raman integrated cross section

9
for this two pho

non process is on the order of 10- em-. ~Raman
cross section t3idirectly pr~~ortional to X ,6
thus we find XCARS "" 2 x 10- esu. For 1 mput
powers focused to 100 ym spot size interacting for
1 mm, one can expect a signal on the order of 1 yW,
which should be observable with our present system.

This is the direct analogue of resonant Raman
scattering, and thus has the same advantages for
the study of the electron-phonon interaction, for
bidden transitions, and the characterization of
impurity levels. However, the luminescence is a
serious problem in resonant Raman scattering, which
is eliminated in the coherent spectroscopic tech
nique. In addition, one may expect that resonant
CARS will allow the discrimination of the homoge
neous and inhomogeneous linewidths, for instance
in the case of rare-earth ions in solids.

Our experimental setup for the observation of
resonant CARS consists of two flashlamp-pumped dye
lasers4 with peak power of 1 - 10 kW in a 1 ysec
pulse with a bandwidth of about 0.3 cm- 1• The two
beams are brought to a common ZOO ym focal spot
while the angle between the beams is variable to
achieve phase-matching. The CARS signal is both
spatially separated (using apertures) and frequency
separated (using a double monochromator) from the
two input beams. The present limit of signal detec
tivity is determined by the amount of light scat
tered from the sample, and is of the order of 10-8
- 10- 7 W.

in both liquids and gases. 3 Coherent anti-Stokes
Raman scattering (CARS) has been most notably uti
lized in these studies. In this technique two high
power, tunable dye lasers operating at frequencies
wL and Ws (with wL - ws "" WR, the Raman frequency)
beat together to create a coherent excitation in the
medium at wL ws. This then beats with wL to
create coherent radiation at frequency 2wL - ws
~ wL + wR, the anti-Stokes frequency. The(~trength
of the CARS signal is proportional to N2I xClU<.sl2IL2IS
w~~{e N is number of scattering centers,
XCARS is the CARS susceptibility determined by the
medIum being studied and IL(IS) is the input laser
intensity at wL(wS)' To study samples with weak
Raman modes or dilute samples becomes difficult be
cause the resonant signal cannot be separated from
the nonresonant background. In these cases, however,
the CARS signal can be increased by tuning one of
the input frequencies to a one-photon resonance of
the sample.
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Fig. 2. Calculated Brillouin spectra for the pump
intensities ~n Fig. 1. Adjustable parameters were
~3) Bnlloum = 5.3 x 10- 12 esu and r = 0.045 em-I.

eak (XBL 7811-6154)

In recent years coherent spectroscopic tBchniques
have been used to probe several types of excitationl ,including optical phonons and polaritons in solids,
acoustic waves in liquids,2 and molecular vibrations

2. Y. R. Shen, Phys. Lett. 20, 378 (1966).
3. Y. Kato and G. A. ZdasiuK; J.Opt. Soc. Am~ ~,
995 (1975).
4. W. Kaiser and M. Maier, in Laser Handbook, ed.
by F. T. Arecchi and E. 0. Schulz-Dubois, North
Holland, Amsterdam (1972).
5. S. Heiman, R. W. Hellwarth, M. D. Levenson, and
G. Martin, Phys. Rev. Lett. 36, 189 (1976).
6. M. D. Levenson and J. J.-Song, J. Opt. Soc. Am.
66 641 (1976).

. A. Owyoung, Ph.D. thesis (California Institute
of Technology, 1971), unpublished.
8. A. Owyoung, Opt. Comm. 16, 266 (1976).
9. J. J. Songand M. D. Levenson, J. Appl. Phys.
48, 3496 (1977).
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for example, F, DeMartini. M, Colocci, S. E.
Y. R. Shen, Phys. Rev. Lett. ~, 1223

1. See
Kohn
(1977) .
Z. A, Jacobson and Y. R. Shen, LBL~8448.
3. See, for example, B. Attal, 0, 0, Schnepp, and
J.-P. 13, Taran, Optics Commun. 24, 77 (1978).
4. S, Chu and R. W. LBL-8341.
5, P. Y. Yu and Y. R. Phys, Rev. B 12, 1377
(1975). -
6, Sec for example, R. F. Begley, A. B. Harvey and
R. L. , Appl. Phys. Lett. Z~, 387 (1974).

4. KINETIC STUDY OF THE ISOTROPIC-NEMATIC PHASE
TRANSITION IN LIQUID CRYSl~S*

5. ONE-MAGNON SIDEBAND LUMINESCENCE IN

Tai C. Chiang, Pier R. Salvi, John Davies and
Y. Ron Shen

. One-~agnog sidesand of the excitonic transition
m the Alg ( S) - Tlg(4G) mamfold m MnF2 has
been well studied in the literature. 1- 3 In absorp
tion, while the discrepancy between theory and
experiment in the a- and 0- polarization spectra
is small, it is quite large in the n-polarization.
The discrepancy presumably res~lts from ignoring
the exciton-magnon interaction in the theoretical
calculation. In emission, since the exciton and
magnon are not simultaneously present, the exciton-'
magnon interaction does not come into play. TIlen
the theoretical calculation agrees well the
experimental a- and a-polarization spectra. How-

Toni Bischofberger, K. C. Chu and Y. Ron Shen

MnF2

-1 Slit

Fig. 1. Polarized intrinsic luminescence spectra
of MnF2 obtained by the pulsed excitation-detection
scheme. The laser excitation had a wavelength of
5200 A , a ~ulsewidth of 0.4 jJsec, a peak of

2~ 30 ~n'lilcm2 for the n-polarization and ~ M\'lilcm
for the a- and o-polarizations, and a repetition
rate of 6 pps. The boxcar used for detection had
a gate width of 1 jJsec. The sample was immersed
in superfluid helium but laser heating was still
apparent. The effective sample temperature was
12 K for the a- and 0- polarizations and 13.8 K
for the 1T-polarizatirm. (XBL 781-4410)
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work was partially supported by the National
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In the past, most of the interest in phase tran
sitions has been in steady state or quasi-steady
state behavior, in which the order parameter of the
phase transition is kept constant or only weakly
perturbed. We are investigating the dynamic be
havior by forcing the transition. In particular we
arc studying the isotropic-nematic transition which
can be induced by changing the temperature or apply
ing an external field.

We have constructed a-temperature controller
which can scan the temperature of an oven linearly
from 10° Clmin to 0.1° C/min. By driving the
liquid crystal back and forth through the transition
and monitoring the light transmitted through the
liquid crystal, we observed a hysteresis curve of
light intensity vs. temperature of the oven. The
character of the hysteresis curve depends on the
temperature scanning pattern, the nucleation rate,
and the thennal diffusion coefficient. By changing
the ten~erature scanning pattern, interesting hys
teresis curves can be obtained. We are currently
in the process of working out a self-consistent
theory to explain the experimental data.

In the field-induced phase transition, the
liquid crystal was sandwiched between two glass
slides coated with transparent electrodes. The
thickness of the sample was typically 10 to 25 jJ.
The sample was kept in the isotropic phase near the
transition temperature (~O.l°C above). Application
of an intense electric field (~ 105 vI cm) oriented
the molecules and drove it into the nematic phase.
Upon removing the external field, the liquid crys
tal relaxed back into the isotropic phase. We are
studying the time dependence of the transition anD
relaxation processes by the changes in transmission
of polarized light. Different biases and intensi
ties and durations of the field are used. To lower
the threshold of the electric field, better temper
ature control is needed to move the sample closer
to the transition point. Higher purity of the
sample is also desirable to minimize the dynamic
scattering which masks the birefringence.
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Fig. 2. n-polarized OV lwninescence spectra of
MnF2 obtained with a 92 mW, 5145 A, Ar+ laser
light: (a) with the sample immersed in sU]Jer'fllJiclfi

He, and (b) with the sample at 13 K. The spectrunl
in (b) is amplified by 10 relative to that in (a).
Solid lines are theoretical curves with the back
ground taken into account. The inset shows the com
parison between theoretical and experimental absorp
tion sideband spectra. (XBL 781-4411)
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ever, so far as we ]cnow, observation of the ~-po
larized one-magnon lwninescence sideband, although
predicted by theory,3 has never been reported
probably because of its much weaker intensity.
Recently,_in studying multi-magnon lwninescence
sidebands~ in ~hF2, we have been able to observe
clearly the ~-polarized one-magnon sideband which
is much weaker than those with a- and a-polarizations.

The experiment was done using either a CW dye
laser or a flash-pwnped dye laser as the excitation
source. The MnF2 sample properly oriented was
cooled by either gas or superfluid heliwn. Lwnines
cence from the sample was analyzed by a double mono
chromator and detected by either a photon-counting
system or a gated box-car integrator.

Typical polarized lwninescence spectra obtained
with the pulsed laser are shown in Fig. 1. Impurity
luminescence in this case was suppressed by the
gated detection scheme. The observed exciton
lines El and E2 in the 4Tl . -7 6Al transitions and
the a, v-polarized one-ma~on sidgbands associated
with El agree well with those reported in the liter
ature. The corresponding n-polarized one-magnon
sideband is appreciably weaker and broader. At rel
atively higher temperatures, the anti-Stokes side
band emission is also clearly visible, and is rel
atively more intense for the n-polarization, In
order to determine the sideband lineshape more ac
curately, we have also recorded the lwninescence
spectrwn with the Ov Ar+ laser and photon-counting
system. The result for the n-polarization is sho,vn
in Fig. 2, where in (a) the spectrwn was obtained
with the sample immersed in superfluid helium, and
in (b) the spectrum was obtained with the sample in
cold heliwn gas at l3°K. A strong ~npurity lwnines
cence line is clearly present on the low-energy side
of the sideband in Fig. 2(a), while the same line is
apparently thermally quenched in Fig. 2(b).

2(k a) 2(k a)l
+ cos ~ sin ~- J

where F is a coupling constant, a and c are-rlattice
constants, EO is the El exciton energy, Em(k) is
the magnon energy at R, and Uk and vk are defined
in Ref. 3.

To explain the observed sidebands, we use the
theory of Loudon. 3 In his formalism, two-ion ex
change interaction is responsible for the magnon
creation or annihilation and the exciton-magnon
interaction is neglected. If only the interaction
between next-nearest neighbors on the opposite sub
lattice is taken into account, then the one-magnon
sideband absorption Ann(w) and emission Enn(w) inthe
n-polarization are given by

We have used Eq. (1) to fit the lwninescence
sideband in the n-polarization. Figure 2(a) shows
that the agreement between theory and experiment
is indeed excellent. In the inset of Fig. 2, we
also show the comparison between theory and exper
iment on the n-polarized one-magnon absorption
sideband. The discrepancy is obvious. Agreement
in the lwninescence case and disagreement in the
absorption case clearly indicates that the exciton
magnon interaction is non-negligible in the absorp
tion process. This interaction should appreciably
broaden the sideband absorption and shift it to
lower energy.

We realize from (1) that in the n-polariza-
tion the anti-Stokes sideband emission is- s~l~ly
the inverse process of the sideband absorption only
if the thennal population of magnons is properly
taken into account. Therefore, we can eA~ect to
obtain the anti-Stokes sideband spectrum by sin~ly
multiplying the experimental absorption sideband,
normalized to yield the correct sideband absorption
to-Stokes-emission ratio by a Bose-Einstein distri
bution function at a proper temperature. This is
shown in Fig. 2(b). The theoretical anti-Stokes
spectrum corresponding to a temperature of 13.3 K
fits very well with the observed spectrwn. This
temperature is in good agre~nent with the one de-

(1)
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duced from the luminescence intensity ratio of the
E1 and E2 exciton lines.

In summary, we have shown that the theory of
Loudon gives an excellent description of the ob
served ~-polarized one-magnon luminescence sideband
in MnF2. The effective temperature of the crystal
can be deduced from the simultaneously observed ~
pOlarized anti-Stokes luminescence sideband.

1. D. D. Sell, R. L. Greene and R. M. White,
Phys. Rev. 158, 489 (1967).
2. R. E. Dietz, A. E. Meixner. H. J. GmZQ:enheim
and A. Misetich. J. Luminesc. 1. 2,279 (1970).
3. R. Loudon, Advan. Phys. 17~ 243 (1968).
4. Y. Tanabe, K-1. GondairaMd H. Murata, J. Phys.
Soc. Japan 25, 1562 (1968).
5. T. C. CliIang, P. R. Salvi, J. Davies and Y. R.
Shen, to be published.

6. PICOSECOND SPECTROSCOPY

Steve Durbin and Y. Ron Shen

We began work this summer on a laser system
capable of producing tunable light pulses of pico
second duration. Such ultrashort pulses may be
used to conduct time-resolved spectroscopic studies
of many fast processes in solids, liquids, and mol
ecules. l

Our system is based on a Rhodamine 6G flashlamp
pumped dye laser mode-locked with the saturable ab
sorber DODCI. It has advantages over solid state
systems in higher pulse rep rate and shorter pulse
duration. It has higher peak power than OV mode
locked or synchronously pumped dye lasers. It is
much less expensive and probably easier to operate
than any other type of system. Its major disadvan
tage is in poor overall reliability, and for this
reason it has been little used in picosecond spec
troscopy.

We attack this problem on two fronts. First, our
entirely home-built laser2 has features which make
it more reliable than commercially available flash
lamp-pumped dye lasers. Second, the mode-locking
is stabilized and otherwise improved by "cavity
flipping. ,,3 In this technique an intracavity
Pockels cell is used to dump out most of the ini
tially built-up radiation, leaving a relatively
short circulating pulse which is then rapidly ampli
fied and shortened.

The work accomplished so far has been construc
tion of the laser and the passive mode-locking appa
ratus, design and construction of the very fast
electronics to flip the Pockels cell (it requires a
4 kV, 10 nsec pulse with risetime, fall time , and
jitter all on the order of 2 nsec) , and testing of
this equipment. The most pressing project at the
moment is the building of a second harmonic gener
ation pulse autocorrelator to examine the pulse
characteristics on a picosecond scale. At present
we are limited to conventional 1 nsec resolution.

Preliminary results are as follows. Mode-locking
can be obtained with just the laser and the saturable
absorber, tunable over about 50Afor a given DODCI
concentration. It is not 100% reliable. With
cavity flipping, mode-locking is obtained on every
shot. Pulse train quality is much improved and the
tuning range is greater, though a number of param
eters are yet to be optimized. Given these initial
findings, we expect that the system will be a flex
ible and reliable one for producing picosecond
pulses. Future development possibilities include
the generation of ultrashort pulses in the infrared
and the synchronization of two independently tunable
mode-locked systems.

1. C. V. Shank, E. P. Ippen, S. L. Shapiro, editors,
Picosecond Phenomena, Springer-Verlag, 1978.
2. S. Chu, E. Commins, R. W. Smith, and Y. R. Shen,
Flashlamp-Pumped Dye Laser Development.
3. Y. S. Liu, Optics Letters 2, 167 (1978).

7. BRILLOUIN SCATTERING IN GaSe

T. C. Chiang, J. Dumas and Y. Ron Shen

Brillouin scattering has been used to obtain the
five independent elastic constants in the layer
compound GaSe. The results show clear elastic an
isotropy of the crystal. Resonant Brillouin scat
tering near the absorption edge has also been stud
ied, but no resonant enhancement was found.

GaSe is a layer compound with a D3h (6 m 2) spa
tial symmetry. Since the van der Waals bonds be
tween adjacent layers are rather weak, the crystal
is often regarded as a quasi-two-dimensional system,
and can be easily cleaved along the layers. How
ever, recent results on the optical and electronic
transport properties of the crystal indicate that
its electronic states near the gap are actually
quite isotropic. l It is therefore interesting to
see whether the acoustic phonon properties should
reflect the structural anisotropy of the crystal

LThis has been studied earlier by Khalilov et al.
with ultrasonic measurements at 1.67 MHz, but the
obtained information is not complete. The Brillouin
scattering technique enables us to probe the acoustic
phonon properties in the 1040 GHz region with an
accuracy much higher than that of the ultrasonic
measurements.

In our experiment, the exciting light source was
either a 50-mW He-Ne laser or a 100-mW dye laser
tunable between 5350 and 6600 A with a 2-GHz line
width. The scattered light was detected and analyzed
by a Brillouin spectrometer which consisted of a 3
pass feedback-controlled Fabry-Perot in tandem with
a i/4-meter monochromator. The measured finesse of
the Fabry-Perot was about 60. The GaSe sample was
cleaved perpendicular to the c-axis and the- surface
nearly parallel to the c-axis was mechanically pol
ished. Three scattering geometries were used. From
the measured Brillouin shifts, the phonon velocities
for the three acoustic phonon modes in GaSe as func
tions of the propagation direction were obtained.
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Table 1. Values of the elastic constants of GaSe deduced
from our Brillouin scattering experiment and from the ultra
sonic measurement of Khalilov and Rzaev (Ref. 2).

Brillouin Scattering Ultrasonic Meas.
(present exoeriment) (Khalilov and Rzaev)

Acoustic Phonon 10 - 40 GHz 1.67 MHZFrequency

Cll (gm/cm-sec2) 1.05 x 1012 1.02 x 1012

C33 3.51 x 1011 3.07 x lOll

C44 1.04 x lOll 0.70 x 1011

C12 3.25 x lOll 3.24 x lOll

C13 1. 26 X lOll Unknown

[

A A # (+ [2a .. <X e . e. : p: l7u)
lJ l J

where @, and @; are the unit polarization vectors
of the incident and scattered light respectively,
and ti is the displacement vector f04 the scattering
phonon mode. From the form of the p tensor pertain
ing to the D3h crystal symmetry, we can derive the
polarization selection rules for the Brillouin scat
tering. The results for backward scattering and
90° scattering geometries are given in Table 2.
They agree very well with what we found exoerimen
tally. We have however made no attempt to measure
the photoelastic tensor components in our exper
iment.

The results of Fig. 1 clearly shows the anisot
ropy of the elastic properties of the crystal .

The theory of Brillouin scattering shows that
the scattering cross#~ection is related to the
photoelastic tensor p as

stants deduced from the fitting are listed in Tablel.
Accuracy of these values are better than 5%. Also
given in Table 1 are the values obtained by Khalilov
et al. The ultrasonic measurements on layer com
pounds with small dimensions are usually difficult
an4 inaccurate. In particular, the value of C13 is
not easily obtainable since it requires the propaga
tion of ultrasonic waves at an oblique angle.
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Fig. 1. Velocities of the three acoustic phonon
modes in GaSe as functions of the propagation di\ec
tion. e is defined as the angle between the crystal
e-axis and the propagation direction. Solid curves
are the theoretical curves obtained from Eq. (1).

(XBL 787-5360)

They are shown in Fig. 1, where 8 is the angle be
tween the phonon propagation direction and thee-axis.

According to the theory of elasticity, a crystal
with D3h symmetry has 5 elastic constants: Cll, C12,
C13, C33' and C44' They govern the velocities of
the three acoustic modes.

In Fig. 1, the solid curves which fit the data
are the theoretical curves. The five elastic con-

In principle, one can also deduce the phonon
damping constants from the widths of the Brillouin
lines. In our case, the lines often appear to be
broadened by defects in the crystal. The linewidth
measurement is therefore not so meaningful.

We have also studied the resonant Brillouin scat
tering in GaSe near the absorption edge at room
temperature using a tunable dye laser. GaSe has a
direct gap at ~ 2 eV and an excitonic transition at
2.005 eV. In our earlier Raman study in GaSe,3
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Table 2. Polarization selection rules for backward and 90 0

Brillouin scattering of acoustic phonon modes, "+", "_",
and in GaSe. VV, HH, VB, and tW refer to the various
polarization configurations.

Backward 90 0

e = 00 00 < 8 < 90 0 e = 90 0 Scattering
------ ---~-

VV' HH + + , + +, ,

VI-!; tW TA TA
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Fig. 2. Measured Brillouin scattering cross sec
tions (crossed data points) of the pure transverse
phonon mode in GaSe as a function of the incident
laser frequency. Ine scattering geometry was with
an incident angle of 70° with respect to e and an
illi polarization configuration. The solid curve
gives the absorption coefficient of the
this frequency region. (XBL

resonant enhancement around the excitonlc transition
has been clearly observed. It is therefore inter
esting to see how the corresponding resonant Bril
louin scattering behaves. Our experimental results
are sho.~ in Fig. 2 together with the variation of
the absorption coefficient. The Brillouin data
here have been corrected by taking into account the
optical absorption. 3 As we can see, there is no
obvious resonant enhancement present. This is oppo
site to what has been found in CdS, ZnO, GaAs, and
ZnSe. Since the absorption coefficient is small in
the region we have studied, surface ripplon scatter
mg4 is negligible in our case. Thus, the tentative
interpretation of the observed absence of resonant
enhancement is that the electron- (or exciton-)
acoustic phonon coupling for the electronic states
near the gap is rather weak so that the non-resonant
Brillouin scattering due to non-resonant electronic
transitions always dominates. This may happen be
cause the piezoelectric exciton-phonon interaction

is very weak at room temperature, while the non
piezoelectric electron- (exciton-) phonon inter
action is usually weak an~vay.

L G. Ottaviani, C. Canali, F. Nava, Ph. Schmid,
E. Mooser, R. Minder and I. Zschokke, Sol. State
Commun. 14, 933 (1974); M. Schluter, II Nuovo
Cimento 1313, 313 (1973).
2. Kh. M~Khali10v and K. 1. Rzaev, Sov. Phys.-
Crys. 11 786 (1967).
3. T. Chiang, J. Camassel, Y. R. Shen and J. P.
Voitchovsky, Sol. State Commun. 19, 157 (1976);
J. CEunasse1, T. Co Chiang, Y. R.-shen, J. P.
Voitchovsky and N. M. Amer, Solid State Conunun. 19,
483 (1976); 1. C. Chiang, J. CaJnassel, J. P.
Voitchovslcy and Y. R. Shen, II Nuovo Cimento 3813,
301 (1977). --
4. S. Mishra and R. Bray, Phys. Rev. Lett. 39,
222 (1977).

8. BRILLOUIN SCATTERING BY SURFACE E Ai\lD MWAVES
IN METALLIC FILMS

Ruben Pecyner, Tai C. Chiang and Y. Ron Shen

Attempts have been made to detect light scat
tered by acoustic phonons in I thin film of silver.
Surface electromagnetic waves (SBV) are excited on
the film by an incident 6328 A laser beam in an at
tenuated total reflection configuration (ATR).2
The surface waves are expected to collide with the
phonons, and then emit volume photons of slightly
shifted frequency that could be detected by means
of a scanning three-pass Fabrv-Perot interferometer
previously built by one of the authors. In the ATR
configuration, the film is deposited on the usually
totally reflecting face of a 45° prism and the sur
face waves are excited by the component of the elec
tric field of the incident beam parallel to the
glass-metal interface. When the appropriate thick-·
ness is chosen for the film (approx. 530A) ,2 and
the appropriate angle for the incident beam (43.6°)
so that the frequencies of the photon and SBV match
and so do the parallel component of the wavevector
of the photon and the wavevector of the SEW, then
the SEW are excited in resonance and the electric
field at the metal-air interface may have an ampli
tude up to 10 times larger than the amplitude of
the incident beam. It is expected that this will
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9. FLASHLAMP -PUMPED DYE LASER DEVELOPMENT

During the past year an intense effort was made
to advance the design of the flashlamp-pumped dye
laser and make it a more useful laboratory instru
ment. The starting point of this work was a system
(described in Ref. 1), which had the following
major difficulties: (1) spark gap switching which
was somewhat unstable, (2) low repetition rate,
(3) large temporal jitter between trigger and laser
pulses, (4) amplitude fluctuations of > 10%, and
(5) an overall complex electrical discharge circuit.
To alleviate several of these problems, it was de
sirable to incorporate a thyratron as the switching
element in the discharge circuit. A design by
Marotta and Arguello2 for a thyratron-switched,sim
mered and pre-pulsed flashlamp discharge circuit
had a major undesirable feature--the principal high
voltage power supply was used ungrounded. This de
sign was not adopted in our laboratories since mod
ification of existing grounded high voltage supplies
was impractical. At that time we were made aware of
a design variation3 which allowed the use of both a
grounded thyratron and a grounded high voltage power
supply. Unfortunately, this system was not directly
transferable due to its low ( < 5 kV ) operating
voltage. The concept was adaptable however, and is
presented below as par4of a new design for a flash
lamp-pumped dye laser.

A schematic of the new electrical discharge cir
cuit is given in Fig. 1. The most important fea
tures of this circuit are the use of the thyratron
(EEV 2506) and the introduction of the high-current

35 Kn. EACH

LI DI CI D3 j! I I I IHIGH +
VOLTAGE D4 D4 D4 I

POWER
SUPPLY , D2 20Kn

J 1LCo 10 KV ~ ,----

1D2 20Kn
L-2339

6.3V
AC

TRIGGER -=-

Preliminary experiments with a 500 A film have
yielded no results. Possible reasons are a high
background of elastically scattered light and a
laser linewidth of 2 GHz, so that the tail of the
laser peak in the spectrum might cover a small peak
shifted by less than 5 GHz. A single mode laser
will probably have to be used in the future.

Moreover, if the thickness of the film is de
creased, according to the boundary conditions lead
ing to the quantization of the phonon wavevector
modes, the spacing between allowed values of the
perpendicular component of the wavevector increases.
IVhen,the spacing between the corresponding energies
becomes larger than the bandpass of the detection
system, peaks due to bulk phonons might be observed
with low cross section. Unfortunately, for this
purpose the film should be made as thin as 30A,
which on one hand is very difficult to obtain and
on the other greatly reduces the amplitude of the
SB\[.

yield an enhancement of about 100 in the intensity
of the Brillouin scattered light.

Due to the surface character of the SBV, only
the parallel components of the wavevectors should
be conserved in the scattering. Thus many different
phonon modes, with different perpendicular wave
vectors, can originate photons scattered in the
same direction with different frequency shifts.
This leads to a broadening of the spectrum peaks
that has been pointed out as a general feature of
the Brillouin scattering by opaque materials several
times in the literature. 3-5 In such materials the
interaction thickness between photons and phonons is
always small, because of the penetration depth of
the photons, and thus only the parallel components
of the wavevectors are conserved in collisions. A
recent publication by Sandercock4 reports that this
broadening completely prevents the observation of
Brillouin peaks from transverse and longitudinal
phonons in metals such as Ni, Cr, and AI. However,
he was able to detect scattering by surface, or
Rayleigh, phonon modes which only possess parallel
wavevectors and thus yield sharp peaks. Assuming
that the cross section for scattering by Rayleigh
phonons in silver is comparable to the ones reported
by Sandercock for Ni and Cr (approx. 1 count per sec
per steradian per incident mW) our experimental ar
rangement would yield, with an effective power of
20 mW, 0.2 counts per second, which enhanced by 100
yields about 20 counts per second; this should be
detectable above the background. The frequency of
the expected shift should be not much lower than 5
GHz, which is within our available resolution.

Fig. 1. Schematic diagram of flashlamp electrical circuit. (XBL 788-5546)
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Fig. 3. (a) Broadband laser output energy vs. total
energy input to flashlamps for Rhodamine 6G. 0 re
present data taken with new lamps and dye; • repre
sent data taken near the end of useful lamp dye
lifetimes. (b) Degradation of laser output vs.
repetition rate. (XBL 7810-6078)

simmering mode. The thyratron is a stable, low jit
ter, low noise switch, thus giving this system
reliability and3reproducibility. The high-current
simlnering mode has greatly simplified the circuit
by eliminating the need for the pre-pulse.
(For a 11l0re complete discussion of the various de
signs in the literature, see Ref. 4.) The circuit
in Fig. 1 can be divided into three parts: (1) the
main discharge circuit, (2) the resonant charging
circuit, and (3) the starter-simmer circuit.

(b)

Fig. 2. (a) Light output from flashlamps in the
high-current sinmler mode. (b) Laser pulse from
photodiode monitor. (a) Horizontal scale and (b)
1 ysed/div. (XBL 788-5547)

The main discharge circuit consists of the thyra
tron, an energy storage capacitor (Cl ~ 0.2 yF) and
the two series flashlamps (lLC L-2339). Energy is
supplied to the storage capacitor by the resonant
charging circuit made up of an inductor (Ll ~ 25 H),
diodes Dl, D2, D3, and the capacitor CL Dl serves
to hold the charging voltage at its peak value,
while D2 provides a low impedance charging path. D3
(SemTech SCS M6, PlV 600V) isolates D2 from the sim
mering circuit.

The simmer current is produced by a constant cur
rent/constant voltage supply (e.g., HP6448B) capable
of 1.5 A and -600 V. This supply is isolated from

the pulsed high voltage discharge by diodes D4 and
a ~ 10 rnH blocking inductor which is also the sec
ondary winding of a trigger transformer. The sim
mer starting sequence proceeds as follows: the
vacuum relay (shown as a simple switch) is opened
to protect D3, then a 500 V pulse is sent into the
primary of the 35: 1 trigger transformer. The 16 kV
pulse from the secondary overvoltages the lamps,
followed by the discharge of a 0.1 yF capacitor
(charge to -4.5 kV) that sustains the discharge.
This allows the simmer supply to respond and con
tinue the discharge.

As a result of these modifications the laser sys
tem is now very reliable with over eight months of
use without major breakdovm. The thyratron has re
duced the jitter to 10 nsec (insignificant compared
to the 1 ysec pulse length, see Fig. 2) and the
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In conclusion, we have completed
a flashlamp-pumped dye laser which has high
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relatively and very reliable.

power of 10-50 and 1 ]Jsec make
laser useful for both linear and nonlinear UI~'U."cJ.L
experiments.

~k·-------_·~~

Supported by National Science Foundation post
doctoral fellowship, #77-12322,
L S, Chu (Ph.D Thesis), LBL,5731 (1976); S. Chu
and E. Commins, Appl. ~ptics 16 2619 (1977).
2. A. Marotta and C, A. , J, Phys. E2"
478 (1976).
3. C, Sinclair and M. Bro\vne, SLAC,
corrnnunication.
4. S. Chu and R. W. Smith, LBL"834L

a NATO-D2417
Roma and

This work is
program between Universita

UniVlor:s i1:v of California at

.E:AlJen mental ly ,2
built to eliminate
aberrations of the

laser 1inewldth
tude 0

the
fraction

and Y. Ron ShenPaulo Motisu1<e,* Ruben Ppr"npr

In carrying out Raman
major problems has been
from sample luminescence or laser fluorescence.
attempting to improve the ratio of Raman
to backgrouj'1d noise, several methods have been pro
posed, based upon (1) stimulated emission or non
linear optical technique such as CARS (2)
izations differences, (3) lifetime or
(4) modulation Each of these
methods has or limitations,
and their combined range does not
cover the problems commonly encountered. IJntil
recently, the wavelength modulation has
been implemented by mechanical devices such
as vibrating etalons or quartz plates that were
severely limited in tuning; in addition. mechanical
instabilities were found to be a serious problenL

The development of an electro-optical
very low loss, allowed its
CW dye laser. So, a wave:lerlgth-mol::lu:lat:ed
at rates from few hertz to a
a range from near zero to tens of angstroms, has
been set up. 111is widens the applicability of wave-
length~modulated Raman spectroscopy by elim"
inating mechanical instability caused by vilhr"l-inrr

parts, while preserving its main virtue of not
ing upon specific differences between the lifetime
or polarization characteristics of Raman and
background emission.

10, WAVELENGTI-I-MODLJUTED RAlvLi\l'! SPECTROSCOPY
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12. THE EFFECTS OF !VIDBA ON TI-ffi RUBY LASER OUTPUT
CHARACTERISTICS*

Raymond H. Hsu and Y. Ron Shen

The liquid crystal MBBA, being a strong Kerr
liquid, exhibits the property of self-focusing.
This self-focusing is well understood when the MBBA
is situated outside a laser cavity. Our current ex
periment examines the nature of the feedback cou
pling between an active medium (Ruby rod) and this
self-focusing phenomena, and how this coupling af
fects the output parameters of a laser oscillator.

Our experimental set-up consists of a Q-switched
ruby cavity (100% mirror, 50% resonant reflector,
brewster cut ruby rod). Cryptocyanine was used as
the Q-switching element, and a 1.7 mm diameter pin
hole was used to insure that a TEOO mode was pre
dominant. A pellicle inserted into the cavity al
lowed us to measure the spatial profile (cross sec
tion) of the laser pulse at various points in the
laser cavity. This profile was recorded on Kodak
35 mm Panatomic-X film magnified 3X through the use
of close up bellows. A fast photodiode outside the
cavity monitored both the energy in each pulse and
the pulse length.

The experiment was first run without the presence
of the MBBA to obtain a control 11111 with which all
succeeding runs were compared. Throughout these
runs, the cavity length remained constant, as did
the energy output from the pump flashlamps. Our
results demonstrate that self-focusing inside the
cavity is quite similar to the behavior found out
side the cavity. The characteristic horn shaped
profile of a transiently self-focused pulse is ob
served. The radial extent of the pulse initially
is limited by the pinhole (as it is in the absence
of MBBA) . Very rapidly this radial dimension shrinks
from the 1.7 mm diameter pinhole size to a smaller
radius. Here the similarity ceases. Instead of
shrinking to a size on the order of 10 microns, the
radial pulse size only shrinks to a 0.8 mm diameter.
However the pulse, though no longer limited by the
pinhole, is still a near perfect TEOO mode--in fact
a much better example of such a mode than the orig
inal pinhole limited pulse. Further examination
reveals that the actual diameter of the pulse isthe
calculated minimum diameter that a TEOO mode in a
laser cavity can be expected to have. Thus what we
have can be viewed simplistically as self-focusing
limited by diffraction losses in the cavity. Since
a TEOO mode allows a smaller possible radial dimen
sion than any other mode, a near perfect TEOO mode
results.

One can easily change the relaxation time of MBBA
by changing its temperature. This we did and con
firmed the picture presented above. As the temper
ature was raised from the nematic-isotropic transi
tion temperature of 42°C to a temperature of 70°C,

the relaxation time was decreased from 800 nsee to
20 nsee. The result of such a change was an alter
ation of the horn shaped profile typical of extreme
transient self-focusing to the back to back horn
shape typical of the case intermediate between
steady state and transient response. Such behavior
is fully consistent with our picture since the laser
pulse is 20 nsec long.

Finally, changing the length of the MBBA cell in
the cavity had no apparent effect on either the
laser output or the spatial profile of the pulse.
This stands to reason, since changes in cell length
have little effect on transient self-focusing once
a critical length is reached. Because of large
final pulse diameter (small amount of focusing) and
the large fields present inside the cavity, this
critical length for our experiment is estimated to
be less than 5 mm. The cell lengths we tested
(0.75 to 1.5 cm) were easily larger than this
critical length.

In closing we would like to point out that the
presence of a pinhole small enough to insure that
the starting pulse is largely single mode TEOO is
essential to the stability and reproducibility of
our results. Also, the alignment of the cavity is
critical. Because of the self-focusing that occurs,
only the center portion of the ruby rod lases.
Nevertheless, the remainder of the rod is excited
and any stray reflections into these portions of
the rod induces a secondary pulse that beats with
the primary pulse and badly distorts the pulse so
that it is no longer a pure TEOO mode of minimal
diameter.

*This work was supported by NSF Grant DMR76-l9843.

13. OPTICAL PROPERTIES 0t LIQUID CRYSTALS BY
SURFACE PLASMON TECHNIQUE

Kung-Chao Chu, Chenson Chen and Y. Ron Shen

We have measured the refractive index of the
liquid crystal MBBA near the nematic-isotropic phase
transition using a surface plasmon technique. In
our experiment, we excited the surface plasmons by
using evanescent waves in the ATRI (attenuated total
internal reflection) geometry. A thin silver film
of approximately 520 A was evaporated onto the base
of a 60° prism (n = 1.94485), and the liquid crys
tal, MBBA, was pl~ced in contact with the silver
film. The excitation of the surface plasmon was
detected by monitoring the reflected intensity of a
p-polarized laser beam (HeNe, A = 6328A). The wave
vector of the laser beam along the prism base was
changed by rotating the prism and thus changing the
incident angle of the laser beam. The surface plas
mon oscillations were excited when the wavevector
of the light matched that of the surface plasmon,
and a pronounced minimum was detected in the re
flected intensity. A nonlinear least-square fitting
of the reflection curve to the exact Fresnel formula
gave us the refractive index no of MBBA in the iso
tropic phase.
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To obtain nl (the refractive index perpendicular
to the liquid crystal director) in the nematic
phase, we coated the silver film with a layer of
surfacant XZ~2024, obtained from Dow Corning,
which aligned the director of the liquid crystal in
the surface of the prism base and perpendicular to
the incident plane of the laser beam. The surfac~
ant was considereQ as a pseudolayer with a thick~

ness comparable to its molecular length and with an
effective dielectric constant. Using the isotropic
refractive index no of MBBA, the effective dielec~
tric constant was tound with a nonlinear least~
square fitting of the reflectivity data to the
exact Fresnel formula for four~layer system. The
effective dielectric constant of the pseudolayer
was then used to find the refractive indices ill of
MBBA in the nematic phase, as a function of temper~
ature.

Experimentally, our system has a temperature
stability of O.OOloC and an angular resolution of
0.5 mrad, which is limited by the laser beam
divergence.

Analysis of I1..L data and measurements of Iljl (the
refractive index parallel to the liquid crystal
director) is in progress. Dispersive measurements
with a tunable dye laser will also be studied.

-*~----- ------
This work is partially supported by the National
Science Foundation, Grant DMR 76~19843.
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14. STUDY OF DYNAMICS OF A NONLINEAR FABRY-PEROT

Toni Bischofberger and Y. Ron Shen

Because of potential device applicatiion, non
linear Fabry-Perot (FP) interferometers have recent
ly attracted much attention. 1-3 Szoke et al. 1 first
suggested the use of a nonlinear absorbing FP for
optical limiting differential gain, and bistable
operations. Since then, McCall and co-workers2 have
successfully demonstrated these operations using
either sodium vapor or ruby as the nonlinear medium
in their FP. They noticed, however, that their ob
servations were dominated by the field-induced re
fractive index rather than by nonlinear absorption,
Fabry-Perot interferometer with pure refractive non
linearity has been proposed and a detailed theoret
ical analysis for the steady-state behavior of an
FP filled with non-absorptive Kerr liquid has been
worked out. 3

We are interested in studying the transient as
well as the quasi-steady-state behavior of a non
linear FP. There are three important time constants
in the problem: the cavity build-up time TC ' the
laser pulsewidth Tp , and the material response time
Tm' We consider the cases where T , Tm? TC' but
T ITm varies from less than 1 to ~ch larger than 1.
IR our experimental study, liquid crystalline mate
rials were used as the nonlinear medium in the Fabry
Perot. Such materials have a response time TD which
can be easily varied by temperature. As a calibra
tion, we also used CS2 as the nonlinear medium for

the extreme quasi-steady-state case. In each case,
the transmission of a laser pulse was carefully
measured and compared with the theoretical calcula
tion.

We have found excellent agreement between our
therory and experiment on various modes of oper
ation. We also show that with varying input pulses
in the transient case, a plot of output vs. input
at the time when the field-induced phase shift is
maximum can yield the steady-state characteristic
curve of the nonlinear FP. Furthennore, we have
found how TC and TD affect the switching character
istics when the FP is used as a bistable device. In
the quasi-steady-state case, the switching speed is
limited by the cavity build-up time Lc '

work was partially supported by the National
Science Foundation, Grant DVtR76-l9843.

1. A. Szoke, V. Danen, J. Goldhar and N. A. Kurnit.
Appl. Phvs. Lett. 15. 376 (1969).
2. H. M. Gibbs, 8:-1. McCall and T. N. C.
Vankatesan, Phys. Rev. Lett. 36, 1135 (1976) i
T. N. C. Venkatesan and S." L.lMcCal1, Appl. Phys.
Lett. 30, 282 (1977).
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*15. LASER INTERACTIONS WITH MOLECULAR BEAMS

Aasrmmd Sv. Sudb0, Yuan T. Lee and Y. Ron Shen

In collaboration with Yuan T. Lee's group we have
designed and built a molecular beam machine for ex
periments with atoms and molecules under collision
free conditions.

In its present configuration, the machine pro
duces a molecular beam of about 0.1 radian diver
gence from a supersonic nozzle. The den~ity of mol
ecules in the bea~ is more than 1013 cm- , whereas
the background densitoof ~olecules in the vacuum
chamber is around 101 cm- .

The machine is designed to have enough flexibil
ity to be used in a wide variety of experiments. An
additional molecular or atomic beam can be crossed
at right angles with the present one. Additional
stages of pumping can easily be inserted for better
collimation of the beam(s). Laser beams can be
directed to any point along the beam(s), for excita
tion of the atoms or molecules as well as for prob
ing the effect of excitation or for detecting the
collision products from the crossed beam configura
tion. We plan to study the following processes in
the near future: a) Selective detection schemes for
low concentrations of atoms and molecules, using
laser induced fluorescence, resonant Raman scatter
ing and resonant multiple photon ionization.
b) Multiple photon photoionization spectroscopy of
atoms and molecules. c) Detection and probing of
excited molecular species using coherent anti-Stokes
Raman spectroscopy. d) Molecular dynamics probed
by ultrashort (pico-second) laser pulses.
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c. Excited Quantum Fluids in Solids"

Carson D. Jeffries;

Fig. 1. (a) Excitation and luminesc~lce collection
geometry to scale showing spatially-uniform gas
of free excitons (FE) and localized packet of
electron-hole drops (EHD); (B) schematic hysteresis
curves for the EHD luminescence intensity IEHD
vs. excitation. (XBL 7810-11999)

A series of scans of the EHD l~ninescence
profile at various times t following the end of
stripe excitation is given in Fig. 3 for two
different Ge crystals. The most striking feature
of these data is that the EHD spatial distribution
at t ~ 1.6 x 103 sec is nearly identical to that
at t ~ 102 sec, both for dislocated (Fig. 3b)
and undislocated (Fig. 3a) Ge. During this time
neither the full-width at half maximum L\x(t) nor
the horizontal position of the distribution changes

p- P P+
excitation

(b)

I I
I \
f 1

! \ to lens
I \

x
f-<--->1 Imm

top
view

(a)

volume excitation with 1.52 vm wavelength radia
tion. The excitation level P is chosen below
the threshold P+ for drop formation, but above
the threshold P for drop breakup, as indicated
in Fig. l(b); thus the presence of EHD depends
upon the history of excitation. First the volume
excitation is monotonically increased to P, so
the system initially contains no EHD, as confirmed
by spatially resolved scans of the luminescence
intensities IFE and IEHD vs. horizontal position
x inside the crystal, shown in Figs. 2(a) and
2(b). A localized packet of EHD is then produced
by additional momentary stripe excitation from
an Ar ion laser as indicated in Fig. lea). During
stripe excitation EHD are ejected from the excited
region as in earlier work and form the cloud of
droplets shown in Fig. 2(c). After stripe excita
tion has ceased, individual EHD remain due to
hysteresis and give the spatial profile shown
in Fig. 2d; the structure is due to anisotropies
in the phonon wind. Thus a localized packet of
drops is produced in a spatially unifornl system
by a non-uniform history of excitation. Note
that, in principle, EHD can survive indefinately
at any horizontal position x inside the crystal.
By repeatedly recording spatial profiles of the
HID luminescence for times ~ 2 x 104 sec we can

very sensitively study the unperturbed motion
of drops, i.e., free from strain forces, phonon
wind, explosion heating effects, etc.The experimental technique, illustrated in

Figs. 1 and 2, is based on the creation of a
localized packet of drops in a spatially uniform
FE gas using hysteresis in the formation of EHD,
a supercooling phenomenon discovered and
extensively studied here. As shov.~ in Fig. lea),
a spatially-uniform gas of FE is produced inside
a large (8x8x4 mm3) crystal of ultrapure Ge by

*This work was supported by the Division of Materials
Sciences, Office of Basic Energy, U. S. Dept. of Energy.

1. MOTION OF ELECTRON-HOLE DROPS AND EXCITONS
IN Ge AT LOW EXCITATION

Robert M. Westervelt, James C. Culbertson, Bernard
S. Black and Carson D. Jeffries

A variety of experiments have shov.':tl that HID
in moderately-excited Ge rapidly move a distance
~l mm from the excitation spot, propelled by the
"phonon-wind": a flux of nonequilibrium phonons
due to the excitation, which transfer momentum
to EHD. The spatial distribution of drops in
the sample is typically determined by this motion,
and yields very large apparent ralues for the
drop diffusion constant D ~ 10- to 10 2 cm2sec- l .
Using a new experimental technique, we have dis
covered that EHD in suitably unperturbed Ge
crystals at low excitation are practically
~obile, and place the upper limit on the true
EHD diffusion constant, D < 10- 9 cm2sec- l .

Introduction. It is known that optical excita
tion of semiconductors say, Ge, at low temperatures
can lead to the formation of an electron-hole
liquid (EliL) , a novel state of matter having both
classical and quantum properties. The electrons
and holes produced by the excitation combine into
a free exciton (FE) gas, which can condense into
small electron-hole droplets (EHD), of size ~2
microns; this gas-liquid condensation is much
Eke the condensation of water vapor+ fog
droplets. The EHL is a degenerate Fermi liquid
of high conductivity, and can be viewed as a multi
component, anisotropic? cold dense plasma of
constant density (~101 cm- 3). The liquid is
a collective excited state of the crystal
(lifet~ne ~ 10- 4 sec), and is the first exan~le
of a Fermi liquid in a periodic lattice. We have
concentrated our efforts in quantitative studies
of the liquid in ultrapure Ge, grown and prepared
by W. L. Hansen and E. E. Haller of the LBL
Engineering and Technical Services Division.
Bx~les of the properties studied are: the
nucleation process; motion, diffusion and explosion
of droplets; confinement of sizeable volumes of
the liqUid in potential wells of crystal strain;
magneto-oscillatory behavior and magnetic
properties; Alfven wave dimensional resonances;
lifetimes, decay mechanisms and phonon interactions
of the drops. Professor C. Kittel and A. Manoliu
are prOViding assistance and advice on theoretical
aspects.
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Fig. 3. Scans of the EHD luminescence intensity
showing the EHD spatial profile at various mean
times following the end of stripe excitation as
indicated: (a) undislocated Ge (sample 145M)
at 2.10 K with the same excitation sequence as
for Fig. 2d; the structure is due to an initial
anisotropic distribution of droplets arising from
anisotropies in the phonon wind during laser stripe
excitation; however, this distribution is nlain
tained uncharged for t " 104 sec. (b) dislocated
ul:rapure ~e_~sample 437~) at ~.l~lK, with
P ~ 2. 4 ml~cm ,Pstripe 70 ml'icm .

(XBL 7810-11998)

Fig. 2. Scans of the luminescence intensities lFE
and IEHD vs. horizontal position for undislocated
ultrapure Ge (sample 145M) under various excitation
conditions, taken in sequence: (a), (b) uniform
volume excitation monotonically increased to the
absorbed power P " 1.2 mWcm- 2, no stripe excita
tion; (c) during additional stripe excitation,
absorbed power Pstripe ~ 40 mWcm- l ; (d) after
end of stripe excitation showing resulting
localized packet of EHD. (XBL 787-9548)

by more than ,,20 ]lm, roughly the limit of stability
of the apparatus. Thus individual drops remain
practically immobile for comparable times. The
data of Fig. 3b determine the upper limit
D < 10-9 cm2sec- l to the possible EHD diffusion
constant, a value 6 to 11 orders of magnitude
smaller than previous measurements. The smallness
of this value leads us to the interpretation that
EHD bind to crystal defects in the absence of
significant forces on drops. Assuming drops are
bound to neutral impurity atoms, we obtain a lower
limit B > 5 meV to the binding energy, which
compares favorably with recent calculations,
B " 5 to 7 meV. An important result of this work
is that the average motion of a single drop in

-4 o
X(mm)

4
1 sec x = lOt ~ 0.3 ]lm is less than the drop radius
R -l]lffi. Thus droplets can be imaged and studied
individually.

A fundffinental property of the free exciton
in Ge not yet understood is its lifetime. The
previously observed lifetimes of 2 to 11 ]lS in
relatively pure Ge are several orders of lnagnitude
shorter than the calculated radiative decay rate.
This indicates that non-radiative decay modes
are dominant. Possible decay modes involve neutral
impurities, dislocations and surfaces.

The present research is aimed at resolVing
these problems and involves time resolved spatial
imaging of free exciton luminescence (see Fig. 4)
for crystals of varying impurity density, disloca
tion density and surface preparation; this also
provides new data on free exciton diffusion.
Crystal excitation is by a short pulse (100 ns),
broad focus GaAs laser diode with peak output
power P ~ 11 Watts. Total luminescence for both
the EHD and FE are observed; FE lifetime and
diffusion studies are carried out only after the
EHD have evaporated to avoid the complications
of thermionic emission of FE from EHD. These
data give the FE lifetime and diffusion constant
within the sample.

Figure 4 shows preliminary data for a
dislocation-free crystal of Ge of dimension
~ 4.3x12x12 mnJ with net bnpurity concentration
NA-ND = 2 x 1011jcm3. The excitation surface
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2. ACOUSTIC PI-IONON SCA1TERING IN ELECTRON-HOLE

Susan M. Kelso and Carson D. Jeffries

3. CALCUlATION OF PROPERTIES OF TI-IE ELECTRON-HOLE
LIQUID IN UNIFORMLY STRESSED Ge N~D Si

Robert S. Markiewicz and Carson D. Jeffries

There has been much interest in the interactions
between HID and lattice vibrations in Ge, both
from acoustic phonons and applied ultrasonic waves.
It is believed that an intense beam of phonons

the heat of the laser excitation
can move droplets through macroscopic

"phonon wind" effect is respon-
pr10dllcing the clouds of small

unstressed Ge. theoretical
treatlnents have calculated the electron-phonon
defollnation treating the drop as a
metal and screening effects. A calcula-
tion has been of the screened deformation

for the holes and for the electrons
an EHD in Ge. The multivalley structure

of the conduction band is significant. Fr~n these
can be calculated the average electron

collision rate for a particular phonon
mode, and from this to calculate the net acoustic
phonon tune T in the drop. The results
are T '" 8 sec, 1.43 x 10-"9 sec, and
1. 69 x sec at temperatures T '" 1, 2 and 5 K,

More recently Markiewicz has cal
'_U.LctLCU anisotropies in those scattering times.
These calculations explain the structure of the
cloud shown in the previous article, Fig. 3(a).

A detailed calculation has been perfonned of
the properties of the EHL as a function of uniform
stress for Ge stressed along (111) and Si stressed
along 000>. The free energy per e-h pair,
containing kinetic and Coulomb energy contribu
tions, was calculated as a function of density,
temperature, and stress. The kinetic energy was
computed exactly, taking into account the details
of the band structure under stress. Two models
were used for the Coulomb energy, which is believed
to be nearly independent of stress. The results

It is well known that the application of stress
lifts the of the conduction and valence
bands in Ge and Si. In addition to the removal
of the degeneracy, the valence band becomes para
bolic at very high stresses. The conduction band
degeneracy is removed most completely for uniaxial
cOlmp:re"si.on along the (111) direction for Ge and
along the (100) direction for Si. The configura
tions are denoted Ge(ve:vh) and Si(ve:vh), where
ve is the number of conduction bands and vh the
nunmer of valence bands partially occupied. Thus
for increasing (111) stress, Ge (4: 2) -+ Ge (1: 2) -+
Ge (1: 1) as the degeneracies are removed. SiJmilarly,
for increasing (100) stress, Si(6:2) -+ Si(2:2) -+
Si :1). Previous theories indicated that for

stress the electron-hole liqUid density
should be reduced by a factor of 10 (for Si) or
20 (for Ge), compared to zero stress, due to the
changes in the band structure.

\
(')
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Susan M. Kelso, John E. Furneaux and Carson D.
Jeffries

4. PROPEHTIES OF THE STRAIN··CONFINED ELECTRON-
HOLE IN Ge

We have found that by
mmimum

the Ge
excitons, and e-h pairs created by VI~~LVU.L
excitation are attracted mto this stram well
and coalesce mto a single, large volume of liquid

a volume up to 1 ]]un3. Figure 1 illustrates
in spatial extent, position and

of the luminescence from stressed and
Ge. The coordinates x, y, and z are

crystal coordmates; the contact area for the
inhomogeneous stress is on the face at z ,~ 0,
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the (l00>

represent different
(:\131, 7811-6202)
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Fig. 1. Er~ luminescence slit scans (from three different
views) for stressed and unstressed Ge at the same excitation
level. The luminescence is more diffuse and less intense
from the large cloud of small droplets in unstressed Ge
than from the large single drop in the strain well.

(XBL 7712-11213)

and the laser excitation is incident on the face
at x = O. The sharp peaks (e.g. at y = ±2 nun)
are due to luminescence scattered from the edges
of the crystal and define the crystal boundaries.
These spatial profiles were obtained by scanning
an image of the luminescence past the spectrometer
slit. The peak intensity is much lower and the
width of the profile is much larger for the un
stressed crystal, indicating that the average
e-h pair density is much greater in the strain
well than in the large cloud of small droplets
formed in unstressed Ge. Because the strain
confined liquid rests in a region of local (Ill)
strain, however, the e-h pair density within the
liquid is actually reduced by about a factor of
4 from the value in unstressed Ge, as shown
theoretically in the previous article and experi
mentally by fitting the luminescence spectrum
at low excitation.

The volume of liquid in the strain well is
increased simply by increasing the optical ex
citation intensity. Figure 2 shows the lumines
cence linewidth vs. absorbed power for stressed
and unstressed Ge. The linewidth and hence the
density are independent of excitation for unstres
sed Ge and at low excitation for the strain
confined liquid; this constant equilibrium density
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!li !li!li

1002 5 10

Polls (mWI

1000

/0 <!> I tot

;- '" Islit

!.
!li lbox

1:.'
'@

" 10
.:!!
.:; 5

'""" 2'""'".,
"E
"-'

0.1
@

<!>

0.01
0.01 0.1Q--- Unstressed Ge

e- Stressed Ge

4

w 2
<l

Fig. 2. Luminescence linewidth LIE vs. absorbed
power Pabs for stressed and unstressed Ge. For
the stressed crystal the linewidth increases at
high excitation, indicating strain inhomogeneity
and compression of the liquid. (XBL 7712-11210)

10
Pcbs (mW)

100
Fig. 3. Luminescence intensity through a box;
a slit centered on the drop; and from the entire
drop in a strain well in Ge, as a function of
excitation. If the drop were spherical with a
constant density, these intensities should be
proportional to R, R2 and R3, respectively. The
deviations indicate compression of the liquid.

(XBL 7711-6392)
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is a characteristic feature of a liquid. At higher
excitation the linewidth increases for the stressed
crystal, partly as a result of the strain in~homo
geneity but mostly due to compression of the liquid
in the strain gradient; the potential well acts
like a "bottle" with increasing pressure as more
liquid is added.

Figure 3 shows the peak luminescence intensity
through crossed slits (a "box"); a single slit;
and from the entire drop--all vs. excitation level.
If the drop were simply a sphere of radius R and
constant densit~, these quantities would be a
measure of R, R and R3, respectively. The results
of these experiments (e.g., the slopes in Fig. 3)
and of the decay times (discussed in the following
article) indicate that the density of the liquid
must increase with drop size.

Luminesce box scans were mathematically trans
formed using an Abel transform to yield profiles
of the e-h pair density at different excitation
levels. The density is found to vary with posi
tion, with the highest density at the center of
the drop. The magnitude of the variation depends
on the drop size: for small drops the density
is nearly constant, while for the largest drops
studied the density varies by a factor of 3. This
radial density variation is also understood
theoretically. Figure 4 shows the density at
the center of the drop as a function of drop size
(defined as the full width at half maximum of
a slit scan). Theory and experiment are in good
agreement. These data also determine the
compressibility of the strain-confined liquid,
Kr = 3x 10- 2 cm2/dyne. This value is about 10
tjmes greater than for the electron-hole liquid
in unstressed Ge and is many orders of magnitude
greater than the compressibility of water.

Fig. 5. Photograph of a large electron-hole drop
in inhomogeneously strained Ge. The drop has
the same shape as the strain well. Small droplets
move into the strain well in a well-defined stream,
pushed to the right by a phonon wind from the
laser excitation. (XBB 781-490)

100 1000
FWHM of Slit Scan (fJ.m) ~ /2R

Fig. 4. Density at the center of the drop vs.
drop size determined by the full width at half
maximum of a slit scan, showing the variation
indensity with drop size. The parameter a used
in the theory is a measure of the strain-well
gradient. Agreement between theory and experiment
is excellent. (XBL 7711-6388)

~ theory

0< =2meV/mm 2

Figure 5 shows a very large drop with a volume
of approximately 1 mm3 , formed at high excitation.
The photograph was made by focusing the lumi
nescence onto an infrared-sensitive vidicon with
a video monitor readout. The drop has the same
shape as the strain well and is non-spherical.
The faint luminescence "tail" below the drop comes
from small droplets being accelerated into the
strain well from the laser in the lower left corner
of the crystal. Because of the pattern of equi
potential energy contours and the anisotropy of
carrier masses in Ge, the droplets first move
across the crystal perpendicular to the direction
of applied stress and then parallel to the stress
direction into the strain well, in a well-defined
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5. RECOMBINATION PROCESSES IN THE ELECTRON-HOLE
LIQUID IN Ge

We used these two to
the recombination processes within the EHL

CUU"CJ.VH of densiti n nhc;p,vino the
luminescence as a fllliction of time

em We assume the total
be the sum of these terms

A+Bn+Cns , where the A tenn is ind.e~
pendent (and may be associated with recombination
centler:s); the B term is the usual radiative recom
bination; fmd the C term represents an
process, with~; 2 or 30 .

this stremn can be
force due to the wDid of

the excitation point as the
different on

Furthermore
by
from

focused at

stream.
moved
phonons
laser is

field

time as a
to the relative

is

I shows the results of the
Pronounced oscillations the

as a function of field can
smaller at

of these oscillations
compared to
to show that

than the

luminescence
be seen which become
t:iJnes. The fact that the size
does not reach zero Lll a time
the lifetLme, 500 ~sec can be
the A term is more inn')m'~r~ln1'

C term in. the recombDlation process.

shmvs the initial decay
size (H 0). Due

ripen c; i1'v variation this PYY1P,il11pn"r

more about the recombination processe:s
Our indicates the that
the independent A term is responsible for
about 75% tbe' recombination rate: the solid
line in . 2 is best fit to the data for
the ratios ~ 0,75, 0,24, 0.01 respective-

For unstressed Ge older data are to
the ratios 0, 0.75, 0.25 as the dot·..

dashed line), in with the
data. A model with ratios 0, ,0 for purely radia
tive recombination (shmm as the dashed line) does
not fit either. We conclude that for the stTail1
confined electron-hole liquid a density
process is dominant, in sharp contrast to the
unstressed case where such a is W;;'E',.lJ_/S,.lL'J

and the is

Fig. 2. Initial decay time 11 for the total
lumi.nescence as a function of dTOP sj_ze
at T ~ L 9 K. The drop size is given by the full
width at half maximum (FWHvl) of a slit scan
(spatial luminescence profile taken through a slit
aperture). The dots are the exper inlental results,
while the three curves are theoretical calculations.
The initial time is found to slowly
than the e-h in the

(XEL

Now that we understand the
within the strain--confined electrf)n---hc)le
we can use these variations
of the EHL as a function of UI;;.fl:O.U.. y
of is particularly advant'3.gc;;Olls
allows over a wide UI;;ll:O.LLY

a factor of three, 1T~,ni"in.o

power and size. We use a
to vary the of the EHL:
field (H'" a kOe) , which n,or1iiJ<"C;
oscillations with lna~Detic
Landau levels pass the

John E. FurnemL'C, Susan M. Kelso and Carson D.
Jeffries

o

Fig. 1. Total luminescence intensity as a function
of magnetic field H for different delay times after
an excitation pulse. The vertical scale is offset
from zero by an arbitrary amount. The
at the right indicate 10% of the total
Ten~erature T '" 1.6 K, drop size ~ 125 ~m.

(XBL 7812 ..
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7. RESEARCH PUI,NS FOR CALENDAR YEAR 1979
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well as observations.
in detector

up a new area of research
states in semiconductors,
section.

to
of electron
with recent ....U~V'h.Uh~.LV"J
less than 100 pairs.

By ~-*~~~g:~~id.H~~~~er&i~~~[C:~~~p~~i~r
distribution of free excitons
ferent crystals we hope to correlate
ly short FE .L.Ll.C 1• .llIIC" observed with Immvn

We have constructed, and are testin.g and
optimizing, an ultrasensitive near-infrared photon
detector which will be sensitive to Et-ID and other
near-band-gap luminescence in Ge. This detector
is expected to have its sensitivity liJninted by
thennal background radiation (BLIP liJllit)
noise-equivalent-power ~EP) of below 10
This is 3 to 4 orders of magnitude better than
the best detectors currently available at the EHD
wavelength of L 75 ]1.

Bernard S. Black and Carson D. Jeffries

6. DEVELOPMENT OF ULTRASENSITIVJ3 APPARATUS FOR
STUDY OF ELECTRON-HOLE DROPS

The detector is an ultrapure Ge photoconductor
placed under extremely high (~8D kg/nnn2) uniaxial
<111) stress Dl order to reduce the band gap and
lffiProve the sensitivity at A ~ 1.75]1. The detector
will be operated below 2 K to freeze out all con
duction due to residual shallow ilnpurities and
will be carefully shielded to prevent stray back··
ground radiation from reaching the detector. The
incoming signal will be filtered by a cold short
pass filter for the sa~e purpose. To further
reduce background radiation, the entire e~pe:riJneYltcll
setup can be cooled to DOC under a dry nitrogen
atmosphere (see Fig. 1). The signal photons will
generate a photocurrent which will be anlplified
by a carefully designed preamplifier with a low
noise JFET first stage. This amplifier, unlike
the MOSFET amplifiers which are cooononly used
r~-cooled far-infrared detectors, will not liJnit
the sensitivity of the detector over a wide
of frequencies, and will pennit study of EHD
and decay (M ~ 1 ]1sec) at high sensitivity as

SCHEMAT IC OF ULTRA SENSITIVE DETE CTOH

(2K)

JFET
Curren! Amplifier

Siqnal
Processing

Fi_g. L Schematic diagram of new apparatus under construc·
tion, showing low thernml background stressed Ge detector.

(XBL 7811-6171)
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aefects. We also plan to study the influence of
different surface treatments on the surface recom
bination velocity for FE. We will investigate
the anomalously long FE lifetimes (article 1) and
continue to seek the mechanism of free exciton
decay (presently unkno\~) .

Properties of the strain-confined EHL. We plan
to study time-resolved density spatial profiles
under applied dc electric fields and dc magnetic
fields, with particular emphasis on the excitonic
matter as it flows into the potential well.

Recombination processes of the ElfL. In both
stressed and unstressed Ge it is planned to extend
the work of article 5, to locate the source of
the density independent lifetime, and to further
elucidate the difference in the mechanism between
stressed and unstressed Ge; this will include using
samples with different impurities and surface
preparations.

The Mott transition in Ge. In collaboration
with Prof. Ivar Balslev of Odense University,
Denmark, we will continue to search for direct
evidence of an insulating-conducting transition
in highly but uniformly stressed Ge where the criti
cal temperature is lowered considerably. By this
means we hope to avoid the complexity of this
transition superimposed on the gas-liquid transi
tion.

Experiments with ultrasensitive detector. The
new experiments which we plan are: (1) to search
at higher sensitivity for free biexcitons and higher
lnultiexciton complexes; (2) to observe the nuclea
tion of individual small (R ~ l~) EI1D in unstressed
Ge, and study the nucleation process by spatial
imaging; (3) to study the phase diagram of Ge near
the critical temperature for EI1D. This is an area
of considerable current interest and controversy,
in which past experiments have been indecisive.
The better lineshape analysis which will be possible
with improved sensitivity should improve our under
standing of highly excited semiconductors.
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d. Superconductivity, Superconducting Devices, and 1/f

John CZarke, Investigator

be meaningful an estimate of these errors must be
made, and confidence limifts must be placed on all
quantities derived from Z. In the past no rigorous
error analysis applicable to ~IT was available. We
have found that such an error analysis is in fact
possible for the remote reference method.

Th . ZR. . be error ~ In = lS glven y

1'1 = [T]R][HR]-l (3)
= '

where Tl is the total noise contributed by E and H,
defined by

x,y) element

1. MAGNETOTELLURI CS WITH SQUID MAGNETOMETERS t

T. D. Gamble, W. M. Goubau, R. Miracky and J. Clarke

Magnetotellurics is a widely-used technique for
geothermal and geological surveying. The goal of
MY is the determination of the electromagnetic im
pedance tensor Z(w) at the surface of the earth.
Z(w) relates the components of magnetic fields (H)
resulting from disturbances in the ionosphere, and
the components of the electric fields (E) induced
at the surfa~e of the earth through the relation
E(w) ~ Z(w) H(w). From Z(w), one calculates the
apparent resistivity Pxy- '" O. 2T IZ:;g 12 and
Pyx '" O.2TI~12, after rotating ~ to minimize
Iz, 12 + IZyXI2. Here p is in ~-m, T is the p~riod
2'IT~ in seconds, an.d Z is in (mV/km) jy (y ~ 10 - ;'G) .
These apparent resistivities reflect the actual
resistivity p as' a function of position, since the
apparent resistiv~ties are averaged OVBr a skin
depth (2 p/~~ow)1/2.

+ + R -rT] = E - Z H.

The vari@lce in the ijth (i = x,y,
of ~R can be written as

(4)

(5)

One standard way to+estmlate ~ from sjmultaneous
measurements of E and H has been to express it in
terJI!s of ~rosspowers and autopowers of components
of E and H. For example, one could lvrite

where < > denotes an ensemble average,

" I"~

(1) A R H R R Rx'
(6)

x x y y y

;'R
i',

A R H R H Ry'Y y x x x x
------

*H R
"k

H R * if.;
H RD H R ,

x x y y x y y x

(8)

4
1: G <11'1 12>

k~1 kk k

+ 2Re [~ i G <1'1 '" ''>], (7)
k=1 ~=k+l k~ k ~

Var(O

where

and N is the number of tenns in each average cross
Dower. The error L tends to zero as N increases.
Thus, for a sufficiently large collection of dftta
we can find the error in any filllction, ~, of Z by
carrying out a Taylor expansion to fjrst order in
Ltj and Lijn The variance in ~ can then be written
sll1lply as

(2)[AB]

where [AE] is the spectral matrix

RIn the absence of bias errors the accuracy of ~
is determined by random errors. For MY results to

Unfortunately, such an eA~ression for Zcontains
positive definite noise contributions which do not
average to zero, and can cause substantial errors
in estimates of b, especially at frequencies at
which the magnetotelluric signals are small.

We have overcome this problem by using simultan
eous measurements of the magnetic field at a remote
site as a reference for the local signals. We can
then rxpress the impedance tensor as ~R(w) ~ [ER]
[HR]- , where R'" (RxRy) is the remote magnetic
field. Provided there is no correlation between
local signals and the noises in the remote signals,
this estimate for b will be unbiased. Any cross
powers involving noise contributions will average
to zero in the limit of an infinitely large data
sample.

*This work was supported by the Division of Materials
Sciences, Office of Basic Energy Sciences, U. S. Dept.
of Energy.

and k and 9. are labels for the xx, xy, yx, and yy
components of ~. With the ch@lge in notation Lk(k "'1,
2,3,4)0 Lij (i '" x, y, j = x,y), <LkL~ can be ex
pressed in tenns of kn01VD cross- and autopowers of
the fields according ~o the expression
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The confidence limits for i:; depend on the distri
bution of errors as well as on the variance. By the
central limit theorem we know that the distribution
will be nonnal for large N, independent of the dis
tribution of noises in the fields. Thus, confidence
limits are particularly easy to compute.

</1 .. /1 >
1J nm n.n

1 n
(9) reference fields were lneasured at the pOSItIon

labeled R. Three-axis SQUID magnetometers were
used to measure the magnetic field fluctuations,
while the electric field fluctuations were measured
by means of buried copper sulfate electrodes. The
data from the remote site were telemetered to the
local site and all of the remote and local signals
were recorded simultaneously on tape. The tape was
subsequently analyzed using the Lawrence Berkeley

Our study of the statistics of the estimation of
has produced other equations that should be valu

in many other applications. TIle signal power
spectral matrix of the ionosphericly generated elec
tric signals, [EsEsl, can be estimated by the quan-

(10)

Similar expressions hold for the magnetic and ref
erence signal powers. Thus the ionosphericly and
locally generated signals can be separated and
studied independently. This ability to separate
the contributions to the total signal can be used,
for instmlce, to measure the noise power spectra of
magnetometers in an unshielded environment.
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We have applied the remote reference technique
to magnetotelluric surveys in Bear Valley, Calif
ornia (1977), Cerro Prieto, Mexico (1978), Grass
Valley, Nevada (1978), mld Milford, Utah (1978).
The area surveyed near Cerro Prieto is illustrated
in Fig. 1. Ma~letotelluric measurements were taken
at the locations numbered 1 through 7; the remote
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Fig. 1. Magnetotelluric sounding sites (1- 7) near
the Cerro Prieto geothennal field. (XBL-789-lll07)
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Fig. 2. Apparent resistIvItIes in the coordinate
system aligned with the apparent strike direction,
location 6. (XBL 7810-5963)

Fig. 3. Apparent strike direction (relative to
magnetic north) and skewness at location 6.
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Laboratory CDC 7600 computer. As an example of the
results, the apparent resistivities, skewness, and
apparent strike angle as a function of period for
station 6 are plotted with their probable errors in
Figs. 2 and 3. The skewness W, defined as W~1(Zxx
+ Zyy)/(Z - Z )1, is a measure of the three
dimension:;ITity &t the conductivity of the earth.
The apparent strike angle is the angle bv which ',;;
is rotated to maximize the quantity IZX'r~+! Z 12.- In
two-dimensional models, the strike direttionYfs the
one of translational invariance. We observe that
the quantities plotted here are smooth functions of
the period, and exhibit no observable bias errors
in the region where the signal-to-noise ratios are
smallest (around 10 sec period). The errors are
generally very small. For example, in the apparent
resistivities, 80% of the points shown have probable
errors of less than 2.5%. The largest probable er
rors, up to 10%, occur in p at long periods where
there is the smallest quantity of data available.
These data are typical of the very high quality re
sults that can be obtained from our remote reference
technique.

The data from Nevada and Utah are still in the
process of analysis; however, considerable quanti
ties of high quality data were obtained at both
sites.

Our remote reference technique has now been tho
roughly field tested. We have found that the neces
sity of a second cryostat and the need to telemeter
the data from the remote site to the local site
have not reduced the reliability of our operation.
The technique has been shown to yield unbiased esti
mates of the apparent resistivity of the ground, and
of other quantities of interest in mapping out the
true resistivity of the ground. Furthermore, our
new error analysis has, for the first time, enabled
one to obtain reliable estimates of the random er
rors in the data. We believe that, as a result, it
will now be possible to improve considerably the
accuracy of models of the resistivity of the ground
based on ~1T data.

t Work supported in part by the Division of Geother
mal Energy, U. S. Dept. of Energy.

2. MINICO~WUTER FOR IN-FIELD PROCESSING OF
MAGNETOTELLURIC DATA*

R. H. Koch, W. M. Goubau, T. D. Gamble, R. F.
Miracl<y and J. Clarke

Magnetotelluric (MT) data consist of+analog re
cordings of the time-varying magnetic [H(t)] and
electric [E(t)] fields measured at the surface of
the earth. For remote reference MT a reference
field R(t) is also recorded simultaneously. One
wishes to find the impedance tensor ~(w) defined by

E(w) ~ lew) ~(w),

where B(wl and H(w) are the Fourier a~litudes of
B(t) and H(t) at the angular frequency w. The deter-

mination of Z(w) from the raw data requires consIder
able data processing. In the past we have processed
all of our data in the laboratory with the aid of
the computer facilities of the Lawrence Berkeley
Laboratory. All of the data tapes were first digi
tized and played back for visual screening so that
sections that were obviously bad because of equip
ment failure could be eliminated. The good records
were divided into time segments that were Fourier
transformed. All of the average crosspowers and
autopowers of the fields required for the determina
tion of ',;;(w1 and the errors in ;;;(w) were then com
puted. For our MT surveys we tyPically record at 6
to 8 stations with 6 hr of recording per site. Thus,
the subsequent data processing, particularly the
digitizing and visual screening, become very time
consuming and tedious.

We have designed and field-tested a battery-oper
ated data acquisition system (Fig. 1) for on-site
processing of MT data. The system, which is the
first of its kind, incorporates an LSI-II minicomput
er that digitizes data, computes Fourier transforms,
and computes average crosspowers and autopowers. The
analog records are digitized in real time with a 12
bit ana10g-to-digital converter that has a selectable
sampling period ranging from 4 ms to 6000 s. After
1024 samples of each field, a Fast Fourier Trans
form is performed. All of the IS possible cross
powers and 6 autopowers that can be formed from the
horizontal components of B(w), H(w) are computed for
each Fourier harmonic. TIle number of values of each
crosspower and autopower is reduced from 1024 to 15
by averaging the products contained within frequency
windows of width 6f ~ fo/3 where fo is the center
frequency of the window. The resultant numbers are
stored in memory. The fields are then ;sampled again

Fig. 1. Mobile battery powered digital data acquisi
tion system showing tIle LSI-II minicomputer with
keyboard, cassette tape recorder, and thermal print-
er. (CBB 7811-14981)
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and the processing is repeated as before, the new
crosspowers and autopowers being averaged with the
previous values. Input data can be aborted if neces
sary so that bad data resulting from equipment fail
ure or excessive noise will not be averaged with
good data. At the end of a recording session, the
average crosspowers and autopowers are dumped onto
a cassette tape that is returned to the laboratory
for the final calculation of ;':(01), the statistical
errors in (01), and the filllctions of Z(01) that are
relevant interpreting ~IT data. -

We tested the data acquisition system over a two
week period during an ~IT survey near Milford, Utah.
The system operated flawlessly throughout the survey.

Au {- Cr 
CONTACT

Nb
I------T

In the future we hope to upgrade the system with
additional input/output devices so that complete in
field processing will be possible.

supported in part by the Division of Geo
thennal Energy, U. S. Dept. of Energy.

3. SMALL AREA ruNNEL JUNCTI ON DC SQUID

R. H. Koch and J. Clarke

The present dc SQUID Cffil detect a change in mag
netic flux coyoesponding to an energy change of
about 2 x 10- 3 J in a 1 Hz bandwidth. Although this
sensitivity is adequate for many applications, im
provements are necessary for other applications, for
example, as the transducer in gravity wave antennas,
and for superconducting gradiometers for use in geo
physics. Furthennore, the theory developed for the
dc SQUID indicates that the sensitivi ty can be im
proved by three orders of magnitude to a limit set
by the illlcertainty principle. We have started work
on a new type of dc SQUID as the first step towards
achieving this improvement.

The SQUID must have a non-hysteretic current
voltage characteristic, so that the upper l~lit on
the shilllt resistance of each jilllction, R, is
(¢0/2TI CIc) 1/2, where C and I c are the capaci tffilce
and critical current of each j unction, and ¢o is the
flux quantun. The change in voltage (V) across the
SQUID is related to a change in flux in the
SQUID (¢) by

dV R -I;, (1)
Z '" (1TLC) ,

cl¢ L

where L is the inductance of the SQUID, and we have
used the relation = ¢o that optimizes the
SQUID. The optimum energy resolution of the SQUID
is set by Johnson noise generated in the shunts at
a value

Fig. 1. Configuration of small area tunnel junction
dc SQUID. (XBL 7811-6199)

111e configuration of the dc SQUID is shown in
Fig. 1. First, the gold dot is evaporated onto the
glass substrate to form a low-resistance contact to
the SQUID, and then the four 100 pm wide niobium
strips are sputtered. A 10 diagonal s
of gold is evaporated (this the resistive
shrmts), and the two 10 pm-wide niobiwn are
sputtered. 11lOse strips are thermally UALU.LL,t;U

and the two Josephson jWlCtions are completed by
evaporating a 10 pm-wide lead strip. Finally the
wide niobium strip connecting the two 10 pm-wide
niobium strips is cut as indicated with a diamond
Imife. The SQUID loop (0.5 x 0.5 nun) has an induc
tance of approximately 1 nH, and the j-unction areas
are 100 pmZ• The parallel resistnace of the shunts

typically 5~L

The measured signal from the SQUID is dV/d¢ Z

20pV/¢o' in excellent agreement with the predicted
value of R¢o/L. This signal is also on order-of
magnitude greater than that obtained from our ear
lier dc SQUIDS, where the resistance was typically
0.5 Q. The measured fl~2noise has a power
that is white down to 10 - Hz with an rms
1 x 10- 5 ¢0/1Ffz, corresponding to an
tion of 2 x 10- 31 J/Hz. 111e flux noise a factor
of 2 greater than predicted; we believe this excess
noise arises from curreYlt noise in the precunplifier,
and is not intrinsic to the SQUID. This problem is
under investigation. We have been particularly en-
couraged by the fact that noise is obsel~able
only below 10- 2 Hz.

It is hoped that further iJnprovements can be made
by reducirlg the area of the tunnel junctions even
more, and by the operating telnperature of
the SQUID.

Hz
(2)

where S¢ is the spectral density of the flux noise,
and T is the temperature of the SQUID. It is clear
from Eqs. (1) and (2) that the signal available
from the SQUID and the energy resolution are both
increased by decreasing the capacitance C. 111e area
of the trnnel jilllctions in our new SQUID is 100
tin~s smaller than in the earlier SQUID, thereby
reducing C by approximately the same factor.

4. OPTIM/\L PERFORl\1c'\NCE OF DC SQUID VOLTMETERS MID
MAGNETOMETERS

C. D. Tesche, J. Clarke and R. P. Giffard*

The dc SQUID is a very sensitive detector of
changes in magnetic flux. It is widely used as a
magnetometer, gradiometer, and voltmeter, usually in
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COJlljlillction with a superconducting flux transfol1ner,
as in. 1. The ultimate resolution of
these systems is set by the intrinsic SQUID
noise sources. It known tha there is a volt-

noise (t) across the SQUID, but previously
has no consideration of the circulating

current noise in the SQUID, I n (t). This current
noise is correlated with Vn(t) , and induces
currents circuits coupled to the SQUID that must
be taken into account.

We have used our computer model of the dc SQUID to
calculate the densities of the noises for

present SQUID for which the induc-
tance L, is nI-I, the shunt resistance, R, is 1 rl,
and tsnperature, T is 4.2 K, The spec-
tral the current noise are
SV(f) 2YvkBT R and SJ (f) '" , where Yv "" 8

~ 5.5, and lVJ "" 6. transfer
that relates a in the 'V across

the SQUID to a flux <jl := dV/ dilJ
~ R/L.

r----~------~l

I I
LI~",_' __

I
I
I
I V(t)
I I
I
I
I

2. Equivalent circuit of Fig. 1.
(XBL 7811-6206)

eX8Jnple, if we take Li '" 10-4H, wo/2n 104Hz, andt )
a'" 0.5, we find ~ 1.8pF, Ri ~ 1.10" and Tn(OP
~ 0.74 mK.

The circuit coupled to the SQUID is shown in 1.
The coil, ,v'hich has aXl inductance Li and a mu-
tual Mi '" Ct vITi with the SQUID, is in

I

SQUID coupled to input circuit with a gener-
Zi' (XBL 7811-6205)

For the more usual case of the untuned voltmeter
we set '" Ri' and find Ri "" 9rl and Tn (opth 5.9 mK
for the par8Jneter listed above. Thus, the untuned
voltmeter has an optimized noise temperature greater
than that of the tuned voltmeter by a factor of
about 8.

Magnetometer. Tne circuit of Figs. 1 and 2 can
be used as an untuned magnet~neter by setting
jwLp: Thus, Lp represents the superconducting pick
up coil of the magnetometer. The figure-of-merit is
then the mean signal energy, Uo ' that can be
detected in the pick-up coil. When the circuit is
optimized, we find Li "" 0.72 Lp and Uo "" 1.8 x 10- 7
kB T6f "" 10- 29 6fJ, where 6f is the bandwidth. For
a solenoidal pick'-up coil of vol)-j1ll't) V, we fir,d an
rms magnetic field resolution BLP ""[18pokBTM/fJ VJ,lz
where fJ '" wJ /2n. Since, in principle, one caii make
V arbitrarily while keeping Lp constant, the
ul timate resolution appears to be lImited only by
the Dewar For exanwle, for a solenoid of rad-
i.us 5 length O. 2m, we find B(opt) ""
9 x

series

These lnodels enable one to optDnize the perfor
mance of any de SQUID-based device. They also, in
cidentally, illustrate the large increases in sen
sitivity that may be gained by tuning the input
circuit.

In the case of the tuned ma~letometer (Zi '" jwLp
+ l/jwCi), the Johnson noise developed in the disSl
pative part of the input circuit SW8J1lpS the SQUID
noise. Thus, the sensitivity is found by equating
the mean square signal voltage, w2Uo~' with the
mean square Johnson noise voltage, 4kBTRiB, to obtain
Uo '" 4kBTRiB/w2 Lp . The resonant frequency is
[(Li + Ln)CiJ- l /2, mId the b8Jlldwidth is w/Q '" Ri/
(Li + Lp]' As an eX8J1lple of the high sensitivity of
this magnetometer, we take a frequency of 1 lvlHz with
Li '" Lp mId Q '" 300 0 to findUo ~ 2 x 10~31 M J, an
ll1lproven~nt of nearly two orders of magnltude over
the untuned magnetometer.

"'Physics nA1'~Y'Tm,~nT, Stanford University, Stanford,
CA 94305.

and a voltage source
Ii(t) a voltage Vet) '"

across SQUID, where Zf '" Mi
C;C""UllcU,l-'U,L circuit is shoh'n in Fig. 2.

and Z are the effective imped-
rnn"Q""-'r resistffilce of the SQUID. En(t) is

ccnUV""l.l""L voltage noise source in the input
by the noise current in the SQUID.

The circuit may be used as a volt-
a l00 by setting Zi '" Ri +

can then an e~}ression for the
noise t'Pl1nnpY'Q-ClH'A TN, 't5 the voltmeter, and opti-
mize it. TN LOP ""2.8(woL/R)T""L8(lu/UlJ)T,
where "" R/l. 6L is the Josephson frequency of the
SQUID optimum bias conditiions. This result

that the tuned voltmeter behaves as a
ideal parametric amplifier with a pump fre

quen~y wJ . The optimized noise temperature requires
l/wo~LiCi "" (1 + 3a2/4), and Ri ~ 0.35a2wLi' As an
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From dVd/dId vs. Vd, we obtained O!J.Z(Ve) =: (Ve)
- !J.Z(O) and 0!J.3 =: !J.3(Ve) - !J.3(0), where !J.zCVe) and

Fig. L (upper) Id vs. Vd and (lower) dVd/dId vs. Vd
for sample A for the various extraction bIas points
a, b, c, d, and e shown in the lower inset. The tem
perature was 0.986 TcZ' Upper inset: (left) plan
view of sanvle configuration; (right) section ce' of
sample (film thicknesses greatly exaggerated).

(XBL 787-5365)

C. C. Chi and J. Clarke

5. ENHANCEMENT OF THE ENERGY GAP IN SUPERCONDUCTING
ALUMINUM BY TUNNELING EXTRACTION OF QUASIPARTICLES

The energy gap, !J., of superconducting aluminum can
be enhanced by microwave or phonon irradiation, or
by quasiparticle tunneling between identical super
conductors. In each case, the gap enhancement
arises from the excitation of low-energy quasiparti
cles to higher energies, thereby making additional
pair states near the Fermi wavevector available for
occupancy. Long before these experiments were per
formed, Parmenter proposed that !J. could be enhanced
by the extraction of quasiparticles through a tunnel
barrier into a second superconductor with a larger
gap. In this configuration, there can be a substan
tial reduction in the quasiparticle population in
the superconductor with the lower gap. We have ob
served experimentally gap enhancements of up to 40%
in aluminum films by tunneling extraction of quasi
particles.

The experimental configuration is shown in the
upper inset of Fig. 1. The transition temperatures
of Al (1) and Al (3) were enhanced by evaporating the
films through a low pressure of air, typically 10-4
Torr. The detection junction characteristics (Id-Vd)
were studied as a function of the extraction current,
Ie' We present results on two samples, A and B,
whose film thicknesses, d1' dZ, and d3, transition
temperatures Tcl, TcZ' and Tc3, and extraction and
detection junction resistances, Re and Rci, are shown
in Table L Figure I shows Id vs. Vd and dVd/dId
vs. Vd for sample A at T/TcZ = 0.986, where T is the
bath temperature. The labels indicate the bias
points on the extraction junction characteristic
(inset of Fig. 1) at which the various detector
curves were obtained. As Ie is increased from zero
to a point just below the cusp at (!J. l - !J.z)/e, the
Id - Vd curves show clearly that the sharp rise in
current at (L'l3 - !J.2)/e moves to a lower voltage. Thus,
6Z is enhanced. We associate the higher- and lower
voltage minima in dVd/dId with (!J.3 + !J.Z) Ie and
(!J.3 - !J.z)/e, respectively. The derivatives in Fig. 1
show that, as Ie is increased from zero, there is no
significant enhancement at b, while there is substan
tial enhancement at c and d. At e, an extraction
voltage greater than (!J.l - !J.Z) Ie, the enhancement of
!J.Z is much less than at d, llldicating that the extrac
tIon rate is greatly reduced. Identical results were
obtained when the extraction current was reversed.

Table 1. Parameters of san~les A and B.

1st Al film 2nd Al film 3rd Al film Extraction Detection

Sample junction resistance junction resistance

R (Q)
e

A 56 1.49 37 1.353 28 1.40 0.019 3.5

B 79 1.36 45 1.321 40 1.38 0.037 12
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Fig. Z. 86Z and 863 vs. Ve, and Ie vs. Ve for sample
A at T = 0.986 TcZ (upper), and sample B at T = 0.995
TeZ (lower). The dashed and dotted lines are fi~s to
the data. (XBL 787-5366)

Fig. 3(a) 86~ax (solid line) and 86~ax/6Z (dashed line)
vs. T/Tc2' ana (b) 863 vs. T/Tc2 for samples A and B,
for Ve = (61 - 6Z)/e. The lines are fits to the data.

(XBL 787"5367)

"'3(Ve) are the steady-state gaps at an extraction
voltage Ve . Figure Z shows 86Z and 863 vs. Ve for
samples A and B, together with the characteristics
of the extraction junctions. In both cases, 86~ is
positive and sharply peaked near (61 - 6Z)/e, reflec
ting the high rate of extraction near (61 - 6Z) /e.
For sample A, 063 is negative and increases smoothly
with increasing Ve , while for B, 063 is essentially
zero for Ve «61 -6 Z)/e and negative for Ve >(61-1\Z)/e.

Figure 3 C.~) shows the maximUIll gap enhancement
81\~ax and 81\zax/1\Z(T) [1\(T) is the equilibrium gap]
at Ve = (1\1 - 1\2)/e as functions of T/T Z for sam
ples A and B. The absolute magnitude ocr the gap en
hancement' 86~ax, increases sharply as T approaches
TcZ. For sample B, the gap is enhanced by over 40%
at T/TcZ = 0.998. Figure 3(b) shows 81\3 at Ve =
(,'1.1 - ~Z)/e v~. T/TcZ ' For ft:, 063 IS always zero or
negat1ve, whIle for B, 863 1S zero at low temper
atures and becomes positive at temperatures close to
TcZ' We believe that the changes in 1\3 shown in
Figs. 2 and 3(b) are induced by nonequllibriurn pho
nons. To a first approximation, the steady-state
phonon distribution is uniform across all three
fEms because the total thickness is less than the
phonon mean free path, and the phonon transmission
coefficient between the Al films is close to unity.
vVhen Ve = (1\1 - 1\2)/e, there is an excess of phonons
with energies ~ 21\1' generated by the recombination
of excess quasiparticles in Al(l). For sample A,
1\1 > 63' so that 261 phonons can break pairs in
Al(3), thereby reducIng 1\3 at all temperatures and
extraction voltages. On the other hand, for sample

B, 63.is slightly greater than 61 the difference in
creasIng as the temperature is raised towards Tel.
As the temperature is increased, a growing fraction
of the recombination phonons from Al(l) have ener
gies between Z61 and 21\3, and are unable to break
pairs in A1(3). In fact, for T > 0.995TcZ ' it ap
pears that the predominant action of the phonons is
to excite quasiparticle in Al (3) to higher energy
states in such a way that is enhanced.

We have demonstrated that tunneling extraction of
quasiparticles can produce substantial enhancement of
the energy gap of superconducting aluminum. It is
interesting to note that gap enhancement by extrac
tion is not necessarily limited to low Tc materials,
because no phonons are produced in the film from
which quasiparticles are extracted. By contrast, gap
enhancement experiments involving the Eliashberg
mechanism are likely to be limited to low Tc materi
als, where the electron-phonon scattering time is
long.

6. MEASUREMENT OF THE ELECTRON- PHONON SCATTERING TIlvlE
IN ALUMINUM AND ALUMINUM-ERBIUM ALLOYS

T. R. Lemberger and J. Clarke

Various relaxation processes in superconductors
occur on a time scale determined by the scattering
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Table 1. Film parcuneters.

Haterial Film T l T

Thickness c 0

(nm) (K) (nm) (ns) (ns)

Al 590 1. 219 409 97

Al 560 1.219 391 95

Al 590 1. 226 375 90

Al 566 1. 217 317 100

AI-Er 200 1.275 55 0.92

AI-Er 210 1. 275 55 0.71

rate of electrons by phonons. Therefore, a knowl'"
edge of the electron-phonon scattering time, T ,
is essential to understand the rates at which tgese
processes occur. The present work was motivated by
discrepancies between different determinations of
the value of TO in aluminum has been determined ex
perimentally by several different methods, and also
calculated. Measurements of the recombination time
have yielded values of T of about 0.4 ~s, which
agree with the calculateg values. However, measure
ments of the 26-phonon mean free path, the gap relax
ation time, and the branch mixing time have given
values for TO near 0.1 ~s. The discrepancy cannot
be accounted for by either exper~nental or theoret
ical uncertainties.

where T-~ is the spin-flip scattering from magnetic
impurities. To study this effect, we have measured
TO in samples doped with 0.01 at.% Er: The depen
dence of Tilon MkBTc for two samples IS shown m
Fig. 1 (see Table 1). From the slope near Tc ' and

440

400

Schmid has predicted that TO should decrease if
the mean free path of the superconductor is reduced.
Since the gap relaxation and branch mixing measure
ments were made on aluminum films with mean free
paths, £, limited by boundary scattering to about
100 nm, this theory might account for the low values
of TO' We have therefore made measurements of branch
mixing time, TQ' in relatively clean Al films, using
the procedures described in the 1977 MMRD Annual
Report (p. 209). Near the transition temperature,
Tc ' TQ is related to TO' and the energy gap, 6, by

-1 -1
TQ ~ 7.2 To (lI/kBT

c
)· (1)

From measurements of TQ-Ion four samples, we de
duced the values of TO listed in Table 1. The valt<cs
are all close to 0.1 ~s, for mean free paths of up
to about 400 nm. We conclude that the short mean
free path is not responsible for the low values of
TO observed D~r earlier samples.

A second mechanism that could be responsible for
the low value of TO is the presence of magnetic im
purities. Scrunid and Schon have shown that
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-1Fig. 1. TO vs. 6/kBTc for one Al sample and two

Al-Er samples. (XBL 7811-6198)
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assuming TO ~ 0.1 )lS, we deduce that TS ~ 0.90 ns
and 0.70 ns, respectively. These measurements are
in good agreement with an independent estimate of
0.61 ns based on the concentration of Er and the
Imown spin-flip scattering rate of Er in AI.

These results support the theory oft-he effects
of magnetic impurities on branch lnixing in super
conductors, and indicate that a very small concentra
tion of paramagnetic oxygen could lower the apparent
value of TO measured by branch lnixing. Further ex
periments are in progress to investigate the depen
dence of TQ on the concentration of magnetic impur
rItles.

7. RESEARCH PLANS FOR CALENDAR YEAR 1979

John Clarke

~eophysics. We propose several new experiments
with our remote reference magnetotelluric technique,
coupled with the LSI-II microprocessor. We plan to
investigate the source of noise in magnetotelluric
measurements by varying the separation of the base
station and the remote reference by varying the sep
aration of the base station and the remote reference
magnetometer from zero to 10 km or more. This will
not only establish the minimum separation required
for accurate magnetotellurics, but may give infor
mation on electric and/or magnetic noise generated
in the earth. We plan to measure fluctuations in
the magnetic field gradient at the earth's surface,
first by using a superconducting gradiometer, and
second, by using two spatially separated three-axis
SQUID magnetometers with a third magnetometer as a
remote reference. Several more magnetotelluric sur
veys will be undertaken; we may reoccupy some of the
sites surveyed in 1978 to investigate possible
changes in apparent resistivity. These experiments
are a~ned at achieving a better understanding of the
ultimate limits of magnetotellurics, and at testing
exploration techniques, particularly as applied to
geothermal sources.

Superconductmg DeVIces. The project to increase
the sensitivity of the dc SQUID will be continued.
We plan to fabricate 2 mm diameter cylindrical
SQUIDs with 10 x 10 11m Josephson junctions: These
devices shOUld offer an order-of-magnitude improve
ment in energy resolution over our present cylindri
cal SQUIDs, and should have a high coupling effi
ciency to the input circuit. Planar SQUIDS with low
inductance will be constlllcted to investigate whether
the energy resolution is proportional to the square
root of the inductance, as predicted theoretically.
These devices will also be tested do\Yn to 0.3 K, to
obtain a further improvement in sensitivity. This
work is intended to investigate the ult~nate lmlits
of SQUID sensitivity, and to produce more sensitive
devices for such applications as geophysics and
transducers in gravity wave antennas.

Nonequilibrium Superconductivity. The research
to understand the fundamental nonequilibrium pro
cesses in superconductors will be continued. Apart
from the iWlerent interest in these processes, re
sults from this research should ultimately lead to

the development of more sensitive superconducting
devices. Experiments on microwave-induced energy
gap enhancement and gap inhomogeneities in thin
films will be extended to lower temperatures, and
broadened to include phonon<- irradiation. A new ap
paratus will be constructed to look at the response
of superconductors to pulses of current, microwaves,
and phonons.

l/f Noise. It is hoped to measure the long-tenn
time dependence of the of the L/f noise in
metal films at room temperature emd at higher temper-
atures. This research should further informa-
tion on the fundffinental that produce l/f
noise, and perhaps one to reduce the level of
the noise, thereby imprOVing the performance of de
vices, particularly those superconducting devices
that are fabricated entirely of thin films.
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2. THEORETICAL RESEARCH

a. Theoretical Solid State Ph'vsilcs*

Marvin L. Cohen, Investigator

1. ELECTRONIC STRUCTURE OF A1S COvPOUNDS

M. L. Cohen, K. M. Ho, and W. E. Pickett

The highest temperature superconductors are
found in the crystal structure group A1S. These
materials can be superconducting above the boiling
point of hydrogen, and hence there has been exten
sive research on these systems. In addition to
their high superconducting transition temperatures,
many other anomalous properties are found in this
group of materials, e.g., their resistivities
can have anomalous temperature variations, and
many AIS con~ounds transfonn fr~n cubic to tetra
gonal structures at low temperatures.

We have applied the Self-Consistent Pseudo
potential Method (SCPM) to calculate the band
structure, density of states and electronic charge
density both for the total charge density (all
conduction electrons contributing) and for the
charge density of individual band states. Because
the SCPM is fully self-consistent, it is expected
that the results obtained should be accurate and
hence useful in deciding important questions about
the AIS compounds.

Our calculation for these A3B materials focused
on Nb3Ge, Nby~l and two fictitlous compounds
Nb3Nb and Nb3*, where the last compound contained
Nb chains, but with no atoms on the B sites. The
Nb3Nb and Nb3'k were studied to explore the effects
of the B atoms. To investigate the structural
instability, we performed some self-consistent
calculations for Nb3Ge asswning one of the three
intersecting chains in this structure was dimerized.

The theoretical approach involved the mixed
basis SCPM which will be described in the following
article 2. The Nb, Ge and Al pseudopotentials
were derived from other applications, and Fourier
analysis techniques were used to obtain detailed
energy bands and density of states curves.

Our investigations of the electronic charge
distributions of Nb3Ge and Nb~l indicate that
the main flow of charge when the crystal is formed
is from both A and B atoms to the interstitial
regions. There are indications of covalent bonding
between the neighboring Nb atoms on a chain, but
the dominant behavior is metallic coming from
the interstitial charge. These results were
contrary to earlier models which predicted sizable

*This work was supported in part by the Division of Materials
Sciences, Office of Basic Energy Sciences, U. S. Dept. of
Energy and the National Science Foundation.

charge flow from the B site to the Nb atoms. For
Nb3Ge and Nb~l the main effect of the Ge and
Al atoms on the Nb chains is to weaken interchain
and intrachain coupling and to transfer charge
to the interstitial regions. lYhen the B site
is occupied by Nb, a bond between this site and
the A site develops at the expense of coupling
between atoms on the chains.

The charge distributions of individual states
near the Fermi energy were calculated and their
role in the phenomena connected with the structural
phase transition at low temperatures was investi
gated. Gor'kov and others have postulated that
the X point of the Brillouin zone is affected
greatly by a structural transition. By placing
the Fermi level near a doubly degenerate X level,
these authors explained properties of the AIS
materials assuming a gap was created at X. Our
calculations revealed that the R and Mpoints
were more likely candidates. These states are
five times more sensitive to displacements of
the Nb than the states near X are. The charge
density plots of these states and the X states,
and the band structure position all appear to
favor R and Mover X as candidates for a prominent
role in an electronic instability model of the
structural transition.

Using the detailed band structure results the
values of the density of states, Fenni velocity,
and plasma energy were calculated and compared
with experiment where available. These results
together with electron-phonon coupling constants
were then used to study the resistivity and the
saturation of the temperature dependence of the
resistivity of these materials. 1ne analysis
gave support to empirical saturation theories
and allowed a determination of the extremely short
phonon-1 imited mean free paths. The mean free
paths approach interatomic distances, and semi
classical Boltzmann theory is expected to break
dov.n. It was shown that conventional electron
phonon scattering was responsible for the short
mean free path even though the values meant these
materials were near the Mott limit.

An interesting application of the electronic
band calculation and the analysis of the transport
properties is the possibility of estimating the
maximum superconducting transition temperature
of the AIS materials. Detailed density of states
structure revealed sharp peaks less than 0.1 eV
wide. Because of the strong electron-phonon
scattering, it is expected that this detailed
structure in the density of states will be smeared
out or averaged over. This causes an effective
reduction in the density of states which in turn



lowers the superconducting transition temperature.
Consequently the same mechanism (electron-phonon
scattering) which was responsible for the high
transition temperatures found in these materials
was also responsible for limiting the transition

Nwnerical estbnates were made using
structure and resistivity data.

2. BULK Al\JD SUHFACE PROPERTIES OF TRANSITION
METALS

M. L. Cohen, K. M. Ho, G. P. Kerker, and A. Zunger

The bulk and surface properties of transition
metals are extremely rich in interesting physical

It is the occupancy of the
bands of these which is responsible for

a nwnber of their unique properties.
However, it is just this characteristic of these
metals which makes direct application of pseudo
potentials difficult. Most pseudopotential schemes
use waves as a basis set. The d-states
are quite localized, and it therefore

a large nwnber of plane waves to accurate
ly represent a d-state. The plane wave approach
was used with the SCPM for Nb and both the
bulk and states were However,
this was a tour de force and a new method was
developed \~lich combined plane waves and Bloch
swns of localized f~~ctions. The plane waves
described the delocalized electrons while the
atomic-like or localized states were the domain
of the Bloch localized functions. This Mixed
Basis-Scheme (!vlBS) is capable of treating crystals
with large, complex unit cells. Together with
the SCPM it allows accurate electronic calculations
of bulk and surface states of transition metals.

As a test, the !VlBS was applied to Nb and the
results were compared to the plane-wave calcula
tion. The plane wave calculation used ~ 160 plffile
waves in the basis plus ~100 additional waves were
included via a perturbation scheme. The !VlBS used
a much smaller basis \'1ith ~20 plffile waves and five
Bloch sums of Gaussian orbitals. The two schemes
gave very sbmilar results. The MBS has now been
adopted by a nwnber of researchers in this country
and abroad.

At Berkeley the main application of the !VlBS
to surfaces has been a thorough study of the (001)
surface of Mo. Recent angle-resolved photoemission
experiments applied to a clean Mo (001) surface
revealed two sharp peaks at 0.3 ffild 3.3 eV below
the Fermi level at normal emission. These struc
tures were also observed for other emission ffilg1es
together with a third peak which appears about
0.6 eV below the FeTIli level. The above structures
also occur in Wat different energies. It appears
that Mo and Ware quite sbnilar and an analysis
of Mo can be used to explain some of the surface
features of W.

The calculated local density of states, which
gives density of states structure as a function
of atomic layer startin"g at the surface, reveals
that all of the above structures can be identified
with surface states. Contrary to other proposals,
relativistic, 111any-body, and surface-contraction
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effects are not necessary to explain the observed
spectra. Self-consistency was bmportant in this
calculation and the existence of a reliable bulk
band structure is also necessary.

The bulk band structure calculated with the
SCPM and the !ViliS gave good results to
other calculations and measurements.
calculation of the bulk band structure for Mo
and also for Wwas done usin"g First-Principles
Pseudopotentials (FPP) (see following article 3).
The FPP approach also used the !ViliS and in addition,
a new momentwn- space approach for calculating
total energies (following article 4) was also
used. The results gave estbmates of the lattice
parameters and binding for Mo and Wwhich
were in good agreement with measured results.
The application of FPP and the use of momentum
space fOTIlalism for equilibrium properties will be
described further in the following articles 3 and 4.

In essence the !ViliS together with the SCPM now
allows detailed and accurate calculations of
systems involving both itinerate and localized
states. Transition metals surfaces which have
been the subject of intense e:x:perimental research
can now be analyzed theoretically. Mo (001) is
a good protot)~e where a c~lvlete analysis of
the surface states, their distribution in the
two-dbnensional Brillouin zone, their charge den
sity distributions and the local density of states
describing the system were calculated in detail.
Accurate self-consistent bulk calculations are
also possible now both for electronic stlvcture
and equilibriwn properties.

3. FIRST-PRINCIPLES PSEUDOPOTENTIALS

M. L. Cohen and A. Zunger

Pseudopotentials real Coulomb potentials
and affect only valence electrons. This allows
calculations without the need of computing core
states when the problem under examination involves
the properties of valence states Often
the pseudopotentials are weaker than the all
electron potential allowing sinvlifications for
many calculations. The evolution of the pseudo
potential approach in recent years has been rapid.
In the early 1970's the focus was on en~irical
potentials which were fit to give experimental
results and then used to explore new situations.
The Self-Consistent Pseudopotential Approach used
only atomic information and allowed a treatment
of surfaces and bulk problems (see preceding
articles 1 and 2). A new advance in the direction
of reducing the en~irical nature of pseudopotentials
is encompassed in the First-Principles Pseudo
potential Approach (FPP). In this case, the method
obtains none-local (different potentials for each
angular momentum state) atomic pseudopotentials
in the density functional formalism by direct
inversion of the pseudopotential eigenvalue problem.
The pseudowavefunctions are fixed by constraining
them to have maxiJllunl similarity to the all-electron
wavefunctions and minbmunl radial kinetic energy.



The FPP yield accurate energy eigenvalues,
total energy differences, and wavefunction nl0ments
over a wide range of excited atomic configurations.
The method was applied to 68 transition and non
transition elements of rows 1-5 in the periodic
table. Using the FPP it is possible to calculate
the core radii by analyzing the FPP classical
turning points and minunum potential radii. These
radii can be connected to chemical trends in the
periodic table.

Direct application of the FPP to the bulk band
structures of Mo, W, Si and Ge yield electronic
states in good agreement with other approaches
and with measurements where available. As discus
sed in preceding article 2 calculations of the
lattice constants and total energy also yield
values consistent with measured results.

One of the interesting non-band structure appli
cations of the FPP is to the separation of crystal
structures of compounds based on the core radii
of the elements involved. Sunons and Bloch used
empirical radii to achieve a separation.
Chelikowsky and Phillips modified the Simons
Bloch radii for structural analysis, for a theory
of alloy fonnation and for detennination of a
nunlberof properties of elements, compounds and
alloys. The FPP claims comparable success and
is not empirical. It puts much of the current
work on a sounder base and allows extensions.
For exmnple, the FPP provides a to~ological
separation of both the octet ANB8- and the sub
octet ANBP-N (3 < P < 6) crystal structures based
on FPP radii.

Therefore, there now exists a scheme for
developing pseudopotentials directly from atomic
calculations and these potentials can be used
for electronic structure calculations and for
studying chemical trends via the prominent proper
ties of the potential, i.e., core radii. The
only disadvantage over previous schemes is that
the stronger core associated with FPP requires
a larger basis set to reproduce the localization
l,~hich can occur. The Mixed-Basis-Scheme helps
to solve this problem and allows calculations
using the FPP for bulk structures. Further work
will be required to make the FPP easily applicable
to surfaces. At present, there are no basic
problems in this extension, and this development
should provide useful results on surface studies.

4. CALCULATION OF EQUILIBRIUM PROPERTIES OF SOLIDS

M. L. Cohen, J. Ihm, and A. Zunger

Total energy calculations have an important
role in solid state and molecular physics. For
a diatomic molecule, the calculation of the total
energy as a function of interatomic distance can
allow determination of this distance and the force
constants for the molecule. In most calculations,
the calculated interatomic distance and binding
energy is in much better agreement with Jneasure
ments than the force constants. 1ne sanle is true
of pseudopotential calculations for n~lecules
and this result is carried over to calculations
for solids. However, it is now possible to do
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fairly accurate calculations of the equilibrium
lattice constant, the crystal energy and the stable
crystal structure (by comparing the total energy
of likely structures) using a pseudopotential
approach.

To make the calculation of the total energy
tractable, a new approach to this type of computa
tion was developed. The approach is based on
a momentum-space fonnalism which is particularly
suited to the Self-Consistent Pseudopotential
Method (SCPIvl). In this approach, the total energy
is obtained through band structure calculations
without involving additional integrations. In
essence, calculations of the total energy can
now be done without a significant increase in
computation over that which is normally done for
band calculations.

An application was made to Si bulle The results
for the lattice constant, the total crystal energy
and the bulk modulus were 5.35 A, -7.910 Ry and
1.69 x 1012 dynes/cm2. The experimental values
are 5.43 A, -7.919 Ry and 0.99 x 1012 dynes/cm2.
The total energy calculations for the diamond,
bcc, fcc and hcp structures yielded the diamond
structure as the Jnost favorable. Charge density
plots for Si in these structures clearly showed
that the covalent bond was manifested only in
the diamond structure.

Total energy calculations of the unrelaxed
and rel~xed surface predict an inward relaxation
of ~O .15 A for the Si (111) surface. This is
in good agreement with experiment. Detennination
of the equilibriunl surface reconstruction by
minunizing the total energy of the system does
not seem possible at present. This is because
the calculation would D1volve a matrix which is
unmanageably large, and there are too
possible reconstruction configurations to tested
economically.

Total energy calculations for Mo and Wwere
also done using First-Principles Pseudopotentials
(FPP) (preceding article 3). The results for
these materials give accuracies of 0.2% in the
lattice parameter, 2% and 11% for the binding
energies of Mo and W, respectively, and 12% and
7% for the bulk moduli of Mo and W, respectively.

5. SEMICONDUCTOR SURFACES PJ\TD INTERFACES

M. L. Cohen, J. R. Chelikowslcy, J. Ihm, and W.
E. Pickett

We have continued research in semiconductor
surfaces and interfaces by applying the Self
Consistent Pseudopotential Method (SCPM) to some
systems of interest. For semiconductor
semiconductor interfaces (heterojunctions), we
had done calculations for the (110) interfaces
of Ge-GaAs and GaAs-AlAs. Recently these calcula
tions were extended to examine the electronic
structure of (110) Ge-ZnSe and (110) GaAs-ZnSe.

The (110) Ge-ZnSe case appeared to be a natural
extension of the work on (110) Ge-GaAs. The
results did not support this. The systems differed
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in detail. The calculations did show that inter
face states are predicted theoretically and that
the density of these states was large enough to
be experimentally observable using photoemission
spectroscopy if suitable ablupt interfaces can
be fabricated. Details of the spectrum of inter
face states, their charge densities and possible
relaxation geometries were determined.

'rhe (110) GaAs-ZnSe interface was studied
primarily for the following reason. In the Ge-ZnSe
and the Ge-GaAs cases, interface states were found,
but none were found for AlAs-GaAs. The question
arose as to whether symmetry differences or
ionicity differences are necessary for the exist
ence of interface states. In the AlAs-GaAs case
0vhere no interface states are predicted) the
?ymmetries of the two compounds are identical
~~d the ionicities are almost the same. For
Ge-GaAs and Ge-ZnSe both the synIDletries and
ionicities change, and interface states are found.
In the GaAs-ZnSe case, the symmetries are the
same, but the ionicity of ZnSe is larger than
that of GaAs. The calculations show that interface
states are formed. No interface states are found
in the fundamental gap, but some do split off
from the bulk states in other regions of the band
structure. The calculated band-edge discontinuity
does not appear to satisfy the simple "electron
affinity rule."

The clean surface of GaAs (110) has been the
subject of considerable research and discussion
both in the literature and at conferences. Early
experiments on photoemission indicated that intrin
sic surface states existed in the semiconducting
gap region. However, other measurements showed
that no states existed in the gap. This led to
a re-interpretation of the photoemission work,
and an exciton shift was postulated to account
for the apparent location of states in the gap.
The experimental situation at present is consistent
with empty surface states just above the conduction
band minimum.

The theoretical situation also evolved slowly.
The first calculations on an ideal (110) GaAs
surface obtained surface states in the gap in
agreement with the earlier interpretation of the
experimental work. However, low energy electron
diffraction data and total energy models indicated
that the GaAs (110) surface should not be ideal
but relaxed. Our new self-consistent pseudo
potential calculation based on a relaxed (110)
surface geometry yields no intrinsic surface states
in the fundamental band gap. In addition the
calculations of the density of states is in good
agreement with current experiments and the surface
states are located and identified. Since the
potential is very sensitive to the surface geometry,
changes in the geometry affect the calculated
positions of the surface states. By using photo
emission results and pseudopotential calculations,
it is therefore possible to decide between candi
dates for geometrical configurations independently
of low energy electron diffraction results.

6. HIGH TEi'vlPERATURE SUPERCONDUCTIVITY

M. L. Cohen, K. M. Ho, W. E. Pickett, and A. Zunger

Basically two areas of the field of high t~npera
ture superconductivity were investigated. The
first focused on work related to the AIS c~npounds
which are pr~sently the highest temperature super
conductors. The electronic structure calculations
were described in preceding article 1. These
studies led to a possible mechanism for limiting
the transition temperature of AIS compounds or
similar lnaterials. The central argument revolved
around the possibility of introducing smearing
of the density of states or rather fine structure
in the density of states by electron-phonon
scattering. Several models were used and numerical
estimates for the maximum transition temperature
in this system of materials were made.

The second area of research in high ten~erature
superconductivity involved an analysis of the
recently suggested electron-hole mechanism for
high ten~erature superconductivity. This mechanism
was sliggested by Abrikosov to explain Soviet
experiments by Brandt et al. on CuCl assuming
the CuCl was superconducting at high ten~eratures.

Our research in this area took two paths. One
involved the calculation of the electronic band
structure of CuCl to test the models proposed
by Rusakov and used by Brandt et al. and Abrikosov
to suggest explanations for the anomalous diamag
neti~n of CuCl observed by the Soviet group. The
other path consisted of a detailed analysis of
the Abrikosov electron-hole mechanism for super
conductivity.

One of the essential features of the Rusakov
model for CuCl was an electronic band structure
with a valence maximum at the center of the
Brillouin zone and a conduction band minimum at
the X-point of the Brillouin zone. The model
proposed that overlap could occur when the crystal
was subject to pressure. To test the band struc
ture model, a fully self-consistent, all-electron
calculation for CuCl was done. The calculated
energy levels agreed with photoemission results
and did not support the Rusakov model. The results
yielded a dire~t gap at the center of the zone,
and the calculated pressure coefficients indicated
that an indirect gap would not occur at the pres
sures where anomalies appear in the experimental
measurements.

The large diamagnetism in CuCl stirred con
siderable interest in the possibility of high
temperature (~lSO K) superconductivity in this
material. Although the question of superconducti
vity in CuCl is far from settled, a proposal by
Abrikosov motivated by the CuCl measurements
stirred considerable interest. The Abrikosov
suggestion follows from a model by Herring that
postulated the crystallization of heavy holes.
Abrikosov extended this model and assumed that
electrons from the conduction band could interact
with each other via virtual excitations of the
hole-lattice to form Cooper pairs. The resulting
superconducting transition temperature estimated



by Abrikosov was ~103 K. A detailed re-examination
of the Abrikosov mechanism including stability
and renormalization effects yielded a considerably
lower estimate of the superconducting transition
temperature. Although the results were generally
discouraging, mechanisms and conditions for
enhancing the Abrikosov mechanism are examined,
and the interesting features expected for super
conductivity of this type are described.

7. RESEARCH PLANS FOR Ci\LENDAR YEAR 1979

Marvin L. Cohen

One heterojunction which has received con
siderable attention is GaSb-InAs. TIlis interface
is expected to be characterized by overlapping
bands, i.e., the conduction band of one compound
overlaps the valence band of the other yielding
a "metall ic" interface. Several experiments have
been interpreted in terms of this model. We plan
to do a detailed study of this interface and hope
to attempt an electronic structure calculation
to eX~line the possibility and extent of the over
lap of bands.

TIle Self-Consistent Pseudopotential Method
(SCPMQ will be applied to molecules to explore
the relation of various pseudopotential models
to first-principles calculations. Si2 and 02
will be used as prototypes.

First principles pseudopotentials will be
explored further. It is hoped that a suitable
analytic form can be found to fit most standard
potentials. This will allow convenient use of
the potentials and applications to new problems.

Some exploratory work is under way to see
whether the SCPM can be used to understand the
behavior of hydrogen impurities in Ge. Some basic
questions about the localized and itinerate nature
of electrons associated with impurities are
involved.

A calculation is in progress to explore the
electronic structure of a transition metal on
a semiconductor surface. The system chosen is
Si with Pd, and it is hoped that the SCPM can
reveal electronic states induced by the Pd.

A chemisorption problem involving bulk Mo with
H adsorbed in different geometries is being
planned. Another calculation consisting of Si
with oxygen adsorbed may also be explored.

We plan to continue calculations on the local
field dielectric function for Si. This function
can be applied to studies of the phonon spectrum
and to the question of excitonic superconductivity.
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1. Chemical Structure

a. High Pressure Chemistry"

George Jura,

1. HIGH PRESSURE HEAT CAPACITIES

The measurement of the heat capacity of metal
elements at high pressure has been studied in
considerable detail but with only limited success.
In principle, the best approach is simply to
transmit a constant current pulse through a wire
sample held at the desired pressure on a Bridgeman
anvil press. Using the equation

(1)

the heat capacity at constant pressure (Cp ) is
easily obtained. The constant through thB sample
is the variable I. The resistance of the sample
is R and 8R/3T is the rate of change of the
resistance, R, with temperature. (3E/3T)T=0 is
the rate of change of the potential drop across
the sample as the wire temperature increases due
to the current I at time equal to zero.

R and 8R/3T can be measured easily by means 1
of a bridge described in detail by L. N. Dzhavadov
in which the sample is balanced with a very low
constant current against a variable resistance of
known value. Repeating this experiment with a
slightly lower temperature gives oR/in. _ .
Therefore, in order to measure the heat capacity
of a wire sample, one must measure (3E/3Th=0
using a constant current pulse.

The current I must be well regulated since
it appears in the Eq. (1) as 13. This problem
was solved by Yee and Jura2 by constructing a
constant current pulse generator which gave a
pulse that was constant to within 0.1% of its
original value.

The measurement of (3E/3T)T=0 has been a con~
tinuing difficulty in determining the value of Cpo
The current I must be of sufficient size (on the
order of 5 amp) to heat the wire and make a
measurable voltage drop increase across the sample.
Commonly, a high current pulse settles to its
intended value only after a period of time which
may be as long as 100 jJsec. The causes of this
effect are many, including, capacitance and induc
tance in the wiring, the characteristics of the
aTI~lifiers and transistors in the pulse regulation
circuits, and ground loops.

*This work was supported by the Division of Materials
Sciences, Office of Basic Energy Sciences, U. S.
Dept. of Energy.

PreViously attention has centered on responsive
ness of the operational amplifiers and elimination
of all possible ground loops. However, during
the present investigation it was found that with
a well regulated constant current pulse generator,
the primary cause of delay in the setting of the
pulse was simply the inductance of the wires going
to and from the sample. The importance of this
inductance was due to the combination of high
current in the pulse and the low resistance the
load (on the order of 0.5 ohms). The elnnination
of this inductance by construction of a trans
mission line matched to the resistance of the
sample reduced the settling time to the limit
set by the responsiveness of the pulse generator.

Sunnnary of Work

A considerable amount of time was spent re
working the pulse generator of A. Yee with modifica
tions by R. Shen and K. Y. Kim. After a thorough
analysis of the circuit it was decided that the
broader range, flatness, and reliability of the
HP 8003A pulse generator as a source pulse to
trigger the constant current pulse was the right
choice. The high current pulse and regulation
circuitry was reworked also. Initially great
effort was spent using the broadest banded, highest
slew rate, and fastest settling time amplifiers
available-~we settled on the National L40032A
MOSFET operational amplifier. However, the outputs
of these devices are not well protected and when
the voltage in the high current power supply was
increased to 30 V to overcome any inductive effects,
the 2N30S3 failed after a nominal time (a few days)
and blew the OP amp after 6 such events over a
couple of months. A conclusion was reached that-
given the expense, and difficulty with the MOSFET
Op amp--we would switch to a JFET Op amp. Also,
the overriding cause of ringing was not the slow
ness of the switching and amplification, but,
since we were operating in a high current regime,
the inductance of the wires themselves. A dramatic
variation in pulse shape occurred with the addition
of as little as 2 in. of wire. Therefore, we
changed the Op amp to an LF3S64. Then redesigning
the cirCUitry so that an absolute minimum amount
of wire was used, we were able to obtain a pulse
of up to IS aTIlp with a maximum of 18 jJsec overshoot.
This was quite compatible with the 12 bit AD
converter sampling time minimum of 21 jJsec. It
should also be noted that in addition to burning
out occasionally, the L40032 had a disturbing
tendency to go into ratiofrequency oscillation.
This was initially controlled by reducing the
amount of feedback to the inverting input; however,
this led to a lack of stability of the pulse.
After a long study of this problem it was found
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Ik Fig. 2. Switchulg circuit from pulse generator.
The leads worked L are the leads whose characteris
tics affect the origin and overshoot. ()~L 791-

Fig. 1. Sch~natic diagram of bridge.
(XBL 791-7788)

The new circuits are shoWll in Figs. 1 and 2.
The first is of the bridge, the second of the
switching circuit.

that, carefully selecting the frequency balance
capacitors-between 3-15 picofarads-ternlulated
the problem.

1. L. N. Dzhavadov, High Temp-High Press. 5 455
(1973).
2. A. F. Yee, (Ph.D thesis), University of
California, LEL-180, 1971.
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Norman E'. Phi Investigator

to r

Before one measures the ty
of the Ct\1j\j, one must the sus-
ceptibility of the holders. This con·-
tribution is then ""'hTr"{~T{,,l from the total output
of the CIvlN e~peJrUllent to get the (~lN contribution.
The sample materials have been specifically
chosen -to be as and it
was hoped that was present
would be .. to T-1
Although this was T < I, this
was not the case for T > 1 Ie In the sample
holder, we found an anomaly at T l < We
have been unable to eliminate this effect in spite
of carefUl and indeed the
entire sample holder. Our appyc)ac:h has
been to determine that the anomaly is reproducible.
We also for both the epoxy and sCJ11lple
holders, a rather dramatic increase :W. tempera-
ture dependence of the for T > 3 K.
This effect has also been found reproducible.
Thus we feel that we have em characteriza-
tion of the holder

The second thermometer measures the
AC susceptibili.ty with a mutual inductance bridge
which en~loys a SQUID as its nu.ll detector. The
mutual inductance coils are wound with Nb wire
on an epoxy former to minimize the effects of
eddy current due to the AC field.
Again one puts a mixture in coil of
an astatic , thennal contact to the reference
temperature established by six 5-mH silver
wires which penetrate the OVlN- oil mixture. Here
again, one the output to be pro-
portional to

coils ,md in good thermal contact with the
fonner. A DC biasing field for the
measurement is supplied by 5 Gauss in
a Nb tube which surrounds the As the
temperature , the moment of the CMN ch9.nt;es
cculsimg ""'rv;no- mnounts of flux to link the
in Since the total flux
in loop of Nb lvire must be

spontaneous currents will be
in the Nb wire Ul direct to CMN

the output of the SQUID

These two CMN thennometers were then used to
extend our 14K temperature scale to below 1 K
and to calibrate two resistance thenno-
meters to 50 mK, the to which
these particular therm~neters useful
resistance-temperature relation. The experiment
consisted of putting an the thermometers on a
massive copper is isolated from the
mixing chamber of a dHution refrigerator
by a superconducting switch. The
of the copper plate was the
magnetic therrnometers and a given germanium thermo
meter were read simultaneously. The temperatures
were detennined from the magnetic
scale and assigned to the observed resistance
values of the germanium thennometers. Finally,
a fit of the resistance-·temperature data was made

W. E. Fogle, E. W. Hornung, G. E. Brodale, and
N. E. Philhps

1. IMPROVEMENTS IN LABORATORY TElvlPERATURE SCALE
BELOW 1 K

(Jne of these thermometers uses a measurement
of the DC susceptibility and employs a superconduc
ting quantum interference device (SQUID) in the
flux locked mode. The input circuit to the SQUID
consists of an astatic pair of superconducting F

coils, each with a self inductance of ~ 5 x 10- /
henries, wound on a high purity copper former.
The leads to the coils are tightly twisted to
minimize stray inductance and are directly connected
to the SQUID terminals thus forming a supercon
ducting loop of niobium wire. A CIvlN-oil mixture
is then positioned in the center of one of the

The most widely used working thermometers for
calorimetry at temperatures below 1 K have been
carbon or germanium resistance thennometers. These
become impractical at very low temperatures for
one or both of two reasons: (1) The resistance
becomes too high for convenient measurement to
the necessary accuracy; (2) Radiofrequency noise
picked up in the measuring circuit produces heating
in the thennometer element that holds it at an
essentially constant t~nperature well above that
of the sawple. The actual limiting ten~erature
depends to some degree on the type of measuring
circuits and the laboratory environment, but it
is typically some tens of millikelvins.

To be useful for calorimetric measurements
a thermometer must have a small heat capacity
and good sensitivity. It must also be calibrated
on the thermodynamic scale if it does not read
directly on that scale. At very low temperatures
the time constant governing the response of a
thermometer may be a special problem. The recent
development of SQUID susceptibility lneasurements
have made possible the use of a variety of suscepti
bility thermometers that use vel~ small samples
and which satisfy some or all of the above require
ments, depending on the calorunetric san~le and
the temperature range. The ~rinciples of the
measurements are well known, but the achievement
of short thermal time consta~ts and the elimination
of errors in ten~erature measurements associated
with the magnetic properties of the coils and
sample holders are still substantial problems.
As a first step in developing thermometers of
this type, we have constructed two CIvlN thermometers
that have been used to 18 m1(, the lowest tempera
ture currently available to us. The thermometers
make use of the r 1 susceptibility of CIvlN at
temperatures between 18 mJ( and 3 K, and are
calIbrated against the well established laboratory
scale at temperatures above 1 K.

*This work was supported by the Division of Materials
Sciences, Office of Basic Energy Sciences, U. S.
Dept. of Energy.
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to give a complete representation of the magnetic
scale on the resistance thermometers.

The perfonnance of the magnetic thernrometers
has been found to be very good. For example,
in the range T ~ 1 - 4 K where we calibrate the
magnetic thermometers against our laboratory scale,
we find we can fit the SQUID output voltage of
the first thennometer and the bridge setting of
the second thernrometer against T-l and get
fractional deviations from the fit of less than
0.03%. This of course implies good internal con
sistency between our 1 - 4 K scale and the assumed
T-l ten~erature dependence of the susceptibility
of QvlN. It is important to note that one must
take into accollilt the susceptibility of the sample
holders. Fitting the results without doing so
substantially degrades the quality of the fits.
We also find that the bridge output as a function
of temperature is very close to that predicted
theoretically.

Finally, we have used this improved temperature
scale for T < 1 K to recalculate the heat capacity
of pure copper. Such a measurement is frequently
used as a basis for intercomparing temperature
scales between various laboratories at temperatures
above 1 K. With our new scale, the data fit an
extrapolation of data2 from above 1 K to within
our experimental precision of about 0.1%. This
is a substantial unprovement over the results
obtained with our earlier scale in this region.

1. R. P. Giffard, R. A. Webb and J. C. vVheatley,
J. Low Ten~. Phys. 6, 533 (1972).
2. D. W. Osborne, H. E. Flotow, and F. Schreiner,
Rev. Sci. Instrum. ~, 159 (1967).

The hyperfine field at a host nucleus that
is an ith neighbor of a magnetic impurity is
proportional to the mean value of the unpurity
spin: Hi a <S>. In NlvIR measurements on the host
nuclei Hi appears as an additional contribution
6Ki to the pure host Knight shift K. Boyce and
Slichter, and Stakelon and Slichter have determined
the values of for the first five Cu neighbors
of "isolated" Fe impurities in CuFe. 2 For their
measurements, in which 6Ki has the temperature
and field dependence of the impurity magnetization
in the single-illlpurity limit, HL'IKi ~ Hi and <5>
is given by Ng )lB <S > ~ Ximp H ~ Ng2 )l~ .
S(S+1)H/3k(T+TK), where Ximp IS the lowcfleld,
single-impurity susceptibllLty, and H is the
applied field. These results determine the
proportionality constant relating Hi and <S >
since Hi/< S > ~ 3k (T+TK) LlKi/g)1BS (S+l) . In CuFe
the hyperfine heat capacity associated with-the
Fe nucleus is negligible, and there will also
be no contribution from Cu nuclei near the isolated
Fe impurities because their spin is compensated.
Following the results of the analysis by Tholence
and Tournier,l we assume that there is a certain
concentration cm of fully magnetized impurities
that order in some fashion at 0 K and have <S > S.
For these the hyperfine fields at near-neighbor
host nuclei are Hi ~ 3k(T+TK) 6Ki/g)lB (S+l), and
the leading term in the hyperfine heat capacity,
per mole of alloy, is

222
CT ~ cm R {)IN (1+1)/31 k} t ni Hi (1)

where ni is the number of neighbors in the ith
shell. The data for the calculation of the sum
in Eq. (1) are given in Table 1, where we have
takenl S ~ 1.27.

2. LOW-TEl'vlPERATURE HEAT CAPACITY STUDIES ON
SYNTHETIC lvlETALS

Table 1. Hyperfine fields at Cu nuclei in the first
five shells surrounding an Fe atom in CuFe.

a. Data from Reference 2.

Still following the description derived by
Tholence and Tournierl we assume that an Fe impurity
is "magnetic" if one of n sites in its vicinity
is also occupied by an Fe impurity. If c is the
total concentration of unpurities, the concentration
of "isolated" impurities is c(l - c)n and the
concentration of magnetic impurities (including
pairs and groups of 3 or more) is

4 12

1 12

(T+TK)LlKi/K
a H. 2N.H.

1 1 1

(K) (kO
e

) (k02)
e

-1889. -43.10 22290

+ 609. +13.89 1158

- 395. - 9.01 1948

- 118. - 2.70 88

+ 92. + 2.10 106

62

i

5 24

3 24

3. CONCENTRATION OF "MAGNETIC" IMPURITIES IN CuFe

N. Bartlett, R. N. Biagioni, J. D. Boyer, J. C.
Ho, and N. E. Phillips

See under Chemical Sciences, Neil Bartlett,
Investigator.

N. E. Phillips

Tholence and Tournierl have sho,vn that the
magnetic properties of dilute CuFe can be inter
preted as the sum of contributions from isolated
unpurities which have a Kondo temperature TK ~ 29 K,
and from ferromagnetic pairs which have a lnoment
twice that of a single, fully lnagnetized impurity.
One might expect an approximately equal number
of antiferromagnetic pairs but the evidence for
their existence was less clear. The purpose of
this note is to point out that measurements of
the host hyperfine heat capacity can be used with
recently obtained NMR data2 to provide an additional
test of models of this type, and to show that
previously published data,3 although not ideal
for the purpose, are in reasonable agreement with
the conclusions of Tholence and Tournier.
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ncm ~ c - c(l - c) .

Brock et al. 3 report that for a CuFe alloy with
c = 0.0027, the host hyperfine heat capacity,
measured below 0.1 K, corresponds to an nns
hy~erfine field of 3500 Oe. Using Eqs. (1) and
(2) it follows that em = 4.8 x 10- 4 and n = 72.
This is sufficiently close to 78, the total nunmer
of neighbors in the first five shells, that it
is reasonable to conclude that the Fe atoms that
contribute to the ordered magnetic state at 0 K
are those that have an Fe neighbor in the first
five neighbor shells.

The NMR data also give information about the
relative probabilities of ferromagnetic and anti
ferromagnetic interactions for near-neighbor
impurities if one assumes that the sign of L\Ki'
which determines the sign of the conduction electron
spin polarization at the Cu nucleus, would also
determine the sign of the effective exchange field
if there were another impurity atom at the same
site. On this basis the exchange field would
be ferromagnetic at 48 of the 78 sites Dl the
first five shells surrounding an impurity (those
in the 1st, 3rd, and 4th shells). For low concen
trations the number of magnetic impurities is nc2
and the number of magnetic pairs is 1/2 nc2. Over
looking several approximations in the analysis,
we are led to the conclusion that in the low
concentration limit the concentration of ferro
magnetic pairs would be 24 c2. This value is
only 40% of that deduced by Tholence and Tournierl
from low temperature, low-field susceptibility
measurements on much more dilute samples. However,
the disagreement cannot be regarded as serious
in view of the possibility of sample-to-sample
differences and the fact that the hyperfine heat
capacity was measured on a sample with a concentra
tion some 3 to 4 times higher than that at which
some of the magnetic properties begin to deviate
from Tholence and Tournier's model.

The above calculation of the hyperfine heat
capacity also neglects the superposition of hyper
fine fields at Cu nuclei that have more than one
near-neighbor Fe atom. Since the major part of
the hyperfine heat capacity is from 1st neighbors,
this effect will be large only if two Fe atoms
have a significant nunlber of 1st-neighbor Cu atoms
in common, ie., if they are themselves 1st or 2nd
nieghbors. In the fOTI11er case, for example, the
hyperfine heat capacity per Fe atom is increased
by approximately 25% (for ferromagnetic coupling ... if
the coupling was instead antiferromagnetic there
would be a reduction of about 10%).

In conclusion, measurements of the host hyper
fine heat capacity can be used to test models
which give the number of "magnetic" impurities
in CuFe. Previously published data show the
existence of a significant number of such impurities
in an ordered state near 0 K. They are in approxi
mate agreement with an earlier analysis of magnetic
properties,l but a more precise comparison would
require additional heat capacity measurements
at lower concentrations.

1. J. L. Tholence and R. Tournier, Physica 84B,
3 (1976).

2. James B. Boyce and Charles P. Slichter, Phys.
Rev. Lett. 32, 61 (1972); Phys. Rev. B 13, 379
(1976); Th~nas S. Stakelon and Charles ~ Slichter,
ibid., 14, 3793 (1976).
r-J. c::- F. Brock, Solid State Comm. ~, 1139
(1970) .

4. RESEARCH PLANS FOR CALB~'DAR YEAR 1979

Nonnan L. Phill ips

The CMN-SQUID therm~neters, both AC and DC
versions, are operating and have been used to
calibrate resistance thermometers to 50 mK. The
NO(nuclear orientation) thermometer, however,
has not yet been compared with the CMN thermometers
because the available dilution refrigerator has
not produced temperatures below about 18 mK. A
new commercial dilution refigerator that is capable
of reaching 4.5 mK has been ordered and when
installed will pennit intercomparison of various
thermometers to that temperature. The thennometers
that will be compared with the NO thermometer
and used either as primary thermometers or working
thermometers include a Tl nuclear susceptibility
theTI110meter and OvJN and diluted CMN thermometers.
The Tl thermometer will be useful as a working
thermometer for heat capacity measurements on
metallic systems. The CMN thermometers will be
calibrated against the Tl thermometer and used
as working thermometers for measurements on 3He.

A start will be made on an apparatus to cool
3He-CMN mixtures from the 4.5 mK that will be
available with the new dilution refigerator to,
or just below, the superfluid transition tempera
ture. This apparatus will permit heat capacity
measurements on 3He throughout the Fermi liquid
region and, therefore, a more accurate test of
the applicability of the spin-fluctuation and
Fermi-liquid theories. As a by product, we hope
to resolve the discrepancies between the various
heat capacity measurements on ~~ and possibly
also obtain new infoTI11ation on the "magnetic Kapitza
conductivity," the reality of which has recently
been questioned.

Depending on the time required to construct
the above-mentioned apparatus for work on 3He
in the Fermi-liquid region, it may also be possible
to begin construction of a nuclear-cooling stage
for work on the superfluid phases.

During the past year preliminary measurements
on the magnetic field dependence of the heat
capacity of C~m were made. The results appear
to be in substantial disagreement with calculations
based on RKKY coupling of the lvm spins, but this
conclusion is some\~lat uncertain because, for
the concentrations studied, the measurements do
not go to a low enough temperature to separate
the hyperfine and magnetic heat capacities
unanlbiguously. This shortcoming will be remedied
by lnaking measurements on higher concentration
samples and to lower t~nperatures.

In collaboration with Neil Bartlett's group,
more heat capacity measurements will be made on
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and on the corre-
The of the next

be the of the dens:Lty
electronic states for a few for

which the tnmsfer is well knmv.n.
Later, the ""wW.C'~.~ will be extended to cover dif
ferent stages and intercal;:mt concentrations.

5. 1978 PUBLICATIONS AND REPOHTS

Magnetic Heat Capacity of Dilute CuMn, J. Phys.
39, C6 903, (1978). -

2. F. Hel11lans, J. C. Ho, J. Boyer and N. E.
Phillips, Density of Electronic States in fcc
Tl-Pb-Bi Alloys, J. Phys. C6-477 (1978).

Nonna:n E. and Associ.ates

J. C. Eo and N. E.
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c. Electrochemical Processes*

Charles W. Tobias~

4

2

65

3

1

Fig. L Two bubbles coalesce in 10 wt% KOH at
0.8 kA/m2. Camera speed: 6000 frames per second;
width of frame ~ 600 ll. (XBB 791-1074)

1. FUNDAMENTAL STUDIES OF TRANSPORT PHENOMENA IN
ELECTROCtDEMICAL CELLS

a. Studies of the Events Occurring at Gas-Evolving
Electrodes

Glass plates coated with 2000 A thick antimony
doped tin oxide electrodes allow back side viewing
of the microscopic events occurring between bubbles
on a gas-evolving surface. l TI1ese events are
photographed with a HYCAM high speed movie camera
manufactured by Redlakes Corporation.

Paul Sides and Charles W. Tobias

Small bubbles adjacent on the surface coalesce
so rapidly that no sequences comparable to Fig. 1
are seen. Large bubbles moving slowly near the
electrode surface scavenge small ones still
attached to the surface. The bubbles touch each
other for several milliseconds before coalescing
in less than 10- 4 seconds. According to present
understanding, the fluid must drain from between
the two bubbles before the two surfaces rupture.

We have established that coalescence between
bubbles on an electrode surface is an important
mechanism for bubble growth that operates in
parallel with growth by diffusion of dissolved
gas to the bubble. Figure 1 shows the coalescence
of two bubbles of approximately 150 II radius. The
time elapsed between each frame is 1/6000 second.
~~en the two bubbles in the center coalesce, the
neWly formed bubble undergoes violent oscillations.

Bubbles attached to an electrode surface affect
the current distribution and overall cell resis
tance. To determine the relationship between
residence time, contact angle, size, and shape,
we have solved the general Laplace-Young equation. 2
Bubbles at successive stages in their growth are
shown in Figs. 2a,b,c. For a given bubble volume,
those having a large contact angle (Fig. 2a) DESk
more of the electrode surface than ones with a
smaller angle (2b).

The contact angle not only determines shape,
it also affects the stability of the bubble on
the surface. Since the force of adherence is
directly proportional to the sine of the angle
and the base radius, bubbles of type 2a adhere
more strongly than those of 2b, or 2c.

b. High Rate Electrolysis Processes

(i) Electrochemical Machining of Refractory
Carbides and Borides

1. P. Sides and Charles W. Tobias, MMRD Annual
Report for 1976, LBL-6016, p. 179.
2. A. W. Adamson, Physical Chemistry of Surfaces,
Interscience Publishers, New York, 1967.

*This work was supported by the Division of
Materials Sciences, Office of Basic Energy Sciences,
U. S. Dept. of Energy.

Bernard A. Dissaux, Rolf H. Muller and Charles W.
Tobias

This research was aimed at determining the
feasibility of shaping certain refractory compounds
by anodic dissolution at high rates (electro
chemical machining). Binder free carbides and
borides of titanium and zirconium have been chosen
as the vehicles of this study.l A surplus Hanson
Van Winlde Munning machine was equipped with
appropriate instrumentation to record voltages,
current, electrolyte flow rate, temperature, pres-
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The surface roughness achieved on the titanium
carbide substrates is independent of current
density and electrolyte flow rate (4-12 liter per

Fig. 2. Bubble shapes corresponding to identical
base radii. (a) 90 0

; (b) 45°; (c) 22.5° contact
angle. (XBL 792 -445)

(b)

min, corresponding to a 500-10,000 cm/sec range
of velocities in the gap). Peak to peak roughness,
as measured by a Clevite instrument, is in the
range of 2-5 ]J.

On the basis of this exploratory work, ECM
appears to be an eminently suitable method for
reproducible, dimensionally accurate shaping of
refractory compounds.

1. Bernard A. Dissaux, (M.S. thesis), with Rolf
H. Muller and Charles W. Tobias, Electrochemical
Machining of Carbides and Borides, University of
California, Berkeley, LBL-8023, July 1978.
2. James B. Riggs, (Ph.D. thesis), with Rolf H.

Fig. 3. (a) Design of the toolpiece used for hole
sinking~ (1) brass tubing; (2) insulator layer;
(3) shoulder; (4) electrolyte passages; (5) cutting
head, copper; (D) 0.1 cm diam holes, (B) outside
diam of cutting head: 0.7 cm; (hd) diameter of
hole cut, a function of current and of rate of
tool advancement. (b) Parts of toolpiece before
soldering. From left to ri~lt: mounting socket,
brass tubing, tip of the cathode (cutting head
drill) used for the five small holes in the head.

[(a) XBL 785-8729; (b) XBB 785-6126]

0,6-0.4 -0.2 ° 0,2 0.4
Bubble base, meters l( 103

sure drop, and tool advancement rate. A specially
designed cathode tool, shoi1n in Fig. 3, was
employed to sinl< 0.7 cm diameter holes, under
steady-state conditions, into the carbide and
boride substrates. Either 2N potassium nitrate
or 3N sodium chloride served as electrolyte. The
current density range investigated: 20-120 A/cm2,
corresponded to cutting rates of 0.3-1.8 rum/min.

Based on weight loss measurements the dissolution
stoichiometry for all these materials has been
found to be independent of currmlt density and
electrolyte composition in the above current
density range (Fig. 4). Both titaniwn and zirconium
appear to dissolve in the +4 state, boron in the
+3 state, and carbon is oxidized to CO and C02.
The electrode potentials associated with the anodic
reactions are only slightly dependent on current
density; overvoltages are lower for carbides
(5-10 V) than for borides (10-14 V). Over the
entire current density range investigated dissolu
tion occurs in the transpassive range.

The frontal gap in steady-state dissolution
(equilibrium machining) can be closely represented
(Fig. 5) by linear dependence on the ECM Driving
Force, which is defined2 as the product of applied
voltage and electrolyte conductivity divided by
the tool advancement rate (Volt. min/cm2 ohm).
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20 (ii) Thimling of B01mdary Layers in Electroforming

David Roha, Rolf H. ~mller and Charles W. Tobias

Fig. 4. Machining rate vs. current density for
TiB2 in I<N03' Experimental correlation, line X.
Theoretical lines: a) 6 electron process,
b) 8 electron process, c) 12 electron process.

(XBL 785-8782)
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For the enhancement of ionic mass transport
rates in high speed electroforming one of the more
promising methods involves the use of moving
electrolyte/inert particle slurries. l In the
initial phase of this investigation we employed
a rotating disk electrode of 1 cm2 area, facing
downward in a 300 cc vessel. A ferrous-ferric
cyanide solution in presence of large excess of
sodium hydroxide was reduced at the disk; oxdiation
of ferrous cyanide at a cylindrical nickel
electrode covering the side walls served as the
anodic reaction. Limiting currents were measured
at various rotational speeds, in the presence of
up to 20% by volume of 20 y polyethylene particles.
To enhffilce the wetting of the pol~ner particles
ZonylR FSB surfactant was employed. Although the
presence of Zonyl alone depressed the limiting
currents because of foaming, upon addition of the
polyethylene phase mass transfer rate increases
of up to 70% were observed. Unfortunately, the
dispersion was inhomogeneous because the particles
tend to concentrate near the surface of the
electrolyte. This exploratory work leads us to
the conclusion that the use of much smaller
particle size, and the employment of vertical
rotating cylindrical electrodes should provide
a more suitable vehicle for the quantitative
evaluation of the boundary layer thinning effect
of particles suspended in moving electrolytes.

1201008040 60
i(amps!cm')

20o
o

15

100
1. G. Kroysa, P. Piontek and E. Heitz, J. Appl.
Electrochem. ~, 305 (1975).

Fig. 5. Frontal gap of dissolution vs. the ECM
driving force for ZrC in NaCl and KN03.

(XBL 785-8627)
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2. RESEARCH LEADING TO ~~V ELECTROLYTIC PROCESSES

a. Anodic Processes in Propylene Carbonate

Suen-Man Yu and Charles W. Tobias

For the recovery of alkali metals from the solu
tion of their halides dissolved in propylene
carbonate containing AlC13, it is necessary to
find a suitable practical anodic reaction. l 'rhe
most obvious choice is the liberation of elemental
chlorine or bromine.

In the first phase of this investigation the
behavior of thallium/thallous chloride reference
electrode, developed earlier2 in this laboratory,
has been explored in the lCAICl4/propylene carbonate
electrolyte. Stable and reproducible potentials
of 2.302 V relative to metallic potassium in
0.5 niliAlCl4 are obtained at 25°C. Bias potentials
between six different thallium wire electrodes
[.,rere found to be always less than I mV. This
practical reference electrode should be suitable
for the measurement of halogen potentials in cells
without transference.

Muller and Charles W. Tobias, Modeling of the
Electrochemical Machining Process, University of
California, Berkeley, LBL-60l9, January 1977.

To establish the chemical stability of propylene
carbonate with respect to elemental bromine,
sffiDPles of the purified solvent, which contained
less than 1 ppm H20 and less than 5 ppm propylene
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the solvent to well below the 1 ppm level appears
essential to preclude cleavage of the ester ring
in PC. New practical methods will be sought to
purify the solvent before work on the equilibrium
ffild overpotential behavior of the halogens will
be continued. The solubility of C12 and Br2 in
PC, with and without KAIC14 solute, will be
measured. The effect of sweeping the anode chanlber
with an inert gas, to lower the halogen activity,
will be evaluated.

solvent.

Release
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glycol. For
that renewed

PTactic:aJ. methods for the
water and
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that over a
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Journal and Conference

L Jan R. Selman and Charles W. Tobias, Mass
Transfer Measurements by the Limiting Current
Technique, Chapter 4, Advances in Chemical

(Academic Press, New York, 1978),
p. , (based in part on UCillJ-20557).

Charles W. Tobias and Associates
At~rlasoski and Charles W. Tobias,

for 1976, LBL~6016, p. 180.
Baucke and Cbarles IV. Tobias,
Soc. 116 34 (1969).

1. Radoslav
~'RvlRD Annual
2. Fritz G,
J. ElectrochenL

4. Charles W. Tobias, Heinz Gerischer--Palladiwn
Medalist, J. Electroch~Il. Soc. 125, 2l7c (1978).

2. Frank McLarnon, Rolf H. Muller and Charles W.
Tobias, Interferometric Observation of Turbulent
Mass Transfer in Charrnel Flow, Extended Abstracts,
Vol. 78-2, No. 157, of the 154 Meeting of the
Electrochemical Society, October 15-20, 1978,
p. 424 (based on LBL-3500).

Milffil Jaksic and Charles fIT. Tobias, Effects
of Hydrodynamic Flow on the Development of the
Morphology of Electrodeposited Zinc, Extended
Abstracts of the 29th Meeting of the International
Society of Electrochemistry, Aug. 28 - Sept. 2,
1978, Part II, p. 1164.

at

differential ohmic
bubbles attached to the

be measured by a super
iJDjoeciarlce technique.

a. Studies of Events

Charles W. Tobias

resistance caused
electrode surface
lill!Jo::;ed AC

n~,,~1~11rp microphotography will
be ~Frl~nllpr,r~\T of nucleation,
and of bubbles
still attached to the electrode surface, and between
these and bubbles detached. To allow
detailed of these simultaneous and consecu
tive events motion picture records will be obtained
under 1~ciJ~nl:1c:aJ expeYJ1IleJltcrl conditions
frontal

Rate Electrode Processes

PresentedInvited Lectures and

1. Advances of Electrochemistry and Electrochemical
Engineer~editedby Heinz Gerishcher ana--
Charles W. Tobias, Vol. 11, (Wiley-Interscience
Publisher, New York, 1978).

LBL Reports_

L Antoine Dissaux (M.S. thesis), with Rolf H.
Muller and Charles W. Tobias, Electrochemical
Machining of Carbides and Borides, University
of California, Berkeley, LBL-8023, July 1978.

L 013rles W. Tobias, Electrochemical Engineering
of Batteries, three lectures, UCLA Extension, May
15-19, co-sponsored by the Division of Energy
Storage, U.S. Department of Energy.

2. Radoslav Atanasoski, Henry Law and Charles W.
Tobias, Electrochemical Reduction of Potassium
Chloride in Propylene Carbonate Electrolyte with
Aluminum Anodes, LBL-8505, December 1978.

Book

Carbonatein

anodic dissolution (ECM)
retnKt:ory compOlmds of tungsten
An~ion , dissolution

roughness, and dependence
rate, will receive specialof side gap on cuttjing

111e enhancement of ionic mass transport by
inert particles will be studied using

electrode and flow configurations suitable for
characterization of this boundary

thimlirlg The objective of this
a rational, economically

attractive method fOT producing thin boundary
in high electroforming.

c. Anodic

For the cathodic reduction of alkali metals
in PC by a continuous , the most desirable
anodic reaction would oxidation of a halide
ion (Cl- or Br~) to the elemental halogen. R~Iloval
of traces of water and of propylene glycol from
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2. HIGH TEMPERATURE AND SURFACE CHEMISTRY

a. TelmpenltlJlre Chemistry'"

Leo Brewer,

1. HIGH-TE~~ERATURE SOLID-ELECTROLYTE ELECTRO
~DTIVE CELL ~EASURElvlliNTS OF GENEI~IZED-LEWIS-ACID
BASE INTERACTIONS IN BINARY TRI\NSITION ~mAL ALLOYS

G. Bullard, D. Goodman and D. Davis

Interest in the extraordinarily stable inter
metallic phases of transition metals of the
left-hand side of the Periodic Table, characteri zed
by a deficiency of electrons, with transition
metals of the right-hand side of the Periodic
Table, with a surplus of non-bonding electrons,
has been heightened by recent awareness of their
possible role in the behavior of platinum group
metal catalysts on oxide substrates lillder reducing
conditions such as in autonIDbile e~laust catalysts.

In our past work, 1,2 we have established the
principal theoretical principles in terms of a
Generalized-Lewis-Acid-Base interaction whidl
allows the prediction of the trends of stability
of such phases. For example, we have been able
to establish that this interaction increases
in a very pronolillced manner as the d electron
orbitals involved in bonding are varied from 3d to
4d to Sd. However, it is difficult to predict with
accuracy the variation of stability with
composi tion across a specific phase diagram.

Our present experimental work is directed toward
the measurement of a titration curve of a base
such as Pd, Ir, or Pt with an acid such as Nb or
Ta. Such a curve of activity of Ta, for example,
as a flillction of Ir/Ta ratio would yield more
detailed information than is presently available
concerning the bonding effectiveness of the
various d orbitals. Crystal field theory
indicates that there should be a substantial split
ting of the orbitals and previous work3,4 has
sho~llthat there is considerable variation of
bonding efficiency as the d orbitals are filled
in. This is attributed to the different degrees
of localization of the different orbitals and thus
different degrees of overlap with neighboring
orbitals. Measurements of the ElvW of a cell of
the type Nb-Nb02/YST/NbPdx-Nb02, where YST is
yttria stabilized thoria, will yield the activity
of niobiwn for the specific NbPdx composition
used. By repeating the measurement for alloys
with different values of x, a titration curve can
be obtained across the homogeneous ranges of
the intermediate phases. By working over a
wide range of compos i tions, information would be
obtained not only on the bonding efficiency of d

*This work was supported by the Division of Materials
Sciences, Office of Basie Energy Seiences, U. S. Dept.
of Energy.

orbitals, but also on the bonding efficiency
of p orbitals of the transition metals.

Although the high-ten~erature solid-electrolyte
cell has been widely used for measurements of
activities, a review of the literatureS, 6 has
indicated that a large fraction of the published
work clearly is subject to large systematic errors.
For example, in many instances, low- temperature
heat-capacity measurements provide entropy values
that demonstrate that the temperature coefficients
reported for many of the cells are in error by
large factors. We have been carrying out a
careful study of these systematic errors which
include reduction of the electrolyte to a point
where electronic conductivity effectively short
circuits the cell, gas phase transport of hydrogen,
carbon, silicon, and alwninum to bring about
lillwanted reactions with the electrolyte or
electrodes, and fonnation of non-crulducting
ternary oxides which effectively insulate the
cells. We have gained an lillderstanding of the
operation of these sources of error and believe
that we can now control them sufficiently to
obtain reliable data. Present work is concen
trated on the Ta-Ir and Nb-Pd systems.

1. L. Brewer, A Nbst Striking Confirmation of
the Engel Metallic Correlation, Acta. Met. ~, 553
(1967) .
2. P. R. Wengert and L. Brewer, Transition Metal
Alloys of Extraordinary Stability: An Example of
Generalized- Lewis-Acid-Base Interactions in
N~tallic Systems, N~t. Trans. ±' 83 (1973).
3. L. Brewer, Science 161, 115 (1968).
4. 1. Brewer, Phase Stability in Metals and
Alloys, edited by P. Rudman, J. Stringer and
R. I. Jaffe, (lv~Graw-Hill, New York, 1967),
5. G. Bullard (Ph.D. thesis), Development of the
Hi~l-Temperature, Solid-State, Electromotive
Force Technique to Study the Thermodynamics of
Lewis-Acid-Base Transition Metal Alloys, May 1978.
6. L. Brewer and R. H. LanIDrea~x, Parts I and II,
Atomic Energy Review, Molybdenum: Physiochemical
Properties of Its Compolillds and Alloys,
International Atomic Blergy Agency, Vielllla (1979).

2. HIGH-TEJV~ERATURE GASEOUS EQUILIBRIA lvEASURE
MENTS OF GENERALIZED-LEWIS-ACID-BASE INTERACTIONS
IN BINARY TR4NSITION METAL ALLOYS

B. -J. Lin and D. Davis

The preceding article on the use of the high
temperature solid-electrolyte cell to obtain
thermodynamic data for transition metal inter-



metallic phases points out the difficulty of
controlling the various systematic errors of
these cells. We have characterized a number of
such errors and we believe that we can now effec
tively control them so as to obtain reliable data.
However, there is always the possibility that
there are other undetected systematic errors and
it is important to obtain a check by independent
measurements .

There are a variety of gaseous equilibria
measurements that could provide the infol1llation
that we seek. The most direct method would be to
measure the partial pressures of the gaseous atoms
in equilibrium with the alloys of interest. TI1is
method has been used with success in other metallic
systems. In the systems of interest to us, the
vapor pressures of the elements are rather low
although they could be easily measured by mass
spectrometric methods, particularly for the
liquid state. However, for the systems with extra
ordinarily stable intermetallic phases, the
activity of one metallic component decreases very
rapidly as the other component is added.
Activity coefficients of the order of 10-12 have
been demonstratedl even at ten~eratures as high
as 1800 K. Thus, except for compositions with a
large excess of one component, the vapor pressure
would be too small to measure even with a most
sensitive mass spectrometer. However, it is still
possible to check the reliability of the EMF
measurements for the Nb- Pd system, for example,
by comparing the activi ty measurements of l\Tb at
high Pd with the Pd vapor pressure measurements
through use of the Gibbs-Buhem relation. If
there were any gross errors, it would not be
possible to match the deviations from Henry's Law
from the cell measurements with the deviations
from Raoult' s Law from the vapor pressure measure
ments.

A more general type of gaseous equilibrium
measurement that could be used over a wider
composition range would involve a reaction of the
type

The measurements of the water to hydrogen ratio
in equilibrium with an alloy-oxide nrixture compared
to the water to hydrogen ratio that can be
calculated for a pure Ta-Ta20s nrixture from the
available thermodynanric data would yield the
activity of Ta in the TaIrx alloy. Professor
J. W. Evans has a thermal balance which should
be suited for these measurements. A sample of
alloy and oxide would be heated in the balance in
a flow of gas for which the hydrogen to water ratio
can be varied. As the ratio chffi1ges across the
equilibrium value at a given ten~erature, the
balance would indicate a change from gain in
weight to loss in wei~1t. Or one could fix the
gas nrixture and change the temperature until there
is a change from gain in weight to loss in weight.
In this manner, it is hoped to be able to fix the
activity of tantalum in tantalum-iridium alloys as
a check on the HvlF measurements. A sinrilar type
of measurement could be done with a nrixture of
alloy and a nitride phase to deternrine the
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equilibrium nitrogen pressure. A sufficient
number of such measurements will be made until
agreement can be obtained between the cell measure
men ts and the gaseous equilibria measurements.

1. P. R. Wengert and L. Brewer, Transition .Metal
Alloys of Extraordinary Stability: An Exan~le of
Generalized-Lewis-Acid-Base Interactions in
Jvletallic Systems, ]vIet. Trans. ±, 83 (1973).

3. CRITICAL EVALUATION AND COMPILATION OF HIGH
TEMPERATURE TI-lERJvIODYNAJvlIC DATA

1. Brewer and R. H. Lamoreau,'C

One of the keys to the solution of our energy
crisis is the utilization of hi~1-temperature
processes that can better hamess the Gibbs energy
of our energy sources. It is difficult to carry
out reliable measurements under the high
temperature conditions of many proposed devices
for utilization of energy. Thus, it becomes very
important to be able to use data obtained under
more accessible conditions to predict the behavior
under the conditions of interest. Thermodynanric
calculations playa key role in such projections
to high temperatures. It has been disheartening
that more adequate use of available thel11lOdynamic
data has not been made in the current projects for
energy utilization. There are several reasons
for this lack of use of such a powerful tool.
One is the problem that data needed for such
projections to high-temperature behavior are
widely dispersed in the published literature and
it is a very tiIT£-consunnng effort to retrieve it.
However, even if all the published literature
were made available, another severe obstacle in
its use is the unreliability of a substantial
fraction of the published data. This is due to
the difficulty of carrying out measurements under
even moderately high temperatures. There are many
systematic errors v~1ich are often difficult to
detect. From our current experience with the
evaluation of the thermodynanric data for the
binary systems of molybdenum, we have found that
rou~1ly half of the reported data are in serious
error. Thus, once the data are retrieved from the
diverse literature sources, the very difficult
job of critical evaluation is required before the
data can be reliably used. This job requires
extensive experience with the experimental
procedures and potential experimental errors as
well as a broad theoretical background in order
to be able to apply various predictive models in
an attempt to reach a decision between various
conflicting measurements. TI1e average scientist or
engineer on a developmental project does not have
either the background or time to carry out such
an evaluation. Thus we see the frustrating
experience of failure of attempts to extend
processes to high temperatures due to lack of
information which is available in the literature
but which is not accessible to the person who
needs it. It is extremely important to encourage
scientists with experience in a given field to
devote a fraction of their time to this job of
critical evaluation and to then present the
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the compilation effort as we have
several years at the expense of other

, but we will continue our collaboration
with the JANAF Tables ana with several other

groups. It is our plan to sunmarize
some of the with the molybdenum

to serve as a for other groups
similar efforts.

Leo Brewer and Associates
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3, PEPORT OF THE WORKSHOP ON PIL'\SE THANSFORlvIATI ONS ,
STABILITY, AND lvIATElUJ\1S INTERACTIONS, Materials
Science and 35 75-90 (1978).
L. Brewer, J. Morris, ., J. R. Cost and
p~ Shewnan~

L PHEDICTION OF TRi\1\JSITION lvlETAL PHASE DIAGRAM-
CALPHED, An International Journal on Computer
Coupling of Phase and Thermochemistry,
VoL 1, pp. :51, 35, 44, 46, 55·58, 69-70, 72
(1977) .
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;.\1\JD PHYSICS OF lvIATElUALS, VoL 22, Part 2: GASES:
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on and Materials,
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effort and we are not to undertake such em
ambi tious effort in the near future, but we do
plan some more modest efforts such as the
systematization of the thermodynannics of gaseous
n~tal clusters. In addition, we have a
collaboration with the J}'v\JAF Tables in we
are assisting them in the evaluation of thermo
dynamic data.
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4. RESEARCH PLANS FOI'<. CAlJ3NDAR YEAll. 1979

It is expected that the cell measurements of
Ta- Ir will be completed this year and that the
first checks using the gaseous equilibration
with H20/H2 will becon~ available. We also

the first results on the cell l1~asuren~nts
the I'lli· Pd system and will be exam:Lning

possibilities of a check using vapor pressure
measurel1~nts. Our testing of zirconia, hafnia,
and thoria doped electrolytes will continue,
although thoria seems to be the most promising at
the moment. We will be examining in more detail
the possibility of nitrogen equilibration as a
check on our cell measurements. With the comple··
tion of the molybdenmn compilation, we will not
be devoting such a large fraction of our effort

6. Optical Spectra of Calci1JJll Atoms in Inert
Matrices, J. !vbl. 70 41 (1978).
L. Nt- Andrews and W.

LBL

L L Brewer, HP- 67 Calculator Progrm115 for
TIlermodynanric Data and Phase Diagra~ Calculations,
LBL-5485.

Papers Presented

1. Leo Brewer, Effective Bonding lvbdels for
Transition lv~tals, spea~er at American Chemical
Society March 15, 1978, Anaheim, CA.



2. Leo Brewer, Platinum Group Internetallic
Compounds Formed by Reactions with Oxide Supports,
speaker at Catalyst Deactivation lvleeting,
May 25, 1978, Lawrence Berkeley Laboratory,
Berkeley, CA.
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, 1978,Wa1fsboro,
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DonaZd R. oZander,

1. THERMAL-GRADITh'T MIGRATION OF GAS~LIQUID
INCLUSIONS IN SALT

E. Muchowski+ and D. R. Olander

Bedded salt has been proposed as a storage
medlc:m for nuclear wastes. Radioactive decay
heatlng of the waste produces temperature gradients
lTI the surrounding salt, which contains ~O.S% water
in the form of small cubical brine inclusions.
In a thennal gradient, the all-liquid inclusions
migrate towards the heat source; the increase of
salt solubility with temperature provides the
driving force of salt diffusion within the liquid
phase. Diffusion of salt from the hot to the cold
faces of the inclusion causes the inclusion to
move in the opposite direction. However some
inclusions contain a vapor bubble within'the brine.
'These inclusions also fonn when an all-liquid
inclusion reaches the waste canister; upon opening
up at the salt~canister interface, the brine
partially evaporates and the inclusion reseals
with some insoluble gas trapped inside. These
gas-liquid inclusions proceed to move down the
temperature gradient, in the opposite sense of
the all-liquid inclusions. The behavior of gas
liquid inclusions in a thennal gradient is parti
cularly relevant to the technology of nuclear waste
disposal because the phenomenon provides a pathway
by which radionuclides leached from the waste fonn
by the brine can be transported away from the
canister and thus might have greater access to
the biosphere.

The mechanism of thermal gradient migration
of gas-liquid inclusions is shown in Fig. 1.
Water vapor evaporates from the hot side of the
gas bubble in the brine and is transported to the
cold side where it condenses. The condensed water
is recycled to the hot side by backflow of the
brine, which provides the mechanism for moving
salt from the cold face of the inclusion to the
hot face. TI1e inclusion thus moves in the opposite
direction from the salt flow. The object of the
analysis is to detennine the velocity v of the
two-phase fluid inclusion in the thennal gradient
imposed on the solid salt medium by the presence
of the localized heat source due to the nuclear
waste canister. The calculation combines the heat
and mass transport phenomenon in the solid-liquid
vapor phase system shown in Fig. 1. Water transport
occurs by molecular diffusion in the inert carrier
gas trapped in the bubble. Heat is transported
across the bubble by conduction in the gas and
by the latent heat stor~d in the diffusing water.
The necesslty of supplymg the latent heat for
the water evaporation/diffusion/condensation process
appears to be the rate controlling step. Inclusion
migration velocities per unit tenlperature gradient

*This work was supported by the Division of
Materials Sciences, Office of Basic Energy Sciences,
U. S. Dept. of Energy.

Fig. 1. Cross section of a cubical gas-liquid
inclusion in an in infinite medium of solid salt
supporting a temperature gradient. The fluxes
of water and salt which produce the reverse-gradient
migration (doh~ the thennal gradient) are indicated
by arrows. (XBL 791-261)

computed from this model range from 2 x 10- 7 em/sec
per °C/cm at a temperature of 50°C to 10- 5 cm/sec
per °C/sec at a temperature of 200a C.

Tests of the predicted migration velocities
are accomplished by mounting NaCl single crystals
on an optical microscope equipped with a hot stage
attachment. Inclusions are fabricated by drilling
a hole in the crystal, partially filling it with
water, and sealing the hole with a salt plug.
Preliminary results show agreement of theoretical
and measured migration velocities at 50°C but a
substantial overprediction of the inclusion speed
at high temperatures. This is believed to be due
to kinetic restrictions in the salt dissolution
and/or precipitation processes, which is not yet
included in the model.

+Postdoctoral fellow, Universitat Karlsruhe,
Gennany.

2. SEPARATIVE PERFORivlANCE TRANSIENTS IN A GAS
CENTRIFUGE*

D. R. Olander

The transient response of the total gas inventory
in a gas centrifuge (for uranium enricmnent) to
an upset in the feed rate, rotor speed, or gas
temperature depends only on the flow resistances
for product an.d waste withdrawal, which are deter-
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mined by the nature of the flow restrictions in
the exit lines (i.e., viscous tube flow or choked
orifice flow). However, the transient responses
of the exit concentrations of a centrifuge can
be obtained only by analyzing the centrifuge separa
tion process in the unsteady state. Only when
the exit concentration response functions of a
single centrifuge are understood can the kinetics
of calculations of concentration perturbations
in a cascade-wide transient be undertaken.

Among the applications of a transient separative
performance model are:

(1) To provide another experimental means of
testing separation theories to supplement
the usual measurements of separative power
as a function of speed, inventory, geometry,
etc., which are exploited in a steady state
test.

(Z) To provide a tool for transient cascade
analysis.

By transient separative analysis is lneant the
determination of the time variation of the product
and waste compositions which result from changes
in the feed composition, the feed flow rate, the
rotor speed, the wall or end cap temperature, or
the magnitude or shape of the internal circulation
rate. Some of these perturbations induce transients
in the centrifuge total flows and inventory as
well as in the concentrations. This study gives
the basic theory of the transient separative
performance of a single centrifuge instigated by
such upset conditions. The method utilizes the
basic enrichment gradient equations derived by
Cohen,l which, in this case, contain time deriva
tives of the partial U-Z35 inventories. These
partial differential equations are converted to
ordinary differential equations by a linear
approximation to the axial concentration distribu
tion for use in the inventory terms only. With
this simplification, analytical solution is
possible for the feed concentration transient.
The transient driven by a change in the feed flow
rate, however, requires numerical solution.
Incorporation of the single-centrifuge transient
response into a cascade transient analysis is
outlined.

*To be published in Nucl. Technol.

1. K. P. Cohen, The Theory of Isotope Separation
as Applied to the Large Scale Production of U-235,
McGraw-Hill (1951).

3. PLATINUM-CATALYZED GASIFICATION OF GRAPHITE
BY HYDROGEN*

D. R. Olander and M. Balooch

Molecular hydrogen reacts very slowly with
pyrolytic graphite. In the previous molecular
beam study of this system,l no reaction could be
detected with HZ as the reactant gas. However,

when the hydrogen was thermally dissociated prior
to striking the graphite surface, substantial
reaction occurred. The difference in graphite
reactivity between the molecular and atomic fonns
of hydrogen is due to the very low dissociative
sticking probability of HZ on graphite. Atomic
hydrogen, on the other hand, exhibits a sticking
probability of -0.01 on pyrolytic graphite. The
present investigation was designed to determine
if instead of thermally dissociating the HZ gas,
a metal deposit on the surface could serve as a
course of H atoms for gasification of the graphite.
Platinum was used because of its demonstrated
ability to chemisorb hydrogen with a high sticking
probability and because of its technological signi
ficance as a catalyst for many chemical reactions.

The same type of pyrolytic graphite specimens
was used for the C/Pt/HZ study as was employed
in the previous C/H study.l Metal was deposited
on the graphite surface held in vacuum at 400°C
by vaporization frmn a heated platinwn fil~nent.
The evaporation time was varied to produce platinum
coverages ranging from 1 to 5 monolayers (if the
deposits were unifonn). A replica electron micro
graph of a graphite surface coated with 4 equivalent
monolayers of platinum is ShOl~ in Fig. 1. Instead

PRISM - 4 Monoloyers Pt

Fig. 1. Replica electron micrograph of platinum
(black) deposited on the prism plane surface of
pyrolytic graphite (white). Four equivalent mono
layer deposition produced metal strips which covered
-50% of the surface. (XBB 788-10475)
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needed to dissociate impinging
the H atoms to
At high coverages,

of the available surface
with metal that the remaining graphite

nr'n,ll1rp sufficient methane for a high
prob:lb:ility even though hydrogen is readily

from the platinum zones.

shows that the platimnn deposits lose
111",_~l,,+,' after 10-100 min of

surfaces with the highest platinum
coverages keep their reactivity the longest. This
observation "l1,'rcw,,,t',, that the poisoning process
involves of carbonaceous species from
the surface on top of the platinum strips.
The of the upper and lower curves
in Fig. 3 represent la-min treatment periods,
\'!hich to have been to return
the to their initial reactivity.

A full set of molecular beam data, which inVOlves
measurement of the methane reaction probabilityexpJanatlo.n of the behavior
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and phase lag as functions of graphite temperature,
HZ beam intensity and modulation frequency, was
obtained. The reaction model which best fits these
data is shown schematically in Fig. 4. The basic
idea of the mechanism is simple: Incident HZ is
dissociatively adsorbed on the platinum zones but
merely scatters from the graphite part of the
surface. Some of the hydrogen chemisorbed on the
platinum zones recombines and is re-emitted to
the gas phase as HZ' The remainder of the
chemisorbed hydrogen spills over onto the adjacent
graphite and proceeds to diffuse along the surface
and simultaneously react (either by methane
production or by recombination) and dissolve and
migrate in the bulk graphite.

*To be published in J. Catalysis.

1. M. Balooch and D. R. Olander, J. Chem. Phys.
63, 477Z (1975).

4. INVESTIGATION OF THE IRON-CHLORINE REACTION BY
MODUlATED MOLECUlAR BEAM MASS SPECTRQvIETRY*

M. Balooch, W. J. Siekhaus+ and D. R. Olander

Volatile chloride formation plays an important
role in the production and refining of refractory
metals such as tantalum, niobium and tungstenl,Z
and of iron ores. 3,4 Depite the importance of
this gas-solid reaction in metallurgical processing,
basic understanding of the reaction mechanisms
is rudimentary. FruehanS investigated the rate
of iron chlorination at temperatures from sao to
900 K at atmospheric pressure. The main gaseous
reaction product was (FeC13)Z and a FeCIZ scale
was found on the metal after chlorination.

The present investigation of the FeClz reaction
is conducted by modUlated beam mass spectrometry.6
A beam of C1Z strikes the surface of an iron target
and the reaction products are detected by an
in-situ mass spectrometer. Beam modulation is
used to enhance the signal-to-noise ratio and to
deduce kinetic information. The role of surface
structure (single crystal vs. polycrystal specimens)
and the chemical nature of the scale fOlmed during
reaction are also examined.

Figure 1 shows a scanning electron micrograph
of the iron surface after reaction with chlorine.
Traces of chlorine were found in the beam-attacked
area of the target by scanning electron microscopy,
suggesting the presence of a scale during reaction.
FeC1Z was the only gaseous reaction product
detectable in the range of temperature and CIZ
beam intensity achieved by the molecular beam
system. The quasi-equilibrium model of gas-solid
reactions 7 confirms our low-pressure experimental
observation of the FeCIZ product. On the other
hand, at much higher pressure, the quasi-equilibrium
model predicts that (FeC13)Z should be the principal
reaction product and this prediction is also
confirmed by experiment. S

Typical molecular beam data are shown in Fig. Z,
where the apparent reaction probability and the

Fig. 1. Scanning electron micrograph of the iron
surface after reaction with chlorine. (XBB 79Z-l496)
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phase lag of the FeClZ product are plotted as
function of iron temperature for fixed reactant
beam intensity and modulation frequency. The phase
lag is seen to increase with decreasing temperature
and to reach a plateau of 45° at -750 K. The
results of beam intensity and modulation frequency
scans confirm that the reaction is first order
with respect to CIZ intensity and is diffusion
limited in this low-ten~erature regime. Linear
behavior is also found at high temperatures
(>1300 K). The apparent reaction probability in
Fig. Z approaches a limiting value of 0.06 at
-1400 K. This plateau indicates that the reaction
rate in this temperature region is limited solely
by the C12 supply, which is controlled by the
sticking probability of molecular chlorine on the
surface. For temperatures between 750 and 1300 K,
however, non linear (approximately second order)
kinetics are observed.

*Partially supported by the Army Research Organiza
tion.

+General Ch~nistry Division, LLL.

1. W. J. Kroll, Method of Manufacturing Titanium
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and J. A. Schwarz, J. Vac. Sci. Technol. 9, 1429
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5. SEPARATION OF FLOWING GAS MIXTURES BY TI-IERM.AL
DIFFUSION*

D. R. Olander

Thermochemical experiments often utilize binary
gas mixtures to establish the chemical potential
of some element which is common to both components.
Thus the oA~gen potential can be fixed by C02/CO
or H20/H2 mixtures, and combinations are available
to permit establishment of the chemical potentials
of sulfur, carbon or chlorine. Because the carrier
gas mixtures are heated to elevated temperatures
prior to or during contact with the solid specimen,
unmixing of the gas by thermal diffusion (the
Soret effect) can and usually does occur. There
have been rudimentary attempts to calculate the
extent of the separation as a function of gas flow
rate and temperature gradient but most experimen
talists prefer to test for possible thermal dif
fusion falsification of the data by experimental
methods suited to their particular setup. The
purpose of this work is to provide a more rigorous
nuthematical treatment of thermal diffusion separa
tion in flowing gases to enable the consequences
of this phenomenon in particular experiments to
be assessed with greater reliance upon theory than
has been possible in the past.

We consider one-dimensional flow of a gas

mixture in the z-direction through a tube which
sustains a temperature nonuniformity somewhere
along its length. The temperature gradient is
assumed to vanish at distances far upstream and
far downstream of the disturbance. Analytical
s~lutions to the flux equation containing ordinary
molecular diffusion and thermal diffusion have
been obtained for two basic temperature distribu
tions, a monotonically increasing gas temperature
and a symn~tric temperature profile. The results
for the latter case are shown in Fig. 1.

7J -+3-~~-~-~-+--""':~-"'~

Flow-

Fig. 1. Hea\~-component concentration distribution
in a gas mixture flowing through a symmetric
temperature field;---analytical solutions;
----numerical solutions; A is a parameter propor-
tional to the gas flow rate. (XBL 783-2975)

Analytical solutions are possible only if the
temperature and composition dependence of the
coefficients in the flux equations are neglected,
and if the dimensionless parameter characterizing
thermal diffusion is much less than unity.
Numerical solutions of the flux equations without
these two approximations verify the adequacy of
the analytical calculations.

The analytical solutions permit establishment
of rules-of-thumb for determining the flow rate
which is needed to render separation of the gas
constituents by thermal diffusion negligible. The
conventional technique of determining experimental
ly whether thermal diffusion causes a specimen
to be exposed to a gas composition different from
the inlet vlaue is to vary the gas flow rate. A
flow rate of sufficient nugnitude is chosen so
that the thennochemical results are independent
of gas velocity. The rules-of-thumb derived from
the analytical solutions provide some quantitative
guidance of this approach. It should be noted
that the absence of velocity dependence of the
thermochemical results as a criterion for negligible
unmixing due to thermal diffusion assumes that
other velocity-dependent transport phenomena (such
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as gas transport control of the gas-solid reaction
rate) are not important. Such flow-rate-dependent
effects are an entirely different matter and can
occur even without the complication of thermal
diffusion.

the basic fluorite structure of UOZ' The aluminum
ions in alumina, however, possess only +3 valence,
so alumina is essentially a line compolmd with
partically no deviation from the formula AIZ03
whether the environment is oxidizing or reducing.

Results of the UOZ/H investigation indicates
that reduction ofLJOZ by atomic hydrogen proceeds
by the production of water vapor and hypostoichio
metric urania:

The second feature which favors efficient
reduction of UOZ but not of AlZ03 is the oxygen
diffusivity. As the reduction reaction proceeds
at the surface, oxygen depletion of the surface

Contrary to UOZ, the range of deviation from
stoichiometry of A1203-x is probably so
small that even slight reduction of AlZ03 requires
production of the metal. Because alumina CWlllot
be rendered hypostoichiometric, its reduction by
atomic hydrogen results in production of aluminwn
metal:

(1)

(Z)

1 uo + 2H + 1 UOz + HZO(g)x Z x-x

Figure 1, whicll shows results for the AIZ03/H
systenl, indicates that the reaction does indeed
proceed according to Eq. (Z). However, the
observed reaction probability for water production
remains too low to be detected (i.e., < 10-3) until
the temperature is greater than l300°C. At higher
temperatures, both H20 and aluminum are detected
by the mass spectrometer as gaseous reaction
products. Other products, such as AlO, AlH, AlOH,
AlZO and AlZOH were sought but not found. The
reaction probability increases with temperature,
but remains two orders of magnitude below the
maximum value for the UOZ/H reactions.

The relative ease which UOZ is reduced by atomic
hydrogen compared with AlZ03 is due to two factors.
The first is related to the thermochemistry of
reactions (1) and (2). Although thermodynamics
cannot be invoked to predict chemical kinetics,
one can at least expect that thennochemically
favored reactions should be the most readily
observed. The free energy change of reaction (1)
at 1000 K is -310 kJ/nillle (for x + 0), whereas
that of reaction (2) is -71 kJ/mole. The fact
that both of these free energy changes are sub
stantially negative suggest that, barring kinetic
restrictions, reduction of the oxides should
proceed in atomic hydrogen. However, urania should
be easier to reduce than alumina because removal
of oxygen from UOZ does not require production
of the metal.

The reaction probability for water production as
a function of U02 temperature was measured at a
fixed H atom beam intensity and modulation fre
quency. The reaction probability increased from
the noise level at low temperatures to a high
temperature plateau at about 1300°C. At the
plateau, approzimately one H atom out of seven
striking the surface undergoes reaction and returns
to the gas phase as water.

6. CHEMICAL REDUCTION OF REFRACTORY OXIDES BY
ATOMIC HYDROGEN*

The effect of superposing longitudinal mixing
on the molecular transport processes is equivalent
to reducing the flow parameter and the thermal
diffusion parameter by the ratio of the molecular
diffusivity to the sum of the molecular and
turbulent diffusivities. Although this ratio is
difficult to evaluate, turbulence reduces species
separation by thermal diffusion, but only over
the zone in which the mixing occurs.

An alternative test is suggested by the cal
culated composition profiles. If the thermochemical
results are independent of specimen position in
the heated tube, thermal diffusion is not signifi
cant. If such an effect is observed, on the other
hand, the theory can aid in determining the magni
tude and direction of the deviation of the gas
composition from the inlet value at various loca
tions in the apparatus. This approach may be
preferable to the gas flow variation method if
there is a restriction on the quantity of gas which
can be circulated through the system.

To be published in High Temp. Sci.

The analysis does not treat radial variation
of the flow velocity or the temperature.
Incorporation of this phenomenon into the calcula
tion would greatly increase the computational
difficulty. However, neglecting it is probably
conservative, inasmuch as it represents a non
separative flow feature whiGl can only reduce the
extent of component separation by thermal diffusion.

Refractory oxides are utilized for a number
of electrically insulating components in controlled
thermonuclear reactors. l These components are
subjected to bulk radiation damage by high energy
particles and, like graphite, may be susceptible
to surface chemical attack by deuterium and
tritium. The chemical attack of UOZ and AlZ03
by thermal energy atomic hydrogen has been investi
gated by the modulated molecular beam-mass spec
trometer technique. Z,3 The two model oxides
selected for this investigation, UOZ and AlZ03'
are the best characterized of any oxides; their
physical and thermochemical properties are reason
ably well known and there have been many investi
gations of their vacuum vaporization behavior and
their reactivity with other gases. The basic
difference between the two oxides is the possibility
of formation of nonstoichiometric compowlds.
Urania contains a cation which exhibits multiple
valence states and thus can form a wide range of
solid solutions of the UOZ±x type which retain

D. Dooley, M. Balooch and D. R. Olander
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Fig. 1. Production of HZO(g) and Al (g) from the
reaction of alumina and atomic hydrogen. Modula-
tion ZO Hz. (XBL 791-Z63)

The thermodynamic properties and vaporization
characteristics of uranium dioxide at temperatures
> 4000 K are important in the analysis of potential
accident situations in light water reactor fuel.
This process is simulated in the laboratory by
laser pulsing a UOZ specimen held in vacuum. In
order to avoid sample cracking due to the large
thermal stresses induced by the laser pulse, the
UOZ targets are preheated to l400°C, which is
above the ductile-to-brittle transition of this
ceramic. The surface temperature transient
generated by the laser pulse is measured by an
optical pyrometer operated in the transient mode
and focused on the central portion of the laser
illuminated spot on the target. The temperature
transient (which is on the order of milliseconds
in duration) is also calculated by a computer code
which solves the transient heat conduction equation
in the UOZ for a known surface heat source due
to laser imping~nent.

7. LASER PULSE VAPORIZATION OF UOZ
C. H. Tsai and D. R. Olander

Figure 1 shows the surface of the laser
irradiated UOZ folloWing a pulse of Z8J. The peak
surface temperature measured by the optical
pyrometer for this pulse was 4360 K (after cor
recting for UOZ emissivity), which is in good
agreement with the calculated peak temperature
of 44Z5 K. The outer radius of the molten zone
is clearly seen in Fig. lao The small holes near
the center of the illuminated spot may be due to
the stronger-than-average evaporation from hot
spots on the surface created by intense stringers
of power in the laser beam. The high magnification
micrograph of Fig. lb shows that the grain
boundaries are decorated with another phase, which
is believed to be metallic uranium. The computer
model of the vaporization transient predicts that
the O/U ratio of the surface should drop well
below Z.O at high t~nperatures because of
preferential evaporation of U03' During rapid
cooling, the highly hypostoichiometric surface
layer reverts to stoichiometric UOZ and the excess
uranium is precipitated out as small inclusions
on the grain boundaries. Figure lc shows that
uranium metal precipitation does not occur in the
unirradiated region of the surface outside of the
laser spot.

In order to better understand the vaporization
process, the target was surrounded with semicircu
lar arrays of small disks to catch some of the
vaporized UOZ. Two sets of disks were used, one
of teflon and the other of aluminum. Following
the laser pulse, the teflon disks were irradiated
in the Berkeley Research Reactor in order to
determine the quantity of uranium on them by
counting the fission product gamma rays. The
variation in radioactivity with the angle of the
disk position from the target normal provides a
direct measure of the angular distribution,of the
vaporized material from the laser spot. If the
vaporization process were the same as that of
ordinary equilibrium vaporization (i.e., Hertz
Langmuir vaporization), an angular distribution
in accord with the cosine law would be expected.
However, the data show that the vaporization has
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layers will quickly stop the reaction unless oxygen
can be transported to the surface from the bulk
solid. The self,-diffusion coefficient of oxygen
in hypostoichiometric uremia has not been measured,
but is very large,4 whereas oxygen migra-
tion in alumina is smaller, probably by many orders
of 5 Consequently, oxygen transport
from interior of the solid to the reacting
surface takes easily in UOZ but in alumina,
evaporation the alwninum metal reaction product
appears to be necessary to prevent a protective
scale of Al from halting the surface reduction
process.

~_.,~-~--~

Published in Trans. Arner. Nucl. Soc. ,30, 163
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1. F. W. Clinard et a1., paper presented at the
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of spherical or donut-shaped objects which are
1-15 jl!11 in diam. Two interpretations of this
result are possible: either liquid droplet
emission occurs from the heated surface directly
or droplets are formed in the vapor plume which
is highly supersaturated in UOZ vapor.

8. RESEARCH PLANS FOR CALENDAR YEAR 1979

Donald R. Olander

The theoretical model of thermal gradient migra
tion of gas-liquid inclusions in solid salt will
be extended to include interface kinetics and
diffusion in the brine. Measurements of the
inclusion velocities will be extended and refined.

The Fe/CIZ reaction will be studied in a laser
pulsing apparatus to determine whether a scale
forms on the iron surface during reaction.

The molecular beam apparatus equipped with the
hydrogen dissociation source will be used to
investigate the gasification of silicon and silicon
carbide by atomic hydrogen.

Prior to molecular beam chemical kinetic
experiments, methods of evaporating and growing
defect-free epitaxial silicon films at temperatures
> 1100°C will be developed. Carbon contamination
of the surface will be monitored by Auger electron
spectroscopy.

Water retention and release from UOZ pellets
fabricated in DZ/DZO will be examined. This
experiment is intended to determine whether water
used in the fabrication of the fuel is retained
and possibly released in-pile when heated.

The zircaloy stress corrosion cracking experi
ment will examine the iodides Cs1, Zr14, and Al13
as possible stress corrosion cracking agents.

Oxygen tracer diffusion in UOZ-x and thermal
gradient migration of metallic inclusions in UOZ
will be investigated.

9. 1978 PUBLICATIONS AND REPORTS

Donald R. Olander and Associates
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1. D. R. Olander, Book review: "Advanced LMFBR
Fuels," Nuc1. Techno1. 38, 447 (1978).
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Z. D. R. Olander, The Gas Centrifuge, Scientific
American Z39, No. Z, 37 (August 1978).
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c. Electrochemical Phase Boundaries"

RoZf H. Muller, Investigator

I. ELLIPSOMETRY OF ELECTROCHEMICAL INTERFACESt 5 ------------

Polymer

Roughness

3 ------------ 7 -------..,--

2 ------------ 6
Boundary layer

Single film
Craig G. Smith and Rolf H. Muller

The use of ellipsometry for the in-situ optical
observation of electrochemical phenomena is
gradually gaining broad acceptance. With the
application of instrumental advances introduced
in the last few years, fast measurements can now
be made with high precision. l Methods of inter
preting measurements have, however, not been
advanced sufficiently to make full use of experi
mental data obtained with modern instrumentation.

Fig. 1. Film models for the interpretation of
ellipsometer measurements of electrochemical film
formation. (XBL 785-871)

Table 1. Average deviation from measurements of
ellipsometer parameters ~ and 6 computed
according to different models. Anodic
oxidation of Ag in stagnant 6 M KOH at
1 mA/cm2.

Sec. crystal
Hydrate

Dual film

8 ----------

~~~~~~ Roughness

Dual film

4 ----------

An automated computer interpretation of ellipso
meter measurements, which makes use of previously
unrecognized information, has been investigated.
In this interpretation, the t~~e-dependence of
the measured parameters is taken into account by
considering mass and charge transport processes.
Potential measurements are incorporated in the
interpretation in terms of equilibrium potential,
charge transfer-, concentration-, reaction-,
crystallization- and resistance-overpotentia1s.
The simultaneous or sequential formation of several
surface layers with varying properties is con
sidered, with trmlsport between layers till,ing place
by diffusion, migration and convection. In the
automated interpretation procedure, characteristic
parameters of film formation with physical meaning
are evaluated by minlllizing the deviation between
experDnent and theory. Thus, the effect of alter
nate assumptions about electrode processes and
the uncertainty of derived parameters can be
assessed.

Secondary crystals have been treated optically
depending on their size or number density. Crystals
much smaller and spaced closer than the wavelength
of light are represented by a homogeneous film.
Reflection from crystals larger than the wavelength
of light was analyzed by a ray-method for reflec
tion in the specular direction (Fig. 3). Statis-

The optical effect of mass-trasport boundary
layers has been computed for different concentra
tion profiles. 2 As sho~~ in Fig. 2 for Zn dissolu
tion in 6 MKOH, the predicted effect on the
ellipsometer parameter 6 amounts to several degrees
and is not well represented by a homogeneous film
model, above 0.2 ~n thickness, while linear and
parabolic profiles predict similar results.

Eight film models of increasing complexity that
have been considered for the interpretation of
anodic film formation via a dissolution
precipitation mechanism are illustrated in Fig. 1.
All except the first include a mass-transfer
boundary layer to which a polymer (hydrate or
colloidal) layer may be added. The optical effect
of these solution-phase layers is significant where
product solubility is sufficiently high to affect
the refractive index of the solution. They must
be till,en into account, regardless of solubility,
in considerations of mass transport. The optical
manifestation of roughness of the substrate has
been modeled as an intermediate layer. Heterogene
ous and homogeneous nucleation result in two dif
ferent solid films adjacent to the substrate. The
formation of secondary crystals has been observed
by electron microscopy and is asswned to occur
by heterogeneous nucleation.

The relative merits of models 1 to 8 (Fig. 1)
for the interpretation of an anodic film formation
are illustrated in Table 1, which shows the average
deviation between experimental and computed values
of the ellipsometer parameters.

*This work was supported by the Division of
Materials Sciences, Office of Basic Energy Sciences,
u. S. Dept. of Energy.

Model
(Fig. 1)

1
2
3
4
6
7
8

Deviation
(deg)

56.2
56.2
62.0

9.1
6.0
7.8
4.9
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105.

Interpretation of the experimental data is
accon~lished by finding values for the parameters
of film fOTI1lation which most closely reproduce
the ellipsometer measurements 0 By systematic
variation of all parameters a minimum mean square
deviation between measured and predicted points
is deteTI1lined. Parabolic error estimates are used
to provide limits of uncertainty for the parameters
thus derived. In order to search for multiple
roots, a Monte Carlo routine is used in which new
initial values are chosen at random for the mini
mization iteration.

The adsorption of reaction products prior to
precipitation from supersaturated solution is des"
cribed by an adsorption isotheTI1l and optically
treated as a homogeneous film.

tical distributions of crystal size and orientation
have also been considered. The patchwise distribu
tion of secondary crystals is treated by the
coherent or Dlcoherent superposition of polariza
tion states resulting from different surface areas,
depending on whether the diameter of patches is
smaller or larger than the lateral coherence of
the Dlcident light beam.
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Figo 20 Effect of mass transport boundary layers
of thickness 8 with constant (homogeneous), linear
and parabolic concentration profile on ellipsometer
parameter ~o Zn dissolution in 6 M KOH, concen
tration difference between interface and bulk
solution 1 Mo (XBL 785-9009)
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Constant current anodic oxidation at low rates
in the absence of convection can provide infoTI1lation
on diffusion coefficients and supersaturation of
reaction products, as illustrated for Ag in 1 M KOH
in Fig. 4. Of interest are the times 81 and 82
associated with changes in slope of the experi
mental ~ - ~ plot for 0.05 mA/cm2. Prior to 81
the measurements can be explained by a progressive
roughenjng of the silver surface. Between times
81 and ,the measurements are consistent with
the adsorption of Ag20 (or AgOH) 0 Beyond 82 the
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Figo 3. Tracing of rays for reflection through
secondary crystals in the specular direction.

(XBL 786- 9164)

Fig. 4. Induction periods 81 for reaching the
solubility limit of reaction products and 82 for
heterogeneous nucleation of precipitate derived
from transient ellipsometer measurements. Anodic
oxidation of Ag in 1M KOH. (XBL 774-8331)
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slope of the curve agrees with that expected for
a growing layer of compact Ag20. If at 81 satura
tion concentration of the anodic product is reached
at the interface, then by use of a literature value
for the solubility of the product, its diffusion
coefficient can be determined from the transition
time by use of the Sand equation. Values thus
derived are given in Table 2. By use of these
values, the interfacial concentration at time 82'
where precipitation by heterogeneous nucleation
sets in, can be determined. A degree of super
saturation close to 2.3 has been found by this
method for many metal-electrolyte combinations
at low current densities. At higher current den
sities, illustrated by the 0.1 mA/cm2 curve in
Fig. 4, the transition tD~es are not as well defined
and supersaturations larger than ten-fold are
indicated.

as Ag/Ag20, the charge transfer overpotential is
negligible at current densities of interest here.
With known interfacial concentration, the concentra
tion polarization can be subtracted frmn the
measured polarization to determine a resistance
polarization. By use of the ellipsometrically
determined layer thickness, the effective conducti
vity or porosity of the layer can be derived
(Table 3).

of part of Ph.D. thesis by Craig G. Smith
(LBL-8082, August 1978).

1. R. B. ~fuller, Present Status of Autonlatic
Ellipsometers, Surf. Sci. 56, 19 (1976).
2. C. G. Smith, Effect of Mass-Trmlsport Boundary
Layers on the Ellipsometry of Surfaces (M.S.
thesis), LBL-3903, December 1975.

Table 3. Supersaturation of ionic reaction product
and porosity of primary layer derived
from arrest in film growth under forced
convection conditions; Ag (100), 6 MKOB.

Table 2. Diffusion coefficients of anodic reaction
products derived from ellipsometer
transition times and solubilities given.

Metal Electrolyte Solubility D
(M) (on2/s)

Ag 1 M KOB 1.5 x 10-4 11.4 x 10-6

Zn 0.5 M KOB 4.1 x 10- 3 9.7 x 10-6

Cd 1 MKOB 5 x 10-6 8.6 x 10-6

Pb 1 MKOB 1.6 x 10-2 11. 3 x 10-6

Cu 1 MKOB 1.9 x 10-3 7.8 x 10-6

Current density (mA/cm2)

Reynolds number

Ionic supersaturation
Layer thickness (A.)

-1 -1 7Conductivity (~ cm 10)

Porosity

1.0

1000

16.5

620

81

0.20

0.6

4600

2.5

480

11

0.01

0.6

10000

2.2

600

8

0.02

2. INTERFEROMETRY OF MASS-TRANSFER BOUNDARY LAYERS

Karrie J. Banson, Rolf B. ~fuller and Charles W.
Tobias

The use of flow obstacles in electrochemical
cells is capable of substantially enhancing mass
transfer to electrode surfaces. l ,2 The resulting
increase in local current density can be important
for the uniformity of electrode reactions or the
material- and energy-efficiency of electrochemical
processes. Laser interferometry, in conjunction
with surface profile measurements, is used to
investigate the effectiveness of different flow
obstacles and their arrangements.

A traveling Mach-Zehnder interferometer has
been equipped with a dual-emission 5 mW Be-Ne laser
and two lOX Galileo-type beam expanders. It is
used with a newly-built flow chffilllel cell of
5 x 5 x 1060 mm inside dimensions in which Cu is
deposited from CUS04 solutions (Fig. 1). Decreases

Supersaturation of anodic reaction products
can also be determined by a different approach
under convective mass transport conditions, where
ellipsometer measurements often show that film
growth stops despite continuing electrolysis.
Under these conditions, all reaction products are
removed by the flowing electrolyte. From the known
rate of transport (the entire current) and the
transport conditions, the interfacial concentration
can be determined. Supersaturations thus derived
for Ag in KOB range from 2.2 to 16.5 fold (Table 3).
For highly reversible electrode reactions, such

Fig. 1. Schematic of flow chffilllel cell for the
observation of boUndary layers by interferometry.
Flow obstacle A of square cross section, 0.75 mm
side, attached; obstacle B of round cross section,
0.75 mm diameter, separated 0.75 nun from cathode
surface. (XBL 791-262)

in mass transfer boundary layer thickness, a
measure of enhanced mass transfer to the electrode,
have been observed over distances of 10 - 100 times
the obstacle diameter downstream and 2 - 4 times
the diameter upstream (Fig. 2). The effect depends
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b

d
Fig. 2. Interferograms of a boundary layer disturbed by a
0.75 mm high flow obstacle of square cross section positioned
16 em from the leading edge; Re = 750, i = 3 mA/cm2; position
of observed regions with respect to the obstacle: (a) 20 mm
upstream, (b) at obstacle, (c) 5 mm downstream, and (d) 80 ITffil

downstream. (XBB 780-15393)

t
Fig. 3. Appearance of the cathode surface in the vicinity of the flow obstacle.

(XBE 780-15394)

on shape, size and orientation of the obstacle
as well as on the Reynolds number.

Regions of obstacle-induced turbulence are also
visible in the electrodeposited metal (Fig. 3).
Surface profiles measured at different distances
from the obstacle have shown preferential deposi
tion along flow lines. Average current densities,
determined by integration of surface profiles,
are found to be higher in the disturbed region
than outside it.

Work on High-Rate Electrolytic Processes conducted
jointly with C. W. Tobias is described in the section
"Electrochemical Processes", C. W. Tobias,
investigator.

1. F. Leitz and L. Marincic, J. Appl. Electrochem.
7, 473 (1977).
2. Y. Winograd, A. Solon and M. Toren, Desalination
13,171 (1973).
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3. RESEARCH PLANS FOR CALENDAR YEAR 1979

Rolf H. Muller

In order to further strengthen the interpretation
of ellipsometer measurements, several instrumental
developments need to be undertaken. Their purpose
is to provide: (a) additional, simultaneously
collected, optical data, (b) independent experimen
tal evidence for important aspects of theoretical
models, (c) capabilities for conducting uninter
rupted measurements over larger intervals of films
growth and (d) facilities for the efficient col
lection and evaluation of data. Of great importance
is the installation of a digital data management
system to make better use of results presently
acquired and to handle the increased flow of
information expected from systems improvements.
Of immediate interest are the addition of rapid
spectral scanning facilities, reflectance measure
ment capabilities and extended dynamic range.
Optical problems that need to be clarified by
experimental and theoretical means, in order to
bnprove the reliability of interpretations, include
properties particular and island films, very
thin mass transport layers and surface roughness.
Electrochemical questions of present interest
include the formation of surface layers in high
current-density electrolysis. Such layers are
largely responsible for dimensional accuracy and
surface finish attainable in electrochemical
machining. Another problem concerns the adsorption
of surface-active.agents for metal deposition and
dissolution. Such agents include corrosion
inhibitors and plating additives. An elucidation
of the mechanism by which these materials work
will contribute to the assessment of additive use
in batteries, where presently-used materials are
not suitable because they dec~npose.

The use of interferometry will be directed
toward establishing regimes of enhanced mass
transfer caused by turbulence-inducing obstacles
in channel flow. The effect of obstacles with
different geometries will be determined as a
function of flow rate. Of special interest is
the combined effect of several obstacles in succes
sion. Time-average local mass transfer rates will
be determined independently by the measurement
of local deposit thiclcness.

The detailed experimental investigation of
boundary layers for many reactions of practical
interest is presently not possible because solu
tions of interest contain several solutes. New
means will be investigated for the optical analysis
of multi-component concentration fields near
electrodes.

A study of the force balance in electrolyte
films on metal substrates of finite roughness will
be initiated. The behavior of such films is of
importance in electrolytic gas evolution
(electrolysis) and consumption (fuel cells), cor
rosion and friction.

Work on high-rate electrolytic metal deposition
and dissolution will include the use of suspended
small particles to enhance mass transport in
electroforming and the further exploration of the
electrochemical machining of refractory materials,
with the generation of sharp edges being of special
interest.

4. 1978 PUBLICATIONS AND REPORTS

Rolf H. ~~ller and Associates

Papers Presented

1. Rolf H. ~1uller, Ellipsometer Observation of
Anodic Film Growth, 29th Meeting, Int. Soc. Electro
chemistry, Budapest, Hungary, August 28-September
2, 1978.

2. Rolf H. Muller, Some Recent Advances in the
Ellips~netry of Anodic Films, Laboratory of Inter
facial Electrochemistry, CNRS, Meudon, France,
August 9, 1978.

3. F. R. McLarnon, R. H. Muller and C. W. Tobias,
Interferometric Observation of Turbulent Mass
Transfer in Channel Flow, l54th Meeting, Electro
chemical Society, Pittsburgh, PA, October 15-20,
1978.

LBL Reports

*1. Craig G. Smith, Ellipsometry of Anodic Film
Gro,vth (Ph.D. theSis), LBL-8082.

2. Craig G. Smith, Janet S. Remer and Rolf H.
Muller, Corrections for Component Imperfections
and Azimuth Errors in an Automatic Self-Compensating
Ellipsometer, LBL-7303, August 1978.

3. F. R. McLarnon, R. H. v~ller and C. W. Tobias,
Interferometric Study of Forced Convection Mass
Transfer Boundary Layers in Laminar Channel Flow,
LBL-5797 (submitted to Ind. Eng. Chem. Fund.)

4. Rolf H. Muller and Michael 1. Sand, Optimum
Angle of Incidence for Monochromatic Interference
in Transparent Films on Absorbing Substrates,
LBL-7662, May 1978 (Submitted to J. Opt. Soc. Am.).

5. B. Antoine Dissaux, Electrochemical Machining
of Carbides and Borides (M.S. thesis), with C. W.
Tobias, LBL-8023, July 1978.

See also publications in Energy Technology Section,
"Development of Electrochemical Synthesis and Energy
Storage", J. W. Evans, R. H. Muller, J. Ne,.;man,
P. N. Ross and C. W. Tobias, Investigators, p. 502.

*Partially supported by Division of Energy Storage
Systems, Office of Energy Technology, U.S. Dept.
of Energy.
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d. Solid State and Surface Reaction Studies'"

Gabor A. Somorjai,

1. SURFACE STRUCTURE AND CHEMISORPTION BY LOW
ENERGY ELECTRON DIFFRACTION

a. LEED and Thermal Desorption Studies of Small
Molecules (HZ, 0Z, CO, COZ, NO, CZH4, CzHZ and C)
Chemisorbed on the Stepped Rhodium (755) and (331)
Surfaces

D. G. Castner and G. A. Somorjai

The chemisorption of HZ, 0Z, CO, COZ, NO, CZH4'
CZHZ and C has been studied on the clean stepped
Rh(755) and (331) surfaces. Low energy electron
diffraction (LEED), Auger electron spectroscopy
(ABS) and thermal desorption spectroscopy (TDS)
were used to determine surface structures, dis
ordering and desorption temperatures and decomposi
tion characteristics for each adsorbate. All of
the molecules studies readily chemisorbed on both
stepped surfaces, and all adsorbates formed at
least one ordered surface structure. The (331)
surface was lTIUCh more stable when heated in 0z
or CZH4 than the (755) surface which readily formed
(Ill) and (100) facets. The LEED patterns seen
on the (755) surface were due to the formation
of surface structures on the (Ill) terraces, while
on the (33l)surface the steps determined the unit
cells of the observed structures. More ordered
surface structures were formed on the stepped
rhodiwn surfaces than were seen on the stepped
platinum and iridium surfaces. Two different types
of oxygen surface species were observed and were
identified by their different reactivities with
gaseous HZ' In the CO and COZ TDS spectra a peak
due to dissociated CO was observed on both surfaces.
CZH4 and CZHZ had very similar adsorption and
desorption properties and it is likely that the
same adsorbed species was formed by both molecules.
The influence of steps on chemisorption and ordering
is more enhanced for platinum and iridium than
for rhodium surfaces.

b. Low Energy Diffraction Study of the Surface of
Thin C stals and Monola ers of Normal Paraffins
and Cyclohexane on the Ag III Crystal Surface

L. E. Finnent and G. A. Somorjai

The surfaces of the normal paraffins (C4-CS)
and cyclohexane in the form of thin single crystal
films (lOZ A) condensed upon an Ag(lll) single
crystal surface have been studied using low energy
electron diffraction (LEED). The physical adsorp
tion of monolayers of these molecules was also
studied on the Ag(lll) surface. The data was
compared with similar data obtained from experiments
on the Pt(lll) surface to yield the following
results: n-octane condenses on either substrate
with its unreconstructed (101) plane parallel to
the substrate. Cyclohexane similarly condenses

*This work was supported by the Division of Materials
Sciences, Office of Basic Energy Sciences, U. S.
Dept. of Energy.

exposing its (001) n-heptane multilayers on either
substrate giving the same pattern, but the surface
unit mesh is different from any of the expected
planes of the n-heptane crystal structure.
n-hexane and n-pentane multilayers form pseudo
morphic crystal structures that are dependent upon
the structure of the silver substrate. Physically
adsorbed monolayers of n-octane, n-heptane and
n-hexane adsorb in ordered structures with their
molecular CLxes parallel to each other and the
Ag <110>. Cyclohexane adsorbs in a (9x9) structure
in a hexagonal array with its longer molecular
plane parallel to the Ag(lll) surface. The
generally lower temperatures necessary to order
monolayers on Ag(lll) indicate that unsaturated
hydrocarbons are less strongly adsorbed on this
surface than on the Pt(lll).

c. Surface Structures of Adsorbed Gases on Solid
Surfaces. A TabUlation of Data Reported by Low
Energy Electron DIffraction StudIes

D. G. Castner and G. A. Somorjai

Over SOO surface structures observed in low
energy electron diffraction (LEED) experiments
of adsorbed gases on solid surfaces have been
tabUlated. Most of the reported surface structures
were for small inorganic molecules (CO, HZ, 0Z, COZ,
etc.) adsorbed on the low Miller Index crystal
faces of metalS, and these structures have been
grouped according to the rotational syn~etry of
the substrate. Since adsorption studies on high
Miller Index surfaces and the adsorption of
organic molecules on metal surfaces have become
lnore prevalent in recent years, separate tables
for these two categories have been prepared. The
tables show that ordering is prevalent and some
ldsorption systems even form several ordered
3urface structures. Inspection of the tabUlated
surface structures reveals three general rules for
the small molecule adsorption systems: (1) the
adsorbate surface structures have the same
rotational s~etry as the substrate; (Z) the
adsorbate unit cell is the smallest allowed by
molecular dimensions and adsorbate-adsorbate
interactions; and (3) a given adsorbate will form
the identical surface structure on the same crystal
face of several different substrates. For example,
oxygen forms a (ZxZ) surface structure on the
hexagonal faces of Ag, Cu, Ir, Nb, Ni, Pd, Pt,
Re, Rh and Ru. CO initially forms a (/3x/3)R30°
surface structure on most hexagonal metal surfaces
and then compresses into a close packed hexagonal
overlayer of CO at high coverages.

d. Measurement of the LEED Diffraction Beam
Intensities from the Reconstructed IrIdIum (100)
Crystal Face

R. J. Koestner and G. A. Somorjai

The clean iridium (100) crystal face undergoes
reconstruction that gives rise to a (5xl) surface
structure detectable by LEED. Experiments have
been carried out to measure the intensities of
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the diffraction beams from the reconstructed
surface by the photographic method, in the
20-200 eV electron energy range. A dynamical
structure analysis will be carried out to deternline
the surface crystallography of the reconstructed
layer.

Z. ELECTRON SPECTROSCOPY STUDIES OF SOLID SURFACES
AND ADSORBATES

a. Vibrational Spectroscopy of Carbon Monoxide
Adsorbed on Nickel and Rhodium Single Crystal
Surfaces by High Resolution Electron Energy Loss

L. H. Dubois and G. A. Somorjai

The first step in the reaction of carbon
monoxide and hydrogen to form methane over many
catalytic surfaces is thought to be CO dissociation.
Therefore, we have applied the technique of high
resolution electron energy loss spectroscopy (ELS)
to study the effects of both temperature and pres
sure on the chemisorption of carbon monoxide on
Ni(lll) and Rh(lll) single crystal surfaces. ELS
is uniquely suited for this application since it
provides us with a complete vibrational spectrum
from 400 to 4000 cm- l with better than 100 cm- l
resolution and high surface sensitivity «1% of
a monolayer) -- all in less than 15 minutes. The
traditional picture of carbon monoxide bonding
is through electron transfer from the 50 orbital
of the CO molecule to the metallic d orbitals and
by backbonding of the substrate electrons into
the empty Zn* orbital of the adsorbate. Chemi
sorption of the carbon monoxide molecule at dif
ferent surface sites changes the electron density
in the CO antibonding orbital and therefore the
carbon-oxygen stretching frequency is very sensitive
to the bonding configuration. Significant shifts
in this stretching frequency have been observed
as a function of both adsorbate coverage and
surface temperature.

We have found that carbon monoxide chemisorbs
on an initially clean Ni(lll) surface at romn
temperature in three distinct binding sites
characterized by the C-O stretching frequencies,
2080, 1900 and 1810 cm- l . By analogy with organo
metallic clusters we can conclude that these peaks
correspond to carbon monoxide linearly bound on
top of a single surface atom, bridge bonded to
two nickel atoms llild possibly sitting at the center
of a metal triangle (i.e., face bridging).
Significant shifts in these frequencies can be
seen depending on surface pretreatment and clean
liness. Furthermore, as the substrate temperature
is increased the c-o stretching frequency also
increases indicating a weakening of the metal
carbon bond. The molecule desorbs from the Ni(lll)
crystal surface before any dissociation can be
detected.

We find the (Ill) crystal face of rhodium to
be far more active. At approximately 40°C and
low gas exposure «0.5 L) only a single peak cor
responding to a metal-carbon stretch at 400 cm- l
is observed in the vibrational spectrum. The
disproportionation reaction

Z CO(g) + C(ads) + COZ(g)

is known to take place at higher pressures and
is probably occurring here. At higher exposures
and lower temperatures a single intense peak at
Z040 cm- l is observed, again indicating an atop
binding site for the CO molecule. Once we have
dissociated the carbon monoxide we shall add
hydrogen and look for possible surface intermedi
ates in the methanation reaction.

b. Calibration of Monolayer Coverage by Auger
Electron Spectroscopy. Application to Carbon on
Platinum

J. P. Biberian and G. A. Somorjai

A simple technique has been developed to utilize
the Auger spectrum to determine coverages and the
grow~th lnechanism of deposits. This consists of
plotting the Auger peak-to-peak signal intensity
due to the substrate against the similar signal
for adsorbate. Breaks in the curve indicate the
cOlnpletion of a deposit layer and the onset of
the formation of the next layer. This method has
been applied to the calibration of carbon coverage
on platinum. The analysis shows that at low
temperature (300°C) a monolayer of graphite forms,
then three-dimensional crystallites grow on top
of this layer (Stranski-Krastanov mechanism). At
~igh temperature (800°C) a layer~by-layer gro\vth
mechanism is operative.

c. Electron Spectroscopy Studies of H~~Z, HZ
and COz Adsorbed on SrTi03 Crystal Surfaces-

Wei-Jen Lo and G. A. Somorjai

Electron loss spectroscopy and ultraviolet
photoelectron spectro~copy have been utilized to
monitor the changes of eiectronic structure that
occurs during the chemisorption of H20, 0Z, HZ
and COZ on SrTi03 in the dark and when illuminated
with light of band gap energy. On adsorption of
water, three new photoelectron emission peaks are
observed. The signal due to Ti3+ is decreased
indicating its oxidation to Ti4 +. Illumination
by band gap radiation causes partial photodesorp
tion of water and the Ti3+ sites are restored.
Hydrogen causes the appearance of similar photo
electron spectra indicating that similar surface
species (probably OH group) have formed. Studies
of CO and C02 chemisorption reveal that CO is
rapidly converted to C02 on the SrTi03 surface.
Adsorbed oxygen oxidizes the Ti3+ sites rapidly
to Ti4+.

3. MOLECULAR BEAM-SURFACE INTERACTIONS

a.

W. Guthrie, J. Sokol and G. A. Somorjai

The catalyzed oxidation of ammonia over platinum
is an important industrial process whose complex
molecular kinetics have not as yet been established.
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We have undertaken the study of this reaction on
the Pt(lll) and the stepped Pt(557) surfaces by
molecular beam scattering. The primary react~on
products at our low pressure conditions (~10- Torr)
of the experiment are ,NO and H20. N2 production
predominates at low temperatures (~300°C) while
NO is the principal nitrogen containing product
at higher temperatures. Preliminary results
indicate that the stepped platinum surface is
catalytically much more active than the Pt(lll)
crystal face.

b. A Modulated Molecular Beam Study of the
Mechanism of the H2-D2 Exchange Reaction on Pt(lll)
and Pt(332) Crystal:3urfaces

M. Salmeron, R. J. Gale and G. A. Somorjai

The interaction of hydrogen with platinum has
been studied by the exchange reaction H2+D2 ~ 2HD
on two crystal surfaces, a flat (111) and a
stepped (332) (in step notation, (S)-[6(111)x(111]].
The adsorption of hydrogen appears to be an
activated process on the Pt(lll) surface, with
a barrier height of ~O.5-l.5 kcal/mole. On the
Pt(332) surface the adsorption of hydrogen
requires no activation energy. The recombination
of H and D atoms to form HC follows, on both
surfaces, a parallel mechanism with one of the
branches operative in the entire temperature range
studied, 25-800°C. This branch has an activation
energy and pseudo-first-order preexponential of
El ~ 13.0±0.4 kcal/mole and Al ~ (8±3)xl04 sec- l
for the Pt(332) surface and El ~ l5.6±0.5 kcal/mole
and Al ~ (2xl±l)xl05 sec- l for the Pt(lll) surface.
For temperatures above ~300°C, the second branch
is observed but the values of the preexponential
factors and activation energies could not be
uniquely detennined for either of the two crystals.
Below ~300°C a third process appears in series
with the first branch. The scatter in the data
at low temperatures due to the small signal ampE
tude prevents accurate determination of the rate
constants for this reaction step.

4. STUDIES OF CATALYZED SURFACE REACTIONS

a. The Effect of Strongly Bound Oxygen on the
DEihydrogenation and Hydrogenation Activity and
Selectivity of Platinum Single Crystal Surfaces
at Low Pressures

C. E. Smith, J. P. Biberian and G. A. Somorjai

TIle dehydrogenation of cyclohexene and cyclo
hex&~e, and the hydrogenation of cyclohexene were
studied on the clean and preoxidized surfaces of
three platinum single crystals--a Pt(lll), a stepped
Pt(S)~[6(111)x(100)] and a kinked Pt(s)-[7(111)x
(310)]--at low pressure (10-6 to 10- 5 Torr total
pressure), at 150°C. Oxygen coverages were
Dmnitored by Auger electron spectroscopy (ABS) ,
and Auger peak ratio of 0510/Pt237 ~ 0.5 having
been determined to correspond to approximately
5xl014 oxygen atoms/cm2. The surface structures
of the clean and oxidized platinum crystals were
determined by low energy electron diffraction
(LEED): after high temperature (800 aC) oxygen
treatment, the predominant oxygen structure observed

on the Pt(111) was a (2x2); the predominant oxygen
structure observed on both the Pt(S)-[6(111)x(100)]
and the Pt(S)-[7(111)x(310)] was a (l3xl3)-R30°.
Low coverages of strongly bound oxygen enhanced
the rates of the dehydrogenation and hydrogenation
reactions, and changed the selectivity of cyclo
hexene dehydrogenation to benzene over hydrogena
tion to cyclohexane. These effects of preoxidation
on catalytic rates and selectivity were found to
be sensitive to the structure of the platinum
surface, kinl, sites playing a particularly active
role in the enhancement of dehydrogenation and
hydrogenation activity by strongly bound oxygen.
A change in the electronic structure of the platinunl
surface through oxidation provides the best general
model for explaining the oxygen effects.

b. High Pressure Studies of Hydrocarbon Conversion
Over Platinum Crystal Surfaces

W. Gillespie and G. A. Somorjai

Extensive studies of hydrocarbon reactions
(dehydrogenation, hydrogenation, dehydrocyclization
and hydrogenolysis) over platinum crystal surfaces
that were carried out at low pressures (10- 7-10- 5
Torr) have revealed the structure sensitivity or
insensitivity of these reactions along with the
importance of additives, such as oxygen, in con
trolling the activity and the product distribution.
Snnilar studies are being carried out in a high
pressure apparatus in the 10- 2-10 atmosphere range,
using the same platinum crystal surfaces to
establish the effects of pressure on the reaction
parmneters. We find that the effects of structure
and composition are interdependent. For example,
the addition of oxygen to a high kin1, density
platinum surface has greatly increased the hydro
genolysis activity. The addition of the same
amount of oxygen to a stepped or to a (Ill)
orientation platinum surface has a much smaller
effect on hydrogenolysis reactions. Work is in
progress to elucidate the combined effects of
changing surface structure and additives such as
oxygen and chlorine on the rates and product dis
tributions of these hydrocarbon reactions.

c. The Influence of Kink Structure and Oxygen
Pretreatment on the Activity of Hydrocarbon
Reactions

M. Davis and G. A. Somorjai

We have investigated the changes in catalytic
activity that accompany high temperature oxygen
chemisorption on platinum (100), (321) and (654)
single crystal surfaces. Preoxidation selectively
increased the actiVity and stability of kin1,ed
platinum surfaces for hydrogenation and dehydro
genation reactions of cyclohexene and cyclohexane.
The enhancement was greatest when the low coordi
nation number kink atoms were separated by terraces
at least four to five atomic rows wide and when
the oxygen surface coverage was about half a
monolayer. On the other hand, preoxidation had
little or no effect on the rates of other reactions
such as toluene demethylation and n-heptane
dehydrocyclization. The hydrocarbon reactions
were studied at 25-400°C in a flow reactor at total
pressures of 10-5 - 10-6 Torr. A mass spectrometer
was used to measure reaction rates and product
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6. 1978 PUBLICATIONS AND REPORTS

Journals and Books

Gabor A. Somorjai and Associates

Studies of the structure sensltlvLty of ammonia
synthesis over iron crystal surfaces will be
initiated.

loss spectroscopy
in bonding

temperature on

1. L. L. Kesmodel and G. A. Somorj Surface
Crystallography by Low Energy Diffraction, Trans.
Am. Cryst. Assoc. 11, 67 (1977).

4. Y. W. Chung, W. J. Lo and G. A. Somorjai,
Electron Spectroscopy Studies of Li~1t Induced
Chemisorption of Oxygen, Hydrogen and Water on
the Ti02 (100) Surfaces: Evidence for Photo
generation of Ti+3 Species and Its IInportance for
Chemisorption, Surf. Sci. 71, 199 (1978).

2. R. Bastasz, C. A. Colmenares and G. A.
Somorjai, A Low Energy Electron Spectroscopy Study
of the Structure, Debye Temperature and Oxidation
of the (Ill) Crystal Face of Thorium, Surf. Sci.
fj2, 45 (1977).

The surface crystallography of small hydro"
carbons on rhodium crystal surfaces will be
explored by LEED.

3. M. Salmeron, R. J. Gale and G. A. Somorjai,
Molecular Bema Study of the H2D2 Exchange Reaction
on Stepped Platinum Crystal Surfaces: Dependence
on Reactant Angle of Incidence, J. Chem. Phys.
67, 5324 (1977).

Radiotracer and pulsed reactor techniques will
be used to the role of the carbonaqoous
monolayer deposit on platinum surfaces during
hydrocarbon reactions.

High resolution electron
will be utilized to monitor the
of CO and C2H2 as a function of
nickel and rhodium surfaces.

In order to build p1atinwn catalysts that
exhibit desired cata1)Tcic activity and selectivity
ordered metal thin films may be utilized. In this
study the catalyst consists of a gold single
crystal substrate on top of which one-tenth of
a monolayer to several monolayers of p1atinwn is
condensed from the vapor. The coverage can be
measured with Auger electron spectroscopy; the
surface structure can be determined by low energy
electron diffraction. By varying the stru£ture
of the exposed crystal surface (smooth, stepped
and kinl<ed surfaces) we hope to determine on which
sites Pt is most active, thereby hopefully learning
how Pt can be used most efficiently in actual
catalysis. At present the dehydrogenation of
cyclohexene (6xlO- 8 Torr) to benzene is studied
in excess hydrogen with gold as a substrate. Pre
liminary results indicate that the reactivity of
Pt on a Au(IOO) surface shows a minirnwn at a Pt
coverage of one monolayer. A severe limitation
in using gold is the maximum reaction temperature
of about 100°C as diffusion of the Pt into the
substrate must be avoided during reaction. On
copper reactions can be studied at higher tempera
tures and the effect of different interatomic
spacings of the substrates can be explored.
Attachment of the high pressure cell that is under
construction will enable us to study reactions
at pressures up to one atmosphere, while preserving
the ability of vapor depositing and characterizing
the catalyst surface with the techniques mentioned
above.

distributions. Auger electron spectroscopy and
low energy electron diffraction were utilized to
simultaneously monitor the composition and structure
of the active catalyst surface. By comparing these
results to those of earlier low pressure (see Smith
and Biberian) and complementary high pressure (see
Gillespie) studies we have be~~ to develop a
detailed understanding of the role of oA)Tgen in
platinum catalysis.

d. The Reactivity of Platinum Monolayers Deposited
on GCl1cr-Slngle CIYstal Substrates

J. W. A. Sachtler and G. A. Somorjai

5. RESEARCH PLANS FOR CALENDAR YEAR 1979

Gabor A. Somorjai

LEED studies of the surface structure of
ruthenium single crystals and of adsorbed monolayers
will be initiated.

Investigations of the surface structures of
reactive metals, Li, B, U, Na will be carried out
using a vapor deposition technique to produce
single crystal thin films of these materials.

Evaporated monolayers of platinum on gold and
copper and gold on platinum will be prepared with
a variety of surface structures. The catalytic
activity of these epitaxial thin films will be
eAplored using various hydrocarbon reactions.

The effect of chlorine on the catalytic activity
of platinum surfaces will be explored.

5. B. E. Nieuwenbuys and G. A. Somorjai, Low
Energy Electron Diffraction, Electron
Spectroscopy and Thermal Desorption Studies of
01emisorbed Carbon Monoxide, Oxygen, Hydrogen,
Nitrogen, Ethylene and Benzene on an Ir(lOO)
Surface: Correlation with Other Iridium Crystal
Faces, Surf. Sci. 72, 8 (1978).

6. P. C. Stair and G. A. Somorjai 1he Adsorption
of Benzene on the Pt(lll) Surface Ue-'AUJ.VU by Low
Energy Electron Diffraction Measur~nents
and Quantitative Auger Electron Spectroscopy, J.
Chem. Phys. 67, 4361 (1977).

7. E. 1. Muetterties, J. C. Hemninger and G. A.
Somorjai, A Coordination Chemistry Guide to
Structural Studies of Chemisorbed Molecules,
Inorganic Chem. 16, 3381 (1977).

8. D. J. Thvyer and G. A. Somorjai, Hydrogenation
of CO an.d C02 Over Iron Foils. Correlations of
Rate, Product Distribution and Surface Composition
J. of Catalysis i~, 291 (1978). .
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9. G. A. Somorjai, The Structure of Solid Surfaces
and of Adsorbates by Low Energy Electron Diffrac
tion, Inst. Phys. Conf. Ser. No. 39, 1978,
Chapter 5.

Z. 1. Toyoshima and G. A. Somorjai, Heats of
Chemisorption of 0Z' HZ, COz and NZ on Polycrystal
line and Single Crystal Transition Metal Surfaces,
LBL-6664.

3. G. A. Somorjai, Active Sites for Hydrocarbon
on Metal Surfaces, LBL-6934.

7. D. Dwyer and G. A. Somorjai, The Role of
Readsorption in Determining the Product Distribution
Du.ring CO Hydrogenation Over Fe Single Crystals,
LBL-76Z0.

8. J. C. Hemminger and E. L. ~lletterties, A
Coordination Chemistry Study of a Nickel Surface,
The Chemistry of Ni (111) with Triply Bonded
Molecules, LBL-7655.

on the Atomic Scale,

4. D. J. Dwyer, K. Yoshida and G. A. Somorjai,
Hydrogenation of CO and COZ on Clean Rhodium and
Iron Foils. Correlations of Reactivities and
Surface Composition, Proc. of the Petrol. Div.
of ACS, LBL-6989.

6. J. P. Biberian and G. A. Somorj ai, On the
Calibration of Coverage by Auger Electron
Spectroscopy. Application to Carbon on Platinum,
Appls. of Surf. Sci., LBL-76ll.

5. G. A. Somorjai
(Ennnett Lecture),

11. K. Yoshida and G. A. Somorjai, The Chemisorp
tion of CO, COZ, CZHZ, CZH4' HZ and NH3 on the
Clean Fe(lOO) and (Ill) Crystal Faces, Surface
Sci. 75, 46 (1978).

10. L. L Atanososka, J. C. Buchholz and G. A.
Somorjai, Low Energy Electron Diffraction Study
of the Surface Structures of Adsorbed Amino Acid
Monolayers and Ordered Films on Copper
Crystal Surfaces, Surf. Sci. ,189 (1978).

13. Wei Jen Lo and G. A. Somorj ai, The Temperature
Dependent Surface Structure Composition and
Electronic Properties of Clean SrTt03 (111)
Crystal Face: LEED, AES, ELS and UPS Studies,
Phys. Rev. B 17, 494Z (1978).

lZ. G. A. Somorjai, Surface Science: An Old Field
Rejuvenated, Demands Attention and People, Science
201, 489 (1978).

14. R. Bastasz, C. A. Cobnenares and G. A.
Somorjai, Electron Induced Luminescence as a
Technique for Studying the Adsorption of
and the Oxidation of Thoriwll, Surf. Sci. 397
(1978) .

15. L. L. Kesmodel, L. H. Dubois and G. A.
Somorjai, Dynamical LEED Study of CZHZ and CZI-IZ
Chemisorption on Pt(lll): Evidence for the
Ethylidyne (7 C- CI-I3) Group, Chern. Phys. Letters
56, Z67 (1978)

16. J. C. Hemninger, R. Carr and G. A. Somorjai,
The Photoassisted Reaction of gaseous Water and
Carbon Dioxide Adsorbed on the SiTi03(111) Crystal
Face to Form Methane, Chern. Phys. Lett. 57, 100
(1978). --

LBL Reports

1. L. Firment and G. A. Somorjai, Low
Electron Diffraction Study of the Surface
Crystals and Monolayers of Normal Paraffins and
Cyc10hexane on the Ag(lll) Crystal Surface,
J. Chern. Phys., LBL-76Z8.

9. M. Salmeron, R. J. Gale and G. A. Somorjai,
A Modulated Molecular Beam Study of the Mechanism
of the HZ- DZ Exchange Reaction on Pt (111) and
Pt(33Z) Crystal Surfaces, LBL-76Z7.

10. L. 1. Kesmodel, L. 1-1. Dubois and G. A.
Somorjai, LEED and ELS Analysis of Acetylene SlId

Etllylene Chemisorption on the Pt(111) Surface:
Evidence for Ethylidyne Formation, LBL-8074.

11. D. G. Castner and G. A. Somorjai, LEED and
Thermal Desorption Studies of ~nall Molecules
(HZOZ' CO, COZ, NO, CZHZ and C) Chemisorbed on
the Stepped Rhodium (755) and (331) Surfaces,
LBL-7689.

lZ. C. E. Smith, J, P. Biberian and G. A. Somorjai,
Effect of Strongly BOillld Oxygen on the Dehydro
genation and Hydrogenation Activity and Selectivity
of Platinum Single Crystal Surfaces, LBL-8006.
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Alexander Pines, Investigator
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where Pn is the n-quantum component, and observing
multiple quantum spin echoes the resolution problem
has been solved. An example of such a phase
separated multiple quantum echo spectrum appears
in Fig. 3. Figure 4 shows why the ¢ separation
is necessary. Such high resolution multiple
quantum NMR spectra can now be obtained for a
large number of systems.

Frequency (6w = 5.967 kHz)

Fig. 2. n-quantum ~1R spectra (n 0= 0, 1, ... 6)
of oriented benzene obtained by Fouier Transform
Multiple Quantum NlvlR. The isotopic labeling
analogy can be seen, for example, by noting that
the 5-quantum spectrum is the same as the 2D
spectrum of benzene-d. (XBL 78l-6770A)

illustrative transitions of this are indicated
as solid arrows. Using a technique we call
Fourier Transform Multiple Quantum NMR, we can
now excite coherent superpositions of states
involving forbidden transitions, e.g., the multiple
quantum transitions and other forbidden ones
indicated as dashed arrows in Fig. I. This allows
us to obtain n-quantum spectra for n=O, 1, .. 0' N.

It can be seen that these spectra yield infonna
tion similar to that in isotopic labeling experi
ments. The importance of this comment is that
we can avoid the need for labeling. An example
is sho\~ in Fig. 2 performed on the 6-spin proton
system of benzene oriented in a liquid crystalline
matrix. Note that the 1inewidth , caused by mag
netic field inhomogeneity, increases linearly
with the number of quanta, a serious problem in
the potential applicability of this technique.

By using the fact that the n-quantwn phase
transforms as n¢ when a phase shift of ¢ is
introduced in the excitation, i.e., the density
matrix transforms as

-I

*This work was supported by the Division of Materials
Sciences, Office of Basic Energy Sciences, U. S. Dept.
of Energy.
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1. HIGH RESOLUTION MULTIPLE-QUANTIJM NMR

G. Drobny, S. Sinton, D. Weitekamp and A. Pines

Consider a molecule containing N coupled spin
nuclei. The energy level diagram is shown

in Fig. 1. The magnetic quantum number M ranges
from N/2 to -N/2. In conventional NMR spectroscopy
(and other fOl1fiS of spectroscopy as well) the
transitions that are excited and observed are
allowed single quantum transitions (i'M0=1). Some

Fig. 1. Energy level diagram of a system of N
coupled spin -1/2 nuclei in a large magnetic field.
M is the magnetic quantum number. Some typical
allowed single quantum transitions are shown as
solid arrows, and more typical forbidden ones
(n-quantum where n 0= 0,1, ... , N) are shown as
dashed arrows. There are considerably fewer high
order (large n) multiple-quantum transitions.

(XBL 7710-10019)
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Oriented Benzene
n-Quantum ¢-separoted Echo Spectra

n~O 1"1"-5

3. n-quantum echo NlvlR spectra by selective phase shifting. Note the
restoration of resolution and sensitivity relative to Fig. 2. (XBL 793-8965)
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An exrnnple of the predicted n~quantwn intensities
from infollnation theory compared to experiments
is shown in Fig. 1.

x Experiment
o Stochastic coupling

(with symmetry)
!::> Stochastic coupling

(without symmetry)
~~Gaussian

2 6 2exp(-n 16)12: exp(-n 16)
n" I

l/)-

repr1csccm1:at:ic1n of enhancement of
Quantum Echo NMR. Without

echo spectra are folded L'1to
(XBL 791-7895)

s,

Fig. 4. Schematic
resolution in Mul

selJaraU_on all
quantum

2. INFORMATION TI-illORY TREATMENT OF IvlULTIPLE~

QUf\NTUJvI CO.f-illRENCE

R. D. Levine, S. Mukarnel, W. Warren and A. Pines
o

be
An average

reveals a
a function of
Gaussian. A
can be formulated

of single-quantum
density matrix which

maximizes the information entropy subj ect to this
constraint. The resultant intensity pattern
confinns the validity of a
aP1Pyc)xi1l1at ion," which as sumes
be-twE~en adjacent manifolds of total z~component
of momentum add incoherently.
This infollnation treatment also pellnits
qualitative calculation of the effects of tempera
ture on multiple'-quantum coherences.-

Fig. 1. Comparison of experunental n-quantwn
intensity with those from a dynrnnic random phase
theory. (:A13L 788-10117)

3. KINETIC PROCESSES IN CYCLOOCTATETRAENE BY
IvillLTIPLE-QUANTUM N!VlR

W. Warren and A. Pines

The spin energy level distribution for any
molecular system allows for fewer possible multiple-
quantum transitions than single-quantum trilllsitions.
Thus multiple-quantum NlvlR can give relatively
simple speectra, even for molecules whose conven
tional NJ\1R spectra are intractable. We are there
fore applying multiple-quantum teclmiques to study
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1. ection
at a carbon-carbon

the bond-shift process in cyclooctatetraene (COT).
COT is a cyclic tub-shaped molecule with alternating
single and double bonds, and the bond shift can
be viewed as a cyclic permutation of the ring
carbon atoms (Fig. 1). Because this process
affects molecular spinwrrvefunctions, the NNll~
spectrum depends on the bond shift rate and there
fore on the tenlperature of the molecule. In
principle, the sin'gle-quantum spectrum can be
analyzed to deternlule the bond shift rate; in
practice, the large number of allowed transitions
(more than two thousand) makes spectral inter
pretation impossible. However, the same bond·,
shift infornlation is contained in the six-quantum
spectrwn, which has only seven pairs of transitions
and is therefore possible to interpret. Observa'
tions on temperature-dependent experimental and
theoretical spectra have begun.

Fig. 1. The bond shift process in cyclo
octatetraene, CSHS' which can be viewed as a cyclic
permutation of the ring nuclei (only the ring
atoms are shown). (XBL 793-S965)

""II Trans Even Kink Odd Kink

2. Conformation
even kinJ< and odd 1<:ink
chain.

for the all trill,s,
a seven··carbon alkoxy

(XBL 7'78- 5951)

4. CONFORlvJATION OF ALIPHATIC CHAINS IN LIQUID
CRYSTALS

S. Hsi, D. Weitekamp, Z. Luz and A. Pines

An important question in liquid crystal physics
and chemistry is the relationship of molecular
structure and conformation to the liquid crystal
phase properties. It has been noted, for exmnple,
that the aliphatic end chains play a significant
role in determining the occurrence and nature
of the various nematic and smectic phases. This
hydrocarbon chain region of the molecule poses
a particularly difficult probl~n because of the
overlapping of resonances and the many possible
configurations which the chain can take by
rotational isomerization about the carbon-carbon
single bonds (Fig. 1). We have studied the con
fonnational structure of the aliphatic end chains
in a series of Schiff's base liquid crystals which
display a rich variety of mesomorphic phases.
For example, p-heptyloxybenzylidene-p-heptylaniline
(70.7) has isotropic, smectic-A, smectic-C,
smectic-BA and smectic BC phases. We assume that
the main confonnational defect of the chain is
a "kink" shown in Fig. 2. Based on a simple model
we are making the first quantitative measurement
of kulk density in a liquid crystal chain using
NMR. Applications to systems of biological interest
and development of methods to study the dynamics
of the kDU< motion are under way.

S. SYNTFIESIS OF ISOTOPICALLY LABELED LIQUID
CRYSTALSi'lI'ill SINGLE CRYSTALS

S. Wolfe and A. Pi.nes

chains have
CV."LJ, VO.J.\OU percentages of

of

Random
UC,"J.iCU perc(:)nl:ag;e has been

alkc!lloic acids
mixture of

H20. As an ,studies of
dJ..LjJJldl.LC ch~in conformation we have synthesized

and l3C labeled shown in
L
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Fig. 1. Exwl~le of specifically isotopically
labeled liquid crystal molecule. (XBL 782-7149)

6. FERROELECTRIC PHASE TRANSITION IN SQUARIC ACID

7. MAGNETIC ISOTOPE EFFECT IN THE SOLID STATE

L. Sterna, H. Weeks and A. Pines

Nuclear spin is considered to be a very weak
degree of freed~n which is unlikely to have any
effect on chemical processes. Consider, however,
tye cyclic photochemical reaction sho~~ in Fig. 1,
which is the basis for the CKO theory of CIDNP.
A compound is irradiated with UV light to fonn
a triplet radical pair. Triplet-singlet (T-S)
intersystem crossing allows the radicals to
recombine and undergo photochemical excitation
again. If T-S crossing is slow, the radicals
will diffuse away from each other and undergo
secondary chemical reactions producing other
species.

D. Wemmer, B. Lcunotte 311d A. Pines oW) tripZet

,
\ ,

\
\

\
\

67 minutes

I
I,

47 minutes

R- R
13C 12C

Photochemical cycle for differentiation
12C and l3C through the magnetic isotope

(XBL 782-7150)

o

Figure 2 shows a typical example of the
progressive enrichment of 13C in the photolysis
of dibenzyl ketone (13CO) at high viscosity. By
carrying out the photochemistry in a glassy solid
matrix, the enrichment has been enhanced sub
stantially and separation factors of up to 40%
have been observed.

Fig. 1.
between
effect.

Clearl~, therr should be a differentiation
between 1 C and 2C containing radicals in these
kinetics due to the hyperfine coupling. We, as
well as the Russians, have previously reported
the observation of such effects (nuclear magnetic
isotope effect) but they were weak. We have now
been able to enhance the effect by severely limiting
the radical diffusion rate in high Viscosity fluids
and glasses, thus enabling the physical separation
~~ samples displaying substantial enrichment of

C by mass and nuclear magnetic resonance
spectroscopy.\
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Squaric acid (C4H204) is a very interesting
material with a two-dimensional hydrogen bonded
network sho~~ in Fig. 1. It displays a ferro
electric phase transition in which the hydrogens
move in some fashion in the hydrogen bonds. We
have observed the phase transition using B C NMR
in powders, supplementing the crystal work of
Mehring et al. An important question is whether
the transition from the ferroelectric to the para
electric phase involves a progressively lnore rapid
exchange of protons between molecules or if there
exist ferroelectric clusters which exchange very
rapidly with paraelectric regions. Our solid
state ~1R data support the latter model, and
dynamical lineshape studies have been made which
provide information on the cluster size vs.
temperature.

Fig. 1. One plane of squaric acid crystal
structure shOWing two-dimensional eight-vertex
hydrogen bond structure. (XBL 782-7152)

Fig. 2. Proton~ spectra showing 12C and l3C
containing molecules from samples at various
intervals of photolysis. (XBL 782-7151)
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8. HIGH FIELD NMR SPECTROMETER

G. Drobny, D. Wilkinson and A. Pines

A novel 360 ~~Iz ~{ spectrometer has been
designed and its construction is essentially
complete. The device has two rf chaImels for
double resonance e~'Periments and is under control
of all on~ line microprocessor. Novel components
include a microprocessor controlled phase shifter
for selective multiple quantum experiJrlents and
a turb.ine rotor for angle spinning

Resolution for douteLLum Nrv1R in
should bo improved by a factor of

8 n·rm., ~·"c ones.

2

9. EXCHll,NGE OF ROTATIONAL POLARI ZATION IN METHYL
GROUPS

S. Emid, L. Sterna, Y. Yen and A. Pines

I
. 2. Relation of E states to methyl

rotation. The pulsed Nrv1R induces a nTP+'PT,P1Yrl

population of Ea.

a. Multiple quantum NMR in large molecules
and reacting

b. Multiple quantum relaxation and correlation.
c. Magnetic isotope effect at low temperatures.
d. ConfoTTIration and of liquid crystal

chains.
e. Optical~nuclear double resonance.
£. Excitation and of rotational

in methyl groups in

Research will be conducted in the following
areas:

10. RESEARCH PLANS FOR CALENDAR YEAR 1979

Alexander Pines

Consider a methyl group contained on a lnolecule
in a crystal. The proton spin energy levels in
high magnetic field and high temperature are
depicted schematically in Fig. 1 and consist
of a totally SYlTmletric A ~3/2 manifold and doubly
degenerate Estates. By pumping the nuclear spin
resonance a preferential population of over
Eb can be created due to asymnetric spin
relaxation transitions. As shown in Fig. 2, this
corresponds to rotation of tho methyl
group in one sense. This is teTTIred rotational
polarization. Following Emid et al. ,\\Te have
indeed observed such rotational polarization in

crystals. As a means of studying steric
interference, we are nm, doing experiments to
observe the exchange of such rotational polariza
tion between methyl groups. This is done by a
combination of pulsed NMR with bodily flips of
the crystal about an axis perpendicular to the
field.

3. S. Hsi, H. Zinrmennan and Z. Luz, Deuterium
Resonance of some Polymorphi.c Liquid

Crystals: The Conformation of the Aliphatic End
Chains, J. Chern. Phys ..~~, 4126 (1978), LBL~6976.

Journals

listing of and
pres,eni:at:ion activities see section in Deuterium

of Coal by NMR, p. 441.

11. 1978 PUBLICATIONS AND REPORTS*

Alexander Pines and Associates

1. A. Pines, S. Vega and M.
QuantuJn Decoupling in
18, 112 , LBL~6984.

2. A. Pines, D. J. and S. Sinton,
The 5· imd 6-Quantum NMR Spectra of Oriented
Benzene, presented at the 1978 APS iVle,,,tJmg
San Francisco, Bull. Am. Phys. Soc. ,~~, (1978) .

Fig. 1. Proton spin energy levels of methyl group
in high magnetic field. The arrows show the levels
which are Connected by dipolar spin lattice
relaxation. (XBL 792,,8648)

Ea









ZZ3

1. PHOTOCHEMICAL AND RADIATION SCIENCES

Gabor A. Somorjai,

1. PHOTOASSISTED CATALYTIC DISSOCIATION OF HZO
OVER SrTi03

F. Wagner and G. A. Somorjai

Photoexcited semiconductor surfaces ca'1
transfer the energy of sunlight to small molecules
such as HZO and COz which cannot directly absorb
visible and near-ultraviolet radiation. Throu~l
reaction studies and the application of surface
analytical tools (ABS, UPS, ELS and LEED) , we
hope to further elucidate the mechanisms by which
this solar-to-dlemical energy conversion occurs.

We have carried out reactions on SrTi03 single
crystals under various pressures of water vapor
and in equilibrium with liquid HZO. The semi
conductor is mounted in an isolation cell within
a standard UHV surface analysis system. Reactants
and products flow in a closed circulation loop
from which small samples are periodically removed
for aYJ.alysis by gas chromatography. When the
n-type SrTi03 crystal coated with NaOH powder is
illuminated by a high pressure mercury lamp while
in a saturated water vapor atmosphere, hydrogen is
produced at about 1015 molecules/mlllute-cmZ of
surface. Coating the back of the crystal with
platinum or rhodium increases the hydrogen evolu
tion rate by about ZO times. The reaction has
produced hydrogen continuously for over 20 hr so
far, indicating that it is definitely catalytic.
Saturation of the hydroxide layer deposited on the
SrTi03 surface with water appears to be necessary
for catalytic llydrogen production.

Experiments are in progress to detennine
whether photoinduced electron hole pairs are
separated by atomic or macroscopic distances.
The roles of metals and the sodium hydroxide
in accelerating the reaction are being investi
gated. Attempts to carry out light assisted
redox chemistry on C02 and small organic molecules
are continuing.

Z. THE PI-IOTOASSISTED FORlvIATION OF METHA!\[E BY THE
Pt-SrTi03 SINGLE CRYSTAL SA!\[DWICH FROM GASEOUS HZO
and COz

J. C. Herrmringer and G. A. Somorjai

TIle photochemical production of a monolayer
amount of methane from gaseous HZO and COz was

*This work was supported by the Division of Chemical
Sciences, Office of Basic Energy Sciences, U. S.
Dept. of Energy.

detected wllen these gases are in contact with a
smnple consisting of a SrTi03(111) single crystal
in contact with platinum foil. Radiation of energy
greater than the SrTi03 band gap is effective in
photoassisting the reaction. The reaction was
studied at total gas pressures of -30 Torr and
300 K and as a function of temperature. Both
the reduced oxide <md the metal are needed to
observe the production of methane. The reaction
poisons after a monolayer of methane is produced
(in 10 min) at 300 K. Surface analysis indicates
carbon deposition at the Pt surface. There is
also a thermal reaction that produces methane.

3. CONSTRUCTION OF A LOW PRESSURE--HIGH PRESSURE
APPARATUS FOR PHOTOCHEtvrrCAL STUDIES

R. Carr and G. A. Somorjai

An isolation cell was constructed and placed
in the center of an UHV system. The cell has a
sapphire window for irradiation and its small
volume is part of a flow system connected to a
gas chromatograph so that the reaction products
may be analyzed. The sample may be rotated or
translated in the isolation celL The high pres
sure cell could be sealed by means of a double
acting hydraulic piston and this allows quick
changing of samples without exposing the UHV
system to the atmosphere.

Experiments have been carried out using SrTi03
crystals coated with Pt, Rh and NaOH. The
catalytic production of H2 from HZO has been
observed in this system as well.

4. RESEARCH PLANS FOR Ci\LENDAR YEAR 1979

Gabor A. Somorjai

The mechanism of the catalytic photo
dissociation of water will be studied over SrTi03
crystal surfaces.

TIle use of other oxides and other metals in
making the metal-oxide sandwich that is effective
in the photo-dissociation of H20 will be explored.

TIle photochemical reactions of COZ, NZ with
H20 over oxide-metal sandwiches will be explored.

Photoelectron spectroscopy studies of the
electronic structure of adsorbates on the SrTi03
surface will be investigated.
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ZZ5

HaroZd s.

1. PHOTOLYSIS OF TIffi NITRATE FREE RADICAL (N03) BY
TUNABLE FLASHED U\SER AND DETECTION OF PRODUCTS BY
RESONANCE FLUORESCENCE

Table 1. Wavelength thresholds for possible
products of N03 photolysis.

Frank Magnotta and H. S· Johnston

The nitrate free radical (N03) has an intense
absorption spectrum that begins at 700 TIm and ex
tends across the visible wavelengths into the near
ultraviolet. The spectrum between 700 and 550 TIm
is shmvn by Fig. 1. Using broad-band fluorescent
lights of different colors, Grahwn1 established that
both NO + 0z and NOz + ° occur as products of
photolysis. The quantum yields were less than one,
and the wavelength distribution of quanttml yields was
not found. The purpose of this experiment is to
determine the primary products and absolute quantum
yields for the photolysis of N03 as a function of
wavelength.

A. Based on ground state N03, ground vibrational
states of NO(Zn3/Z,1/Z) mId 02 products.

°2 A, nrn

3 -
I: 8000g

1
6 1100g

11: +
g 700

31: +
269

u

18

NO O2 A

0 a 700

0 1 637

1 0 619

0 2 586

2 0 555

1 1 569

C. Based on vibrationally excited NO:> giving the
products NOZ(ZAI, v = 0) and 0(3p).

vib.
-1 Aenergy, em

834 609.5

700 604.5

589 600.5

461 595.7

421 594.5

272 589.3

147 585.0

39 581. 3

0 580.0

B. Basrd ~n ~round.state.N03 ~roducing NO(Zn 3/ Z liZ)
and 0Z( ~ ) In varIous vIbratIonal states. 'g16

14 '2s:
12 ;:',

:':

0.50""-rTT-'-"..,-,-rTT--r-,,..,-,-r,,-r-"-'-"'-I~O

0.45

*This work was supported by the Division of Chemical
Sciences, Office of Basic Energy Sciences, U. S. Dept.
of Energy.

2

o'-'::c'-~'-':::$J:"-'-L-L::"-LLJ.c:"--'-.L:-L~LL_6£J-"-Lrd-~L..Ld. a
560 680 700

Energetically possible products of N03 photol
ysis are indicated by Table 1. If the products are
NO and 02, Table lA shows that 0z (31: -) could be
produced at any wavelength below 800B TIm, Oz(16g)
couid be formed at any wavelength below 1100 TIm,
0Z( I:g+~ is possible at any wavelength below 700nm,
and 0Z( I:u+) requires radiation of Z69 TIm. Since
the intense absorption spectrum originates just below
700 nm, it is postulated that the products are NO
and OZ(ll:g+j. However, ground state oxygen (3Zg -)
and Oz(16g1are also possible. If the products are
NO and 0zl I: ), the wavelengths that can produce
these produc~s in various excited vibrational states
are given in Table lB. One quantum of vibrational

Fig. 1. Cross sections for N03 absorption of light
between 550 and 700 nm (right-hand ordinate) and
quant~n yield for production of NO (left-hand
ordinate). (XBL 791-7754)
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excitat ion is possible at wavelengths above 580 run,
but regardless of how distributed two or more quanta
of vibrational excitation of products requires wave
lengths of 580 run or less. The significance of 580
run is that this is the threshold for the occurrence
of the second product charillel, N02(2Al) and 0(3p).
If the N03 reactant molecule is vibrationally ex
cited, the wavelength required to produce N02 + °
is longer than 580 run. Table Ie gives various
degrees of N03 vibrational excitation between ° and
834 em-I, and it lists the corresponding wavelengths
of light between 580 and 610 run.

Ihe nitrate free radical is highly reactive and
cannot be prepared in large amounts. It is in ther
mal equilibrium with di-nitrogen pentoxide

(1)

The equilibrium constantl and rate constantsZ for
forward and reverse reactions are known for this
process. In a flowing stream of nitrogen, we pick
up a low concentration of NZOS from a low-ten~er
ature saturator. The concentration of NZ05 is mea
sured by a double-beam infrared spectrometer. The
concentration of nitric acid in the stream was also
measured by infrared absorption. The concentration
of NOZ in equilibrium with the N205 is measured by
N02 fluorescence excited by a helium-cadmium con
tinuous laser at 441.6 run and detected by photon
counting with a cooled red-sensitive photomulti
plier tube. The detectivity limit was measured to
be 9 x 108 molecules cm- 3 at 1000 seconds of averag
ing time. Since it was established that the rates
of reaction were fast enough to maintain equilib
rium, the concentration of N03 was obtained from
the observed concentrations of N02 and NZ05 and
from the equilibrium constant for reaction 1.

1he nitrate free radical is flash-photolyzed by
an intense beam from the tunable Phase-R dye laser.
1he dye is placed in the center of a (tri) co-axial
tube. Thermostating fluid flows through the middle
annulus. A high intensity flash is periodically
discharged down the outer annular section of the
co-axial tube. In order to obtain a high enough
intensity completely to excite the N03, the flash
l~ operates at high powers, and on three occasions
the flash lamps have exploded (the laser is operated
in a closed, aluminum-clad, separate room). 1he
output beam has a bandwidth (full width at half max
imum) of 0.35 run, a divergence of 0.37 milliradians,
an energy of 2.5 joules, and a repetition rate of
once each five seconds. The desired wavelength is
set by adjusting the angles of prisms in the cavity,
and the exact wavelength distribution is measured by
passing a small fraction of the beam through a one
meter monochromator to a 500 channel optical multi
channel analyzer (OMA).

Nitric oxide as a photolysis product is measured
by resonance fluorescence at 214.4 run by a method
developed here. The exciting NO resonance radiation
is produced by a microwave discharge through nitro
gen containing a few parts per million of oxygen.
The resonantly scattered radiation was focused
through a system of three lenses onto a vacuum-ultra
violet sensitive photomultiplier (it was necessary
to use filters, shields, baffles, and light-traps to
minimize the effect of unwanted scattered radiation).

The minimum detectivity for NO by this method is
3 x 109 molecules em- j

•

1he Phase-R laser is flashed at a rate of about
one per five seconds. Typically about 500 laser
pulses are used to obtain one measurement of the
quantum yield for nitric oxide production. Data are
accumulated in a Fabritek multichannel (1024 chan
nels) analyzer, which is directly coupled to a PDP-8
laboratory computer. The averaged data are trans
ferred to punched paper tape, and later they are
processed and plotted.

1he duration of the laser pulse is about 0.5 ]1sec.
The time for 10% of the gas excited by the flash to
diffuse (at 10 Torr total pressure) out of the detec
tor line-of-sight is 100 ]Jsec. The time for the
steady flow of the gases to move 10% of the flashed
gas out of sight of the detector is 10 msec. Subse
quent chemical reactions (see below) are expected to
have characteristic times of 10 msec or more. Data
were accumulated in the Fabritek in 20]1sec time units.

A sarrvle plot of nitric oxide as a function of
time is given by Fig. Z. The first data channel
(0 to 20 ]Jsec) shows a quantity of NO, and at later
times the NO increases to a maximum and then decays
due to diffusion and out-flow. The early points are
extrapolated to zero time to get the initial amount
of nitric oxide, which is assigned to the primary
photochemical process

N0
3

+ hv -7 NO + 02 (2)

The initial quantum yields for NO production are
included in Fig. 1 (the absolute values may be mod
ified by planned, future calibrations).

It appears that where both NO + 0z and NOZ + °
are energetically possible, the products NOZ + °
are strongly favored, and the products NO + 02 may

"c
'"(j)

'0 J!:ioJ o~ _
z

o 40
Channel Number (Time, msec) ---

Fig. 2. Observed concentration of NO (v = 0) as a
function of time for photolysis of N03 at 589,4 nm,

(XBL 791-7757)
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not form at all. The quantum yield for NO rapidly
falls from its maximum value at about 595 nm to zero
at 580 nm.

Also, the quantum yield for NO slowly falls to
zero between 595 and 680 nm. The values of the
quantum yields are unrelated to the intensity of
N03 absorption; in particular there is no relation
to the intense absorption bands at 623 and 662 nm.
These bands were interpreted by Ramsey3 as the first
two members of the symmetric stretch progression.
The synroetric-stretch normal coordinate of N03 is
not the form of a reaction coordinate leading to
NO + 02 as products. The increasing quantum yield
for NO + 02 with decreasing wavelength from 680 to
600 nm suggests that a vibrationally excited product
(NO or 02) is dynamically favored. However (Table
lB), if the vibrational quantum number of products
equals or exceeds Z, the energy required is suffi
cient to produce NOZ + 0, and this channel apparent
ly takes over.

The reason for the slow increase in nitric oxide
after the flash is over is not certain at this time.
This increase persists for about 8 msec. If some
metastable electronically excited state of N03 had
a 10 msec lifetime in 10 Torr of NZ, then its de
layed decomposition to NO + 02 or its reaction with
NOZ to produce NO become possibilities. However,
we regard it as improbable that N03 should have such
a long-lived state. Two other possibilities seem
more reasonable: (a) Atomic oxygen produced by the
othl~ ch~nel reactl with nitrogen dioxide (k ~ 9 x
10- cm molecule- sec-I) to produce nitric oxide

(3)

This process is calculated to have a half-time of
about 30 msec in this system, which may be consis
tent with the observed 10 msec to maximum NO if dif
fusion is also considered. This possibility will be
determined experimentally when we observe the atomic
oxygen resonance fluorescence. (b) Another possibil
ity is that nitric oxide is produced in its excited
vibrational state, v ~ 1. The resonance fluores
cence of nitric oxide occurs only from the state
v ~ O. As NZ and NZ05 deactivate NO(v ~ 1) to NO
(v ~ 0), the observed signal would increase. Vibra
tional deactivation by N2 would be slow compared to
8 msec but that by NZ05 could be this fast.

Methane quenches vibrationally excited NO over
1000 times faster than does nitrogen. 4 We found
experimentally that methane does not seriously
quench the resonance fluorescence of NO in our ap
paratus. When 10 Torr of methane is used as a car
rier gas, essentially all NO(v ~ 1) should be
quenched to NO(v ~ 0) within 40 )Jsec. An experiment
was carried out with 10 Torr of CH4' in place of the
usual 10 Torr of N2. Over the wavelength range 580
to 609.5 nm, the magnitude of the initial quantum
yield for NO appears to be larger, but the increase
of NO with time (as in Fig. Z) is still observed.
Thus, the question has not yet been resolved. Fur
ther experiments with methane and with other quench
ing gases are planned for the near future.

1. R. A. Graham and H. S. Johnston, J. Phys. Chem.
82, Z54 (1978).
z:- D. Garvin and R. F. Hampson, Eds., "Chemical

Kinetics Data Survey." NBSIR 74-430, 1974.
3. D. A. Ramsay, 10th Int. Pmc. Colloq. Spectrosc.
583, .196Z.
4. J. C. Stephenson, J. Chem. Phys. 60, 4Z89 (1974).

*2. INTERNAL ENERgy DEPENDENCE OF THE NO + 03 ...,. NO Z
+ 0z REACTION

Marta Kowalczyk and Carol Kahler

111e visible chemiluminescence from the NO + 03 ...,.
NOZ + 0z reaction has been used as a monitor for the
reaction cross section. The kinetic energy depen
dence of the chemiluminescent channel has been dis
cussed in last year's annual report. We have con
tinued our investigation to study the effects of in
ternal excitation of the reactants on the reaction
cross section.

Previous studies have sho~~ that vibrational ex
citation of either of the reactanls results in an
enhancement of the reaction rate. -3 An enhancement
has also been seen due to the upper electronic spin
orbit state (ZTI3/Z) of NO.4 This experiment was
carried out using a supersonic NO beam which relaxes
some of the upper spin-orbit state. Therefore, the
initial state of the NO molecules must be deconvo
luted from the chemiluminescence data. Since such a
prQcedure is difficult and may yield non-unique
results, we have devised and carried out an exper
iment which should eliminate this difficulty.

A temperature controlled effusive beam of NO is
crossed with a supersonic 03 beam seeded in. heliwn
to increase the collision energy. Chemiluminescence
signal was obtained with NO at 400 and 160 K. The
population in the upper spin orbit is changed by a
factor of 1. 5 upon being heated, and any e:rJlancement
should be easily observable.

An example of a set of such experiments as a func
tion of NO pressure is shmvn in Fig. 1. The data
are linear indicating that the number density of
molecules in the beam is proportional to the pres
sure behind the nozzle and that the beam is truly
effusive. This is a crucial point since we can now
calculate the ratios of the populations in the spin
orbit states. Correcting for the fact that by
changing the temperature of the nozzle one also
changes the number density of molecules emerging
from the nozzle. Figure 1 shows an enhancement of
about 8 for the higher temperature at the same num
ber density. The magnitude of the enhancement is
too large for it to be due to increased vibrational
energy at the higher temperature. The translational
energy difference due to the NO at the two temper
atures is too small to be the cause of the entire
enhancement observed. This leaves internal excita
tion consisting of electronic spin-orbit and rota
tional effects to be considered.

A study of the kinetic energy dependence of the
03 beam on the chemiluminescence at both 400 and
160 K supplied the data needed to normalize all the
runs to the same collision energy even though the
03 beam energies varied from 11.6 to lZ.3 kcal/mole.
A time-of-flight analysis of the 03 beam gave the
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(3)

(1)

(S)

(z)

(4c)

(4a)

(4b)

NO Z + 03 + N0 3 + °z

NO Z + N0 3 + M + NZOS + M

A sunset in the stratosphere, essentially all
nitric oxide is rapidly converted to nitrogen diox
ide

NO + 03 + NO Z + 0z

and during the night approximately' half of the nitro
gen dioxide is converted to di-nitrogen pentoxide

NZOS + hv + Z NO Z + °
+ NO

Z
+ N0

3

+ NO + 0z + NO Z

and to some extent NZOS is lost by thermal decomposi
tion

After sunrise the N20S is slowly (hours) broken d01VTl
primarily by photolysis

a. Decomposition of NZ05 in the Presence of NO

The equilibrium constant for the reaction

NZOS = NO
Z

+ N0
3

(6)

has been obtained by Graham. 1 The rate constant of
the forward reaction (5) can be found by studying the
rate of NZ05 decomposition in the presence of nitric
oxide.

3. N20S PHOTOCHEMISTRY

Peter Connell and H. S. Johnston

Since approximately half the active oxides of nitro
gen (NO + N02 + 2N20S) cycle through the NZOS struc
ture every Z4 hours, accurate laboratory data are
needed for reactions (l-S) in order to support model
calculations of the stratosphere. The goal of this
project is to supply such data for reactions 3, 4,
and 5.

4. A. E, Redpath, M. Menzinger and T. Carrington,
Chern. Phys. 27, 409 (1978).
5. M. Kowalczyk and C. Kahler, LBL Annual Report
1977, H. S. Johnston and Y. T. Lee, principal
investigators.
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Fig. 1. Pressure dependence of the chemilumines
cence signal at nozzle temperatures T = 400 K and
T ~ 160 K. The NO pressure was measured at room
temperature. An enhancement of about 8 is indicated
when NO beams of the same number density are com
pared. (XBL 791",7747)

beam energies and spreads in the velocity distribu
tions. The beam spread is quite small (6V/V = 0.18).
HowevSr, since the kinetic energy dependence is so
steep the chemiluminescence signal comes primarily
from the high energy tail in the velocity distribu
tion. The velocity spread in the effusive NO beam
also adds to the total spread in the total collision
energy distribution.

The experimental work is completed. Ultimately,
the analysis will yield functional forms for the
energy dependencies of the chemiluminescence cross
sections for the two spin-orbit states of NO.

*This work was carried out with the collaboration of
Y. T. Lee.

1. M. J. Kurylo et al., J. Photochem. 3, 71 (1974).
Z. R. J. Gordon and M. C. Lin, J. Chem~ Phys. 64,
1058 (1976). -
3. J. C. Stephenson and S. M. Freund, J. Chem. Phys.
~, 4303 (1976).

NZOS + M + NOZ + N0 3 + M

NO + N0
3

+ Z NO
Z

slow

fast

(7)
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(9)

(10)
1

k = k/ [M]

+

In interpolating the medium pressure data, it is
desirable to use a function with a theoretical basis.
The function used here is an extended Hinshelwood
Lindemann formula3

Fig. Z. Arrhenius plot of low-pressure
second-order rate constant. ko ' ,c (k/ [M]o (0) ob
tained from p~ots of k vs. [M] for [M]<2 x 1016
molecules cm- 3, + from least-squares fit to full
data, 6 from Ref. 2. (XBL 791-77 S6)
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, -6ko (N 2) = 6.1 x 10 exp[(- 9570 ± 200)/T]

The second-order constants found in this way are
entered as circles in Fig. Z. The values 0% ko ' ,
scaled to correspond to NZ as M, found at higher
temperatures 2 are included as triangles in Fig. Z.
Other values of ko ', found by the method described
below, are entered as plusses in Fig. 2. A least
squares fit to all the points in Fig. Z

which is in good agreement with the previously deter
mined value 6.Sx 10-6 exp[" 9640/T]. The new data
alone give 9.4x 10~6 exp[-9660/T]. TIle activation
energy based on all points in Fig. 2 is 19.02 kcal/
mole.

The rate constant of the reverse reaction (3) can
be found by combining the rate constant for (S)
with the equilibrilml constant

(8)

We have studied the rate of decomposition of
N20S with and without added nitric oxide in a 67
liter quartz reaction cell, The progress of reac
tion was followed by infrared absorption (8.028 vrn)
by N20S, and supplementary studies were made using
infrared absorption by N02 and HN03. The temper
ature range was 262 to 307 K; and the total gas
concentration, mostly N2, coverede_~he range of
4 x 1014 to 2.8 x 1019 molecules cm ,partly over
lapping stratospheric conditions. It was found
that N20S uJldenvent (an almost temperature indepen
dent) heterogeneous decomposition so that rate_yon,:
stants could not be measured below Sx 10 .. 6 sec .
The time necessary to fill the cell restricted the
obs~rvations to rate constants, less than 1 x 10- 2
sec . The cell was charged WIth small concentra
tions of NZOS and NO and then pressured with NZ

disperser tubes, and the reactant loss was
monitored by infrared absorption. Heterogeneous
loss rates were measured similarly, without addition
of NO. The rate constants renorted here are the
difference between rate const~nts with and without
added NO. The largest recognized source of error
is the irreproducibility of heterogeneous rate
constant, about 2 x 10- S . The errors from
this source vary from about 1% for fast rates (high
T and P) to about 80% for slow rates (low T and P).
Results are given in Fig. 1.

Fig. 1. Rate constants for the thermal decomposi
tion of N20S in the presence of NO as a function of
equivalent nitrogen concentration and temperature.
[N2]=[NZ]+L28 [NO] +4,27 [N20S]' (XBL 79l-77S3)

1ne three substantial sets of data in_~he second
order region, [M] < 3 x 1016 molecules cm , were
used to derive an Arrhenius expression for the
second-order low-pressure limiting value

ko
Y

= (lim k/[M]) [M]+O

The quantity J is approximately the product of the
average microscopic rate constants Ci and of the
average molecular-state lifetime l/Ci' For the crude
two-state model, the value of J is one. For realis
tic models involving many vibrational states above
the critical energy, J is expected to be substan
tially greater than one in the low pressure region
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Table 1. Arrhenius paramp,ters A and E for the forward and reverse
reac~ions N205 t ·N02 + N03 as a function of total pressure
of mtrogen.

A
f

E
f

A E
r r

molecules -3 -1 OK 3 -1em sec em sec

3 E16 3.1 Ell 9760 3.69 E(-16) -1418

1 E17 1. 84 E12 10018 2.19 E(-15) -1160

3 E17 6.6 E12 10192 7.9 E(-15) - 986

1 E18 4.6 El3 10569 5.5 E(-14) - 609

3 E18 8.0 El4 11227 9.5 E(-13) 49

1 E19 5.1 £15 11650 6.1 E(-12) 472

and slowly to increase with pressure. A three
parameter (J, koo, ko'), nonlinear, least-squares
fit to all data at each temperature established
that J was equal to 6± 1 independent of temperature
over the experimental range of these data. J was
then fixed at 6 and ko ' and 1\0 values were calcu
lated. The entries + in Fig. 2 are ko ' values
found in this way. These data do not approach the
high pressure region, the values of koo are to be
regarded as empirical para~eters to achieve inter
polation of our observed data, and they are not to
be interpreted as the actual high-pressure rate
constants.

At constant gas (NZ) concentration, rate con
stants were read off the.interpolation curves in
Fig. 2, and older data4,5 taken at higher temper-

1.0

,
U
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.
c
'"'ti
b
o

U
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3.0 3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9 4.0
10001T

. 3. Arrhenius plot for first-order constants
for various constant values of total gas (N2). 0
this study, + Ref. 4, G Ref. 5. (XBL 791-7755)

atures were added. The Arrhenius parameters for
the rate con5tants at t~~al gas concentrations be
tween 3 x 101 and 1 x 10 were evaluated from Fig. 3
and are listed in Table 1. In Table 1 the rate
constants for the reverse reaction were evalu~ted
by Eq. (8). The data for total gas of 1 x 101 may
indicate a small activation energy for the reverse
reaction (3), or this effect may be experimental
error.

The data in Table 1 are of a form that should be
useful to modelers of the stratosphere.

1. R. A. Graham and H. S. Johnston, J. Phys. Chem.
82... 254 (1978).
2. H. S. Johnston and R. L. Perrine, J. Am. Chern.
Soc. 73, 4782 (1951).
3. }{:-S. Johnston and J. R. White, J. Chern. Phys.
22, 1969 (1954).
4: R. L. Mills and H. S. Johnston, J. Am. Chern.
Soc. 73, 938 (1951).
5. H:-S. Johnston, J. Am. Chem. Soc. 12, 1567
(1953) .

b. Quantum Yields for N205 Photolysis

The indications of earlier workers l ,2 as well
as early work in this lab were of a quantum yield
less than unity and production of O-atoms, presum
ably by the process

N20 5 + hv + 2 N02 + °
Studies on this problem were conducted in the cell
described in the article above, which included four
C12 jacketed germicidal lamps providing 253.7 nm
light of about 5x 1015 photons/cm2'sec intensity.
Various types of experiments were carried out, in
cluding static cell photolysis, flowing DC photol
ysis and intermittently illuminated flowing systems
in 02 and N2. The associated electronic equipment
has been described previously.j
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Table 2. Static cell first order N205 photolyses.

[N
2
0

5
] [N2 ] [°2] 1>

T = 252 K 7.40 E14 3.92 E16 0.56

6.13 E14 3.48 E17 0.53

8.27 E14 3.52 E18 0.23

7.36 E14 2.45 E19 0.19

2.7 E13 1.46 E15 1.14

3.1 E13 1. 45 E15 0.89

6.5 E13 1.45 E15 0.87

1. 30 E14 1.45 E15 0.79

1.54 E14 1.44 E15 0.75

3.11 E14 1.45 E15 0.65

7.15 E14 1. 44 E15 0.50

1. 43 E15 1.43 E15 0.48

5.76 E14 5.89 E15 0.6

5.64 E14 7.04 E15 0.4

6.49 E14 9.96 E15 0.8

6.66 E14 1. 33 E16 0.7

6.34 E14 1. 75 E16 0.8

6.54 E14 3.99 E16 0.53

7.36 E14 3.51 E17 0.46

8.68 E14 3.5 E18 0.38

9.80 E14 2.45 E19 0.24

[N
2
0

5
] [N

2
] [0

2
] 1>

T 293 K 7.53 E14 2.45 E19 0.50

1.49 E15 2.45 E19 0.60

7.53 E14 2.45 E19 0.28

2.21 E15 2.45 E19 0.24

Ample evidence4 now exists that the reaction of
NZ05 with 0, if it occurs, has a rate constant
smaller than 3 x 10-16 cm3jmolecule'sec for 220 K
<T < 300 K. This fact effectively removes the in
terference of NOZ photolysis

N0 2 + hv + NO + °
if thermal decomposition rate of NZ05 is made much

smaller than the photolysis rate. A series of sta
tic cell photolyses at various total pressures and
a temperature of 252 K were performed. At this
temperature kuni ,;;; 2 x 10-5 sec- l and is typically
smaller than 2% of the photolytic rate constant.
The recombination rate of NOZ and N03 is also at
least a thousand times smaller than that of photol
ysis. The first order measured decays then yield
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j-values for N20S. ICnowing the cross section for
absorption, 2.9x 10- 19 em2 , ~d the intensity,
typically 3 x 1015 photons/em 'sec, the quantum
yield can be determined. The observed values are
listed in Table 2. Figure 4 is a plot of all quan
tum yields obtained at ZSZ K with a constant small
N2 buffer gas pressure, plotted vs. [NZOsJ. The
errors in measured ¢'s are largely due to the 10%
uncertainty in determining Ihv '

which has the value of 0.3Z according to the work of
Murphy. As [NZOSJ + 0, ¢ approaches one. The solid
line in Fig. 4 is the quantum yield predicted by the
mechanism assuming k3a + k3b is gas kinetic. The
corresponding collision-free lifetime of the ex
cited NZOS* is about ZS psec.

The photoexcited NZOS is also quenched by foreign
gases

(4 )

o
"

I

o

o

" 0

"

I

I

1016 1017

[M], molecules/cm3

T 252 K

[N 20 5] = 7.4E 14 molecules/cm3

Fig. 4. Dependence of the quantum yield ¢ on
[NZOS]; T = ZS2 K, [N2] = 144 x 1015 molecules/cm3.
Solid line is the theoretical fit. (XBL 791-
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Murphy2 reported no apparent dependence of the
quantum yield on NZOS partial pressure over the
range of 14 to 50 Torr, but it appears from the very
low pressure results that NZOS strongly quenches the
electronically excited NZOS* species. That the
quantum yield is nonzero for pressures of 50 Torr
of NZOS can be explained by the following mechanism:

N 0 1<
2 5

N 0 1,
2 5

products

(1)

(2)

( 3a)

Fig. 5. Dependence of ¢ on foreign gas pressure;
.. in NZ; 0 in OZ, T = ZSZ K, [NZOS] = 7.4 E14
molecules/em3. (XBL 791-7751)

Figure 5 is a plot of quantum yield vs. [M] at a
constant concentration of N20S at 2SZ K. At this
temperature, contrary to the situation in Murphy's
work at O°C, further reactions of 03, formed when
0z is used as a buffer gas, should be unimportant.
Thus while 0z appeared to Murphy to possess a
greatly enhanced quenching efficiency over N2, due
to complicating side reactions, it is seen that 02
and NZ have similar quenching efficiencies.

The room temperature static cell quantum yields
at an atmosphere of NZ or 02 show the expected 2:1
ratio given the additional reactions, assuming Z
N02 + 0 as the products of photolysis:

• (3b)
(A)

For this mechanism, the expression for the quantum
yield is

¢

If [N20SJ is large, the quantum yield expression
reduces to

k
NO + NO3 -L 2 NO 2

k 7o + O
2

+ M - 0
3

+ M

k
S

NO 2 + 0 3 -- NO 3 + O2

(B)

(5)

(6)

(7)

(S)



Table 3. N20s results, 1 atm 02 ; 0.306 Hz.

---'

Temp (OC) malice (0)
M N ° II

malice ¢NO
(0)

2 5 2

Exper. 20 3.5 E14 94 ± 5 (5 ± .1) E-4. 1.1 E14 84· ± 10 (3.5 ± . 5) E-4

(Assumed Products)

NO + N0
2

+ (¢ = 0.3) 2.25 E14 75.5 2.2 E-4· 3.5 E14 -147.7 1.46 E-4

NO + + 02 (¢ = 0.3){

(¢=0.7)~
2.25 E14 81. 6 2.2 E-4 3.5 E14 -148.6 1.46 E-4

N0 2 +

N02 + N0
3

(¢ = 0.7) 3.9 E14 -156 3.9 E-5 1. 9 E13 - 30.9 1.7 E-5

2 N02 + ° (¢ = 0.3) 3.5 E14 89.0 3.4 E-4 9.8 E13 - 95.0 3.96 E-4

2 + ° (¢ = 0.3)}
3.5 E14 89.4 3.4 E-4 1.0 E14 - 95.1 3.96 E-4

N0
2

+ N0
3

(¢=0.7)

Exper. -6 6 E14 - - 1 E14 - 91 ± 3 (4 ± 1) E-4
,,)

9 E14 89 ± 5 (2 ± .6) E-4 - - - l.N
l.N

Products Assumed

in Calculation

NO + N0 2 + 02 (¢ = 0.25)}
5.2 E14 92.5 3.3 E-4 3.6 E14 - 97.2 2.9 E-4

N0
2

+ (¢ = 0.75)

+ N0
3

(¢ = 0.75) 7.0 E14 140.9 6.2 E-4 1.lf E12 - 39.9 3.7 E-4

2 N0 2 + ° (¢ = 0.25) 6.4 E14 89.0 2.9 E-4 1.1 E14 - 91.0 3.3 E-4

2 N0 2 + ° (¢ = O.
6.4 E14 100.6 3.1 E-L" 1.1 E14 - 90.5 3.3 E-4

N0 2 + N0 3 (¢ = O.

50 torr N2 (flowing)

Exper. -6 6 E14 89 ± 5 (2 ± .6) E-4

2 N02 + ° 6 E14 91 2 E-4

NO + N0 2 + 02 6 E14 94 2.5 E-4
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Table 4. NZOS photolytic quantum yields.

Altitude Temperature Concentration ¢N 0
(km) (K) [M] in molec.fcm3 2 5

50 274 2.31 E16 0.99

45 274 4.26 E16 0.99

40 268 8.10 E16 0.98

35 252 1.65 E17 0.96

30 235 3.55 E17 0.92

25 227 7.65 E17 0.84

20 219 1. 70 E18 0.70

15 211 3.88 E18 0.51

(9)

In nitrogen at Z9S K and one atmosphere, A and B
are rapid, producing an equilibrium amount of N03'
Reactions 7 and 8 will not occur, so that overall
the quantum yield observed is twice that of the
primary step. In oxygen, reaction 7 competes with
reaction 5 for the O-atom, effectively suppressing
it. The initial [NZOS] decay rate is just the
quantity oI¢. • After 03 is allowed to build
up, it furth~P~dppresses the apparent quantum
yield by reoxidizing the NOZ. This is observed as
curvature in the plot of .Q,n[NZOs] vs. time. A non
quantitative observation of an 03 IR band in the
NZOS/light/OZ system was also made.

Our understanding of the system was then tested
by molecular modulation experiments, which measure
the chemical system's response to photolytic per
turbation in the frequency domain. The result of a
modulated photolysis experiment is expressed as a
phase angle with respect to the exciting light, and
a modulation amplitude for the observed species. In
simple systems these quantities can be calculated
analytically as a function of the rate constants. S
For this case the phase angles and amplitudes were
calculated numerically using the CHEMK program. 6
Modulation results were obtained for NZOS in NZ at
50 Torr total pressure (T ~ Z67 K) and for NZOS and
NOZ in 0z at 1 atm (T ~ Z67, Z93 K). These results,
along with calculated values, are shown in Table 3.
Within the error limits, the results are consistent
with the process

-I- M

N
2

0
S

and inconsistent with production of NO + NOZ + OZ,
The sensitivity is not great with respect to possi
ble production of NOZ and N03 in addition to Z
NOZ + 0, but the low temperature static cell results
rule this possibility out.

The number density of NZOS in the stratosphere
is very small and resonant quenching by other NZOS
molecules can be neglected. The quenching of
NZOS* by NZ and Oz can be calculated as a function
of pressure or altitude, resulting in the altitude
dependent quantum yields sho\~ in Table 4.

1. H. H. Holmes and F. Daniels, J. Am. Chem. Soc.
56, 630 (1934).
~ R. Murphy, (Ph.D. thesis), University of
California at Los Angeles, Los Angeles, California,
1969.
3. R. A. Graham and H. S. Johnston, J. Phys. Chern.
8Z, ZS4 (1978).
4: E. W. Kaiser and S. M. Japar, Chern. Phys. Lett.
54, Z6S (1978).
~ R. A. Graham, (Ph.D. thesis), University of
California at Berkeley, Berkeley, California, 1975.
6. G. Z. Whitten, Rate Constant Evaluation Using
A New Comuuter Modeling Scheme, paper presented at
167th National Meeting of the American Chemical
Society, Spring, 1974.

4. VIBRONIC STRUCfURING OF TI-IE ABSORPTION SPECTRUM
OF NITROUS OXIDE

Gary S. Selwyn and H. S. Johnston

a. Deconvolution into Vibronic

The ultrlv~olet absorption spectrum of nitrous
oxide (NZO) - has been shown to be strongly af
fected by temperature with increasing intensity at
increasing temperature. This effect has been inter
preted as a transition that is forbidden to a first
approximation but that is allowed by bending. The
increased absorption at high temperatures arises
from the excited bending mode, \)Z, in the ground
electronic state. Such an interpretation suggests
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\.,ihere aCT) and beT) are the populations respectively
of the (000) and (010) states, A(A) and B(A) are the
normalized spectra of the (000) and (010) states,
and YeA) is the observed spectrum.

A program has been developed on the CDC-7600
computer to use the data in Fig. 1 to deconvolute
the normalized (000) and (010) spectra by a process
of successive approximations. The iterative process
converges quickly to give the results shown in Fig.
2. The (000) spectrum shows very weak vibrational
structure, but the (010) spectrum shows well
developed vibrational structure. The normalized
(010) spectrum is four times as intense as the nor
malized (000) spectrum. In view of the resolution

(0001

J'J\fv~ '0'0'

~\
\

5.0'8--r----------------------,

z
(J)

u

fractional (000) popUlation at each of the higher
temperatures and by subtracting this weighted (000)
contribution from the observed spectrum at eachtem
perature, the contribution of the (010) vibrational
molecules was estimated. By diViding this contribu-
tion by the fractiional population, an estimate of
the pure (010) spectrum is made at each temperature.
At low temperatures, the small differences between
successive spectra yield very noisy results. At the
highest temperatures some contribution from the
(020) state is expected. At intermediate temper
atures a relatively constant (010) spectrum is in
dicated. This first approximation to the (010)
spectrum is then used to correct the observed spec
trum at 151 K for the (010) contribution, and the
process repeated to get a second approximation to
the (000) and (010) spectra. The process may be
sunll1lari zed as

z
(J)
u

that a separation of the (000) and (010) absorption
spectra might be realized by measuring the spectrum
of N20 over a wide range of temperature.

An all~quartz, vacuum~jacketed, thennostated cell
was constructed for mounting in the Cary l18C spec
trometer. The spectrum was scanned between 190 and
172 nm with a resolution of 0.02 nm. The data were
stored in 1000 channels of a Fabritek mUltichannel,
l2~bit storage device, which is interfaced to a
PDP~8 minicomputer. The data are partially reduced
on the minicomputer and output on punched paper
tape for more extensive computations on the Lawrence
Berkeley Laboratory CDC~7600 canputer.

0.80--t------,-----,---,-----,-------,c-----'

52600. 53600. 54600. 55600. 56600. 57600.

WAVENUMBER

N20

The absorption spectrum of nitrous oxide was ob
tained at 11 different temperatures between 151 and
485 K, Fig. 1. The fundamental vibrational fre
quencies of ground-state nitrous oxide are 1284,
589, and 2223 em-I for respectively VI, v2, v3. At
the lowest temperature 99~3% of the molecules are
in the (000) vibrational state. The fraction of
molecules in the (010) state increases from 0.0073
at 151 K to 0.24 at 485 K. The fraction of mol
ecules in the (020) state is 4 x 10- 4 at 151 K and
0.062 at 485 K. TI,ese numbers suggest that by a
method of successive approximations, the absorption
spectrum_ of the (000) state should be separable
from the higher vibrational states, and with a
greater uncertainty the spectrum of the (010) state
should be separable also.

52600.

Fig. 1. TI,e observed absorption spectrum of N20
between 190 and 172 nm and at temperatures between
151 and 485 K. The cross sections (CSN) are in
units of log 0/10- 19 onL. (XBL 7812-13734)

0. 01ff+~---rl~~--'--I~~l I
53600. 54600. 55600. 56600.

WAVENUMBER

N20

-----r
57600.

As the first approximation, the spectrum at 151
K was ta~en to be the (000) spectrum. By scaling
this (000) spectrum by an amount equivalent to the

Fig. 2. Separate absorption spectra for the (000)
and (010) vibrational states of nitrous oxide. The
cross sections are in units 0/10- 19 cm2.

(XBL 791-7759)
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of the spectrometer and the coarseness of the vibra'"
tional structure in 2, the (010) spectrum is
regarded as the superposition of a continuous ab
sorption aDd vibrational bands.

In the separation between in the
various spectra Fig. 1, it
is convenient both to subtract off the (000)
trum and to subtract off an approximation to
underlying continuum of the (010) spectrum. AIl
energy weighted Gaussian function6 of the form

I <b = vN exp[- D(V - v )2]
o s 0 <

was fitted to the (000) spectrum and to the (010)
spectrum of Fig. 2, where N, D, and Vo are fitting
parcuneters. A computer program was developed to
take the observed at each temperature "md
to subtract off the Gaussian approximation
to the (010) continuum aDd the (000) state. Figure
3 shows the highest temperature spectrum, 485 K,
after the composite Gaussian fW1Ctions for the (000)
and (010) states have been subtracted. 100't!AVENB~~t:R 2000. 2500. 3000.500.

0.0

0.

30.0 I l
I I

I
20.0

lLI
U
Z
lLI
IY.
:::J
U
U
0

10.0

Levels of the Excited Stateb.

0.30

1
Fig. 4. Histogrwn of separations
spectra observed at all
in energy bins of 10 cm- .

3)

0.25 -~ 485DEG. I<

By use of , height, and width criteria, the
computer program selects the major and notes
their energy position in wavenumber units for each
temperature spectrum. A:c each temperature, the
energy difference between each peak maximum and all
others is measured. These differences are accumu
lated in bin widths of 20 cm- 1, and the results for

Fig. 3. Difference between the observed spectrum
at 485 K and the two Gaussian functions
that represent the continuous portion of the (010)
spectrum and the (000) spectrum. Units are
0/10 19 cm2. The vertical lines correspond to
spectral peaks as identified by the peak-selecting
computer program. (XBL 7812-13728)

The weak intensity of the vibronic stnlcturing
is at~~ibutrd"to t2e+parity forbidden nature of the
translIlon 6 + X 6. The relatIvely weak Inten
sity of the continuum arises from the angular
momentum forbidden nature of the transition

all temperatures are combined wld plotted as a his
togram, Fig. 4. The Vibrational progression in Fig.
4 has a spacing of 480 em'" , and it is interpreted
as the frequency of the bending mode in the excited
electronic state.

c. The02

Chutj ian and Sega1 7 have suggested that the dif·
fuse structuring of nitrous oxide arises from res
onanc

r
~etween the vibrational levels of a bound,

bent 6 state and a repulsive bent degenerate state.
Their model is given by Fig. 5, where the two verti
cal lines indicate the FraDck-Condon region. We
modify and extend their model of the excited elec
tronic states of N20.

Both the IL:- and states have been '-qJ.UAJ.cLL.CO,-,

to be bent !n their equilibriuul ge0o/etry. In Cs
symmetry 16 would become IAiI , and -I', loses its
degeneracy and has two components, lA' and IAiI . In
this situation there would be a lA" repulsive state
crossing a 1AiI bound state, but this crossing would
be avoided leading to a situation as in Fig. 60 The
Franck-Condon region overlaps the classical
point of a bound potential rise to
vibrational band spectra. The component of the
II', repulsive state would remain wlperturbed and con
tribute a continuous spectrum. The composite result
is vibrational structuring su~erimposed on a con
tinuum.

58800. 57800.

WAVENUMBER

N20

54800. 55800.52800, 53800.
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A. Segal, J. Chern. Phys. 57,

16 + • However, by actIvation of the IT b~nding
mode (010) in the ground state XlZ , the
vibronic wavet::1!cti~n is both vibronic
transItIons -Z + TI a~d , are allowed by
bending. , the (010) spectrJ!Jl is well struc
tured and considerably more intense than the (000)
spectrum.

5.
S.
6.
of

L M. G. Holliday and B. G. Reuben, Faro Soc. Trans.
64 1735

G. Podo1ske and H. S. Johnston, Geo-
phys. Res. 427 (1977).
3. K. M. Monahan and W. C. Walker, J. Chern.
63 1676

M. K. Watanabe and E. C. Y. Inn,
J. Chern. Phys. ,1643 (1953).

J. W. Rabalais, J. M.
P. Chern. Rev.

G. ~E~le~~c~~t~·'-Sh;~~'~;:~~+~~;rig~~~
pp.
7. A.
3069
8. P. J. , D. G. Hopper, B. J. Rosenberg,
W. B. England, G. Das, A. C. Wanl and T. 0.
Tiernan, ARL TR 75-0202, Vol. II, Air Force Systems
Command, June 1975.

Fig. 5. Electronic states of N20 according to
Chutj ian and Ref. 7. (XBL 7812 00 13732)

5. INSTANTANEOUS GLOBAL NITROUS OXIDE
PHOTOCHEMICAL RATES

H. S. Joh~ston, 0. Serang and J. Podolske

Dat.aa.

By use of balloons, vertical profiles of nitrous
oxide have been measured from ground level up to
mid-stratosphere at several latitudes between 63°N
and 78°S, including one profile in the tropical
zone at 9°N. Two rocket flights measured nitrous
oxide mixing ratios at 44 and 49 km. From these
experimental data plus a large rnnount of interpolation
and extrapolation, we have estiJnated a global dis
tribution of nitrous oxide. With standard global
distributions of oxygen and ozone, we have carried
out instantaneous, three-dimensional, global, photo
chemical calculations involving nitrous oxide. TIlese
photochemical calculations used the recently mea
sured, temperature-dependent cross sections for
nitrous oxide, and it was found that the altitude
of N20 photolysis is noticeably shifted by use of
t.he t.emperature dependent. dat.a. The results are
presented as zonal,oaverage contour maps of various
'{"',",W.",-l.J.e·"" and certain instant.aneous global'-average
rat.es are given. From t.hese data we have derived a
global-average vertical eddy-diffusion function.

The standard atmospheres for temperature,
and ozone have been described before. In

a series of balloon flights Schmeltekopf et al. 3
observed nitrous oxide at. Alaska (63°N), Saskatchewan
(51 0 N), Wyoming (41 0 N), Colorado (40 0 N) , New Mexico
(32°N) , Panama (9°N), and Antarctica (78°S) between
June 1975 and August 1976. Tyson et a1. 4 measured
nitrous oxide by aircraft and by balloon, and their
profile between 21 and 36 km at 32°N over Texas was

Fig. 6. Proposed electronic states of N20, a
modification of that given in Fig. 5.

(XBL 7812-13733)
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tabulated by Sundararaman. S Elli~alt6 obtained a ver
tical profile of nitrous oxide up to 32 km by means
of a balloon flight and collected air san~les above
40 km in two rocket flights. The rocket flights
gave values of 2 ppbv at 49 ± 6 km and 6 ppbv at 44
± 5 km.

The data of Ehhalt6 and of Tyson et al,4 at 3l oN
are entered on Fig. 1, including the points at 49
and 44 km. The data are plotted as the 10garithm
of N20 mixing ratio vs, altitude. A smooth curve
was drawn through Ehhalt's6 and Tyson's4 measure
ments, Fig. 1, including the measurements at 44 "lnd
49 km. Each observed profile was plotted as the
logarithm of mixing ratio (ppbv) against altitude.
The highest altitudes where measurements were made
varied between 28 km at Antarctica to 361<m at Alaska
and at Texas, Extrapolation to higher altitudes was
based exclusively on Ehhalt's6 observations by bal
loon and by rocket, Between 4S oN and 4S oS, each
profile was extended by a straight line from the
highest observed point to Ehhalt's6 value of 2 ppbv
at 49 km, For the data at Panama, this Inethod of
extrapolation is illustrated by Fig, 1. POleward of

mLXlng ratios were connected with smooth curves
from one latitude to another. (It was found that
the profile number 2 taken at Saskatchewan, SloN,
August 1975, was inconsistent with the other data,
so far as a smooth global distribution was concerned,
and these data were excluded from further consider
ation.) The contour lines of nitrous oxide mixing
ratios as given in Fig. 2 are consistent with the
observed data.

NITROUS OXIDE MIXING RATIOS

2 ()
°~

12 ~
<:;.
"1J

~

10

NITROUS OXIDE VERTICAL PROFILES

OLL.l:_7:C5-U.;_6::J,0!-"-_~45~_c;l3~0 1LL;_1~5L.L~O.Ll..~15..LL3tO;l-i~45;f-lc!60;;-"-'':;7'o:-5 LL.J

North Latitude South

10 1~-L--.L...LJ....L.L.l.1;';10;----l.-L..!....J.-LL!-:'-:10':-:0,.--......L.--L......L..L.l~1000

NITROUS OXIDE, PPEl

4S oN or 4S oS, the extrapolated straight line was
taken to be parallel to Ehhalt's6 curve (2 ppb at
49 km, 80 ppb at 32 km), and this parallel line was
anchored to the observations at the highest altitude.

(1)

(2)j <E 1(,\)o(,\,T)
A

The rate of photolysis of nitrous oxide

jl N20 + hv + N2 + O(lD)

was calculated in each volume element

The atmosphere was divided into a network of
cells where ~z = 1 km from 0 to SO km, ~¢ = 15°
longitude, and 68 = 10° latitude. Of these 21600
cells, half face the sun and half are in darlQless.
Radiation from the sun is absorbed by oxygen and by
ozone, and the intensities of radiation at every
wavelength between 180 and 750 nm were evaluated in
each cell. In each sunlit cell, photolysis con
stants and O(lD) concentrations were calculated;
these quantities were taken to be zero on the dark
side of the earth.

b. Photochemical Calculations

Solar radiation intensities above the atmosphere
at wavelengths below 205 nn1 were taken from Brueck
ner et al. 7 and at wavelengths above 205 nm from
Ackerman. 8 Absorption of radiation by molecular
oxygen in the Schumann-Run~e region was treated by
the method of Hudson and Mahle. 9 For wavelengths
above 280 nm multiple-order Rayleigh scattering and
surface reflections (albedo assumed to be 0.3) were
treated by the model of Isaksen et al. 10

Fig. 2. Contour lines of global nitrous oxide mixing
ratios. The contours from 2 to 322 parts per billion
by volume are identified by numbers on the right
hand side of the figure. These contours were derived
from observed NZO profiles. (XBL 791-7750)

31'N

OBSERVATIONS
'" SCHMElTEKOPF ET AL,9'N
0EHHALT ET AL, 31'N
E1TYSON,31'N

EXTRAPOLATIONS
-'-'- SCHMElTEKOPF ET AL
----- THIS STUDY

20

50

Fig, 1. Observed nitrous oxide profiles at 31 0 N and
at 9°N with two different extrapolations of the 9°N
profile from 32 to SO km. One extrapolation is
based on observed nitrous oxide upper limits at 31 0 N,
and the other is based on the observations at 9°N
only. (XBL 785-8853)

We prepared a large, blank, zonal-contour map,
that is, latitude vs, altitude. At each latitude
where observations were made, we entered the mixing
ratio for each kilometer altitude from the extrap
olated profile through the experimental points, All
profiles were reflected to the same latitude in the
opposite hemisphere. Constant values of the N20
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RATE OF PHOTOLYSIS OF NITROUS OXIDE (SPRING-FALL)
50 (7)

The rate of destruction of nitrous oxide by O(ID) is

Rate = (kZ + k3) [NZO] [O(lD)]

(8)

(9)
-1 -1

molecule sec-

-11 3
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= 5.5 x 10 em

"3,

'"U>

'"",
10

40

OLLb:_7f.:5-LL_6""0:-'-'_-:!4'::-5l-L:_3;l;;0J-L~-Ll,-l-~.LL~-Ll~L;l;;-LL~...LJ

North

(10)

o
o
~
o

~

"3

'"U>

'"",

:s:
o
ro
"c
iD
U>

(11)

40

RATE OF PRODUCTION OF NITRIC OXIDE (SPRING-FALL)
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The rate of formation of nitric oxide is twice the
rate of reaction 2, since each occurrence of the
reaction produces two molecules of NO

d[NO ]
~ = Z k Z[NZO][O(lD)]

1.1 x 10-10 [NZO] [O(lD)]
where I(A) is the calculated intensity at each wave
length and o(A,T) is the temperature-depe~dent, ab
sorption cross section for nitrous oxide. For
fixed latitude and altitude, the rate of photolysis
was averaged over 360 0 longitude to give an instan
taneous, zonal-average value (if one prefers, this
can be thought of as a 24 hr average above one longi
tude). For the standard spring-fall atmosphere,
these zonal-average rates of N20 photolysis are given
by Fig. 3. The contour lines on the figure are tor
photolysis rates in units of molecules cm- 3 sec- in
increments of 120 units, with a minimum rate of 30.
The altitude of maximum photolysis rate is 30 km,
and 30 km is also the median altitude for N20 photol
ysis. The contour line of maximum photolysis rate is
30 ± 4 km at the equator and ± 30° latitude. Little
photolysis occurs below 20 lQfi.

The concentration of singlet oxygen atoms was
calculated in each volume element. The photochem
ical reactions are

Fig. 3. Zonal-average instantaneous rate of photoly
sis of nitrous oxide for spring-fall. (XBL 791-7749)

(3) oLL.b:_7*5~-6;o';O:;-"-J_L;;475L..L_3:f:.O~_""15~-;0~~1";:5.LL3::f;0~-}4;:-5~6';::0.LL7::f;5;-L-1-'
North Lati tude South

(4)

(5)

Fig. 4. Instantaneous rate of production of nitric
oxide from nitrous oxide and singlet oxygen atoms,
spring-fall. (XBL 791-7748)

where ¢A is the quantum yield curve of Hn and
DeMorel1 and the deactivation constant is

-11 3k1 = Z.O x 10 exp(107!T) em

moleeule-l see-l (6)

The relaxation time for singlet atomic oxygen is
much less than one second throughout the strato
sphere and troposphere, and the steady-state rela
tion is an excellent approximation.

Nitrous oxide is destroyed by singlet atomic
oxygen by two pathways

The rate of production of nitric oxide for spring
fall conditions is given in Fig, 4. The distribu
tion of NO production is substantially different
from that forN20 photolysis. The photolysis rate
is very nearly symmetrical in altitude about the
altitude of maximum rate, Fig, 3. The rate of NO
production is arched over the tropics, the high rate
in equatorial regions arises from the high N20 mix
ing ratios there (Fig. 2), and the high rate atlower
altitudes in the temperate zones is caused by the
high concentration of ozone and O(ID). Over the
equatorial region, the maximum rate of NO formation
occurs at 25 to 26 km, over temperate zones the max
imum rate of NO formation occurs at 22 to 23 km.
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Table 1. Global rates of NO production and NZO loss.
=============== ----------------

Global ave. NZO loss

Global N
2

0 loss

Global ave. NO prod.

Global NO prod.

NO prod./N
2

0 loss

Spring-fall Hinter-sununer Units

1. 25 1.17 109 molecules -2 --1cm sec

6.40 5.99 1027 molecules -1sec

2.02 1.89 1035 molecules -1yr

1~,. 7 13.8 1012 (NZO)
-1g yr

9.4 8.8 10
12

(N) -1g yr

2.84 2.73 108 molecules -2 -1
cm sec

1.45 1. 39 1027 molecules -1yr

4.56 4.38 10
3Lf

molecules -1yr

2.27 2.18 10
12 (NO) -1g yr

1.06 1.02 1012
(N) -1g yr

0.23 0.23 molecule/molecule

O.H 0.12 g(N)/g (N)

Co Average Rates and Global Rates

The zonal-average rates, Figs. 3 and 4, were in
tegrated over altitude at each 5° latitude to give
integrated vertical column rates. The cosine
weighted average of the column rates over latitude
gives the global average rate of nitrous ~~ide des
truction. In units of molecules cm- Z sec 1 these
are

91.25 x 10 , spring-fall

9
~ 1.17 x 10 , winter-summer (12)

and the rate of nitric oxide production is

in tenns of a one-dimensional model. The global
rates of nitrous oxide loss and nitric oxide produc
tion in various units are given in Table 1. The
fraction of NZO destroyed by a(lD) relative to total
NZO loss is Z3%.

The global average rate of production of nitric
oxide according to this study is Z.8 x 108 molecules
cm- Z sec-I. Crutzen's13 original est~ate of this
quantity was between 0.Z9 and 1.5 x 10 molecules
cm- Z sec-I, and subsequent one-dimensional models
have usually fallen within this range. However,
Schmeltekopf et al. 3 using the same data as used
here found 4.5 x 108 molecules cm- Z sec-I. Much of
this discrepancy comes from our different methods of
extrapolating the observations at Panama from 3Z to
5Z Nn (compare Fig. 1).

For the spring-fall situation, the global average
rate of NZO destructi.on (lZ) is equal to the local
rate of NZO destruction at Z9° latitude, and the
global rate of NO fonnation (13) is equal to the
local rate of NO formation at 31° latitude. These
facts are of some interest in tenns of what lat
itude to use to simulate global average properties

d. Vertical Eddy Diffusion Constants

From vertical profiles of nitrous oxide and the
rate of nitrous oxide loss L, Schmeltekopf et al.
(page 733)3 used the standard method for evaluating
a vertical eddy diffusion profile from photochemical
data

( dNO) ~ 2.84 x 108 spring-fall
dt

,

Z.73 x 108 winter-summer, . (13)

K(z)
100 L(z)dz

z
[M] df

dz

(14)
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VERTICAL EDDY DIFFUSION COEFFICIENT cm'SEC-1

Experiments, edited by Fiocco, D. Reidel Publishing,
pp. 149-159, 1971.
9. R. D. Hudson and S. H. Mahle, J. Geophys. Res.
77, 2902 (1972).
10. I. S. A. Isaksen, K. Midtbo, J. Dunne and P. J .
Crutzen, Report No. 20, Institute for Geophysics,
University of Oslo, pp. 1-21, 1976.
11. C. L. Lin and W. B. DeMore, J. Photochem. 2,
161 (1974). ~
12. J. A, Davidson, H. I. Schiff, G. E. Streit,
C. J. Howard and A. L. Schme1tekopf, J. Chem. Phys.
67, 5021 (1977).
13. P. J. Crut zen , J. Geophys. Res. 76, 320 (1971).
14. D. M. Hunten , ProCo Nat. Acad. Sci. (U.S.A.)
72, 4711 (1975).
15. R. W. Stewart and M. I. Hoffert, J. Atmos. Sci.
32, 195 (1975).
10. J. S. Chang, First .Annual Report of Lawrence
Livermore Laboratory to the High Altitude Pollution
Program, F. M. Luther, Ed., Report UCRL-50042-76,
1976.
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Fig. 5. Vertical eddy diffusion coefficients based
on global average nitrous oxide profile, compared
to one-dimensional profiles used by Hunten, Stewart
and Chang. (XBL 785-8854) 6. RESEARCH PLANS FOR CALENDAR YEAR 1979

Harold S. Johnston

where f ~ [N20]/[M]. Using cosine weighting (equal
weight to equal area over the globe) over the north
ern hemisphere, we obtained an average profile of
N20 mixing ratio from Fig. 2 and average N20 loss
profiles from Figs. 3 and 4 for spring conditions.
The "global average" vertical eddy diffusion profile
as evaluated from (14) is given by Fig. 5, and it is
compared to one-dimensional Kz profiles used by
Hunten,14 Stewart and Hoffert,15 and Chang. 16 The
K function derived herS is very nearly the same as
t£at of Stewart et a1. From 20 to 40 lan, the pres-
ent Kz function, Hunten's14 function, and Stewart's
and Hoffert's15 function are very nearly equal, but
Chang's16 Kz is larger. Between 14 and 20 km
Hunten's14 Kz values are smaller and Chang's16 are
larger than those of the present study. The Kz
values derived here are smaller than those derived by
Schmeltekopf et al. ,3 largely by virtue of our dif
ferent extrapolation of the Panmna data (Fig. 1).

a. Primary Products and Quantum Yields in P~,
Tunable, Laser Photolysis

Frank Magnotta

The method currently being used to study NO pro
duction from N03 photolysis will be applied to study
atomic oxygen production from N03 0vavelengths be
tween 450 and 700 nm), from N02 (wavelengths between
350 and 450 nm), and from NZ05 (wavelengths between
270 and 330 nm). The oxygen atoms are detected by
resonance fluorescence. These data are useful to
atmospheric scientists in model studies of the tro
posphere and stratosphere.

b. Studies of HOO Reactions in the Molecular Modula
1ation Apparatus

James Podolske and Bill Marinelli

1. G. Se11Yyn, J. Podolske and H. S. Johnston,
Geophys. Res. Lett. 4, 427 (1977).
2. H. S. Johnston, Rev. Geophys. Space Phys. 13,637
(1975). -
3. A. L. Schmeltekopf, D. L. Albritton, P. J. Crutzen,
P. D. Goldan, W. J. Harrop, W. R. Henderson, J. R.
McAfee, M. McFarland, H. I. Schiff, T. L. Thompson,
D. J. Hofmann and N. T. Kj ome , J. Atmos. Sci. 34,729
(1977). -
4. B. J. Tyson, J. F. Vedder, J. C. Arvesen and R. B.
Brewer, Geophys. Res. Lett. 5 369 (1978).
5. N. Sundararaman, FAA-EQ- 2, U. S. Department of
Transportation, Federal Aviation Administration,
Office of Environmental Quality, Washington, D.C.,
52 pp., October 1976.
6. D. H. Ehhalt, Can. J. Chem. 52, 1510 (1974).
7. G. E. Brueckner, J.-D. F. Bartoe, O. K. Moe and
M. E. Van Hoosier, Astrophysical J. 209, 935 (1976).
8. M. Ackerman, Mesospheric Models and Related

The effect of temperature and total pressure is
being studied for the reaction of the peroxy1-free
radical HOO: HOO + HOO -+ H202 + 02 and HO + HOO -+
H20 + 02. These radical-radical reactions are es
pecially difficult to study, and our mOlecular
modulation method is suitable. These reactions are
key processes in balancing HOx species (H, HO, HOO)
in the atmosphere.

c. Laboratory Models of Moderately Complex Reactions

David Littlejohn

Stratospheric photochemical models employ about
100 elementary chemical reactions, and it is very
difficult to check these models in a significant way
against observations in the atmosphere. By choice of
conditions, the effect of apparatus surfaces can be
minimized, and subsets of these reactions can be
tested in the laboratory. The steady photochemical
decay and the molecular modula~ion of ozone provide
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observables that can be checked against parts of the
large models. Studies underway include the ozone
water system and the carbon monoxide smog reactions.

d. Ultraviolet Spectra of Carbonyl Sulfide

Gary Sehvyn

Carbonyl sulfide OCS is a product of coal combus
tion and a partial source of the stratospheric sul
fate-particle layer. Its spectrum is being studied
over a range of low pressures and temperatures.

interpreted by our three-dimensional model of instan
taneous rates. We have developed a conventional one
dimensional model to use in support of this three
dimensional study and to carry out other special
studies.

7. 1978 PUBLICATIONS AND REPORTS

Harold S. Johnston and Associates

Journals

e. Chemical Reactions of Electronic Excited States of 1. R. A. Graham and H. S. Johnston, The Photochem-
Nitrogen Dioxide istry of N03 and the Kinetics of the N205-03 System,

J. Phys. Chem. ~, 254 (1978), LBL-6276.
Carlton Truesdale

Light absorption (above 400 run) by N02 produces an
excited electronic state that has a low-pressure life
time of 40 - 100 vsec. This electronically excited
molecule reacts with ethylene; the rate and products
of this reaction are being followed.

f. Studies of Dimerized Molecular

Karen Lubic

At low temperatures molecular oxygen forms a
small concentration of weakly bonded dimes (02)2.
These dimers absorb ultraviolet radiation at energies
below the threshold of 02 dissociation (02 + hv + °
+ 0, A~ 242 run). Experiments are being conducted
to see if the products of 04 absorption are 02 + 02
or 03 + 0.

g. Theoretical and Interpretable Studies

Susan Solomon, Marta Kowalczyk and H. S. Johnston

The recently observed global distribution of
stratospheric N02 (John Noxon, in press) will be

2. H. S. Johnston and J. Podolske, Interpretations
of Stratospheric Photochemistry, Rev. Geophys.
Space Phys. 16, 491 (1978), LBL-7378.

Presented Papers

1. H. S. Johnston, Stratospheric Ozone, Louis N.
Cassett Memorial Lecture, Temple University,
Philadelphia, Pennsylvania, March 2, 1978.

2. H. S. Johnston, Interpretation of Stratospheric
Photochemistry, World Meteorological Organization
Symposium on the Geophysical Aspects and Consequences
of Changes in the Composition of the Stratosphere,
Toronto, Canada, June 26-30, 1978.

3. H. S. Johnston, Stratospheric Nitrous Oxide,
Pacific Conference on Chemistry and Spectroscopy,
Jack Tar Hotel, San Francisco, California, September
27-29, 1978.

LBL Reports

1. H. S. Johnston, 0. Serang and J. Podolske,
Instantaneous Global Nitrous Oxide Photochemical
Rates, LBL-80SS, July 1978.
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2. CHEMICAL PHYSICS

1E!'1I~m1V Transfer and Structural Studies of Molecules on Surfaces

~harles B. Harris,

Introduction. In the past year our laboratory
has been engaged in developing several new methods
for investigating a 'variety of problems associated
with the electronic and molecular structure of
molecules adsorbed on single-crystal metal sur
faces. The first of these is scanning ellipso
metric spectroscopy applied to physi- and chemi
sorption of molecules on Ni(lll) at low tempera
tures. The second is emission spectroscopy for
molecules on metal surfaces, ~ld the third, which
has just recently been initiated, is Raman
Spectroscopy of molecules adsorbed on metal
surface. The instrumentation for this latter area
is in the final construction stages. These pro
jects have involved a considerable amount of
instrumentation and are for the most part com
pletely operational. The results from a variety
of experiments on Ni(lll) which are near completion
are presented in the following articles 1 and 2.

Other areas in our surface science program that
have been initiated but will not be reported here
because these projects are not sufficiently com
pleted, are the following:

(a) Optical studies of adlayer reconstruction;
(b) Investigation of activated adsorption

processes using thermal desorption and
scanning optical ellipsometry;

(c) Study of excited electronic states of
chemisorbed molecules by ellipsometry;

(d) Optical studies of the early oxidation
process on Ni(lll).

The second area that we have been developing
is the use of picosecond spectroscopy for studying
energy transfer and rela~ation processes in con
densed phase and on metal and semiconCluctor sur
faces. Results on vibrational energy transfer
and relaxation in liquid and solid phases are
presented in the following article 3.

wish to report on the application of spectroscopic
ellipsometry for obtaining optical spectra of mono
layer and multilayer molecular overlayers of an
aromatic hydrocarbon on a nickel single crystal
surface at low temperature. The analysis of the
spectra gives not only the excited electronic state
energy levels, but also yields the vibrational
frequencies in the excited states and semi-quanti
tative information about the molecular geometry
of the molecules at the surface. To the best of
our knowledge, this represents the first optical
spectroscopy study of molecules on single crystal
metal surfaces and these preliminary results
demonstrate the potential power of the technique
for a variety of problems.

The instrwnent used is a rotating analyzer
ellipsometer interfaced to an LSI-II minicomputer
for data acquisition and analysis. This design
has the advantages of speed, .sensitivity, and the
capability of scanning wide wavelength regions.
The nickel single crystal (~~C, typical 99.995%),
oriented to within 2° of the (Ill) face by Laue
back reflection and mechanically polished through
0.05 ~ alumina, is held in a stainless steel illiV
chamber with base pressure less than 10-10 Torr.
The crystal is mounted on a variable temperature
(10-300 0 K) cold tip modified for illiV use. The
metal surface is cleaned by electron bombardment
heating in oxygen, hydrogen, and vacuum, or by
argon ion sputtering and subsequent annealing.
Surface cleanliness and order are checked by Auger
spectroscopy andLEED. In all experUlents, oxygen,
carbon, and nitrogen impurities were below 5, 1,
and 1%, respectively, as detennined by Auger.
Sample gases are introduced from an external vacuum
system through a variable leak valve. The experi
mental apparatus is shown in Fig. 1.

Fig. 1. Diagram of ellipsometer with illiV chamber
and optics. (XBL 7711-6434)

1. OPTICAL SPECTROSCOPY OF ARQvlATIC HYDROCARBONS
ON THE Ni(lll) SURFACE

C. B. Harris, D. A. Zwemer, A. R. Gallo, H. J.
Robota and A. Canvion

The importance of structural questions and
chemical reactions on metal surfaces has inspired
the development of new techniques sensitive to
the molecular character of adsorbed overlayers.
To date, however, there has been virtually no
optical spectroscopy on single crystal surfaces,
presumably due to the apparent lack of sensitivity
of conventional techniques. In this section, we

LEED-AUGER
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Pyrazine

The spectroscopy of pyrazine has been a subject
of great interest to physical chemists for many
years. Added to the potential for chemistry
through the two lone pair orbitals and
the two singlet electronic states within the wave
length range of our ellipsometer, this fact made
pyrazine an obvious choice for study on the nickel
surface. The structure and spectra of pyrazine
are summarized in Fig. 2.

a. Excited Electronic State Energy Levels.
The lowest excited singlet states of pyrazine have
been studied extensively as a simple of
interaction between lone pair orbitals.
lowest electronic state occurs around
3300 A with oscillator strength of 0.01 and has
been identified as the n-TI"'x, lB3u state. At wave
lengths below 2800 A, strong transitions (oscil
lator strength 0.10 - 1.0) are identified as nn*,
the lB2u resonance corresponding to the benzene
bands at 2670-2270 A.

2. Structure of pyrazine (C4H4N2) with ener
gies and polarizations of lowest singlet states.

(XBL 788-5658)

IS
2u

37,400Gm~1
IS3u~--,~~~~~~-

In1r*
30,057 Gm~1

T

PYFQzine

Near UV spectra of pyrazine on nickel (Ill),
derived from spectroscopic ellipsometry, are shown
in Figs. 3-5 for pyrazine overlayers between 5
and 10 A thick. The thickness is measured by
assUlning that the is trcmsparent in the
region above 3300 A. Instrumental resolution is
about 10 A in these spectra. The pyrazine is
deposited on the metal substrate at 10 K and
annealed at 120 K before the spectra were taken.
The effect of annealing is discussed further below.
The spectra are temperature independent between
10 and 160 K after The important
features of the spectra are the onset of absorp"
tion at 3300 A with partially resolved structure
in the region 3300 - 3000 A and the apl)earaIlCe
of a stronger absorption around 2700 with a
distinct shoulder on the rising edge. These fea
tures are reproducible from the thinnest overlayer
observed (3-4 A) to the thickest (100 A). The
energy of the lowest absorption is 3296 A, measured
at the center of the first peak. The energy of
the higher energy resonance is 2717 A, measured
from the center of the resolved shoulder in Fig. 4.

I
2900

6A

Pyrazine- Ni

I~

J

1

1.00

0040 ~

I
2700 ,,2800

J\(Al
Fig. 4. Absorbance spectrum of 6 A overlayer of
pyrazine on Ni(lll) surface at 10 K showing nn*
transition. (XBL 786-5180)

Py ro zin e - Ni (III)

° ~

OAO

Fig. 3. Absorbance spectrum of 11 A overlayer
of pyrazine on Ni(lll) surface at 10 K showing nTI*
and nn* transitions. Absorbance, k, is related
to molar excinction coefficient, s, by k ~ In (lO)s
cA/4TI where c is concentration in moles/liter and
j, is in decimeters. (XBL 786- 5178)
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The appearaJ1Ce of the \!6 progression is addi
tional evidence for the weak perturbation of the
physisorbed molecules, because both gas and solid
phase adsorption spectra show this strong pro
gression in the 11111* transitions. However, the
frequency of the surface vibration is significantly
shifted. 6 smmnarizes infollllation known
about the \)6 totally symmetric vibration. Its
frequency in the excited state i5 almost completely
independent of the environmenL In the gas phase,
the pure crystal, and several solid solutions!
the \)6 frequency lies between 580 and 590 cm- ,
well outside the range of error of
the overlayer splitting of It should
be reiterated that the overlayer is not
appreciably shifted or broadened
as thick as 100 A, proving that a
to pyrazine interaction is not respon:si])l
it has been sho~~ that the \)6 mode is
tive to molecular distortion in comb:inflti.on
with out-of-plane vibrations, a change in molecular
geometry may be responsible. The possibility that

takes on an unorthodox pseudorl101'j)rlic
crystal structure on the nickel surface, with a
resultant shift in vibrational splitting is being
e:x.:plored by examining thicker UVel.,Ld'/el'",

b. Excited State Vibrational Frequencies. The
absorbal1Ce spectrum of the pyrazine nTr*:~lB3u
excited state sho~~ in Fig. 5, has a vibronic
progression in a \!6 ring stretching mode, with
the first three peaks sufficiently well resolved
to measure the vibronic splitting. To our Imow
ledge, this is the first direct and conclusive
observation of an excited state vibrational fre
quency for molecules adsorbed on a metal surface.

An expanded plot of the n1T* transition of pyra'
zine on nickel (111) is shown in . 5. Neither
the vibrational splitting between low energy
peak and the next maximum, nor their relative
intensities, vary systematicallywith overlayer
thickrless between 4 and 100 A. TIlis dislyrO\res
an earlier speculation that the peaks repn3scmt.ed
different adsorption environments.
represent separate vibrational levels
molecules. The vibrational
over many spectra, is 525 ±
error limits are due to the
380 em-I for the origin than
tal linewidth). Higher vibrational
poorly resolved, although the 525
does appear to continue for several aU'Ul.I..LlJJli;l.l

quanta, particularly in the phosphorescence
excitation spectra described in the next section.

II~
Pyrazine -Ni (III)

"9A

I I
1,510 ern-I

1

,-----L~~I'---_.J~_L...I_-l.-_L-I~ j
3200 3300 3400

J\ (is.)

o

Fig. 5. Absorbance spectrum of 9 A overlayer of
pyrazine on Ni(lll) surface at 10 K showing n1T*
transition. (XBL 786-5177)

The pyrazine overlayer absorptions follow close··
ly the bulk transition energies. Table 1 sum
marizes the relative energies of the pyrazine
lowest excited singlet states for the vapor, for
pure crystalline pyrazine at 4.2 K, and for the
pyrazine overlayer on nickel (111) at 10 K. In
general, the overlayer and bulk transition energies
agree quite closely, particularly in light of the
difficulty in assigning values to the broad over
layer transitions. The good correspondence between
surface and bulk indicates the interaction between
overlayer and metal substrate does not essentially
change the moleecules identity and that the mole
cules observed are physisorbed on the surface,
or, in the case of multiple layer deposition, con
densed on the surface.

0.10

0.30

0.20-

k

Table 1. Pyrazine singlet energy levels.

I n1T ",

Vapor 30875
-1

37839
~l

em em

Pure Crystal (4. 30057 37 LfOO

Adsorbed Overlayer (10 30340 36805
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6 fd d . 1. tFig. . Swnmary 0-' ata on \!6 mo e ill nTI" sta e
of pyrazine. (XBL 788- 5659)
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Fig. 7. Absorbance speectra of In1T* (top) and 11T1T*
(bottom) transitions of ~8 A pyrazine overlayers on
Ni(lll) at 10 K. Left hand spectra show unannealed
overlayers and right hand spectra show overlayers
after annealing at 120 K. (XBL 788-5653)

Fig.~. Proposed surface geometry of annealed
pyrazlne molecules on the Ni(lll) surface below
160 K. Angles shown are between plane of molecule
and surface. (XBL 788-5657)

Assuming an amorphous distribution of molecular
orientations in the initially deposited layer at
10 K, a uniform reorientation upon annealing to
give the N-N axis normal to the surface, as proposed
for chemisorbed pyridine on Pt(lll) and nickel
would triple the 11T1T* absorbance and eliminate
the In1T* transition which is then polarized entirely
in the surface plane. If the plane of the ring
were allowed to tip approximately thirty degrees
from the surface normal, so that both N-N and out
of plane polarizations have normal components,
the l1T1T* absorbance would double and the ln1T*
transition intensity would remain constant.
Experimentally, the lTI1T* absorbance is not quite
doubled and the lm* absorbance increases by
10-20%, indicating that the actual angle between
the surface normal and the molecular plane lnay
lie between 30° and 45° as indicated in Fig. 8.

585 cm"'

525 ±25 cm- ISurface Nickel (III)

Average - Non- surface environment

Pyroz ine

Environment )}6 Frequency in IS3u State
)/6 (Olg)

t
Vapor 584 cm-' ••
Cyclohexane sol'n 582 :(:]Benzene sdn 586

Pure crystal (4K) 587 N..
+

The absence of resolved vibronic structure in
the pyrazine overlayer below 3100 A can be accounted
for by intramolecular effects equally important
in the bulk phase in combination with the broad
linewidth exhibited by the overlayer nTI* origin.
Several new, strong, totally s~etric vibrations,
such as the vI mode at 989 em- and the \!9 mode
at 1117 cm- l , and their overtones and combination
bands with \!6 are sufficiently dense in the higher
reaches of the lnTI* state to form a continuum.
The vibrational analysis of the higher lTITI* state
of pyrazine is not well established in any con
densed media, largely due to interactions between
the nTI* and 1T1T* states that lead to diffuse transi
tions in many heteroatomic molecules.

Valuable information about molecular geometry
and local environment can be deduced from the
optical transition intensities. Additional selec
tion rules are created by the presence of the metal
surface. At a perfectly reflecting metal surface,
light forms a standing wave and has no electric
field component parallel to the surface. Only
transition moment dipoles with a component normal
to the surface can be observed in this ideal case.

c. Annealing and Molecular Reorientation. The
spectra shown in Figs. 3- 5 are for an,'1ealed over
layers. The pyrazine, deposited on the nickel
surface at 10 K, is allowed to warm up to 120-130 K
by cutting off the liquid helium flow to the sample
holder. When the temperature reaches 120 K, flow
is resumed and the sample is cooled back to 10 K.
Annealing gives rise to a slight contraction
(~10%) in adlayer thiclcness, the appearance of
resolved vibronic structure around 3200 A, a shift
to lower energy of thenTI* and 1T1T* transitions,
and a relative intensity change. These last three
effects are seen in the spectra of Fig. 7.

The annealing process increases the absorbance
k of the TIlT'k transition as shown in Fig. 7, while
the integrated intensity of the ln1T* transition
remains approximately constant. The 1TTI* transition
dipole is polarized along the nitrogen-nitrogen
(N-N) axis; the n1T* is polarized out of plane.
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identification is supported by the 100 cm- l spacing
between the shoulders, which matches the spacing
of the VI progression observed in the lTITI* state.

3000

PYRIDINE -Nt (III)'

21 A Unannealed

2600

0.4

k

o

Naphthalene

Unlike pyrazine and pyridine, the UV spectrum
of naphthalene adsorbed on nickel (Ill) at low
temperatures exactly matches the bulk absorption
spectrum for the naphthalene single clystal. It
is perhaps the lack of interaction with the surface
that gives rise to an ellipsometric spectrum,
shown in Fig. 10, sharper and more complex than
any obtained for the heterocyclic systems. The
near UV naphthalene spectrum includes two TITI*

These two discrepancies are also observed in
the transmission spectra of pyridine chemisorbed
on nickel films and nickel-pyridine coordination
complexes, in which the nitrogen lone pair orbital
is closely involved in nickel-pyridine bonding.
There are several strong reasons to believe,
however, that our studies are of physisorbed and
condensed pyridine: the physisorption of pyrazine
under similar conditions, the thickness of the
pyridine overlayer (as great as 21 A), and the
lack of a charge-transfer band at 3000 A, as
observed in chemisorbed and coordinated pyridine
spectra.

2800
A (A)

Fig. 9. Absorbance speectrum of 21 A overlayer
of pyridine on Ni(lll) surface at 10 K showing TITI*
transition, unannealed. Spectrum is stable under
annealing up to 120 K. (XBL 7810-5900)

In the previous section, we described the
pyrazine as physisorbed on nickel at low tempera
tures because the spectrum of the adsorbed over
layer resembled the bulk molecular spectrum. Under
similar conditions, pyridine, a weaker Lewis base
and less reactive, should also physisorb. There
are, however, two important differences between
the adsorbed pyridine spectrum and the bulk
pyridine spectrum. First, the lnTI* transition
at 2850 A is absent in the adsorbed spectrum. In
the isolated molecule, the oscillator strength
of the lnTI* transition is approx~tely one-tenth
that of the lTI1f* state for both pyridine and
pyrazine. The pyrazine InTI* state is easily
observed beside the lTITI* state in Fig. 3, while
the pyridine InTI* state is not observed in Fig. 9.
Second, the lTITI* absorbance is shifted to lower
energy for adsorbed pyridine. If the unresolved
shoulders are identified as vibronic structure
of the lTITI* transition, these peaks are shifted
40 A to lower energy than in the vapor phase. This

Pyridine

Absorbance changes on overlayer contraction, the
imperfect reflectivity of nickel, and experimental
accuracy preclude a more precise determination
of molecular geometry.

Our study of the UV spectrum of pyridine
adsorbed on nickel (Ill) was motivated by our work
on the similar molecule, pyrazine, and by the UV
transmission spectra of pyridine adsorbed on thin
polycrystalline films of nickel that have been
published by Kishi and Ikeda and Sheets and Hansen.
Our results show that the ellipsometric spectrum
of pyridine on nickel resembles the chemisorbed or
coordinated pyridine molecular spectrum rather
than the isolated molecule spectrum, under condi
tions in which the spectrum of the stronger Lewis
base, pyrazine, shows principally isolated molecule
behavior.

The proposed molecular geometry does not cor
respond to the bulk molecular crystal structure,
which contains two translationally equivalent
sites per unit cell. It has been shown that the
crystal structure of a molecular overlayer hundreds
of angstroms thick may be determined by the metal
substrate structure. If the pyrazine overlayer
structure is affected by the metal surface as the
evidence suggests, an appreciable and anisotropic
coupling between the metal and physisorbed pyrazine,
perhaps mediated by the nitrogen lone pair orbitals,
must be as important as intermolecular interactions
in deciding the crystal structure. This novel
structure may also give rise to the low vibrational
frequency observed in overlayers many monolayers
thick.

The spectrum of pyridine adsorbed on nickel
(Ill) at 60 K measured by spectroscopic ellipso
metry is shown in Fig. 9. The overlayer absorbs
strongly below 2800 A. The only structure evident
in this transition is two weak shoulders at 2637
and 2574 A. This spectrum remains unchanged after
annealing for 30 minutes at 120 K, 100 below the
subl~nation temperature. Thin film IR studies
suggest that the pyridine annealing temperature
may be higher than the sublimation temperature
under UHV conditions.
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the surface cannot absorb as as dipoles
oriented normal to the metal surface. Both the
IB3u state polarized on the short molecular
axis and the IB2u state polarized on the long
lnolecu1ar axis have equal components nonnal to
the ab plane in the bulk structure, so
that fact that the IB3u transitions have
the same relative intensity in as in
the bulk indicates that the ab plane is parallel
to the metal, as i.n the platinum system. Finally,

the extent of azirrluthal ordering within
the plane is not known from LEED, the Davydov
splitting of 3162 Aorigin is the same as in the
bulk crystal. The Davydov splitting is caused
by intermolecular interaction "md a crystal struc-
ture with two molecules unit cell. The mag-
nitude of the spli.tting dependent on the

of intenlilllecular and therefore
and mutual orientation.

cannot be in the
, because the low energy Davydov

is vel! but the between
the energy Davydov
and vibronic peaks are
that the Davydov splitting is the same as in the
bulk crystal. This is very strong evidence that
the annealed naphthalene overlayer has the bulk
structure and that order, over the
distance reached by the LYJtermolecular coupling
that causes the Davydov effect, is very
The size of the microcrystalline dDmains CanJlot
be estiJllated.

~-'T---r-~~--I I r-
Naphthalene-Ni (III)
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3561 cm~1

o

0.30

r 2598 em-I

0.20

k

1775 em-I

0.10 ~=

1313em-1

of AdsorbedEmission

emission spectroscopy
absorption spcoct:rosc()py

importantly, it is a uniquely
the energy transfer and relaxation me'Ch'3nJI.SlT1S
available to electronically excited molecules.
Measuring the concentration and lifetime of excited
surface species not only increases our understand
ing of interactions between adsorbates and sub··
strates, but it also sets liJnits to the
for surface photochemical reactions.

singlet transitions, the .. IB3u transition
observed between 3160 and A and the stronger
lAlg - IB2u transition below 2970 A.

Fig. 10. Absorbance spectYllfn of 60 A overlayer
of naphthalene on Ni (111) surface at 10 K showing
first and second Tfl1* transitions. (XBL 786·· S175A)

Our differ from previous
surface and energy transfer studies
using acid monolayer assemblies on evaporated
metal films at room temperature. We are able to
prepare a clean ordered metal surface under UliV
conditions and adsorb and anneal an ad1ayer
at cryogenic terr~eratures, the thickness
measured by ellipsometry. Our homogeneous over

are not simply interpreted in terms of
separati.on dependences as are mono~'

assemblies, but their stlucture is physically
more interesting, are more , and
they are more useful short~range energy
transfer studies. In our experiments, pyrazine
is excited 111 the singlet and the total phosphores~
cence intensity is monitored. By scanning the
excitat ion source, the singlet excitation spectnnn
of pyrazine is monitored. By modulating the excita
tion source using a fast shutter or a pulsed laser,
the triplet phosphorescence lifetime can be
measured.

From our preliminary reSUlts, the critical dis
tance at which energy transfer between molecule
and surface becomes important is rrw.ch smaller thall

the 510
111e

at
obtained for high
crystal studies

for overlayers from 10 A to
660 show no in the spectral
features. The of the adsorbed overlayer
in Fig. 10 falls at 3162 A, as compared to 3160 A
in the bulk sp,oct:nrrn and there is excellent cor··

1B3u splittings
systerr6. transi-

increase

Al though we have not the LEED
patterns for naphthalene on (111), the opti-
cal spectra are generally consistent with oriented
epitaxial growth in tenns of annealing, polariza
tion, and Dm.rydov splitting. Uke pyrazine, the
initially deposited overlayer at 10 K shows only
broad spectral features. The sharp features in
Fig. 10 are the result of annealing at 130 K and
the formation of an ordered overlayer. As dis
cussed earlier, tra~sition dipoles parallel to

for adsorbed and bulk
tion, marked by the
in Fig. 10, is also

1and 1400 cm- pnJgl:esSllJnS
width of the (~100
3162 A) is comparable to that
resolution naphthalene single
(~50 cm- l for the origin).
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Pyraz ine - Ni (III )
o

9A

rumAbsorption

(E II ipsorn etri c )

For decay components faster than 2 msec,
a pulsed dye ClVlX·4 with 10 jJsec
pulses) using Rhodamine B doubled is used to excite
the phosphorescence. The photomultiplier
olxtput is directly into a si..gnal averager to
store and the curve.

The structure of the transi-
tions on nickel (111) measured by excitation spectra
is identical to that obtained by

of ilie
results for the two region.
The 111TT* transition is also the complete
excitation spectwm. However, light intensity
in the excitation source, a xenon off
rapidly with decT(3a,;il1,g >VCAV '~.L'Ol!E
The uncorrected excitation ~n,~ri'Mrrn

shows the high
attenuated by this
is weak.

follow ellipso-
use the same system with only ex··

rearrangement of the optics. There are
of , excitation spectra and

measurement, and they have in COllTInon wi th
elLlpSO!netry the of the 111e

the is measured
arranged as

predlct:ed by theory. Pyrazine phosphorescence
been observed for adlayers as thin as 3 A ,

where theory a quantum yield five orders
of belo\\' the bulk value and slightly
thicker have equal
to bulk values. On the hand, a. thickness
depel1dc;nce on the excited state lifetime is

as well as a terrrperature depeJ1dcmt
~l,en(:hi.ng process; , singlet excita-

,,,,,.ori·r~ match the ellipsometry
These studies are being pursued

with extensions to emission spectra,
fluorescence from aromatic
and opt iCll1:y'detc;ctc3d m.agn.etJ.c

phos'ph<)T<3sc:erlce excitation spectra, the
is the xenon arc

the monochromator, i.s focused to
spot on the surface through the front view"

the surface at an of 22.5°
SUJrfElCe normal. Thevie~Tort is masked

for the beam aperture, which is filtered
to all visible and near UV light which might
interfere with from the
A tube (Ei\;lI is mOlmted at
a side port to observe phosphorescence. This port
sees the face at an angle of 67.5° from
the surface normal, so specularly reflected excita-
tion light does not the detector, The
photomultiplier tube is also filtered to eliminate
scattered excitation light and masked
from external light sources.

The concentrations and an vA'''v".L

mental that places the detector inches
from resul t in low light
levels photon cOlli1ting of
the ph<)srJhore:scc;nce is used.

For phosphorescence lifetL'11e measurement,
two techniques are used to modulate the excitation
source. TIle arc lamp-monochromator combination
is tlliled to maximize total phosphorescence and
shuttered with a 2 msec risetime electronic shutter.

. ELECTRON
OPTICS

MONOCHROMATOR

Fig. 11. Diagram of surface phosphorescence
experiments UHV chamber and optics. (XBL 7810-5905)

Phosphorescence Excitation Spectrum

Pyrazine-Ni (I11l
o

12 A

\r"""',y
~~.~~._L ,-::!~~~!_.....l.~l~

3200 3300 3400
"A (A)

Fig. 12, Comparison of phosphorescence excitation
spectrum of 12 A overlayer of pyrazine on Ni (111)
at 10 ]( with ellipsometry spectrum from 5.

(XBL 5656)
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lim y =
a+O

The observation of triplet state phosphorescence
for 20 A pyrazine overlayers on nickel was
unexpected. The triplet lifet:imes measured,
althDugh consistent with the observation of
phosphorescence, are equally at odds with
theoretical predictions for excited moleyules near
metal surfaces. The interaction of the -nn* and
3nn* states, which gives rise to the electric
dipole phosphorescence emission from the lowest
triplet state, should also give rise to long-range
non-radiative energy transfer from the triplet
excited molecules to the metal plasmon modes. By
the short-range energy transfer rate approx:imation,

1 E 2-E l
~Im[~]
4d 2 1

between 30 and 40 K with an apparent activation
energy for quenching of -250 em-I. This quenching
process is completely reversible. On the other
hand, a single prel:iminary exper:iment shows no
effect of temperature on triplet state lifet:ime.
For a 75 A overlayer, the lifet:ime is 19 msec at
25 K and 21 msec at 55 K. This suggests that a
change in the radiative or non-radiative decay
rate is not responsible for the quenching. Cer
tainly the intrinsic molecular decay rates are

PYRAZINE PHOSPHORESCENCE DECAY 5 A

50

Fig. 14. T:ime-resolved decay of pyrazine triplet
phosphorescence for 5 A overlayer on Ni(lll) at
10 K. Inset shows linear fit to exponential decay.
Excitation beam was 10 jlsec pulse from Chromatrix
~~-4 dye laser. (XBL 7810-5901)
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For a homogeneous 20 A pyrazine overlayer, the
triplet state lifet:ime is almost the same as for
the bulk molecular crystal. In the bulk crystal,
the lifet:imes of the three triplet sublevels are
averaged by spin-lattice relaxation into a single
exponential decay constant of 18 msec at 10 K.
For a 20 A overlayer on nickel, the decay rate
at 10 K is 26 msec, as shown in Fig. 13. There
is, however, evidence for a new decay channel for
much thinner overlayers. For a 5 A overlayer,
the decay rate is 1 msec at 10 K, as shown in
Fig. 14.

The phosphorescence intensity shows a strong
temperature dependence. Figure 15 shows that the
total phosphorescence intensity decreases rapidly

where El and E2 are the dielectric constants for
the ambient and metal, Yr is the radiative rate
constant, and y is the short range energy transfer
rate, the energy transfer rate should be -104 t:imes
greater than the radiative rate for an excited
pyrazine molecule 10 A from the nickel surface,
and -103 t:imes greater for a 20 A separation.

2.8 2.6
(38 K)

Pyrozine·Ni (III)
o

25 A

3.2 3.0
r 1xI0 2

~
if)

c::
(j)-c::.....
(j)
u 10c::
(l)

u
if)
(j)...
0

.s:::.
0.
if)

0
.s:::.
Q..

2

3.8
(26K)

Thermal Quenching of Pyrazine
Phosphorescence

Fig. 15. Thermal quenching of pyrazine triplet
phosphorescence for 25 A overlayer on Ni(lll).
Activation energy is -250 em-I. (XBL 788-5655)

100.----,--,-----,---.---.---.

T * 26 msec

PYRAZINE PHOSPHORESCENCE DECAY 20 A
Time (m sec)

or-_-'2=ro=--__4To__:::..6or-_~80:::::::::;;=I0:f0~~>"""='--

Fig. 13. T:ime-resolved decay of pyrazine triplet
phosphorescence for 20 A overlayer on Ni(lll) at
10 K. Inset shows linear fit to exponential decay.
Excitation beam was shuttered with 2 msec risetime
electronic shutter. (XBL 7810-5902)

I
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not expected to increase, as the pyrazine bulk
quantum yield is constant (~0.03) over a wide
temperature range. The nonradiative decay rate
for resonant energy transfer to the surface con
tains no temperature dependence.

iii) Phosphorescence lifetimes for pyrazine
on nickel do not follow present theory for long
range non-radiative decay to the metal. Energy
transfer appears much weaker than predicted and
intermolecular exciton migration may be important.

C. B. Harris and P. M. \fJhitmore

2. GENERALIZED ELLIPSQVIETRY OF ANISOTROPIC OVER-
LAYERS ON METAL SURFACES

f'lo- l ko z"O
y

Z
f'll -l kl

The optical spectroscopic studies of chemisorbed
layers on metal surfaces have attempted to wlder··
stand the details of the metal-adsorbate interaction
through the optical absorption spectnnn. However,
this information should also be available from
the real part of the dielectric tensor for an
anisotropic molecular overlayer. The relative
orientation of the principal axes for the dielectric
tensors of metal and adsorbate provide s~ne infonna
tion about the molecular geometry of the chemi
sorbed molecule with respect to the metal surface.
The magnitude of the dielectric tensor components
is an indication of the electronic redistribution
which takes place upon adsorption to the surface.

Most theoretical treatments of reflection from
substrate-overlayer-ambient systems assume an
isotropic overlayer and involve calculating the
Fresnel reflection coefficients given the refrac
tive indices for the three phases (Fig. 1). lfihen
this method is extended to birefringent overlayers,
the calculations become tedious and cunmersome.
A particularly elegant formulation of this problem,
one which lends itself to easy generalization to
anisotropic and optically active systems, is the
4 x 4 matrix technique developed by Berreman. l
we have adapted this treatment to study an aniso
tropic dielectric overlayer on a metal surface,
a model which might represent, for example, a
chemisorbed layer on a single crystal transition
metal surface. This is used to predict the ellipso
metric parameters 1jJ and fI, given the optical con
stants and geometry for a known sample.

i) Amorphous overlayers can be annealed to
form well-ordered crystals on single crystal nickel
surfaces for pyrazine and naphthalene. This
ordering, which appears in sharp spectral structure
and bulk crystal Davydov splittings, may be
enhanced by the metallic substrate.

Summary

This article has described the UV spectrum of
several aromatic molecules adsorbed on a single
nickel crystal surface at low temperatures and
the phosphorescence of pyrazine on nickel (111).
In. particular, it has focused on the similarity
between molecular properties and the behavior of
physisorbed overlayers. Several general statements
concerning long-range ordering, electronic energy
levels, and energy transfer can be made.

A possible explanation for this behavior is
a mechanism where short-range intermolecular ex
citation transfer to the vicinity of the surface
is the principal mode of relaxation. Bulk pyrazine
phosphorescence at liquid helium temperatures is
from defect traps 100-200 cm- l below the triplet
band. The existence of defects is also very
probable in an annealed overlayer on a metal sur
face. Future studi.es of the emission spectrum
of the pyrazine overlayer will settle that question.
Triplet excitation in the overlayer will be rapidly
trapped at the defect sites. If direct energy
transfer between the defect traps and the surface
is much slower than theoretically predicted, then
the 250 cm- l activation energy for quenching can
easily represent the detrapping of triplet excita
tion from the defect states into delocalized or
band states of the molecular overlayer. The
excitation can migrate as an exciton to the
immediate vicinity of the surface, where it relaxes
into the metal. That this relaxation at very small
separation occurs has been sho\~ by the 1 msec
lifetime for the 5 Aoverlayer in Fig. 14. The
kinetics of a two level syst~n, where the defect
and mobile states compose the two levels, are well
kno~. The decay of the defect phosphorescence
will be biexponential. One decay component
approaches the intrinsic decay rate, including
the direct energy transfer rate to the surface.
The other component approaches the detrapping rate,
If the relaxation of the mobile state is comparable
to the detrapping rate. This provides a satisfac
tory explanation for the repeated appearance of
the 20 msec decay, even at temperatures where the
phosphorescence is strongly quenched. The quench
ing process represents the second mechanism of
detrapping and migration, whose decay may be too
fast to observe with our equipment.

ii) The spectra observed on surfaces by
ellipsometry are very similar to those for the
bulk crystals. Certain subtle differences, how
ever, such as the vibronic frequency shift in
pyrazine and the absence of the lnn* transition
in pyridine, indicate the existence of some long
range surface-adlayer interaction.

~-~--------------z"d

nz-l

Fig. 1. Geometry and optical constants for three
phase (ambient-overlayer-substrate) system.

(XBL 7811-6215)
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The of this is
casting into matrix form. In
rationalized Lmits, the two IvlaA'1vell 's "curl"

can be written as (.Ia)

fields match there. This is equivalent to requir
ing that the x-component of the propagation matrix,
called E;, be constant for all the fields. E; is

by

D
Y

D
z

(6)

\'1here No is the refractive l11dex of the ambient,
and i/Jo IS the angle of incidence. 1ne field then
will have an e-1E;x dependence, so

(7)

The curl operator then becomes

Bz
~%z

o
~iE;

(8)

Igno:rirlg nonlinear optical effects, the con
stitutive relations can be written

Substituting this into Eq. (la) , one gets two
linear algebraic equations, which can be solved
for two of the field components, Ez and ,in
terms of the other four field c~nponents. These
can then be substituted into the four remaining
differential equations, thus eliminating two of
the field variables. The result can be cast into
a 4x4 matrix differential equation:

o G =
~-~.: ...........

h~len 0 is a c,nwm,,1-,'i r-

and l~wer
operators,
ized field vectors,
Cartesian con~onents of
the components of Qand
time depe:ndl~n(~e

(lb)

right
curl
general

of the
second of.,aSSUlneCl

%z ~) = -.ioo 61£

where ~ is a 4xl generalized field vector

(9)

(2 )

where M is a 6x6 matri.x which contains all the
information about the medium supporting the field.
Mcan be constructed from the submatrices ~ =

~--;

E
x

H
Y

E
Y

(10)

-Hx.

is independent of z over some finite dis
we can integrate Eq.(9) to give

is a 4x4 matrix derived from the optical
M.

If
tance

and

(3)M =

, are the 3x3 dielectric and magnetic
, and ~ and ~ I are the Ulj~J.'_'H

rotatIon tensors.

Here

To find P(h) , solve for the eigenvalues, qj of ~
and construct a diagonal matrix K(h) whose nonzero

I iqJ' h Tl f' d ~ ,e ements are e . len' In tne eIgenvectors
for each q; and construct 4x4 matrix lJ.! from them.
The propagation matrix P(h) is then given by:

P(h) = ~ K(h) ~ -1 (12)
:=:::::::. ~

. (2) into (lb), we get

o G = ioo M G (4a)

or, the time dependence of g,

(4b)

where r is the part of the
field vector.

~ (z+h) = P(h)~ (z) (11)

111e boundary conditions at the z=O interface
require that the components of all the

We now invoke the synmletry of the reflecting
system to reduce the con~lexity of the probl~n.
Here we are concerned with monochromatic plane
waves obliquely incident in the x, z on a
surface lying in the plane. 111ere is no
variation in the components in the y direc··
tion, so

6/oy = 0 (5)

This gives the wave solutions and characterizes
their propagation in an arbitrary medium.

In practice, then, one attempts to solve for
the wave reflected from the ambient"overlayer
substrate system. Prom the geometries and optical
constants for the three phases one calculates the
solutions to the i'1aVe equation. Boundary condi.
tions are then applied at the substrate-overlayer
and overlayer-ambient interfaces which then deter
mine the solutions for the reflected and trans
mitted waves.
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We also examined a uniax"ial over-
with the optic axis in the plane of the sur-

face and at various with the of
incidence. The results are in Fig. 3.
~\~en the optic axis lies in or normal to the
of inci_dence, the reflection matrix is ULd)c('j]lcLl

and there is no
optic axis rotates in the
the elements the reflection matrix
become nonzero and the characteristic
dependence is exhibited.

of 1j! or 6. For a trans
with the optic axis at

some orientation, there is a
angle dependence of and L\, with
at 0 and 90° due to "I-";."nr'hrmc

Eq. (17) . 2).

(13)

(14 )

= N
o

N E
o P

E
s

field vector will look like

It is customary in these problems to speak of
the two different polarization states of the
electric field vector, the s I~C'"ld"L 1- L"d L1-Ull

to the plane incidence and
p-polarization lying in the plane. In a non
magnetic isotropic ambient we can relate the com-
ponents of the E and H fields the index
of refraction No.

H IE =
P s

Then a b"H'-) aLLLAOU

of 6 for IT0i<L'<:ial
of the sur

to the plane
(XBL 7811-6182)
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Fig. 3. Polarization dependence
overlayer with optic <L'<:is i_Tl the
face and oriented at various
of incidence.
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2. Comparison of polarization dependence
for isotropic and anisotropic overlayers.

For the anisotropic , a wliaxial overlayer
was chosen with the optic axis 30° from the surface
normal and 30° from the plane of incidence.

(XBL 789-

-119"1 -
(6)

(17 )

(15)

of the

P) I(R +R Itan p)
ss sp

r Ir
p s

The ellipsometric paraJlleters 1j! and L\ can nmv
be calculated.

=x:lr ="IE IE, IIIE IE, IP s rp 2P~i rs 2S

In tenlS of the reflection matrix elements,

A computer prograJJ1 has been written to compute
the ellipsometric parameters from the optical
constants and geometry for any given three-phase
system. Ine particular IJ10del of interest sDllulates
aJ1isotropic overlayer on a nickel single crystal
substrate. Also attention was focused on the
dependence of ~) and 6 on the polarization of the
incident light, this be illg the eas iest experL-"
mental parameter to vary.

Given an incident wave with s and p electric
components, we can construct a reflection matrix
describing the polarization of the reflected wave:

where P now is the polarization
incident light.

It is Dnportant to note that in Eq. (17) there
will be a polarization dependence of ljJ and 6 only
if there are nonzero off-diagonal elements of the
reflection matrix, that is, only if there is some
mtxing of the sand p components upon reflection.
l11is suggests that in the case of an isotropic
overlayer there should be no polarization dependence
of 1j! and 6, siJ1ce there should be no mixing of
polarization states. For anisotropic overlayers,
though, there will be in general mixDlg of s and
p components, so a polarization dependence should
be expected.

'The results of computer calculations verify
this behavior. In the case of isotropic overlayers,
the reflection matrix is diagonal: there is no
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The properties of the coherently excited
ensemble are investigated by the use of a probing
pulse. The versatility of the picosecond laser
methods results from the fact that several dif
ferent probing processes can be used, and by con
ducting a series of experiments on the same mole
cule one can learn a great deal about its vibra
tional dynamics.

between the laser pulse and the sampie is a stimu"·
lated process, the coherence of the exciting pulse
results in a coherent vibrational excitation. The
vibrational excitation can therefore be described
in terms of its wavevector, and the coherent
interactions involving the laser pulses and the
sample medium can be visualized using a wavevector
diagram, as in Fig. 1. It is the coherent nature
of the stimulated Ran1an process which is the cru
cial feature of these experiments, and which
explains why this kind of experiment is useful
for studying the problem of inhomogeneous
broadening.

The extraction of quantitative information from
these experiments requires a theory which treats
the stimulated Raman excitation process, the sub
sequent relaxation of the molecular ensemble, and
the probing process. For many cases of interest,
adequate theoretical treatments do exist. For
the case of transient stimulated Raman scattering
in inhomogeneous media, however, the only theory
currently available employs severe approximations.
Since the question of inhomogeneous broadening
is such a potentially fruitful field for the pico
second spectroscopist, the development of a more
accurate theory is of great importance. 'This is
currently in progress in our laboratory, and we
present an outline of our treatment, along with
comparisons to the already existing theory.

ProbingExcitation

In conclusion it seems possible to extract
molecular and electronic structural information
about chemisorbed layers without a detailed know
ledge of the optical absorption spect~n. Even
for adlayers with broad, unresolved absorption
peaks, the angular dependence of the pllase shift
of reflected light is, at least in principle,
sufficient to provide some information about the
real part of the index of refraction tensor, which
in tunl should lead to a better understanding of
molecular orientation and electronic distribution
in the chemisorbed layer. Work is in progress
to experimentally examine anisotropic overlayers
and verify the salient features of the above theory.

3. A COMPLETE 1HEORY OF TRANSIENT STIMULATED RAMAN
SCATTERING*

1. Dwight W. Berreman, J. Opt. Soc. Am. ~, 502
(1972) .

During the past few years, spectroscopic tech
niques involving the use of picosecond lasers have
been applied successfully to the investigation
of vibrational dephasing in condensed phases. The
potential of these methods in the field of vibra
tional spectroscopy can be judged by their
accomplishments to date, which include measurements
of dephasing times in liquids and solids, direct
observations of population relaxation and redis
tribution in liquids, and the evaluation of homo
geneous dephasing times for inhomogeneously
broadened transitions in liquids. In our recent
work, we have begun to focus on this latter ques
tion of inhomogeneous broadening. Laubereau and
Kaiser have demonstrated that picosecond laser
studies on such systems have the capability of
yielding valuable infonnation, and they have
already reported homogeneous dephasing times for
several liquids. These studies have shown that
inhomogeneous broadening can be an important factor
in liquid vibrational spectra, but as yet no clear
picture exists of the mechanism or detailed
dynamics of this broadening process. Both the
planning of future experiments and the inter
pretation of existing data are hampered by the
lack of an accurate theory of the propagation of
ultrashort light pulses through inhomogeneously
broadened media. We have therefore undertaken
the development of such a theory, and will present
a discussion of it below. In addition, we will
mention briefly some experiments in progress that
have been suggested by our theoretical calculations.

C. B. Harris, P. A. Cornelius, S. M. George,
H. Auweter and R. M. Shelby

In a typical experiment of the type we wish
to describe theoretically an intense picosecond
pulse traverses the sample and creates an excited
population by the process of transient stimulated
Raman scattering. A second, weaker pulse is then
used to probe this excited ensemble; it is the
scattering from the probe pulse which is detected
as the experimental signal. These experiments
exploit the fact that the ultrashort light pulses
available from a mode-locked laser are fully
coherent (transform-limited). Since the interaction

Fig. 1. Wavevector conservation diagram. S is
the angle between the exciting and probing pulses,
and y is the anti-stokes angle. (XBL 7612-7944)
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An approximate solution to the set of Eqs. (2)
and (3) was published by Laubereau, Wochner, and
Kaiser in which they assumed that the vibrational
excitation was equal in magnitude for all the
subensembles, and that only phase differences
between the various j 's were important. In other
words, they used the approximation:

-5 0 5 10
t (psec)

{
exp [-(t/6.3 psee)2J. tsO

I -
loser- seeh [t!3,9 pseeJ, t 2:°

10 Loser

0.8
Pulse

0.6

0.1 0.4c:
o

0,001L.-_-L.._~l-_-L._---l__-L._--..J_--l

o 15 20 25 30
!:J.w (em-I)

viously by Carmen et al. We have carried out a
careful investigation of the validity of the
assumption represented by Eq (4). Our procedure
consists of numerically integrating the coupled
Eqs. (2) and (3) without the use of any further
approximations. The results of this calculation
have demonstrated that the approximation (4) is
in many cases a severe one, and that accurate
interpretation of experimental results demands
that the approximation be avoided.

It should be noted that for the case of a
single component (homogeneous) line, an analytic
solution to (2) and (3) has been obtained by
Carmen. This can be used as a check on the
accuracy of our numerical integration program,
and we have verified that our procedure gives
satisfactory results for the single component case.
For multiple-component lines, we have compared
our results with the approximate treatment of
Laubereau, and have found significant and important
discrepancies. The first of these is illustrated
in Fig. 2, where we show the relative vibrational
excitation as a function of 6w. In our treatment,
the amount of excitation diminishes rapidly toward
the wings of the vibrational frequency distribu
tion. This is physically reasonable, in view of
the fact that the excitation involves a stimulated
process in which gain is important. The approxi
mate treatment, on the other hand, would predict
equal excitation in all parts of the line, in
striking contrast to the exact calculation.

Figure 3 illustrates a second significant dis
crepancy, which arises from the way in which the
two different treatments describe the excitation
process. vVhen Eq. (4) is used, all of the
molecules are driven during excitation at the
frequency of maximum stokes gain, but each molecule

;-

o
3:! 0,01

;-

.8
u
x

W

<l)
".

(3)

(1)

j=l

(X,t) exp [i (k ,x-w,t)]
] ]

(
L + i-) Q, = iK

2
F)F * exp (-i6W,t)

at 21 ] _. s ]

<q(X,t»

where Qj is the complex vibrational amplitude for
sub-ensemble j, kj is the corresponding wavevector,
and Wj is the frequency. The light fields and
their interaction with the vibrating molecules
can be described according to a well-kn01\1J1 proce
dure using the nonlinear wave equation. This
results in a set of N + 1 coupled differential
equations involving the incident laser field, the
stokes field, and the N vibrational amplitudes:

N

iK1 E1 L: NjQ/exp (-i6W/) (2)

where Vs is the velocity of the stokes wave;
and Es are the complex amplitudes for the laser
and stokes field, respectively, 6wj is the dif
ference between the vibrational frequency of sub
ensemble j (wj), and the frequency of greatest
stokes gain (i.e., the center of the line);

Kl = TIws2/c2Ks aa/q, where Ws andKs are the stokes
frequency and wavevector, and 3a/Clq is the
differential polarizability; Kz Cla/Clq [4m (w~-ws)]-l
where m is the reduced molecular mass for the
vibration of interest, and W~ is the laser fre
quency. It should be noted that Eqs. (2) and (3)
were derived using the slowly-varying envelope
approximation and assuming no depletion of the
laser pulse. In addition, the parameters m and
acx/aq were assumed to be independent of j. We
believe that these assumptions are very mild and
that Eqs. (2) and (3) afford an accurate descrip
tion of the excitation process.

The first step in our theory comprises a
description of the excitation process. For this
purpose, we use a classical approach in which the
light fields (an incident laser field and a
generated stokes field) are represented as plane
waves with slowly-varying time-dependent amplitudes.
The vibrational medium is represented as a collec
tion of non-interacting, damped harmonic oscil
lators, and the inhomogeneous distribution is
accounted for by dividing the ensemble into a set
of N sub-ensembles, each having a number density
Nj and a vibrational frequency Wj' The total
vIbrational amplitude <q(x, t» for the inhomo
geneous ensemble is given by:

N

(L +:!:- L.. ) E =ax v at s
s

(4)Q, = Q (x,t) exp (i~,)
] ]

substituting this expression into (2) and (3) and
expanding to first order in the phase factors ~j,
they were able to uncouple the equations and solve
them numerically using a procedure worked out pre-

Fig. 2. This illustrates the degree of vibrational
excitation as a function of 6w, the distance from
the center frequency. In the approximate treatment
discussed in the test, Q = 1 for all values of 6w.

(XJ3L 783-4736)
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COHERENT PROBE SCATTERING
FOR INHOMOGENEOUS LINES

(approximate calculation)
I,O..--~-~~-,-,---,-~'~~-'----'--~-'

T2 ~ 4,6 psec

*T2 =0041 psec

relaxes with its own characteristic resonance
The exact treatment, without (4),

does not the fact that those molecules
not at the center frequency interact off-resonance
with the stokes field. Thus, the two treatments
differ in the calculated phase of the excited
molecules, as . 3 clearly shows.

The phase of the excited molecules is an impor
tant input for the second step in the theory, which
involves the probing process. This in
itself presents no great difficulties, since the
observed scattered signal arises from a simple
convolution of the probe pulse profile with the
total vibratimlal amplitude. Experimentally, we

the time of arrival of the probe pulse relative
to exciting pulse, and then fit the experimental
data to the theoretical curve in order to obtain
relaxation and dephasing times. However, Figs. 4
and 5 show that the earlier approximate theory
and our exact theory differ markedly in their
results for the probe scattered signal as a function
of delay time. Note particularly the peak positions
and the slope of the decay, which are the two most

quantities for fitting the experimental
Once it seems clear that using the

exact treatment is a necessity for the correct
interpretation of eATerimental results.
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Fig. 5. Compare this diagram with the previous
one. Note that the peak positions and slopes of
the decaying curves are different, indicating that
the use of the approximate theory could lead to
incorrect interpretation of experimental results.

(XBL 783-4731)
*Partially supported by National Science Foundation.
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Fig. 3. Phase angle as a function of time for
two components of an inhomogeneous line. The
dashed line is the approxunate theory, and again
the difference between the exact and approximate
treatments is clear. (XBL 783-4733)

Our current experimental work involves measure
ments of the probe scattered signal Dl the fre
quency domain. By measuring the coherent probe
spectrum as a function of delay time and using
appropriate wavevector geometry, one should be
able to determine (1) the rate of dephasing of
an individual component (T2*)' and (2) the rate
of exchange between different environments. TIle
theory discussed above is being extended to help
interpret such data, which, it is hoped, will shed
some light on the dynamics of the inhomogeneous
distribution.
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This frequency shift, 8w, arises as a result
of the intramolecular anhannonic coupling between
mode A and the exchanging mode. To illustrate
this, the anharmonic vibrational potential is ex·,
panded as a power series:

of mode A relative to the an~litude of the modula
tion that determines the ~portance of phase
memory. As shown in Fig. 1 the rates are given
by W+ and W_ and the an~litude or frequency shift
by 8(;J.

(2)+

where the Q' s are vibrational normal coordinates
in the harmonic approx~ation. A perturbation
calculation to second order of 8w shows the
largest contribution comes from the tenn

in the above expansion, and is given by 8w = 4C1l22'
TI1is gives values of 8w on the order of a few
cm"l to tens of cm- l ,

C. B. Harris, S. Marks and P. A. Cornelius

4. VIBRATIONAL ENERGY EXCHANGE IN CONDENSED PHASES
OBSERVED BY SPONTMJEOUS RAMAN SCAITERING'k

Vibrational dephasing lnay occur by a variety
of mechanisms, including inhomogeneous broadening,
energy relaxation and redistribution, and "pure
dephasing" processes which result from a modulation
of the vibrational phase without energy redistri
bution. One such "pure dephasing" mechanism is
that of energy exchange. We have developed a model
for this process, in which a high-frequency mode
of a polyatomic molecule is anharn~nically coupled
to a low frequency intramolecular mode. When this
low frequency mode is excited and de-excited, the
coupled high frequency mode experiences a lnodula
tion of its transition frequency. The resulting
effect on the Raman lineshape of the high-frequency
mode has been described theoretically, and thus
experimental lineshape data can be analyzed to
obtain important molecular parameters.

ITTTTI"rTn-rTTTllTTTTTfTTf'T"rrTT
-Sw/2 8w/2 8w 38w/2

Using a reduced-density matrix fonnalism in·
corporating the assumption of Markoffian stochastic
excitation and deexcitation of the exchffi1ging
modes. The resulting equations of motion deter
mine the autocorrelation function, and hence the
lineshape. The ffi1alytical form of the lineshape
is:

(w'-ow/2)]

Sw ' 5 em-I

(far' " 5 psee

Ds " 150 em-I

I(W)=

where w' = w-wo - 8w/2. This is plotted in Fig. 2.
The temperature dependence results from the assump
tion of detailed balance W+ = 1/1 exp (- Ea/kT) .
The important point to notice is that the
retention of phase memory which occurs in
intennediate exchange reg~e (i.e., W+, W. ~ ow)
causes a temperature-dependent linewidth and
effective Raman frequency.

Fig. 2. T'nis figure shOl1n as an ex~le of the
temperature dependence of the exchange lineshape
for the parmneters sho\yn in the figure. The five
curves correspond to the following temperatures:
Curve #1=150 K; curve #2=250 K; curve #3=500 K;
curve #4=800 K; ffild curve #5=1500 K. For this
calculation the exchange rates were given by
W+ YB(n(TB) and W_ ~ YB(n(rB)+l) where
rb = ISO cm- l (XBL 7711-6474)

nv"O,nt I

-~~~~~nv" 0, rJt" °-Ground Stote

E,l v' .. ".' "'f I --F l ~_,,,
~..,.~~- -v-- nv"l, nt"O-, - - - - ,

Scattering Processes

w+" Scattering rate from V

Wo+ Sw (; " Lifetime in VI

The basic ideas of this theory are depicted
by the vibrational energy level scheme of a typical
polyatomic lnolecule sho\1n in Fig. 1. The key idea
is the partitioning of the degrees of freedom of
the molecule and surroundings (excluding the
vibrational mode whose dephasing we wish to cal
culate, hereafter called mode A) into two groups,
the exchanging modes and the reservoir. The ex
changing modes are those modes that interact
strongly with n~de A such that their excitation
shifts its frequency (e.g., from Wo to Wo + 8wj);
see Fig. 1. Excitation and deexcitation of the
exchanging modes can occur due to either resonant
energy transfer from neighboring molecules or by
interaction with the thermalized reservoir modes.
It is the rate of resulting frequency modulation

Fig. 1. Energy levels for vibrational exchange
between two modes denoted by V and V'. A vibra
tional mode of frequency Wo and vibrational
quantum number nv interacts with some low-frequency
mode shifting the frequency by 8w. Excitation
and de-excitation of the exchanging mode occur
with the rates W+ and VL. The resulting modulation
of the vibrational frequency is s~nilar to the
modulation of the Larmor frequency in the two-
site exchange problem in NMR. The exchange process
manifests itself in the Raman spectrum through
the vibrational correlation function.

(XBL 774- 5291)
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Table 1. Summary of pure dl4 -durene C-D stretches.

In a previous series of experbnents, we applied
the above theory to observed frequency shifts and
line broadenings in 1,2,4,5-tetra methyl benzene
(durene). We recently carried out a similar in
vestigation on the deuterated form of this molecule,
dI4-durene, and the molecular parameters obtained
for a set of lines in the C-D stretch region are
tabulated in Table 1.

-1
(2225.9 em )

<-1
E i '" 240±10 em -

Bl-g Methyl Rock in ~1
d14-durene: 240 em

ow '" -16±1 em- 1

-1em

Bl g Methyl Rock in _
-1h14-durene: 282 em

-1ow 0= -21 em

E i '" 263±20

In addition to the data for the pure deuterated
sample, we obtained similar information for mixed
crystals over a range of d14:h14 ratios. Of
particular interest is the quality T, whose
behavior upon dilution can be related to the amount
of delocalization of the low frequency mode. This
can be understood as follows: if the low frequency
modes are completely localized (intramolecular)
modes, then the exchange process is a resonant,
nearest-neighbor energy transfer. This rate would
be highly concentration dependent, and T would
therefore be expected to increase upon dilution.
If, on the other hand, the low frequency modes
are delocalized (vibrational exciton) modes, then
nearest-neighbor effects do not play a role and
T would be expected to be concentration independent.
Our data is shown in Table 3, and different types
of behavior occur for different lines. In the
case of the modes at 2225 and 2212 cm- l , T remains
constant, and thus the dephasing modes in these
cases appear to be delocalized. In the case of
the 2191 cm- l mode, however, T does increase upon
dilution, which suggests some localization .

h
14

-durene

Very interesting results appear in the study
of the concentration effects associated with the
2190 cm- 1 C-D stretch in d14-durene. Unlike the
other cases, here the energy corresponding to the
low-frequency mode varies upon dilution; in pure
d14-durene it is 240 em-I (corresponding to the
in plane methyl rocking motion in dI4-durene) it
is 285 cm- l when h14-durene is the predominate
species (corresp~lding to the sa~e methyl rock
in hI4-durene), as shown in Table 4. This sug
gests that we may be observing the anharmonic
coupling of the methyl motion on an adjacent
molecule with the 2190 em-I. If thIS IS the case,
then we conclude that 0.30 psec is the lifetime
of the dl4-durene methyl rock and that 0.19 psec
is the lifetime of the hl4-durene methyl rock.
An additional supporting piece of evidence is that
the study of the 2970 cm-1 C-H stretch in
h14-durene (pure so~id) .is.that lifetime of the
285 em-I methyl motIon IS Indeed 0.19 psec.

Table 2. The Ag C-H (or C-D) aromatic stretch in
durene.

A more detailed comparison between the two
isotopic species studied yields another interesting
result. Table 2 shows the c~nparison of the Ag
aromatic stretching modes in d14- and hI4-durene,
along with their dephasing modes as identified
from Table 1. The pairing of the modes observed
here is exactly the same as for h14-durene, which
constitutes an important link in the chain of
evidence supporting our theory.

Dephasing
Mode

-1
Ei(em ) T(psee)

ow
-1(em )

Peak
-1(em )

The first important point to notice concerns
the observed activation energies. As in the
earlier hl4-durene work, each measured activation
energy corresponds to the energy of some low-energy
mode of the molecule (these are the numbers in
parentheses in the table). On the basis of this
fact, we conclude that each high-energy mode couples
predominantly to one low frequency mode, and that
thus the simple two-mode scheme depicted in Fig. 1
is applicable.

2211. 6 -11.41.6 200±10 . 451.05
( 200)

2225.9 -16.11.7 240± 15 .361.07
Ag:Aroma tic (240)

2250.1 - 4. 9±. 3 105±10 3.1±.3
(103)

2238.9 - 5.6±.2 90± 15 4. 3±. 2
(92)

2191.1 +I9.5±1 24 O± 20 . 3±. 06
(240)

2049.9 + 8. 8±. 4 190±12 .77±.06
(200)

2035.4 -12.0±.5 252±10 .66±.03
(240)

By statistical analysis of lineshape data
obtained at various temperature the following
parameters can be extracted: (1) the lifetime
(T) of the first excited state of the low fre
quency mode; (2) the size of the coupling (ow)
between the two modes; (3) the scattering rate
(W+) from the ground state of the low-frequency
mode; and (4) the energy difference between the
ground and first excited state of the low-energy
mode (this appears as an "activation energy" for
the linebroadening and frequency shift). Of
particular interest are (1) and (4) above. The
lifetime, T, that is measured in these experiments
represents a pure population relaxation (TI) --
a quantity difficult to measure by any direct means.
The activation energy motion of the molecule is
important for dephasing of that mode, again
providing information about intramolecular dynamics
which is otherwise difficult to obtain.
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Table 30 Concentration dependency of C-D stretches
of d14-durene in mixtures of d14/h14
dureneo

2225 cm~1 Stretch

Environment

50% d l4 -durene

50% h l4 -durene

25% d l4 -durene

75% h 14-durene

-1601±o7

-1500±l

-14ol±1

240±10
( 240)

250± 10
(240)

250±10
(240)

T(psec)

o 36±o 07

035± .07

.34±o07

2212 cm- 1 Stretch

Environment

50% d l4-durene

50% h l4 -durene

25% d l4 -durene

75% h l4 -durene

OW (em-I)

-11.4±o6

-11.3±.6

-11.3±.6

200no
(200)

2 OO± 10
(200)

2 OO± 10
(200)

T (psec)

.45±O05

o 51L 05

o 57±' 05

2035 cm- 1 Stretch

Environment

100% d 14-durene

50% d 14-durene

50% h14-durene

25% d l4 -durene

75% h l4 -durene

10% d
14

-durene

90% h14-durene

-1200±o5

-lOo5±1

-11. on

-1200±1

252±15
(240)

211±15
( 240)

230±15
(240)

235±15
(240)

T(psec)

o66±. 05

o9± 005

lol±o08

1.2Ll
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Table 4. The concentration effect on the dephasing
channel of the 2190 cm- I dI4 -durene
stretch.

Env i It

50% d
14

-durene

50% h 14-durene

0W (em-I) -1
T (pseeL'i (em )

19.5±1 24 O± 10 .30±.05

21,11.5 260±10 .241. 03

19:1:.03

• 21±' 03

285±10

280±1022.41.5

21, 6±. 5

25% 4-durene

75% h
14

-durene

!--~-'-·-~··~···-_·_···--~~4-~_··-·-··_·~·r---··-~···_·_·-t-._~--~..~
10% dl{-durene

90% '14 '-durene

To carry out the analysis sketched here
the only required is the tempera-
ture lineshape function.
Thus it is detailed insight into
the intramolecular dynamics of polyatomic mole
cules, as well of some knOWledge as to the amount
of delocalization of low frequency modes. Because
of its great utility, this technique should become
more frequent in future energy transfer studies.

-*-""-~~-_.~-

supported by National Science Foundation.

which provides for both progran@able control of
the optical multicharmel analyzer as well as the
data collection and mffilipulation routines.

The operating system we have developed is based
on Fortran IV, although the actual data collection
routines were optimized using Fortran-callable
assembly language routines. The O'vjA 2, from
Princeton Applied Research Corporation (PARC) ,
is scan instructions from a Equipment
Corporation (DEC) LSI~ll microcomputer by means
of a l6-bit parallel interface, The digitized
data from the OIvlA Controller is collected in real
time through a 160bit parallel interface at up
to 25 K words/sec.

5. LSI-ll BASED OlYJ:'ICAL IvIULTICHAi"lNEL ANALYZER
OPERATING SYSTETh1 FOR SURFACE ~Wu~ SCATfERING
STUDIES

C. E, Harris ffild J. L. Chao

In recent , developments in the area of
semiconductor devices have been most

inlpressive. Certainly in the area of experimental
physical the development of this new
teclmology was paramount importance to the
attainment of a new level of instrumentation here
tofore unavailable to the research scientist.

The Optical Ivlul tichcmnel
of these instruments. The inherent
vity of the silicon intensified
detector of the optical ,
coupled with the discrete diode array aspect the
detector adds a new dimension to optical spectros
copy. The use of the optical multichannel ffilalyzer
in conjunction with a dispersive monochromator
allows one, in effect, to digitally process an
entire lineshape function simultaneously. This
not relieves one of the necessity to scan
the frequency of interest, but also makes
lineshape studies easily accessible for transient
optical signals.

We would like to describe the development of
a comprehensive hardware and software configuration

of the OMA 2 Data

The user of the optical multichannel Cln81 \TZE~r
interactively runs a series of programs from a
graphics terminal cOilllected to an LSI -11 micro
computer. The LSI-ll computer is configured to
operate uIlder a DEC RT-11 disk operating system
which supports a hardcopy terminaJ, a hardcopy
graphics plotter, as well as two digital-to-analog
converters.

In the first part of the the user
selects the scan parameters a particular scan-
ning routine, \vhich are then translated to
instruct:i.ons for the 1216 Ivlultichmme1 Detector
Controller. These scan parameters include the
region(s) of the target to be scmmed, the dwell
time in any particular charmel (or vertical column
of pixels), and the total number of scans to be
accumulated in memory.

A l4-bit analog-to-digital converter presents
the data sy~~nchronously to a 16-bit TTL bus which
is then collected in real-time by the LSI-ll
microcomputer. A single-ended "handshake" was
built into the interface to system
integrity.

Once the data has been collected, the user can
also collect a background scan, in order to
subtract out any effects of concommitant dark cur-
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C. B. Harris, H. J. Robota andA. R. Gallo

We have developed this operating system with
continual expansion in mind so as to offer the
user more features and flexibility as the need
arises. Some of these features would include

tracks data collection and time resolved
electronic shuttering of the OMA detector. Both
of these features would allow one to electronically
record simultaneously more than one aspect of a
transient optical experiment.

rent. At this point, the data may be viewed
directly, plotted on the screen or hard-

terminal, or stored a data file on a floppy
One can also look at previous data

stored on a diskette repeat the experinlent, or
do a different routine.

Investigation of chemical and physical processes
on surfaces poses many special problems to the
experimental chemist. Before studying reactions
on a surface one must assure that the surface is
clean and well characterized. Furthell11ore, the
probes used should not interfere with the process
being studied. We have designBd and constructed
an ultrahigh vacuum chamber offering a
of surface sensitive techniques. Since each tech
nique offers limited information about the surface
mteractions u~rlder investigation, a range of tech
niques available in a single experimental chamber
will greatly enhance the opportunity to obtain
conclusive information about reactions on metal
and semiconductor single surfaces.

The main experimental chamber is a Varian
Associates Bell Jar custom modified to our

To assure absolute cleanliness, the all stainless
steel chcunber is rough pWllped with liquid nitrogen
cooled purnps. The main pWllping is provided
by a 400 ion purnp with additional plTIllping by
a liquid nitrogen cooled titanium sublimation
added as a side-arm of our design. Gases may
admitted to the vaCUUlll chamber through a variable
leak valve from an external vaCUlTIll system. A
6-in. gate valve provides throttling of the pmups
to maintain a reasonable flow of fresh gas to the
crystal surface while not overloading the chamber
and pumps with residual material We expect
routine operation in the mid 10.. 11 Torr region.

Low light level signals be detected by using
extended delay methods. Since dark current
be a substantial fraction of the signal CtC~CC~cu
by the Q\1A, one can substantially reduce the dark
current by as much as 104, by lowering the tempera
ture of the detector. We have built a closed
system system which uses a liquid
ethanol at -60°C. Light is allowed to inte-

on the target for a amount
time and is then read with a much higher

-to-noise ratio. Operations in extended
requires the LSI-·ll computer to interactively

program the 1216 Detector Controller so as to pre
pare the target for optimal

6. UHV CHI\MBER DESIGN'ED FOR IR AND RAMAN SPECTROS
COPY ON SURFACES
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cules can be examined. A second set of windows
is set at 85° to the crystal normal to be used
for infrared sccmning ellipsometry. This will
provide a sensitive method for obtaining the vibra
tional spectra of adsorbed molecules.

A cylindrical mi.rror analyser may be added in
the standard position, with electrons or ions
striking the surface at low angles for more sensi,-
tive and Auger spectra. This port
is being currently used for ~nission and Raman
spectroscopy of adsorbed lnolecules. A long focal
length lens is used in the normal electron
gun position to focus a laser beam to a diffraction
limited on the face. Emitted or scat-
tered is by f/l optics mounted
in a lens holder bolted to the 8" CMA port and
is passed to external and a monochromator
for detection.

111e and ~1S will all
be interfaced to This will
1.n.\nJ_Uv external the mass peak
selection desorption experiments to allow
simul taneous of several peaks. Data
can be stored on the accompanying fioppy disk.
Ellipsometry is done the rotating analyzer
method and is entirely computer control.

and molecular structure of aromatic hydrocarbons
adsorbed on metal surfaces will be an important
objective for the 1979 program. We are studying
aromatic hydrocarbons on nickel (111) and nickel
step surfaces with the objective of finding site
selective transitions that can be used to identify
molecules adsorbed at the site-selective surface
states and for studying energy transfer from the
molecular to the surface states.

8. 1978 PUBLICATIONS AND REPORTS

Charles B. Harris and Associates

Journals and Books

L D. A. Zwemer and C. B. Harris, Energy Transfer
in One-Dimensional Substitutionally Disordered
Systems. I. The Effects of Coherence, Tunnel ing
and Thermal Promotion, J. chem. Phys. 68, (5) 2184
(1978), LBL-5793. -

*2. D. A. Zwemer, C. B. Harris and H. C. Brenner,
Spin Dephasing in Impurity Induced States in
Molecular Solids, Chem. Phys. Lett. 57, (4) 505
(1978), LBL-7308.
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3. H. C. Brenner, J. C. Brock and C. B. Harris,
Energy Exchange in a coherently Coupled Ensemble,
Chem. Phys. 31, 137 (1978), LBL-6663.

Charles B. Harris

7. D. A. Zwemer and C. B. Harris, Energy Transfer
in One-Dlinensional Substitutionally Disordered
Systems. II. Experimental Results for 1,2,4,5
Tetrach10robenzene, in press, LBL-8249.

10. C. B. Harris, Optical Spectroscopy of Adsorbed
Molecules on Metal Surfaces Using ScannDlg Spectro
scopic Ellipsometry, Abstract presented at the
American Chemical Society National Meeting, Miami
Beach, Florida, September, 1978, LBL-7637 Abs.

9. M. E. Tarrasch and C. B. Harris, Coherent
Averaging of Electron Spins by Rotary Echoes in
Excited Triplet States, Chem. Phys. Lett. in press,
1978, LBL-7307.

4. C. B. Harris and D. A. Zw~ner, Coherent Energy
Transfer in Solids, Ann. Rev. of Phys. Chem. 29,
473 (1978), LBL-7369. ---

*8. , R. M. Shelby, C. B. Harris and P. A. Cornelius,
The Origin of Vibrational Dephasing of Polyatomic
Molecules in Condensed Phases, in press, 1978,
LBL-· 7309.

*6. C. B. Harris, R. M. Shelby and P. A. Cornelius,
Intermolecular Energy Exchan.ge as a Mechanism for
Vibrational Dephasing in Polyatomic Molecules,
Chem. Phys. Lett. ~, (1) 8 (1978), LBL-7310.

*5. C. B. Harris, P. A. Cornelius and R. M. Shelby,
The Origin of Vibrational Dephasing in Liquids
and Solids, Advances in Laser Chemistry, edited
by A. H. Zewail, Springer Series in Chemical
Physics, (1978), p. 223, LBL-7652.

of Chemisorbed Molecules Adsorbed

a. TIle

We the developnent of a set of experi-
n~nts to measure the reaction pathways
and activation energies for reactions of adsorbed
molecules on metal surfaces. The experiments
involve the use of Rwnan spectroscopy and infrared
ellipsometry, which would follow individual vibra
tional modes during the course of a reaction.
Conventional methods for activation
vll'v.c ISi\,,7, such as thennal desorption and work
function measurements, are not useful in mose cases
in identifying chemical reaction channels directly
on the surface, the mode or nature of the molecular

to the substrate or the site selectivity
of the The or Rwnan spectrum
of an molecule is a direct measure of
the strength and nature of the surface interaction
and cem be used to follow the of a reac<-
tion. The technique should be sensitive,

I.-d!JdLJ.L'V of detecting less than of a mono-
does not induce surface decomposition,

the various electron bewn techniques, and
can be used with insulator substrates without the
problems of space charge formation. Detailed
information about the reaction pathways can be
anticipated from the Raman spectroscopy or from
IR ellipsometric studies.

b.
on

'[he development of surface spectroscopy for
studying the chemisorbed changes in the electronic

II. C. B. Harris, D. A. Zw~ner, A. R. Gallo <:md
H. J. Rabota, Optical Spectroscopy of Aromatic



r~drocarbons on the Nickel (Ill) Surfaces, Letter
to the Editor, Surface Science, in press, 1978,
LBL-8546.

Invited Lectures

1. C. B. Harris, The Origin of Vibrational De
phasing Processes in Infrared and Raman Spectros
copy, Chemistry Seminar, University of California,
Berkeley, California, October 1977.

2. C. B. Harris, The Origin of vibrational De
phasing in Condensed Phase Raman Scattering, Solid
State Physics Colloquium, University of California,
Berkeley, November 1977.

3. C. B. Harris, The Origin of Vibrational De
phasing and Relaxation of Polyatomic Molecules
in Condensed Phase, University of Texas, January
1978.

4. C. B. Harris, The Origin of Vibrational De
phasing and Relaxation of Polyatomic Molecules
Ll Condensed Phase, Texas A &MUniversity,
January 1978.

5. C. B. Harris, 1ne Origin of Vibrational De
phasing and Relaxation of Polyatomic Molecules
in Condensed Phase, Texas Tech., January 1978.

6. C. B. Harris, The Origin of Vibrational De
phasing in Liquids and Solids, Coherence on Advan
ces in Laser Chemistry, California Institute of
Technology, March 1978.

7. C. B. Harris, Vibrational Dephasing in Liquids
and SOlids, IBM Colloquium, San Jose, March 1978.

8. C. B. Harris, The Effects of Inhomogeneous
Vibrational Distributions on Coherent Stokes and
Antistokes Scattering on a Picosecond Time Scale,
Optical Society of America Convention, South
Carolina, May 1978.

9. C. B. Harris, Optical Spectroscopy of Adsorbed
Molecules on Metal Surfaces Using Scanning Spectro-
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scopic Ellipsometry, American Chemical Society
National Meeting, Miami Beach, Florida, September
1978.

10. C. B. Harris, The Origin of Vibrational De
phasing in Liquids and Solids, University of
Nevada, September 1978.

11. C. B. Harris, The Origin of Vibrational De
phasing in Liquids and Solids, University of
California, Santa Cruz, October 1978.

12. C. B~ Harris, The Origin of Vibrational De
phasing in Liquids and Solids, University of
California, Davis, November 1978.

13. C. B. Harris, Optical Spectroscopy of Adsorbed
Molecules on Metal Surfaces Using Scanning Spectro
scopic Ellipsometry, Exxon Research Corporation,
December 1978.

Theses

1. Marc E. Tarrasch, (Ph.D. thesis), Excited State
Electron Spin Coherence. (ESESC) Studies of
Triplet States in Molecular Solids, January, 1978.

2. Robert M. Shelby, (Ph.D. thesis), Coherence
and Relaxation in Energy Transfer Processes in
Condensed Phase, March 1978.

3. Alan R. Burns, (Ph.D. thesis), A Study of
Phonon-Induced Energy Transfer Processes in Crystals
Using Heat Pulses, April 1978.

4. Dirk A. Zwemer, (Ph.D. thesis), Energy Transfer
in Anisotropic Systems; A. Exciton Migration in
Substitutionally Disordered One-Dimensional Solids.
B. The Spectroscopy of Molecules Adsorbed on Metal
Surfaces, November 1978.

*Partially supported by National Science Foundation.
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John Tv'. Tv'inn,

( 3)

all

closed shell atOlns or p ~ 4 for ion-induced dipole
interactions, we find that p is typically 0.8 to
2 less than the anticipated value. An indicati-on
why this is so may be seen by the reduced
curvature, K, given by

K = Re
2

d
2
V(Re )

Ve~~2--

where De is the well For a Lennard-Jones
(2n,n) potential, K ~ This potential contains
only one long-range exponent in the attractive

of the potenti.al at Re, namely the ini=eg~er n.
the other hand, a Morse potential, l~lich

decreasing attractive tail, has
a curvature which may be written as
K ~ 2(p+1) 2. Equating these curvatures indicates

p + 1 ~ n, as observed, and yields
into the importance of attractive forces at
other than those which dominate at long range.

J\tomk and molecular association
than traditional chemical bonds const an

tY1Je of interaction in many disciplines.
COlldE:llSat:ion hydrogen bonding,

association are a few of the
a weak bond interaction.

and quantity of high
infOl:mciti.on on weak bonds

body of data relating to
nrnn,'r""r,~ of these bonds. hhile

fr l8ql.lerltly needs

1. AJ\JJ\LYTIC POTENTIAlS FOR Wf,·.J\KLY-BOUND MOLECULES

J. I-I. Goble and J. S. Winn
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Fig. 1. Potential functions for NaAr J\2IT3 / 2• The
various potentials are Eq. (1) (---), Morse
eX'Pansion (~ - -), Dunham _. -~- ), a.nd
Silllons-Parr- Finlan Vibrationa.l
levels are IUQ\ tie XBL 792-8367

(2)

(1)

i[J(J-J-l)Jjj (v -:

VCR)

E (v/J) '" L: L:
i=O j"O

In the past year, lve have developed methods
data to an
high accuracy. From

obtain dissociation energy
MnY'p,,,,,,,r we have developed i.nversion

techniques whkh on the ability to predict
dissociation to yield new methods of

and band spectra of h'''''' vi v-

diatomics. method uses
expansion proposed by Thakkar,l

through a set of relations. The Yij 's
are obtailled from a traditional least squares fit
to the observed spectrl®.

where A ~ I·· This function contains a
distance , an energy parameter,
eo' correction terms, en' aJld an eXiPaIlsi.on
exponent, p. These parameters are related to the

constants of the Dunham energy

The e:x:ponent, p, is chosen so that the first
correction term, e , is zero. This
choice insures that the term of the e;qJan-
sian will both and cubic
force constants of the at Re . The
constant p is also instructive in that
Eq. (1) varies as at large R. While one might
expect p to be an integer representing the anti
cipated long range behavior, such as p ~ 6 for

*This work was supported by the Division of Chemical
Sciences, Office of Basic Energy Sciences, U. S, Dept.
of

In Fig. 1, we give an example of the accuracy
of the method for the weakly bound excited state
J\2IT3 /2 of NaAr. The solid line is the potential
given by Eq. (1) using only SL~ parmneters. The
other potentials are a Morse function expansion,
which fails to yield the proper long-range behavior
and thus gives a poor value for the dissociation
energy, and the diverging Dunhmn and Simons-Parr
Finlan potentials. It is also important to note
the vibrational level v' ~ 7 denoted in the figure.
This level was the lowest observed in the NaAr
absorption spectrunl~ken by Smalley et al.,2 but
they were not able to assign the quantum number
directly fr~n the spectrum. By our n~thod, we
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Table 1. Comparison of predicted and observed dissociation "'11"'" :~H;~
variety of weakly-bound diatomics. All data refer
electronic state.

n

NaAr 6 44.35
-1

em
-1

42±2 em

6 99±1

XeF 6 1147. 1175±20

BeAr+ 4 4011. 4112±200

3 32464. 33530:f800

could compare calculated dissociation energies
for various choices of this and compare
these energies to , less accurate,
dissociation energy measurements cmd calculations.
In this way, we could v' ~ 7 UJlambiguously.

chemical

The method we have used is collisional energy
transfer from metastable rare gas atoms to volatile
metal carbonyls. The which uses visible
chemilwninescence identifica-
tion' is ShOlV11 . 1. A purified
stream of a rare gas such is passed through
a D.C. hollow cathode at a n')',p,"'0111'P

near 1 Torr. The (n+ 1) s
atoms survive collisional quenching and exist

dOl\~lstream at concentrations on the order of
1010 cm- 3 . such as Ni(CO)4 or Fe(CO)
are admitted one of the dOlvnstream
and the is by a photon-
cOUJlting, 1. 5 m monochrometel' .

Spectral analysis of the flames pr,odllCE,d
collisions of Fe (CO) 5 or Ni(CO)4

as catalys is and org'l:llollle,taJl.J.:i.c \...JiClIU." Cl

physical and
atoms and clusters
We have begun a ~~,~m"nn U"'''l.l'llC;U

information on in the
Our initial efforts have been to "'''LdlJ.LJL''l1

means of metal atoms in the gas
without temperature ovens.

( 4)

(5)

e o

Supported in part by NSF and NRCC.
1. A. J. Thakkar, J. Chem. Phys. 62, 1693 (1975).
2. R. E. Smalley D. A. Auerbach,-P. S. H. Fitch,
D. H. and 1. J. Chem. Phys. 66, 3778
(1977).

Ivhere

Due to the inherently small number of bound
levels in molecules, the amount of
spectroscopi.c is restricted. In
particular, absorption spectra typically reveal
only the lowest one or two vibrational levels.
This means that quantities such as 0Je and
are poorly known, if at all. In contrast,
tional information (Bv values and centrifugal
distortion constants) is usually more abundant
and Fortunately, one can show that the
energy sca1i.ng parameter of Eq. (1) is given by

9B 3
e-r

This quantity, eo, is not the dissociation energy,
but we have derived the expression

2
De = eo _n__ 2 (6)

(n+l)

as an approxiJnate value for the dissociation energy.
Here n is the anticipated long- range exponent.
In Table 1, we show the accuracy of Eq. (6). The
comparison is very favorable and encouraging, since
only two mechanical constants are required.

2. PRODUCTION OF IvlETAL ATOMS A!\JD CLUSTERS FROM
GAS PI-IASE DISSOCIATION OF IvlETAL CARBONYLS

To UJlderstand the novel chemistry of transition
metal atoms and small metal clusters in such areas

Fig. 1. Chemiluminescent flowing
apparatus. Depending on the
reagents can be :in.jected tllTOllgh
ports ShOIVl1, or, if a solid,
the oven. High resolution spectra are obtained
and signal averaged under microcomputer control.

XBL 792- 8:569

W. E. Hollingsworth and J. S. WillnD. C.
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Table 1. New transitions in atomic Ni observed in rare gas metastable
dissociative excitation of Ni(CO)4' The radiative rates are
determined by measurements such as shmvn in Fig. 2.

Transition -1
Aik(sec )

5D .... 3F 2.35x10 4
4 4

h 3F 3.43x10 2J D ....
4 3

5D .... 3
D 5.39x10 3

3 2
5D .... 3D 1.30x10 4

2 2

Ne* + Ni (CO)412
<1l

II

-a>
"-

"'.-<
SIO
a>
0
-J

9

8 L.-.-:2:'c:6::--2::':7=--:::'2~8--:2'::9---'3:1:0~-=3-;-1-:::3'=2--:3'::3:--:-f-:-~=---::f;:~·

Eu x 10-3 (cm- I )

There is a good use for the quintet tempera
ture, even if it is at present unexplained. We
have used plots such as Fig. 2 to deduce the
oscillator strengths and radiative lifetimes of
the new Ni lines we observed, as given in Table 1.
Note that these radiative rates are c~nparable
to the afterglow flow rate, which is on the order
of 1000 em/sec. This means we can do lifetime
separated chemist17 of ground and excited Ni atoms.
As a preliminary example of work we will pursue
in the next year, we have found what appears to
be a new emission system for NiCl produced by
excited Ni reactions with C12' These bands dis
appear when C12 reacts with relaxed Ni atoms.

Our plans for the coming year include these
types of chemiluminescence measurements along with

of freedom yields a temperature of 6200 K, in good
agreement with the triplet and singlet emission
data. The quintet levels deviate from this model.

Fig. 2. Plot of observed excited Ni populations,
on a logarithmic scale, vs the energy of the excited
state for Ni* production from Ne* + Ni(CO)4 col
listions. The solid circles represent quintet
states, the open circles represent triplet states,
and the triangles represent singlet states.

XBL 792- 8368

lihile all observed Ni transitions are readily
assi~lable, we were astonished to learn, when
comparing the flame intensities to arc spectrum
intensities, that four lines in the flame spectra
had never been observed before. These lines are
assigned to allowed transitions betw~en known
energy levels, but the upper state, D, is unique
in that it is the lowest of the quintet manifold.
In Table 1, these four new transitions are listed
along with their Einstein A factors which we have
determined as described below.

Further analysis shows that the quintet manifold
in Ni (and the septet manifold in Fe) is strongly
excited. This propensity for production of metal
atoms in their highest spin state is not completely
understood. A mechanistic difference between
quintet Ni production and singlet or triplet Ni
production is suggested by Fig. 2. Here, the
quantity log (IA3/gf), which is proportional to
the logarithm of a steady-state population, is
plotted against the energy of the upper state of
a transition. The quintet state (solid circles)
clearly fall on a line characteristic of a tempera
ture lower than that characterizing the triplet
and singlet populations. A statistical model which
assumes an appropriate ~nount of the metastable's
energy is used to break the four Ni-CO bonds and
excite the Ni, leaving the remainder of the energy
statistically partitioned among the CO degrees

Several features of the spectra deserve detailed
comment. First, the metal emission intensity is
vastly different from that observed in pure Fe
or Ni arc or spark spectra. Second, the spectral
assignments indicate abnormally strong emission
in the highest spin manifolds of the metals.
Finally, the steady state populations of the various
excited metal states can be analyzed in terms of
various energy transfer models. These featur~s
are most readily discussed for the case of Ni"
production from Ni(CO)4'

He, Ne, or Ar indicates that dissociation proceeds
cleanly to the bare metal atom. Over the wavelength
range from 2000 to 8000 A, the only features we
observed were readily assigned Ni an.dFe lines.
Kinetic analysis of the intensities of these
features along with measurements of the metastable
atom concentrations using atomic absorption spectro
scopy indicate that the dissociative excitation
is first order in the metastable concentration.
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D. C. Hartman and J. S. Winn

3. CHEMlLUMlNESCENT CI:IH,n ~ IONI ZATION BY IvlETASTABLE
RARE GASES

4. PHOTOIONIZATION OF Cs-CONTAINING METAL CLUSTERS*

B. C. Hale, H. S. Luftman and J. S. WinJ1

We have chosen Cs for several reasons 0 The
ionization potential of Cs, 3.89 corresponds
to a wavelength threshold of 3187 A. ThB ioniza
tion potentials of the clusters (climer, trimer,
etc.) will lie to the red of this atomic limit.
This wavelength region is accessible to narrow
band frequency doubled dye lasers and thus permits
fairly high resolution single photon photoioniza
tion to be performed. These measurements will
be very useful in comparison to those of Schumacher
et al.,l on the Na and K systems.

The Cs-Hg exper~nents, especially the CsHg
diatomic, are chosen for two reasons, First the
CsHg molecule is a member of the family of weakly
bomd diatomics containing only one electron out
side closed shell configurations. This fcumily
of "one electron" molecules has received consider
able attention in our previous studies of molecules
such as NaAr and CaA.r+. The only information on
a mercury-containing one electron molecule is the
differential cross-section measurement of Na-Hg
scattering by Buck &id Pauly. 2 Their data show
a well depth ten times greater than that of NaAr.
The CsHg well depth is likely to be close to that
for NaHg, since the Na-rare gas and Cs-rare gas
well depths are nearly the same for each rare gas.

Molecular becum offers the
possibility of measuring the ionization potential
of an atomic or molecular cluster of ]mo\,1]1 composi
tion. For metal atom clusters, the variation in
ionization potential with cluster size allows one
to connect the free atom value to the bulk analogy,
the photoelectric work function. We are making
these measurements for Cs atom clusters and for
Cs-Hg heteroatomic clusters.

Our apparatus consists of a supersonic molecular
bemn crossed at right m1g1es the photon becum
fr~n a dispersed 1000 WXe arc Photoions
are extracted in a direction to both
becums and focused into a mass spectrometer. The
mass signal is comted as a function of
irradiation wavelength, the photoioniza-
tion efficiency spectJ:Wn.

A broad, structU1:ed band system appears very
in our spectra to the red of the 2p

resonance lines in the of 4000 A. This
system we attribute unJmown
emission CaAr+ A2II ->- spectroscopic
analysis of these bands is continuing, but pre
l~njnary analysis indicates that the A state is
produced with considerable vibrational excitation.
Moreover, the spectrum shows an undulatory con
tinuLUn extending well to the red of the main band
system, indicative of bomd-free emission. These
are the first measurements of the jnterna1 energy
distribution in an associative ionization product.
Further experiments with other rare metastables
and other alkaline earth atoms are to
elucidate general features of chemi-
ionization.

-10 30.30 x 10 em Imo1 see

-10 31.4 x 10 - em Imol see

Chemi- ionization is an important process in
most flcuUle, discharge, and c~nbustion phen~nena
due to the resonant nature of autoionizing col~
1isions. Our work has centered arowld detection
of chemiluminescent chemi~ionization processes
in order to mderstand the, branching of chemi·e

ionization reactions into ,more than one product
chmmel. The reactions we have explored in detail
are:

Ar*(3 p2 ) + Ca ->-

kinetic studies using a new afterglow reactor WIlich
will be coupled to a mass spectrometer, allowing
us to identify the dark reaction products as well,
With this new apparatus, we will begin to explore
the production and chemistry of the metal clusters,

While we do not measure the total ionization rate
directly, this quantity may be established from
a Langevin type orbiting model. Such a model yields
a !~tal ionization,rate constant in excess of
10 Cll\3/mol sec, llldicating that excited ion
production is a relatively minor channel.

The experiments were performed on our high
temperature flowing afterglow apparatus described
in the preceding article. Ca metal was evaporated
from a Mo crucible and entrained in an Ar carrier
stream which intersected the Ar* flow from the
hollow cathode discharge tube. Visible chemi
luminescence was monitored at right angles to the
flow by a high resolution 1.5 m grating mono~
chrometer equipped for photon comting and signal
averaging mder microcomputer control. Absolute
concentrations of Ar* and Ca were measured by
atomic absorption spectroscopy using appropriate
atomic resonance lcumps. The relative quantwn
efficiency of the monochrometer and photomultiplier
was measured with respect to a tmgsten emission
source of ImO"wn emissivity.

The energies of Ar* and Ca+ are such that only
the ground state, Ca+ 2S, the resonance excited
states, Ca+,2Pl/2, 2P3/2' and the metastable states
of llltermedlate energy, Ca+ 2D3/2, 2DS/2, can be
produced by a bjffiolecular Penning ionization col
lision. We observed all allowed transitions cumong
these states in our flmne spectra. We also
measured bimolecular rate constants for 2p produc~
tion and fomd

ca+(2 p ) + Ar + e

+ 2
->- CaAr (A IT) + e (lb)

,ihere the first process is excitive Penning ioniza
tion of calciwn and the second is associative
ionization into an excited electronic state of
the preciously mobserved molecular ion CaAr+.
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6 . RESEARCH PLANS FOR CALENDAR YEAA 19'79

halides are essentially tlvO closed shell, oppOsitely
ions with no 101'1 lying excited states,

the opportunity for them to exhibit the residual
chemical interactions of or halogen
halides is restricted. Our measurements
will the effect of this radical
in the chemical bond on the weak intermolecular
bond.

John S. WiJ1ll

L Establish a means of generating transition
metal clusters from po,lynuclear

in the gas We use a combina--
tion of mass and chemihnninescence
techniques to the reaction
of Fe Emd Ni clusters.

-:x.-._"'~~---~'-~

Supported in part by NSF.
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of important
to use as a co'

production tempera-
The Cs'-Hg system is

since the vapor pressure
of Hg is low

condensation but still
clusters to fonn in

From a tecJmical
to establish the

for the
Waals

ideal in this respect
of Cs near the normal
enough to inhibit Cs-Cs

to allow
abundance.

The adiabatic ionization is therefore
an accurate measure of the U-Ci>U-CHIS energy.
This is estimated to be on the order
of 800, a photoionization limit
shifted from the atomic Cs value to the red by
some 400 cm'l,

*~-~--<~._~._-""--~-
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Journals

2. Continue development of analytical
inversion methods for weakly bound molecules. We
will be particularly concerned :ill the coming year
j-Jj,th molecules such as and XeF which have been
studied by both spectroscopy and molecular
beam scattering.

5. Extend our chemi- ionization studies to
other metastable rare systems. We are
especially interested the role of intense
radiation fields in Penning ionization phenomena.

John S. Winn and Associates

4. Continue our metal cluster photoionization
program. We will be especially interested in
results from our metal amalgam coexpallsion source.

Our initial
The free

a chemical
source.

ly short
tronic state.
higher (11
near 100 cnf'

will be on bound
radical XeF has as

rl1rln~lT'r and as a or excimer laser
spectroscopy molecular beam

~r,,'i'j-("'irIO' measurements have unusual-
(2.293 A) for the elec-
The dissociation energy is abnormally

1) than either KrF or ArF (both
, but it is not as as had been

of the indicators the unusual
nature of t,be XeF bond would be the molecule I s

moment. We can obtain this quantity by
radiofreiquency Stark spectroscopy, along with
molecular features outside the resolution

such as the spin
constant.

measure the structure
complexes. These

of the measurements
arlZOJ1,JwclrclQ.cTt halide and argon-- inteJrhEl1clgc;TI

Harvard jvlBER group. It is
from their that electrostatic pictures
of il1termolecular forces, especially jntermolecu-
lar do not the right answer.
With the we wEI push the electro-
static model limit. Since alkali

5. WlOLECULi\.R BEl\M ELECTRIC RESONANCE SPECTROSCOPY*

construction of a molecular
beam resonance spectrometer of

microwave and radiofrequency
J~'C'"J.GJ, such as van der

radicals. The apparatus con·
llYPSSnrp, variable

beam source, a
resonance spectrometer, and a mass spectro

meteT molecular beam detector. Due to the
free nature of molecular beams,

measurements can be made.
are on the order of kHz fine structure

to be many molecules.

H. S. Luftman and J. S. Winn
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Optoacoustic signal vs. wavelength for
o -+ v '" 6 C - H stretch transition in
at 130 Torr. (XBL 791-70)

6100

1. R. G. Bray alld M. J. Berry, presented at the
Conference of Chemical Applications of Lasers-~
Present Status, University of North Carolina,
Chapel Hill, NC, Dec~nber 1, 1977.
2. D. F. Heller and S. ~(amel, preprint.

mediate case between that of acetylene and of
benzene studied by Berry and co-workers. l For
CZHZ, the 0 -+ 6 band showed rich rotational struc
ture in a spectrwn essentially identical to the
fundamental. In contrast, the 0 -+ 6 band of C6H6
was a featureless Lorentzian, approximately three
times broader than the rotational envelope of the
fundamental. Heller and Mukamel Z have eXplained
the benzene spectra in terms of a system of local
modes interacting with a bath of nonnal modes not
involving C - H stretches. Collision1ess intra
molecular relaxation and dephasing were fOUl1d to
account for the observed broadening. The 0 -+ 6
methalle band exhibits both features indicating
that some collisionless intramolecular energy
transfer and dephasing are occurring on the pico
second timescale. These processes may inrpose a
limitation on the possibility of using these
excited species in vibrational photochemistry.

l! 12·r

Fig. L
the v '"
methane

James S.

L INTRACAVITY DYE ulSER SPECTROSCOPY OF POLY
ATOMIC lvlOLECULES

'The purpose of this work is to study the intra-'
molecular dynamics of vibrationally excited
molecules on the ground state potential energy
surface. A single high vibrational state is
excited by absorption of a single visible photon
from a cw laser. 'rhe study of these high over"
tones direct information on the nature
of the quasi-continuum as a function of molecular
structure. excitation of hi~1 over~

tones possibility for mode

Other shown that the vibrational
states with most oscillator strength from the

state are hi~1 overtones involving X - H
stre1t:dling motions. 111ese workers have also demon~
strated these motions are more appropriately
described with a zeroth order basis set of
independent X - H, anharmonic oscillators, or local
modes, as opposed to the more traditional normal
modes. Since the concept of normal modes arises
from the assunption of small displacements, i.e.,
a quadratic potential, it is reasonable that this
basis set is inappropriate for the discription
of the large amplitude, high energy overtones of
X - H motions.

Due to the extremely low oscillator strQngths
of the trallsitions involved, typically 10-lZ, one
nlust use the most sensitive detection techJ1iques
possible. In these experiments, optoacoustic (OA)
detection is used, and the optoacoustic cell, or
spectrophone, is placed within the cavity of a
cw dye laser to maximize the effective power
through the cell and thus the power absorbed. Tne
intracavity enhancement of power is given by
(1 - R)'l, where R is the reflectivity of the
output of the dye laser plus losses on
the cell For high reflectivity mirrors,
R appproaches 1 and the power absorbed can be
enh~Lced a factor approaching 103.

In OA spectroscopy, absorption of a photon
populates high vibrational levels and V - T energy
transfer within the closed OA cell results in a
net pressure rise. Modulating the laser at acoustic
frequencies results in a periodic pressure change
detectable by a microphone placed within the cell.
We have designed a spectrophone that is aimed at
maximizing the signal-to-noise ratio of the OA

Preliminary spectra have been obtained.
Shm·m in . 1 is an OA spectrwn of the 6l90A
band of CH4 at 130 Torr taken at 1 cm- 1 resolution
correspondmg to the v '" 0 -+ v '" 6 transition of
a local mode C '> H oscillator. Notice that the
spectrum is a broad band upon which fine structure
is superimposed. Methane seems to be an inter-

*This work was supported by the Division of Chemical
Sciences, Office of Basic Energy Sciences, U, S. Department
of

Z. ENERGY TRANSFER IN METHiINE BY EXCITATION OF
FUNDAMENTAL, OVERTONE Ai'ID COl\1BINATION BANDS*

Peter Hess+ and A. H. Kung

In spectroscopy methane has been the prototype
molecule for studying the behavior of spherical-
top molecules. For this reason detailed spectro~
scopic information is available for the fUl1damental,
overtone and combination bands of this molecule.
Due to its simple molecular structure and mode
structure methane is not only attractive to
spectroscopists but also all interesting molecule
to study energy transfer experimentally as well
as theoretically. Understanding of V - V processes
in polyatomic molecules is still at the beginning
and methane may be used as a prototype molecule
to study energy transfer in hydrocarbons. ICnowledge
of energy transfer rates will be useful in inter~o
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preting the photochemistry of systems involving
vibrationally excited methane.

When the vibration \)2 + \)4 is excited the
situation is relatively simple.

(1)

(2)

- 1cm -+ ~E ~ 1306,1533

CH 4 (\)Z) + CH 2 : CH 4 (\)4)

+ CH + ~E ~ 227 cm- l
4

In this study our newly developed angle-tuned
optical parametric oscillator was employed to
excite different vibrational levels of Q-!4 in the
1.66 - 3.55 i1 region. To probe level populations
fluorescence intensity vs. time was observed for
the infrared active \)3 and \)4 modes. A filter
cell containing CH4 absorbed fundamental,
V3,4 " 1 -+ 0, fluorescence and passed hot-band
fluorescence. Thus upper levels could be distin
quished from the fWldamentals.

Figure 1 shows the transitions excited and the
fluorescences observed. Exponential rise and decay
times are given in Table 1. The fluorescence
traces were analyzed as simple rising and falling
exponentials. In some instances there are too
many levels involved in the relaxation for this
simple form to be correct. However, the finite
SiN did not permit the use of more complicated
fits.

6000 PT 3 ~ 1.4 msec Torr (3)

Fig. 1. Energy level diagram for CH4 showing
excitation and fluorescence transitions.

(XBL 787-9565)
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Process (1) is solely responsible for the decay
of hot \)4 fluorescence. Process (2) should give
an observable rise in total \)4 fluorescence as \)2
relaxes to \)4' Unfortunately, SIN for this experi
ment was too low for this measurement to be made.
The V -+ 1', R relaxation, Process (3), occurs on
the millisecond timescale and has been studied
by many previous workers cited in Refs. 1 and 2.

The fastest relaxation process noted jn Table 1
is for the rise of \)3 fluorescence following
\)2 + \)4 excitation. Since the \)4 fluorescence
remains hot over a lnuch longer timescale, the
relaxation process is primarily

Table 1. Values of pT for \)3 and \)4 fluorescence (i1sec Torr).

laser
exci t,

rise
total

fall
hot

fall
fund.

fall
total

rise
total

rise
hot

rise
fund.

fall
hot

2\) 3 1,2 3.3 2.3 l.S ~3.0

\)3+\)4 1,2 3.3 2.3

\)1+\)4 0.55 1.2 3.3 2.3 3.0 3.0

\)3 3.2 3.2 ~l. 8 4.1

\)2+\)4 ~L8
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The excitation of 2v3 gives rise to hot v3
fluorescence. The observed decay time of 1.2 ]Jsec
Torr is primarily due to

The relaxation following v3 excitation is in
accord with earlier studies. The conversion of
stretching energy, v3 and VI equilibrated, to
bending occurs in 3.2 ]Jsec Torr. The observation
of hot Vd fluorescence indicates that the levels
v2 + v4 and 2V4 must be appreciably populated. 2

The spectroscopy and chemistry of HCO will be
studied using dye laser absorption spectroscopy.
Chemical reaction rates of HCO with atmospheric
constituents are of major interest to combustion
and pollution studies. Radical-radical rates are
badly needed for combustion analysis.

cavity dye laser spectroscopy apparatus that has
just been completed. Methane will be studied
initially to check out the system. Acetylene and
halogenated acetylenes will be studied thoroughly
to extract spectroscopic information on band
structures and line broadening mechanisms in order
to understand coupling among the vibrational modes.
The possibility of photochemistry will be explored.

The effect of electric field on the lifetime
of single rotational lifetimes in Sl fonnaldehyde
will be investigated by laser induced fluorescence
teclmique. A realistic estimate of the density
of states around the origin of Sl may be obtained.
The mechanism of predissociation of formaldehyde
will continue to be studied. Appearance rates
of products HCO and CO will be measured by the
sensitive method of absorption spectroscopy.
properties of the intermediate states will be
identified.

Vibrational relaxation will continue to be
studied in the gas phase and in matrix isolated
systems. Experimental relaxation rates will be
useful to test theories of energy transfer and
for interpretation of photochemistry involving
vibrationally excited species.

(5)

(4)

-1cm

-197 cm ;

In sunmary, the fastest V -+ V transfer process
jJl CH4 is the exchange of energy between sYJmnetric
and aSynKnetric stretching vibrations. Equilibra
tion of the v3 manifold by resonant V -+ V transfer
between molecules occurs about three times less
rapidly. The resonant transfer of bending quanta
between molecules is still less rapid but sub
stm1tially faster than the transfer from stretching
to bending vibrations.

equilibriun is established in 0.55 ]Jsec at 1 Torr.
Equilibration between vI and v3 can be expected to
to occur at the same rate for any v3 = I or VI = I
levels. Note that the v3 fall times are identical
for VI + v4 and v3 + v4 excitation. Equilibration
of the symmetric and asymmetric stretching modes
is the fastest relaxation process observed.

~---~--~

This work was partially supported by the U.S.
Air Force Office of Scientific Reesearch.

tpresent address: Institut fur Physikalische
Chemie der Universitat Heidelberg, Neuenheimer
Feld 253, D-6900 Heidelberg 1, BRD.

1. J. T. Yardley and C. B. Moore, J. Chern. Phys.
49 1111 (1968).

P. Hess and C. B. Moore, J. Chem. Phys. 65,
2339 (1976).

4. 1978 PUBLICATIONS AND REPORTS*

C. Bradley Moore and Associates

Conference Proceedings

tl. Peter Hess and C. B. Moore, Study of Energy
Transfer in Methane by Excitation of Fundamental,
Overtone, and Combination Bands, Proceedings for
the 1978 European Physical Society Conference,
Edinburgh, Scotland.

3. RESEARCH PLANS FOR CALENDAR YEAR 1979

C. Bradley Moore

Going into the first full year of this program
we expect to start generating data with the intra-

*For a complete listing of publication and
presentation activities see section in Advanced
Isotope Separation Technology, p. 468.

tpartially sponsored by the U.S. Air Force Office
of Scientific Research.
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1. QUANTUM CHB'vIISTRY FOR MOLECULES CONTAINING
HEAVY ATOlvlS

Yoon S. Lee, Walter C. Ermler and Kenneth S. Pitzer

Many properties of molecules with heavy atoms
may not be calculated accurately unless relativistic
effects are included. We have developed a procedure
starting with fully relativistic Dirac-Fock calcula
tions for the atoms of interest. Then with a
frozen core assuT<ption a Phillips-Kleinman trans
fonnation allows the calculation of effective
potentials for valence electron motion which
include the relativistic effects. The effective
potential is dependent on both j and £ quantum
numbers. The method has been checked with calcula
tions for several atoms and for the molecule XeZ,
Dl each case for excited as well as ground states.

In the past year the diatomic Inolecule AuZ was
treated by these methods and, for comparison, with
nonrelativistic and partially relativistic methods.
There \vere several reasons for the choice of AuZ
for this study. The dissociation energy is anomal
ously large, larger even than that of CuZ, whereas

Ag2 has a much smaller dissociation energy. Also
AU2 is isoelectronic with the mercurous ion HgZ++
which is unique in its stability as a dimeric
dipositive species.

SCF calculations were carried out for the ground

lL~(O+) state of AuZ using a variety of ab initio
effecfive core potentials (EP). The effective
core potentials studied include both a two-component
relatjyistic EP (REP), that includes spin-orbit
effects; also averaged relativistic EP (AREP) and
a nonrelativistic EP (Nlli:P). All-electron non 0.

relativistic calculations were also performed.
The values of spectroscopic constants obtained
from these calculations indicate that relativistic
effects account for a decrease in Re of over 0.3 A
and an increase in the bond energy of the order
of 1 eV. Various intercomparisons indicate the
general validity of effective potential methods,
properly applied, but also show certain limitations.
In particular the NREP results agree well with
the all-electron, nonrelativistic calculations.
Also various relativistic effective-potential
methods agree for SCF calcultions provided both

Table L AUZ spectroscopic constants.

0 -1State Re(A) De(eV) we(cm ) T (eV)e
--~-_._--_.__.----- _____~.__ n ________

----~~._--~--- .- -----------~~-~--~ _._-------~-_ ...

+
Z.37 Z. Z7 165X 0 Calc. 0g

Expt. 2.47 Z.3l 191 0

+
A °u Calc. 2.51 .79 121 2.61

Expt. 2.57 LOO 142 2.44

+
B °u Calc. 2.50 L38 146 3.55

Expt. 2.51 L 78 180 3.18

1 Calc. 2.44 .76 138 Z.64u

2 Calc. 2.43 .94 143 2.57u

0 Calc. 2.44 .85 140 2,66
g

1 Calc. 2,44 .84 140 2.67g

2 Calc. 2.61 .35 110 3.16g

3 Calc. 2,61 .41 112 3.10g
-------~-~----~--~--------_._._---- -------._--_o_------~-,---------_·_------_·_---

"'This work was supported by the Division of Chemical
Sciences, Office of Basic Energy Sciences, U. S. Dept.
of Energy.

the basis sets and the EP are carried to suffi
ciently high order in angular quantum number. The
bond distance calculated relativistically agrees
very well with the experiment.
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Figures 2 and 3 show all of the states of u and g
symmetry, respectively, which dissociate to
2S + 2D atoms.

+ -
Fig. 3. 0g' 0g' 19' and 3g states of AU2
derived from 2S + 2D atoms. (XBL 792-8528)

R lo.u.)

In addition to the comparative calculations
by various methods at the SCF level, electron
correlation was introduced through extensive CI
calculations based on the relativistic effective
potentials. Table 1 lists the calculated results
for nine molecular states which dissociate into
one ground stcr1e 2S1/2 atom with the other a~om
m the 2Sl /2' D3/2, or 2D5/2 state. ExperDllental
spectroscopic data, lcnown for only three of these
states, is also shmV.!1 in Table 1. The agreement
is excellent for calculations at this level of
approximation.

Molecular states of AU2 derived from the
atomic asymtote and the spectroscopically

allowed excited states from 2S + 2D asymtote.
(XBL 792-8527)

Additional details are given in two papers which
are in press for the Journal of Chemical Physics.

2. RELATIVISTIC EFFECTS ON CHEMICAL PROPERTIES

Kenneth S. Pitzer
~-o~
--2 u
----- 3u

Fig. 2. O~, 2u and 3u states of AU2 derived from
2S + 2D atoms. (XBL 792-8529)

In addition to the nine bound states sho\\'ll in
Table 1, the potential curves for several repulsive
states were also calculated. Figure 1 shows the
potential curves for the molecular states derived
from ground state atoms and the spectroscopically
allowed excited states derived from 2S + 2D atoms.

In addition to the detailed and complex investi
gations of particular systems using relativistic
quantum mechanics, such as that reported in the
preceding article, an effort was made to examine
and summarize the general pattern of relativistic
effects on properties of chemical interest. By
relativistic effects we mean the quantitative dif
ferences between fully relativistic calculations
and the conventional calculations based on the
nonrelativistic Schroedinger equation together
with the spin and orthogonality constraints of
the Pauli exclusion principle.

It was first ShOMl that relativistic effects
can be expected to become gradually more important
with increase in atomic number and that beginning
with the rare earth elements the effects will be
significant for ordinary chemical properties. As
a basis for discussion, the advanced inorganic
chemistry book by Cotton and Wilkinsonl was exmnined
for effects cited as anomalous for these elements.
They note: (1) the lanthanide contraction, (2) the
inert pair effect, (3) the unique properties of
gold (as compared to Ag and Cu), of mercury fas
compared to Cd and Zn) and of UVI , NpVI, PuV
(as compared to the corresponding lanthanides), and
(4) the effect on magnetic properties of the large
spin-orbit interaction in compounds of OsIV, etc.
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are often un:iJnportant. There is negligible total
thermal occupancy of any quantum states which are
of ambiguous classification. But at densi-
ties and temperatures greater care j5 necessary.

If we take as em example the case of ionized
hydrogen gas, the coulombic potential applies
between all particles down to nuclear distances
of the order 10- 5 m. There are two divergence
problems. The first arises from the 10ng-ral1ge
nature of the coulombic potential; it may be handled
by the method of Debye and Huckel or by sbnilar
methods developed subsequently. The second diver-
gence arises at very small interparticle distances
where the attractive potential becomes very large.

One of the difficulties arj_ses from the fact
that the internal motion of the associated

ordinarily treated in qUaRtum tenns and
partition funchon calculated by a sum over quantum
states. On dissociation these motions become trans'
lations which are treated by classical mechanics.
In classical statistical mechanics the kinehc
and potential energies are treated s~paJeat:ely
the integral for the fonner is simple ,while that
for the latter must consider the
potential energy. But in quantum , the
j(inetic and potential are both combined
in the equation for each quantum state. Thus the
boulldary in phase space between a region treated
classically and one treated in quantum terms is
not simple. Our solution will involve a boundary
in ordinary space with respect to energy;
in other words an assumed model The
dissociated species are treated with
this model potential which the true
interparticle potential in distaJKe.
The internal partition function for the associated
species is calculated by over the real
quantum states and then subtracting terms for the
calculated quantum states for the model
This subtraction removes the states already included
in the classical calculation with the model poten
tial. By appropriate choice of model potential,
all of these calcUlations are feasible in reason-
ably high accuracy.

WhEe these general ideas are
there is still and contro'v'eJes)rL,

the exact "cut should be
the partition function for the atom
form of the Debye-Htickel or equivalent
for the ionized gas. It is my purpose to
this situation more carefully and propose a
tion vlhich is both self-consistent and practlC:al

When the dissociation is to ions, additional
problems arise. A simple summation over the
excited states of the hydrogen atom, for GA'~'~)Lv
fails to converge because there is an infinite
number of terms at finite Also the dis-
sociated ionic gas or plasma depart
from the ideal gas equation because of the long
range electrostatic forces. Tne general pattE)rn
for the resolution of these problems is
lcn01VD. l The pla~na must be treated by the
Huckel equation, or its equivalent. And since
the net effect of the electrical forces for the
dissociated ions is to lower their one
may "cut off" the sum for the partition
of the atom below the normal ionization potelJt"wl

=~. STATISTICAL MECHANICS OF DISSOCIATING GASES
AND PLASIvlAS

The spin-orbit effect in (4) is purely relativis
tic and has been so recognized in its treatment
in the modern literature. But the other effects
noted above are commonly either attributed to the
introduction of the 4f shell of electrons or left
unexplained.

KeJmeth S. Pitzer

The IjJ11ited number of detailed calculations
for molecules containing heavy atoms were also
reviewed for conclusions of general interest. In
general it was concluded that many of the anomalous
departures from periodic table trends for heavy
atans could be attributed to relativistic effects.

1. F. A. Cotton and G. Wilkjnson, Advanced
InorganicChemistEL, Third edition, Interscience
Publ., New York, 1972.
2. P. S. Bagus, Y. S. Lee, and K. S. Pitzer,
Chem. Phys. Lett. 33, 408 (1975).
3. J. P. Desclaux~Atom. Data Nucl. Data 1£, 311
(1973) .

At low densities and at low temperatures with
respect to the dissociation energy, these details

The effect of the 4f shell on atoms heavier
than the lanthanides was detennined by calcula
tions Z made earlier in this program on pseudo
atoms which differ by reduction of the nuclear
charge by 14 units and the elimination of the 4f
electrons. The relativistic effect was deternlined
by carrparison of properties of atoms calculated
by the relativistic Dirac-FocIe program of Desc1aux3
with nonrelativistic calculations of the same
properties. A comparison of the relativistic
effect with the 4f shell effect for various atoms
shows an increasing importance of the former with
increase in atomic number. In particular for the
radii of the lanthanide ions, both effects are
in the same direction but the 4f shell effect is
considerably larger. But for the anomalously high
ionization potential of Au, the relativistic effect
is about twice the 4f shell effect.

The anomalously strong inert pair effect for
the elements T~, Pb, Bi is also Sh01VD to be largely
assignable to relativity. IVhile the unusually
strong bonding in the UOZ++ and sbnilar ions is
a more complex situation, it likewise appears to
be of primarily relativistic origin.

The general methods of statistical thernlOdynamics
for dissociating gases are well established. The
partition function is the sum over all quantum
states (or classically over all phase space) of
the Boltzmann factor. If separate species are
assumed (i.e., separate thermodynamic states) then
the partition functions of these various species
must include, without duplication, all of the
quantum states of the complete system. The problem
arises in defining the partition functions of
individual species in a manner to include all
quantum states yet to avoid counting any states
in more than one species.
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Debye and Huckel were considering ions in aqueous
solution where the potential becomes repulsive
at a distance of several A. Thus, their asswnption
that the largest negative potential is of the order
of kT, or less, is valid, at least for singly
charged ions in water.

But for protons and electrons the repulsive
force, if ,does not arise until very small
distances the negative potential corresponds
to thermal energy of at least 1010 K. In fact
this short-distance is ameliorated by
quantum effects with the quantum state cor-
responding to thermal at 1.6 x 105 K. At
temperatures less than 10 these strong negative
potentials violate the basic Debye-Huckel assump
tion which is required for the linearization of
the Poisson-Boltzmann equation-'-a point which is

in many papers on ionized gases.

The best resolution of this problem appears
to be the use of a model potential in which the
coulombic curve is truncated at short distances
in a malmer to retain the validity of the Debye
Hi.ickel treatment but avoi.ding the hard core iv'hich
is 'unrealistic for hydrogen and most other atoms.
We assume a potential which is coulombic outside
a radius a and has a flat bottom for r less than
~. Equations are obtained by Debye-Huckel lnethods
for this truncated coulombic potential. For example
the electrical contribution to the Gibbs energy
is

_[1s.IVK3] [1 2Ka 2 2
G + K a- --r ---3-e 8'n

3 3 5K a K
+-" " {I +- -9- + '27

9

with

2 2 2
K (411e /kT)Z C.z.

1 1

(K ' ) 2
11 4(411e '/kT) Z c·z.

1 1

The qUalltum states for this model potential
are obtained by matching at the radius .'.l the solu
tions for each region.

Sample calculations show that, for reasonable
choices of the truncation radius, the eA~erimentally
measureable properties are independent of this
radius even though the fraction of atoms assigned
to the ionized category does depend on this radius.
Details alld examples are given in a paper now in
press in the ~ournal of Chemical Physics.

1. See for example, M. McChesney, Can. J. Phys.
jl, 24 (1964) .
2. J. R. Downey, Jr., Calculation of Thenno
d)~amic Properties of Ideal Gases at High T~npera
tures: Monatomic Gases., U. S. Air Force Report
AFOSR-TR-78-0960, 1978.

4. RESEARCH PLANS FOR CAI,El'IDAR YEAR 1979

Kenneth S. Pitzer

The development of a quanttUn chemistry for heavy
atoms, which has proceeded successfully through
effective-potential calculations for atoms and
selected diatomic molecules, will be directed
toward a broader array of molecules of chemical
interest. Also we are attempting, in cooperation
i~ith the IBM Laboratories (San Jose), all-electron
calculations for a diatomic molecule such as AU2
where relativistic effects are large. The all
electron calculations are being undertaken to check
more thoroughly the approximations made in the
effective-potential method.

The method proposed this year for the
calculation of the thennodynmnic properties of

ionized plasmas will be refined by re-
Debye-Huckel treatment by more

exact statistical methods. will then be applied
to problems of interest.

Work on the thennodynamics and statistical
mechanics of electrolyte solutions continues with
primary support through the Geoscience program
at LBL. For 1979 the emphasis will be on
solutions at above-saturation pressures tempera-
tures in the range 100-300°C.
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Kerilleth S. Pitzer and Associates
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Bruce H. Mahan, Investigator

L FLUORESCENCE OF GASEOUS IONS

Richards Davis, Frederick Grieman, Bruce H. Mahan
and Anthony O'Keefe

We have completed construction of an apparatus
which can be used to obtain the electronic spectra
of mass identified gaseous ions by laser induced
fluorescence. Several spectra of diatomic, tri
atomic, and polyatomic ions have been detected.

Ions are created ~y electron invact on a gas
at approximately 10~' Torr pressure. They are
contained a three···dimensional electric quadru~
pole trap can be operated in a mass selective

mode, or in a manner in which ions of all masses
are confined to a volume of approximately 3 cm3.
Following a ZO msec electron pulse and a 1 msec
period during which mass selection and decay of
excited states occurs, the ions are irradiated
with a 10 nsec pulse of light from a nitrogen
pumped tuneable dye laser. Any ion fluorescence
induced by the light from the laser is detected
by a cooled gated photomultiplier ,,,hose output
pulses may be counted or integrated. A voltage
pulse applied to the quadrupole electrodes clears
the trap and produces a signal proportional to
the ion concentration. A complete ion creation
detection·destruction cycle occurs 10-ZO tnnes
a second. The laser wavelength is advanced after
a preset interval. The fluorescence intensity,
laser intensity, ion concentration, and an opto··
galvanic signal to calibrate the laser wavelength
are collected and processed by a PDp·8f computer.

In initial experiments we have detected three
vibration bands of the B 22:~ -<- X ZI.:~ system of NZ+'
one band of the A ZIT -<- X Z2: system of CO+ (partlal·
1y shmvn in Fig. 1), and five bands of the
ZAl -<- ZBl trwlsition of HZS+. In the latter
expernnents, the radiative lifetime of the trw,si·
tion. was determined by detecting the fluorescence
as a function of tin~. Work is currently being
performed on the fluorobenzene cations, particular
lyon the s~nmetric trifluorbenzene ion. Several
unassigned vibrational bands supernnposed on an
extensive pseudocontinuum have been detected.
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Steven G. Hansen and Bruce H. Mahan

Work is continuing on the F+(lIZ' H)HF+ reaction
in an attempt to rationalize conflicting findings
from other laboratories, to elucidate the relation
between the reaction dynamics and ab initio cal·
culated potential energy surfaces,-and to assess
the possible importilllce of this reaction in laser
systems. As we have noted, the F+ + HZ reactants
constitute an excited state of the system which
apparently does not correlate to the IIT-+ product
whi~h is observed when the relative energy of
collision is below 5 eV. However, we have shownl
with electronic state correlation diagrams and
ab inito calculations performed by Sch~efer and
Ungemach that lIF can be formed from F + HZ via
a surface crossing which occurs when the hydrogen
molecule is compressed to the classical turning
point of the first excited vibrational state.
Recent semi-empirical potential surfaces computed
by Kendrick, Kuntz and lIillierZ support this
interpretation.

In addition to the features associated with
the reaction of F+ in its electronic ground state,
the experimental velocity vector distributions
we have determined show poorly resolved peaks
that are apparentlr associated with the reactions
of the metastable D state of F+. In an effort

0.010 N.~ INCll.

I 427.5G

*This work was supported by the Division of Chemical
Sciences, Office of Basic Energy Sciences, U. S. Dept.
of Energy.

Fig. 1. Part laser induced fluorescent
spectrum of the (v~Z) +- ZI.: (v~O) band of CO+
together with the optogalvanic calibration spectrum
of neon obtained simultaneously. (XBL 793-8948)



279

to identify these peaks definitively, we have
tried a number of methods of improving the resolu
tion of our apparatus. The most promising seems
to be the incorporation of a Wien velocity filter
in the primary ion beam source. Improved measure
ments of the I{F+ distributions are expected early
in 1979.

1. B. H. Mahan, H. F. Schaefer III and S. R.
Ungemach, J. Chern. Phys. 68, 781 (1978).
Z. - J. Kendrick, 0. J. Kuntz and I. H. Hiller,
J. Chem. Phys. 68, Z373 (1978).

3. ELECTRONIC STATE COMPOSITION OF ION BEAlvlS

Steven G. Hansen and Bruce H. Mahan

In order to interpret the results of our ion
molecule crossed beam experiments it is necessary
to lcnow the electronic state population of the
primary ion beam. We have determined the state
composition of beams from different ion sources
by measuring the ion beam attenuation as a function
of the pressure of a scattering gas. l The major
cause of beam attenuation is charge transfer to
the scattering gas. If the ion beam contains
only one electronic state, a simple exponential
(Beer's Law) attenuation of the beam is expected.
Should a metastable excited electronic state also
be present, its charge transfer cross section
will differ from that of the ground state, and
the attenuation will be described by two exponen
tial functions. Analysis yields the beam composi
tion and the cross sections of ions in each of
the electronic states.

In analyzing beams of N+, the most discrimina
ting scattering gases were found to be NZ and
CO. It was found that when N+ was prepared by
microwave discharge in NZ' ap~roximately 95% of
the ions were in the growld ( P) electronic state.
Similar results were obtained for N+ produced
in the positive colwnn of a direct current dis
charge through NZ' These results are consistent
with the fact that microwave and direct current
glow discharges contains predominately low energy
electrons which are unlikely to produce the excited
metastable states of N+. In contrast, when N+
is formed by the impact of 160 eV electrons on
NZ at low pressure, approximately Z8% of N+ appears
to be a metastable excited species, evidently
the lD state. These results are consistent with
our results on the reactive scattering of N+ by
HZ, in which the NH+ product velocity vector distri
bution shows two distinct ~eatures, one of which
c~n_ be associated with N+( P), the other with
W" (lD) .

The most discriminating gases for the analysis
of F+ beams proved to be N~ and CF4. All success
ful methods of producing F , including 160 eV
electron impact on CF4, NF3, and BF3, and a dc
discharge in a Kr - CZF6 mixture, yielded beams
which contained approximately 40% of the metastable
ID state of F+.

Several experiments failed to reveal significant
differences in the electronic state population

of COZ+ bemns from microwave and high energy elec
tron impact sources. This result is difficult
to reconcile with the fact that ions from these
two sources produce somewhat different dynamical
features in the CO/(HZ, H)HCOZ+ reaction.

1. B. R. Turner, J. A. Rutherford and D. M. J.
Compton, J. Chern. Phys. ~, 160Z (1968).

4. DYNAMICS OF COZ+-DZ COLLISIONS

Steven G. Hansen and Bruce H. Mahan

Work on the reactions COZ+(DZ' D)DCOZ+ and
COZ+(DZ, OD) DCO+ continues. Our earlier workl
showed that the reaction COZ+ (DZ' D)DCOZ+ proceeds
by a direct interaction mechanism when the col
lision energy is above Z.O eV. At lower relative
energies, the product angular distribution is
symmetric and peaked at or near thecenter-of-
mass velocity when the COZ+ is extracted from
a microwave discharge. This indicates a long-
lived collision complex mechanism at low energies,
which is consistent with the existence of a
potential energy well of Z.6 eV depth for DZCOZ+
with respect to the reactants. However, when
these low energy experiments are repeated using
COZ+ prepared by 160 eV electron impact, the DCO Z+
distribution is characteristic of a direct Dlterac
tion mechanism, and not a long-lived complex.
We had tentatively attributed this difference
to the possible existence of metastable excited
electronic states of COZ+ which might be prepared
by high energy electron impact, but not by a micro
wave discharge. However, we have been unable
to find evidence of such Inetastab1e electronic
states of COZ+ by using beam attenuation techniques.
The remaining possibility is that COZ+ prepared
by electron impact is vibrationally excited,
whereas COZ+ from a microwave discharge is not.
The excess vibrational energy in COZ+ from an
electron bnpact source could shorten the lifetime
of the DZCOZ+ collision complex sufficiently to
give the appearance of a direct interaction
mechanism. Experiments are under vlay to determine
whether or not this excess vibrational energy
exists in COZ+ prepared by electron impact.

A related problem is the existence of a kinetic
energy threshold for the reaction COZ+(DZ,OD)DCO+.
In earlier work we had shown the existence of
a threshold at approxinlately 1.0 ± 0.3 eV, and
attributed this to a potential energy barrier
in the exit channel of the reaction. Attempts
this year to determine the threshold more precisely
have revealed only a very gradual increase in
cross section with increasing collision energy.
This suggests that internal energy of COZ+ can
contribute to the overcoming of the potential
barrier. Experiments to detennine the role of
vibrational energy on this reaction are under
way.

1. Bruce H. Mahan, Peter J. Schubert, J. Chern.
Phys. 66,3155 (1977).



S. RESEARCH PLANS FOR CALENDAR YEAR 1979

Bruce H. Mahan

We plan to use our laser induced fluorescence
technique to detennine the spectra and molecular
constants of small ions such as CH2+, NH2+, and
HZO+ which are contaminants in hydrogen plasmas.
In addition, we will examine the vibrational and
rotational state distributions of ions produced
jJ1 different ways, for example, CO+ from CO, C02,
and SCO. We will also complete our examination
of the spectra of the fluorobenzene cations.

In our molecular collision e~eriments, we
expect to con~lete work on the P -HZ and C02+-D2
systems, and initiate a study of spin-orbit
coupling effects by studying the Cl+-HZ and S+-H2
systems.
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William H. Miller,

The bOlli1dary conditions are1. ON 11lli POSSIBILITY OF DIRECT SOLUTION OF THE
CLASSICAL LIOUVILLE EQUATION FOR INELASTIC
MOLECULAR COLLISION PROCESSES+ Hm

t -1'_00

f(n,q;t) = p. (n)
l

V(n,q;t) = f(t) ~ cos (q+wt)

where Pi(n) is the initial distribution of the
vibrational action variable n, and the final dis··
tribution in n, Pf(n) , is

(7)

(9)

(6)

(8)

(5)

(4)

3--]
Cln
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f(n,q;t)

3V(n,q;t)
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C
1

(n, t) = p. (n) 0
<- l k,O

9,im
t +_co

[k' 3V(n~ + i
3nx

f(n,q;t) =

For a linear, forced hannonic oscillator it
is possihle to obtain a particularly s~le approxi
mation. The perturbation V(n,q;t) then has the
form

and if only the lowest order harmonics (k=O, ±1)
are retained in the Fourier expansion, then one
obtains the following close4 equation for Co (n, t) :

and the final distribution is

Pf(n) = 9,im CO(n,t)
t ++00

an Eq. (3) then gives the following equations
for the Fourier coefficients,

where the matrix elements ~~ k' (which is an
operator in n space) is '-112n

-i(k-k')~ I ' (n, t) = (2n) dq e q
, , 0

The initial conditions for the coefficients are

Given Pi (n), one wishes to solve for Pf(n) .

The general procedure is to expand the
q-dependence of f(n,q;t) in a Fourier series,

W. H. Miller and B. M. Skuse

Many attributes of inelastic and reactive
molecular collision processes are described quite
adequately by classical mechanics. Classical
trajectory calculations with Monte Carlo sampling
of initial conditions, , are in fact
a popular m1d useful tool for studying the dynmnics
of molecular collision phenomena.

The net result of such trajectory calculations
is to some initial space distribution
onto a one, the mapping being accomplished
by following individual phase points from the
initial asymptotic before collision to
the final asyn~totic region after the collision
is over. An alternate of mapping an initial
phase space distribution onto a final one is to
solve the classical Liouville equation,

i Clp(£,~~ = L p(p,q;t) (1)
Clt ~ ~

where L is the Liouville operator

L = i[~H(£'9).~ _ ClH(j2,q) • ~,\Cl~] (2)
~ 3p Cl12 a

~ ~

To see how the ideas work, consider the
elementary example of a one-dbnensional hannonic
oscillator perturbed by a tnne dependent potential.
If (n,q) are the classical action-angle variables
of the oscillator, f(n,q) the probability distri
bution flli1ction, and V(n,q;t) the tbne-dependent
perturbation, then the Liouville equation for
f t) is

TI1is article fonnulates a methodology for
integrating the Liouville equation directly m1d
thus obtaining the result of a con~lete trajectory
calculation. Another interesting aspect of this
fornilliation is that it suggest approxbnate models
that are different from conventional mechanical
approxnnations (e.g., perturbation theory, sudden
approxbnation, etc.).

and H(p ,q) is the Hamiltonian flli1ction for the
system; p and q are any set of canonically conjugate
lnomenta and coordinates of the system. Equation
(1) specifies how the phase space distribution
p(p,q;t) evolves in time, and solving it once
acconlplishes the same thing as computing many
individual classical trajectories.

Clf(n,q;t)
Clt

*This work was supported by the Division of Chemical
Sciences, Office of Basic Energy Sciences, U. S.
Dept. of Energy.

(3)
dt' f(t)f(t')

(10)
3 ClCo(n, t)

x cos[w(t-t')] Cln [n -~]
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which is a Fold(er~Planck equation also obtained
via the Zwanzig-Mori projection operator formalism
of statistical mechanics.

This approach to classical collision problems
thus has interest both as a computational method
and as a beginning for the development of
analytical models.

+Abstracted from J. Chern. Phys. 68, 295 (1978).
Fig. 1. Depiction of the coordinates (ra,Ra) and
(rc,Rc) relevant to the collinear A + BC + AB + C
reactlOn. (XBL 7712-10942)

2. QUANTUM MECHANICAL REACTIVE SCATTERING VIA
EXCHANGE KERNELS*+

and the uncoupled Schrodinger equations for f+(R)
and f_(R) are

h
2

d
2 fl[- - + V (R)-EI (R) ± dR' Vex(R,R')fl.(R')

dR2 0 0
0

-

(3)

(2)

(1)

o

f (R) ± f (R)
a c

(R)

,n '
+

where the matrix Mand functions An(R) are con
structed from knoWn quantities. Integrating
Eq. (2) produces the scattering phase shifts n+
and n_, in terms of which the reaction probability
is

The interaction in Eq. (2) consists of three
parts: (1) the local potential VO(R) which de
scribes non-reactive scattering wlthin one arrange
ment or the other, (2) the non-separable exchange
interaction Vex (R,R I) which describes the "direct"
exchange reaction between open channels, and (3)
the separable exchange interaction [the last term
in (2)] which describes "indirect" exchange which
takes place through closed chffi1nels. From a
computational point of view, it is the second
tenn, Vex, that is most difficult to deal with.
Figure 2 shows a contour plot of the exchal10ge
kernel; it is seen to be strongly localized, and
this prevents an SCF picture from being useful.

Because of the identity of particles in the
H + H2 case, the equations can be decoupled by
the transformation

To test the viability of this approach to reac
tive scattering, this article describes the appli~
cation of it to the collinear H + H2 example.
Since only one vibrational state is energetically
open for reactants and products, the wavefunction
has the expansion,

B. C. Garrett and W. H. Miller

One method of approaching this problem is to
use a coordinate system which goes smoothly from
reactants to products~-i.e., natural collision
coordinates. Another method is to solve the
coupled chffi1nel equations in each arrangement
and match the solutions in the interaction region.
Both of these methods have the undesireable
characteristic that they must be tailored to the
specific problem at hand.

In recent years much progress has been made
in the quantum mechffi1ical description of lnolecular
collisions in which rearrangement chffi1nels are
open. The major complication in treating
rearrangement collisions arises from the fact
that coordinates descriptive of the asyn~totic
reactant arrangement differ from those describing
the as~nptotic product arrangements.

A more general formulation of reactive scat
tering was given a number of years ago by Miller.
Here the wavefunction is expanded in the internal
states of all arrangements, and the coupled channel
equations are obtained from a variational principle,
This approach is the direct analog of the Hartree·o

Fock expansion familiar in electronic structure
theory, and it obviates the need for any special
(e.g., natural collision) coordinates. The price
paid is that the coupled equations contain a non~
local exchange interaction analogous to electron
exchange in Hartree-Fock theory.

+
n

It was found possible, however, to deal with
the non-separable exchange by Jnaking a separable
expansion of it:

where the coordinates are depicted in Fig. 1; <P a
and <Pb are the vibrational wavefunctions of H2
in the initial and final arrangement, fa and fc
are the scattering functions, and Xn(r,R) are
bound-state-like "correlation functions." The
coefficients {C } and the functions fa and fc
are determined gy a variational principle.

u. (R) <u.lv !uo>u.(R')
1 1 ex J J

where {ui} is some convenient basis set. This
then makes the entire exchange interaction
separable, and a non-iterative solution of Eq.
is then possible.

(4)

(2)
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(1){H, }
n s11.

is the diabatic matrix uv.",--,c J.LU.UIS this electronic
system, then one desires the classical Hctmiltonian
function l-let (n,q) which most corresponds
to this quantunl Z-state Sh0\\'11
that this classical

Suppose, for eXalTIp1e, one is wishing to describe
the interaction between two electronic states.
If {Hn' n},

nuclei, but rather that one must construct a
classical model for the relevant of the
electronic degrees of freedom.

3"'1R

Fig. Z. Contour plot of the non-local exchange
kernel Vex(R,R') for total energy E '" 0.4 eV.
Rand R' are in units of Bohr radii, aO'

(XBL 771Z-l0943)

The results obtained for the reaction probabili
ties are in complete agreement with those obtained
by other means and show that this approach to
qual1tum mechanical reactive scattering is a viable
one. Its advantage is its complete
generality.

One of the remarkable features of this classical
model is that its semi-classical
detennined by the Bohr SOTIUnerfeld
condition

Jt>dq n(q,E) '" 2n X integer

where n(q,E) is defined implicitly by

(3)

(4)

--are identical to the quantum mechanical eigen
values [i.e., the eigenvalues of the Z x Z matrix
in Eq. (1)].

As a first application of this model we have
treated quenching of the excited fine-structure
state of fluorine atom, F(ZPl/2)' by collision
with H+,

This rather simple example has been treated earlier
by a complete quantunl scattering calculation and
this serves as a useful benchmark to assess the
quantitative reliability of our classical model.
111e classical HmTIiltonian in this case is

(5)

(6)

1+ +12
+- J..d-j +- Bj 2

2
2)JR

2
(R) +- ~ Vn(R)

2+- (I-TIl )
L

HJ'<P ,R,j,q, •TIl , ,q )
J J TIl.

J

The best TIlodels currently available for treating
electronically non-~adiabatic collision processes
describe the electronic degrees of freedom quantunl
mechanically, ie. e., as states, and the heavy
particle (i.e., nuclear) degrees of freedom
classically, i.e., with coordinates and momenta.
Treating the electronic and nuclei degrees of
freedom differently, however, means that the
dynamics of their interaction is not described
correctly. We have recently shown, for example,
that resoncmce effects between electronic and
nuclei degrees of freedom are not described cor
rectly by these models.

3. A NEW CLASSICAL MODEL FOR ELECTRONICALLY NON
f\DIABATIC COLLISION PROCESSES*+

W. H. Miller and C. W. McCurdy*

-*---------
Abstracted from J. Chem. Phys. 68, 4051 (1978).

+Supported in part by the National Science Founda
tion.

If one wishes to retain the usefulness of a
classical description of the nuclear degrees of

then dynamical consistency demands that
the electronic degrees of freedom also be described
by classical mechanics 0 This does not necessarily
mean that all the electrons themselves must be
treated as classical particles orbiting about

where and Vn are the potential curves for
F(Zp) + ; mL is an algebraic function of variables
j ,mj ,qj . j is the total electronic angular
momentum--'it varies between l/Z and 3/Z .. -and mj
is its projection; J is the total angular momentum
and is conserved. One notes from Eo,. (6) that
the fluorine atom appears in this model as a
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rigid rotor (cf. the term Bj2 in the Hamiltonian),
~----
so the classical system is isomorphic to that
of an atom~rigid rotoT coUision.

4. INFRARED LASER· Ir,'I}UCED CHEMICAL REACTIONS *+

A. E. Orel and W. H. Miller

It is well-IG1oh~l that the rate of chemical
reactions can be enhanced by vibrationally exciting
the reactants with an i,nfrared laser. This has
been seen experimentally and also in classical
trajectory calculations, and it reqUires that
one of the reactants have an absorption at the
frequency of the laser.

(1)

p 2 2 2

l+~+
2]1 2m

X)

1
+ V(r,R) + '2

In addition to the possibility of acceleTating
chemical Teactions by this collision induced
absorption, the effect is also of inteTest because
it is a way of pTobing the reacting system directly
in the inteTaction Tegion. This is the closest
that one can come to haVing an infraTed spectTos
copy of the tTansition state.

In ordeT to carry out quantitative calculations
to illustrate and to characteTize this Teactive
collision induced absorption we have developed
a classical model that tTeats both molecular and
radiative clegTees of fTeedom by classical mechanics.
FOT a colLlneaT A + BC + AB + C Teaction in a
single mode laseT caVity the classical Hamiltonian
for the system is

This Teactive collision induced absorption
is a con~letely geneTal phenomenon since displace
ment of a tTansition state along the Teaction
cooTdinate must always be an asymmetric displace-'
ment and thus infTaTed active. It is also clear,
howeveT, that it is a weak effect--and thus requires
a laseT--because the system is in the tTansition
state Tegion of the potential energy sUTface for
only a ShOTt peTiod of time, i.e., the
"concentTation of transition states" is small.

We have recently pointed out, however, that
ffil :infrared laser will in g...eneral enhance the
rate of chemical reactions whether or not the
reactants absorb the infrared radiation, in fact
even if the reactants are infrared inactive. This
collision induced absorption can be understood
qualitatively by considering the simple prototype
reaction H + HZ + HZ + H, for which the reactants
are indeed infrared inactive. Although the
reactants have no dipole moment and thus do not
absorb radiation, it is easy to see that in the
transition state region of the potential energy
surface the three hydrogen atoms will have a non
zero dipole moment. Furthermore, this dipole
~~ome~t v~ries with the asyrrnnetric stretch motion,
H·, ·H·· ·H, so that tIns motion can absorb eneTgy
iTom the radiatizn field.". while the symmetTic
stretch motion, H" 'H" 'H, does not develop a
dipole and is thus infTaTed inactive. The
aSYmmetTic stTetch, moreoveT, corresponds to motion
along the reactioll cooTdinate, so the system will
absoTb eneTgy from the field preferentially in
the degTee of fTeedom most effective in promoting
the Teaction.
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FiguTe 1 shows the Tesults of a classical
tTajeetory calculation using the Hamiltonian in

*Abstracted from J. Chem. Phys. 68, 4431 (1978)
and J. Chem. Phys. 69, 0000 (1978).

+Supported in part by the National Science
FOLmdation.

t
Present address: Chemistry Department, The Ohio
State University, Columbus, Ohio.

. (6), compared to the correct qUaIltum mechanical
results (using the same Z and n potential curves).
The classical model is seen to give qUite good
quantitative results; this is quite encouraging
fOT although this new model is more dynamically
consistent than existing methods, it is crudeT
in the sense that the electronic degrees of
freedom are described by classical rather thffil
qucmtum mechanics. The results of this application
suggests that this is not a severe limitation
of the approach.

Fig. 1. CTOSS section for quenching of F(2P1I2)
to the gTound state F(2P3/2) by collision with
W, as a function of initial translational energy.
The full curve is the quantum mechanical result,
and the points (with statistical unceTtainty from
the Monte Carlo integration) the present quasi~
classical results. (XBL 7810-12104)

The importance of this model is that it can
be applied quite straight-foruardly to molecular
(as opposed to atomic) non-adiabatic processes .
for which a completely quantLml approach is not
feasible, and such applications are plaIlned.
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1 shows the reaction probabjlit;
for this

.~ 948 cm
at power correspondillg

0.1 eV,

As a first of these lcleas we have
considered a the collinear
H -1- -+- -1- H not of great
interest in itself, it is a well- studied reaction

and since the reactants are
JJJfrared in.active it js a good to
illustrate the we are

in a laser held
of the

to aRabi
of the

full line is
the field-free reaction and one does
jndeed see that the lowered
the activation energy absorbed

the molecular from the radiation held
effective in sUrme)Ulltj_ng the activation barrier.

Applications to more
reactions are

It is to out ,however, that
this classical model an accurate
of the interaction of radiation "md matter also
in the 1imit . It has been shmm
in fact, that the model contains
induced emission of radiation in the usual way,
and even describes spontaneous emission

(2)

+ vCr ,R)

2 2

R,N,Q) =

1 18rrhWN' .+ hUJ(N +-) '-'11-"--- )J(r,R)slnQ
2 V

One sees that within this classical framework
the rachation held enters simply as an additional
vibrational degree of freedom, so it is a
matter to carry out classical
tions including all the degrees
the same (classical) In doing so it
is useful to the cartesian variables of
the , by the action- variables
(N ,Q), so Hamiltonian takes the form

where (r ,Pr), (R,PR), and (X,PX) are the coordinates
and momenta for the relative vibration of B-C,
translation of A relative to the center of mass
of BC, and the radiation respectively,
m and )1 are the corresponding reduced masses,
UJ is the frequency of the laser, V is the volume
of the radiation )J(r,R) is the dipole
moment of the A--B-C system of a function of its

and V(r,R) is the held-free
potential energy surface for the A-B-C system.

2188 (1978)
N is the "quantun nunber" of the radiation
i. e., the nunber of photons, and Q is its phase.
Initial conMtions for the classical trajectories,
and the calculation of the ectory, are as
in the conventional "quasi-classical" approach.

*-----~-~~---

Abstracted from J. Chern.
"md Chem. . Lett.

in part by the National Science

The of this model is that it allmys
one to carry out non-perturbative calculations,
an feature when dealing with lasers.

5. SIEGERT EIGENVALUES FOR AUTO ION I ZING ELECTRONIC
STATES H

(Ib)

(Ia)

and W. H, MillerC, W.

A + B + A + B + e

1,
A + B ~ A + + e

The the and life-
times of dULLUJ..U1LL.Ld.111', electronic states is an
important a number of physical
phenomena. and detachment
processes,

can be described
withjn a The picture
is that atoms molecules) A "md B move infinite-
sjJnally to motion of the electrons
and that at each distance the electronic
state of the system, A*-B finds itself
embedded in a continuum of states of
the type A-B+ + e<> to which it can autoionize.
To describe these processes from first principles
it is thus necessary to be able to compute, for
fixed nuclear configurahons, both the electronic
energy of the and its rate of autoionization.
There is also ill determinillg the energy
"md lifetimes of autoionizing states of isolated
atoms and molecules.

A, IJ.

/
I

/

o~~~"..,b,~~••~~k~~~~ __~_.~

0.1 5
E

o

Fig. 1. Classical reaction probability for the
collinear I-! + HZ (v '" 0) -+- HZ + I-! reaction on the
Porter- Karplus potential surface, as a fW1Ction
of the initial translational energy E. The solid
curve is the ordinary field free result, and the
dashed curve the result in the presence of a laser
of frequency UJ '" 948 cm- l and of an intensity
such that wR '" 0.1 eV. (XJ3L 783-7789)
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5 3.40822 .004812

10 3.42706 .022380

15 3.426l11 ,025596

20 3.42641 .025591

25 3.42638 .025586

30 3.42638 .025553

35 3. l)2639 .0255 l,8

liO 3.l,2639 .025548

45 3.42639 .025549

50 3.42639 .025549

60 3.42639 .0255l,9

70 3.42639 .025549

det 1M, (k) I = 0 ( 8)
n ',In

where the matrIX Mu' n is the matrlX of (H - 1/2 k2)
over the N-dunension8.l basIs set (including the
function 8); it is a comple~ s~mnetric matrix
and depends on k not only because of the tenn
1/2 k2 but also because the basis function 8(r)
depends on k.

We have found that calculations based on the
above equations are not only feasible but complete"
ly stable and well-behaved with regard to
increasing the size of the basis set. Table 1 . ,
shows this convergence for a one'-dimensional model
problem. Calculations have also been carried
out for several atomic autoionizing states, and
good results are obtained with quite modest basis
sets. All of this suggests that this approach
will prOVide usefully accurate results for non
trivial applications, e.g., to autoionizing states
of molecular systems. Such applications are
feasible because the methodology requires only
minor modifications of conventional quantunl
chemistry codes.

Table 1. Resonance position and width (E = ER 
i 1'/2) for the potential

VCr) ~ ~5 r 2 e- r . N is the nunmer of

basis functions in (5).

(3)

(6)

(4a)

(4b)

S (k)

C u (r) + CN8(r)
n n

boundary conchtion is that
r ~ 0, and for large r has

l' ~ -2 Iru(E)

"VIIl]:"''''.<\. number of unit
for s::omple"S.

; such an
of analytically
and its real and

energy and lifetime of
state equivalently, the position
scattering resonance),

(r) =

··,ikr
lj! (r) ~ - e +

k

From (2) one sees that for the values of k
for S(k) has a pole, the boundary condition
on ~k(r) for r is

ikr
lj!k(r) ~ constant X e (5)

The Siegert eigenvalues are thus detennined by
finding solutions of the Schrodinger equation .
which are regular at r ~ °and have only OUtgOlllg
radial "liwes at large Yo

For cases that the Schrodinger equation cannot
be solved analytically a variant of the Rayleigh
Ritz variational procedure is possible. One
chooses a trial function of the form.

where the (N-l) function {un (r)}, n '" 1, ... , N-l
are ordinary square- integrable functions (e. g. ,
Slater orbitals) that vcmish exponentially for
large r, and the last basis function 8(r) is chosen
to ~npose the Siegert boundary condition:

the me1tastat)le
and width of a

We have shown that a variational cal-
of the eigenvalues for such

has considerable advantages over other
(\vhich are usually based on some variant

Feshbach projection operator fonnalism).

To illustrate the idea of eigenvalues,
consider S'-wave a spherically

potential VCr) h ~ m ~ 1),

1 d
2

1
2 + VCr) 2 ]lj!k(r) ~ 0 (2)

The usual
lj!k(r) i.s
the asympt:ot:LC

(7)

No matter what values the coefficient {Cn}, n ~ 1,
.,. N have, satisfies the correct boundary
conditions at r ~ °and at r ->- 00. The variational
principle then results in the usual manner in
secular equation

*Abstracted from Chem. Phys. (1978).

+Supported in part by the National Science
Foundation.

*Present address: Chemistry Department, The Ohio
State University, Columbus, Ohio.



6. RESEARCH PLANS FOR C.J\LENDAR YEAR 1979

William H. Miller

In addition to various aspects of general semi
classical theory of molecular processes, some
of the specific projects \~lich are planned are
described below.

Laser-Induced Chemistry

The influence of lasers on molecular collision
processes, e.g., ch~nical reactions, continues
to be an interesting and potentially important
topic. Further calculations are planned to
illustrate and characterize the effects described
in article 4. Specific reactions we have in mind
are

x + H
2

-+ HX + H

for X ~ F and Ci, to see if the collision-induced
absorption enhances the reactive cross section
for these reactions as it does for the H + HZ
example.

We also plan to look at the other side of the
coin of this effect, i.e., to look at the collision
induced absorption spectrum (rather than, as above,
what the absorption does to the molecular
lnechanics). The goal of these studies is to see
what can be learned from experiments that detect
only the absorption spectrum rather than the
molecules themselves. There are some qualitative
trends that we expect to see: if the reaction
proceeds through a "direct" mechanism, then the
absorption spectrum should be broad, whereas if
the reaction forms a long-lived collision complex,
the absorption spectrum shOUld have sharp features,
like those of a highly excited molecule. At this
simplest level, therefore, it is clear that the
absorption spectrum contains some information
about the reaction mechanism. We plan to pursue
this idea more precisely to see where it leads.

Classical Models for Electronic Degrees of Freedom

Article 3 above describes a first step in
showing how classical models can be constructed
for electronic degrees of freedom. This is an
important development since it allows one to treat
electronic and heavy particle degrees of freedom
on an equivalent dynamical footing, and we are
planning to pursue this idea vigorously. There
are already several new aspects of the theory
that come to mind to pursue. Since the entire
concept is so radically different from other
approaches, there are a number of directions to
explore and exploit.

The next application we plan is to quenching
of F(Zpl/2) by H2' since it is known that a
resonance in electronic-rotational energy transfer,

plays an important role in the quenching. Current
semiclassical models of such processes do not
describe such resonance effects correctly, but
we believe that our new classical model will do so.

287

To the extent that it is possible to construct
a classical model for the electronic states, we
believe our approach will describe all dynamic
effects in non-adiabatic collisions. It is thus
important to learn how generally such lnodels can
be constructed.

Siegert Eigenvalues

Encouraging results have been obtained for
atomic auto ionizing states using the concept of
Siegert eigenvalues. The real goal is to be able
to describe molecular autoionizing states, and
we thin1, that this can be done. PlffilS are to
work closely with Professor Schaefer'S group to
take as much advantage as possible of the existing
computational methodology of quantum chemistry.

Vibrational States of Small Polyatomic Molecules

There is considerable interest nowadays in
trying to extend semiclassical eigenvalue methDds
(e.g., the Bohr-Sommerfeld phase Dltegral condition)
to multidimensional systems. We (and others)
have learned in recent years how to deal with
"simple" multidimensional systems, e.g., those
that correspond to a single lnultidimensional
potential well, but no one knows how to deal semi
classically with a more complicated topology,
e.g., a multidimensional double-well potential
energy surface. We have some ideas of things
to try for such situations and plan to pursue
them.

7. 1978 PUBLICATIONS AND REPORTS

William H. Miller and Associates

Journals

1. W. H. Miller and B. M. Skuse, On the Possibility
of Direct Solution of the Classical Liouville
for Inelastic Molecular Collisions; the Reduced
Liouville Equation, J. Chem. Phs. 68, 295 (1978),
LBL-6628. --

'k

Z. S. M. Colwell, N. C. Handy and W. H. Miller,
A Semiclassical Determination of the Energy Levels
of a Rigid Asymmetric Rotor, J. Ch~n. Phys. ~,
745 (1978).

3. W. H. Miller and F. T. Smith, S~niclassical
Perturbation Theory of Electron-Molecule Col-
lisions, Phys. Rev. A 939 (1978).

'4. S. Green, B. J. Garrison, W. A. Lester and
W. H. Miller, Collisional Excitation of Inter
stellar Formaldehyde, Astrophys. J. 22Z, 1117
(1978); Astrophys. J. Suppl. Ser. 37~21 (1978).

*5. B. C. Garrett and W. H. Miller, Quantum
Mechanical Reactive Scattering via Exchange
Kernels: Application to the Collinear H + HZ
Reaction, J. Chem. Phys. 68, 4051 (1978),
LBL-6971. --

6. W. H. Miller, Resonance Effects in the Semi~~
classical Theory of Electronically Non'~Adiabatic



Collision Processes, J. Chem. Phys. 68, 4431
(1978), LBL-7334. -

7. W. H. Miller, A Classical/Semiclassical TIleory
for the Interaction of Infrared Radiation with
Molecular Systems, J. Chem. Phys. 69, 2188 (1978),
LBL-7336. -

*8. A. E. Orel and W. H. Miller, Infrared Laser
Induced Chemical Reactions, Chem. Phys. Lett.
57, 362 (1978), LBL- 7608.

9. A. W. Raczkowski, W. A. Lester, Jr. and
W. ~. Miller, Vibrational Relaxation in the Para
HZ- He System: Comparison of Corrpled-Cha:n.nel,
Coupled-States, and Effective Potential Methods,
J. Chem, Phys. 69, 2692 (1978).

*10. W. H. Miller and C. W. McCurdy, Classical
Trajectory Model for Electronically Non-Adiabatic
Collision Phenomena; A Classical Model for
Electronic Degrees of Freedom, J. Chem. Phys.
~~' 5163 (1978).

11. S. M. Colwell, N. C. Handy, and W. H. Miller,
Semiclassical Eigenvalues for Rotating Triatomic
Molecules, in Stochastic Behavior in Classical and
Quantum Hamiltonian Systems, edited by G. Casatl
and J. Ford, (Springer Verlag, N. Y., 1978), p. 299.
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Meetings and Invited Lectures

1. W. H. Miller, Infrared Laser- Induced Chemical
Reactions, Invited lecture at the National Meeting
of the American Chemical Society, Anaheim Calfiornia,
12-17 March, 1978.

2. W. H. Miller, Semiclassical Theory of Molecular
Collision Processes, Plenary lecturer at the VIIth
Soviet National Conference on Quantum Chemistry,
Novosibirsk, USSR, 28 June-l July, 1978.

3. W. H. Miller, Laser- Induced Chemical Reactions,
Invited lecture at the XIth International Symposium
on Rarefied Gas Dynamics, Cannes, France, 3-8
July, 1978.

4. W. H. Miller, A New Classical Model for
Electronically Non-Adiabatic Collision Processes,
Invited speaker at the Gordon Research Conference
on Atomic and Molecular Interactions, Wolfeboro,
New Han~shire, 24-28 July, 1978.

*Supported in part by the National Science
Foundation.
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g. Photoelectron Spectroscopy"'

D. A. Shirley,

Introduction. The continuing theme illlderlying
our research is the developn~nt of the field of
electron spectroscopy. As in the past, progress
in this field is coupled to the development of new
methods and new types of apparatus. In 1978 a
new movable hemispherical analyzer was completed
and was used to carry out the first definitive
normal photoelectron diffraction studies. A time
of-flight photoelectron spectrometer was built and
used in conjilllction with synchrotron radiation to
study autoionization resonances. High resolution,
low-energy angle-resolved photoemission studies
were carried out on the 8° Beam Line at the
Stanford Synchrotron Radiation Laboratory, and
were applied to a stepped crystal surface for the
fi rst time. 111e exploratory nature of this
research, and its difficulty, limited the number
of projects that could be completed, but several
other projects are discussed below.

been recognized. Indeed the advantages of using
photoelectrons for diffraction studies have been
discussed in some detail. l Experimentally, both
normal and off-normal photoelectron diffraction
were observed earlier for the valence levels of
CO on Pt(lll), 2 and recently azimuthal variations
of adsorbate core level intensities have been
reported,3 but in neither case was a quantitative
interpretation possible. Tong has emphasized the
great advantage of measuring photoelectron
intensities of adsorbate core levels nonnal to the
substrate crystal face, while varying the photon
energy. The energies of diffraction peaks
produced in this manner can be readily analyzed
to give dl, the interplanar spacing, rather
directly. Quite often dl is a crucial parameter
in a surface structure detennination, as we shall
discuss below.

l. NORJvlAL PHOTOELECTRON DI FFRACTI ON: A NEW EFFEC1*

S. D. Kevan, D. H. Rosenblatt, D. Denley, B.-C. Lu,
and D. A. Shirley

The relationship of the photoemission final
state to the time-reversed LEED state has long

Large modulations in the Se 3d photoelectron
intensity with photon energy have been observed
in normal emission from both p(2x2) and c(2x2)
selenium overlayers on a nickel (100) crystal face.
The kinetic energies at which the oscillations
peak show excellent agreement in each case with
Tong's predictions4 for the fourfold "hollow" site
geometry of Se adsorbed on Ni, and disagree with

c (2x2) Se + Ni (100)
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Fig. 1. Plot of the relative Se 3d intensityvs. electron
kinetic energy for the c(2x2)Se + Ni(lOO) system, and
calculated peak energies for the atop and hollow site
registries (arrows). The experin~ntal geometry is sho~n
in the inset. (XBL 788-2665A)

work was performed at the Stanford Synchrotron
Radiation Laboratory, which is supported by the NSF Grant
N.o. DMR 73-07692 ADZ, in cooperation with the Stanford
Lmear Accelerator Center and was supported by the Division
of Chemical Sciences, Office of Basic Energy Sciences,
U. S. Dept. of Energy.

predictions for the "atop" geometry. These results
provide the first experimental evidence that normal
photoelectron diffraction from adsorbate core
levels is a large effect,3 and indicate that it
has promise as a quantitative structural tool for
detennining adsorbate geometries.
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,
p ( 2 x2) 5e + N i (100)

Figure 1 shows a plot of the relative Se 3d
peak intensity vs. electron kinetic energy for
the c(2x2) overlayer. Four distinct peaks are
apparent. The modulation is very large, up to
a factor of two, compared to the smaller variations
reported in azimuthal studies. Also sho\,1)1 in
Fig. 1 are the peak energies in the Se 3d cross
sections as calculated by Tong for the c(2x2)
overlayer geometry in both the "hollow" and "atop"
site registries with the lattice. 4 A timB-reversed
LEED state was used for the photoelectron final
state. With the present degree of uncertainty in
scattering potentials, the calculation is not
expected to yield accurate peak intensities,4 but
the peak energies should be a reliable measure
of dl , the Se-Ni interplanar spacing. In fact,
we fInd excellent agreement with theory (using
the hard- sphere radii) for the hollow site value
of dl '" 1.55 A while the peak positions for the
atop site value of 2.34 A give poor agreement; the
separatiml between the first and third peaks is
16 eV too large, and that between the third and
fourth peaks is 17 eV too small, with a valley
coming where the peill( would be expected. A series
of calculations at several values of dl indicated
that even this closeness of the peak posi tions
for the atop and hollow geometries is coincidental;
in other systems the differences are expected to
be more significant. 4 This result is in good
agreement with recent d)~amical LEED calculations.
Similar agreement is found for the p(2x2) structure
as shown in Fig. 2. We conclude that this tech
nique shows real promise for surface structure
determination, and emphasize that this result
has been obtained using photoemission from a core
state. This simplifies the calculation signifi
cantly, and has the added advantage that the
spectral subtractions are straightforward as the
photoemission peaks are quite sharp. This last
point has been especially uuportant near 62 eV
kinetic energy in this study, where a broad nickel
Auger peak is added to the background.

A more detailed analysis5 demonstrates by
comparison with LEED I-V curves that this effect

70 90 110 130 150 170

Electron kinetic energy (eV)

2. ELECTRONIC STRUCTURE AND SURFACE STATES IN
SlDPPED COPPER CRYSTALS*

R. F. Davis, S. D. Kevan, R. S. Williams,t
P. S. Wehner,* and D. A. Shirley

For these ARPES experiments, synchrotron
radiation in the range 8 eV ~ hv ~ 35 eV was used.
TIle incident radiation was highly (>97%) polarized
in the horizontal plane, and the electron energy
analyzer was fixed in this plane.

The Cu(211) face forms a (S)-[3(111) x (100)]
stepped surface2 which is dra~1J1 in Fig. 1 to
show the monatomic (100) steps and three-atom
(Ill) terrances. Only one-third of the surface
atoms have the coordination of a (111) surface.
Such a high step density might be expected to
alter the surface electronic structure signifi
cantly.3 One of the purposes of this study was
to provide information on this point .

is a final state diffraction phenomenon. The
major cause of the observed modulations is
interference between direct and backscattered
waves. Ibis is to be compared with recent SEXAFS
results ,6 in which the angular averaging eliminates
this interference in favor of an EXAFS phenomenon.
SEXAFS, for that reason, is a small effect which
is sensitive to nearest neighbor distance rather
than dl, suggesting that combined SEXAFS
photoelectron diffraction studies might be useful.

"*Brief version of LBL-8173; published as Phys.
Rev. Lett. 41, 1565 (1978).

The electronic structure of stepped surfaces is
of considerable interest because experimental
evidence suggests that atomic steps on such
surfaces significantly influence a material's
catalytic activity.l As a first step in elucida
ting the electronic structure of stepped surfaces,
we have initiated a program to study various
stepped surfaces of Cu using angle-resolved
photoelectron spectroscopy (ARPES). In this
article, we describe ARPES studies of the Cu(211)
stepped crystal surface.

1. S. Y. Tong and M. A. Van Hove, Solid State
Commun. 19, 543 (1976) and references therein.
2. D. A--:-Shirley, J. Stohr, P. S. Wehner, R. S.
Williams, and G. Apai, Physica Scripta 16, 398
(1977) . --
3. S. Kono, C. S. Fadley, N. F. T. Hall, and
Z. Hussain, Phys. Rev. Lett. 41, 117 (1978).
4. S. Y. Tong, unpublished results on Se/Ni(lOO) ,
private communication; S. Y. Tong, Bull. Am. Phys.
Soc. 23, 417 (1978).
5. S--:-D. Kevan, D. H. Rosenblatt, D. Denley,
B.-C. Lu, and D. A. Shirley, Phys. Rev. Lett. 41,
1565 (1978).
6. P. H. Citrin, P. Eisenberger, and R. C. Hewitt,
Phys. Lett. 41, 309 (1978).
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Fig. 2. Plot of the relative Se 3d intensity vs.
electron kinetic energy for the p(2x2)Se + Ni(lOO)
system,and calculated peak energies for the atop
and holiow site registries (arrows). (XBL 789--1784)

In the course of these studies a surface state
was found on the three-atom terrances of the
Cu(211) face, and we discuss the properties of
tilis surface state first. Surface states on low-
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Figure 2(a) shows photoemission spectra taken
as a function of the electron take-off angle 8
(measured from the sample normal in the plane
containing the [111] direction), with a photon
energy of 11 eV. The (211) surface state appears
as a peal, at a binding energy of 0.2 ± 0.1 eV at
e =. 20°. As e is increased or decreased from
this value, the peal, decreases in intensity and
moves toward the Fenlli energy, disappearing at
e =. 10° and 30°. These are the same characteristics
exhibi ted by the surface state on Cu(lll) [at
0.3 ± 0.1 eV binding energy; see 2(b)], 4,5
if a rotation ofe 19.5 ° is first applied to
correct for the fact that the [Ill] direction of
the Cu(211) lies at 19.5° relative to the (211)
plane. We infer that the Cu(111) surface state
at 0.3 ± 0.1 eV, which shows a maximum in both
binding energy and intensity in normal photo
emission,4,5 is present in modified Torm on the
(111) terraces of Cu(211), with maxima in these
properties normal to the terraces; i.e., also
along the [111] direction. We note that this
implies that photoelectrons originating from the
Cu(211) surface state show little or no
refraction at the solid-vacuum , in
contrast to those features of our sp,~ct;ra
from bulk d-bcmds which show YP1"Y"n'-i

of as much as 10° (see 3).

Fig. 3. Valence-hand photoerrission spectra
obtained as a £unction of the incident photon
energy for electrons propagating along the [111]
direction of a Cu(211) crystal (solid curves) and
a Cu(lll) crystal (dashed curves). The inset
shows spectra obtained at hv =. 9 eV for electrons
propagating along the [111] direction of a Cu(211)
crystal both before (dashed ~urve) and after
(solid curve) exposure to 10jL (lL =. 1 Langmuir =.

10- 6 Torr-sec) of oxygen. (XBL 785-2505)
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~liller-index planar metal surfaces have received
crnlsiderable theoretical attention. Until now,
however, the detained surface electronic structure
of stepped crystals has received much less
attention, in spite of its importance, and no
detailed theoretical predictions of surface
states on stepped crystals are available.

Fig. 1. A segment of an ideal Cu(S)-[3(111) x
(100)] surface, showing three-atom terraces of
(111) orientation separated by monatorric steps
with a (100) orientation. (XBL 7610-4160)

Fig. 2. Photoemission spectra of the valence band
region of copper taken as a function of the
electron take-off angle e (measured from the
sample normal), with a photon energy of 11 eV,
for: (a) Cu(211); (b) Cu(lll). The detailed
experimental geometries are given in the insets.

(XBL 785-2506)

Certain differences between the Cu(2ll) and
Cu(lll) surface states are evident in Fig. 3,
which compares photoemission spectra collected
in the [111] direction, from the Cu(211) and
Cu(l11) crystals, for several photon energies.
The (211) surface state binding energy is
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direction,8 the group of symmetry operations
leaving the photoelectron propagation direction
unchanged contains only the identity element and
the (ali) mirror plane. 'I1ms, electronic states
lying on the [211] crystal momentum axis may be
symmetry classified as either even or odd (A or B,
respectively, in the group C2) with respect to
reflection through the mirror plane, 'The photo
emission final state must belong to the A
(sy111metric) irreducible representation since
operations which leave the crystal invariant
should not affect the electrrulic state sampled by
the detector. In order for a transition to the
synmetric final-state band to be allowed, the
irreducible representation of a particular initial
state nllst be contained in the transition

Fig. 4. AHPES spectra collected in normal emission
from Cu(211) surfaces for photrul energies between
8 and 34 eV. The spectra in a were collected
with the orientation geometry in the inset;
the radiatiol1 polarization vector E projected out
from the (011) mirror plane by 55°. 111e spectra
in panel by S5°. 11re spectra in panel b were
collected with the polarization vector in the
mirror plane. (XB1, 784-470)

insets of
For the left

vector
55°
the

plane
evident from the

sensitive to

to normal emission electronic structure
Cu(211), we first note that the surface

emission

In the past few years, we
normal photoemission
faces of Cu5,8-1l and

Hermanson 7 has discussed polarization selection
rules for normal emission from low-·Miller- index
faces of cubic crystals. For emission in a [211]

have shmvn that
low-Miller- index

an accurate
the bulk band

structure the appropriate directions in
momentwn space. In general, excellent agreement
with the theoretical bands was found using the
direct transition model in which a) only one
final-state band is in transmitting
photocurrent to the and b) the surface
perpendicular component of momentum
(lq) is nearly conserved. Our Cu(211) data
suggest that this model holds equally well for
stepped-crystal normal emission, as summarized by
Fig. 5, in which the results for the two
orientations are displayed lAs seen
in this the positions
(shown as good ag]~een~rlt
with the bulk structure and
curves); the latter was generated along the [211]
direction the interpolation scheme of
Hodges et al. The points in the figure were
located considering direct transitions to the
single free-electron-like conduction band which
extends upward parabolically from about 4 eV
above the Fenni energy (EF) and is nearly
syJillnetric about the Brillouin zone boundary (3/4,
3/8, 3/8).

As a final observation the surface
state, we report studies of the
enhanced surface reactivity of Cu(211). On
simultcmeous eAlJosure of a Cu(lll) and a Cu(211)
surface to 10310 of 02, the Cu(ll]) surface showed
no detectable oxygen , while the Cu(211)
surface showed ca. 0,8 monolayer of oxygen, as
measured by the O(K1,L) Auger signal. Angle-
resolved photoemission along the [111]
direction (inset, showed that the (211)
surface state had (see
the hv '" 9 eV spectrum) a feature appeared
at a of ca. 1.6 eV that has been
attributed antibonding orbital. 6

apparently slightly lower than that of the (111)
surface state as noted above. The of
the (211) state is also lower relative to
the bulk band features, and it decreases more
rapidly with photon energy than did
the (Ill) surface state.

state does not contribute to [211]
spectra. T,vo different radiation [JULd_U..wd'LHJll

directions th to the
plane] were used
rules
geometries are as the
Fig. 4 which displays the data.
side the , the
projects out of the
(orientation a) whereas for the
polarization vector lies
(orientation b). 1\5 is
figure the spectra were
both ~loton energy and
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Corresponding photon energy (eV)
3020 10

parallel), and the most intense features in
Fig. 4(b) arise from A initial states.

~ 2

Crystal momentum along

---

r

Finally, we note that the normal enrission
final state band contains a band gap 11-15 eV above
EF' Band gaR photoemission has been discussed
previously,l and arises from the coupling of
a plane wave in the vacuum to a non-propagating
state (i.e., a state with pure imaginary wave
vector) near the sample surface. Emission into
the gap causes the mean free path of photo
electrons with a particular energy and initial
direction to become severely attenuated due to
elastic processes. TIle conservation condition
for I\} becomes relaxed, and the regime where a
true one-dimensional density of states photo
enrission condition is approached. 15 111is is
only realized when the uncertainty in I\} becomes
as large as the BZ dimensions.

Figure 5 confirn~ these selection rules
qualitatively. TIle most intense peaks in Fig. 4(a)
originate from B syn®etry gands (as the component
of Aperpendicular to (011) is ~1.5 times that

operator A.p, \~lere Ais the vector potential of
the photon field. For the geometries shm,n in
Fig. 4, the spectra accumulated in orientation
c: may arise from transitions originating from
both A and B symmetry initial states, whereas the
spectra from orientation b should arise only from
A initial states.

version of LBL-7679, published in Phys. Rev.
Lett. 41, 323 (1978), and LBL-85ll, to be

tsubmitted to Phys. Rev. B.
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In swnmary, we have found that the d-band
electronic structure of the Cu(211) surface
resembles that of bulk Cu even at a fair level of
detail. Furthermore, the similarity of the (111)
terrace surface state to the (111) face surface
state indicates that the surface potential on the
terrance resembles that of the (Ill) surface.
These results suggest that the increased reactivity
of stepped surfaces may arise n~re from steric
effects due to step-adsorbate geometries than
from any particular electronic-structural
property of the steps (such as charge buildup at
step sites), in agreement with certain theoretical
predictions. 16

The spectra that arise due to emission into
the band gap are predicted to be in the 12-16 eV
photon energy range. Of special interest are
the spectra obtained at hv = 14 eV (see Fig. 4).
TIle spectra for the two polarizations are
markedly different, due to the differing amoW1ts
of dispersion in the A and B initial state bands.
The orientation a spectrum displays sharp features
arising from the high density of B symmetry states.
On the other hand, the orientation b spectrwn is
extremely broad and ill-defined due to the large
amoW1t of dispersion of the A symmetry initial
states and the large uncertainty in 1~.

['

nil]

orientation b

[211]

A

Corresponding photon energy (eV)
30 20 10

X 3/4,3/8,3/8
Crystal momentum along [211]: k1

~ 2
:>.

E'4
(j)

c
(j)

0>6
c
u
c
iii 8

Fig. 5. Comparison of the spectra peak positions
for both polarizations (insets) with the occupied
bands in Cu along the [211J direction. In both
cases, the A syn®etry bands are plotted as solid
lines and the B states as dashed lines. The
point (3/4, 3/8, 3/8) in units of 2n/a is at the
Brillouin zone boundary. TIle open circles
correspond to pronounced spectral features, and
the solid circles are for weak features and
shoulders in the spectra. The circles were located
by considering direct transitions to a single
free- electron-like conduction band with A symmetry.

(XBL 7812-13204)
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Fig. 1. Relative d-band intensity of Cu,3 Ag,3
Au,3 Pt,4 and Pd as a function of the incident
photon energy. The curves have been corrected
for the collecting efficiency of the electron
energy analyzer, the transmission of the mono
chromator, and inelastic background. (XBL 782-306)

In earlier work we reported the energy variation
of d-band photoem.&ssion intensity I (hv) for Cu,3
Ag,3 Au,3 and Pt. Figure 1 summarizes our
previous measurements and also shows our new
results for Pd. The variations of o(hv) for 3d,
4d, and 5d shells are fully illustrated in this
figure. '[he scales in Fig. 1 are not absolute,
however, nor is the intensity I(hv) strictly
proportional to o(hv), because of variations in
escape depth.

10

5

5
100

50

This dramatic molecular orbital sensitivity
enhancement with CO/Pt4 occurs predominantly
because of a relative minimwn in the Pt 5d band
cross section o(hv) -the so-called Cooper mininuwn7-
which arises because of a change in the sign of
the radial matrix element governing photoemission
in the d + f channel. Because this channel is
dominant at these energies, the cross section of
the Pt 5d band becomes qui te small and the
relative intensity of the adsorbate levels
increases dramatically. The necessary condition
for the existence of the Cooper mininlum is that
there nlist be a node in the initial d-like wave
function, a condition JJlich is satisfied by 4d
and 5d metals, but not by 3d metals. In this
article, we discuss results of studies with Pd
and CO/Pd. 8

Pf5d

By the use of the I (hv) curves for Cu and Ag
(used in place of Ni and Pd, respectively) shown
in Fig. 1, plus appropriate theoretical molecular
orbital photoemission cross sections for CO,
based on a plmle-wave final state,9 Apai5 estimated
the variation of MD/VB with photon energy for the
two sys6ems CO/Ni and CO/Pd studied by Gustafsson
et a1., and fOlmd very good agreement. This
result, together with the success of a similar
approach in explaining the MO/VB enJlanceme~t at
hv = 150 eV for CO/Pt, led Apai to predict::> a
rather sharp resonance in ~V/VB for CO/Pd, with

tR. F. Davis, S. D. Kevan, P. S. Wehner, R. S.
Williams,* and D. A. Shirley

3. ENHAl\lCED MOLECULAR ORBITAL INTENSITIES FOR TI-lE
CO/Pd SYSTEM*

Photoelectron spectroscopy is a very sensItIve
technique for studying submonolayer coverages of
adsorbate atoms or molecules on catalytic
substrates . Us ing photons in the UV range,
adsorbate molecular orbitals with binding energies
(EBls) up to about 20 eV give favorable signal/
noise ratios. l By employing synchrotron radiation
in the vacuum ultraviolet to soft x-ray range as
the excitation source, it has now becon~ feasible
to adjust photon energies to optinrize overall
sensitivity to surface effects in photoemission
spectra.

For metals, J1UnIma in the photoelectron mean
free path occur for electron kinetic energies
(Ek = hv EB) between 100 and 200 eV. 2 Because
these minima are roughly 3 A, it is particularly
desirable to use photon energies above 100 eV to
enhance surface sensisiyity in photoenrission. As
discussed previously, -::> however, a much more
important consideration is the relative variation
of valence-band and molecular·-orbital photoemission
cross sections with photon energy above 100 eV.
For the adsorbate/substrate system CO/Pt, the
n~lecular-orbital to valence-band photoemission
intensity ratio (MO/\~) exhibited a nrinimum at
hv c~ 100 eV, and increased at higher photon
energies to a value4

6. D. T. Ling, J. N. ~tiller, I. Lindau, D. L.
Weissman, P. D. Pianetta, and W. E. Spicer,
private cOITmunication.
7. J. Hermanson, Solid State Conunun. ~, 9 (1977).
8. R. S. Williams (Ph.D. thesis), University of
California, LBL-7676 (1978), unpublished.
9. P. S. Welmer, (Ph.D. thesis), University of
California, LBL-7622 (1978), unpublished.
10. J. Stohr, P. S. Wehner, R. S. Williams,
G. Apai, and D. A. Shirley, Phys. Rev. B 17, 587
(1978). -
11. D. A. Shirley, J. Stohr, P. S. Wehner, R. S.
Williams, and G. Apai, Physica Scripta~, 398
(1977) .
12. P. S. Welmer, R. S. Williams, S. D. Kevan,
D. Denley, and D. A. Shirley, to be published.
13. L. Hodges, H. Ehrenreich, and N. D. Lang,
~lYS. Rev. 152, 505 (1966).
14. B. Feuerbacher and R. F. Willis, J. Phys. C
9, 169 (1976).
Is. P. J. Feibelman and D. E. Eastman, Phys. Rev.
B la, 4932 (1974).
16:- G. S. Painter, P. J. Jennings, and R. O.
Jones, J. ~lYS. C ~, L199 (1975).

(~D/VB)150 eV = 2.9(~V/\~)40 eV '

in contrast to earlier studies6 of CO/Ni and CO/Pd
(using synchrotron radiation up to 90-100 eV),
JJlere no such increase was observed. In fact, in
this earlier work, the ratio ~D/VB dropped by
over a factor of 10 for CO/Ni as the photon energy
was varied from 40 to 90 eV.6
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Two main conclusions can be drawn from this
work. First, for 4d as well as 5d transition
series metals the suppression of valence-band
intensities near Cooper minima facilitates the
study of molecular orbitals of chemisorbed mole
cules for photon energies somewhat above 100 eV,
where proximity to the minimum in the electron
attenuation length also emphasizes contributions
to the photoemission spectrum of the valence band
of the substrate surface layer.

Second, certain laboratory ~10ton sources fall
at very useful energies for studying photoemission
spectra from chemisorbates on 4d and 5d metals.
For example, the ZrM~ line at 151 eV is well-
suited for experiments with Pt, while the YM~
linelO at 132 eV is exactly at the maximum-rn
MOjVB for the COjPd system. It should be men
tioned, however, that in order for these sources
to be useful in solid state photoemission studies,
methods for suppressing Bremsstra11lung radiation,

Spectra were collected for clean Pd and for Pd
exposed at room temperature to 4L of CO (IL ~ 1
Langmuir ~ 10-6 Torr-sec); under these conditions
of exposuYE), the sample should have a monolayer
coverage of chemisorbed co. Photoemission
spectra at selected energies are sho,vn in Fig. 2.
It is obvious from visual inspection of these
spectra that lvlO/VB increases dramatically just
beyond the photon energy range covered in the work
of Gustafsson et a1., 6 peaking well above 100 eVe
Figure 3 is a plot of the area ratio lvlO/VB against
photon energy, with jvV taken in this case to
include just the least-bound (In + 50) peak and
VB ta1<en as the main 4d band peale The expected
resonance in observed, in excellent agreement
with prediction. 3,5

Fig. 3. Photoenrission intensity ratio of the
(50 + In) CO derived pea1< at ~8 eV EB to the Pd
valence band as a function of photon energy.

(XBL 782-305)

double-pass cyclindrical mirror analyzer (Physical
Electronics, Model PHI l5-255G) at a pass energy
of 50 volts. The analyzer resolution was 0,80 eV
FWHM, while the resolution of the synchrotron
radiation selected by the "grasshopper" grazing
incidence n~nochromator was approximately 0.3 eVe

, I
Pd +4 L CO

hv=40eV

Fig. 2. Photoemission spectra of rd + 4L of CO
in the photon energy range 40 to 180 eVe
Experimental resolution was 0.8 eVe Note the
increase in intensity of the CO-derived peaks (al
~8 eV and ~ll eV EB) as hv is increased to 130 eVe

(XBL 782-304)

significant enhancement in this ratio near
hv ~ 140 eVe The experimental observation of this
resonance, which is even more dramatic than with
CO/pt,4 is the main result of the present work.

For this study, a single crystal of Pd with a
(110) orientation was used. It was cleaned
in situ by Ar+ ion bombardment. Photoemission
experiments were carried out at a pressure below
2 x 10- 10 Torr, utilizing synchrotron radiation.
Angle-integrated spectra were collected using a
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Fig. 1. Band scheme (a) before and (b) after the
formation of a semiconductor- semiconductor
heterojunction. The ordinate is the relative
energy, and the abscissa is the position in real
space, with x = 0 at the interface. See text for
explanation of symbols. TIle figure is dra,vn so
that GaAs would qualitatively correspond to
material 1, and Ge to material 2. The spatial
extent of the region where the band bending occurs
is of the order of a micron. (XBL 785-8409)
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which produces a large background of secondary
electrons under the spectrum from the characteris
tic line, must be devised.

The potential induced by the equilibrium of Ef is
partitioned in the two materials according to

From the figure, a simple equation obtains for the
conduction band discontinuity,

and, accordingly, a measurement of VD allows the
detellliQnation of 6Ec '

Such a measurement may be performed using ARP.
TIle method consists of detecting electrons which

(3)

(2)

(1)6E + 6E = 6E
v c g

E~ - E~ = V~ + V5 =VD

semiconductor-- -the band gap (Eg) , electron
affinity (X), and Fermi level position (o)--wi1l
remain invariant; the valence and conduction bands,
however, bend discontinuously,with the magnitude
of these discontinuities, 6Ev and 6Ec , respectively,
given by

4. BJ'IJ\1D BENDING AT l1-lE GaJ\s - Ge INTERFACE*t

One of the more interesting phenomena observed
Dl heterojunctions is associated Wi~l ~le thermo
dynmnic requirement that at equilibrium, the
Fermi level (Ef) of an electron must be identical
on each side of the interface. TIlis constraint
causes charge to flow across the junction upon
its fornBtion, creating a dipole layer and a
concomitant bending of bands near the interface.
The process is shmvn schematically in Fig. 1.
Certain parameters characteristic of each bulk

P. Perfetti,* D. Denley, K. A. Mills, and
D. A. Shirley

Semiconductor-semiconductor heterojunctions are
systems of great technological importance, and in
the past decade there has been great interest in
the elucidation of their physical properties. l
Until recently such work has of necessity focused
on the macroscopic properties of the junctions.
With the development of angle-resolved photo
emission (ARP) as a surface-sBlsitive technique,
however, it is now possible to study hetero-
j unctions on a nLlcroscopic scale.
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This shift is plotted in Fig. 3. Saturation
is observed for two ranges of coverages; the
first, less than one monolayer, is characteristic
of GaAs, while the second, several monolayers,
describes Ge. Such behavior has also been
observed for the GaJ6-Cs 2 and Ga~s-Au3 interfaces .
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e (monolayers)

To test the viability of such a method, the
system GMs (110) /Ge was chosen. Helium I
radiation (21. 2 eV) was used to photoexcite
electrons from an in situ cleaved n-type GMs(llO)
crystal, which was covered by evaporative deposi
tion with successive Ge overlayers. TIle base
pressure was in the low 10-10 range; coverages
were determined by calibration with a piezo
electric thickness monitor. Figure 2 shoHs the
spectra obtained for normal enussion. TIlese
spectra were ali~led by keeping the Go. 3d pew( due
to 40.8 eV (Hell) radiation constant; accordingly,
the Fermi level, as measured by the photoemission
edge of a To. strip in contact with the sample,
will shift as sho~n.

> .5
(J)
~ .4

W
<I .3·

Fig. 3. Plot of the separation of the Fenni levels
for clean GMs and for Ge covered GaAs, as a
function of overlayer thickness. (XBL 785-8410)16
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Fig. 2. Spectra at nonnal emission and 21.2 eV
photon energy of clean (dotted curve) and Ge
covered (110) G&\s (solid curve). TIle magnified
portion of spectnun 0 shows the Go. 3d peal< due to
40.8 eV radiation. Approximate coverages are
given. (XBL 785-8411)

have been photoejected from a semiconductor single
crystal, which is covered with various thicknesses
of a second semiconductor. As the overlayer is
produced, the top of the valence band (VBM) will
shift relative to as the coverage increases,
this VBM will be characteristic first of the bulk
substrate, then the interface, and finally of the
bulk overlayer . TIle change in the VBlvl will then
give ~Ev directly.

Table 1. Values of valence and conduction band
discontinuities, in electron volts.

Method ~E ~Ev c

ARUPSa 0.25 0.50

EPr,f 0.35 0.40

C-yC 0.60-0.19 0.15-0.56

X2'Xl 0.69 0.06

aThis work.
b 5Ref.
cRe £. 4
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Fig. 1. Electron energy distributions at nOrnlal
emission for Ag(lll) in the range hv = 6 to 32 eV.
The region of predominantly sp emission near Ep
is magnified for most spectra. For hv = 26 to 32
eV the region containing the constant final state
feature is also magnified. (XBL 7810-11893)
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From this figure, LlEy is seen to be 0.25 eV, and
with LlEg = 0.75 eV, we obtain LlEc = 0.50 eV. Our
results are compa~ed with those from macroscopic
C-V measurements, the theoretical predictions of
an empirical pseudopotential model with relaxationS
and a simple description based on the difference
in chemical affinity, LlEc = X2 - Xl, in Table 1.
Agreement is best with the EPM result. This would
seem to indicate that simple n~dels may be
incapable of describing adequately the properties
of such systems, and that a better l<nowledge of
interface physical properties will be obtained
through the use of sophisticated theoretical
models which include microscopic effects such as
surface relaxation.
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5. DIHECT AND INDIRECT TRANSITIONS ALONG rAL IN
SILVER*

P. S. Wehner,t R. S. Williams,* S. D. Kevan,
D. Denley, and D. A. Shirley

Earlier angle-resolved photoemission (ARP)
studies on copper in this laboratory have ShOl~
that the l<-conserving direct-transition model of
photoemission is valid in the newly-available
photon energy range 32 -160 eV.l Thus "band
mapping" of the dispersion relations of valence
bands is in principle possible, in normal photo
emission studies, by varying the photon energy
through the use of synchrotron radiation. In the
present work we have deteYTIlined the dispersion
relations of the d-bands in silver along rAL, to
ascertain the practicality of tlris method. ARP
spectra of Ag(lll) at several photon energies up
to 11.6 eV and at 16.8, 21.1, 26.8, and 40.8 eV
were already available from the literature. 2,3
By extending the photon energy range up to 32 eV
we were able to study the valence-band dispersion
relation along the A symmetry direction to the
r point. In particular, the d-band energies at
r were deteYTIlined for the first time. These
hi~ler photon energies also allowed us to probe
the total valence bands; for photon energies
hv ~~V all the valence bands were energetically
accessible.

The spectra (Pig. 1) are largely explicable in
the frameworl< of the direct-transition model (DrM) ,
and will be discussed first. However, some
features of these spectra require other explana
tions, as discussed later.

The experimentally derived band structure is
ShOl~ in Pig. 2. To obtain these valence band
dispersion relations we relied heavily on the
theoretical band structure of Christensen,4 but
made small adjustments. His final-state band
structure was used as is, but the gap in band 7
near r was filled iIi. with a free-electron-lil<e
band. In comparing the data of Hansson :md
Flodstrom2 and of Roloff and NeddeYTIleyer3 (shown
as filled circles) with our m~, we had to correct
the former downward by 0.18 eV and the latter
upward by 0.25 eV. These discrepancies probably
arose in assigning the Fermi energy references.
After these corrections the agreement of these
data with our own (open circles) was excellent.

Agreement of the experimental results with
theory4 was also excellent. The bands shown in
Fig. 2 differ little from those in Christensen's
calculation,4 as shown in Table 1. The only
adjustment that is large enough to be apparent on
visual inspection of the plots is the energy
spacing between bmlds 4 and 6 where they appear to
be repelling, about halfway between r and L. We



299

8 L 0.6 0.7 0.8 0.9 ,r 1.1 1.2 1.3 1.4
Final- state crystal momentum along A

7 ---
L

find these bands about 0.9 eVapart at this point,
wllile they approach one another to within about
o.6 eV in Christensen's RAPW band structure. With
this exception, the agreement between this
theoretical band structure and experiment is
excellent.

Because our results provide ~le first measure
ment of the silver d-band energies at r, where
the crystal mon~ntum is zero and ligand-field
concepts are applicable, it is interesting to
note the relative strengths of the crystal field
and the spin-orbit coupling at r. TIle appropriate
crystal-field HamiltonianS has the form

where A4 is the crystal field strength. T4 is a
sui table linear comination of spherical harmonics
Y4m, and ~ is the spin-orbit coupling constant.
Taking 10lX[ as the energy spacing due to the
term alone, the energy levels lie at

-{6' ~
tan 2 8 = lOlX[ + ~72

where 8 is defined by

Fig. 2. Valence-band energies of silver along A
after adjustment. The binding energies of Hansson
and Flodstrom' s data were increased by 0.18 eV
and those of Roloff and Neddermeyer were reduced
by 0.25 eV, binding the experimental points into
very good agreement. Christensen's bands were
then adjusted to fit the data, with the additional
constraint that band 6 lie 0.3 eV below EF, as
required by the t1.Jlllleling results of Jaklevic and
Lambe. Derived ffilergies are set out in Table 1.

(XBL 789-2274)

E(r8)

E(r7)

E(r8) 6lX[ + ~ cot 8

~ cot 8

Table 1. Derived valence-band energies for silver along Ii. (in eV) . a

000(r)

III

222

333

444(L)

band
1

(7.44)

b

7.05

6.62

(6.84 )

(6.94 )

band
2

5.92

5.89

.00

5.81

-.01

5.80

-.13

(5.82)

(- .17)

band
3

5.92

.02

5.85

.00

(5.30)

(.01)

(5.45 )

(. 00)

(5.53)

(. 00)

band
4

5.48

.02

5.39

.00

5.11

.06

4.55

.14

(4.20)

(. 00)

band
5

4.78

.03

4.74

-.07

4.62

.04

4. 27

.11

(3.96)

(-.01)

a) Binding energies relative to Ep are given, with deviations of these
nUTIlbers from those in Christensen's RAPW calculation give below.
Parentheses mean that no data were available at these points.

b) Band 1 was not adjusted. The sparse data fit the RAPltV curve very
well.



We can solve for the two parameters to obtain

10Dq 0.865 ± 0.027 eV

~ 0.232 ± 0.011 eV

TIle latter value agrees quite well with the free
atom value of 0.224 eV.

The three data points in Pig. 2 that showed
genuine disagreement with the direct transition
model all lie near 4 eV binding energy, and each
is derived from a small shoulder on the low-binding
energy side of the main peak in the high-resolution
spectra of Roloff and Neddermeyer,3 which can also
be found on the careful inspection of our OMl
spectra between 12 and 20 eV and at 30 eV photon
energy. We interpret this small peak at 4 eV as
arising from indirect transitions involving
valence bands that rise up to ~(Ep-4 eV) and
become flat near the zone boundary (i.e., near
the X, K, and L points).4

A related feature is the low- intensi ty, flat
plateau of spectral intensity which dominates the
first 4 eV down from Ep. This is fanuliar as the
"s-p bands" in (angle-integrated) photoenussion
spectra from polycrystalline samples, and of
course in the density of states. In angle
resolved photoemission the source of this plateau
is less obvious. It cannot arise from direct
transi tions from the s-p bands, which lead instead
to a peak in the 0-4 eV binding-energy region
that moves across this region as the photon
energy is varied. 111e plateau must be attributed
instead to indirect transitions, especially (and
perhaps exclusively) phonon-assisted transitions.
Evidence for this conclusion is to be found by
studying the relative intensity of the plateau
as a function of ~loton energy is plotted. The
intensity reaches a mininRBn at hv = 25 eV,
increasing to either side. This is the energy
at which the point is being sampled along the rL
direction, and this point lies farthest from band
6, which goes up nearly to Ep and constitutes the
s-p band plateau when the BZ is sampled along the
II. direction. Thermally-induced phonon-assisted
transitions6 may in fact achieve just this kind of
sampling (see below). If we think of this effect
as leading to sampling of the BZ along II. for a
mean distance (in units of 1T/a) which is detennined
by the phonon momentum, then the effect will
clearly be minimal when the nominal saJnpling point
is at r, and the intensity nunimum in the plateau
will fall at hv = 25 eV, as observed. We note
that the sixth valence band rises toward Ep as we
move from r toward the Brillouin Zone boundary in
most directions in the zone. Therefore the above
argument will apply equally well if phonon"assisted
transitions result in a three-dimensional
sampling of the zone.

Por photon energies of hv = 26 eV and above,
our spectra shoMl an additional weak feature which
falls at ~17.5 eV kinetic energy relative to Ep,
independent of photon energy. 111is feature is
about 1 eV wide, but its low intensity and the
presence of inelastic background inhibit an
accurate detennination of its width and shape.
We attribute this feature to conduction electrons
that have been excited to higher energies, then
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Pig. 3. The Ag band structure along II. as cal-
culated in Ref. 4. (XBL 7810-11892)

inelastically scattered and trapped in the
conduction band 7 and perhaps band 8, which are
found to lie about 17 eV above Ep in Christensen's
calculation (see Pig. 3). These bands are quite
flat, and should contain a significant amount of
plane-wave character with a [111] propagation
direction. TI1US these possess a high probability
of being occupied (and no unoccupied bands below
them for electrons to scatter into) and have the
correct crystal momentum and energy to be observed
in this experiment. Purthermore, we can think of
no other mechanism leading to a constant kinetic
energy peak at 17 eV.

In conclusion, we have denDnstrated that the
DTJM explains the nllijor contribution to photo
emission in silver, allowing the generation of
experimental band structures. At the same time
other processes also contribute to the photo
emission to a significant degree.
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In Fig. 1 we n"Y',,',,~nT in the photon
energy range 12·· azimuthal
orientations, As shmvn by and coworkers ,1
the nature of the .Llll".l(}eiIL radiation
deternunes selecti.on rules for the spectra. In

for several combinations of 8 and ¢; the results
presented here are for normal emission (8=0),
with azimuthal orient§tions corresponding to the
[001] (¢ ~ 0°) and [110] (¢ 90°) directions in
the bulk Brillouin Zone in the plane of the

vector. The detector in the
plane of the polarization vector, at a fixed

of 135 0 relative to the photon beam.
Sp,ec1:ra were tm(en for two separate samples, and
were reproducible; angular alignment was achieved
using a He-Ne laser. All binding
referenced to the experimental valence
maximum at I', taken from the
the spectra were to a constant
level as determined a gold foil in electrical
contact with the sample.
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6. CONDUCTlON-BAND DISPERSION RELATIONS FROM
PHarOEMISSION IN GaAs*

K. A. ~lills, D. Denley, P. Perfetti,t and D. A.
Shirley

Photoelectron spectroscopy has proved to be of
great utility in the study of the electronic
properties of solids. Recently, angle'-resolved
photoemission (ARP), together with the direct
transi tion model, has become well established as
a method for elucidating the band structures of
metals. In the case of semiconductors, however,
the detailed relationship of the spectra a.nd the
band structure is much less well understood, and
until now most studies of such materials have
focused on the elucidation of their integrated
densities of states, surface states, and interac
tions with metallic, semiconducting, or insulating
overlayer materials. The interpretation of ARP
data for three-dimensional solids such as
zincblende and rock- salt structure conductors has
primarily involved two opposing vi()1,\'Points: the
one··dimensional density of states (ODDOS) approach
and the direct transition model (DThD. Because of
the relative complexity of the final-state
structure, it has until now been difficult to use
ARP data, in an analytical sense, as a probe of
the bulk electronic structure of semiconductors;
that is, using the spectra to derive, or at least
to adjust, dispersion relations, rather than simply
using a theoretical band structure to explain the
spectra. We report here conduction bands for
GaAs(1l0) , which were derived from ARP spectra by
a rather simple analysis.

Spectra were taken at photon energies up to
28 eV using synchrotron radiation from the SPEAR
storage ring at the Stanford Synchrotron Radiation
Laboratory, using a cyclindrical nurror
modified for angle-resolved studies, with an
energy resolution of 0.07 eV. 111e sample was an
n-type GaAs(1l0) crystal cleaved in situ, and
mounted on a manipulator that allowed full polar
(0) and azimuthal (q») rotations; the base pressure
was in the 10-10 Torr range. Spectra were tm(en

20

0\/19

-(f)--

Fig. 1. Spectra in the photon energy range 12~20
eV for nornlal emission and both azimuthal
orientations. (XBL 787-9774)
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We have chosen to analyze these spectra by
using them to map the allowed final states. TIle
valence bands given by Chelikowsky3 ~were chosen,
as his C band BE along the K-X direction was in
better agreement with our data thffil that of Pandey
and Phillips (pp).4 The procedure, which consists
essentially of matching theoretically predicted
direct trffilsitions with the observed spectral
features, is described in LBL-80S9.

The results of this mapping are shown in Fig. 2,
where they are compared to the theoretical band
structure of PP. We have shifted the PP bands
down by 0.5 eV to give the best overall agreement,
and in fact this shift is necessary if the PP
state bands are to predict all the major features
in the spectra. We note that one 1:2 final state
band is observed (band 2). This arises from the
finite angular resolution of the spectroTI~ter,

10 12 14 16
ENERGY (eV)

4 6 8
BINDING

2

Figure 3 shows the evolution of the ARP spectra
for higher photon energies, hv = 22-28 eV. Only
the ¢ = 90° spectra are shm,'Il: those for ¢ "" 0°
were similar. Without a theoretical final state
band struCture we are mabIe to present to make a
quantitative interpretation of these spectra. It
seems evident, however, that a new photoemission
mechanism is becoming dominant in this energy

coupled with the fact that this band has a deep
minimum, and concomitant high density of states,
midway along the f- Kline. The associated peaks
are at 3.7, 4.4, and 5.2 eV BE for photon energies
of 12, 13, and 14 eV, respectively, and correspond
to transitions from the C initial state. Broaden
ing due to the finite mean free path may be
estimated; for an escape depthS of lSA, the k
broadening is roughly 1/16 of the f- X distance. 6
The final energy illlcertainty depends in each case
on the nature and shape of the peak involved,
but we estimate it at ±0.2 eV in TIDst cases; of
course, any errors in the initial state band
structure will also contribute.

PANDEY a
PHILLIPS

rK

EMPiRICAL

8

co 18>
o
.- 16
w
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«
...J
w
a:::
>-

this case, for ¢ = 90°, all initial state bands
are allowed, while for ¢ ~ 0, the least tightly
bomd valence band A (we label the 3 highest
initial state bands A-C, in order of increasing
binding energy) will not be observed. All the
features in the spectra seem to be bulk-like,
except for the shoulder at 0.8 eV binding energy
(BE) for hv = 12 eV. This peak is also observed
at 0.6 eV BE for hv = 9 eV, and at 0.7 eV BE for
hv = 7 eV; in the latter two cases, no direct
transitions are predicted within 1 eV of the BE,
ffild we accordingly assign the feature as a
surface state. lVhile a surface state is not
predicted at f,2 the finite angular resolution
of the analyzer would allow the observation of
surface states nearby.

Fig. 2. Empirical and theoretical conduction bands
for GaAs(llO) . (XBL 787-9773)

Fig. 3. Spectra at normal emission for the photon
energy range 22-28 eV. (XBL 787-9771)
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Fig. 4. ODDOS compared to spectra at 26 and 28 eV
photon energy. Note that the ODDOS should be
broadened and corrected for cross section effects
to allow a direct comparison with experiment.

(XBL 787-9772)

range. We note in particular that the spectra are
still evolving up to hv ~ 25 eV, but that they
have settled for higher energies into a structure
that does not vary markedly with photon energy.

TIle most probable explanation for this behavior
is the onset of a ODDOS regime. At electron
kinetic energies somewhat above the plasmon
threshold, electron mean free paths fall to very
low values in metals and semiconductors. This
would imply that our highest energy spectra are
donrinated by the first two GaAs atomic layers.
Moreover, the consequent broadening in kl implies
effective non-conservation of this quantum number
and sampling through the entire Brillouin Zone in
a direction nornL~l to the surface: i.e., a ODDOS
sampling. We note that Thiry et al. 7 have observed
ODOOS behavior in PbSe at hv = 35 eV photon energy
and have tentatively interpreted it in this way,
using the ODOOS to identify the critical points
and map the valence band structure. To test this
interpretation for the GaAs case, we have computed
the ODOOS for GaAs along rICX and compared it with
our high-energy spectra in Fig. 4. The agreement
is excellent, especially when we note that the s
to p photoemission cross section ratio is very
small at these energies, effectively suppressing
the more tightly bound bands. Thus, the evidence
is strong that a transition occurs between
hv = 20 eV and hv = 30 eV from the direct transi
tion mechanism to ODOOS behavior in photoemission
from GaAs.
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7. L-EDGE EXAFS IN TITANI~l*

D. Denley, R. S. Williams,t J. Stohr,*
P. Perfetti,§ and D. A. ~hirley

Absorption measurements in the soft x-ray
re gion between the carbon K-edge (~280 eV) and
about 1500 eV pose several problems, and only very
few absorption investigations have been reported
for this energy range. 1-6 The main experimental
difficulties arise from contamination of the
optical elements (mirrors and grating), resulting
in low photon fluxes and a high scattered light
background. 4 Another factor which is particularly
important for studies of structure extending well
above the edge (i.e., EXAFS) is the close
proximity of absorption edges (carbon at 284 eV,
nitrogen at 399 eV and oxygen at 532 eV) in the
soft x-ray range. The short x-ray absorption
lengths7 in this region furtheYn10re require that
such experiments be carried out in vacuum, and
necessitate thin film (~2000 A) samples.

The present experiments were perfonned on the
4° port of Beam Line I at the Stanford Synchrotron
Radiation Laboratory. Measurements of the
monochromator transmission indicated the presence
of monochromatic radiation up to at least 1400 eV.
At the time of these measurements the bandpass of
the monochromator was ~.2 A, corresponding to
~3 eV resolution of the Ti L-edge (455 eV).

The experimental apparatus used for our
measurements is sho\vn schematically in Fig. 1.
A collimator served to reduce and background
signal arising from stray light. Provisions were
also made to insert a filter which was needed in
some cases to suppress higher-order radiation,
although the measurements reported here were
perfoYn1ed without a filter. To avoid errors
caused by long-term beam intensity fluctuations
as well as by any possible irreproducibility in the
monochromator setting, measurements on the sample
were alternated with measurements on a reference
blank.



Fig. 1. Diagram of the apparatus showing the
collimator-filter pair, oscillating saJllple holder,
and the multicathode detector. (XBL 782 240)

The experimental transnnssion intensity through
a freestanding 75 jJg(cm- 2) thick Ti metal foil is
shmvn in Fig. 2. The absorption coefficients
exhibit a pronounced peak just above the threshold,
which at closer inspection is split into a doublet.
TIle inflection point of the edge falls at 454 ± leV
Mlile the two peaks like at 457 ± 1 eV and 461 ± 1
eV. Above the threshold peak, pronounced fine

A somewhat novel mUltica~hode detection system
was employed for this work. A series of plates of
different materials, including gold and an
evaporated film of ZnS, were arranged so that
any plate could intercept the transmitted beaJl!.
Each plate could thus be selected to serve as the
cathode of a high current "charmeltron" electron
nlultiplier which amplified (at ~106 gain) the
photoelectric yield from the respective cathode.
In addition to yielding highly satisfactory
signal levels, this arrangement allowed a ready
choice of a cathode material that had a hi~l
sensitivity in a given energy range, and that would
strongly discrinnnate against second-order li~lt.

structure oscillations are apparent which appear
to extend beyond the 800 eV cutoff of the present
measurements. No obvious sharp structure is
observed at the expected LI threshold indicated
by an arrow in Fig. 2. Several observations can
be made dealing with the Lrr III threshold structure,
the effect of the LI edge, and finally the EXAFS
structure.

There has been considerable discussion recently
of the "while line" structure which is observed
for many materials near threshold. TIlis term is
derived from the x-ray literature, in which a
strong absorption immediately above an x-ray edge
appeared as a white line in the photographic
emulsion used as a detector. It has been studied
in detail by Stern and co-workers for platinum9
and ~le anisotropic materials TaS2 and WSe2. l0
Conlparing the value of jJX obtained for Ti
immediately above threshold with calculated atonnc
cross sections shows that Ti does show a "white
line, " contrary to previous measurements. The
en1lancement can be understood in terms of a high
density of empty d-derived states immediately
above the Fermi leve1. 11 TIle splitting of the
''white line" initial peak is readily attributed
to spin-orbit splitting in the 2P3/r2Pl/2 hole
states.

The resulting EXAFS signal, X(E) , is shown in
Fig. 3, and the modulus of the Fourier transfonn
of k2X(k) is given in Fig. 4. In real space the
spectrum shows a sharp and symmetric peak at
R = 2.672 A, followed by much smaller peaks at
approximately 3.9 and 4.8 A. These secondary
pem(s were not easily separated from the back-

Starting 109 eV above the LIII edge an additional
absorption, associated with a 2sl/2 core hole
(the LI edge), is expected. ~~lile no sharp onset
is observed, there is a broad increase in the
total absorption. This is consistent with
observations on the L edges of the light metals
Na, Mg, and Al. The LI contribution to the
absorption served to complicate the background
associated with the Ti EXAFS, but it was nonethe
less satisfactorily accounted for by fitting the
absorption tail to a (low-order) pol)~omial spline
function.
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Fig. 2. Ti L-edge absorption spectrum. TIle arrow
indicates the LI transition. (XBL 785 -779)

Fig. 3. TIle EXAFS oscillations following
subtraction of the background function.
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Fig. 4. :Magnitude of the Fourier transfonn of
k2X(k) (arbitrary units). (XBL 784-770A)

ground, however. The primary peak is readily
assigned to the first shell of neighbors in the
titanium hcp lattice. Because titanium departs
from the ideal hcp structure (cia = 1.588), the
first shell is actually composed of a close
doublet (unresolved in our data); six atoms lie
in the hcp plane at Rj = 2.95 A and six out-of
plane neighbors lie at Rj = 2.90 A (Table 1). The
posi tion of the outlying peaks is obtained by a
successive filtering technique. Because the

Table 1. Parameters for neighbor shells of atoms in
titanium.

Fig. 5. The calculated wavevector dependent phase
shifts ¢OO, ¢ll, ¢22 (dashed curves) and the
empirical phase shifts ¢K and ¢L (solid curves) .
The curves are all truncated at 3.0 A-I, and grow
more meaningful from left to right. (XBL 786-9l75A)

spectrum is clearly dominated by the first shell,
the essential phase shift infoTI1Btion can be
obtained by a fit to this shell.

A phase shift analysis (Fig. 5) is consistent
with a model of scattering for which the partial
wave contributions from the £ = 2 final state
channel are in excess of 80%. When more reliable
theoretical phase shi fts become available, it
should be feasible to use EXAFS spectra to study
the partial wave character of the continuum final
states in some detail.

aNshell (R/Rshell) 2; Rl = 2.95 A

bGiven by (observed spatial frequency) + 0.24 A.

la 6 2.90
12.21

lb 6 2.95

2 6 3.06 4.13

3 2 0.79 4.68

4a 12 5.08
6.05

4b 6 5.11

Neighbor Occupancy Quality
of shell factora

Distance
(A)

Experimental
distance (A) b

2.91

4.14

5.04
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for identifying chemical species formed as
radiolytic products following electron irradiation.
XPS provides in situ analysis of these products
within the first few Angstroms of the surface.
Because conventional radiation-damage methods either
lack sensitivity for certain species or require
chemical treatment of the sample before their
application, XPS can yield unique information about
primary radiolytic products.

In this work XPS was applied to the study of
electron radiation damage in alkali halates and
perhalates. Four salts were studied: NaCl03,
LiCI04, LiBr03, and LiI04. In this abbreviated
article we have chosen to discuss LiCl04 in some
detail rather than treating all four. Most of our
conclusions about radiation damage in LiCI04 apply
with more or less force to the other three salts.

8. RADIATION DAMAGE STUDIES BY X-RAY PHOTO
ELECTRON SPECTROSCOPY. III. ELECTRON IRRADIATED
HALATES AND PERHALATES·r

* §T. Sasaki, R. S. Williams, J. S. Wong, and
D. A. Shirley

Earlier papers in this seriesl ,2 demonstrated
the value of x-ray photoelectron spectroscopy (XPS)

The relatively slight radiation damage induced
by the excitation x-ray in XPS analysis is
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Fig. 1 The Cl(2p) lines in an XPS spectrum of
LiCI04 after one-hour and 24-hour exposures.

(XBL 789-1741)

Fig. 2. The Cl(2p) spectra of LiCl04 after:
(a) irradiation with 0.0009 Coulombs cm- 2 of
1.4 keVelectrons; (b) irradiation with a dosage
of 0.46; and (c) subsequent photobleaching.

(XBL 789-1743)
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be a composite of the C12 and Cl- peaks, and
imparted a deep blue color to the sample surface
(middle panel, Fig. 2). Photobleaching through
a quartz window with a 200W tungsten filament
lamp removed the blue color, re-oxidized about
half the chlorine, mostly to CI04 and CI03, and
destroyed the C12 (bottom panel, Fig. 2).

A strong feature of the XPS method is that it
allows the study of the orbitals of all the
elements present (except hydrogen), thus providing
dlecks for any model. We illustrate this point
in Fig. 3, i~lichshows O(ls) XPS spectra from ~le
LiCI04 sml~le. After only Ic = 0.046 of irradiation,
most of the C104 oxygen was converted to peaks
K, L, and M. It is well-established3 that peak
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illustrated in Fig. 1. After one hour of exposure
the Cl(2p) region still shows the spin-orbit
doublet in the correct position for CI04, with
little evidence of reduction products from
radiolysis. After 24 hours, substantial reduction
to CI03- has occurred (peak G, bottom panel), but
there IS still no evidence of further reduction
to CI02~ or Cl- (positions H and J).

Figure 2 shows the dramatic sensitivity of the
CI04 ion to irradiation with 1.4 keY electrons
from a standard electron gun. The radiation
dosages, Ic ' are given in the insets, in units of
Coulombs cm- 2. After a dosage of Ic = 0.0008,
which was adlieved in only IS seconds, the CI04
ions were substantially reduced, not only to
C103, but also to CI02, Cl-, and apparently C12
This last species produced a strong distortion
(peaJ(s I) of the Cl- doublet (pem(s J). Further
irradiation, to Ic = 0.46, reduced the C104, C103,
and CI02 completely to a doublet which appeared to

Binding energy leV} Binding energy (eV)

Fig. 3. The O(ls) region of the LiCI04 sample.
(XBL 789-1737)

Fig. 4.
sample.

The valence-shell region of the LiC104
(XBL 789-1744)



-i<, which is only very slightly shifted from t2e
CI04 position, is in fact at the energy.
Our pealz deconvolution shows that most
of the (C104 + C103) arises from C103.
With more present (peak 1), as
well as a (pealz M) which
we attribute to in Li20. Further irradiation
produced more and photobleaching drove most
of the oxygen in the sample back into
C104 or C103 ions. observations are con-
sistent in detail with those made from the Cl (2p)
lines.

Further evidence is available from the valence
shell region (Fig. 4). 111e characteristic
nIDlecular-orbital structure of CI04 is observed
before irradiation (top spectrum). After
Ic = 0.46 Coulombs cm-2 (middle panel), the sample
is mostly LiCl and 111e Li (Is) peak has a
satellite on its low side from
Li + in Li20 Li+(ls) position is
essentially same as in LiC104]' Peak IV is
0(2s) in 0=; V and VI are
Cl and Cl from both Cl- and

spectrum (bottonD
is first two. We
infer is converted by
photobleaching back to LiC104 and LiC103
molecular orbital XPS spectra of these two salts
are very siIRilar). Part of the sample is
stabilized as Li20. Thus (by stoichiometry),part
of the chlorine must remain in the form of LiCl.
Again, the valence-band spectra support and extend
the conclusions drm"n from Figs. 1- 3.

In this research demonstrates in even
more detail our earlier work that XPS can
yield a rather complete picture of the initial
steps of radiation damage.

work was done with support from the Division
of Chemical Sciences, Office of Basic Energy
Research, U.S. , of Energy.
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9. CRYSTAL-FIELD A!\)D BAND-BROADENING EFFECTS ON TI-IE
APPARENT 4d SPIN-ORBIT SPLITTING IN CADi'vIIUtvI
PHOTOELECTRON SPECTRI\*

P.M.A. Shen"ood'l' and D. A. Shirley

The shapes of spectral lines in photoelectron
spectra contain useful information about interac
tions of the electron-hole state with its surrolrrld
ings. Of considerable general interest is the
transition region between loosely-bound valence
electrons in solids, for which a band-structure
description is appropriate, and tightly-bound
core electrons, for which a crystal--field
formulation should apply. In this article we
describe a theoretical pertaining to the
question of where the 4d level of cadmium metal
lies relative to this transition region.

In 1972 Pollak et al. l noted that the spin-
orbit splitting of the Cd(4d) in metallic
cadmium was anomalously , and concluded that
it was enhanced by splitting. Later
Ley et al. 2 carried out a comprehensive study of
the interrelationship of crystal-field and
spin-orbit interactions in photoelectron spectra
of core levels. 111ey fOllild a value of B~ = -0.117
eV for the leading crystal field parameter
affecting the 4d core-level spectrum of Cd. This
parcuneter appears in the crystal-field Hamiltonian

k

h
c

as the coefficient of the term

00 = - L(L +1)
2

Recently Bancroft et al. 3 studied the photo
electron spectrum of cadmium dimethyl and found
B~ = - 0 .026 eV for this case. Now under certain
(ratiler restrictive) conditions B~ should be
approximately proportional to the electric field
gradient at the nucleus, qn, and thus to the
quadrupole coupling constant, which is known for
both qtdnrium and caclnrium dimethyl.4 Bancroft
et al. 3 made the crucial asswnption that for
these two materials the relationship

would be valid. Here represents an effective
electronic field gradient at the 4d site. With
this and other assumptions they predicted the very
small value Bg = -0.003 eV for cadmiwll metaL
Because this lS much :ima11er than the value
deduced by Ley \.'t al. from their CdC 4d) spectrwn,
Bancroft et al. 3 concluded that another mechanism
must be responsible for the enhanced spin-orbit
splitting in Cd. They suggested that the Cd(4d)
level, although bound by 11 eV, is broadened
primarily by band-structure effects.
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In the present work we have reinvestigated
this question by carrying out CNDO calculations
on cadmium dimethyl and on a cadmj~unl-atom cluster
Cd13' using_a method developed by one of us
(P .M.A.S.).5 111e results yield (crystal field
split) 4d sublevels with the correct symmet;;(j and
relative spacings. On analysis they yield B2 ~
-0.043 eV in cadmium dimethyl, in satisfactory
agreement with the experimental value -0.026 eV
reported by Bancroft et al., 3 considering the
approximate nature of the theory. 111e Cdl3
results show little band broadening (for the central
atom) and yield a value BO ~ -0.022 eV. This is
a lower limit (in magnitu~e) which will be greatly
amplified in photoemission because of final-state
polarization effects: electrons on neighboring
a"coms will be polarized toward the positive hole,
while the positive ion cores will be relatively
inUTIobile. The value -0.022 eV is five times smaller
tha'1 the result of Ley et al., 2 but six times
larger than that of Bancroft et al. 3 Finally,
further analysis shows quite clearly that the field

ratio assu11ption of Bancroft et al. 3 IS

simply wrong.

In conclusion this work has kept open the
question of the relative importance of crystal
fieldvs. band structure effects ml the line shape
of the Cd(4d) photoelectron spectrum. This line
provides a good test case for further experimental
and theoretical studies to resolve the importmlt
question of the location of the trMsihon between
core-like and band structure-like behavior of
electronic states in metals.

10, TIrc1E-OF- FLIGHT PHOTOELECTRON SPECTROSCOPY
USING SYNCHROTRON RWIATION AND MJLECULAR BEAMS

M. G. lVhite, R. A. Rosenberg, E. D. Poliakoff,
G. 1110mton, S. H. Southworth, and D. A. Shirley

The lmique features of synchrotron radiation
permit the study of mMy aspects of the photoioniza
tion process in gases that are not accessible to
laboratory photon sources. The tunability of
synchrotron radiation allows the study of photo-

ionization cross section variation over a wide
rmlge of photon energies. Similarly, the study of
the angular distribution of enritted photoelectrons
is faciliated by the high degree of linear polariza-·
tion of the synchrotron radiation and CM also be
measured as a function of photon energy. These
resul ts are particularly useful for the critical
evaluation of theoretical models describing the
interactions between the ion core and the
continuum electron. In addition, direct resonant
excitation to highly excited Rydberg levels of the
neutral species (which subsequently autoionize into
the ionization continmilll) is possible by "tuning"
to these resonances. Thus the details of these
excited Rydberg levels and their coupling to the
excited ionic states can be measured directly.
Hanlly, the excellent time structure of the'
synchrotron radiation produced at the Stanford
Positron-Electron Accelerator Ring (SPEf\R) was
employed to energy analyze the photoelectrons by
the time-of-flight tecJmique.

Photoemission from gases using synchrotron
radiation is a comparatively low signal e:A.'Periment
due to the relatively small photon fluxes «lOll
photons-·cm-Lsec- l ) available in the XlN range from
synchrotron radiation facilities and the small
sample densities «1014cm-3) employed in gas-phase
photoemission measurements. The Ullique timing
properties of the synchrotron radiation produced
at SPEAR (400 psec pulse width and a 780 nsec
repetition period), however, enable photoelectron
kinetic energy a'1alysis to be made via time-of
flight (TOF). Using standard timing/coincidence
techniques, TOF mldlysis permits the entire
energy spectrum, i.e., within a time
to be collected simultaneously. counting
efficiency is therefore increased relative to the
more conventional electrostatic analyzers b4 the
number of collecting chennels (t)~ically 10J).

Prelinrinarj experiments with a new gas~phase
TOF photoelectron spectrometer (shown schematically
in Fig. 1) have been carried out. The TOF

TMP

Fig. 1. Schen~~tic of the new time-of-flight
photoelectron spectrometer. (XBL 7810-11925)
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m1alyzer consists of a magnetically
shielded drift tube subnanosecond electron
detector and 111e drift tube assembly
was to give an m1gular resolution of ±3°.
A tandem array multichannel plate detector (two
Varian VUW-8908, 40 mm diam plates) and matched
500. anode, in this laboratory, serves as
the fast timing electron multiplier (rise time
-250 psec, 106 gain). Photoelectrons enter the
TOF through a variable diameter orifice
which presents a conduction barrier between the

chamber and detector housing for purposes
pumping. The gas sample (1-10

Torr) enters the vaCUWll chamber through a disk of
micro-channels (10 lJ diam, 1 rrnn long channels)
attached at the end of a 1 mm capillary tube and
intersects the photon beam at right angles. The
resul tant gas beam is directed into a cone shaped
chamber pumped by a turbomolecular pump (Airco
Temescal, 500 t/sec). An additional turbomolecular
pump (500 t/sec) attached to the main chamber
provides a pressure of -2 x 10- 5 Torr.
The wi thin the sample
chamber is from the lkrv environment of
the monochromator and beam line by ul tra- thin
metal foil windows. both In and A1
windows (-1500 A , photon energies from
13.5 eV to 34 eV are accessible with the optics

employed on the 8 0 Beam Line.

hl/::: 13.86 eV

(f)

l-
Z
::::>
o
u

hy:::13.70eV

812 II 10 9

BINDING ENERGY(eV)

Fig. 2. Photoelectron spectra of the XlL:+ state
of NO+ at two different autoionization resonances.

(XBL 7819-11926)

resm1ances are sho\~ in Fig. 2. In (a) the
spectrum resembles that obtained under off
resonance conditions because the equilibrium inter
nuclear distance of the Rydberg state is close to
that of the neutral ground molecular state. This
is not the case in (b), however, \~lere a sub
stantial change in the number of ionic state
vibrational levels is observed. In addition, we
note that these two resonances lie very close in
energy to each other, further illustrating the
extreme usefulness of synchrotron radiation for
SUOl photoionization studies.

Included in our studies was the investigation
of the effect of autoionizing resonances on the
photoemission of NO. Here, a series of
excitation were o10sen such that
Rydberg states of molecule could be selectively

these states being imbedded in the
-'-V1U,CGil_-'-Vll continuum. The decay of these super--
excited states to lower ionic states give
rise to drmnatic changes photoemission
spectra when compared with that when direct
ionization occurs. In the absence of autoioniza-

the vibrational distribution of the
ionic state is governed the FraJ1ck-Condon over-
lap between the vibrational levels of the neutral
grolmd state and the vibrational levels of the
ionic state. At an autoionizing resonance,
however, the intensity of a vibrational band of
the ionic state with the resonance is
given by

The enormous advantages inherent in the
application of synchrotron radiation to gas-phase
photoemission remains largely untapped, and the
detailed theories of photoemission have, to a

been untried. Our initial experiments
were therefore carried out on simple molecules, with
photoelectrons detected at the "magic" angle;
i.e., 54.7° with respect to the photon polarization
vector, so that anisotropy effects are excluded.

where Fkt is the Franck--Condon factor for the
transition between states k aJ1d Ii, and where i, a,
and f represent designations for the initial,
autoionizing, and final ionic states, respectively.
-lhe paraJneter Q is characteristic of the resonance
interaction and the band pass of the excitation
source. The additional Franck-Condon factors,
Faf, at resonance led to enJ1anced vibrational
excitation of the ion. Spectra at two such

11. LIFETINffi OF THE 5s5p6 STATE IN Xe+ *

R. A. Rosenberg, M. G. \~ite, E. D. Poliakoff,
G. Thornton, and D. A. Shirley

By incorporating a 1500 A thick AI window into
our experimental apparatus the useful energy range
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Ion Calculateda Measured Method

Table 1. Calculated and experimental lifetimes for
the ns np6 state in ArII (n=3) , KrIl (n=4),
and XeII (n=5).

dPresent work

ArII 5.0 4.8(1)b Pulsed electron
impact

KrII 6.6 0.33(4)c Beam-foil excitation

XeII 9.5 34.4(6)d Pulsed-photon impact

figuration Hartree-Fock calculations of these
lifetimes is shown in Table 1. TIle relatively
good agreement of the calculations for Ar and
the poor agreement for Xe indicate the importance
of including relativistic effects in the heavier
system.

Experiments are under way to extend these
measurements to both Kr and Ar and perhaps Ne to
complete the series. In addition, we have
demonstrated the need for further theoretical
work to better describe the wavefunction for this
ionic state.

for time-resolved gas phase spectroscopy at the
Stanford Synchrotron Radiation Laboratory (SSRL)
has been extended beyond the LiF cutoff. 1 We have
exploited this capability by mlli,ing the first
measurement of the life5ime of the lowest excited
state of XeII, the 5s5p 2S1/2 state.

The XeII 5s5p6 2S1/2 state is a particularly
desirable candidate for study because it has been
the subject of a great deal of recent experimental
and theoretical effort. Many-body and relativistic
effects have been found to play a significant role
in this state, as manifested in photoelectron
spectroscopy by satellite structure and asymmetry
parameter (S) variations. In order to describe
these phenomena adequately, it has been necessary
to include both electron correlation and relativis
tic effects. To date, however, only configuration
interaction has been incorporated in the calcula
tion of the fluorescent lifetime. Our result
shows the need to include relativistic effects in
any model used to describe such a system.

The experiments were carried out on the 8° Beam
Line at SSRL. The experimental arrangement was
similar to our previous work,2 except for the
substitution of the Al window for the LiF window.
Measurements were made at a nominal Xe pressure
of 6 x 10- 3 Torr and at a number of wavelengths
above the threshold for this state (529.5 A).
Figure I shows a typical decay curve taken at a
wavelength of 526 A, yielding a lifetime of 34.4(3)
nsec. The only measurement of the analogous state

*Brief version of LBL-8061; accepted for
publication in J. of Phys. B.
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12. ANALYSIS OF THE DECAY DYNAMICS OF XENON DIMER,
INCLUDING IvDNOCHROMATIZED FLUORESCENCl3*

160 G. Thornton, E. D. Polilli(Off, E. Ivlatthias,t R. A.
Rosenberg, M. G. White, S. H. Southworth, and
D. A. Shirley

Fig. 1. Decay curve of the XeII SsSp6 2S1/2 state
fitted with a single exponential. (XBL 784-7948)

in KrIl, using beam-foil spectroscopy, gave a
value of 0.33(4) nsec,3 which in light of the
present result seems doubtful. A summary of the
experimental lifetimes for the nsnp6 2Sl /2 state
in Xe, Kr, and Ar as well as Hansen's4 millticon-

In recent years, a great deal of interest has
been shown in the electronic structure of Xe2
because of its lasing properties. The lasing
manifolds are the lowest lying excited states of
Xe2 (O~, lUl which fluoresce to the XO~ ground
state. The appropriate potential curves are shown
in Fig. l(a).

Ivlany attempts have been made to understand the
salient dynamic processes of this system, by using
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L The re1evaIl.t potential curves of Xe2 and a fluores-
cence spectrum. (XBL 784··8217)

electron,! alpha particle, 2 and optical excitation,3
at a number of sample pressures. The use of
optical excitation, which should produce the most
unambiguous results, has produced a variety of
different values for the fluorescent lifetimes
of the O~ and lu lasing manifolds.

Aex" 1508 A
All' 1514 A
PXe • 68 Torr
L. "2.1 nfee

40 30 20 10 0

A0x·1508 A
AII'1690A

I\e' 68 Torr

(j) 1.3.6.9 ncec- "112 ngeec:: 10'::l
0

U

600 500 400 300 200 100 0

103

lif

10'

80 60 40 20 0

Time (ns~c)

Fig. 2. Decay curves taken at the peak
of the fluorescence spectrwn [Fig. I (b) ] .

(XBL 783-7888)

In an attempt to clarify the situation we have
undertaken experiments utilizing radiation from
the 80 Beam Line at the Stanford Synchrotron
Radiation Laboratory (SSRL) and using both a
monochromator and interference filters in the
fluorescence chaJillel to analyze the fluorescent
radiation both spectrally and temporally. Also,
we employed an excitation (Aex = 1508 A),
such that only direct excitation the O~
manifold was possible, removing complicating
factors such as the formation of this state via
three-body collisions.

A fluorescence spectrwn is shmvn in Fig. l(b) ,
and the decay curves taken at the two peak wave
lengths are shown in Fig. 2. Apparently, only
one component is present at 1514 A (T = 2.1 ns),
while at 1690 A there are two components (T = 6.9,
112 ns). TIle short and intermedidate components
are assigned to fluorescence from the upper and
lower points of the O~ manifold, respectively, while
the long lifetime is assigned to fluorescence
from lower levels of the lu state. 1his is in
agreement with calculations of Ermler, Lee, and
Pitzer. 4
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TIle results of the filter give
further credence to our decay model. At 125 TorrXe
the long component is found to be the same whether
measured with or without filter. We preswne that
in this case fluorescence from the bottom of the
manifolds is being observed. As the pressure is

however, we observe different weighted
of fluorescence from all vibrational

of O~ and lu'

kinetic decay was can:ied out for each manifold
(O~ and lu)' such that each vibrational level
could collisionally decay to the next level or
fluoresce to the 0+ state. 111e radiative decay
constants were ta1d~n from the calculations of
Ermler, Lee, and Pitzer, 4 the collisional decay
cons~ants used being approximately those fomd for

. The calculated long component of lu decay
as a fUllction of PXe is ShOWl in 3, and can
be seen to be in qualitative agreement with

4), as are the three
'--C1..L'--CUCCl-CU components.
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Because of the low com~cing ra;;es eXl)erienced
in the monochromatized (ca. 2s- 1), the
pressure of was measured
without (PXe2 "" 0.001% PXe)'

measurements were made employing broad
band interference filters to partially separate the
two maxima in the fluorescence spectrum. 111e
data, least-squares fitted to a three-

curve, illustrate a decrease
decrease in below 30 Torr.

of the long component with pressure
2. A model calculation of the

in
The variation
is shO"11 in

13. PHOTODISSOClATION OF lCN FROM TIME-RESOLVED
FLUORESCENCE
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E. D. Poliakoff, IvI. G. l\~1ite, Ro A. Rosenberg,
S. H. Southworth, G. Thornton, and D. A. Shi rley

Photodissociation of molecules has
generated much interest for many reasons.
A) Population inversions and lasing action can be
obtained from the photolyzed fragments. B) Isotope
effects have been on theoretical grounds
and e:A'Perimental work might yield a feasible

separation procedure. C) Photodissociation
represents a simple unimolecular reaction and 811
excellent test of reaction rate theories.
D) Production of fragments allow the study of many
ullstable chemical species (in particular, free
radicals) .

10 20 30 40 50 60 70 80 90 100 110 120

Pre3sure (Torr)

long

(X13L 788-1653)

We have initiated a progTam to probe the photo
dissociation process by photofragmentating molecules
using radiation from the Stanford
Synchrotron Radiation Laboratory (SSRL) and
moni toring the fluorescence of the fragment which
is left in an excited state. The work reported
here is the first step in this program, i.e.,
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Excited states of the CN radical were prepared
via the gas-phase photolysis of lCN, i.e.,

monitoring fluorescence from photolyzed fragments,
and performing eA'Periments in the spirit of
point (D), stated above.

The photodissociation process, Eq. (2), occurs
on a time scale which is much shorter than the 2
0.4 nsec radiation pulse originating from SPEAR,
allowing the pulse structure of SPEAR to serve
as a time base for the study of relaxation processes
involving fragments produced in Eq. (2).

Fig. 2. llicay curve of CN*(B2Z+). (XBL 7819-11911)

~CN~ 5.3)(10';< Torr

).,n" 1695 A

I

l~C:-O---'------C2=-':OC=O----'---:-'10:-::O--'----O'-----'
~ Time (nsec)

..to. ::

10
1

Table 1. Extrapolated lifetin~ at various wave-
lengths.

\xcitation Textrapolated

1695 69.4 ± 0.9

1572 67.1 ± 0.9

1477 71. 9 ± 1.0

1399 73.5 ± 0.8

(2)

(1)lQ~ + hv + I(X2P3/ 2) + CN*(A2
rr)

+ I(X2P3/ 2) + CN*(B 2L:+)

The extrapolated value of the lifetime was
found to depend slightly on the excitation
wave16lgth, which is attributed to small variations
of lifetime with the vibrational quantum munber.
An excitation spectrum is sho,vn in Fig. 1.
Figure 2 shows a typical decay curve. The pre
liminary results are listed in Table 1.

lI1ele and Okabel have shown that Eq. (2) is the
predominant process, implying that the observed
fluorescence originates principally from the
CN* (B2Z+) state.

Using experimental teclmiques previously
described,3 the radiative decay of CN*(B2Z+) was
studied. An interference filter was used to
accept only CN B + X fluorescence. To separate
non-radiative collisional processes from the
radiative decay, the experiments were performed
as a function of lCN pressure. TIle results gave
good linear dependence of inverse lifetime vs.
pressure, in agreement with Stern-Volmer studies
of Jackson and Faris. 4

1950 1750 1650 1550 1450 1350 1250 1150

Excitation wavelength (A)

Fig. 1. Excitation spectrum of lCN: arrows
indicated wavelengths at which decay curves were
recorded. (XBL 7810-11909)

The work performed thus far indicates that the
synchrotron radiation available at SSRL does
provide a viable tool for studying the photo
dissociation process. By using the apparatus
described in the previous article and monochromati
zing the fluorescence, vibrational energy distri
butions can be ascertained; this can be done as
a continuous function of photon energy, thus
exploiting the prulcip1e feature of synchrotron
radiation. Because the radiation at SSRL is
polarized, polarization sensitive detection
could yield additional information about the
photodissociation process, in nuch the smne way
that asymmetry parmneters yield detailed informa
tion on the photoionization process.
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14. RESEARCH PLANS FOR CALENDi\R YEAR 1979

TIle nature of our research has changed sub
stantially in the past four years as its center of
gravity has moved to the use of synchrotron
radiation at the Stanford Synchrotron Radiation
Laboratory (SSRL): Experiments are more expensive,
fewer in nwnber, and more rudimentary in terms of
statistical accuracy as we continue to explore
the possible uses of low- intensi ty synchrotron
radiation available at SSRL, in anticipation of
much better conditions when the facility becomes
50% dedicated in early 1980. TIle following plans
should be read with this longer-range timetable
in mind.

The newly-discovered method of normal photo
electron diffraction will j:Je eA']Jlored further, to
ascertain its generality. The new Angle-Resolved
Photoenussion Spectroscopy (ARPES) chanmer, with
its movable analyzer, should be especially useful
for this research.

7. J. R. S. Williams, P. S. Wehner, and
D. A. Shirley, and Photon-;Jl-1<e>-rm.--
Induced Breakdown of the Direct Transition
in Co., Transition 1977 edited by M. J. G.
Lee, J. . of Phys.,
London, 1978), 243.

Ot-her surface phenomena will be studied. SU):face
states will be explored in several new ways, on
siITQ)le and stepped or con~osite crystals.
Adsorbate geometries will be studied on stepped
surfaces. Interface states in semiconductor
heterojunctions will be studied. A high-resolution
electron energy loss spectrometer will be built.

Further research will be done on the limits of
applicability of the direct-transition model of
bulk photoemission from solids. Low-energy EXAFS
studies will probably be extended.

Time-of-flight photoeJ1USsion from gases will be
applied to study electron correlation effects and
angular distributions. Energy transfer lvill be
followed with time-resolved fluorescence. A
capability for studying gases will be initiated on
Beam Line III at SSRL.

Molecular-beam photoelectron spectroscopy will
be commissioned and applied at LBL.

15. 1978 PUBLICATIONS AND REPORTS
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Photoelectron Spectroscopy. , Electron
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be submitted to J. Olem. Phys.
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University of
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Spectroscopy, Gordon Research Conference on
Electron Spectroscopy, Wolfeboro, New Hampshire,
July 19, 1978.

Matthias,
G. Whiter
of the 0

u

E. D. Poliakoff, E.
R. A. Rosenberg, M.

Fluorescence Decav
, LBL-8335. '

10. G. Thornton,
S. H, Southworth,
and D. A.
and lu States

7. R. A. Rosenberg, M. G. Ilhite, E. D. Poliakoff,
~. !h0n2tgn~ and D. A. Shirley, Lifetime of the
XeIl,5s~J2 Sl/2)State, LBL-8061, accepted for
publlca',lon, J. 1hys. B.

6. P. Perfetti, D. Mills, and
D. A. Shirley, Interface in the (1l0)
GaAs-Ge Heterojunction, LBL-8060.

Lifetimes of Xe Excimcr Levels, LBL" 7651, submitted
to J. Chem, Phys.

ll. Paul S. Wehner, Valence Band Photoemission
Studies of Clean Ivetals (Ph.D. thesis), LBL-7622.

5. K. A. Hills, D. Denley, P. Perfetti, and
D. A. Shirley, !I'lapping of Conduction Bcmds in
GaAs by Angle-Resolved Photoemission, LBL-8059,
submitted to Solid State COlmnun.
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15. D. A. Shirley, New Surface Techniques Based
on Synchrotron Radiation, Department of
Basic Energy Sciences, Catalysis Research
Germantovm, Maryland, December 13, 1978.
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Yuan To Lee.~

1. DYNi-\.t\HCS OF PBOTDmSSOCIATION OF 03'

L. R.
M. L

R. K. Sparks, K. Shobatake and

0 3 '" Ilv (266nm) ... 0

330·

We have undertaken several studies on
the photodissociation of small molecules.
Since mechanisms are poorly under··
stood than diatomics, we have
chosen ozone as a suitable molecule to study. Ex
tensive theoretical efforts have been made by other
workers as well as spectroscopic infonnation ob-
tained which renders a base of infor-
mation to our studies. The of ozone is
not only important from a view but is
also an jJnportant source of metastable 0 (1D) atoms
in the atmosphere which react rapidly with water
to produce OB. The OI-I radical affects the
concentration of jJnportant trace
ties. The efficiency for production°(1D) has estimated to be unity for the process

o 50 100

CHANNEL

150

NUMBER

200 250

Fig. 1. Observed t:iJne-of-flight spectrum for de
tected 02 fragments. The t:iJne scale is 1 ~sec/
channel. (XBL 7812-13898)

In our measurements we have shovm that previous mea
surements are in considerable error. We find a~
A ~ 266 run a quantum efficiency for 0(3p) + 02 ( 1: 0 )

to be 12%. This neglected product channel can be
b

in quantitative atmospheric modelings.

alAS "'30·

Detailed mechanisms for the photodissociation
process of ozone can be obtained from the ozone time-
of·· data (Fig. 1) which was obtained on our

purpose, 34 em flight path cross beam facil
UtilizDlg a supersonic ozone source, rotational

temperatures of less than 10K are produced which
virtually elDninate complications from rotational and
hot band excitations. Also enhanced resolution Dl
eneTgy is obtained fTom such a source due to the
dramatic velocity spTead naTrowing in a supeTsonic
expansion. As seen in Fig. 1, the vibTational levels
of the product 02 aTe clearly resolved. FTom the

profiles rotational eneTgy distributions can
also be from the data produced with our facil··

o 20 40

C. M. ENERGY.
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60 80
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100

With detailed energy distribution informatiion,
along with the measurements of signal intensities as
a function of polaTization angle, we find that the
dissociation is highly :iJnpulsive. The energy distri
bution is non-thennal although no population inver
sion is observed as ShO,~l in Fig. 2 after a transfoT
mation to center of mass eneTgy coordinates has been
made.

*This work was supported by the Division of Chemical
Sciences, Office of Basic Energy Sciences, U. S, Dept.
of Energy.

Fig. 2. Single Newton-diagram inversion of the data
of Fig. L (XBL 7812-13899)

We further find from analysis of the polarization
data (Fig. 3) ozone fragments with em axis of recoil
36.8° from the direction of the transition dipole
moment. This is in excellent agreement with ab
initio calculations which yield an equilibrium bond
angle of the excited IB2 state of 108.4 0

• From the
data we obtained a fragmentation bond angle of 106.4°
compared to 116.8° fOT the lA1 ground state of ozone.
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POLARI ZATI ON DEPENDANCE

OF FRp"GMH\lT RECOIL DIRECTION

energy is dependent on the total energy available in
the system for vibrational, rotational and transla
tional degrees of freedom, thus requiring an abandon
ment of the ty~e of model suggested by Riley and
Wilson in favor of a more detailed dynamical picture.

3

2

o

Experimentally, we produced a supersonic molecular
beam of methyl iodi.de by expandin.g a 3% mixture of CH3
in He at 3200 Torr total pressure through a 0.007 em
diameter nozzle toward a 0.07 em diameter skimmer with
a nozzle-skimmer distance of 0.62 on. The beam was
further defined by a set of defining slits in a dif
ferential pUJnping wall before entering the main cham
ber. In the main chffinber the molecular beam was
crossed by the 266 nm output of a frequency quadru
pled Nd:YAG laser operating at 10 pulses per second
and ~ 0.030 J/pulse. The fragmentation products were
observed in the plane of the two beams and at an angle
of 1270 relative to the incident direction of the n~l
ecular beam. The detector was an electron-bombardment
quadrupole mass spectrometer operated in pulse count
ing mode. The flight path of the fragmentation prod
ucts was 34.11 em. Data was collected at 1 jJsec
intervals for 255 intervals by an on-line computer
and stored on floppy-disk. Data analysis was per
formed by the same computer used off-line.

The experimental data for detection of m/e ~ 15
(CH3+) are ShOIVD in Fig. 1. The two resolved peaks

POLARIZATION ANGLE

Fig. 3. Relative intensity of detected frawnent.
Polarization angle is the angle from the electric
field vector to the fragment recoil in center-of
mass coordinates. (XBL 7812-13900)

121'

Fig. 1. Observed time-oi-flight spectrum for detect8(
methyl radicals. The time scale is 1 jJsec/channel.
Background has been subtracted. (XBL 7812-13707:

CHANNEL NUMBER

20015010050

The analysis of the ozone fragmentation is con
tinuin.g presently in order to elucidate details of
the excited state potential surface. We are per
forilling classical trajectory calculations with var
ious excited state potentials thereby obtaining
agreement with the fragment energy partitioning. We
shall also continue our experimental studies in
order to obtain wavelength dependences on this sys
tem, Thus we are incorporating a pulsed dye laser
with nonlinear optical components to generate the
desired tunable UV radiation.

20 ENERGY DISPOSAL IN THE PHOTODISSOCIATION OF CH3I

R, K. Sparks, K. Shobatake and L. R. Carlson

The dynamics of the photolysis of methyl iodide
have been studied using a new very high resolution
molecular beam apparatus. The resolution of this
apparatus is a factor of six greater than the res
olution previously used to investigate this system,l
thus allowing us to observe the product state energy
distributions in greater detail and with greater
quantitative accuracy. Our preliminary analysis of
the data indicates that the relative distribution of

arise from the two distinguishable electronic states
of the products:

+ 1(5
2 (1)CH31 CH3 P3/2)

+ I(5
2 (2)CH

3
1 CH3 P1/2)

With a photon energy of 107.4 kcal/mole and a bond
dissociation energy (C-I) of 55.0 ± 1 kcal/mole, the



319

energy available to translational and internal ex
citation of the methyl radical is 52.4 kcallmole for
(1) and 30.7 kcal~nole for (2). Thus the faster
peak in the TOF spectrun corresponds to production
of ground state I atom while the slower peak is due
to production of excited state 1* atoms.

The result of transforming the data of Fig. 1 in
to a center-of-mass flux density vs. translational
energy released in the center'-of-mass is shown in
Fig 2. The maximum energies available for the two

CH31~CH3 + 1(2p~)
E~\II.

l*---lI-- 5.4 3

ft--t--~--7.44

60

C.M. ENERGY. E'( KCAL/MOLE)

Fig. 2. Single Ne\~on-diagram inyersion of the data
of Fig. 1. Relative peak heights have not been cor
rected for differing center-of-mass polarization
angles. (XBL 7812-13706)

3. REACTIVE SCATTERING OF FLUORINE WITH VINYL
BROMIDE

Richard J. Buss

The use of crossed molecular beams to obtain in
sight into the dynamics of uniJnolecular decay pro
cesses is now well established. Multiphoton disso
ciation in beams has amply demonstrated that inter
nal energy appears randomly distribyted in complexes
with lifetimes around a nanosecond. In contrast,
recent studies on chemically activated species with
lifetimes in the subpicosecond range give strong
indication of non-statistical translational energy,
peE'). Products from the reaction of Cl with C2H3Br
and 1-, 2-, or 3-C3H5Br have had significantly more
energy in translation than e~ected if these systems
were to behave statistically. We have extended
these studies to include the highly exoergic reac
tion F + CZH3Br + Br + CZH3F.

The experimental apparatus and data reduction
methods are similar to those described previously. 3
1wo supersonic beams were crossed at 90° and the
angular and velocity distributions of reactively
scattered product were measured. The fluorine beam,
produced by thermal dissociation of 1% FZ seeded in
argon at about 1080 K and 1000 Torr, had a peak ve
locity 1090 mls and mach number 8.3. The vinyl bro
mide, undiluted, was expanded from a 0.1 mm glass
nozzle at room temperature and had a peak velocity
490 m/s. The vinyl bromide beam was found to con
tain a small amount of contaminant with the smne mass
as the product vinyl fluoride. Elastic scattering Df
this impurity overwhelmed the product signal at lab
oratory angles greater than 45°, preventing detection
of backscattered product. Product angular and veloc
ity distributions are shown in Figs. 1 and 2, respec
tively. These data were deconvoluted for reactant
velocity and angular spread to produce the contour
map of product center-of-mass flux sho,VD in Fig. 3.
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states are also indicated. Since convolution broad
ening has not yet been removed, there is some appar
ent flux at non-allowed energies. The FWHM widths
of both peaks are indicated as is the energy shift
of the peak maxima. For I and I * the energy shifts
correspond to 10.4 and 6.1%, respectively, of the
total energy available for each state. The widths
of the peaks, in the same order, are 16 and 11% of
the energy at the peak maximum. Thus we see that,
for the higher available energy in the I channel,
the percentage of internal CH3 excitation and the
relative width of that excitation are larger. Since,
for simple impulsive or statistical models, these
relative shifts and widths would be a constant, we
must conclude that such simple models do not ad
equately represent the dynamics of CH3I photofrag
mentation. A more precise reduction of the data is
presently underway, as is development of more precise
and realistic models.

1. S. J. Riley and K. R. Wilson, Discc. Faraday Soc.
53, 132 (1972).

Fig. 1. Laboratory angular distribution of Vinyl
fluoride product from the reaction F + CZH3Br + Br
+ CZH3F. (XJ3L 781Z-13708)
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1. See for example, Aa. S. Sudb¢, P. A. Schulz,
D. J. Krajnovich, 1. R. Shen, and Y. To Lee,
Advances in Laser ChemistEr, edited by A. H. Zewail,
Springer Series in Chemical Physics, Springer,
Berlin, 19'78.

come randomly distributed over the molecule in such
a brief period.

i\loehlmann et al. 4 observed infrared chemilumines
cence from the CZH3F product of this reaction. They
found the vibrational energy to be statistically dis
tributed but discuss the possibility that non··statis
tical effects, if present, be lost during the
millisecond timescale of infrared fluorescence. We
find that the product has an average rotational vibra
tional excitation around 1'70 kJ/mole, an energy at
which the density of states exceeds 104jcm- l . This
may well be the ergodic region in which the vibra
tional energy is not localized in normal modes but
becomes redistributed Dl less than a millisecond.
Consequently, the measurements of chemiluminescence
in this case will not reveal the initial partition
ing of excess energy. Theoretical study of this
reaction will likely necessitate a detailed treat
ment of the dynamics of intramolecular energy tnms··
fer, as the statistical simplification is inadequate.

Fig. 4. Product translational energy distribution.
Solid curve is the experimental. Dashed curve is
RRI<Jv!-k~ with ~ ~ Z.9 kJjmole detennined by C6 con
stonts. Dotted curve is RRKM-k~ with B~l ~ lL 6
kJjmole. (XBL '7811-13'709)

- '-

I--~..-----1

100 m 5-1

In Fig. 4, we show the experimentally determined
peE'), together with two statistical calculations.
The dashed curve is the RRl<JvH'\lv! calculation with the
maximwn centrifugal barrier, ~n' derived from the
entrance and exit-channel C6 constants, while the
dotted curve shows the effect of increasing ~ by a
fac:::or of four. The reaction is seen to deposit more

ener5)T into translation but with a narrower
This is strong evidence that the reaction

is sufficiently concerted that the reaction dynamics
associated with the finite time required for intra
molecular energy transfer cannot be ignored. The
Rffi~ lifetime, 0.05 ps, calculated based on the as
sumption that intramolecular energy transfer is fast
er than the reaction lifetime, is less than one
vibrational period of the lower frequency modes in
CZH3FBr. It is unreasonable to expect energy, ini
tially released in fOI1113.tion of the C-F bond to be-

Fig. 3. Con~cour map of center-of-mass CZH3F product
flux, shmvl1 with most probable Nelvton diagram.

(XBL '7811-131 '79)
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2. R. J. Buss and Y. T. Lee, in preparation.
3. J. J. Valentini (Ph.D. thesis), University of
California, Berkeley, California, 1976.
4. J. G. Moehlmann and J. D. McDonald, J. Chem.
Phys. ~~, 3052 (1975).

4. ATQ\lIC OXYGEN NOZZLE BEAM SOURCE DEVELOPMENT

Steven J. Sibener and Richard J. Buss

During the past year the en~hasis of our atomic
oxygen research program has been directed towards
obtaining still further improvement in the beam char
acteristics of our supersonic oxygen beam source, for
which a preliminary description has now appeared in
the literature. l Our efforts have especially been
directed towards increasing the intensity, decreasing
the relative velocity spread, and extending the trans
lational energy range of the atomic oxygen beam. We
have succeeded in meeting the above goals by making
some beam source modifications which are described
below. These improvements should significantly en
hance our ability to study the dynamics and energet
ics of ground state atomic oxygen reactions in well
characterized cross molecular beam scattering exper
iments.

Specifically, the addition of higher pumping
speed to the source--an 8000 Ii/sec diffusion pump
backed by a roots blower--has enabled us to operate
at stagnation pressures up to 350 Torr total pres
sure for seeded 0Z/Ar mixtures with a 3 mil nozzle.
This should be compared with an ultimate pressure
of 200 Torr with our old pumping arrangement. Tem
peratures of 1300 K have been reached in these 0Z/Ar
discharges. The actual intensity gain brought about
by operation at these higher pressures exceeds a fac
tor of two. However, the oxygen Mach numbers did
not ~rove significantly, indicating that a limit
has been reached in the Mach number obtainable for
dilute 0Z/Ar mixtures in our discharge beam source.
The use of neon to reduce atomic oxygen slippage in
the exp~~sion may prove to be of some help here.
Higher Mach numbers have been achieved in the OZ/He
mixtures described below.

The major development of the past year has been
the extension of the mean translational energy range
of the oxygen beam to 0.5 eV. This has been achieved
by generating for the first time a hot discharge
(1100 K) of 02/He mixtures at stagnation pressures
up to 220 Torr. The key modification that enabled
us to generate a plasma of the correct temperature
(1000 K <T < 1400 K) was to increase the nozzle or
ifice diaIneter from 3 to 7.5 milo The larger gas
flow rate eVidently stabilizes the 1100 K discharge
mode of the plasma with respect to cooler discharges
modes--allowing for the successful generation of
atomic oxygen. Atomic oxygen Mach numbers of 9 have
been measured for these_OZ/He _pixtures with an inten
sity of ~ 1018 atoms sr 1 sec . The intensity of
the helium seeded beaIn is therefore seen to exceed
by a factor of~ 3 the intensity of the current argon
seeded beam. The developments outlined above give
us hope that the coming year should indeed be a
fruitful one for our atomic oxygen research program
here at Berkeley.

1. A. J. Sibener, R. J. Buss ~~d Y. To Lee,
~leventh Rarefied Gas pynami~s Pr~eedlllgs, 1978,
In press.

5. CROSSED MOLECULAR BEAM S11JDlES ON THE INTERACTION
POTENTIALS FOR Cl(Zp) + Xe(lS)t

C. H. Becker, J. J. Valentini, P. Casavecchia a~d
S. J. Sibener

There has been considerable interest recently in
halogen-rare gas (X-RG) diatomics as they comprise
a class of high power ultraviolet excimer lasers.
Cl-Xe was one of the first of these lasing systems
(at 308 nm) to be reported. l In fact, exci.mer is
somewhat a misnomer for the Cl-Xe and F-Xe systems
as bound-bound spectral transitions are observed.
This has allowed accurate spectroscopic (RIill) a,la1'0
YSIS of the ground state X~ Cl-Xe potential) No
s~ectroscopic information ~s available for the I~ or111 states, though ab InItlO conflguratlOn lnterac
tion calculations have been perfoTIned on all of the
states of possible laser interest. 3 The state labels
used throughout are those appropriate to HL:nd' sease
c coupling, and the electronic states considered in
this work are the x~ (or Ii) and Ii arising from t:r.e
ground state fourfOld degenerate 2P3? + ISO
atomic asymptote, and the II~ from the Aoubly ger,er
ate spin orbit excited ZP1/ 2w+ So asyn~tote. Knowl··
edge of all these states is helpful in understa'1.ding
the presence or absence of lasing transitions and
kinetic details of the laser medil®.

Hence'las a check on the Cl-Xe spectroscopically
derived XI potential Vx 1/2, to obtain chemically
accurate ll1fOrmatlOn on tne VI3/ 2 and VII l/Z' and
as an example of the usefulness of scatterIng stud
ies in giving quantitative information on adiabatic
potentials not readily accessible by spectroscopic
analysis, a crossed molecular beam eXDeriffient has
been performed on Cl(2p) + Xe(lS). .

The apparatus and technique used has been de
scribed III detail elsewhere. 4 After two stages of
differential pumping, the Cl ~'1d Xe supersoni.c beaIns
cross at 90° under single collision condi.tions in
the scattering chamber maintained at ~ 3 x 10- 7 Torr.
A triply differentially pumped rotating quadrupole
mass spectrometer with electron bombardment ionizer
and ion \;ounter recorded the ~'1gular distributions
1(8) of 35Cl scattered by Xe.

The stagn.ation pressure and temperature of the Xe
bema was kept at 450 Torr and 20°C. Cl atoms were
produced by C12 thermal dissociation in a resistively
heated high density graphite oven/nozzle. 5 Different
relative collision energies Er~l were obtained by
vaDjing the Cl velocity utiliZIng the seeded beam
technique. The gas mixtures used were ~ 1% e12 in
He, Ar, or Xe, and stag.~ation pressures ~ 1000 Torr
were used. No XeCl or XeC12 was found in the hot
beam. Beanl velocities and spreads were measured by
the time-of-flight method, and the full-width-at··
half-maximum (FWI-IM) velocity spreads were ~ ZO% for
Cl and ~ 10% for Xe, FWI-IM angular divergences were
about 1° for Cl and 2° for Xe. The graphite oven
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temperature of ~ 2000 0 K produces about 21% spin orbit
excited 2P1/2 atoms; the spin orbit relaxation of C1
atoms is expected to be very slow during the isen
tro~ic expansion. Consequently the composition of
C1 ( PV2 ) in the beam is not expected to differ from
that In the oven. S2me C12 was also present in the
beam and the small 3 Cl + contribution from C1 2 was
taken into account from the measured angular distri
butions of C1 2 detected as C12+ and the fragmentation
ratio of C12(Cl+/C12+) in the ionizer, and subtracted
to give the final I(G) of Cl + Xe.

Laboratory angular distributions of 35Cl scattered
off Xe are shown in Fig. 1 at nominal Erel = 2.37,
2.57, 6.1S, and 26.1 kcal/mo1e. Exemplary error bars

(1)

o < x < I

x '" r/r
m

Zexp(B1(I-x»exp(ZI\ (I-x»

exp(ZBZ(I-x» - Zexp(BZ(I-x» I < x <

The Vx 1/2 3/2 are determined by fitting calcu
lated 1(0) td tnc experimental values through vary
ing the analytic potential parameters. The C6 and
Cs were held fixed though, and little variation was
made in the Xl, x2 values. To accurately estimate
these interaction potentials it is necessary to mea
sure the I(G) at several collision energies covering
a wide range.

where CiR = Ci/(Erm
i ), and E and rm are the depth

and position of the potential minimum. Conditions
on the hermite spline are continuity of f(x) and
df(x)/dx at Xl and x2. The C6 constants are esti
mated from the Slater-Kirlcwood formula for effec
tive number of electrons ~ 7 polarizabilit3 values
are from the literature.~,9 The C6 of 17 corre
sponds to 'IT symmetry, while the C6 of X~ is best
approximated by the average of the l: and 'IT contribu
tions [see Ref. 10 Eq. (13)]. The Cs is estimated
from the Ar-Xe CS.9 The pernlanent qUrtdrupole-induced
dipole R-S induction term is neglected because of its
small size, as are other coefficients of the asymp
totic expansion.

al + (X-Xl) '{aZ+(x-xI ), [a3+a4(x-xl )]} Xl < X < Xz
6 S

C6R/x - CSR!x Xz ~ x < 00

The validity of the elastic approximation is sup
ported by its ability to corroborate an accurate
spectroscopically determined Vx1/2 for F-Xe, 6a and
by more rigorous coupled-channel· scattering calcula
tions .10

An elastic scattering approximation is useg in the
analysis, which has been described elsewhere, This
method of computing differential cross sections ne
glects nonadiabatic coupling and is appropriate to
molecules of Bund I s case c coupling. JWKB phase
shifts are used in the single channel scattering.
nventy-one Ne,vton diagrams contribute to final I(G)
calculations to represent beam velocity spreads, and
angular averaging is also performed to mimic the
beam/detector geometry. Flexible piecewise analytic
repres~ntations of the Yx 1/2, I 3/2 are used and the
approXlmatlOn Vn 1/2 '" Vi 3/2 IS employed. The po
tential form is tne lnorsemorse-hermite-spline-van
der Waals (MMHV) function:

are given, when visible outside the circles. repre
senting ±l standard deviation of the mean. The mnn
ber of scans over an angular range varies from 3 to
9.

f (x)

f(x) V/E

102

2.37 kcal/mole

101
-

100

0 10 20 30 40 50 60

8 1ab (degrees)

CD

Fig. 1. Experimental number density angular distri
butions of 35Cl scattered off Xe (circles), and best
fit calculation (solid line) using the potential param
eters of Table 1. Representative error bars are ±1
standard deviation of the mean. (XBL 7S11-l25S5)

The fitting began using an analytic representa
tion of the spectroscopic numerical Vx112 values. 2a
It was found the expernnental 1(8) could not nnprove
upon these values, so they were retained. Quite good
sensitivity to the VI 3/2 well was found in the low
energy 1(8).
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The final I(G) are shown in Fig. Ii the derived
VX1/2, 13/2 are shown in Fig. 2, and the potential

Fig. 2. C1 Xe xi and Ii interaction potentials. Note
scale change at 0.1 kcal/mo1e. (XBL 7811-12584)

parameters are listed in Table 1. As noted,
the VII 1/2 can be approximated by the VI 3/2' In
general though, a better VII 1/2 can be dei'lved as
shown in Ref. 10 from the Vx1/2 and VI 3/2.

The resultant VI 3/2 shows very close resemblance
to the ground state 1Z Ar-Xe potential. Elastic
scattering studies perfonned in our laboratory have
given the Ar-Xe potential, which we believe to be
accurate to ± 3% in s and rm.ll The parameters of
the Ar-Xe potential are also listed in Table 1 for
reference. This Ar-Xe potential is slightly outside
other recently proposed values. 12

Uncertainties in the CI-Xe s and ~n parameters
are obtained by syst~natica11y varying the parameters
and observing when the I (G) fits become poor. The
estimated maximum uncertainties are within ± 7% in s
and rm for both the Vx1/2' VI 3/2. Possible errors
in the morse 8 parameters are likely to be of a sim
ilar magnitude, based on their observed influence on
the I(G) during the fitting procedure. Sensitivity
to the repulsive walls is less them for the well
region owing to worse signal-to-noise for the struc
tureless wide angle I(G), and multiple potential
scattering. Of course, there is no information
gained about the repulsive wall above the highest
Erel ·

The fact that the obtained V y 3/2 is so similar to
the Ar- Xe grOlm.d state potential underlines the val·
idity of the el,ectronic, closed shell ~closed shell
v~ der·Waals picture where the interaction takes
place with the fully occupied p orbital along the
internuclear a~is. The greater strength of this van

6

XI/2

_I L-----l_---L_--L_--L1_....L-_...L-_L..-_L-----l

2 3 4 5

Internuclear distance r C&)

0.1
or-----T-----r---------===::::::::j

-0.5 -

Q)

o
E
'
o
u

.::<:

>

Table 1. CI-Xe xt, and Ar-Xe lZ interaction potential parameters.

X+ XeCl, If Ar + Xe -I

s (!zeal/mole) 0.80 0.37 I 0.379
II

(A) 3.23 4.10 4.01
I

r m

81
5.2 7.6 6.5

I 82 3.3 5.1 6.33

C6 (!zeal/mole ;;6) 2279. 2410. 1957.

GS (keal/mo1e AS) 14250. 14250. 12005.

AIOGIO (keal/mole' ) --- --- 93502. I
1. 2100 1.1162 1.108S

r

1. 6500 1.3500 1. 4500

-0.7500 -O.SOOO -0.7519

I
a l

a 2 1.6500 2.5216 3.1665

I
a3 0.4434 2.0941 -5.5247

a
4

-2.5063 -13.6316 3.S055
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Toermies, J. Chem. Phys.
ibid. 375 (1977) a~d

The HCl source produced a pure supersonic Hel

6. CROSSED MOLECULAR BEAM STUDY OF THE Li + Hel
RE.!\CTION

P. W. Tiedemann, C. H. Becker, P. Casavecchia and
J. J. Valentini

257Chem. Phys. Lett.

A. Wakeham, Mol.12. G. C. Maitl~nd and W.
1443 (1978).
13. M. Krauss and B. Liu,
(1976) .
14. K. T. Tang and J. P.
66,1496 (1977); errata,
68, 786 (1978).

In the past, the reactions of alkali atoms and
hydrogen halides have been extensivelr_studied with
the crossed molecular beanI technlque., 3 Only the
alkali metals with lower boiling points have been
examined due to the ease with which one could obtain
an intense molecular beam. However, the reactions
of lithit@, which has the highest boiling point of
the alkali metals,4 are of special interest since
they are more amenable to theoretical treatment. 5
Mainly the reaction between lithium and been
receiving considerable attention lately.' In prep'
aration for a more exhaustive study of lithium atom
reactions, involving laser excitation of the dhtomic
molecule as well as of the atomi.c species, the reac
tion between lithiwn and HCI has been investigated.

The crossed molecular beam apparatus has been de"
scribed previously. 8 The lithium source produced a
rare gas seeded supersonic lithium atom be@n a~d con
sisted of a tantalum reservoir with a gas inlet tube
and a nozzle tube. The reservoir was radiatively
heated by a resistively heated 0.002 in. x 0.080 in.
tungsten ribbon wound around eight ah@ina posts)
which were supported and encmnpassed by three tanta
lum radiation shields preventing excessive heat loss.
The reservoir temperature was monitored with a ther
mocouple spot-welded to the bottom of the reservoir.
About 450 Wwere dissipated in this heater, the.
reservoir attaining a temperature of 960°C, which
corresponds to a lithium vapor pressure of 27 Torr.
The nozzle tube was heated in a simHarway (except
that the heater was smaller; four alumina posts
were used); a temperature of 1150°C was attained
with 170 W. The temperature of the nozzle must be
considerably higher than that of the reservoir in
order to avoid Li2 formation in the beam and Li
condensation at the Dozzle. Various seed gases
could be flowed into the reservoir through the in'
let tube allowing one to vary the lithium atom
velocity by the seeded beam technique 811d thus
vary the reactant collision rare gas
pressure was usually 1200 Torr. i,nlet tube had
a constriction just before entering the reservoir
to ensure a local high gas velocity, thus preventj,ng
lithium from backstreaming. The skiJlUner in the beam
source arr811gement was constructed as a one-piece
skimmer-heater unit, and heated to 500°C to prevent
lithiwn condensation at the skimmer orifice. It was
tmnecessary to heat the defining slit in the differ
ential wall, since the amount of lithiwn deposition
was small even after about two weeks of operation.

Nonadiabatic coupling in XeCl and its influence
on scattering is discussed in Ref. 10.

Finally, if there is a desire to extrapolate these
repulsive walls to higher energy, one may make use of
ab initio calculations,3 at least in obtaining the
wall slopes. Alternatively, one may make use of the
simple model recently proposed14 to obtain Born-Mayer
repulsion para~eters from values of €, r

W
' and van

der Waals coefficients, especially for tne VI and
VIII/2'

work was supported in part by the Office of
Naval Research under Contract No. N14-77-C-OI01.

der Waals interaction as compared to the F-rare gas
series has allowed the most accurate VI 3/2 well deter
m:il1".Eon to date, simply due to its signIficant in"
fluerce on the three lowest Erel 1(8).

The cormnon explanation for the CI-Xe Vx 1/2 con
sists of a combination of (a) less repulsion due to
only a half-filled p orbital along the inteTI1Uclear
~xis. (b) a small amount of charge transfer lessen
ing this repLl1sion, and (c) the contribution from
interatomic correlation energy13 (the dispersion
energy in the limit of zero electron overlap). As
has beerr mentioned,6b it may also prove worthwhile
to exa~ine the approxi~ation that the spin orbit
coupling is constant over the range of inteTIluclear
dist~nces considered. It appears that CI-Xe and
F-Xe are the only two significantly bound X-RG mol
eCL~es. However, the shapes (or force constants) of
these two Vx 1/2 are very different. F-Xe having a
very tight we~l and CI-Xe being broad. At this point,
an explanation of this phenomenon seems possible only
by considering the absolute strengths of the above
mentioned contributions as a function of internuclear
distarrces.
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Fig. 1. angular dis tributions of LiC1
mnnber density at various collision and
Newton for the highest and lowest collision
energies. LiCl is detected as LiC1+ (m/e 42) in
the mass spectrometer. (XBL 7812-13646)

sl<j.eviaY·s with respect to the relative velocity vec-
tor toward the lithium reactant beam.

beam. l~he oven/nozzle was a resistively heated
nickel tUbe,9 maintained at 350°C to prevent Hel
dimer formation.

The beams were characterized by time-of-flight
(TOF) measurement and Table I shows the Li atom ef··
fective temperature, Mach number, and peak veloci.ty.
Also shmVIl are the four reactant collision energies
obtained by seeding lithium in pure helium, an 85%
helium and 15% neon mixture, pure neon, and pure ar
gon. Tha HCl molE;cules had a peak velocity of
9.9 x 10 on sec-l.; the beam Mach mnnber was 7.2, or
a FWHM velocity spread of ~ 15%.

The exothennicity of the reaction is estimated to
be 9.6 to 11. 4 kcal/mo1e, depending1~n.Zhe literature
value of the LiCl bond energy used. ,J." The product
translational energy distribution was probed through
TOF, taken at 7 angles, for the 9.2 and 2,9 kcal/mo1e
collision energies. These data were obtained with the
mass spectrometer tuned to m/e 7, taking of
the lar~e.brwlChing. ratio for ~ragmentation of
Lato L1 ln the lonlzer. In tnls case there lS no
problem in separating elastically scattered moieties
fr~n reactively scattered ones, because the peaks are
well separated in time. At 9.2 kcal/mole collision
energy,- m/e 42 LiCl TOF spectra were also recorded as
a check on the m/e 7 data. The TOP peak correspond
ing to elastically scattered lithium was absent from
the spectra, indicating very large depletion of scat
tered lithium due to the chemical reaction.

The laboratory angular distributions of LiCl prod
uct were measured with the quadrupole mass spectrom
eter set at m/e 42. The data are shown in Fig. 1.
However, since ~ 85% of the LiCl fragments in the
electron bombardment ionizer producing Lj+,10 it is
often advwltageous to detect the ion of m/e 7. Of
course the m/e 7 angular distribution is the SU111 of
elastically scattered lithium and reactively scat
tered LiC1.

A preliminary analysis of the combined TOP and an'
gular distribution data shows that the product trans
lational energy distribution is very broad, rising
steeply from zero, peaking at an energy lower than
the collision energy and then falling off gradually.
The data also show that the LiC1 product flux peaks

1. E. H. Taylor and S. Datz, J. Chem. . ~~,
1711 (1955).
2. To J. Odiorne, P. R, Brooks, J, Chem. Phys. 51,
4676 (1969),
3. C. Maltz, N, D. Weinstein and D. R. Herschbach,
Mol. ~i, 133 (1972) 0

Table 1. Lithium atom beam characteristics and LiHCl center-of-mass collision

..------~_.~
--~-~--

Seed Gas M
-1 mole-Icm sec

----- -~---~-_.~-

He 2116 5.5 35.7 9.2

85% He + 15% Ne 1475 4.7 29.8 6.9

Ne 545 4.9 18.1 2.9

Ar 294 5.6 13.3 1.9
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7. PHOTOIONI ZATION OF (HZ) Z; STABILITY OF H4+,
DYNAJ\1ICS OF TI-lli FORl'vlATION OF AND VIBRATIONAL
PREDISSOCIATION OF + of

In our laboratory we have recently been studying
the energetics and dynamics of molecule ions from
the photoj,onization of van der Waals molecules using
the molecular beam technique. We use adiabatic cool-
ing in a supersonic to form the van der
Waals species of interest then pass them into an
ionization ch~lber equipped with aIm vacuum UV
monochromator and a mass spectrometer. This arrange
ment allows us to study systems which are very reac-
tive , or very bound; in a colli-
sion environment so that of secOIlclary ion
molecule reactions is negligible.

4. Hanc!!Jook of ~~211istry and ~_sics, CRC Press,
54th edition, 1973-1974, p. D153. -
5. M. , H. F. Schaefer III, P. A. Kollman,
J. Chern. Phys. 68, 4047 (1978).
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Discussions Chern. Soc. 6Z, 77 (1977).
7. Y. M. ShapirO";" Chern. Phys. 31, Z17 (1978).
8. Y. T. Lee, J. D. McDonald, P. R. LeBreton and
D. R. Herschbach, Rev. Sci. Instrum. 40, l40Z (1969).
9. C. H. Becker, P. Casavecchia and 'Y: 1'. Lee, J.
Chern. Phys. 69, Z377 (1978).
10. Measured-rn our apparatus.
11. 1. Brewer and E. Brackett, Chern. Rev . .§le' 425
(1961) .
lZ. S. W, Benson, Thermochemical Kinetics, John
Wiley and Sons, Inc., New York, 1968, p. 197.
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Shown in Figs. 1 and 2 are spectra obtained of

sufficient 01Z)2 formation, but low enough to insure
that high pol~ners do not contribute significantly
to the photoionizatuib signal. The light source
used was the Helium Hopfield Continuum. Photon res
olution of 3.3 A was used.

T. Hirooka and P. W. TiedemarmS. A. Andlers,on,

+The system has been extensively studied both
experimentally and theoretically. The reaction

+ +
-L

1" ''3 + H (J) Fig. 1.
and H3+.

+Photoionization efficiency curves for H2
(XBL 7812-13675)

Fig. 2. H3+ count rate in the region near threshold.
(XBL 7812-13677)

is exothermic by ca. 1. 7 eV. 1 Therefore the HZ + •HZ
ion should be unstable with respect to H3+ + H unless
there is ffil attractive well between and HZ
exceeding L 7 eV or a barrier between H/ + H" and
H3+ + H. Ion-molecule reaction studies of the sys
tem have not shmvn evidence of a barrierZ and the"
oretical studies have sho~~ both that + is3 and
is not s-cable.

Because our molecular beam-photoionization tech
nique is a very way to form an ion with a min··
imal amount of internal energy, we decided to study
the photoionization of (H2)Z and look for evidence
of existence of H4+. In addition, from the inv~sti
gation of the decomposition of Hz* • HZ + into H3 + H,
we hope to understand the stabilIty of H3+ as well
as the competition between the vibrational predisso
ciation and autoionization process in H2*' HZ'

The apparatus has ~een described in detail in a
preVlOUS publlcatlon. (H2)Z was produced In a
supersonic expansion of normal hydrogen through a
10 ]J liquid nitrogen cooled nozzle. The stagnation
pressure behind the nozzle was 18.4 atm. This pres
sure was chosen because it is high enough to produce

90

-0
80
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In the absence of secondary collisions of hydrogen
polymers larger than dimer in the beam, one can think
of six reasonable processes which lead H3 +.

+ 1
----- HZ (v ) + e

hv

each process has a characteristic lifetime. In the
vibrational autoionization process, the rate is
very dependent on how many vibrational qUaD_ta are
transferred. ~v = 10 autoionization, t)~ical life
times are about 10- sec. 6 As n, principal quan
tum increases the lifetimes increase. As v increases
lifetimes in general decrease. If, however, a state

coincide. Thus it seems that a process of photon
excitation of one of the HZ partners is the,major
pathway. In order to understand the differences
between the HZ+ and the H3+ photoionizationprocess.

Dehmer and Chupka6 have measured very high res
olution spectra of photo absorption and photoioniza
tion in HZ' The spectra consist of a series of very
sharp lines, superimposed on a very weak background.
The line spectra come from absorption to Rydberg
states of HZ' The weak background is just direct
ionization:

Our HZ+ photoionization spectrum can be understood
as the averaging of this line spectrum by the low
resolution of our experiment. Typical line widths
are 0.05 A and typical line spacing is O. Z A. Our
photon resolution is 3.3 A. and thus each data point
consists of the convolution of many fine lines. The
apparent background in our low resolution. spectrum
is not direct ionization. Direct ionizati~n is not
responsible for a significant amount of HZ photo
ionization. We would expect therefore that process
E is also not important in producing H3 .

Below HZ+ threshol~, process F or G is the major
contrlbutor to the H3 product lOn , and above thres
hold a combination of F and G are responsible. Ac
tually, process G might also go through a transient
(Hz)Z+ follOWing a process similar to an associative
ionization. But, unlike process F, the excitation
energy in process G is not enough to allow auto ion
ization of HZ+ independent of the HZ partner. The
wavelength dependence of ion production is deter
mined solely by the positions of the HZ Rydberg
states. The shift in these states due to the pres
ence of the second HZ in the dimer is too small to
be detected by our experiment.

Perhaps the most interesting feature of the HZ+
spectrum is, that while the peak positions cOLllcide
with those of HZ+ at wavelengths shorter than 804 A,
the intensities of some of the peaks relative to
background level are greatly reduced. This is true of
of the peaks at 79Z, 784, and 780 A, while those at
804, 796 and 787 A are comparable in both H3+ and .
HZ+. Within the frame work of our model this is easily
explained and yields interesting information about
the hydrogen dimer.

In HZ photoionization, the dominant process is
vibrational autoionization. In this process HZ ab
sorbs a photon and makes a transition to a state in
a Rydberg series converging on a particular state of
the ion core. This Rydberg state may decay by pre
dissociation, fluorescence or autoionization, thus

(B)

H + + H + e (A)
3

+
HZ·HZ + e

+H
3

+ H + e (F)

H
3
+ + H + e (G)

H
3
+ + H + e (C)

+H
3

+ H + e (D)

+H
3

+ H + e (E)

+.H
Z

H
4

+ e

hv +
HZ .HZ --- H3 + H + e

H • 1\*Z

HZ·HZ
H ·f;: + H

3

+
HZ·HZ HZ 'A:1z

HZ'HZ
~ HZ .HZ*

Process E, F and G all consist of one of the HZ
molecules in the dimer absorbing a photon, then
reacting with the other HZ to give H3+' Since the
interaction between two hydrogen molecules in a
hydrogen dimer is quite weak (ca. 0.01 eV), one
would then e~ect that if these processes are dom
inant, the H3 photoionization spectrum would be
very similar to the HZ+ spectrum if the interaction
between electronically excited HZ and ground state
HZ is also weak. That is indeed what is observed.
In Fig. 1 it can be seen that above the HZ+ thres
hold ( ~ 803 A), the peak positions in both spectra

HZ+ and H3+. A thorough search for H4+ was carried
out from 750 to 900 A. None was detected. The
fact th~t no H4+ was seen indicates that even if a
cold HZ • HZ is produced through autoionization of
HZ * . HZ' a process similar to a zero kinetic energy
associative ionization, the attractive interaction
between HZ f and HZ does not have a well d~ep enough
to prevent further reactive decay into H3 + H.

The HZ+ spectrum sho.Vil agrees with~ublished low
resolution hydrogen spectra. Z The H3 spectrum ex
hibits several interesting features which allow us
to extract information about the dynamics of (HZ) Z
excitation and decomposition process.

Process C and D involve the direct formation of an
tight electronically excited complex, which then
autoionizes to fonn H3+ and H. It is possible that
these processes occur to a small extent, bu~ again
the Franck-Condon factor is expected to be small and
our data does not suggest a major role for either.

Process A is ~irect ionization to H4+, which then
dec~rrposes to H3 + H + e. B is also direct ioniza
tion, to H3 itself. We cannot rule out either of
these processes. However, several things make them
seem unlikely. First consideration of the geometry
change in going from the loosely bound HZ dimer to
the tightly bound ions, suggests that the Franck
Condon factors for the direct ionization would be
quite low.
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is forced to auto ionize
the lifetimes may be For L1Y8~ ~Z'6

hfet1lTIes are on the order of 10 sec,
~ "3, ~4, etc., lifetimes are even ,
the concomitant increase in v compensates

SOfllevvhat for this effect. These states are in gen~
and accoLmt for a

t.)w.) LLJ.LC)lU.. ~a.LLVIJ. in some

In dilDer " there is another process which
can compete with autoionization. One would expect
vibrational to be , espe~

as v and as the of vibra··
quanta to auto ionize the system

increases. Each wil1 a characteristic rate
on n and v and L1v.

K
'H +(v1)H2 H (nv) --~~ + e

2 2.

+
H +

K
d + H2(n, )-]-- e

8. PHOTOIONIZATION OF S/vli\LL CLUSTERS OF Ar, 02
!-\ND t

T. Hrooka, S. A. Anderson and P. W. Tiedemann

~ton. Figure 2 shows
spectra Of Kr2+, +, and These spectra
were obtained using a room temperature, 30 )J nozzle
with high stagnation pressures. Slightly more Kr3
was formed in the nozzle than Kr2' and the sig
nal was one third that of The behavior of the
krypton spectra is sinlilar to that of argon, except
that the Kr~ spectrum retains more ,structure thEm
that of Ar3' The peaks 111 the Kr3-{ spectra ShIft

The nature of the stabilization forces
small clusters of atoms and molecules together is
of great interest. From the knowledge of the size
of these forces one can learn something about the
process of condensation and by extrapolating about
the range and strength of intermolecular forces in
liquids. By studying the stabilization energies of
small ionic clusters, one learns something about the
solvation process. In our laboratory we have been
rClr-r<r.;r", out photoionization studies of small clus

molecules, 1 This article reports data and
pn:;l:iJni.nary of photo ionization
on small clusters of Ar, Kr, 02 and H2·

Figure 1 shmvs the spec-
and Ar3+. The argon

eX]paJlsj~on from 125 psi argon, l-l room
temperature nozzle into vacuum. This pressure
moderate intensity of without contamination
from larger clusters. trimer was us-

250 psi stagnation pressure. The pressure depen
dence of the larger clusters (Ar4-Ar9) was
identical, peaking at 300 psi. Intensity decreased
rapidly as cluster size was increased from to
Ar4+' then remained almost constant up to The
structure in the + is still present at
Z75 but is This indicates that the

is not seriously by
ment'lt.i.on of larger clusters. The Ar3 structure
very weak and smeared out, but the peak nn" i lH rm"

are the same as in dimer. The measured thres"
hold of and Ar3 is the same, Thus
our i.ndicates that the stabilization in

is less than 0.01 eV. stabiliza~
+ .....

from Ar to is 1.31 eV.

The predissociation also explains the we,lli(E,ning
of peak stDlcture at These states
are all of high vibrational and even
for .6v 'c -1 autoi.onization, GU.L""V'•. L,nJeV.ll will
compete strongly. At these ioniza-

process E should be

This work was carried out in collaboration with
Professor B. H. Mahan's group.

it is to obtain con-
into the dynamics of the hy,jrclgen

and predissociation process,
.:·~._·I __ ;"._~ infonnation about the ionization mechanism
and estimates of the predissociation rates for sev
eral vibrational states of the hydrogen dimer.
resolution of H3+ spectra, resolving individual
berg states would yield a wealth of information
the details of the process including the effect of
rotat ional hinderance on auto ioni.zat ion process.
This, however, a much higher spectral res-
olution of VUV which is beyond the capability
of our apparatus with aIm monochromator.

+
Since the structure of and are

very it seems that, at 6v '" ~l,
auto ionization is faster predissociation. If
we look at the that axe reduced, we
see that in from
states that autoionize via L1v ~ - , ·3, etc.

to our model then, these peaks are missing
the Rydberg states of the dimer mol-

V"G~, ..D;"VL~H,.Lj.llb rather than
rates using this.

the autoionization rate for
. R(1)7pov"'Z A),

atk"" 108 sec-I. k
about 1010 sec for

eO:LSS;OCJ.alDCIil kd "" sec· l . Assuming R(1)
A) and R(l) v'" 4 (780A) f8 1

predis:30c:iErte, we estimate kd "" 10-' sec-
for v One should note that the rates are for

dinler with one HZ in a Rydberg state.
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8 A to lower energy from the equivalent peaks in
the spectrum. Using this we estimate the ion·-
ization of to be 0.12 ± 0.01 eV lower
than From our gata it is not possible

to measure a in the Kq T spes::trum. The
ilization in from Kr+ to Kr2 c is l.12 eV.

cusses the + spectrum in
the mass of the
744 A and psi. The numbers are not
detectable. Signal intensity decreases as mass in
crease except for H9+ and HIS+' This is in accord
with an bombardment study of hYI:!T()!2:cm
clusters.

The ionization obtained from this ex-
are sUllIDlarized in Table 1. ,A,IP is the dif

in IP as n goes to n + 1. The dissociation
of a cluster is obt.ained by LlIP and

UJ..o.o'J'-.LG'-l.J.'-'<' energy of t.he neut.ral
0.012 eV for Ar, 0.017 and 0.02

In Table 1, Do is t.he energy
from the work of The

of obt.ained by
fJuu ~'Je.LC\_Ll.Ull sP'2ctrc)SC;oT'Y S solvation

that is, the between
of A+ and in solid A.

Since the ionizat.ion potential decreases little
fOl1n trimer to tetramer (not measurable in ex-

,\ve then expect t.hat a mnnber of
atoms molecules are to st.abi-
lize t.he cluster. That is needed
before it to look

Figure 3 shows sl?ectra obtained for
, (02) and (02)4 at 800 Torr

pressuJre, 160 K nDzzle temperature a~d a
The signal intensity decreased slowly

cluster size. The 02+ spectra was r® at room tem
n"1'''·I'11'-''. The most intej1se peak in all the spectra

the B,l line of oxygen.) at 972 A in 02+, ~98 A :in
(02) ,1010 A on (02) 3+ and 1010 A in (02) 11.' We
use line shifts to determine the shift in
threshold as clust.er size increases. The ionization

detel1nined this way do not agree with the
measured thresholds which are about. 8 A

::>lLJ.U.CCl to directly measured
thresholds are not too reliable for clusters because
of the smal1 Franck-Condon factors for ionization.

Figure 4 sho\'ls the photoionization +
(270 stagnation and

were obtained a 10~
cooled nozzle. The ions are

pbotofra;gm(3ni:ai;icm of larger clusters of the
is believed to come almost exclusive-

. (H2)2 the used. The threshold
H· 1S above the threshold, wlllch

is a ~03 A, This is small Fr::mck-Condon
factors for direct The same effect is
presumed to hold in the Reference 4 dis-
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This work was carried out in collaboration with
Professor B. H. Mahan's group.
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Table 1. Measured ionization potentials and binding energies for various small clusters.

IP

(0 )+ LlIP
2 n

(Ar) +
n

n

IF

LHP

IP

LHP

1

15.75 ± 0.02

13.98

12.06

2 3 ~. Solid S
-- - --------~-

14.44 14.44 13.92

1. 31 0 1. 83 7

12.86 12.7Lf 12.74 11. 90

1.12 0.12 0 2.08 7

11.73 11.58 11.58 10.5

0.33 0.15 0 1. 6
8

0.46 0.28 0.11

----- --~_.- --_._-~_._-----_... _-'-----_._. -----_ .. - - _._._--'-

9. MOLECULAR ION SPECTROMETER: THE LIFETIME OF
Oz+(41TU)t

D. K. Gerlich, S. W. Bustamente, L. R. Carlson and
H. S. Kwok

Our new molecular ion spectrometer is very near
completion. Tnis spectrometer uses vibrational pre
dissociation of van der Waals complexes as one tech
nique for the detection of the photon absorption
process as shown in Eq. (1).1

1his technique is accomplished by using a suitable
ion source and a tandem mass spectrometer. Van der
Waals complexes of the ion and heliun are prepared
by the supersonic expansion of an ionized gas mix
ture (1% M in He) into a vacuum. Tne ions of interest
from the source are mass selected by use of a sector
magnet which directs the ions into the chamber where
they will interact with a laser radiation field.

I
I

L~J-- .~I ATM, ------.::.,--
~1~-_6

I SOURCE I 10
104 TORR

TORR

Fig. 1. Molecular ion spectrometer schematic.
(XBL 78lZ··13895)

(1)+ + * ..LHe' N + hv ---~ He' [M] ------.$0- He + M'

If the ion absorbs a photon, the van der Waals
complex predissociates forming light charged frag
ments (Eq. 1). After interacting with the laser
field the ions enter a quadrupole mass filter which
is set to pass only the fragmentation product (M+)
on to the detector to be counted. Each absorption
process produces one ion which is counted with near
unity efficiency, thus one realizes great sensitivity.

To aid in accomplishing the above we have con
structed radio frequency (RF) ion trapsZ to accumu
late the ions as they flow into the interaction re
gion between laser pulses. These ions are kept in
the trap until they have been bathed by the laser
radiation after which the content of the trap is
sent to the quadrupole mass filter and to the detec
tor. This trapping technique should greatly enhance
the effective duty cycle of our spectrometer. A
schematic of the spectrometer is shown in Fig. 1.

Two types of RF traps are in use in our instru
ment. One uses parallel plates and the other uses
eight parallel rods (an octupole). These traps are
quite efficient. They easily store ions for up to
one second with negligible losses in a~ Ultrahigh
vacuum chamber.

We have tested our tandem mass spectron~ter--ion
trap system hlj: studying the photofragmentation of
metastable OZ (a4'f1'u) formed by electron impact. The
object of the study being the of the
OZ+(a4'f1u) lifetime. TIle 02+(70% 30% a4'lTu)
from the ionizer3 was mass selected directed in-
to the RF traps. Once in the traps the ions were
stored for a chosen length of time before a pUlse of
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vi~ib1e laser
02 (a lT

u
) nY'?":mYr

sociate'to
transition

through the trap. The
field could dis

electronic

adequately fit by the use of three exponentials with
time constants of 11, 41, and 280 ms. Since we are
sampling many vibrational- rotational levels in the
a47Tu state and ion-neutral reactions are H"C;LlC;.LU.le

in this time span at ~ 10 9 Torr, one
decay of several lifetimes.

13 \/

We intend to pursue this problem by using a tUlle
dye-laser in the visible region to excite

- +- 4rr transition of 07+ I in
whicH will result in ~ This

will allow us to measure the several
vibrational" rotational levels of the state one at
a time and will help us uIlderstand the present data.

next year we to be using the super-
sonic expansion source will prOVide vaIl der
Waals complexes of ions. With these complexes we
can start using vibrational predissociation to gen
erate infrared spectra of the complexed ions.

work was carried out in collaboration with
Professor Y. R. Shen's grol~.

2. TIle potential energy curves of 02+ of
interest in this study. (XBL 7812 13896) 10. PROTON AFFINITIES OF HYDROGEN HALIDES DEIElli~INED

BY THE MOLECULAR BEAlvl- PHOTOIONIZATION IvIEmODS

In our continuing studies of proton affinities
of simple molecules, using the method of photo ion
izing van der Waals molecules, the proton affinities
o~ HC~ and HEr were measured. PreViously the pr~t~n
aIfll1ltIes of liP, H20 ffild had been obtained. '

The method allows one to determine the absolute
proton affinities of molecules, whereas the predom
inantly used equilibrium technique involVing ion
molecule re~ct~ons yields only. relative protons af··
LuntIes. 3, The method used ill thIS study conSIsts
in the production of a van der Waals dimer of the

containing molecule of interest in the
supersonic expansion of the appropriate gas, follow
ed by ionization by dispersed vacuum ultraviolet
light, thus producing anionic dimer, which eventu
ally fragments at higher energies, giving the pro'~
tonated molecule under consideration. From the
threshold energy for this fra~nentation process the
proton affinity can be calculated.

P. W. Tiedemmlll, S. L. Anderson and T. Hirooka

The apparatus used consists essentially of a di.f
ferentially pun~ed molecular beam source, an ultra
vi.olet lamp, a monochromator, a quadrupole mass
spectrometer and an ion counting system. 5 The di.s
persed light beffin intersects the molecular beam and
the ions fOllmed are mass selected Dl the quadrupole
mass filter and then counted. The light :intensity
is monitored with a sodium salycilate coated photo"
multiplier. The photoionization efficiency (ion
current div:ided by 1:ight intensity) is recorded as a
function of wavelength.

. . .1 • •

of

0> hv ---'? + 0

We have used doubled4Nd:YAG laser light
to dissociate the 02' (a TIu) ~. This 5320 A
has energy to dIssoClate the populated
levels of the thus flux observed
should be the 02+ present in the
trap.

The relative intensity of 0+ product vs. storage
time is in 3. This data can be well

Fig. 3. Decay curve for the production of 0+ vs.
the storage time of the 02 +. (XBL 7812-1389'7)

In Fig. 1 the photoionization efficiency curves
for HCl+, H2Cl+, and (HCl)t are presented. The
bottom curve shows that the threshold for Hel T pro
duction from HCl occurs at 97.5 ± 0.2 nm, which cor-
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Fig, 2. Energy diagram for the HCl system upon
photoionization (energies in kcal/mole).
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Photoionization efficiency curves for HCl+,
and (HCI)/. (XBL 7812-13230)

Figo
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1.0
I

responds to an ionization potential of 12072 ± 0,03
eV, in good agreement with recommended literature
values (12.74 ± 0001 eV)06

"0:
11091±Oo05eV }.

~

1.0-

Protonated HCI, a produced in the ion-·
ization of the HCl van Waals dimer, appears at
100.6 ± 002 run (28402 ± 006 kcal/mole)0 The energy
diagram in . 2 indicates how the proton affinity
of HCI can be calculated from this threshold, addi
tionglly u~ing the dissociative ionization thres
hold of HCl and th\2 bmdmg energy between two neu
tral HCl molecules 07 'The value obtained is 134 ± 1
kcal/mo1e at 0 K or, after corrected to 298 K,'\ taking
into account the appropriate heat capacities,b
135 ± 1 kcal/mole, in Vel)! good agreement with a
recent measurement f~om the ion··molecule field
(135 ± 2 kcal/mole)0

Figure 1 shows that the ionization potential of
the HCI van del' Waals dimer is 11,91 ± 0005 eV,
which leads to an I-lCl+-HCI binding energy of 20 ± 2
kcal/mole as indicated in Ego 20

o
115 110

Analogous results were obtained for HBr. In Fig.
3 the photoionization efficiency curves for HBr+,
H2Br+, and O!Br) l are depictedo The ionization
potenbal of [-!Br was measured as lL66 ± 0002 eV

).jnm

Fig,+3. Photoionizabon efficiency curves for HBr+
H2Br , and (HBr) 2 (XBL 7812-
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In the area of collis ion reaction dynamics + the
search for resonance in the state selected + He
reaction and the electronic and vibrational state
selected reactions of Li + HF are two new major pro
jects in 1979. Both autoionization processes and
laser excitation methods will be used for the prep
aration of state selected ions, atoms and molecules.
Potential energy surfaces and scattering calcula
tions ot these systems will be carried out by
Schaefer's group and Miller's group in a concerted
effort with our experimental studies.

Dynwnics and mechanism of oxygen atom reactions
with unsaturated hydrocarbons will be the focus of
our efforts in the area of combustion chemistry. The
new high energy, high intensity oxygen atom beam
source developed recently will play a key role in
the success of the project. The sensitivity of
l11ul tiphoton ionization of OI-I radical as a state re~
solved detection method will be investigated.

11. RESEARCH PLANS FOR CALENDAR YEAR 1979

With the successful development of RF ion traps
for laser- ion interactions and the completion of a
tW1eable IR laser during the past year, the project
of IR absorption spectroscopy in collaboration with
Shen's group based on the process of vibrational
predissociation of the ion-He complex using a tandem
mass spectrometer will become a major project in
1979. The dynamics of vibrational predissociation
processes of hydrogen bonded molecular complexes
will also be investigated by several different meth
ods.

Yuan 1'. Lee

were llllsuccessful
under the present

to rnlnn"rp

(106.3 ± 0.2 run) in very good agJ:<;emeIlt
ature values (11.677 ± 0.004 A srrn~
Hal' to the one in 2 allows one t~ LdJ.U-lJ.ctLe

the proton HEr and the HEr -HEr binding
from the data in Fig. 3. Values of 140 ± 1

and 23 ± 2 kca1~no1e have been obtained
ties, '111e proton af~

is in agreement with the high
time of result

mon hy,clyc)gEm lldL.LC1C'.5

In case has been
reported intensity is very
high, but no On the other ex··
treme in the of HI, is observed, only

Hel and HBr fall in yield-
cmd (HX) Observation of the dimer ion
be em condition for

reliable proton Since the process
seen as ionization of the neutral dimer·which, upon
receiving excess producing the pro~

tonated molecule, it clear that if a stable
dimer ion is not accessible, the protonated molecule
is not necessarily forcned in its ground state. Thus
a larger appearance would be measured,
leading to a lower proton , which could then
only be considered a lower bound. This was possibly
the case with ~w, where no (HF) + was observed and
the measured proton (9~. 5 ± L 4 kcal/mole) 1
was lower than that in an ion cyclotron res-
onance experiJnent (112 2 kcal/mole),LO

work was carried out in collaboration with
Professor B. H. Mahan's group.

Molecular bewn photoionization spectroscopy ex
periments will be concentrated in the energetics of
radical molecules in the coming year. The existence
of He2 and the stability of I-Ie 3+ ions will be inves
tigated using a synchrotron radiation source in col
laboration with Shirley's group.
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Henry F.

As implied by the above discussion, seU-consistent··
field wavefunctions were computed for several elec
tronic states of each of the three isomers.

H

H

VINYLIDENE

1.97 1.33
AI~~~~C~~-~

There appears to be no significant chemical attrac"
tion for the 11-configuration of A£-CZHZ' That is, aT
though dispersion, electrostatic, and charge transfer
interactions are present, the 1r- bonded A£-CZH? dis
sociation energy is expected to be 5 kcal/mo~eo
The same conclusion hold for 11-bonded , where
the effects of extensive configuration in'rp"r",-i"ilnn

and aluminum d functions were explicitly considered.

Michael Trenary, Mark E. Casida, Bernard R. Brooks
and F. Schaefer I II

In two recent communications, Kasai and McLeod
have reported the syntheses of the aluminum atom-

and aluminum atom-acetylene adducts. From
the electron spin resonance (ESR) spectra of these
new molecules, Kasai and McLeond draw some qual ita"
tive conclusions concerning their molecular struc
tures. Al though the ESR data suggest a conventional
ll-bonded structure for A£-CZH4' Kasai and McLeod sug·
gest a very different sort of equilibri.um geometry
for A£-CZHZ' In the latter case, an A£-C a bond
seems more consistent with the experimental data,
and the resulting structure is quite reminiscent of
the vinyl radical.

L TliREE ISOlvlERS OF THE M-CZHZ SYSTEMS'I'

In the present theoretical study we compare the
11- and a-bonded structures considered by Kasai and
McLeod, However, we emphasize here the possibility
of a third isomer of A£-CZHZ' As noted elsewhere,
single metal atoms form relatively strong chemical
bonds with carbenes. For this reason we have con
sidered the aluminum"vinylidene complex in some de
taiL Although the isolated vinylidene molecules
lies ~40 kcal higher in energy than acetylene it is
expected to form a rather strong bond to the atom.

Most of the theoreti.cal work reported here em
ployed standard double zeta basis sets of contracted
Gaussian functions, In the usual notation. these are
labeled A£(11s 7p/6s 4p), C(9s 5p/4s/Zp), 'For 11

bonded A£-CZHZ the lowest energy electron configura
tion is found to be

Fig 0 1. Predicted equilibrium geometries
viny1idene and a-bonded isomers of l"\X,"VJ1lJ

are two conformers of the a-bonded
terminal hydrogen lying trans (the
or cis (the lowest structure) to the A£ atom.
distan.ces are in A. (XBL 788-10433)

(3)

This radical of course has two plausible conforma
tions, with the terminal hydrogen lying cis or trans
to the aluminum atom, Finally the vinylidene comple'x
has as its lowest electronic state the electron con
figu.ration

6a~ 7a~ 2b~ 8a~ 4b 2 (1)

while that for the a-bonded vinyl radical like com-
plex is

la ' 2 2a ' 2 3a ' 2 4a ' 2 Sa ' 2 la
"2

, 2 ' 2 ' 2 '2 ' 2 "2 ' Z ,
6a 7a Sa 9a lOa 2a lla l2a (2)

"This work was supported by the Division of Chemical
Sciences, Office of Basic Energy Sciences, U. S. Dept.
of Energy.

The equilibrium geometries of the a-bonded and
vinylidene complexes are given in Fig. 1. At the
SCF level of theory the a complex is bound by 7.96
kcal (,!:rans) or 8.11 (cis) while the vinylidene
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complex is bound by 21.5 kca1 relative to infinitely
separated aluminum plus acetylene. Configuration
interactions including all valence electron single
and double excitations (3461 configurations) re
duces the dissociation energy of the viny1idene
complex slightly, to 19.3 kcal. A correction for
higher excitations (unlinked clusters) provides our
final ab initio prediction of 20.0 kcal for the
AQ,-CCH2 bond energy. The shorter (by 0.08 A) AQ,-C
internuclear separation for the viny1idene complex
also attests to its stronger A£-C bond.

metal surface is achieved. This general mechanism
for using metal systems to transform endothermic
reactions into nearly degenerate rearrangements may
playa key role in catalysis and surface chenistry.

LBL-8097.

might not occur at all at the liquid helium temper
atures of Kasai and McLeod.

The most fascinating feature of the present study
is that while the isolated acetylene-vinylidene re
action is endothermic by 40 kcal, the same process
becomes exothermic in the presence of an A£ atom.
We suspect that other endothernlic reactions such as
the methylcarbene-ethylene and methy1nitrene-methyl
eneimine rearrangements will also become favorable
when complexation to a metal atom, metal cluster, or

Since the viny1idene structure is inconsistent
with Kasai, McLeod, and Watanabe's ESR spectrum,
there may appear to be a conflit between theory and
experiment. However, the barrier height between
vinylidene and acetylene is ~ 8 kca1 and might not
be greatly reduced by the presnece of the A£ atom.
If this is the case, then the 1,2 hydrogen shift of
the A£ atom. If this is the case, then the 1,2 hyro
gen shift

H", .
c=c

A£ 'H
) A£-~C =CH

2
(4)

2. ELECTRONIC STRUCTURE OF HOMOLEPTIC TRANSITION
METAL HYDRIDES: TiH4, VH4, CrH4, FeH4, CoH4, NiH

4
i'

Diane M. Hood, Russell M. Pitzer*and Henry F.
Schaefer III

Ab initio molecular electronic structure theory
has been applied to the family of transition metal
tetrahydrides TiH4 through NiH4' For the TiH4 mol
ecule a wide range of contracted Gaussian basis
sets has been tested at the self-consistent-field
(SCF) level of theory. The largest basis, labeled
M(14s IIp 6d/10s 8p 3d), H(5s lp/3s 1p), was used
for all members of the series and should yield
wavefunctions approaching true Hartree-Fock quality.
Predicted SCF dissociation energies (relative to
M + 4H) and M-H bond distances are: TiH4 132 kcal,
1.70 A; VH4 86 kcal, 1.64 A; CrH4 65 kcal, 1.59 A;
Mru~4 -36 kcal, 1.58 A; FeH4 0 kcal, 1.58 A; CoH4 27
kcal, 1.61 A; NiH4 18 kcal, 1.75 A. It should be
noted immediately that each of these SCF dissocia
tion energies will be increased by electron correla
tion effects by perhaps as much as 90 kcal. For all
of these molecules except TiH4 excited states have
also been studied, and some of these results are
illustrated in Fig. 1. One of the most interesting
trends seen for these excited states is the shorten
ing of the M-H bond as electrons are transferred
from the antibonding 4t2 orbital to the nonbonding

Table 1. Mullikenatomc populations for tetrahedral transition metal hydrides M}!4'

Metal 8 Metal p Metal d Hydrogen s Hydrogen p
---~~-~------ -~_.~----

TiH4
1 6.60 12.51 1.67 5.16 0.062Al

VH4
2E e 6.61 12.57 2.81 4.96 0.064

CrH4
3A 2 6.61 1Z.6Z 3.90 4.81 0.064Z e

MnH4
4T t 2e2 6.67 12.75 4.83 4.69 0.0671

ZE 3 6.60 12.61 5.03 4.69 0.067e

FeH4
5T 2 Z 6.72 1Z.84 5.75 4.63 0.0652 tze

1A 4 6.59 12.60 6.13 4.61 0.0671 e

COH4
6A t3 2 6.71 12.74 6.93 4.55 0.058

1 2e

NiH4
5T 4 2

6.75 12.74 7.96 4.51 0.0392 tze
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Fig. L Predicted energetic positions of several of the lower
electronic states of t'll-J4 molecules. (XBL 788-10516)

Ie orbitals. A qualitative analysis of the N~4 elec
tronic structures is given in Table 1.

LBL-8235.

*Permanent address: Department of Chemistl~, Ohio
State University, Columbus, Ohio.

let and triplet states of silaethylene. They car
ried out complete structural predictions at the
minimum basis set (billS) self-consistent-field level
of theory. Using a much larger sp basis,
calculations at the two equilibrium {TP,nm,~i'lci""

dict the singlet state to liet lower 9.6 kcal/
mole. Finally, Strausz', Robh, Theodorakopoulos,
Mezey and Csizmadia estifnated that correl~ttion
energy corrections would raise LIE (TI-SO) to ~ 16 kcal.

As:sUJ:linig sev
of

study, that of
be the most reliable.

the of

Recent ab initio studies of the mol-
ecule, another system where the lowest singlet and
triplet states are quite close energetically, have
ShOIVll that such singlet~trip1et are very
sensitive to both basis set and correlation correc~
tions. In light of the critical role of silaethylene
in silicon-carbon chemistry, we decided to push this
molecule to the current theoretical state of the art.

Beginning with the minimum basis SCF structure of
Csizmadia and co~workers, the singlet and triplet
equilibrium geometries were redone using a standard
double zeta basis: Si(lls 7p/6s 4p), C(9s Sp/4s 2p),
H(4s/2s). The predicted structures are seen in Fig.
l(a,b). Our singlet equilibrium geometry is sDl1ilar
to that predicted by Ahlrichs with a slightly smaller
basis: re(Si~C) ~ 1.69 A, re(Si~H) ~ 1.48 A, re(C-H)

The most recent theoretical
Ahlrichs and Heinzmann should
Usjng a double zeta basis
singlet H2Si~H2 was
eral parameters to be unch,ln~;ed
triplet silaethylene Ivas SUIJSE3qllerltly preCll,ct''ld.
With the geometries thus a basis set
(Including functions) was used for
Ahlrichs Heinzmann's final calculations. In
these a single-configuration SCF description of the
triplet state was adopted Emd a two»configuration

>SCF approxiamtion assumed for the singlet. In this
manner the triplet state was predicted to lie 27.9
kcal >above the singlet ground state. If this is
true, of course, it only llinited credibil-
ity for the semi estiJnation procedure used
by Strausz and co»workers.

3. SINGLET-TRIPLET ENERGY SEPARATION FOR SILA
ETIJYLENE*

The first theoretIcal study of H2Si~H2' that of
Schlegel, Wolfe, and Mislow, predicted the singlet
infrared spectrum, withlthe conclusion that the ob
served band at 1407 em- is due to a relatively high
frequency Si-H stretch. The more recent study of
Murrell, Kroto, and Guest showed that singlet sila
ethylene lies energetically below CH2~Si + H2' More
directly relevant to the present study is the work
of Strausz et al., who studied both the lowest sing-

Diane M. Hood and Henry F. Schaefer III

In 1972 Barton and McIntosh reported the results
of low-temperature trapping experjJnents designed to
analyze the pyrolysis products of l,l-dimethyl-l
silacyclobutane. Among the products they observed
are unstable species possessing a sharp infrared
band at 1407 em-I. This band was assigned to the
l,l-dimethyl-I-silaethylene molecule (CH3)2Si~CH2,
which had previously been identified as an unstable
intermediate by Flowers and Gusel'nikov. During the
past two years there have been at least five ab
initio theoretical studies of the parent compound
H2Si~CH2' designed to test the assignment of Barton
and McIntosh and to investigate the delicate ques
tion of whether or not silaethylene is a diradical
species. Available exper:iJnental data has been jn»
terprested to imply that while the pi~C double bond
of (1) is dipolar, silaethylene is a Pn-P bonded

> d d' d> 1 nspeCIes an not a Ira .lca .
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Triplet Siloethylene

H

H

H
0

1,090A

)114.6 0

5i 1.880

H

(a)

Sing t Sil hy lene

© H
A

0

I.075A

0

II
1.715A

Si C

(b)

equilibrium geometries for triplet
silaethylene. For the f01111er, the rock

49.7° is defined as the angle between the
axis and the HSiH plane.

[(a) XBL 7712-4038; (b) XBL 7712-4039]

'" L08 A, 8(HSiJ-I) '" 115°, 8(HCH) '" 112°, The
difference is for the HCH angle, which we predict
be 115°, or 3° than Ahlrichs. For the trip"
let state, the only previous nearly complete struc·
tural detennination is that of Strausz, Garrnnie,
Theodorakopoulos, and Csizmadia. Their struc-
ture agrees quite with ours except for the SiH2
rocking angle, which they apparently assumed to be
30 ° . We predict 49.7° for this angle, in good agree
ment with Ahlrichs value of 45°. Thus we can con
clude that the stmctures of singlet and triplet
silaethylene are now well-characterized from theory.

At the DZ SCF level of theory the triplet state
of silaethylene is predicted to lie 13.7 kcal above
the singlet. This rather well with the value
12.4 kcal reported Ahlrichs and HeinzmamL When
we add to the DZ d functions centered on C
(orbital exponent a 0.75) and SICa '" 0.6), the
SCF LlE(T1-S0) vaue increases somewhat, to 16.7 kcal.

The most feature of the present article
is our nearly complete variational treatment of the
valence shell correlation energy of H2Si=CH2' This
was accomplished using the direct CI method devel
oped by Lucchese as a part of the BERKELEY system
of miniconrputer-based programs. In all calculations
the six lowest occupied SCF orbitals (corresponding
to Si Is, 2s and 2p and C Is) were "frozen", i.e.,
held doubly-occupied in all configurations. With
this restriction, the DZ calculations included all
single ffild double excitations relative to the re
spective SCF reference configurations. TIlLS amounts
to a total of 3284 IAI configurations and 7394 3A"
configurations. Wnen the DZ basis was augmented
with d functions on carbon and silicon, it was neces
sary to delete the six highest virtual orbitals from
the CI. This is a reasonable approximation, since
these six highest virtual orbitals are localized in
the core regions of the molecule. In this way the
CI's of all single and double excitations include
4097 lAl configurations and 9759 3A" configurations.

The DZ CI value of LlE(Tl-SO) is seen in Table 1
to be 31.6 kcal. After the addition of d function;;,
the singlet-triplet separation increases again, to
34.7 kcal. However the true !'IE(TI-SO) will,be even
larger since un1ll1ked cluster effects (ansll1g from
higher than double excitations) will be greater for

Table 1. Absolute and relahve energies of singlet and triplet silaethylene.

Level of Theory

Double zeta (DZ)
Self-cons is tent-field

Double zeta (DZ)
Configuration interaction

DZ + d (C,Si)
Self-cons is tent-field

Singlet Energy,

hartrees

-328.99730

-329.16408

-329.04356

Triplet Energ~ !'IE (TI-S
O

)

hartrees kcal/mole

-328.97551 13.7

-329.11367 31.6

-329.01690 16.7

DZ + d (C,Si) -329.26117
ConJ'iguratio.Il_~Il!eracti(J"[l _

-329.20581 34.7
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the lAl state than the 3A" state than the 3A" state.
Using Davidson's correction this difference is pre
dic~ed to be 3.8 kcal, yielding a final theoretical
tIE (c AII_IAJ) of 38.5 kcaL Assigning an uncertainty
of 5 kcallmole to this prediction, it is seen that
all previous theoretical studies have placed the low-·
est triplet state of silaethylene too low in energy.

LBL'73l7; J, Chern. Phys. ~, Z985 (1978).

4. STRUCTURES AND ENERGETICS OF PLANAR AND TETRA
rffiDRAL DILITHIO~lliTr~: A NEAR DEGENERACY OF
SINGLET A~D TRIPLET ELECTRa~ICS STATES*

William D. Laidig and Henry F. Schaefer III

In a very important recent paper, Collins, Dill,
Jemmis, Apeloig, Schleyer, Seeger, and Pople
(CSJASSP) have shed new light on the stabilization
of planar tetracoordinate carbon. Pople and Schle
yer predict that because of their 'fT acceptor and 0

donor character, electropositive substituents, es-'
pecially lithium, are particularly effective in
stabilizing the planar arrangements selectively.
Perhaps the simplest viable candidate for planar
carbon CHZLiZ, diEthiomethane, for which the pre
dictions of Pople and Schleyer are summarized in
Table 1. Although not particularly emphasized by
CDJASSP, we were particularly struck by their pre
diction that both planar and tetrahedral CHZLiZ have
triplet electronic ground states. CDJASSP explicitly
note that the triplet states are artificially fav
ored in their work, since the single detenninant
Hartree-Fock approximation does not treat singlet
and triplet states of this type on an equal footing.
They conclude that "it is difficult to assign the
ground state configuration of CH2Li2 but the two
states should be close in energy. II The purpose of
the presellt research is to prOVide state-of-the-art
theoretical predictions, including the effects of
electron correlation, of the relative energies of
planar and tetrahedral Ch2Li2 in its lowest singlet
8Jld triplet electronic states.

set used in the present research was of
polarization (DZ+P) quality and may

designated C(9s Sp ld/4s 2p ld), Li(9s
2p) , (4s lp /2s lp). with systems

such as methylene suggest that in conjunction with
large scale configuration interaction (CI) techniques
and many body theory corrections for unlinked clus
ters, predictions of singlet-triplet separations re
liable to within 3 kcal may be achieved. With the
above specified basis set, seH-consistent··fj.eld
(SCF) theory was used to predict the equDibrium
geometrical structures, shm~n in Fig. l(a,b), of the
four species in question. Our structures are in
qualitative agreement with the minimum basis predic
tions of CDJASSP, although a few qU8ntitaUve differ
ences may be cited. The present C- Li distances are
all longer, by from 0.058 to 0.100 A, and the LiCLi
bond angles are from 0.1 to 3.7° (planar triplet)
larger than those of CDJASSP, However, the most im
portant conclusion of CDJASSP that the singlet LiCLi
bond angles are much greater the comparable trip
let angles, is given strong support here,

At the predicted SCF eqUilibrium , C1
wavefunctions including all single double excita..
tions, were determined variationally using the
BERKELEY system of min.icomputer-based programs. The
numbers of space- and spill'· configurations
actually included were 70'75, , 6724, and 8814.
The original Davidson correction was also applied to
these results, which are sUDnnarized in Table 2. Be
fore going on to the energetic results, we note the
remarkable dipole moment predictions also seen in
Table 2. The planar and tetrahedral singlets have
very large dipole moments, with polarity C-Li+, while
the triplet V values are much smaller, and, quite
surprisingly, of C+Li- polarity.

As suggested by Pople and Schleyer, electron cor
relation preferentially lowers the singlet states,
and in a dramatic fashion. Fromlyjng 16.6 kcal
above the tetrahedral trj_plet at the SCF level of
theory, the cluster corrected CI eliminates this
gap and actually predi.cts the tetrahedral singlet
to liet 2.1 kcal lower. However, the planar triplet
lies only L 8 the tetrahedral trj.plet.
The near degeneracy of these four electronic moi-
eties is to our knowledge without and sug-

Table 1. Summary of the self-consistent-held predictions of
Collins, Dill, J~jIS, Apeloig, Schleyer, and
Pople (CDJASSP) concerning the relative of
CH2LiZ'

Species Minimum Basis Double Zeta Basis

Tetrahedral Singlet 0 0

Tetrahedral Triplet -12 --16

Planar Singlet 17 10

Planar Triplet - 2 -13

Planar trans Singlet 54 48
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Table 2. Relative energy predictions for dilithiomethane. The absolute energies
of the tetrahedral singlet are -53.8362 hartrees (SCF) and -54.0216
hartrees (CI).

E (SCF)
kcal

)l (SCF)
debye

E (Cl)
kcal

E (Cl corrected for
unlinked clusters)

kcal

Planar Singlet 3.2 4.85 7.4

Planar Triplet -15.8 ·-1.22 +0.9

Tetrahedral Singlet 0.0 5.42 0.0

Tetrahedral -16.6 -0.76 -0.8

8.3

3.9

0.0

+2.1

gests an urgent need for experDnental studies of
this sDnple molecule.

LBL-7665; J. Am. Chem. Soc. 100, 5972 (1978).

experDnents designed to probe the laser photodisso
ciation of formaldehyde. Previous theoretical stud
ies of this process have been quite IDnited in their
expected reliability and have considered only the
"molecular" transition state

5. THE PHOTODISSOCIATION OF FORMALDEHYDE

John D. Goddard and Hen~T F. Schaefer III

H

"C = 0 ---?>
/'"'

H

H
H \
'C~O ~ HZ + co (1)

Professor C. B. Moore's group at Berkeley has over
the past five years completed a series of very elegant

Moore's experDnents have suggested that this conven
tional mechanism in itself
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We have demonstrated unequivocally that the hy
droxycarbene species is energetically accessible
from Sl HZCO. Furthermore, both of the mechanisms

is not capable of explaining the laser photodissocia
tion results. Consequently, he suggested the exis
tence of an "intermediate" state, perhaps the HCOH
radical.

+ co

(2)

(3)
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remarkable subtleties observed experimentally.
Based on these theoretical predictions, it will be
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mechanism.

6. RESEARCH PLANS FOR CALENDAR YEAR 1979

Henry F. Schaefer III

Organometallic chemistry is probably the most
si~lificant branch of chemistry to which reliable
theoretical methods have yet to be applied. We
expect to complete in 1979 the first near-Hartree
Fock study of a real transition metal-organic sys
tem, Ni(CZH4)3' This work should point the way
toward future electronic structure investigations.
A smaller, but very important system to be examined
is 1,1 dilithioethylene. Simple theoretical studies
have suggested nearly free rotation about the C~C
double bond and the posslbility of a triplet twisted
ground electronic state. By using a quantitatively
reliable basis set and carefully investigating the
effects of electron correlation, it should be pos
sible to confirm or discredit these suggestions. A
systematic foray into the geometrical structures of
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basis of a Walsh-like model. In concert with exper
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H potential energy surface. This system is an im
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3. ATOM!C PHYSiCS

fl. A,

is approximately 20
pwnp power 60 mj (~30% conver-
Thus, peak visible powers are ap-

of 40 than those reported
in the literature devices
until now, lasers have been used as

pumps) .

efficiencies of the laser out-
dl.1Lll;VGU because of its power, narrow

LUtlelHcltJl, near diffraction·lunited divergconc:e
tuned KDP conversion effi··
40% are doubling 570 nm

radiation to obtain 285 run. In the far-field region
of the unfocused laser beam, we obtain 6
mj of UV power, from 15 mj visible
power.

10 ADVANCED LASER DEVELOPlI1ENT

S. Chu, P 0 Dre11 and Eo Conmlins

we have
op,er,lt~)d_ a new

system. The
device is the schematic
The output of a stabiLLzed
(Coherent Inc. 21) is
stages by successive dye cells,
transversely the doubled output (532 nm) of a Q--
slvitched Nd: laser Ray DCR Oscillator) .

conversion attainable with the
combined v/ith the narrow CW oscillator

llJ:le\l'ldlth have enabled us to achieve the
results:

(a) The output pul se width (FWHM) is about 4. 5
nsec, and the bandwidth is about 200 Mhz.
Thus the output pulse is almost FourieT-trcmsform
limited.

The system wEI be used in the experiJnent to
nonconservation in atomic thalliwn
article 2). However, there are many

aPI)1.i.catic)ns in pure and UV 5n'oc"[:rcl-
scopy for this new device because of its inten-

and narrow

*This work was supported the Division of Chemical
Sciences, Office of Basic Energy Sciences, U. S.

of
1. P. Drell and S. submitted to Optics
Communicat ions.

From Doubled

Dye
Cell

CW Dye
Loser

Ar Ion Laser

1 . Schematic of new laser OSCJ_H,ltC)1'" anlplltJ.er system. (XEL 7810-
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2. PARITI NONCONSERVATION IN ATQ.\lIC THALLIUM

P. Bucksbauul, S. Chu, R. Conti, L. HWlter and
E. Commins

weak and electromagnetic interactions. In particular
it serves as a crucial test of the 'Weinberg-Salam"
model. 2 Theoretical estimates of 0 based on the
Weinberg-Salam model yield: 3

We have succeeded 1J) making preliminary observa
tions of parity nonconservation in the 62P1/~- 72P1/2
transition (293 nm) in atomlC thalllum (see Pig. 1J.

(2)
- 3

15 " ( 2. 3 .!. 0.9) . 10

From about 300 hours of data taken under a variety
of expe~imental conditions, we obtain the preliminary
result:

In the present exper~ent, atomic thallium vapor
(density n ~ 9 -1014 cm- ) is exposed to a uniform
electric field E (see Fig. Ib) which mixes 7Pl / 2
states with 2S1/2 and 2D3/2 states by the Stark ef
fect. The 293 run transition intensity is now approx
linately proportional to E2• Also, interference be
tween the Stark transition amplitudes and M, E
causes the 72Pl/2 state to be polarized. In pRrtic
ulaT, that part of the 72Pl/2 polarization which
changes sign when the helicity of 293 nm photons is
reversed), is proportional to Ep ' Thus, a measurement
~f the 7LPI / 2 polarization enables us to determine M,
Ep , and hence o.

The polarization of the 72Pl / 2 state P, is de-
tected by ptunping the 72P1 / 2 atoms to 82S1/2
state with 2.18 micron cirtularly polarized photons
directed along z (see Fig. lb), and we observe the
intensity of. :523 nm (82Sl/2 ~ 62P3/2) fluorescence.
ThlS method IS used because It gIves very good anal
yzing power (~70%).

which is consistent with the theoretical value,
(Eq. 2).

(b)

+1

(c)

o

Fig. 1. (a) Low lying energy levels of thallium
(not to scale). (b) Coordinate system, orientation
of photon beams, and electric field direction. (c)
Schematic diagram indicating production and analysis
of 72PI / 2 polarization in the F=O - F=l transition.
The rates at which the various mp components of the
72Pl / 2 state are populated are indicated on the
diagram. The polarization is analyzed by circularly
polarized 2.18 ]J radiation (72Pl/~ - 82pl/2)' The
hfs of 72Pl / 2 is resolved; that o.l 82S1I2 is not
resolved. (XBL 7811-6652)

Numerous experimental linprovements are planned
for the coming year, in order to make result (3)
more precise. In particular we will utilize the
laser described in article 1, and also take various
steps to reduce background and improve detection ef
ficiency. Also we plan to extend the observations
of parity ~onconservation to the thallium transition
62P1/2 - 8 Pl/2. This is a useful test because it
compares a somewhat different aspect of the atomic
physics calculations with experiment. Thus we hope
to reduce the uncertainty due to atomic structure
calculations per se.

This transition is forbidden M1 with a measuredl am
plitude M = (-2.1±0.3) .10- 5 ]Jo' If parity is not
conse.z;:ed, the 62P1/ 2 and 72P1/2 states are admixed
with Sl/2 states. The transition amplitude then
contains an additional EI component Ep and circular
dichroism exists, defined by

1. S. Chu, E. Commins and R. Conti, Phys. Lett. _6ilo6.,
96 (1977).
2. S. Weinberg, Phys. Rev. Lett. 19, 1264 (1967);
Phys. Rev. Lett. 27, 1688 (1971) ;P11ys. Rev. D
1412 (1972). -
3. D. V. Neuffer and E. D. Comnins, Phys. Rev. A16,
844 (1977). 
4. R. Conti, P. Bucksbaum, S. Chu, E. Conunins and
1. Hunter, submitted to Phys. Rev. Lett.

~-~_._~-

+ 0

2

3. ION TRAP DESIGN FOR OPTICAL ANALYSIS OF CONFINED
IONS

where 0+ are the cross sectiions for absOD)tion of
293 nm photons with ± helicity, respectively. The
alin of our experiment is to measure o. This measure
ment is a very llnportant test of gauge theories of

Walter DeHeer and M. H. Prior

An important technique for the study of confined
ions is analysis of radiation emitted in their decay



The potential on each disk (radius Rl) is VI +V2+V3,
on the first pair of rings (inside radius RI, out
side radius RZ) VZ+V3 and the outer pair of rings
(RZ,R3) V3. To closely approximate a quadrupole
field, the design is made such that the ~ ~ 4 coeffi
cient vanishes for appropirate voltages, and, at the
same values, the higher order ~ 2. 6 terms are much
less than the ~ ~ 2 term. In adaition, to compensate
for edge effects, associated with the absence of the
infinite grounded surfaces outside the outer rings,
the design is SUdl that is near zero.
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from excited states, and/or manifestations of their
interaction with an external light source such as a
laser beam. The latter includes fluorescence, opti
cal pumping and ion cooling or heating via radiation
recoil effects. l (An example of the first two is
given in following article 4.) Thus it is valuable
to have an ion trap configuration which allows good
optical access to ,the trap volume while maintaining
long trapping times (necessary when studying low
rate processes such as the decay of metastable states)
and well-characterized trapping fields. In partic
ular, when using a laser beam as a probe, it is highly
desirable to have an open region, entirely free of
trap electrode structure, to avoid scattering of the
beam into optical detectors as it is scanned across
the trappj.ng volume. We have developed a design for
use as a Penning type ion·-trap, which meets the above
criteria for a wide range of interesting ion studies.

¢(r,8) L: {VI A1'.
1'. even

The ideal ion-trap uses a constant mag-
netic field to ion motion radially together
with a quadrupole shaped electrostatic potential to
provide an axial potential well. The ~lectrostatic
potential is proportional to Pz (cos8) r , where r and
8 are spherical radial and polar coordinates, Pz is
the second order Legendre polynomial, and the mag
netic field defines the polar axis. In such a trap,
the ion motion consists of three components: simple
harmonic oscillation along the magnetic field in the
electrostatic well, cyclotron motion about the magnet
ic field lines, and a slow drift of the cyclotron
orbit center about the axis of the trap at the "mag
netron" frequency (a characteristic of the trapping
fields and independent of the ion charge or mass).
The magnetic field is generated, normally, by an
electromagnet external to the vacuum enclosure,
while the electric potential is commonly produced
by electrodes inside the vacuum and shaped to con
fonn to suitable equipotentials of the quadrupole
field. These electrodes enclose the trap volume,
however, and we chose to use an approximation to
the ideal geometry, which meets our d~nand of good
optical access.

Our design consists of a series of pairs of flat
parallel rings concentric with the magnetic field
and suitably charged (the center ring is actually a
disk) . The solution for the electric potential of
such an arrangement is built up fr~n that for two
parallel infinite planes separated by ZD mId having
each a concentric disk of radius R at potential V;
the portions of the planes outside R are at zero
potential. The solution for the cylindrical region
rsin8 < R between the plates is

<j:>(R,V;r,8) L: V At(R)Pe(cos8) (r/D)1'.,
1'. even

with

p

2D

L

~lct~

+

2.8: (f)1'.J L: (-I)(m-1)/2m1'.Kl(m2~),
D 111 odd '

and where KI(x) is the f~rst order modified Bessel
function (KI (x) '" (TI/2x)lj2 e'x for large x).

One can superimpose such solutions to provide the
potential due to a pair of parallel disks and asso
ciated pairs of parallel concentric rings. An exam
ple is the case used here consisting of superimpos
ing three solutions (a pair of disks and two pairs
of rings). One has then,

Fig. L Cross section of the Pemling trap design cut
through the symmetry axis (along which the magnetic
field is applied). Ions are created in the central
region by electrons emitted from the filament (Fl,
F2)' After storage, the ions may be dunrped axially
onto the plate P and the resulting current pulse
measured. (XBL 791- 8147)
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We also see resonances at the cyclotron frequency
f c ann at f c - fjn. These and similar observations
have sho\~, for example, that the design predicted
value of f z differs from the observed value by about
1.5%. There is a great deal of broad structure in
Fig. 2, particularly at high levels of excitation.
Some of this structure is interpretable as the ef
fects of ion space charge. In particular, the mode
of excitation near which consists of out of
phase z·motion of two of the ion cloud is
shifted down in frequency by an amount to
the ion density.2 111is mode produces the only prOlll"
inent peak in the 0 .1V trace in Fig. 2. The shift
dm~ from is explicitly sho\Jm at higher excita-
tion, where one observes the parametric excitation
of in phase z·motion at exactly An identical
effect appears on the resonance - fm, and man"
ifests itself as the broad strt~ture the left of
this

1. D. J. Wineland, R. E. Drullinger and F. L. Walls,
Phys. Rev. Lett. 40, 1639 (1978); W. Neuhauser, M.
Hohenstatt, and P~-'E. Toschek, Appl. Phys. 17, 123
(1978); W. Neuhauser, M. Hohenstatt, P. Toschek and
H. Dehmelt, Phys. Rev. Lett. .'±..l:, 233 (1978).

2. D. Wineland and H. Dehmelt, Int. J. of Mass
Spect. aI1d Ion Physics 16, 338 (1975).

at magnetron
at the fundamental z··motion

, and near the second hannonic

observations on pro
frequency scans were

{+i~r"InO' CA'~j. I,J.".le; v011ta9:8 ''''IiVl.L 'lLt'W;:>. One

Our design 1. The electrode are
machined from and the 2D
is maintained assembly which leaves open
about 315 full azi.muthal circle. We
have tested trap with ions created by electron
impact ionization on the gas in the vacuum
ch@nber. The ions are a period t s after
which the on the are altered to eject
the ions onto the plate P. The result-
il1g positive current pulse is amplified and averaged
with a boxcar integrator. By varying t s and record
ing the boxcar output we measure the decay curve for
the stored Without optimization, and at a
total pressure about 1 x 10 .. 8 Torr, we have ob··
served storage haH lives of about 10 seconds for
protons. We also the behavior by res-
onantly exciting the ion motion. is done by
applying a weak osci.Hating between some of
the trap electrodes and oscillator fre-
quency. At resonance, the ions can energy
to leave the trap, and we observe a boxcar
output.

An eX3mpJi.e
tons
made
sees
f m
cy

4. LASER DIAGNOSIS AND PUMPING OF CONFINED IONS

Randall Knight, /vi. H. Prior and H. A. Shugart

As a part of our studies of the decay of metasta-
ble 1s2s 3S1 Li+ ions confined in a radiofrequency
quadrupole trap, we have implemented a number of
diagnostic techniques based upon the interaction of
the stored ions with a laser beam. With these tech
niques we have measured the spatial density distribu
tion of the ions under various trapping conditions,

1.5

L~-l._..~..J....~•..........J~.J-...
Q,5 1.0 2.f)

.~'~L_.l-.....L
2.5 3,0

62 eV ~~

::: 02 ~
INTIER COMBINAT ION

1I N IE

Fig. 2. Resonant in the ion dunp ampli-
tude caused by excitation of the ion motion. The
ions are protons and the field is 1,859
gauss. Ine voltage applied
between the pair of outer electrodes (3) is noted on
the left. The dc potential on electrode pairs 1,2,
3 was 0, -31, 0 volts. (XBL 791-8146)

o

Fig. L Li+ energy levels pertinent to this work.
(XBL 788·10~573)
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CHANNEL NUMBER

J~A<"JIllnc of scanning data. The structure
near is a shadow of a of the
trap assembly. TIle curve is a least squares fit to
a Gaussian function. (XBL 788-10368)
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2 shows the experimental configuration.
laser beam (diameter < loon) is scannBd
trap volLnne by an oscillating mirror in

1 shows the pertinent energy levels of L:LJ~
and our methods ut~lize laser excitation of the
5485 A 2 3S1 to 2 PI transition. We monitor this
excitation by observing the 202 A jnt~rcombination
photons\.Jhich are emitted from the 2 JPl state when
it decays directly to the ionic ground state. The
branching ratio l for this weak decay (compared ~S
the strong decay back to 2 3S1) is about 8 x 10 ,
so that each 202 A photon emitted requires absorp
tion of about 1200 laser photons.

and have observed effects associated with optical
pumping of the 3S1 hyperfine levels. The density
distribution measurements are important as diagnos
tic tests of the ion conhnement effective potential
and can yield values of the mean ion kinetic energy
(tenlperature), and, under approprlate conditions,
the total charge stored. The ion temperature is
often needed for estimation or measurement of colli
sion rates which affect the lifetime of the conhned
ions or their state of excitation. The density dis
tribution measurement technique may be applicable to
the study of impurity ions in fusion or Iv]}]]) plasmas.

ELECTRON

MULTIPLIER

ELECTRON
FIl.AMENT

where S (y, z) is the signal profile, K is a normaliza-
tion constant, and p is the radial coor-
dinate.

An example of OUy results is sholm. in Fig. 4.
where we made scans in three planes (z '" 0, is
trap midplane), These data were taken with the ef
fective harmonic potential well in the radial
direction Dr ~ 9.0 eV and in the axial dtrection
Dz ~ 36 eV. - One sees thai the ion cloud is narrower
in the z direction than radially, which is consis
tent with the potential well configuration.

. 2. Experimental arrangement for measuring ion
density profiles with the scanned laser beam. Only
one of two detectors is shown. (XBL 788-10366)

Our observations show that the ion density dis
tributions are well represented by Gaussian curves

Fig. 4. Radial density profiles at three scan
heights for the case Dr ~ 9 eV, and ~ 36 eV, Data
are shown only for the z ~ 0.25 cm scan excluding the
shadow region. The curves are the fitted Gaussians
and have the same width. (XBL 788-10372)
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nonnal to the trap z .- axis. A multichannel
whose channel address is synchronized to

the position of the laser beam, collects counts from
the 202 A photon detectors (windowless electron
multipliers) . Integration for periods up to one
hour are adequate to produce a useful density pro
file. (During this time the trap is filled and
dumped mallY times; the typical cycle time being
about 2 sec.) An example of the data is shown in

. 3. The apparent structure between channels 82
88 is a shadow of a portion of the trap structure,

and these chamlels are not included in the analysis.

The ion density profile is cylindrically syrmnet
ric about the trap axis, and to extract the density
profile from the signal profile (e. g., Fig. 3) one
must apply an Abel transform2 to the data. Thus the
density profile in the plane at z is given by

n(p,z)
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6600 ± 800 degrees Kelvin. For ion densities ap-
proaching nc (a realm not studied b' our the
ion cloud approaches a "hard with near con-
stant density"'nc and a defined radius.
This radius is then to the cube root of
the total independent of the
temperature.

We al;;;o observed effects of optical pumping
of the 2 3S1 hyperfine and Zeeman sublevels by
the laser light. One such observation is lnade by
storing intercombination fluorescent photon counts
vs. laser wavelength (the beam being fixed in space
through the trap center). ~ example of this type
of observation, made on 6Li" ions, is shmvn in Fig.5.
The two curves shown were calculated into ac-
count the laser linewidth (0.03 A), the doppler
width (0.11 A) the 5485 Aline for ions in the 8
eV spherical at a temperature (T'" 4350 K) ap-
propriate to a Gaussian distribution of radius 0.65

the laser (linear and parallel to
location and strength of the

components of the optical line. The curve
best represents the data includes the effects

of optical pumping, whereas the broader curve fol
lows the absorption line shape which assunes statis
tical population of the hyperfine levels appropriate
to rapid relaxation. une sees that the data shows
a width some 50% narrower than the absorption curve.
This occurs because, in the absence of strong relax
ation, in order for the laser light to continuously
interact with all the hy~oerfine levels, it must be
at a wavelength which overlaps all the hyperfine
lines. This occurs most strongly in the center of
the doppler broadened, unresolved absorption line.
H the laser is moved to one side of center to favor
one hyperfine component, the 3S1 ions are quickly
transferred to hyperfine states which are out of

0,160,08

and R the well radius,
to have charge +e. For eD

of our studies, one has
densities present in our
As an example, the temper

curves shmvn in Fig. 4 is

0,0
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Self-consistent solutions for the space
distribution of ions at a temperature T in an
tive harmonic potential well, show that,
except for ion densities approaching a critical den-
sity, the are well by Gaussian
whose is of ion number, but
is proportional critical density is

by

in both the radial and axial directions
of the well Furthermore, the
widths the distributions are independent
of the total number of stored ions over the range
studied (a factor of ten i_n ion number). These ob~
servations are consistent with a model 30f the ion
trap as an effective cylindrically symmetric har~

monic well, in v"hich the ions are in con-
tact a heat reservoir. The source of he<lti_ng
is of power from the rf field
caused collisions for

bal:ki~rcn~jd gas n~lecu1es. The ions con~
temperature T, determined by ba1-

llG,~~J_ll~ against energy loss mechanisms

where eD is the well
anD the ions are
~ 8 eV and R ,~ 3
nc ~ 2.95 x 106 cm<- .
work were well below
ature appropriate to

Fig. 5. Laser induced 202 A fluorescence rate from 6Li+
3S1 ions vs. laser measured from the stgnal Fig. 6. Simple three level system which illustrates
peale The broader curve is proportiorql to the absorp- narrowing of the fluorescence signal due to optical
tion curve for the laser transition assumtng statistic- pumping. With no relaxation between and 1/2
ally populated levels and a 0.11 A Doppler lower levels, fluorescence occurs only for laser fre
width. The narrow curve, in closer agreement with the quencies vL in the overlapping r~gion of the two
data, shows the effect of optlCal pumpmg assummg no Doppler broadened transItlOns. 1he Doppler WIdths
relaxation among the Doppler broadened hyperfine levels. schematically shown as the bands of width W, centen

(XBL 791-8148) on the lower levels. (XBL 79l-8l4S
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where,

L ~ Ze-(2z+l)2L1 2lY!Z +

+90,+45.0.0
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Fig. 8. Laser induced 202 A fluorescence rate vs.
angle between the laser plane of linear polarization
and the trap z-axis. The curve is a prediction from
the optical pumping program. eX (XBL 791-8151)

NAF
1 + (K/LI)L

for the case of no relaxation among the two lower
levels. For the case of rapid relCL'(ation to statis
tical populations, one has a signal

resonance with the laser frequency (i.e., on the
opposite side of the absorption line) long before
they can absorb the ~ lZOO photons required to emit
an intercombination photon, and the signal drops
rapidly producing a narrowed line shape. There are
six 6Li+ Z 3Sl to Z 3Pl hyperfine lines and the an
alysis of the pumping signal is best carried out by
computer, as was done for Fig. 5. A simpler system
which serves to illustrate the process is shown in
Fig. 6. For this system, the fluorescence signal,
including the effects of optical pumping, and as
suming a laser band\.,ridth small compared to the dop
pler width, is given by

G ~~- NA ~ L

and A is the total spontaneous decay rate of the
excited state. N is the total number of atoms, K
is a quantity inversely proportional to the laser
power, and LI is the frequency differenece of the
two absorption lines measured in units of the full
doppler width, z is the laser frequency measured
from midway between the absorption lines in units
of their frequency difference. Figure 7 shows a
plot of F/NA and GINA vs. z for K ~ 20 and LI ~ 1.
The pumping signal (F/NA) is seen to be strikingly
narrower than the absorption profile (GINA), and it
is very nearly a symmetric curve centered slightly
to one side of z ~ O. For LI > 1, the optical pump
lng signal bec~nes even narrower, but also drops in

w
u
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w
u
~
w

]
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W
N

j

Fig. 7. Normalized fluorescence signals vs. laser
wavelength for the case of rapid relaxation, GINA,
(broad structured curve) and zero relaxation, FINA,
(narrow curve) for the system of Fig. 6. The Doppler
width is equal to the difference between the unbroad
ened absorption lines (dashed vertical lines).

(XBL 791-8150)

height because of the poor overlap of the laser
light with both absorption lines.

The above pumping effect is largely a result of
utilizing a narrow bandwidth light source and the
light polarization is of secondary importance. We
have, however, observed effects of the laser beam
polarization on the intensity of the intercombina
tion fluorescence. This is caused by the alignment
produced among the Zeeman substates by the linearly
polarized laser light; this results in an anisotropic
distribution of the intercombination photons. Our
detectors lie in the trap midplane, and we observe
this effect by measuring the 202 A count rate vs.
orientation of the laser plane of polarization with
respect to the trap axis. The detectors view the
trap along a line at 45 degrees to the laser beam,
and this dilutes the effect somewhat. The optical
pumping computer program calculates the size of the
expected effect and Fig. 8 shows a comparison with
the measurements.

1. G. W. F. Drake and A. Dalgarno, Astrophys. J.
157, 459 (1969).
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5. Iv-\DIATIVE AND COLLISIONAL DEEXCITATION OF META
STABLE (lsZs) 3S1 Li+ IONS

Z. L N. Sneddon, .Iho Uss::-9.f)nteg:cal Transforms,
, New York, 197Z), p. 318.

I-I, G. Dehmelt, Adv. At. MoL Phys. 3,53 (1967);
~, 109 (1969). -

Randall , M. H. Prior and H. A. Shugart

Cl is the net detection efficiency, and N is the
nunlber of 3Sl ions. Immediately after 6T, the laser
be81n is switched into the trap volume and the meta
stable ions quickly (""0.3 sec) deexcite via the
laser induced intercorriliination fluorescence at 20Z
A, as discussed in preceding article 4. The total
number of intercombination counts is Cz ~ EZN, so
that the effective radiative Ml decay rate is given
by Ye ~ cl/(C26T). Since Y ~ (cl/cZ)Yr , extrac~
~Ion 6f a value for Yr from the measured Yer reqUIres
determmatlOn of Q/E2' the relatIve detector effi"
ciency for Z10 A vs. 20Z A photons.

We have been en3aged in the study of the decay of
metastable (lsZs) SI U+ ions by both radiative and
collisional processes when such ions are confined in
a rf ion tl'ap. Many of the experimental

utilizing laser excitation are described
in preCi3d.:mg article 4.

a. Radiative Decay. Interest in the l'adiative
decay aT this state arises because it is a highly
forbidden process, depending upon relativistic cor
rections to the magnetic dipole operator and the two
electron wavefunc t ions . Furthennore several existing
beam foil measurements, 1 in which the decay of a sam-

of metastable ions in this state was followed in
time, show an as yet une:A1Jlained, anomalously high

rate during the first mean lifetime after ex
citation. The predicted lifetimeZ of this state in
Li+ is 49 sec making the beam foil teclmique tUl

suitable for the study of its decay. We have essen
tially completed measurements which yield the radi
ative decay rate of this state in Li+ during the
first few seconds after excitation by electron un
pact.

We have measured for ion smnples cgntaining
99.9% 7Li, 0.1% 6Li, 4.4% 7Li, 95.6% Li with
various trap parameters, laser polarization
preceding article 4) and background gas composition
(see following article 5). Some of our data is sum··
marized in Fig. I. The valur plotted is the effec·
tive radiative lifetime Yer- . The data labeled
6Li+ includes a 4.6% upwaTd correction due to the
4.4% 7Li + present dULlng the~_e measurements. Thi.s
is necessary because the 7Li 3S1 ions contribute to
cl but not to cZ, the isotope shIft is than
the laser bandwidth, precluding sUllultaneous excita
tion of the two isotopes. A small residual differ
ence ill Ye -1 for the two isotopes may be present Dl.
the data of Fig. 1 but its statistical sigllifican£e
appears slight. conservative value for -1 is
50.4 ± 5.0 sec; the relative efficiency /EZ
can be determined with an uncertainty S 10%.
pect a value for Yr , then, at the 10% or somewhat
better level. Unless 0.4 < c1/EZ <0.8, our measure
ments do not show the anomalously high decay rate
above the theoretical prediction as seen in the beam
foB experiments.

1. Sunnnary of recent measurements of the effec
tive 3Sl radIatIve LifetDne (Yer- l ) for 6Li+ and
71j+ ions. The large points are wlweighted mean
values with their associated standard deviations. A

is shovm on the right. (XBL 791- 8152)

We have measured the decay curves for both
ground state and lnetastable ions, as well as
as a function of the pressure of various gases
are present in the trap vacuum ch81nber (base
sure"" 1 x 10- 9 Torr). An. example of thi.s
the case of CO, is shown in Fig. 2. We have
the total decay rates (reciprocal lifetunes)
ground state and metastable ions, and Yer vs. the
partial pressure of CO as measured with a residual
gas analyzer (the other constituents of the back·'
ground gas remained constant). The slopes of
straight lines fit to such data are proportional to
the appropriate collision loss rate. One sees that
the loss rate for the metastable ions is some 2.4
times that for ground state ions in collision with
CO molecules. In contrast, shows no significant

b. Collisional Deexcitation. In the course of
the work on the radiative decay rate, we have also
made measurements of the total loss rate of both
metastable and ground state Lit ions from the trap.
The metastable decay can be measured, either by ac-'
cumulating the spontaneous Ml photon counts vs. tune,
or by using the laser to quench the metastable ions.
In this case, the laser induced intercombination
counts are stored as a function of the time at which
the laser beam is switched into the trap, thus pro
ducing a decay curve. Mos~ ~f the Lj+ ions in the
trap (~99%) are in the Is So ground state and
they are detected by resonantly exciting their motion
in the harmonic potential well of the ion trap. The
response of a sensitive tuned ampli~ier, then yields
a measure of the total numbel' of Li ions at
the tune of excitation.

Our method consists of counting the ZlO A magnet
ic dipole photons emitted spont,meously during an
ulterval ""T after creation of the ions in the center
of the ion trap by a pulse of electrons which inter
sect a Li atomic bemn (see Fig. 2 of preceding arti
cle 4). For 6T a small fraction of the metastable
lifetime, the nunber of Ml counts recorded is
cl ~ E1 SIN, where Yr is the radiative decay rate,
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6. ISOTOPE SHIFT AND LINE PROFILES IN NO BY ZEEMAN
SC~ED ABSORPTION SPECTROSCOPY
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H. Koizumi, T. Hadeishi and R. D. McLaughlin

The scarming of an emission line by Zeeman effect
was originally used for the investigation of hyper-
fiJle structures Dl a mercury resonance line by
Mrozowski in 1930. 1 This technique can ~e;$tEm(led
to high resolution molecular spectroscopy.' Be
cause the zero field wavelength is accurately knmm
and the Zeeman shifted wavelength is very stable
(better than 0.1 GHz/hr), this technique brings
more reliable results than tWlable lasers at present,
and also it can be used in far LV andVUV regions.
By using this technique~ we measured the profiles of
the absorption line of JAN160 [A2l:-X21T:;i2' (1,0),
Q(10 1/2)] and thaJi of l5N160 fQ (11 1/2] utilizing
the ion line of 11 Cd(2Sl/2 .. 2Pl/2) at 2265.017 A.
The energy diagram for tne"connecting transitions in,
NO Y bands is shmvn in Fig. 1. J and K are rotation'
al quant~n nunlbers with and without spin, and v is
the vibrational quantum number.

Fig. 1. Energy levels of NO used in the determination
of the isotope shift. (XBL 789-10917)
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Since the Y bands of NO exhibit very sharp rota'
tional structure, 4 the ion lines of Cd at 2265 and
2144 A have been used for the monochromatic excita
tion of NO. 5- 9 Naturally occurring Cd consists of
several even and odd isotopes. This causes the line
width due to the hyperfine structures to be
large, 15.6 GHz and 14.6 GHz for the lines at
and 2265 A, r~]~ectively .10 Therefore, a
even isotope Cd was used for a radiation source
f~4avoid nuclear Spill and isotope shift effects.

Cd ° powder (98.55% l14Cd) was packed in a cath-

2 +A[

variation over the same pressure range (100 Wlits is
about 1 x 10- 9 Torr). This behavior is qualitatively
the same for all gases studied (HZ' CH4, H20, C02,
air), and one draws the conclusion that collisional
deexcitation of the metastable ions by the residual
gases is responsible for their considerably shorter
lifetime (typically 5 to 10 sec) over that for the
ground state ions (15 to 30 sec) at total pressures
near 1 x 10" 9 Torr. However, co11 is ion induced radi"
ative decay, which would show as a pressure effect
on Yer , is not competitive with natural radiative
decay at the pressures studied.

The 3S1 Li+ ion carries a great deal of internal
energy into a collision (about 59 eV), thus a large
number of processes are energetically allowed. These
include Penning ionization, dissociation with, or
Without, ionization, anc;1 a host of ion-molecule re
actions in which the Li~ is bOWld to some fragment
of the target. The large number of additional chan
nels open to the metastable over the groWld state
ions, may well explain their faster loss rates. The
slope of the metastable decay rate vs. pressure data
for CO corresponds to a_Iollision rate constant of
about 1 x 10-9 em- 3 sec . This is consistent, for
example, with large, but not Wltypical, ion-n~lecule
reaction rates. 3

Fig. Z. y (upper plot) and total decay rate of
metastableetsolid points, lower plot) and groWld
state (open points, lower plot) ions vs. CO pressure
(100 "" 1 x 10- 9 Torr). (XBL 791-8153)
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ode. The emission from a discharge plasma passed
through a hole in an electromagnet in the direction
parallel to the magnetic field. The 0+ and 0- com
ponents were separated by a A/4 - plate and a linear
polarizer.

Both DC (125 V, 150 rnA) and RF (70 MHz, 10 W)
power werr simultaneously supplied to the light
source. 3, 1 Argon gas was flowed through the source
at a rate of 17.3 L/min at 5 Torr. "[he measured gas
temperature of the discharge plasma was 198°C.

The self-reversal of the emission line would be
very small because this line is an ion line. Since
the pressure broadening at 5 Torr of Ar and the
natural broadening are very small, the emission line
width is determined by the Doppler Broadening. 12 The
calculated emission line width at this temperature
is 1.92 GHz. Then the resolving power with this
technique is 6.9 x 105 -

Slnce L-S coupling is valid for the Cd 2265 A
line,13 and the Lande g values for 2S1l2 and 2P1 /2
states are and 2, respectively, tnen each of the
0+ and 0- components has only one line. The shift
of these components is given by:

Lvo± (GHz) = 1.867 H(kgauss)'

Here, H is the strength of the magnetic field applied
to the radiation source.

Figure 2 shows obtained line profiles for ~hr
rotational-vibrational lines of 14N160 and l~ 60 .
The pressure of NO in the absorption cell was 0.12
Torr of each isotopic species and the temperature
was 25°C. The observed line profiles were quasi
Gaussian type, because Lorentzian type broadening
is much smaller than Doppler broadening under these
conditions. Correcting the emission line width,14

rue width of the absorption line was 4.43 GHz for
~160 and 4.36 GHz for 14N160 . The calculated

Doppler width at 25°C was 2.93 GHz for l5N160, 2.98
GHz for l4N160. The residual width of about 1.5 GHz
might be attributed to unexpected broadening of the
emission line or broadening due to the predissocia
tion of NO.

T£rtbserved separation from the 14N160 line to
the . Cd(II) linr was -30.8 GHz. The observed sep
aration from the 5N160 levels with J=12 1/2 and
J=ll 1/2 has been reported as 7.658 cm- £229.7
GHz) .1'5 Then, the isotope shift between 5N160 be
comes 180.1 GHz for the levels with J=ll 1/2. We
calculated the isotope shift f~~ r9is level accord-
ing to the theory by MUlliken.' The values of
molecular constants were taken from Herzberg. 18 The
calculated isotope shift was 169.7 GHz for this
transition. The experbnental value agrees with the
calculated value within 6% error.

1. S. Mrozowski, Bull. Acad. Pol. Sci. IIIA(VI),
464 (1930); IlIA (V) , 489 (1931).
2. Tj. Hollander and H. P. Broida, J. Quant.
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~ G. E. Moore, O. R. Wulf and R. M. Badger, J.
Chem. Phys. 21, 2091 (1953).
6. A. G. Faydon and A. R. Fairbairn, Proe. Phys.
Soc. London A 67,474 (1954).
7, A. V. Kleinberg, Optika i. Spectroskopoya 1,
469 (1956). ~
8. H. P. Broida and 1'. Carrington, J. Chem. Phys.
38,136 (1963).
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Fig.. 2. Absorption line profiles of 14N160 and 15N160 observed by 114Cd (II) line at 2144 A (0.12
Torr in 25 rom cell). (XBL 789-10673)
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7. RESEARCH PLANS FOR CALEl\1])AR YEAR 1979

Howard A. Shugart

Parity violation measurements in thalliUln will
be refined utilizing the laser system described in
article 1. 2bservations will be extended to the
6 2PV2 - 8 P1/2 transition, which will compare a
somewhat dlfferent aspect of the atomIC phYSICS
calculations with experiment. This will reduce the
uncertainty in the atomic structure calculations,
allowing a stronger confrontation with the gauge
theory predictions. It is probable that further
technological advffilces (such as the laser discussed
in article 1) wi.ll be required to achieve these
ends.

Studies of the lifetime of metastable 3pJ
Be-like four electron ions will with usmg
the ion trap described in article Radiation
from multiply charged Be-like ions in these states
is observed in Tokamak and has been stud-
ied with beam foil techniques. Comprehensive tests
of theorectical calculations of the lifetime of
these states, requires measurements at low Z as well.
The i.on trap techniques are ideal for this purpose.

Further application of the laser scann.ing, opti
cal pumping and fluorescence techniques on Li+
metastable ions will be made to trap diagnostics
and magnetic resonance.

8. PUBLICATIONS AND REPORTS 1978

Howard A. Shugart and Associates

Journals and Books

1. S. Chu and R. W. Smith, A. Reliable Thyratron
Switched Flashlamp-Pumped Dye Laser, Optics Com
rmmications, to be published, LBl-834L

2. P. Drell and S. Chu, A Megawatt Dye Laser Oscil
lator-Amplifier System for High Resolutiion Spec
troscopy, Optics COTIrnunications, to be published,
LBI-8314.

3. S. Chu, R. Conti, P. Bucksbaum and E. Commins,
A Simple Teclmique for Mica Retardation
Plates, LBL-7374.

4. E. Commins, Parity Non-Conservation in Atomic
Thallium, Notes SLAC Summer School 1978, to be
published Dec.

5. R. Conti, P. Bucksbaum, S. Chu, E. Commins and
L. Hunter, reluilirlary Observation of Non~
conservation in submitted
Physical Review Letters.

6. P. Bucksbaum, S. Chu, Eo Commins and R.
Se2rch for Pa:ity Non-c~nservation.in the 6
7 PV2 TransltlOn m AcomIc Thalllum ,
Abstracts of the Sixth Intemational on Atomic
Phys ics, edited by E. E. J(raul inya and
R. Peterkop, Riga, USSR (1978), p. 65.

7. 1. Incesu, A. Huq and H. A. Shugart, gj-Factor
of Metastable SS2 Atomic Oxygen a TDne~of~
Flight Atomic Beam Magnetic-Resonance Method, Phys.
Rev. A 792 (1978), LBL~6643.

8. R. Knight, M. H. Prior and H. A. Shugart, Decay
Rate and Density Distribution Studies of Stored
Metastable Lj+ 'Ions ,Atlstracts of the Sixth Inter
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Measv.rement of the Distribution of Confined
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Fig. 2. Spectral scan showing the 2s2p jpl -+ So
intersystem transition in Be~ like Kr at 170 A, the
2P1/2 -+ 2S1/2 line in Li-like Kr at 174.1 A, the
2P3/2 -+ 2S1/2 line in Li -like Kr at 91.1 A seen in
second order at 182.1 A. (XBL 7812 .. 13682)

Super
HUae

decay curves are shmvn in Figs. 2 and 3, Preliminary
results for the measured wavelengths and lifetimes
are compared ':lith t~e. res,ults of relativistic Hartree
Fock calculatwns 8, 111 1able 1.

Schematic diagram of the eAperimental
arrangement used to measure the mean life and wave

(XJ3L 7812-13681)

Our measurements of the wavelengths and lifetimes
in lithiwnlike and beryl1iumlike krypton were made

beam foil and beam foil-time-of-flight tech··
.,' A schemQtic diagram is shown in Fig. 1. 'The

MeV beam of ~4Kr from the LBL SuperHILAC is
passed through a 600 pg/cm2 carbon foil mounted on a
moveable support. Photons from decays in flight are

by a McPherson model 247, 2.2 meter
monochrometer, and detected by photoejec

tion on the surface of a Charmeltron electron multi
plier. The monochrometer is calibrated against spec
tral lines from He, He+, and Ne+. Calibration of
the line shape with a moving source and measurement
of the linear Doppler shift was accanplished using
the 192 and 255 A lines from the 2P3/2 II] -+ 2S1/2
transi tions in lithiumlike Fe. Wavelengtll scans and

We report preJiminary values of the
and lifetimes of the (I., n=O transition

in lithiumlike kDrpton aod) the 6
LV",'U~HU'~~V'H line 2s2p 5Pl -+ 2sLSO in berylliumlike
krypton. These and other transitions in the
Li and Be isoelectronic sequences appear prominently
in the of hot plasmas. l ,2 Their wavelengths
are to identify the ions present3 and the decay
rates are used to detennine the ion concentration
and electron temperature and density.4 Furthermore
as krypton is by far the highest nuclear charge (2)
system with few electrons for which lifetimes or
wavelengths have been measured, our data provide a
sensitive test of the relativistic corrections in a
simple atomic sys tern with a small core. Our measure
ments can thus determine whether these calculational
techniques may be used with confidence in regions
not presently accessible to experiment.

Tne transitions 2P3/2,1/2 -+ 2S1/2 in lithiumlike
Fe and Ar have been observed in the Princeton ST
Tokamak under varring conditions of temperature and
electron density. Higher temperature Tokamaks can
b~ exp~cte~ t? pr?duce lithiumlike Kr. These 2trcffisi
tlons m llthllnnllke Fe and the 2s2p 3P l -+ 2s' ISO
transition inberylliumlike Fe have been observed in
solar flares, 5,6 and their wavelengths have been mea
sured in Skylab eAperiments. 6 Tne identifications
were confirmed and the lifetimes were measured in
beam foil flight experiments conducted at the
LBL SuperHILAC.

1. RADIATIVE DECAY FROM LOW LYING TRAI'lSITIONS IN
LITHIUMLIKE AND BERYLLIUMLlKE KRYPTON (2=36)

t t
Daniel Dietrich,"" Harvey Gould, John Leavitt,'
and Richard Marrus

*This work was supported by the Division of Chemical
Sciences, Office of Basic Energy Sciences, U. S.
Dept. of Energy.

The calculated lifetimes in column E are just in
agreement with experiment but the wavelengths in
column B, especially the Li -like 2Pl/2 -+ 2S1/2, are
in profound disagreement with the experiment; the
calculated value being far enough from the observed
wavelength to obscure the identification of the line
in the spectrally rich environment of a (Tokamak)
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plasma. These discrepancies are to a large part
eliminated adding to the the order
quantwn e1ectrod)~1amic (QED) correction, one
electron Lamb shift, to and the ISo
binding 111e values of the
calculated and lifetimes are shmvn in
colunms C and F. is the first eX8Jnple of the
importance of both the relativistic and QED correc
tions to the \vave1engths of atoms of Tokamak interest.

t Department of Physics, of Arizona;
supported by NSF and Ol\JR.

address: Lawrence Berkeley Laboratory.
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Fig. 3. Decay curves used for determining the mean
lives of the 2P3/ 2 1/2 levels in Li-like Kr.

, (XBL 7812-13683)

Table 1. Measured and calculated wavelengths and lifetimes in Li -like and Be -like Kr.

Transition

Li-like Kr

2P3/2 - 2S1/ 2

.- 2S1/ 2

._--'-~--~--'---~---~------
._._-~--

Lifetimes

A B C D 12 F

Calc. a Calc. + Calc. a Calc. +
----- .-._----

91. 1 ± 0.2 90.1 91.0 0.051±0.003 0.048 0.050

174.1 ± 0.2 169.6 173.5 0.312 ±0.03 O. :)32 0.355

Be-like Kr

170.0 ± 0.5 165.5

165.1

169.6

169.2

2.3 0.3 2.29 }

2.27
2.4 est.

aFirst entry is Ref. 8; second entry is Ref. 9.



358

Ar+18

Ar+ 17

Ar+ 16

I~ 1'1
30cm

diagram of the apparatus. Side
detectors are collimated to view
cm long segment of beam.

(XBL 788-1642)

X-ray
/collimators

~~_--L~-~-..lll1r

Magnet pole tip

Thin foil

Fig. 1. Schematic
ways looking x-ray
approximately a 2

Movable Si (Li) x-ray deteCTor

Collimated beam
of Ar+18 from
Super HILAC

Faraday cup _

Vacuum chamber

Lifetimes of the 2S1/2 state are measured by
beam- foil time-of- flight. Bare argon nuclei, at
velocities of 4 x 109cm/sec, obtained from the
Lawrence Berleeley Laboratory SuperHILAC are passed
through an 8 yg/cm2 carbon foil located in a homo
genous magnetic field (Fig. 1). Among the nuclei
which capture electrons the ratio of hydrogenlike
atoms to heliumlike atoms is 17: 1. X rays from de
cays in flight of the excited states are observed
at a distance of approximately 0.6 meters from the
beam by a pair of Si(Li) x-ray detectors. Typical
pulse height spectra are shown in Fig. 2. 'The raw
data for the 2Sl/2 decay curves are the pulse-height
spectra measured as a function of x-ray detector
position downstream of the foil. 'The intensity is
normalized to the integrated current obtained by
stopping the beam in a Faraday cup. The comparable
intensities in the quench peale and two-photon spec
tra enable us to construct decay curves from either
portion of the spectra.

resonance Gauss meter. The velocity is determined
to a few parts per thousand by measuring the beam
energy (approximately 340 MeV) with surface barrier
detectors which have been calibrated against a mag
netically analyzed argon be~n of 346 MeV. Errors
from these velocity and magnetic field measurements
malee no significant contribution to the Lamb shift
error.

We of the metastable
as a function of
Measurement of

qUEmcliled ~ifetime of the 2S1/2
hycln)gc3nJlH:e IS a test of quenchmg

2 system where rel
can be observed.

experirnerlt may also be inter-
of the 2S1/2 -- 2Pl/2 energy

'TIle comparison between
in hyclrogenlike

ions of high 2 is test of quantum elec-
trodynamics (QED) in the region where higher order
corrections to the billc1:ii.ng energy are large. 1 As
the Lamb shift makes contribution to
the structure in

(see pn;ceclulg
at

importance.

Jn00C:1H·inrr the elec-
2S1/ 7

decays pre - -
GJlll.,?'H~IJ1 of two elec

of 2.76 x 10 8
mode. There is also

magnetic dipole
x 106 sec-I 111e fre

quency distribution of the emitted photons therefore
of a continuous spectrwn centered about 1659

to zero at the end plus a
lSl/2 energy separation of

To date, Lamb shift measurements on hydrogenlilee
ions through 2=9 have been reported. 2 In this arti-
clewe measurement of the - 2Pl/2
energy (Lamb of argon
(2~c18). S = (38.0 ± 0.6) may be
compared to values of S = (39.0 ± 0.16) THz calcu
lated by Erileson 3 and S = (38.25 ± 0.025) THz calcu-
lated Mohr. 4 This comparison constitutes the 1
most test of QED at high field strengths.

The field is measured with an integrat-
flux meter calibrated a nuclear magnetic

The of an external electric field
mixes the wave functions of the 2S1/2 state with the
nP states. Since P states by fully allowed
electric dipole the lifetime is
shortened. To lowest the rate R of the
2S1/2 state as a fLmcti211 field is given
by' to R = R + R I V12/h where Rs and Rp. s P I
are the natural 2S CL'1d S is the Lamb
shift in radians per second V is relativis-
tic electric dipole matrix element: V=0.9920 eEaJZ
where e is the electric change, E the electric field
in esu and ao the Bohr radius. An electric field in
the atom's rest frame is produced by passing atoms
at a of v = 4 x 109 cm/sec through a homo-
geneou.\lllagnetic field .. At a field of B = 16 leG the
6.5 x 10'V/cm electnc field a quench rate
comparable to the natural decay rate. The
lamb shift can thus be by measuring the
velocity, magnetic field and quenched lifetime.

Gould and Richard Marrus

2. ELECTRIC FIELD QUENCHING OF TI-IE METASTABLE STATE
OF tNDROGENLIKE ARGON
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The raw data must be corrected for deflection of
the beam in the magnetic field. In addition to the
dlange in solid angle and change in length of the
beam viewed, there is a large change in brightness
due to the motion of the deflected beam toward (or
away from) the detectors. 7 Our model was tested by
deflecting beams of heliumlike argon in the long
lived 23S1 state, so that changes in count rate were
primarily due to deflection effects rather than pop
Ulation depletion. At current levels of accuracy
the uncertainties in the geometrical corrections
make a negligible contribution to the experL~ental
error.

Fig. 2. Pulse height spectra from decays in flight
of the 2S1/2 state of hydrogenlike Ar in a mo-::ional
electric field of 7.8 x 105 V/cm at a foil-detector
separation of 9 em. The detector has a FWHM resolu
tion of 280 eV and the spectra is Doppler shifted
4% due to the deflection of the beam in the ma~letic
field. Below 1500 eV the sensitivity of the detec
tor drops rapidly to zero. In addition to the 3318
eV line from ly decay of hydrogenlike Ar there are
w~aker lin~s at 3126 and 3104 eV from decays of
2 P2 and 2 Sl states of heliumlike Ar. The hydrogen
like line can be separated from the heliumlike lines
by a computer fit. (XBL 788-1643)

Most of the hydrogenlike argon forms in the lSl/2
ground state or low lying excited states. Among
the atoms formed in highly excited states, few cas
cade through the 2S1I2 state, because decay chains
which populate the 281/2 state are far more likely
to decay to the lSl/2 state due to a nluch larger en
ergy separation. FurtheI1110re , atoms undergoing
transitions in which the principle quantum number n
decreases more rapidly than the orbital angular mo
mentum 9, have a high probability of reaching states
of maximum 9, '" n-1 which are long-lived and decay
through the chain .... 4F, 3D, 2P, IS. An upper limit
to the cascading to the 2S1/2 state can be made from
examination of the spectra (Fig. 2) as follows. As
sume that all of the counts in the (240 eV Gaussian
width) region 4000 -4700 eV are from (Dopp1grshifted)
decays nP -+ IS (n > 2). The branching ratio
lS:nP -+ 2S (n> 2) is about 7.5:1. By comparing the
nwnber of counts in the two-photon continuum with
the (n> 2) P -+ IS rate we find an upper limit of 0.2%
of the observed two-photon counts orginating from
cascades to the 2S1/2 state, and insignificant con
tribution. At larger foil-detector separations the

Lifetimes were measured over an average of 2.5
decay lengths in electric fields of ±(5.93, 7.14,
8.06, 8.60) x 105 V/ cm with two detectors for a total
of 16 decay curves. Position dependent background
(which appears to be the result of gmnma rays, Comp
ton scattered in the detector) was n~asured as a
function of detector position (see Fig. 1) with the
foil 0.75 meters upstreanl to allow the 2S1/2 state
to depopulate before reaching the detectors. The
data were sorted to yield LWlm shift values as a
function of field strength mId polarity, direction
of beam bending, direction of detector travel and
count rate. No systematic differences were observed.

Many people made contributions both large and
small to this experiment. We thank them all, but
most especially we thank our engineer, Douglas
MacDonald, who contributed to all aspects of the
technical design.

The result for the Lanlb shift is 38.0 ± 0.6 11-Iz.
Contributions to the error are statistics, 0.35 1Hz
which is mostly due to variation i~ the backgroillld;
0.45 THz, from uncertainty in the 2 So fraction,and
0.15 THz miscellaneous.

In the observation of single photon decay of the
2S1/2 state interference between the tmresolved
spectral l~nes 281/2 -+ lSl/2 and the cascade fed
2P3!2 1/2 ~ lSl/2 result in a large systematic error
in detennining the 2S1/2 decay rate. In measurements
of unquenched.2S1/2 lifetimes in hydrogenli~e ~r?on
and hydrogenllke Hon (Z=26) we observe a SIgnIfI
cant number of cOtmts arising from cascades through
the 2P state. In the absence of infoI1llation about
the populations of the different n9, states this cas
cade data is not directly applicable to quenching
experiments as the electric field causes appreciable
mixing of states of different parity. For the pres
ent, we base our Lamb shift determination only upon
2Sl / 2 decay rates obtained by observing the two
photon decay chmmel.

Heliumlike argon, present in th~ beam in small
quantities has metastable states 2 P2 and 23Sl whose
decay produces x rays at 3126 and 3104 eV, respec-
tively. 9 (Counts from these lines can be separated
from the 3318 eV line from hydrogenlike argon by a
careful computer fit to the spectra using the mea
sured x-ray detector response function.) However,
the two-photon decay (2El) of the 2l S0 state in the
heliumlike argon is a continnum and can not be
distinguished from the two-photon decay spectra of the
2St/2 (state of hydrogenlike argon. From observed
population ratios 2Sl/2: 23P2 in this experiment mId
population ratios 23P2:2lS0 in experbnents on helium
like argon performed by Marrus and Schneider, 9 we
find the initial population of 2lS0 to be 0.003±
0.01 of the initial 281/2 population. The uncertainty
in the 2lS0 fraction is the largest source of
systematic error in this Lamb shift measurement.

upper limit is much smaller. We emphasize that this
upper limit is derived from purely experimental
qumltities and is model independent. The large en
ergy gap between the series limit of the Balmer
series at 1100 eV mId the beginning of the Lyman
series at 3318 eV assures the absence of interfer
ing lines in this region of the two-photon spectra.

543
X-ray energy (keV)

2
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1. Charge distribution for 8.5 MeV/ amu
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3. CllAt'{GE OlAl\JGING CROSS SECTION !v!E;'\sUEEI'IIEN:l'S
HEA\lY IONS AT ENEEG lES TO 8. 5

FOE

Jose Alonso,* Daniel U_'L~.lL'dl,
Richard Manus

Gould and Table 1. Capture and loss cross sections for 8. 5
MeV/amu xenon in

To obtain beams of very high mass,
heavy ion accelerators must be capable

ions. The important un
these accelerators are

beam survival which de-
yet lrruneasured cross

sections for beam ions striking gas atoms.
We are conducting a series of experiments to mea··
sure these cross sections using bea1115 at the LBL
SuperHILAC. Measurements are being made on
HILAC beams from neon to Xeon in nitro··
gen over a wide range of incident charge states at
energies from 5.9 to 8.5 MeV/amu.

Incident 0 loss
state cm2/molecule

(q) (q+q -1)

+28 2 x 10

+34 5 x 10- 18

+41 2 x 10- 18

+46 3 x 10- 19

o capture
cm2/molecule

(q+q +1)

4 x

8 x

1 x

Incident charge states selected by "1-Y'i1,,,ino

are a diHerenti'3.l:ly
pumped charge exchan!~e chamber located upstream of a
uniform analyzing At the exit of the
the beam is stopped filled position
tive detector. A slit with a mechanical
readout is used to calibrate the absolute positionof
the beam in the detector. Charge distributions are
measured as a function of pressure in the
exchange chamber for energy and incident
charge state. Typical charge distribution
are shown in . 1 and a sample of the
results is sho\Vll in 1. 1nese nunmers have a
direct and immediate bearing on the Bevalac Vacuum
Improvement Project and form a solid foundation for
extrapolating vacuum requirements for high energy
beams used in heavy ion inertial fusion.

supported partially by the Division of High
ffild Nuclear , U. S. Dept. of

+
'Accelerator and Fusion Research Division, LBL.

4. THEORETICAL S1UDIES OF ELECTRIC FIELD QUENCHING

Peter Mohr and Richard Ma-rrus

The theory of quenching of metastable atomic
levels in an external electric field has been studo

•

ied starting from first principles. The result is
applied to the calculation of the decay mode of the
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metastable ZS1/Z state in a high Z hydrogenlike
atom in an intense electric field. We obtain a
orous fOl1nula for the rate and an accurate
prediction of the of the decay
photons relative to direction of the electric
field. The calculation also predicts a asym-

in the distribution of the ra'dl,ltJ_on
from a , electric dipole

decay inteTference teTln in matTix element. This
has important consequences faT seveTal
that are now in pTOgress.

Decays of Hydrogenlike Atoms in an Electric
Phys. Rev. Lett. 40, 854 (1978).

4. R. Manus and P. J. Mohr, Porbidden Transitions
in One- mld 1\'10- Electron Atoms, in Advances
and MolecuLar Physics, Vol. 14, ,.,;:::c",-"iC--"::-i~~--'n-=-'C==-
ancrs:- Bederso0AcaClemic Press,

5. S. J. Brodsky and P. J. Mohr, Quantum Electro
in Strong and Supercritical Fields, in

in Current Physics, Vol. 5, Structure mld
of Ions and Atoms editedby-l-:-rSellin,

9. P. J. Mohr, Lamb Shift in High - Z Ions and Atoms,
nvited paper at the AImual Meeting of the Am. Phys.
Soc., San FrmlCisco, Jml. 1978 [Bull. Am. Phys. Soc.
~l, 45 (1978)].

8. P. J. Mohr, Lamb Shift in High- Z Ions and Atoms,
invi ted paper at the l'umual Meeting of Division of
Electron and Atomic Physics of the Am. Phys. Soc.,
Knoxville, Tenn., Dec. 19'77 [Bu11. lIm. Phys. Soc.,
~, 1314 (197'7)J.

6. H, Gould and R. MarYus, Quenching of the Meta ~
stable State of Hydrogenlike Argon (Z~18) in an
External Electric Field, Invited at the Annual
Meeting of Division of Electron Atomic Physics
of the A.m. Phys. Soc., Knoxville, Tenn., Dec, 19'77
[BulL Am, Phys. Soc. _~, 1315 (19'77)J.

Could and R. MarYus, Lamb Shift in Hydrogen
invited paper at International Confer

Ion and Beam Pail Spectroscopy, Lyon,
France, Sept. 1978, to be published in Journal de
Physique.

ill

Levels in Li~Like and BeLike

of the Fine Structure

RichaTd Manus

a.
Mo.

5. RESEARCH PLA1\JS FOR THE CALEI\1])AR YEAR 1979

An accurate meaSUTlnent of the Z3PZ 0 -+ Z3S] fine
structure splitting in a heliumlike atom at high Z
is a sensitive test of the higher order relativistic
and QED corrections to atomic structure and
Tates of Z atonLS in d system where cal ~
culations these effects can be performed without
the ambiguities dl >r~ \.-0 core electron effects.

Encouraged by successful ex:peTiments in Fe and Kr
we plan to extend our meaSUTements of wavelengths and
lifetimes in the Li and Be isoelectronic sequences
to molybdenum , a Tokamak contaminant, which
should show relativistic and QED effects than
Kr.

Cross Sections in
Invited Talks and

We will connnue our measurements of the charge
cross sections with the possibiblity of

extel1clJmg the measurements to other gases or solids,
Im'1er energies and especially to heavier ions, in
particular Pb and U.

1. Richard MarYus, Forbidden Transitions in One
and '1'1'10- Electron Atoms, Max PlmlCk Institute,
~,,-r('llirlo, W. Germmly, December 1978.

2. Richard MarYUS Quenching of the Metastable
State of Argon in an External Electric

Institute for Heavy Ion DaI1llstadt,
W. Cermany, October 1978.

6. 1978 PUBLICATIONS AND REPORTS

Richard Marrus and Associates

3. Richard MarYUS Quenching of the Metastable
State of Hydrogl;;nlil(e Argon in an External Electric
Pield, of Paris, Paris, France, September
1978.

5. Harvey Gould, Lamb Shift in Hydrogenlike Argon,
Harvard University, Cambridge Massachusetts,
December 1978.

Highly
W.

4. Richard Marrus,
Ionized Ions,
C;ermany, November 1978.

Gould, Electric Field Quenching of the
State of Argon in ml

External Electric talk at the Annual
M0'~Ti,,,r of the Division of Electron mld Atomic
Physics of the FJnericml Physical Society, Kno~wille,

Telmessee, December 19'77.

Journals mld Books

3. P. J. Mohr, E1 ~Ml Interference in Radiative

Z. D. D. Dietrich, J. A. Leavitt, S. Bashkin, J. G.
H. Gould, D. MacDonald, R. Marrus, B. lvl.

Jol11Z~on and D.l. Pegg, Oscil~a~or S~rengths of the
Zs ~SllZ ->- Zp ~P1/Z ,-3/Z !rans~ t~ons. 111 FeXXIV and
the Zs;!' ISO-+ZsZp JPl fransltlOn mFeXXIII, Phys.
Rev. A~_~, Z08 (1978).

1. H. Gould and R. Manus, Lmnb Shift in Hydrogen-
like Argon , Phys. Rev. Lett. 41, 1457 (19'78),
LBL-8081.
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7. Harvey Gould, LaEb shift in t~drogenlike Argon,
invited talk at the Fourth International Conference
on Fast Ion and BeaE Foil Spectroscopy, Lyon, Franc~
September 1978.

8. Peter Mohr, Lamb Shift in High- Z Ions and Atoms,
invited talk at the Annual Meeting of the American
Physical Society, San Francisco, California,
January 1978.



363

1. CHEMICAL ENERGY

a. Formation of O>l:vacic!s of Sulfur From

Robert E, Connick,

nr'Y'ACOlQi,nn bisulfate concentra"
effects make du

of either

One treatment of the forei~ojng data would be to
find the best ht with a constant molar Raman inten-
sity and a constant for the
dimerization. was
used which required
stancy of Q.

to c:LrCUJnvent these clifficul-
the concentration of the

S:ince there
v:lsible ultraviolet absojm-
HSO:3- absorbs Emd

not, we have chosen to measure the in
tensity of the B-S stretch in the Raman
of bisulfite solutions. All intenlal c1-,"nrln~.;1

used, The method relies on the
molar intensity of the II-·S Raman
independent of the concentration of the
To min:Lmize such measurements were made on
a series of solutions and NaCl at
a constant total sodium of S.OM.

from linearHy with
tion. Similar
bious meaS'Uf(omEmt
BS0 3

1, THE DIMERlZATION OF HS0
3

- TO FORtvl SZ05Z

Thomas M. Tam and Eckart von Deuster

It has long been lQ10wn that an equilibrium exists
in a~ueous solution between HS03- and its dimer
S205 -.

This equilibrium is of potential importance in any
solution of HS03- at moderate to high concentrations,
as for exan~le In scruber solutions used to remove
sulfur dioxide from stack gases. Three widely vary
ing values are reported in the literature for the
equilibrium quotient for the reaction:

as shown in Table 1. The variability of these re
sults is a reflection of the difficulty in finding
an accurate way to measure Q.

Q

Table 1. Values of the equilibrium quotient for the
reaction 2HS03-~ SZ05Z- + H20,

Ionic
Temperature strength -- Q Reference

ZO°C low 0.07 1
ZZO 0.3M Z.O Z
Z5° Z.O 0.34 3

Because the value of Q is not large, it is impossi
ble to prepare a bisulfite solution where essentially
all of the material has been dimerized, and thus es
tablish the value of some property of SZ05Z- that
could be used to measure partial conversions at lower
concentrations. Instead, data have been fitted si
multaneously to a value of Q and the measured prop
erty as the bisulfite concentration was varied, for
example, spectrophotometric measurements in the ul tra
violet at a wavelength where only S205Z- absorbs.
lJnfortunately, such results are unreliable because
activity coefficient effects on Q could be as large
as the deviation of the apparent molar absorbance

*This work was supported by the Division of Chemical
Sciences, Office of Basic Energy Sciences, U. S.
Dept. of Energy.

The ultraviolet absorption of
at 3Z0 m)J is all due to
fore absorbance measur~nents at this
the product of the concentration and molar
ance of SZ05Z-. For an assumed value of the molar
absorbance one can calculate the concentration of
SZOSZ, and by chfference the concentration of HS03'
which in tum is proportional to the H··S band RamaII
intensity of the solution, By which value
of the assumed molar absorballCe of produces
the best fit to the data, one the mo-
lar absorbance of and the molar intensity of
the B-S Raman band. any solution then
possible to calculate the I-IS03 - and concentra-'
tions and the resulting Q value. It be empha'
sized that the two are of
the B-S Raman intensity and of the
absorbance of S20S2' for the range solution com-
positions studied, but no assumption is made about
the constancy of Q.

Of the two assumptions, that of the constancy of
the H-S Raman band molar is the more sus-
pect. There appears to be little information in the
literature with which to judge its A set
of measurements with different bisulfite concentra
tions was first made using the water Raman emission
at 3400 Cln· 1 as the Dlternal standard, with correc
Uon made for the change in concentration of
water. Because the 3400 em" water Raman band DI
tensity is known to be sensiUve to various ions, the
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Table 2. Selected values of the eqUJ llbnum quotlent
at 25°C for the reaction: 2HS03- ~ S2052- +
H20 obtained in the present work.

1. R. M. Golding, J. Chem. Soc. 3711 (1960).
2. G. P. Arkhipova and 1. 1. , Zh. Prikl.
Khim. (Leningrad) 2193 (1971).
3. D. W. A. Bourne, T. Higuchi and 1. H. Pitman,
J. Pharmaceutical Sciences ~~' 865 (1974).

Asscnning the molar absorbance of S2052- to be
temperature inie]JeIldEmt:--·probably a not too serious
error--values were found to decrease slOWly
with increasing , indicating ca. -1 kca1
for the 6H change the dimerization.

In the S-O strecthing region three relatively
strong bands could be identified which gave a con
centration dependence like the H-S band of I-JS03 - ,
including the one with the overlap with S2052- .
The species HS03-, with the hydrogen attached to the
sulfur, is expected to have C3v synnnetry and there
fore should show only two S-O Raman bands: a SYll1'

metric stretch and a degenerate asymmetric stretch.
The presence of three bands in this region there
fore indicates another species which behaves chem-'
ically like HS03- mld therefore is another fonn of
bisulfite ion. Prescnnably this is the species with
the proton attached to an oxygen. This species is
e.x.'-pected to have CI or Cs symmetry and therefore
three Raman bands in this region. One of the ob
served bands, either at 1052 or 1021 cm- l , cml be
assigned to HS03- by comparison with the Rmnan spec
trum of solid CsHS03' The third is at 730 cm- l .

An interesting comparison can be made with the
Raman spectrum of Se03H- where it appears certain
that the proton is bonded to one of the oxygens. 1
Raman bands are ~bservedl at 615, 790 and 855 cm- ,
with the 790 cm- band much less intense than the
others. The ratio of frequencies of the 730 on' 1
band of S03W to the 615 E?r l band of SeO¥- is L19.
The ratios of the 1052 cm . bands of S03W to the
855 em-I band of Se03H- are 1.23 and 1.19, respec
tively. Thus a simple scaling of the two strong
Se03Ir bands can account for t0e two strong bands
that can be attributed to S03II .

In the investigation of preceding article 1, mea
surements were made of the intensity and polariza
tion of all of the Raman bands that could be distin
guished in the various bisulfite solutions. A plot
of the apparent molar intensity of each of the bands
vs. the stoichiometric bisulfite concentration
yielded two types of curves: (~) those whi~£ be
haved like the H·S band of HS03 _ at 2530 cm ,and
(2) those which first rose rapidly with increasing
stoichiometric bisulfite concentration and then
curved over as if approaching a limiting value at
high concentration. The latter clearly belong to
S2052-. This assignment is confirmed by the similar
behavior of the ultraviolet absorption of S2052- at
320 n~. One additional band at 1050 on- l was
intennediate in behavior and was clearly a fortui-"
tous coincidence of a bisulfite and a S2052- band
at the same frequency.

0.19
0.12
0.089
0.065

4.0M NaCl
2.0M NaCl
1.OM NaCl
0.5M NaCI

0.02M NaHS03,
0.02M NaHS03,
0.02M ~a~03'
0.03M NaliS03,

Using the perchlorate standard a value of 26 was
obtained for the molal' absorbance of S2052- at 320
mlJ. Values of Q could then be calculated for each
solution. Further, assuming the molal' absorbance of
S2052- to be the same for any aqueous solutiion,
values of Q can now be calculated at 25° simply from
a measurement of the ultraviolet absorbance of the
solution. Results for several solutions are shovm
in Table 2. The results differ from
all literature values (Table 1).

measurements have been wi.th 0.5 molar
perchlorate 10n as the internal standard. The reli-
ability of the ion as a standard was
checked by separate e.x.'-periments on the R-S band in
tensity at low bisulfite concentration where it was
found that the intensity was at most very
smal1 in from 5M NaCl to 5M NaClO4' At low
bisulfite concentration the concentration of dimer
is quite small so the IiS03- concentration should
have been the sarne in the two solutions.

1. G. W. Walrafen, J. Chem. Phys. _~' 90 (1962).

2 . EVIDEi\lCE FOR A NEW FORtYl OF HS0 3

Thomas M. Tam

Aqueous bisulfite solutions have long been knolVll
to contain a form of HS03 - in which the hydrogen is
attached to the sulfur. The evidence for this struc'
ture from the observation of a Raman band at
2530 cm which shows the appropriate deuterium and
sulfur- 34 isotope effects and agrees well with a
similar band in solid CsIIS03' There has been spec
ulation as to whether there may also be present in
such solutions appreciable amounts of the form of
bisulfite ion which has the proton attached to an
oxygen, S03I--C. Direct observation of the O-II Raman
band is of course obscured by the strong O-II vibra
tions of water.

3. IDENTIFICATION OF YELLOW SPECIES IN AQUEOUS
SOLlJrIONS OF IIS03- and S02

Thomas M. Tam and Eckart von Deuster

The literature contains a number of reports of
yellow-colored solutions formed when bisulfite ion
and sulfur dioxide are present together at high con
centrations in aqueous solution, but apparently no
attempt has been made to identify the species formed.

A spectrophotometric study of this system was made,
first holding the bisulfite concentration constant and
varying the S02 concentration and secondly holding the
S02 concentration approximately constant and varying
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Arrm~nia reacts with excess sulfur
condensation, even at 10 K, yielding heterO);;elleClus
solids red (~NSO)x sul-
fur disproportionates from the state IV
to III and VI, and possibly to other values. Raman
spectra indicate that upon (NSJx is formed.
The latter is stable at room , but cat-
alyzes the auto-redox of sulfur di
oxide, yielding sulfate, acid derivatives,
dithionate, thiosulfate, polythionate and evenl~uclll
elemental sulfur. IR spectra show that in rare
matrices the initial product is I-NSO,
bnid, regardless of the molar ratio of reagents.
Upon warm-up ammonium disulfite (NH4) 2520S is also
observed.

liquid ammonia at room temperature several step'-wise
reactions can be followed. consist of cnnmonol
ysis of S02, followed by auto-Tedox cllSprO!Jo:rt
ation of SIV into a range of oxidation states.
Raman spectra show the presence of sulfate, di
thionate, thiosulfate and the polyth:ionates. Iso-
tope substitution that ammonia does not
participate in redox reactions and acts as a
nucleophilic catalyst. The composition of sam-
ples changes over a period of at least Z years. In
some tubes with NH3:S0Z < 7 a spontaneous reaction
occurs after l-l/Z to Z years and the colorless or

yellow solution tunIS a bril1icmt violet,
naling the decomposition of thiosulfate and
thionate into elemental sulfur which reacts
liquid ~nmonia yielding negati,Tely chaJ~gE,d

fide radical ions.

The second series of experunents in which the
concentration of total S02 was held nearly constallt
and the bisulfite concentration varied was more dif
ficult to interpret because at low bisulfite ion
concentration the S02 dissociated appreciably to
form HS03- and I'{". Using a prOVisional value for
the acid ionization constant of S02, the absor
bance corrected for total S02 and bisulfite absor
bance and divided by the bisulfite concentration,
appeared to be a roughly linear function of the
total bisulfite concentration but with a finite
intercept on the ordinate axis. The sunplest in
terpretation is that two different yellow species
are present--one formed ,,,ith one bisulfite and one
with two bisulfites. The stoichiometric formulas
of the two species than would be: S02'~503- and
SOZ(HS03)ZZ-. The first is most sunply L~terpreted
as the acid form of S20S2-, i.e., HSZOS". The sec
ond would seem most likely to be SOZ added on to
S20SZ,-, just as S20~2- itself can be thought of as
SOZ added on to S03 -. The structure would be

the bisulfite concentration. In the first series the
absorbance eA'Pected from the total S02 and total b:i
sulfite was subtracted from the total absorbance.
The resulting difference gave a linear dependence
on the total S02 concentration, suggesting that
one S02 molecule is used in forming the yellow
species. To be rigorous, this conclusion requires
that only a small fraction of the total S02 and bi·-
sulfite present be converted to the species.
Such is likely the case because the relation"
ship would be most fortuitous otherwise, illid R~nan
spectra gave no discernible evidence of a new species.

°°° z
:5:5:5:0
000 S. RESEARCH PLAt\lS FOR CALENDAR YEAR 1979

R. E. Connick

4. THE REACTION OF MlMONIA WITH SULFUR DIOXIDE

B. , B. Mulliken and H. Weeks

The reaction of these two reagents is of inter
est in air pollution where both may somet:Ulles be
present. While two such sbnple molecules might be
expected to follow an uncomplicated path, quite the
opposite is the case. The system has received con
siderable study in the past, but has never been well
understood. The present study has made use of new
tools and techniques, including matrix isolation,
to provide a better, but still incomplete, view of
the reactions taking place.

It is convenient to divide the discussion into
two parts, the first dealing with excess ammonia
and the second with excess sulfur dioxide.

The reaction of sulfur dioxide with excess ammo
ni.a was studied during warm-up of rare gas matrices
and in sealed pressure tubes containing various iso
topic species. In the matrix experbnents six IR
bands belonging to ammonium thionylbnide, NH4·NSO,
were observed in the temperature range between 40 K
and 90 K. Above 80 K the spectrum of ~nmonium sul
fite, NH4S03, prevails. In sealed tubes containing

Work will be continued on the study of the basic
chemistry of sulfur dioxide. Additional measure
ments of the dimerization equilibrium will be car
ried out to establish more clearly the effect of
electrolytes and temperature. Correlati.ons of the
fonner will be with Pitzer's activity co-
efficient equations concentrated solutions.
Measurements will also be made of the first and sec
ond acid ionization constants of aqueous SOZ under
a variety of solution conditions. A few PVnpr;11lPl1r"

remain to be done on establishing the
the yellow species present in solutions of
HS03-. Attempts will be made to alter the of
the two forms of bisulfite ion by use of nonaqueous
solvents. Work on the rate and mechanism of ex,ch,mf;e
of oxygen ato(jl~ between water and HSO~)- will be con
tinued using 1. ° N!vlR. Studies of the rate and mech
anism of the chain reaction oxidation of [-503 by
oxygen will be tmdertaken. All of the above chem
istry is relevant to the removal of sulfur dioxide
fr~n stack gases fr~n fossil fuel combustion
aqueous scrubbers; some is relevant to the fate
sulfur dioxide in the atmosphere.

The computer modeling of the replacement reaction
in the first coordination sphere of a metal ion will
be continued, supplemented by some measurements of
water exchange reactions in very labile diamagnetic
systems.
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GabOl' A. Alexis T. Bell and K. Peter C.

D. J. Thvyer and G. A. Somorjai

Z. 'THE ROLE OF READSORPTION IN DETERlvlINING 'THE
PRODUCT DISTRIBUTION DURING CO HYDROGENATION OVER
Fe SINGLE CRYSTALS

L HYDROGEW(fION OF CO OVER POLYCRYSTALLIl\TE IRON
CATALYSTS. THE EFFECTS OF ADDED OXYGEl\1 AND
POTASSIUM ON THl: REACTION RATES AND PRODUCT
DISTRIBUTION

Our studies of Fischer-Tropsch synthesis over
Ru catalysts have continued in an effort to develop
an understanding of the mechanisms by which
paTaffins and olefins are produced. In our
previous investigations it was established that
CO would dissociate on the surface of Ru forming
chenlisorbed carbon and that subsequent reaction
of this carbon with HZ formed methane. The efforts
of the past year have focused on defining the
conditions of carbon deposition and the role of
chemisorbed carbon in formi.ng products other than
methane.

Integration of the hydrocarbons produced dUTing
hydrogenation showed that the operating catalyst
maintains a carbon inventory equivalent to one
to six Ru monolayers. The aJTIount of carbon retained
by the catalyst increases as both the CO partial
pressure and the HZ/CO ratio used during synthesis
increase. The fact that the carbon inventory is
larger than a Ru monolayer is surprising, since
Ru has a low solubility for carbon and does not
form carbides.

Hydrogenation of a Ru/SiOZ catalyst following
a period of steady-state synthesis was carried
out to determine the nature and reactivity of
residual carbonaceous species. Concurrent obser
vation of the catalyst surface by infrared spectros
copy revealed that chemisorbed CO was eliminated
from the catalyst surface within the first few
minutes of hydrogenation. Methane, ethane, and
propane were found in the gaseous products. 'The
production of these products continued for up to
Z hI' at rates which at first exceeded, and later
~pproximated, steady-state synthesis rates. It
is significant that hydrocarbons other than methane
were produced in the total absence of chemisorbed
CO, suggesting that propagation of the synthesis
reaction does not i.nvolve chemisorbed CO.

J. G, Ekerdt, S. C. Kellner, G. Low, and A, T. Bell

3, S1lJDIES OF FISCHER-TROPSCH S~LHESIS ON
SUPPORTED RU~n1ENIUM CATALYSTS

area of our catalyst (1 cmZ) the total conversion
was less thffil 1%, The addition of ethylene or
propylene in small concentrations (0,04-2.7 mole %)
to the reactant stream resulted in a product dis
tribution more typical of high conversion reactors
(dominant product C5+). rfhese results suggest
that readsorption and secondary reaction of the
initially produced a-olefins is an important path
way leading to the formation of large molecular
weight hydrocarbons during Fischer-Tropsch
synthesis.

, D. Go Castner and G, A. SomorjaiD. J.

of CO has been investigated
iron under reaction

of 6 atm total pressure, 3:1 HZ:CO
mixtures and a temperature of 300°C. The reaction
was carried out in a diffusion pumped UHV chaJnber
equipped with a pressure isolation cell and
the reaction (Cl to C6 hydrocarbons) were
detected by Before and after
a reaction of the iron
catalyst was electron
spectroscopy. two surface additives,
oxygen and were investigated. The iron
catalyst was by heating for 10 min at
600°C in 1 atm of OZ, A potassium ion gilll was
used to on the catalyst. The
two major effects of these surface additives were
prolonged lifetime and a changed product
distribution. lifetime and production
of higher molecular hydrocarbons increased
upon changing the from clean iron to
oxidized iron to impregnated oxidized
iron. Potassium on clean iron com-
pletelyvaporized the catalyst was heated
above 100°C in vacuum while the potassium impreg
nated oxidized iron was stable in vacuum at 300°C.
This indicates that the potassiulli present in the
impregnated oxide is not metallic but probably
is either in the form of a potassium oxide or an
iron-potassium-oxygen species. The surface addi
tives appear to have two important roles. One
is the prevention of the deposition of multilayers
of carbon on the catalyst resulting in an increased
catalyst lifetime. 'fhe other is changing the
reaction mechanism resulting in an increased pro
duction of higher molecular weight hydrocarbons.

The HZ/CO reaction has been investigated over
well-characterized iron (111) single crystal
surfaces. Under the reaction conditions (6 atm,
3:1 HZ:CO, 300°C) the dominant product was methane
(85 mole%) with small aJnounts of ethylene (11 mole%)
and propylene (3 mole %). Due to the low surface

*This work was supported by the Division of Chemical
Sciences, Office of Basic Energy Science, U. S. Dept.
of Energy.

Additional information concerning the reactivity
of chemisorbed carbon was obtained from tempera
ture prograJnlDed reaction (TPR) studies. For these
investigations pulses of CO were passed over the
catalyst, maintained at a fixed tem)erature. The
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Lewis acids, and in particular ZnClZ and SnClz,
are known to catalyze the conversion of coal to
liquid products at sub-pyrolysis temperatures
(~ 350°C), with only moderate consumption of
hydrogen. The studies reported here are part of
an ongoing effort to identify the specific chemical
reactions promoted by Lewis acid catalysts. To
meet this objective we are investigating the
chemistry of model compounds whose structures
resembles those present in coal. Studies conducted
during the past year have focused on the chemistry
oxygen and sulfur containing structures and the
hydrogenation and cracking of fused ring aromatic
and hydroaromatic systems.

The reactions of structures containing oxygen
and sulfur were investigated to establish the
effectiveness of ZnClZ for the cleavage of ether
and sulfide linkages between the aromatic or hydro
aromatic nuclei and for the removal of sulfur and
oxygen from heterocyclic structures. These studies
were conducted in a high pressure autoclave, both
in the presence and absence of molecular hydrogen.
A list of the model compounds investigated is given
in Table 1.

4. CHEMICAL CHANGES PRODUCED IN COAL THROUGH THE
ACTION OF LEWIS ACID CATALYSTS

To complement the investigations of hydrocarbon
synthesis conducted at pressures below 1 atm, we
have recently completed a facility which allows
investigations at pressures of up to ZO atm. The
reactor used with this apparatus is designed to
pennit infrared spectra to be taken of the catalyst
surface at high pressure. Experiments conducted
to date have pennitted us to investigate the
effects of pressure and gas composition on the
molecular weight distribution (Cl to ClZ) and the
olefin to paraffin ratio. These experbnents have
revealed that the yield of C3 products decreases
and the yield of Cn~4 products increases with
increasing total pressure and decreasing HZ/CO
ratio. The olefin to paraffin ratio increases,
particularly the C3~/C3 ratio, as the total pressure
or HZ/CO ratio is decreased. Infrared spectra
taken at pressures up to 10 atm are identical to
those recorded at pressures below 1 atm.

The formation of hydrocarbons containing two
or more carbon atoms is proposed to occur via the
oligomerization of adsorbed methylene groups. The
alkylidenes produced in this fashion could undergo
intramolecular hydrogen transfer, followed by
desorption, to produce a-olefins or hydrogenation
to produce alkanes. Since active surface inter
mediates could not be detected by infrared spectros
copy, attempts were made to scavenge these species
from the surface by reaction with either ethylene
or cyclohexene. Using ethylene as the scavenger,
propylene was produced. With cyclohexene, ethyl,
propyl-, and butylcyclohexane were detected as
products. These results taken together with recent
evidence from the literature argue for the presence
of surface carbene species.

amount of carbon deposited on the surface as a
result of CO disproportionation was detennined
by measurement of the COZ produced. After cooling,
the catalyst to room temperature, reaction of the
adsorbed CO and carbon was carried out by heating
the catalyst at 1 K/sec in a flow of HZ. Typical
TPR spectra are shown in Fig. 1. For CO chemisorp
tion at temperatures above ZOO°C, narrow peaks
of methane and ethmle (not shown) are observed
at room temperature. The amount of carbon present
as hydrocarbons in these low temperature peaks
is approximately the same as the amount of carbon
fonned by CO disproportionation during adsorption.
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Fig. 1. Effect of CO adsorption temperature on
the fonnation of methane and ethane during tempera
ture progralillned reaction. (XBL 787-1303)
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The data acquired thus far strongly indicate
that the synthesis of hydrocarbons over Ru is
initiated by the dissociation of chemisorbed CO.
The equilibrium for this reaction is not favorable
and the accumulation of chemisorbed carbon occurs
as a result of rapid removal of chemisorbed oxygen
by reaction with HZ. It is envisioned that step
wise hydrogenation of the chemisorbed carbon leads
to the fonnation of methane. A rate expression
based upon this mechanism of methane synthesis
is in very good agreement with that observed
experimentally.
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Table 1. List of model compounds.

TH ETHERS

4.

os

I. Diphenyl

@-CH2<~~O-@

CH2-@

oo

Both cyclic arId non-cyclic ethers were cleaved
by if at least one methylene group was
present adjacent to the ether oxygen atom. A
similar was observed for the sulfides and

By contrast compounds such as furan,
pyran, thiophene, and Mbenzothiophene were
unreactive at temperatures up to 325°C.

The reaction mechanisms for those compounds
catalyzed by ZnC12 are very similar and ca~ be
illustrated by the mechanism for the reaction of
dibenzyl ether in benzene solution, shown in Fig. 1.
As indicated, the active form of the catalyst is
believed to be a Bronsted acid [i.e., H+(ZnC120H-)].
Protonation of the ether, and subsequently the
benzyl alcohol, leads to the formation of two benzyl

carbonium ions. In the presence of benzene these
ions rapidly react to form diphenyl methane.
Similar alkylation reactions will occur with
tetralin and other aromatic solvents. If an alipha
tic solvent such as cyclohexane is used, only an
insoluble tar is formed by successive reactions
of the carbonium ions with the original ether.
Such polymerization reactions are highly undesir
able, and are characteristic of retrograde processes
which occur during coal liquefaction.

To minimize the extent of tar formation, and
the allcylation of aromatic solvents, it would be
desirable to tenninate the reactive carbonium ion
intermediates by reaction with hydride ions. As
a test of this idea, dibenzyl ether was reacted

3. + + ,..... ,,,"',,;::

+ +

Fig. 1. Reaction mechanism for the cleavage of ether linkages. (XBL 794-1006)



in the presence of ZnC12 and LiAIH4' The desired
product, toluene, was obtained in the absence of
any tar. Based upon these results, efforts were
made to develop a regenerable hydride source.
Preliminary studies using Zn and Ni powders in
conjLillction with have been very encouraging.
The presence of Zn or enhances the overall
conversion of dibenzyl ether and the selectivity
towards toluene and, at the same time, reduces
the fraction of reacted ether appearing as tar.

The hydrogenation and cracking of two-membered
ring systems were investigated using naphthalene,
methyl naphthalene, naphthol, tetralin, and
tetrahydronaphthol. These studies were conducted
in a solvent at 225 and 325°C under
a pressure of 600 psi.

At and in the presence of ZnCI2,
reacted to form tetralin and tar as

the major products. Smaller concentrations were
also found of benzene and alkyl benzenes. l1Iese
latter products were formed by the cleavage of
tetralin. If tetralin was used as the initial
reactant, then naphthalene was observed as the
principal product together with small concentra
tions of cracking products. It is thus apparent
that hydrogenation of naphthalene to tetralin is
a reversible and facile reaction but that cracking
of tetralin occurs to a more limited degree.

Introduction of either a methyl or hydroxyl
group on naphthalene enhanced the reactivity of
the substrate significantly. Both groups appear
to promote hydrogenation of the ring structure.
Surprisingly, large quantities of naphthalene and
tetralin are observed, suggesUng that dealkylation
and dehydroxylation occur in parallel with
hydrogenation. Efforts are now being conducted
to establish the reaction networks operative for
the substituted naphthalene substrates.

5. TRANSITION METAL ACTIVATION OF S1vlALL MOLEOJLES*

J. R. Fritch and K. P. C. Vollhardt

The mechanism of allcyne metathesis (1) is a
matter of unresolved contraversy. The actual
process has been observed at relatively high
temperatures in the gas phase mId in solution over
mostly heterogeneous tungsten and molybdenum
catalysts. However, the literature abounds with
examples in which the final product of the
interaction of a_n allcyne with a transition metal

organic or organometallic) appears to
derived from initially metathesized or

"dichotomized" starting material. As a logical
intermediate in this reaction, the formation

RI:::- R2 M [HRtJ ~M
R1 R2I I- - III + III (1)-- -- I I

RI:::- R2 R1 I R2 R1 R2
M
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of a transient cyclobutadiene metal surface
I could be proposed, capable of dissociation
(presumably via the corresponding jllela.l~clCY·C~U~I~jlt.a
dienes) in either of the two possible modes
rise to the observed products. This mechanism has
been discounted due to the "unusual stability"
of cyclobutadiene metal complexes, and the fact
that their condensed phase thermal
fails to give alkyne products but leads
to the formation of cyclobutadiene-derived
structures.

Other mechanistic rationales for the process
of allcyne metathesis have been advanced,
the intermediacy of metallocarbynes, in analogy
to the metallocarbenes observed in alkene meta
thesis, and metallanorbornadienes.
of such species which also appear to be UblqLutOlJ.S
on surfaces engaged in Fischer-Tropsch,
and hydroreforming catalysis, have indeed been
shown to generate alkynes on thennal de'C01npC)SJtlon,
albeit in low yields. We have found that:
(1) cyclobutadiene metal complexes of CYCl,opi3n1::a·'
dienylcobalt may decompose on j]]

the gas phase to regenerate their component
acetylenes; (2) the mechanism of these decomposi·
tions most likely proceeds through intermediate
cobaltacyclopentadienes and bisallcyne complexes;
and (3) the complexed allcynes are capable of
rotation and reclosure to cyc10butadiene rings
before final decomplexation.

The starting materials were subl~ned through
a furnace-heated quartz tube an,d the products
collected in a liquid nitrogen trap. Product
analysis was carried out by a combination of ~~ffi
and analytical g.c. using intemal stmldards,
g.c. -mass spectrometry and comparison with ;-11'1.11\-'';

tic samples, by g. c. coinj ection techniques, pre
parative g.c., and chemical correlation. For
example, pyrolysis of n4·tetraphenylcyc1obutadiene
n5-cyclopentadienylcobalt (2) at 700-800°C
cleanly diphenylacetylene as the only product.
Pyrolyses of diethynylcyc10butadiene complexes 2
and 4 are particularly instructive since their
unsyillmetrical substitution pattern allmvs for the
detection of isomerization processes. 'The results
of their decomposition are shown in Table 1.
Worthy of note are the good to excellent recoveries
of conlponent diynes derived from
of the cyclobutadiene ring. Several minor nrnrl'lr1-"
point to crossover from the l,3-diethynyl to the
1,2-diethynyl potential manifold via
complexed alkyne rotations by rec10sures
to new complexed cyclobutadiene intermediates,
Random diyne shifts are absent. 'The observed
processes indicate that cyclobutadiene complexes
are likely intermediates in alkyne metatheses on
metal surfaces or in homogeneous media.

In the case of cobalt it is unlikely that
metathesis will be observed at other than exce:3sjLve
temperatures. In our search for molecular struc
tures of possible relevance to the above problem
we have found that CpCo(CO)2 reacts with a hindered
alleyne, bis(trimethylsilyl)acetylene (7) to give
a fascinating array of molecular structures (§-!!)
which points to the concurrent operation of several
novel potential reaction pathways traversed by
(sterically hindered) acetylenes in the coordina
tion sphere of cobalt.
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The dimerization path to 8 has as a likely crucial
intermediate a bisvinylidene carbene species which
could furnish product by reductive elimination.
Vinylidene is much more strongly bound to transi
tion metals than n-bonded acetylene, and there
is precedence for acetylene-vinylidene carbene
rearrangements in the coordination sphere of transi
tion metals. The feasibility of biscarbene c~n
plexes has also been demonstrated recently in
tantalum compounds, although reductive eliminations
to give lakenes could not be effected. Compounds

C
I

11

10 and 11 appear to be products derived from
Intermealately generated bis(trimethylsilyl)
-butadiyne. For example, 11 can be made in good
yield (65%) by addition of diyne (1 equiv.) and
excess CpCo(CO)2 (3 equiv.) to boiling cyclooctane.
An attractive mechanism for diyne formation from
7 involves "silyl-acetylide metathesis";
:2 Ivle3Si- = -S:iJvle3 :t Me3Si-SiIvle3 + Me3Si-=-=-Silvle3'
Although palladium catalyzed disilane metatheses
have been observed, and trimethylsilyl- and
stannylacetylides appear capable of -undergoing

Fig. 1. Structure of 11. (XBL 794-1322)



Table 1. Gas phase decomposition product alkynes from cyclobutadiene complexes 3 and 4.°

Starting Materia1b Temperature (OC)c d fProducts (% yield) ,

Me 3Si"

'%-

~ 6

,Si uiMe
5 -

Me 3Si-=-= - 3 4
i ~ ~ 4' I

M':3'

/ r COCp IMe

~'U~(
775 I 32.0 18.3 >0.8 h h 1.8 I 0.41t

~ 702 20.5 12.0 I >0.5 h 0.04 17.3 1.5
Me 3Si. I '%-

675 16.3 9.8 >0.4 h 0.05 32.1 2.0CoCp

I
I I

780 74.5 1. >0.2 I h 0.29 0.06 h

Me
3
Si 4"

682 59 0.58 >0.1 I 0.03 17.8 1.1 0.07

~~ 652 43.7 0.16 >0.1 0.05 34.7 1.2 0.03
4" I SiMe 3 I

CoCp

I640 31.9 0.20 >0.1 0.13 49.2 1.7 0.05

/SiMe 3

LN
---.)

f-'

on standing, even in the cold . They were
pyrolysis l1.1i'1.

was detected tube. In addition to the alkyne pr·od.ucts
indicated, were isolated andd.~~.~~:~~:d~·eLI.

dimers were

starting materials, but
therefore freshly

CAt the center of the pyrolysis tube.

trim(otrlYl.silylh'?Xiltl·iyne, bis
spectroscopy.

rearrangement [J. R. Fritch and K. P. C.

synthesis.

absence of b~;~;;~1~~;1s trethyne, and bis(

by g.c. mass spectroscopy and

by g.c.-mass spectrometry a..Tld FID-g.c.
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n-Octane

Fischer-- Trapsch Catalysis

by ®--~~Ca(CO)2

insertion into the heteratom-sp-carbon
FV,JUAU'~"U transfonnation is Wlprece
lrtJleOnC)re, the remarkable facility with

occurs to furnish 11 points
that this might be a

-cran:3lt:lon metal chemistry.
of the 11 might also

intermediates responsible the repeatedly
occurrence of products fonnally derived

from alkyne and metathesis. However,
we have to excess
bis in boiling decane
for (30 days) only to

in addition to
and cyclic alkyne

trjmers. Similar reaction with a threefold excess
in decal in furnished

as the major
based on Co) in ad,dilticm to a trace

of recovered starting material and intractable
material. No evidence for metathesis could
be obtained.

7. ACTIVATED BENZENOID HYDROCARBONS*

W. G. L. Aalbersberg, P. Perkins and K. P. C.
Vollhardt

(XBL 794-9139)

-;~~~~-~~.--
Supported in part by the Chancellor's Paten Fund.

We have completed mutagenicity tests on the
activated model compounds 1£-12 using the Anles
procedure the results of which point to the
phenanthrene

resuspended in fresh n-octane and exposed to CO/HZ:
the catalysis reswned: TIle original n"octane
(after filtration) was also exposed to CO/HZ: no
methane or other hydrocarbons were formed. On
reaction of soluble CpCo(CO)Z with pure HZ,
reductive decomposition occurred, resulting i~
reduced cyclopentadienyl products, CO, mld a cobalt
mirror no CH4 was detected. Similarly CoZ(CO)8
in n-octane, with or without the presence of macro
porous polystyrene gave only an inactive cobalt
mirror. Most bnportantly, the orgbtlal catalyst
with its two characteristic terminal carbonyl'
infrared stretching bands (Z012, 1954 em-I) can
be regenerated after decarbony1ation Fischer-
Tropsch activity by heating to ZOO°C with 1500
psi CO. Thus, it appears that the CpCo-unit main
tains its identity during the catalytic cycle and
that cobalt crystallites are not responsible for
the obseryed activity. In what form the decarbony
lated "naked" cobalt is present in the resin is
a matter of speculation. The relative difficulty
of regeneration of the startino' CoLspedes on
exposure to CO suggests a ConT-hydride, possibly
a 115_Cp-1l3 .. benzylcobalt hydride, formed by inser-
tion into a tertiary C-H bond of the polymer
backbone. A suitable soluble model is under
construction.

Fig. 1. Ficher-Tropsch catalysis.rCl'rh\mp complexes have been implicated
su:rfclce,s ejtlgcwed in synthesis gas conver

aJl x~ray structure of
was undertaken (Fig. 1). It

cleavage of the alkyne
iln investiga

potential and the reactivity

&lpported in part by NIH and NSF.

P. Perkins and K. P. C. Vollhardt

To ascertain the nature of the catalyst a nwnber
of control experiments were carried out. A cataly-'
tic run was completed, the resin filtered off,

6. i\N I~~DBILIZED HOMOGENEOUS FISCrlliR-TROPSCH
CATJ\1YST*

vVe have discovered that CpCo(CO)Z bl®obilized
on a macroporous resin (3% crosslinked)

attachIflent of cyc10pentadienyl ligand to
benzene of the styrene acts as a Fischer-

Tropsch under mild conditions. The
catalyst P - phenylcyc1opentadieny1dicarbonylcobalt
(P ~ polymer) in the shape of orange-browm beads
is suspended in n-octane, and 75-Z50 combined
pressure of :CO (3: 1) is applied. to
> 100°C a drop in pressure with concomitant
formation of methane higher hydrocarbons (Fig. 1),
and water. Best is observed if all bound
CO is removed from the resin by preheating under
vacuwn before the resi,n is exposed to Fischer
Tropsch condihons. The now deep black resin turns
over CO at a rate of 0.07 mmole/mmole Co/hr.
Product analysis was carried out by gas chromato-

(molecular sieves for lower molecular weight
gases; ZO% UDV'-98 on Chrom W--HP for higher hydro
carbons) and spectral mlalysis. CO/DZ gave
deuterated hydrocarbons as sho\~ by mass spectros
copy, and some deuteriwn incorporation into the
recovered resin.
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whether unique product distributions can be ob
tained with such catalysts.

The effect of alkali metal oxide additives on
the activity and selectivity of ruthenium catalysts
will be examined.

The activity of manganese and manganese-iron
alloys will be investigated. Particular emphasis
will be devoted towards obtaining high olefin
yields from these catalysts. The influence of
Zn and other hydride forming metals on the catalytic
properties of ZnClZ with respect to coal lique
faction will be explored. Studies will be con
ducted using both coal and a variety of model
compounds.

derivative 12 as a weak mutagen. This the first
instance of activation of a non-mutagenic hydro
carbon framework to mutagenic and possibly carcino
genic potential. It is interesting to note that
the corresponding non-bay-region isomer 16 was
inactive in the Ames-test. This was found also
for all other systems tested, possibly a reflection
of intrinsic non~activity associated with the
particular n-topology, or of metabolic deactivation
of the chemically more reactive members in the
series (It, 1~) before mutagenic action can take
place.

Apply a recently discovered novel intramolecular
cycloaddition reaction (Z) we have been able to
synthesize the new layered compound 1§ in which
the benzenoid and olefinic n-frame are arranged
perpendicular to each other. Reactivity of this
compound in hydrogenation, hydrogenolysis, and
as a ligand to metals is under investigation.

The catalytic activity and chemical reactivity
of trinuclear cobalt biscarb"yne complexes will
be tested. Particular emphasis will be placed
on reactions with HZ, CO, and COZ. The scope and
limitations of their synthesis and comparison of
their behavior with that observed for surface
species will be investigated.

Model homogeneous catalysts will be constructed,
aimed at mimicking the structural environment of
our novel polymer supported cobalt Fischer-Tropsch
catalyst. The analogous rhodium system might be
active in methanol and glycol synthesis from
synthesis gas.

Novel layered c~npounds will be synthesized
and the n-interaction between layers investigated.
Pyrolysis studies should provide some insight into
the mechanism of layer-depolymerization in coal.

-3
10 Torr
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8. RESEARCH PLANS FOR CALENDAR YEAR 1979

Gabor Somorjai, Alexis T. Bell and K. Peter C.
Vollhardt

The effect of additives that influence the forma
tion of oxygenated hydrocarbons from CO and HZ
on rhodium surfaces will be explored.

The influence of potassium, nitrogen, and carbon
additives on the catalytic behavior of iron crystal
surfaces during the CO/HZ reaction will be explored.

Catalytic studies of CO/HZ reactions over
ruthenium surfaces will be initiated.

The catalytic activity of supported ruthenium
cluster complexes will be investigated to determine
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1. X-RAY PHOTOELECTRON SPECTROSCOPyt

a. Distinguishing Axial and Equatolial Carbo_l!Yl
Groups in Iron Pentacarbonyl by XPS

S. C. Avanzino, W. L. Jolly, p.-A. Malmquist and
K. Siegbahn

Oxygen Is ESCA spectra of terminally coordinated
carbon monoxide in various transition metal com
pounds, obtained with the old Berkeley spectrometer,
showed single peaks even in the case of compounds
with structurally different tenninal CO groups. The
half-widths of our 0 Is lines from the Berkeley
spectrometer were around 1.4 eV, and the electron
count data were quite scattered because of a high
background count; therefore, our spectra could not
be reliably deconvoluted into separate peN,S due to
the structurally different CO groups. However, be
cause the Uppsala high-resolution spectrometer is

Fe (CO)5
o Is

o

Fig. 1. The oxygen Is spectrum of a mixture of
Fe(CO)s vapor and CO gas. The peak at higher
binding energy is due to the CO reference. The
FE(CO)S spectrum has been fit with two peaks
constrained to a 2:3 area ratio. (XBL 791-7771)

characterized by a very low background level and
generally yields spectra with relatively narrow
lines, we used this instrument to obtain the carbon
Is and oxygen Is spectra of Fe(CO)S' with the hope

"This work was supported by the Division of Chemical
Sciences, Office of Basic Energy Sciences, U. S. Dept.
of Energy.

of being able to resolve the oxygen Is spectrum into
two peaks, characteristic of the axial and equato
rial carbonyl groups of the molecule.

The oxygen Is spectrum of a mixture of CO and
Fe (CO) 5 is shown in Fig. 1. The Fe (CO) 5 spectral
points are obviously asymmetric. The points have
been fit with two curves constrainted to an area
ratio of 2:3. The F test shows that the fit is stat
istically significant with an acceptable confidence
level of > 99.999%.

The fact that the deconvoluted peak of higher
intensity in the 0 Is Fe(CO)S spectrum (the peak due
to the equatorial CO groups) is of lower binding
energy than the deconvulted peak of lower intensity
is in qualitative agreement with the expectration
that the equatorial oxygen atoms are more negatively
charged than the axial oxygen atoms. The result in
dicates that the back-bonding to the equatorial CO
groups is greater than that to the axial CO groups
and is consistent with the well-established rule that,
in trigona1-bipyramida1 d8 complexes, strong n-accep
tor ligands preferentially coordinate at equatorial
positions.

work was supported in part by a National
Science Foundation Grant.

*Abstracted from Inorg. Chem. 12, 489 (1978).

b. A Simple Method for Obtaining X-Ray Photo
electron Spectra of Species in Liquid Solution*

S. C. Avanzino and W. L. Jolly

In x-ray photoelectron spectroscopy, it is im
portant to prevent sample vapors from interfering
with the flight path of the photoelectrons in the
electron energy analyzer chamber. The study of
liquid samples by XPS is usually ruled out because
most liquids have vapor pressures which are too high.
Even if the vapor pressure of a liquid is low
enough to avoid interference in the electron ana
lyzer, the vapor pressure directly over the liquid
is generally so high that photoelectrons from the
liquid are masked and the observed XPS spectruml
corresponds to that of the vapor, not the liquid.
We have found that high quality x-ray photoelectron
spectra can be readily obtained for compounds dis
solved in glycerin and that aqueous solutions can
be converted into glycerin solutions which give
good XPS spectra of the solutes. This technique is
adaptable to most commercial x-ray photoelectron
spectrometers, with little instrument modification.

We chose to study the N Is spectra of a series
of nitrogen-containing salts covering a wide range
of nitrogen oxidation states. Most of these salts
have previously been examined as solids; hence it is
possible to compare the results obtained in the dif
ferent phases. We also obtained the S 2p spectrum
of a solution of sodium thiosulfate. Figures 2A
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Fig. 2A. The computer-fitted nitrogen Is spectrunl
of a solution of Ntl4N03 in glycerin. (XBL 791-

and 2B show the fitted XPS spectra of solutions of
NH4N03 and NaN3, respectively. Within the statis
tical uncertainty, the areas of the nitrate and
ammonium peaks are equal and the peak assigned to
the middle nitrogen atom of N3- is one-half as in
tense as that due to the two terminal nitrogen atoms
of N3- .

20

NH4NO;

11 18
N Is

x

! 16

14 .':
411 409 407 405 403

Binding Energy, eV

NH~

401 399

sample led us to believe that at least four differ
ent sulfur species contributed to the peaks. There
fore no attempt was made to curve-fit the data.

In the case of NH4N03 and NaN3, the relative bind
ing energies were reproducible to better than O. OS eV.
With suitable referencing, this technique can yield
very accurate chemical shift values for dissolved
species.

Ab:3tr'ac1ted from J. Am. Chem. Soc. 100_, 2228 (1978).

c. X-Ray Photoelectron Spectra of Bis(fulvalene)
dimetal Complexes and Their Salts

A. A. Bakke, W. L. Jolly, B.L. Pinsky and J. C.
Smart

Fig. 2B. The c~nputer-fitted nitrogen Is spectrum
of a solution of NaN3 in glycerin. (XBL 791-7773)

[0 JJ2+
~

A series of bis(fulvalene)dimetal species,
[(ClOH8)2M2]n+, was studied using x-ray photolec
tron spectroscopy. Some of the comples have metal
binding energies which are lower than one would ex
pect, assuming the ligands to be dianions. These
data are rationalized by considering the nllital atoms
to be in reduced oxidation states and the fulvalene
ligands to be partially oxidized. For example, the
bis(fulvalene)nickel dication has a lower metal
binding energy than the corresponding monocation.
This apparent anomaly can be explained by assuming
that, in the dication, the nickel atoms are in the
relatively stable +2 oxidation state and that one
pair of electrons has been removed from the two ful
valene dianions. The ligands are presumably equiv
alent, and the situation can be represented by the
following resonance structures, in each of which one
fulvalene dianions has been oxidized to a neutral
fulvalene ligand.

'..~.
397401 399

Binding Ernlrgy, oV
403

8

31 NaN3
N 18

f'/{Q 29
x

I
27

25
405

Fig. 2C. The sulfur 2p spectrum of a solution of
Na2S203 in glycerin. The broadened, misshapen peaks
are due to sample decomposition under the x-ray
flux. (XBL 791-7774)

5 171 169 167 165 16:5
Binding Energy. eV

161 159

The binding energy of the dication is lower than that
of the monocation because of the lower average metal
atom charge, but higher than that of the neutral com
plex because of the less negative electrostatic po
tential of the oxidized fulvalene ligands.

The S 2p spectrum of the Na2S203 solution is ShOiiil
in Fig. 2C. The two bands separated by ~ 6 eV corre
spond to the presence of two types of sulfur atoms
having very different charges. Although this result
is consistent with the known structure of the thio
sulfate ion, the irregular shape and great width of
these bands and the evident decomposition of the

The metal 2p spectra of the mixed-valence com
pounds (n = 1) of cobalt and nickel show line broad
ening indicative of two inequivalent core-ionized
states. Most of the paramagnetic compounds show an
increase in spin-orbit splitting and line broadening
attributable to multiplet splitting. Satellite struc
ture, arising from ligand-to-metal charge transfer
transitions, appears in the spectra of some of the
paramagnetic compounds.
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The data indicate
tions, the
stable intermediate
group, probably in
gennyl oxonium ion LJej-l,lJr17

resent the
tions by the formula
markably stable. In
indefinitely at room
tions are heated for a week at ZOO°C, decomposition
to and germanium(II) (probably as GeC13-)
occurs.

Although we have no direct evidence for the forma-
tion of monomeric GeHZ i.jhen acidic solutions
of GeH3+ are diluted, the fact we obtained ger-
mane and an insoluble subhydride strongly suggests
the intermediacy of We therefore reJpr(3SE~nt
the decarbonylation acid as a
step process.

solid ormlge-ye1low nnl,nnp,-ir

composition GeHO.6'
that the latter compound is
Ge-O-Ge or Ge-OH linkages.
\vas carried out in
> MHC1, > 4 M
yields of caJ:bon-11l0nloxide
solid hydride or gennane formed. An NMR study of
the decarbonylation reaction in cold 8 M HCl showed
that the proton signal of the germaacetic acid was
gradv.ally replaced by a signal of equal intensity,
1.04 ppm toward lower field. The NMR are
shown in . 1. Solutions of in 6
and 8 M HCl, 6 "md 8 M HC104, arid and 8 M
HZS04 were found to have the same properties
and similar NMR chemical shifts, as those prepared by
the decarbonylation of acid in·the same
acid solutions.

CO + xGeH 4 + solid (x « 1)GeH3 coml

The decarbony1ation of 2--gennaacetic acid in
aqueous acid produces 1 mole of carbon 11l0noxide/
mole of acid decomposed, variable small amounts of
germane, and an insoluble orange solid containing
gennanium and hydrogen:

2. SYNTHETIC AND MECHANISTIC STIJDIES

a. Decarl2.ony1ation of 2'·GE:pllaacetic Acid )n
Aqueous Solutions*

D. J. Yang and W. L. Jolly

The purpose of this study was to determine more pre
cisely the stoichiometry of the reaction and to in
vestigate the mechanism of the reaction by the iden
tification of intermediates and by a kinetic study.

ppm, 8

Fig. 1. NMR spectra of a solution of GeH3COOK in 8
MHC1 at -47 and -Z6.5°. The -Z6.5° spectra were ob
fained at approximately 8 min intervals and show the
gradual conversion of GeH3COOH to GeH3+'

(XBL 791-

It is significant that, when potassil.Ull genna··
acetate is dissolved in 8 MHCl at -78°C, no carbon
monoxide is evolved until the solution is wanned to
about -50°C. This result shows that kinetically
stable solutions of gennaacetic acid cm1 actually
be prepared and suggests that the pure acid may be
iso1able under appropriate conditions.

Two different methods of chemical analysis (one
involving redox titrimetry and the other involving
the measurement of hydrogen fonned during pyrolysis)
showed that the average oxidation state of the ger
manium in the react ion products is - Z. When the
decarbonylation was carried out in dilute acid solu·
tions, the gennanivm ended up as germane and as a

Kinetic Study. The kinetic study was carried
out in dilute acid solutions, where the second and
third steps of the overall reaction are rapid com
pared to the first step. The rate of reaction was
measured by determining the carbon monoxide evolYed
as a fl]1ction of time. From plots of log (P

oo
~ P)

vs. time, the hydrolysis was found to be first order
in GeH3COOH. The rate constant was determined at
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rate
the observed

to the
, where k has
at 22.5°C.

order in both

] [UC;l.l ~ L,\JUii.k[leltcl[GeH

various concentrations to find the
dence on jon; the data indicate that
first"order rate constant is
acid concentr;.rLion, i e, ,
a value of (S.59 1 0.14) x

overall rate is therefore
a:nd

seconcl.. orcler rate constant, k was measured at
di.fferent temperatures to obtain activation

of the' react From a of log k vs,
activatLon energy was calculated to be 16.9

in 88%
(XBL 791-7776)
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Wll.en solutions B3H'7mr were wanned
above "65 0

, i.t was changes in the ~
spectra that rhe decomposed to give borate
and 3 shows a series of spectra
recorded two minutes, one··half hour,
two hours, and three after the sample
to .- 28 a • It C811. be seen that, as the due to

the at 0 ppm to
the at 45 ppm due to
Thus one may IVTite the decom-

follows.

experiments showed that the de
L-Vjl!lJ'.)"J.~J..VH of B3H70U- to borate and borohydride is

Because is ill1doubtedly an
intennediate in the hydrolysis of hot aqueous alka-
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621 (1978).Chem. 1
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, J. W, Reed al1.d F. T.
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(0)

kept for several days at room temperature with neg
ligible formation of ffillinonia, and solutions in
liquid ammonia appear to be indefinitely stable
even at room temperature. No significant mass spec
tral peaks with mle greater than 44 [corresponding
to llBH(NHZ)Z] were observed for BH(NHZ)Z or mix
tures of BH (NHZ) Z and NH3.

The boron-II NMR spectrum of BH(NHZ)Z in either
liquid ammonia or tetrahydrofuran is a IZ6-Hz doub
let, consistent with the structure

H
I

/B~
H-N N-H

I I
H H

, I ' , iii' ii'
-60 -40 -20

Ii' I ' , iii iii 'I i

o 20 40 60 80
H, ppm

When either borazine of the glassy solid from the
decomposition of BH(NHZ)Z is dissolved in liquid
ammonia, the ultimate products are BH(NHZ)Z and a
small 3.l1l0unt of NH3BH3 and B(NHZ) 3' The infrared
spectrum of diaminoborane shows four strong NH
stretching bands (two at 3556 em-I and tw~ at 3464
em-I) and a strong BH stretch at Z517 an- .

Fig. 3. Born-II NMR spectra of decon~osing B3H70H
solution. (a) After Z min; (b) after 30 min; (c)
ager Z hr; (d) after 3 hy. (XBL 791-7777)

line solutions of B3HS-, these results indicate that
borohydride should be an important product of this
hydrolysis. Indeed, we found that after heating a
solution of B3HS- in 15 MNaOI1 at SO° for one hour,
the NMR spectrum showed no trace of B3HS-' but showed
the presence of BH4- and B(OH)4- in the ratio 0.7:1,
respectively. A study of the kinetics of the hydrol
ysis of B3HS- in alkaline solutions would be very
interesting.

c. The Synthesis, Characterization and Structure of
Diaminoborane

T. S. Briggs, W. D. Gwinn, W. L. Jolly and L. R.
Thorne

We have carried out the first preparation, and a
preliminary chemical and structural characterization,
of diaminoborane, BH (NHZ) z. Diaminoborane was syn
thesized by passing a stream of ammonia through
molten borane ammine at 1Z5° in a coiled-tube re
action vessel designed to minimize static foam.

(1)

The product and excess ammonia were collected in a
-196° trap. The product was then separated from
ammonia by fractional condensation in a -104° trap.
Yields were 10-17%. Anal. Ca1cd for BNZH5: B, Z4.65;
N, 63.86; H, 11.49. Found: B, Z4.15; N, 60.66; H,
11.60. In the liquid state, diaminoborane decom
poses to form a glassy solid with the evolution of
ammonia. However, as a vapor the compound can be

A total of 33 rotational transitions in the 8-42
GHz region have been assigned for four different
isotopic species of diaminoborane. The spectra are
consistent with a slightly asymmetric top having a
permanent dipole parallel to the B principal axis.
A least-squares procedure was used to determine the
following bond lengths and angles: rBH ~ 1.190 ±
O.OZ A, rBN ~ 1.419 ± O.OOZ A, YNH cis = 1.0Z8 ±
0.01 A, YNH trans = 0.983 ± 0.01 A, NBN = 1Zl.94 ±
0.1 deg, BNH cis = 117.5 ± Z.O deg, and BNH trans =
lZ5.0 ± Z.O deg. The 1.4Z A BN bond length is be
tween the single bond length of 1. 54 A and double
bond length of 1.36 A. This indicates substantial TI

bond character in the ~~N framework. The other bond
lengths are typical. From stark splitting data, the
dipole moment is found to be 1. Z5 ± 0.01 Debye and
is coaxial with the BH bond. The sign of the dipole
moment has not been determined.

3. RESEARCH PLANS FOR CALENDAR YEAR 1979

William L. Jolly

We p1ml to modify the inlet system of the x-ray
photoelectron spectrometer to allow the study of
highly unstable molecules. Then it should be possi
ble, from the 0 Is and C Is spectra of COZ(CO)8, to
determine whether or not that molecule has bridging
CO groups in the gas phase.

We shall continue our study of transition metal
carbonyl hydrides (such as HZFe(CO)4) with the aim
of determining the polarity of the metal-hydrogen
bonds.

To determine the relative abilities of the CO and
NO ligands to withdraw electron density from trans i-
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tion metal atoms, we shall use XPS spectra of Ni (CO)/»
Co(CO)3NO, Fe(C02(NO)2, Mn(NO)3CO, Cr(NO)4, Fe(CO)s,
and Mn(CO)4NO.

We hope to investigate the relative TI and/or 0

electron-withdrawing abilities of various ligands L
by studying the shifts in core binding energies in
series of molecules of the types LMn(CO) 5 and LMo
(CO)S·

We shall further investigate the chemical proper
ties of the new molecule, BH(NH2)2. The behavior in
liquid an®onia solutions appears to be particularly
interesting.

4. 1978 PUBLICATIONS AND REPORTS

Williffin L. Jolly and Associates

Journals

1. S. C. Avanzino, W. L. Jolly, P.-A. Malmquist,
and K. Siegbahn, Distinguishing Axial and Equatorial
Carbonyl Groups in Iron Pentacarbonyl by ESCA, Inorg.
Chern. 12, 489 (1978), LBL-6670.

2. S. C. Avanzino and W. L. Jolly, A Simple Method
for Obtaining X-Ray Photoelectron Spectra of Species
in Liquid Solution, J. Am. Chern. Soc. 100, 2228
(1978), LBL-6944. ---

3. D. J. Yang and W. L. Jolly, Decarbonylation of
2-Germaacetic Acid in Aqueot6 Solutions, Inorg. Chern.
12, 621 (1978), LBL-6673.

4. W. L. Jolly, J. W. Reed, and F. T. Wang, The
Hydrolysis of Octahydrotriborate in Cold Acidic
Methanol-Water Solptions. The Preparation of
B3H70H2 and B3H70H , Inorg. Chem. 18, 377 (1979),
LBL-8040.

5. T. S. Briggs, W. D. Gwinn, W. L. Jolly, and L. R.
Thorne, The Synthesis, Characterization and Struc
ture of Diffininoborane, J. Am. Chern. Soc. 100, 7762
(1978), LBL-8043. ---

6. W. L. Jolly, Nitrogen, The World Book Encyclope
dia, 1978.

7. W. L. Jolly, Idruri, Enciclopedia della Chimica,
USES, Florence, 1978.

Papers Presented

1. W. L. Jolly, Applications of X-Ray Photoelectron
Spectroscopy to Coordination Compomds, at 19th
International Conference on Coordination Chemistry,
Sept. 8, 1978, Prague, Czechoslovakia.

2. W. L. Jolly, The Study of Chemical Bonding by
X-Ray Photoelectron Spectroscopy, University of
Colorado, Boulder, Colorado, October 16, 1978.

3. W. L. Jolly, The Study of Chemical Bonding by
X-Ray Photoelectron Spectroscopy, Colorado State
University, Fort Collins, Colorado, October 18,
1978.
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I, A MODEL FOl"\ THE ANODIC DISSOLUTION OF IRON
IN
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CThe local current density in. (1)
and (2) is in terms of the anodic and
cathodic rate constants, the anoelic and cathodic
transfer coefficients (Cla , ad, the local
force CV - wo), and the ferrous ion concentration
at the surface. In Eq. (2), the reactant
concentration at the surface ffild in the
solution are important. The reaction order of
the limiting reactant, p, is also relevant.

Graphs of I vs. V - ¢ref (in . 1 cmd 2)
are given which illustrate the main features of
the model when Eqs. (1) ffi1d (2) are used.
curves are obtained from the model with either
equation. With Eq. (1), the model does not
a Inniting current plateau. In the
region the current density on the
of the electrode increases in an lJ1i:::.rl~a~)lTlg]y
nonlinear fashion as one proceeds from the active
state to the passive state. This is determi.ned.

Law and results of the model
for two different of the kinetic
i ~ f(V-w

Q
). Equation (1) is a:n eAI)Le~~.LUH

accoUtlts tor the nonlBliform ohmic ,
whereas Eq. (2) also considers the effect of the
limiting reactant upon the local current

The superimposed solutions include
current density result of Nards and Ke:sselman')
as well as the series solution to
equation in rotational
obtained previously

Jr 0 and Jolm NewmanClarence G.

The mathematical problem to be solved is the
superposition of solutions to Laplace's equation.
Laplace's equation is solved subject to the boundary
conditions, where rp is the point of passivation,

evidence in the literature indicate
the iron in 1 WH2SO4.

J a~!1d others have
ffi1d discussed passivation

However, few if any calculations
have been pr'esented to show how a measured overall

curve is related to what ctl.-l-U,:;t.LJL y

interface with due allowance for
and nom.mifonn current density

electrode surface, Much discuss ion con-
cerns over what of electrode does
the current from characteris-
tic of the active state to that to
a state 0 Does the current decrease gradual-

over a range of several millivolts
or does discontinuously? Epelboin et 0.1. 4
have even that the polarization curve
doubles on itself. They have used a negative
inrpedffi1Ce converter (NIC) to the anodic
dissolution behavior of iron in This device

a polarization curve which they
contrast with hysteresis behavior obtained
from a conventional A simple model

for ohJnic potential drop
to the en''''''!'''''A of the disk will lead to such a

curve for the overall system behavior
obtained with a NIC.

The model uses a current density'-overpotential
vLO.c..LV.H.oH.LtJ which is e:>q)onential with respect

to the in the active region for iron
dissolution At a specified value of
the , current density changes
discontinuously to all low value, i. e. ,
10- 4 A/cm2. Further increases in the overpotential
yield this low current Ine value of the

at which the current density changes
discontinuously corresponds to a characteristic

force which is necessary for
film to be formed. The radial position

correslP0J1d:Lng to this value of the overpotential
of passivation and is used to calculate

coverage. '111e model does not e:>q:>licitly
account for the concentration overpotential nor
the 'variation of ionic species by mass transfer.
However, mass transfer limitations can be included
through the dependence of the current density upon
the limiting reactant.

*This work was supported by the Division of Chemical
Sciences, Office of Basic Sciences, U, S. Department
of Energy.
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mental data.
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possible
We are r"l1rny()t'] '" inve:st:i.g'l.tiXJg fJV.JJ,LUL

In this research and theoretical
results from the literature used to infer
jJV.;>.",LUJ," mechanisms for poteIltJ,a.l variation and

reaction at the
interface.

and we
tUlmeling mechanisms,
through surface states.
one to s:i.mulate
chem:i.ca1 systems such as
cell.

2. MATJ:-IEMATIC'JU, ANALYSIS OF THE SEMICONDUCTOR
ELECTRODE

Flat band poteJ1ULals
are inferred
However, factors
Helmholtz
adsorbed ~JJ'v~_Le~
in the
eters. In
tance of these factors,
the technique are
description of
fusion and IT1"',",r"rm

using the depletion
has been foulld to results

fa'vol:at,ly with an exact numerical solution. In
the electric field is

paral)oJ,lc form in the
aLLows

without the

1. R. DeGryse, W. P. G~nes

J. Vennik, J. E1ectrochem.
P. Cardon and W. P. G~nes, J.
(1978) .
2. V. A. Tyagai et aI., Sov. ElectrochenL 1
(1965) and !~, 692 (1968); Surf. Sc:i..~§..,

David L. Ullman and John Nmvman

1.5o-0.5

n c3.162xIO-4 A/crn2

nFkc 0 6.~,69xICI-o

by the nonuniform ohmic drop. When Eq. (2) is
used in the model, limiting current plateaus are
obtained which correspond to those of Epelboin
et a1. 4 Results for the transition region yield
a disk of uniform current density. rfhe decrease
in total current from the active to passive state
is entirely attributable to the decrease in the
active area of the electrode. This behavior of
the model is in basic agreement with the experi ..
meDtal results of Epelboin et al. 4 An apparent
limitation of the model is its inability to
account for the fonnation of a passive film at
radial positions smaller than the active region.

0.4 -,
<!

Fig. 1. Comparison of
calculations when kinetic
line) calculations, (dashed
results.

1. K. F. Bonhoeffer, Z. Metal1kunde 44, 77 (1953).
2. U. F. Franck, CITCE 4 (1952).

Fig. 2. Comparison of measured and calculated
polarization curves: (solid line) calculations,
(dashed line) experimental results. (XJ3L 7812-6340)
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3. GAS EVOLUTION IN ELECTROCl-IEMI CAL SYSTEMS

Mark E. Orazem and John Newman

Gas evolution at electrodes plays an important
role in primary or secondary reactions at electrode
surfaces in many electrochemical systems. Chlorine,
for example, is evolved as the primary reaction
product in the charging of zinc/chlorine batteries
illld in brine electrolysis. Ifydrogen evolution
can be important as a secondary reaction in proces
ses operated at high negative potentials, and it
can be particularly undesirable in the high rate
discharge of batteries with acidic electrolytes.

A mathematical model is needed to predict the
operational characteristics of electrochemical
systems with primary or secondary gas-evolving
reactions and to provide information for their
design and optimization. Ine governing equations
for mass transfer, combined with an investigation
of reaction kinetics, nucleation and two-phase
hydrodynamics, will be used to provide the desired
model.

4. CORROSION OF IRON-BASED ALLOYS BY COIIL CHAR

Thomas Foerster and J01m Newman

Recently it has been demonstrated that coal
char can cause extensive sulfidation of iron-based
metal alloys.l Stability diagrams that predict
the formation of sulfides and oxides as a function
of sulfur and oxygen partial pressures have been
calculated. 2 Experiments indicate that the gas
flow rate above the char strongly influences the
amount of corrosion observed. At high flow rates
only very thin oxide films are formed, but at very
low flow rates extensive external sulfide scales
are observed.

A model is needed to predict the mass transfer
of the corrosive species from the gas or the char
through stagnant char to the char-scale interface.
Important variables include the flow rate and com
position of the gas, the composition and depth
of the char, and the exposure time.

1. B. A. Gordon, (M.S. thesis) LBL-7604, April
1978.
2. B. A. Gordon and V. Nagaraj an, LBL-7606.

5. POTENTIAL DISTRIBUTION FOR DISK ELECTRODES
IN AXISYMMETRIC CYLINDRICAL CELLS

Peter Pierini and John Newman

A cylindrical cell useful for rotating-disk
studies has been analyzed for its primary resis
tance. Values of the resistance are given for
a large number of cell configurations. The
resistance calculations permit the simpler resis
tance formulas for infinite cells to be applied
to the design of finite cells. l

1. LBL-8203, September 1978.

6. MATHEMATICAL MODELING OF THE LEAD-ACID CELL*

William Tiedemru1D and JolL~ Ne\~an

A mathematical model was developed which de
scribes thr transient discharge behavior of a lead
acid cell. Voltage-time discharge curves were
calculated as a function of electrode porosity,
thickness, separation between electrodes, current
density, and temperature rise. The effective
capacity of the cell was examined in terms of the
state of charge and the discharge current density.
The limiting performance characteristics of the
lead-acid cell were described with respect to these
system parameters and the morphology of deposited
lead sulfate.

*Supported by Globe-Union, Inc.

1. Paper published in the proceedings of the
session on Battery Design and Optimization,
Pittsburgh Meeting of the Electrochemical Society,
October 16, 1978.

7. CURRENT AND POTENTIAL DISTRIBUTIONS IN LEAD
ACID BATTERY PLATES*

William Tiedemru1D and John Newman

Nonuniform current density and potential dis
tributions were calculated by properly assessing
the effect of electrochemical and electronic voltage
losses within the lead-acid cell. l The mathemati
cal model describes the variation of these dis
tributions with time and the utilization of active
materials.

*Supported by Globe-Union, Inc.

1. Paper published in the proceedings of the
session on Battery Design and Optimization,
Pittsburgh Meeting of the Electrochemical Society,
October 16, 1978.

8. RESEARCH PLANS FOR CALENDAR YEAR 1979

John Newman

The simulation of localized corrosion at a
rotating disk electrode will be refined by using
recently measured rates of mass transfer at
rotating ring electrodes in laminar, transition,
and turbulant flow and by using more accurate
representation of the fundamental kinetics of the
passivation process. Modeling of liquid-junction
solar cells will be extended to additional con
figurations, such as back-side illumination. The
influence of gas evolution on design procedures
for electrochemical systems will be investigated.
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9. 1978 PUBLICATIONS AND REPORTS

John Newman and Associates

Journals and Books

1. Thomas J. Edwards, John Newman and John M.
Prausnitz, Thermodynamics of Vapor-Liquid Equili
bria for the Ammonia-Water System, Ind. Engr. Chern.
Fundamentals 12, 264 (1978).

2. Peter Pierini and John Ne~man, Ring Electrodes,
J. Electrochem. Soc. 125, 79 (1978).

*3. John Ne\vman and William Tiedemann, Flow-through
Porous Electrodes, edited by Heinz Gerischer and
Charles W. Tobias, Advances in Electrochemistry
and Electrochemical Engineering 11, 353-438 (1978).

+4. John Newman, Denkikagaku sisutemu, Tokyo:
Corona Publishing Co., Ltd., 1976. Japanese
translation of the English edition, Electrochemical
Systems.

+5. John Newman, Elektrokhimicheskie sistemy,
Moscow: Izdatel'stvo ''Mir,'' 1977. Russian trans
lation of the English edition, Electrochemical
Systems .

6. B. A. Gordon and V. Nagaraj an , Corrosion of
Fe-lOAl-Cr Alloys by Coal Char, Oxidation of Metals
]1., 313 (1978).

Papers Presented

1. Clarence G. Law, Jr. and John Newman, A Model
for the Anodic Dissollltion of Iron in H2S04,

(presented by Law), Seattle Meeting of the
Electrochemical Society, May 22, 1978.

*2. William Tiedemann and John Newman, Mathematical
Modeling of the Lead-Acid Cell (presented by
Tiedemann), Pittsburgh Meeting of the Electro
chemical Society, October 16, 1978.

*3. William Tiedemann and John Ne,vman, Current
and Potential Distributions in Lead-Acid Battery
Plates (presented by Tiedemann), Pittsburgh
Meeting of the Electrochemical Society, October
16, 1978.

LBL Reports

1. Bruce Abbott Gordon, Corrosion of Iron-Base
Alloys by Coal Char at 871° and 982°C (M.S. thesis),
LBL-7604, April 1978.

2. Peter Pierini and John Newman, Potential
Distribution for Disk Electrodes in Axisymmetric
Cylindrical Cells, LBL-8203, Septen~er 1978.

3. Bruce A. Gordon and John Nmvman, Corrosion
of Iron-Based Alloys by Coal Char at 871 and 982°C,
LBL-7672, May 1978.

4. Clarence G. Law Jr. and John Newman, A Model
for the Anodic Dissolution of Iron in H2S04,
LBL-8508, December 1978.

*Supported by Globe-Union, Inc.
+Sponsored by the University of California.
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carbyne, with the carbon bonded
to three atoms or as a vinylidene species,
-CH~CH2' with a 0 metal-carbon bond and also a TI

in.teraction between the double bond and a metal
atom. Most :illlportantly, there is evidence that
the of such hydrocarbon fragments in
clusters is to the of these same
species on metal surfaces. For example, pyridine
reacts with metal clusters with of an ex
carbon bond to a derivative
in which there are 0 between a metal atom
and the nitrogen atom and between a metal atom
and the a carbon atom. Vibrational studies of
pyridi.ne chemisorption on some metals have been

interpreted :il, a fashion analogous
to that of clusters. A comprehensive analysis
has been made of the structural and stereochemical
features of and fragment
bindil1g to metal clusters structural
data are now used to fonnulate models of
hydrocarbon states on metals to
see if the available and chemical informa ~
tion about the surface can
be adequately terms of the cluster
models.

L J. C. Hemminger, E. 1. Muetterties and G. A.
Somorjai, A Coordination Chemistry Study of A
Nickel Surface. The Chemistry of Ni(lll) with
Triply Bonded Molecules, J. Am. Chem. Soc, 10~~~,
62 (1979).
2. E. L. Muetterties, J. C. Hemminger and G. A.
Somorjai, A Coordination Chemistry Guide to Struc
tural Studies of Chemisorbed Molecules, Inorg.
Chem. l~, 3381 (1977).

(~rrOOF\rV Schmidt ,Min"Chi Tsai and

,2 of chemisorption
surface demonstrated a ~0·.,",.",,~

be·t:wE)en coordination '.-Hv"'.Le' '.L
with r",<:YVY'y

Two vacuum chambers
bled. Each is with

accessories for a and
assessment of the interaction of nickel

and platinum surfaces with small,
molecules like carbon monoxide,

I. STRUCTURAL AND CHEMICAL FT:lATLJHES OF CHEMISORBE:D
SPECIES ON METALLIC SURFACES

and methyl
weakly and reversibly

surface of nickel and was
quantitaltilreJ.y VoL"J:).\G,\,.C"", by carbon monoxide. 111e

of was
less than 30 and chemical
evidence indicated molecule was
bonded to the surface through nitrogen end
and that the molecular axis was perpendicular to
the surface" -at least for the chemi-
sorbed state, In contrast isocyanide was
strongly and to this' nickel
surface, On surface, only
hy,dr()QEln was of about

These data suggest that the carbon
and the atoms of the isocyanide molecule
were bonded to metal atoms on the surface, a
feature corrnnonly found in molecular metal cluster
chemistry. .

Studies of , primarily
ligand molecular metal
clusters been for a series of
related tetrcunetal dodecacarbonyl metal clusters,
e.g., Rh4(CO) ,C04(COh2, Rh2C02(CO)12 and
RhC03(CO) resonance stuMes
of these in the solution state over a
range of will establish the activation
parameters of the

on processes. Collabora"
studies ~loO're and Pines are

to establish whether laser (infrared)
CA\_.J.I.al.LVll can initiate lnigration and yield
isotopically labeled clusters in matrices and
whether 13C solid state NtvlR studi.es can be used
for structural

Metal clusters interact with hydrocarbons and
hydrocarbon in a myriad of structural
and stereochemical fashions. For example, the

may bind i11 a metal cluster as a

*This work was supported by the Division of Chemical
Sciences, Office of Basic Sciences, U. S.
of

2. RESEA.RCI-I PLANS FOR CALE1\JDAR YEAR 1979

Earl L. ~~.etterties

The surface chemistry of platinum and nickel
will be exmnined as a function of the surface
crystallography and will be compared with the
established coordination chemistry of the followin.g
molecules: methyl , methyl isocyanide,
aCI3r,TIE~ne, dilnethyl acetylene, benzene, pyridine
and The displacement reaction, a diagnos"
tic of :ilnportance in coordination
chemistry, will utilized to establish a ligand
field strength series for the nickel a.nd platinum
surfaces. In the hydrocarbon reactions, the
potential for dehydrogenation reactions is very
high. For this reason we plan to develop chemical
811d physical diagnostic tests for the presence
of hydrogen atoms bonded to the metal atoms at
the surface. Specifically, the plan is to assess
the effectiveness of an oxidative reagent like
cyanogen for the displac~nent of hydrogen, bound
on the surface as hydrogen at~ns, as hydrogen gas.
In addition, design of a two-stage vacuum system
for high resolution electron loss studies will
be completed and this technique may be utilized
for the detection and characterization of hydrogen



atoms on the metal surfaces. The Nl'vlR studies of
in metal clusters will be com

atterrrpt:s will be made to establish the
permlJ-ta.t:uoHiH cha:rac:te'r of these rearrangement
mechanisms.

3. 1978 PUBLICATIONS AND REPORTS

Earl L Muetterties and Associates

*1. Eo Eo Muetterties, W. R. Pretzer, M. G. Thomas,
B. F. Beier, D. L. Thorn, V. W. Day and A. B.

Metal Clusters in Catalysis 14. The
of Dinuclear Metal-Acetylene Complexes,

Soc. 100 2090 (1978).

*2. C. F. J. J. Welter, G. D. Stucky,
M. J. D'An.iello, . A. Sosjnsky, J. F. Kirner
and E. 1. Muetterties, Metal Clusters in Catalysis
IS. A Structural and Chemical Study of a Dinuclear
Metal Complex [n3-C3H5Fe(CO)3]2' J. Am. Chem.
Soc. 100., 4107 (1978).

*3. 1,. S. Stuhl, M. Rakowski DuBois, F. J.
J. R. Bleeke, A. E. Stevens and E. L.

Muetterties, Homogeneous Hydrogenation
Arenes 6, Reaction Scope for the

[P(OCH3)3J3 Catalyst, J, Am. Chem. Soc.
5 (1978).

4. E. L. Muetterties, A Coordination Chemist's
View of Surface Science, Angew. Chem. 90 578
(1978); Chem. Intern. Ed. Engl. , 545
(1978) .

"I' 5. E. L. Muetterties, Metal Clusters in Catalysis
XvI. The Selective Hydrogenation of Triple Bonds
with Transition Metal Compounds,
IUPAC, Press, 1978.
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*6. E. L. ~uetterties, Metal Clusters in Catalysis
XVII. Hydrocarbon Reactions Funda-
mental Research jJl Homogeneous , Vol, 2,
Edited by Y. Ishii and M. Tsutsui,
Publishing Corp., 1978, p. 1.

*7. E. L. ~uetterties, J. F. Kirner, W. J. Evans,
P. L. Watson, S. Abdel-Meguid, 1. Tavaniaiepour
and V. W. Day, Chemistry of Low-Valent Molybdenum
Phosphites, Proc. Natl. Acad. Sci. J~., 1056 (1978).

*8. L. S, Stelll1 and E. L. Muetterties,
Allylmanganese Phosphine and Phosphite Chemistry.
Synthesis, Chemistry, aJ1d Catalytic Properties,
Inorg. Chem. 2148 (1978).

*9. T. V. Harris, J. W. RatWze and E. L.
~uetterties, Chemistry of Zero- and Low·Valent
Metal Phosphine and Phosphite Complexes. 4. ThB
Iron System, J. Am. Chem. Soc. 100, 6966 (1978).

*10. E. 1. ~uetterties and Patricia 1,. Watson,
An Examination of the Reductive-Elbnination
Reaction. Chemistry of XYCo [P (OR) 3] zt uV."'LJ·<·v",vJ

J. Am. Chem. Soc..1°0, 6978 (1978).

Pa~s Presented

. L. Muetterties, A. R. Ie Brmvn,
J. M. Williams; M. F. and V. W, Day,
Structure, Chemistry and Catalytic Pr,nn,'rr
of Mono- and Polynuclear Rhodium Phnc.l~hi

Phosphine Complexes, presented at Inltel:TI.atJ_on'1.L
Symposium on Homogeneous
Texas, December 1, 1978.

*~------

Supported by NSF.

"l'partially supported by NSF.
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1. High Energy Oxidizers and Delocalized~Eiectron Solids*

Neil Bartlett; Investigator

1. GRAPHITE AND BORON-NITRIDE SALTS

Previous work has indicatedl that when stable
anions (e.g, CI04-, HS04-, etc.) are incorporated
into the galleries of graphite, the electrical con
ductivity, in the plane of the graphite sheets, be
comes comparable with that of the more highly con
ducting metals. There appears to be a simple cor
relation between the electrical conductivity and
the extent of electron transfer from the graphite
(or boron-nitride) sheets to the guest (i.e., in
tercalated) species. There has, however, been some
opposition to this view. 2

The prime concern, in this work on two-dimension
al synthetic metals, has been (1) to correlate me
tallic behavior with the extent of electron transfer
from host to guest and (2) to detennine the details
of the guest and host structures and their mutual
disposition. New materials have been prepared (1)
to facilitate these objectives and (2) to attempt
to provide better two-dimensional metals than hither
to available.

a. Hexafluoride Intercalates of Graphite.

Eugene McCarron, Barry Mcquillan and Neil Bartlett

The hexafluorides of the third transition series
are excellent oxidizers and the electron affinity
increase across the series (which increase amounts
to ~ 1 eV per unit increase in atomic number of the
transition metal as shown in Table 1)3 provides a
well-graded set of guests for graphite. An attrac
tive aspect is that the hexafluorides are octahedral
and nearly isodimensional. The most important fea
ture is related to their oxidizing ability. Although
these molecules could conceivably intercalate as neu
tral species, their strong-oxidizer properties lead
one to expect MF6- or even MF62- species ~ graphite.
The magnetic behavior of MF6, MF6- and MF6 is dis
tinctive for each species a~d provides a basis for

characterizing the guest in the graphite salts. More
over, the heavy metals provide excellent scattering
centers for both x-rays and electrons and therefore
provide graphite salts which are likely even as mi
crocrystalline samples to be susceptible to structure
elucidation by x-ray or electron diffraction.

Previous work in these laboratories had estab
lished that although WF6 will not, by itself, inter
calate graphite, OsF6 and IrF6 do. The limiting
composition for MF6 incorporation in each case is
C~~6 and the magnetic data establish that the guest
species is in each case ~W6-' Thus the average pos
itive charge on a carbon atom in these graphite salts
approximate to + 1/8. The CSMF6 salts are eVidently
close packed since the primitive hexagonal unit cell:
a ~ 4.92, c ~ S.lO K has a volume4 of 170 A3 and
this is the sum of the volume of eight carbon atoms,
as in graphite itself (70 A3), and a hexafluoride
molecule in the crystalline hexafluorides (~100 A3) .

Clearly then, the only way in which more elec
trons can be withdrawn from the graphite sheets with
hexafluoride oxidizers is with the generation of
MF62- ions. This is what the oxidizer PtF6 is able
to do.

Curiously the incorporation of PtF6 into graphite,
either directly or via the 02+PtF6- salt:

+ -
02 PtF6 + graphite --

yields a material of composition C12PtF6. That this
is the limiting composition is shown by the consis
tent analysis for preparations made from powdered
graphite and highly-ordered pyrolytic graphite (see
Table 2). Although it has not yet been possible to
develop single crystals of C12PtF6 the x-ray powder
data indicate a £0 spacing comparable with that in

Table 1. Intercalation of 3rd series transition metal hexafluorides, MF6, in pyrolytic graphite.

M W Re as Ir Pt

No + + - +2 2-Intercalation ? C8 OsF 6 C8 IrF6 C12 PtF 6

EA
6.3(2) 7.8(4) 9.3(1)(eV) 4.5(2) 7.0(6)

*This work was supported by the Division of Chemical
Sciences, Office of Basic Energy Sciences, u. S.
Dept. of Energy.
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Table 2. The Composition of the graphite salt formed from te with excess PU6.

Preparation:

C Analysis:

Gravimetry:

1 3

the C80SFg cll1d C8IrF6 cases, i. e., ~ 8 A. The dia
magnetism of C12PtF6 establishes that the platinum
is quadrivalent and indicates that the PtF6 has been
reduced to PfF62-. Thus the appropriate formulation
is C122+ptF62c-, with an average-carbon-atom charge of
+ 1/6. This is the highest graphite sheet positive
charge ever attained in a graphite salt. It is,
therefore, anticipated that the number of electron
carriers per graphite sheet in this compound is
higher than in any other graphite salt. The double
negative charge of the anions, and their smaller
number, will emphasize the localization of the pos i
tive charges of the carbon sheets, relative to tIle
C8~6- salts, and this may reduce the electron
mobility. If this is not a large effect, the elec
trical conductivity in C12PtF6 should surpass that
of any other salt. Comparative electrical conductiv
ity studies of C80sF6' C8IrF6 and C12PtF6 derived
from highly oriented pyrolytic graphite are presently
in progress.

Just as the non-transition element analogous of
C8 "1v!F6- can be made by incorporating a fluoride- ion
acceptor molecule such as AsFS into graphite, by
treating the material with a mixture of AsFS and

graphite + AsFS +

so it has proved possible to incorporate GeF4:

graphite /2 ]' C x+ G ]" x-x '2 - n e '4+x
11850 H870 ]1890

The graphite salt, like its arsenic and transition
metal relatives is blue, but it loses GeF4 and F2
under reduced pressure and this has presented prob
lems in its analysis. It seems likely that the guest
species is GeF62- and this is supported by the sim
ilarity of the x-ray pmvder photographs to those of
CI2PtF6'

b. X-Ray-Absorption-Edge Studies of AsFS and AsF6
Intercalatio~ Compounds of Graphite.

Neil Bartlett, R. N. Giagioni, B. W. Mcquillan and
A. S. Robertson

Further x-ray-absorption-edge studies, shown in
Fig. 1, utilizjng the Stanford Linear Accelerator

ECeV)

Fig. 1. X-ray preabsorption-edge spectra for CsAsF6'
C8AsF6, CIOAsFS, AsFS and AsF3. (XBL 788-10354)

Synchrotron Facility, have established that the x
ray pre-absorption edge characteristics of AsFS are
significantly shifted in energy relative to those
in the C8AsF6 material, w0ereas this latter material
is very like typical AsF6_ salts. Clearly the guest
species in C8AsF6 is AsF6. The x-ray pre-absorption
edge spectrum for AsSF also coincides closely with
that for one of the features of the x-ray absorption
spectrum of the graphite/AsFS intercalate. The spec-
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edge studies indicate that CSAsF6 is the
-, this compound can, provide a fixed

against which other compolffids, e. g. ,
can be compared, CSS03F appears to

be closely related to (BN)4S03F a comparison of this
pair of materials should also provide insight into
the boron nitride system. Studies so far have in-
volved and C8. 2S03F,

The studies were carried out relatively
samples (~12 g), The sizes being pri,·
dictated by the requirements of the available

calo:nnreter and associated apparatus. The large
size did have the associated benefit that

traces of moisture, to which the materials are
sensitive, and other reaction iJnpurities (such as
that between the material and the surface of its

were less than 1.n the case of
small samples. S1.nce 1.ntercalatec1 are

oxididants, the precaution was taken of
the copper containers. As pieces
graphite are slow to react to

the graphi,te was to a powder
pr1.or to intercalation. The powdered nature of the
saJnple introduced em additional concern--that of
maintaining thennal contact at low temperature. Ad
d1.tion of halocarbon 01.1 did provide for adequate
thennal contact below 2 K but the possibility of
interaction of the oil with the interca1ant and in
terest i,n carrying out future studies with graphite
salts contain1.ng protonated guests, led to an at-

to make the measurements on an oil free sennple.
study of CS,ZSo:>F with a Kel-F oil as thermal

transfer medwm, and of powdered CllAsFS,
completed,

not lose
as does
sence of
electron transter
oxidizer,
or even
rab1e in
that the
cal
studies
are in progress.

tlUll of this material (CIOAsFS
that and arc both n,'pspnt
ter aUDa:relltJlv more abundant

these studies that the
so oxidation

e<' + + 2 AsF6
from the

evidence for
the graphite

show only one resonance
there must be some finite

concentration within the

2 e

For C 7S03F the plot of CiT 0.1',0<""'":'''

hn,ear, as shown i,n Fig.
is approx

value of y

Neil Bartlett, R. N.
and N. E.

, J, C. rIo
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Natural Madagascar Graphite

Fig. 2. Heat capacity data for CS.2S03F
and natural graphite. (XBL

+
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of electron tra.nsfer

sheet
assumption of a
fonu for all of these
assumption, Thus it
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and that D(Ef) should be
electrons transferred from the
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the extent
guest in the
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studies to for
an assessment of carr1.ers in
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where y, the electronic tenn, 1S related to the
of states at the Fermi level, D(Ef). Al though

the between y enId involves
enhancement effects, \vhi<ch are not known for
compounds, it is reasonable as a first aplJYlJx:UUeltj<on
to assume that y and D are for

similar compounds Since the
FFr~r<+inn data salts

and the C-C
close to that

sheet
close to S ,the
states/energy
a reasonable first

that a com-'
comparison

to the
graphite
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from the intercept on the CiT ordinate yields y'" 30
WJ/degZ/gram of natural Madagascar graphite. This
suggests that the number of electron carriers is
appreciably greater in the salt than in the graphite.
Given similar mobilities in the two materials this
would imply a comparable increase in the electrical
conductivity of CS.ZS03F relative to graphite. Com
parison of these electrical conductivities is
planned.

The heat capacity data for C10AsF5 were obtained
using a modified container which had internal fins.
The data are given in Fig. Z. The absence of the
thermal contact medium (Kel-F oil) has resulted in a
larger scatter than in the Cs ZS03F case. By main
taining a compacting pressure'on the powder and by
using a multi-pronged cap and internal fins it
shOUld be possible to improve the thermal contact
beyond that seen here. There is again obedience to
the C '" AT3+ yT relationship anticipated for a metal.
The y value of 34 W J IdegZIgram carbon compares
roughly with that for CS.ZS03F. If the assumption
of similar dependence of y upon D(Ef) holds for the
two compounds the electron transfer from the graph
ite is comparable in the two cases with the trans
ference for the arsenic case exceeding that for the
fluorosulfate by a small amount. Again, further
evaluation of these findings must await the heat
capacity findings for CS+AsF6- and the comparison of
the electrical conductivities in all of these mate
rials.

1. A. R. Ubbelohde, Nature ZIO, 404 (1966); A. R.
Ubbelohde, Proc. Roy. Soc. A~9, Z97 (1969).
2a. John E. Fischer, JCS Chem:-Eomm., 544 (197S).
Zb. B. R. Weinberger et.al., Solid State Comm. 27,
163 (197S); L. B. Ebert and H. Selig, Mat. Sci.~ng.
31 177 (1977).

N. Bartlett, Angew. Chem. Int. Ed. 7,(6) 433,
(1968) . -
4. N. Bartlett, B. Mcquillan, and A. S. Robertson,
Mat. Rs. Bull. 13(11) (in press).
5. N. Bartlett and D. H. Lohmann, J. Chem. Soc.,
5253 (1962).

Z. AROMATIC-CATION SALTS

Francis Tanzella, T. J. Richardson and N. Bartlett

In 1974 Bartlett and Richardsonl used salts of
the 02 + ion to prepare the first salt of the hexa
fluorobenzene cation:

C6F6+AsF6- in SOZClF as solvent, produces a blue
black solid which is admixed with a colorless crystal
line solid. This same colorless solid is produced in
high yield by the interaction of arsenic pentaflu
oride with benzene in hydrogen fluoride or SOZClF.
Analysis has established the composition C6HsAsF4:
Found: C, 31. 77; H, 2.33; AS,33.1; F,32.9%, required
for C6HSAsF4: C, 31.60; H, 2.Zl; As, 3Z.9; F,
33.3%. The material is a relatively involatile
solid which blackens, without melting at l2S o

• 19F
NMR spectrq of solutions in dimethyl sulfoxide show
two resonances: one at 62 ppm (upfield of CFC13)
and characteristic2 of AsF6- and the other is one
third of the intensity of the former at 165 ppm.
These findings are consistent with f~rnlulat~on of
the material as the salt (C6HS) 2AsFZ -- AsF6. The
molecular material C6HsAsF4 has been described3 as
a low melting volatile compound. It is surprising
that the C6H6/AsFS interactions in !1F or S02ClF do
not form this latter material and that the synthe
sis of the salt approaches 100% yield. It may be
that C6HSAsF4 is the initial product:

and that this isomerizes in the presence of the ~~:

The blue-~lack diamagnetic solid produced in the
02+ and C6F6 oxidations of benzene is evidently
polymeric, being of low solubility and low volatil
ity. The solid appears to be comparable to powdered
graphite in its conduction of electricity. It seems
unlikely that this solid could be the sought after
salt C6H6+AsF6 and is more lilely to be a polyphenyl
or a salt of such a polymer. It is noteworthy that
the benzene cation is a poorly described species and
is evidently difficult to preserve. This is no~ the
case for the higher molecular aromatics.

Extension of the synthetic approach used for the+ --synthesis of C6F6 salts to the higher molecular
weight aromatics was of considerable interest be
cause it appeared possible, at least for the mono
positive large-ring-system cations, that some over
lap of the ring systems might occur. Such overlap
could result in extension of the electron delocaliza-
tion to the crystal as a whole. The highly stable
anions such as AsF6-' PtF6-, etc. have an effective
thickness of ~ 4.7 A, and since aromatic molecules
have an effective thickness comparable with graphite
(of a little less than 3.4 A) ring overlap appears
to be feasible.

The salt C6F6+AsF6- is a simple paramagnet and the
crystal structure is related to that of cesium chlo
ride with each discrete ion rhombohedrally coordi
nated by either ions of the other kind.

This synthesis opened up the possibility of using
0Z+AsF6- and even C6F6+AsF6- in the oxidation of ben
zene and other hydrocarbons.

The interaction of benzene with either OZ+AsF6- or

+
+ 0z AsF 6 + 'fhere are practical problems in the syntheses.

The higher molecular weight aromatics are usually
not very soluble in solvents which are compatible
with our oxidizers, and, if the aromatic is not en
tirely in solution, urrreacted starting material be
comes coated by the salt formed in the oxidation.
Moreover the dioxygenyl salts are of low solubility
in the usable solvents. It is usually necessary for
the 02+ salts to be present in stoichiometric quan
tity since they cannot be easily separated from the
desired product. A strategy for removing an excess
of the dioxygenyl salt, which can occasionally be
employed, is to convert it to the C6F6+ salt and
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The structures of the 1:1 and 1:2 materials which
are shown in Fig. 1 help to account for the observed

of the melts. The melt of the 1: Z com~
pound is viscous, presrnnably because the polymeric
arrm1g(~n(;nt observed in the crystal is retained

in the melt. The XeF2 lnolecules in this
material each coordinate to two XeFS + ions and each
of the latter are also coordinated to two AsF6 spe
cies thus generating an infinitely F-bridged system
of molecules and ions. Since the XeF2 is symmetric-

coordinated (and is in a symmetrical electric
neither F ligand of the molecule tends to F

character. Thus the F ligands of the XeP2 molecule
bridge-bond to the XeFS+ cations in lJluch the same
fash+on as the F ligands of the AsF6 ions. Each

T ion thus has 3 F ligands associated
i t ~ ~ one from one each from 2 AsP6-

ions. This situation is in marked contrast with
what is observ"(d in the 1: 1 compound. In this mate-
rial XeF5 ' ion (although otherwise similar to
the in XeF2'2XeF~~sF6) is bridge-bond~d to 2 F

-one from XeFe and one from an AsF6 anion.
The coordinated group represents the formula unit.
Other interactions between these units are essen
tially of Van der Waals type. This system is not
polymeric and, appropriately, the melt is mobile. It
is evident from the structure of the 1:1 solid adduct
that the molecule in an uI1synunetrical electrical
field tends one canonical form of the resonance
hybrid set {(FXe)+F~, F~(XeF)+}. The F~ligand of the
XeF2' which makes a bridge bond to the XeFS+' is now
much more akin to F~ than in the 1: 2 adduct case.
Thus the ligand makes a close approach to XeFS+
[(2.47 A as opposed to 2.65(1)A)J. This also has
the of reducing the bridging~F ligand coordi~

than 10 eV. If so, it will be thernost
oxidizer ever krrown. Since AW~6 is likely

to be thermodynamically unstable with respect to
and F2, it i.s desirable that the species (which
have kinetic stability as a consequence of its

octahedral symmetry) should be generated at the low~
est possible ten1perature. Since hydrogen fluoride
wHl be anodically oxidized to fluorine it is de
sirable to find an electrolyte based on Auf6" itself.
Since XeF5+AuF6" is relatively low melting (m.p.
190°) this material or its derivatives have appeared
promising. Indeed, since XeF5+AuF6" and XeFs+AsF6
are isostructura1 2 and since the AsF6" radical is
also a desirable oxidizer, the AsF6" system has been
selected as the first for study. Earlier studies
had previously indicated3 that lower melting mate
rials them XeFSAsF6 could be obtained by forming 'ad
ducts between this salt and XeF). Our recent work
has confirmed that this is so. ~

Three compounds have been identified in the
tem XeF2/XeFsAsF6. are the 2:1, 1:1 and 1:
adducts. Since of all three have been ob-
tained and the structures of the 1:1 and 1:2 com~
pounds have been elucidated and are sho\Vl1 in Fig. 1.
The compounds melt at ~ 69°, ~ 55° and 6So, respec
tively, whereas XeFSAsF6 melts at 134° and XeFZ at
129°. Moreover, mixtures of the 2:1 and 1:1 form
a eutectic which melts at ~ 40° and which readily
supercools to room t~nperature. Such melts can be
contained conveniently in Teflon FEP apparatus,
whereas melts involving XeFS+ salts at temperatures
above 130° require especially oxidatively~resistant
container materials. Raman Spectra of the adducts
are shown in Fig. 2.

(all
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Mcquillan and Neil Bartlett

I

Interaction of coronene(I) with an excess of
C6F6AsF6 yields a dark solid, analysis of
which indicates the cor[~osi"iticln C24H12(AsF6)2.
Found: C, 43.42%, (AsF6) 2 rel::ju:l.rE;S
C, 42.5%, H, 1.78%.

we have found
and the

aromatics the lower
C6F6+ salts to be used
does the low thermal
reagent is
more soluble

then decompose the latter at room
of the products are

solid have not been
, x~ray are
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1. T. J. Richardson and N. Bartlett, J. Chem. Soc.
Chem. Comm. 427 (1974).
2. E. L. Muetterties and W. D. , J. Am.
Chem. Soc. 81 1084 (1959).
3. W. C. , J. Amero Chem. Sco. 82 6176 (1960).
4. For I. Co Lewis and L.
J. Chem. ,43, 2712 (1965) 0
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nation of the XeFS+ to two. (In the structure of
XeFSAsF6 itself,Z each XeFS+ is coordinated to three
bridging-F ligands, as in XeFZ"ZXeFsAsF6' each of the
F ligands being of an AsF6- species.)

Evidently this remarkable adduct, forming ability
of XeFZ ~vhich must be associated with the apprecia
ble bond ionicity of the molecule), makes for gross
coordination and conformaton changes and it Inust be
to these effects that the low melting temperatures
of the adducts and their mixtures are due. It ap
pears probable that XeFSAuF6 will form similar lower
temperature melts. Plans for electrolysis of such
melts are in hand.

1. F. B. Dudley, J. Chern. Soc. 3407 (1963).
2. N. Bartlett et.aI., Inorg. Chern. 13, 780
(1974); N. Bartlett and K. Leary, Rev.-chimie
Minerale 13, 780 (1976).
3. N. Bartlett and M. Wechsberg, Z. Anorg. v
Allgem. Chemie 385, 5 (1971).

4. RESEARCH PLANS FOR CALENDArl. YEAR 1979

Neil Bartlett

Gra,l2hite and Related Salts. Although it is now
clear Lhat even the most powerful oxidizers (e.g.,
PtF6) can be intercalated into graphite, without
disruption of the graphite sheets, neither the struc
tural details of the resultant salts nor their elec
trical properties have yet been determined. It ap
pears that the stable mono-negative anions close
pack in the graphite galleries, but it is not known
whether the arion lattice is commensurate with the
carbon atom framework or not. X-ray diffraction
studies will continue. Electron diffraction and lat-
tice imaging studies will also undertaken, in colla
boration with Professor G. Thomas and his associates,
and electrical conductivity studies in collaboration
with Dr. T. Thompson of the Stanford Research Insti
tute. Synthetic work will explore the possibility
of making ordered mixed salts such as the fully inter
calated materials Cl~sF6IrF6 and Cl~sF6S03F:

Efforts will also be made to carry out anodic ox
idation of low Inelting adducts made by dissolution
of XeFS+rvlF6"" salts in XeFZ' Anodes prepared from the
graphite salts C8/vlF6 will be used in these studies.

Aromatic-Cation Salts and other Delocalized
El~~t~on-§~]j_d~~Furthersynthetic work on coronene
salts will emphasize the production of highly crystal
line (~referably s~ngle crystals) of CZ4HIZ'MF6 - and
CZ4H12" )Z. Ihe observed moderate electrical
conductivity of powdered samples of these materials
gives support to the view that overlap of the cor
onene rings in these salts results in the electrical
conductivity properties. Single crystals are essen
tial for reliable structural work and for meaningful
electrical-conductivity measurements. X-ray absorp
tion fine structure studies(EXAFS) will be applied
to the characterization of the AsF6- salts derived
from coronene and to the amorphous polymeric mate
rial derived from the oxidation of benzene with

02+AsF6-' Similar studies already carried out on
C8AsF6 will be correlated with the new.

Efforts will also be made to prepare transition
metal analogues of the superconducting salts
Hg~sF6 and Hg3SbF6. The latter compounds are in
comensurate-lattice materials in which cationic one
dimensional-metal-atom chains pass through a lattice
of anions. The impact of magnetic anions on the
structural and electrical properties of the mercury
chains is of considerable theoretical interest.
Efforts will be made to prepare Hg3/vlF6 where M is
Os, Ir, Pt and Au.

Exploitation of KrFZ and other Powerful Oxidizers.
The remarkable oxidizing properties of KrFZ remain
largely unexploited. The KrZF3+ species is partic
ularly attractive as an oxidant since it is electro
philic and yet the Kr-F bonds although slightly
stronger than in KrF Z are nevertheless weaker than
in FZ' Clean syntheses of CIF6+ and NpF6+ will be
attempted. There is even the possibility that
photolysis of KrF+AuF6- may be a route to AuF6'
Photochemical decomposition (at 12 K) of solid KrF2
as a route to KrF4' and of Hg atoms in a matrix of
solid KrF2' as a route to HgF4, will also be
explored.

S. 1978 PUBLICATIONS AND REPORTS

Neil Bartlett and Associates

Journal
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Z. N. Bartlett and K. Sepplet, Kernresonanzunter
suchungen an Hexafluoriden, Z. Anorg. Allg. Chern.
436, 12Z (1977).

3. N. Bartlett. R. N. Biagioni, B. W. Mcquillan,
A. S. Robertson and A. C. Thompson, Novel Salts of
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Chern. Comm. ZOO (1978).
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i
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g. Transition Metal Conversion of <J!nd
Ortll'lJl1Iic Molecules to Fuels and PetrochemilCals*

Robert G. Bergman,

+

2

Fig. 1. IH NMR spectrum of labeled methane
obtained in the reaction of l-d6 with CZHLl •

(XBt: 79Z-365)
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this reaction. The fact that it is CD3H is clearly
indicated by the seven-line pattern characteristic
of one proton coupled to three equivalent deuteriunl
atoms each have spin = 1; this conclusion is con
fiTIled by mass spectral analysis. This result

Z. A MODEL FOR THE IvlECHANISlvl OF ZIEGLER-NATTA
POLYMERIZATION OF ETHYLENE

This project involves a study of the mechanism
of a reaction which serves as a model for 0L'Cg_lCl

Natta polymerization of ethylene, an important
industrial process which employs homogeneous
catalysts in the production of large quantities
of polyethylene each year. 1 The classic mechanism
postulates, as a critical step, insertion of
ethylene molecules into the terminal metal-carbon
bond of the growing polymer chain. Z Recently,
however, it has been pointed out by Green, Rooney
and their co-workers at Oxford that no good pre
cedent has yet been reported for such a reaction
step in simple organometallic . j They
therefore suggested instead that a different
mechanism, involVing initial is
involved.

Eric R. Evitt and Robert G. Bergman

1. OVERVIEW OF PROGl~\;IS INITlIWED

In July 1978, we moved our research
to Berkeley from the Califomia Institute of
Technology. A major part of our activity during
the time between the move and the writing of this
report (about five months) involved setting up
and equipping our new laboratories on the second
floor of Lewis Hall on the Berkeley Cru~pus, where
we are located in space contiguous to that of
Earl Muetterties and his co-workers. This effort
consisted of completing construction in Z14, Z13
and Z05 Lewis, and moving and setting up vacuum
racks, gas chromatographs, infrared spectrometers
and smaller equipment for use in organometallic
chemical research. During this period, however,
we have also lnade progress on two ~~n{D-supported
problems which will be briefly summarized here.

We have developed a model system in which we
are able to examine directly the mechanism of a
single reaction step in which ethylene reacts with
a transition metal-carbon bond. This reaction
occurs upon heating cobalt complex 1 (see Chart 1)
with an excess of the olefin at ten~eratures near
70°C. Because this material is well-characterized,
we have been able to carry out a labeling study
which allows us to distinguish between the classical
olefin insertion mechanism [path (a)] and the
Green ex-elimination mechanism [path (b)]. As shown
in the chart, using the complex 1 containing six
methyl-bound deuterium atoms, the former predicts
formation of CD3H as product, while the latter
path predicts formation of CD4' Figure 1 shows
a proton NMR spectrum of the methane obtained in

*This work was supported by the Division of Chemical
Sciences, Office of Basic Energy Sciences, U. S.
Dept. of Energy.
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1. N. E. Schore, C. Ilenda and R. G. Bergman,
J. hn. Chem. Soc. ~~, 7436 (1976).

a. !"1ononuclear Systems. We plan to continue
our investigation of the reactions of well
characterized metal alkyl and metal hydride com
plexes with small molecules such as NO, CO, HZ
and ethylene, and with larger unsaturated organic
molecules. Studies in this area will focus on
reaction steps which have been postulated as criti
cal parts of important catalytic processes. In
the cobalt area, we will continue our investigations

Robert G. Bergman

4. RESEARCH PLANS FOR CALENDAR YEAR 1979

This device prevents formation of two kinetically
free fragments on of the metal-metal bond;
i.e., Z should now be in equilibrium only with
"diradical" 2. One result of this is that the
metal-metal bond is now stronger, because the
entropy of dissociation is not as large as in ~,
and carbonylation requires temperatures near 70°.
This device also converts the acetone formation
reaction into an intra- (rather than inter-)
n~lecular process. Hmvever, we find the extent
of intramolecularity (as determined using crossover

with deuteriwn-labeled 7) is strongly
dependent on the concentration of Z~in solution.
This has allowed us to clarify the mechilllism of
the reaction. It is clear now that radical species
6 and are important intermediates in the carbon-
carbon forming process. In the case of 2,
at high concentrations this diradical can transfer

groups to molecules of , setting off a
chain process to 4. lower concentra
tions, where collisions between 9 and are less
frequent, trilllsfer of methyl between two cobalt
atoms in 2 occurs, and this provides an intra
molecular route to acetone.

(a) insertion mechanism for
conclusively rules out path (b).

1. 1. S. Riech and A. Schindler, Polymerisations
Interscience, .

3. STIJDIES OF CARBON -CARBON BOND FORMING PROCESSES
IN THE REACTIONS OF BINUCLEAR DIALKYL COlVIPLEXES
WITH Ct-'\RBON IvlONOXIDE

E. Martell }It:)~~E3~n,~~
~~~~:~F,'-;L~~~~::'~~~~:'..'Academic

, , pp.
3. K. J. Ivin, J. J. Rooney, C. D. Stewart,
M. L. H. Green a.nd R. Mahtab, J. Co S. Chem.
Commwl., 604 (1978).

Henry Bryndza, William D. Jones and Robert G.
Bergman

In this
binuclear
for heterogeneous
CO is incorporated into organic JIlUl."\~UjL""
reactions involving the fonnation of new
carbon bonds. We earlier had developed methods
for the srnthesis of binuclea~ complex (Chart. 1),
and found that on carbonylatlOn, converSIon
to acetone (4) (a process involving formation
of two new carbon-carbon bonds) and cobalt complex
5 took place. Extensive mechanistic and labeling
studies showed that in addition to conversion to
acetone, complex ~ was in rapid equilibrium with
mononuclear "radical" species 6, formed by dis
sociation of the apparently very weak metal-metal
bond in In a.n attempt to determine whether
these species were critical intermediates
in the carbonylation reaction, we have now success
fully prepared complex Z, in which the two cyclo··
pentadienyl ligilllds are joined by a CI-!Z group.

Chart 1

6

o

cP,,- A/CH",
Co~' Co

H c/Y"-c
" p

o
3

o
co II

~~2~5c:"o-"'" CH3~ C ~CH3 + CpCo(CO)2

5

o

7
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of cobalt dia110'1 complexes; these studies will
focus on (a) obtaining a better understanding of
the olefin insertion step thought to be important
in Ziegler-Natta polymerization of ethylene, and
(b) thermal and oxidative decomposition of cobalt
diall0'ls and interaction of these complexes with
CO and H2' reactions which serve as models for
steps involved in important industrial processes
such as hydroformylation, methanol carbonylation,
and the Fischer-Tropsch reaction.

b. Binuclear We will continue our
studies of binuclear dial~ls,
models for catalytic pTOcesses requiring the
participation of more than one active metal center
(e.g., surfaces and clusters). Work on the
mechanism of carbon-carbon bond forming processes
in cobalt diall0'ls will be directed at determing
whether both radical and non'~radical processes
are involved in these reactions. We will also
continue our search for new reaction steps involving

in.teractions between two metals, such
as migration of al~l groups between two metal
centers, binuclear reductive elimination and
S-elimination, and binuclear insertion processes.

*4. R. J. Kinney, W. D. Jones and R. G. Bergman,
Synthesis and Reactions of (n5-Cyclopentadienyl}
tricarbonylhydridovanadate. A Comparative
Mechanistic Study of Its Organic Halide Reduction
Reactions with Those of Tri-n-Butyltin Hydride,
J. Am. Chem. Soc. 100, 7902 (1978).

*5. W. D. Jones, M. A. Wl1ite and R. G. Bergman,
Chemical Reduction of n5-Cyclopentadienyldicarbonyl
rhodium. Crystal and Molecular Structure of an
Anionic Trinuclear Rhodium Cluster with ·"SeOO-·
triple-bridging" Carbonyl Ligands, J. Am. Chern.
Soc. 100, 6770 (1978).

+6. P. L. Watson and R. G. Bergman~ Synthesis and
Cyclization Reactions of All0'Dyl (n:'-cyclopentadienyl)
tricarbonylmolybdenum and -tungsten Complexes,
J. Am. Chem. Soc., in press.

Invited

1. R. G. Bergman, CalifoTIlia Institute of
Technology, Pasadena, CalifoTllia, February 9, 1978.

2. R. G. Bergman, Plenary Lecturer, Snow Symposium,
Bend, Oregon, February 17, 1978.

5. 1978 PUBLICATIONS AND REPORrs

Robert G. Be:r~tlan and Associates

3. R. G. Bergman, 3M Company, Minneapolis,
Minnesota, April 5, 1978.

4. R. G. Bergman, University of Pittsburgh,
Pittsburgh, Pennsylvania, April 10, 1978.

*1. R. F. Kilmey, W. D. Jones and R. G. Ber~nan,
Synthesis and Characterization of [(n 5-CsHs)V(CO) 3]-,
A New Vanadium Carbonyl Hydride, and a Study of Its
Reduction Reaction with Organic Halides, J. Am.
Chem. Soc. 10~, 635 (1978).

+2. E. R. Evitt and R. G. Bergman, Stereospecific
Double Al~lation of Diphenylacetylene
n5-Cyclopentadienyl(triphenylphosphine)
dimethylcobalt(III). Evidence for Non
Interconvertible Diastereomeric Complexes in the
Cobalt-Catalyzed Isomerization of Alkenes, and
Some Comments on Factors Influencing the Rates
of Reductive Elimination Reactions, J. Am. Chem.
Soc. 100, 3237 (1978).

L. P. McDonnell-Bushnell E. R. Evitt and
R. G. Bergman, Reaction of n5-Cyclopentadienylbis
(triphenylphosphine)cobalt(I) with Alkadiynes.
Preparation and Reactions of Bicyclic Cobalt
Metallocycles mid a Stable Trimethylsilyl
Substituted Mono-Complexed Alkadiyne. COnIDlents
on the Mechanism of Cobalt-Catalyzed Alkyne
Co-Oligomerization, J. Organomet. Chem. 157, 445
(1978). -

5. R. G. Bergman, Princeton University, Princeton,
New Jersey, April 11, 1978.

6. R. G. Bergman, University of CalifoTllia,
San Francisco, Cal:i.foTllia, May 12, 1978.

7. R. G. Bergman, NSF Sponsored Workshop in
Organometallic Chemistry, Pingree Park, Colorado,
June 20, 19780

8. R. G. Bergman, University of Minnesota, Duluth,
Minnesota, October 30, 1978.

9. R. G, Bergman, Union Carbide Corporation, Bound
Brook, New Jersey, October 31, 1978.

10. R. G. Bergmmr, University of CalifoYrlia, Davis,
Cal ifoYrlia , December 5, 1978.

*Supported in part by the National Science
Foundation.

+Supported in part by the National Institutes of
Health.
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2. CHEMiCAL ENGiNEERiNG SCiENCES

a. Molecular Thermodynamics of Phase Equilibria for Water~HydrocarbonSlfistems
at Pressures with Special AUention to the Brine~Methane*

John M.

1. HIGH-PRESSURE PHASE EQUILIBRIA IN HYDROCARBON
WATER (BRINE) SYSTEMS

Wallace B. Whiting and John M. Prausnitz

Geological studies have indicated that there
are very large deposits of natural gas in deep
reservoirs in Louisiana and the Gulf-of-Mexico
region. These reservoirs, often called "aquifers,"
contain natural gas (mostly methane) in contact
with water or brine at pressures near I kbar.
At present, it is not economical to mine these
reservoirs but, in view of the very large deposits,
there is much incentive to make such mining
economical. This project is concerned with obtain
ing some of the fundamental physico-chemical
information required to do so.

We seek a molecular-thermodynamic method for
calculating phase equilibria at high pressures
in aqueous systems containing methane, as well
as small amounts of other light hydrocarbons and,
possibly, nitrogen and carbon dioxide. Toward
that end we have initiated experimental and
theoretical research. The latter is to supply
a suitable physical model for interpreting and
correlating previously published and new experimen
tal data.

We are using a high-pressure static equilibrium
apparatus similar in concept to those described
by Schneider. l

A high-pressure cell has been designed with
the invaluable guidance of Richard H. Escobales.
The cell is now under construction; it is to be
made of a nickel-chromium alloy (INCONEL 718)
with a one-inch internal diameter and an inside
height of 13 inches. T]le cell is charged with
water (or brine) and gas; it is pressurized with
a hand-operated piston pump. For each phase,
a small s@nple is removed for ch~nical analysis;
concentrations of water and methane are determined
chromatographically while the salt content is
measured by titration. The experimental apparatus
is designed for the region 2S-400°C and pressures
to 2 kbar. At present, little reliable experimental
information is available for aqueous natural-gas
systems at high pressures.

Theoretical research is following four lines.
In each case we are developing an appropriate

"'This work was supported by the Divison of Chemical
Sciences, Office of Basic Energy Sciences, U. S. Dept.
of Energy.

partition function for calculating the configura
tional properties, in particular, the chemical
potential.

1. The ~erturbed-hard-chain theory of Beret2
and Donohue3 for mixtures of nonpolar fluids can
be extended to include water by splitting the
potential-energy parameter for water into two
parts: one contribution from dispersion forces
and the other from polar (and hydrogen-bonding)
forces. The latter is ten~erature-dependent,
approximately proportional to the inverse of the
absolute ten~erature.

2. The perburbed-hard-chain theory can be
extended to include water by superposition of
a chemical dimerization 4ypothesis as shown by
Gmehling et al. 4 The strong orientational forces
of water are taken into account by postulating
the existence of water dimers which are in equili
brium with monomers. We are now examining proce
dures for extending this idea to aqueous mixtures
containing methane.

3. The activity expansion (cluster) method
of Mayer has recently been shown by Wood et al. S
to be useful for a variety of real-fluid mixtures.
We are now investigating possible application
of this method, first to pure water and then to
aqueous mixtures.

4. The perturbed-hard-sphere theory for argon
like molecules can be extended to water by intro
ducing the orientation-dependent water-water
potential suggested by Ben-Naim and Stillinger. 6
This potential postulates that the spherical hard
core of a water molecule contains a tetrahedron
with charged vertices (two vertices are positive
and two are negative). We are now numerically
evaluating the necessary perturbation integrals
using Stillinger's potential and the hard-sphere
radial distribution function of Percus and Yevick.

These four theoretical methods are under develop
ment in parallel. While the fourth is the most
fundamental, we are also developing the other
three because we do not as yet know which model
is likely to be most suitable for our particular
purposes.

Once we have a satisfactory model for water
methane, we expect to allow for salt effects by
using some of the recent theoretical work of Pitzer 7
on aqueous salt solutions.

1. G. M. Schneider, Chapter 16, Part 2 in
E;xperimental Thermodynamics, Volume II, edited
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by B. Le Neindre and B, Vodar, Butterworths,
London (1975).
2. S. Beret and J. M. Prausnitz, AIChE J. 21,
1123 (1975). 
3. M. D. Donohue and J. M. Prausnitz, AIChE J.
24, 849 (1978).
~ J. Gmeh1ing, D. D. Liu and J. M. Prausnitz,
to appear in Chemical Engineering Science (1979).
5. R. H. Wood, T. H. Lilley and P. T. Thompson,
J. Chem. Soc. Farad. Trans. I 74,1301 (1978).
6. A. Ben-Naim and F. I-I. Stillinger, Jr., Asoe<:ts
of the Statistical-Mechanical Theory of Water
in Water and Aqueous Solutions, edited by R.
Home, Wiley- Interscience, New York (1972).
7. K. S. Pitzer, Accounts of Chem. Res. 10, 371
(19'77) . -

2. RESEARCH PLANS FOR CALENDIIR YEAR 1979

John M. Prausnitz

Durulg 1979 we expect to assemble and operate
the experimental equipment now under construction
for measuring high-pressure phase equilibria in
mixtures containing water and Inethane. In addition,
we expect to develop further four possible theoreti
cal methods for interpreting and correlating the
experunental data; once we are convinced that
anyone of these methods is clearly superior to
the others, we will cease development of the other
three. This research project will be conducted
by E. R. Larsen in addition to W. B. Whiting and
J. M. Prausnitz.

3. 1978 PUBLICATIONS AND REPORTS*

John M. Prausnitz and Associates

Journals

1. J. M. Prausnitz, R. N. Lichtenthaler and
D. D. Liu, Specific Volumes of Dunethy1siloxane
Pol)1ffiers to 900 Bars, MacronIDlecules 11, 192 (1978).

2. J. M. Prausnitx and B. K. Kau1, Solubilities
of Heavy Hydrocarbons in Compressed Methane,
Ethane, and Ethylene: Dew-Point Temperatures

for Gas Mixtures Containin.g Small and Large
Molecules, AIChE J. ~, 223 (1978).

3. J. M. Prausnitz and T. Oishi, Solubilities of
Some Volatile Polar Fluids in Copolymers Containing
Vinyl Chloride, Vinyl Acetate, Glycidy1
Methacrylate, and Hydroxypropy1 Acrylate, I&EC
Fundamentals 12, 109 (1978).

4. J. M. Prausnitz, U. Placker and H. !(napp,
Calculation of High-Pressure Vapor-Liquid
Equilibria from a Correspondulg-States Correlation
with Emphasis on Asymmetric Mixtures, I&EC Proc.
Des. Devel. 12, 324 (1978).

5. J. M. Prausnitz and T. Oishi, Estimation of
Solvent Activities in Polymer Solutions Using
a Group-Contribution Method, I&EC Proc. Des. Deve1.
12, 333 (1978).

6. J. M. Prausnitz, L. Jossens, W. Fritz, E. U.
Sch1linder and A. L. Myers, Thermodynamics of Multi
Solute Adsorption from Dilute Aqueous Solutions,
Chem. Eng. Science ~, 1097 (1978).

7. J. M. Prausnitz, A. B. Mackni.ck and J. Winnick,
Vapor Pressures of High-Boiling Liquid Hydrocarbons,
AIChE Journal 24, 731 (1978).

8. J. M. Prausnitz and T. F. Anderson, Application
of the UNIQUAC Equation to Calculation of ~1ulti
component Phase Equilibria. Part 1. Vapor-Liquid
Equilibria, I&EC Proc. Des. Devel. 12, 552 (1978).

9. J. M. Prausnitz and T. F. Anderson, Application
of the UNIQUAC Equation to Calculation of ~1ulti
component Phase Equilibria. Part 2. Liquid-Liquid
Equilibria, I&EC Proc. Des. Devel. 12, 561 (1978).

10. J. M. Prausnitz and M. D. Donohue, Perturbed
Hard-Chain Theory for Fluid Mixtures: Thermodynamic
Properties for Mixtures in Natural-Gas and Petroleunl
Tedmology, AIChE J. ~, 849 (1978).

*Supported, in part, by Gas Processors' Association,
American Gas Association, Petroleum Research Fund
(administered by American Chemical Society) and
National Science Foundation.







403

1. HEAVY ELEMENT CHEMiSTRY

a. Actinide Chemlistry*

Richard A. Andersen, Neil
Kenneth Raymond, Glenn

Jr. J David H.

Norman M.
John G.

T. Seaborg, Andrew
Teffpleton and Allan

1. HIGHLY SELECTIVE SEQUESTERING AGENTS FOR
PLUroNIlJM AND 0nffiR ACTINIDES IN TI-ffi 4+ OXIDATION
STATE

a. N,N', Nil, N'" ..Tetra(2,3-·dihyroxybenzoyl)-tetra
_azacyclotetra- and hexadecanes

Frederick L. Weitl, Kenneth N. Raymond, William L.
Smith and Thomas R. Howard

In response to the biological hazards associated
with the nuclear fuel cycle and nuclear research
sites, we have developed and are investigating a
biomimetic design concept of sequestering agents for
eight-coordinate actinide ions in general, and Pu
(IVi in particular. Plutonium is a potent carcino
gen since once absorbed by body tissues, it exhib
its long-term retention in ln~rrmals. This is kno~~
for hunans 2 as well as test animals such as dogs. 3
Although plutonium cOnIDillnly exists in aqueous solu
tion in each of the oxidation states from III to VI,
biological evidence indicates that most, if not all,
exists in vivo as Pu(IV) , where it is complexed by
available bioorganic ligands. 4

There are many similarities of Pu(IV) and Fe(III).
These range from the sbnilar charge/ionic-radius

ratio for Fe(III), and Pu(IV) (4.6 and 4.2 e/ A
respectively) to their sj111ilar transport properties
in mammals, where it is knovm that Pu(IV) is bound
by the iron transport protein transferrin at the
site which normally binds Fe (I II) .4 Thus the design
of Pu(IV) sequestering agents which are similar to
naturally-occurring Fe (III) sequesteyjng agents sug
gests itself as a biomimetic approach. Since 2,3
dihydroxybenzoic acid (DHB) is a component of sev
eral siderophores and in particular is found in en
terobactin [cyclotris(2,3,-dihydroxybenzoyl)-N-~
serine], a powerful iron transport and sequestering
agent of enteric bacteria,S we anticipate that the
macrocyclic tetra(DHB) conjugates of cyclmn-14 (6 in
Fig. 1) and cycl~-16 (7 in Fig. 1) are potentially
selective Pu(IV) sequestering agents. Molecular
models show that 6 and ? reac1ily fODn octadentate
complexes ofPu (IV) in which the central metal ion
is completely encapsulated by the ligand.

Our synthetic strategy has been to develop a gen
erally applicable procedure for the preparation of
DHB ~ides. To ensure tetra-substitutiiion of 1 and
2, we chose to react the 2,3-dioxomethylene benzoyl
chloride (4 equivalents) Vith 1 and 2 at 95-10SoC in
N,N-dbnethylacet~ide in the presence of pyridine
(4 equivalents). After 24-48hr reaction times,

OF :JR

n

1 n ~ 2 3 n ~ 2,R ~ -CH 2- 6 n ~ 2

2 n ~ 3 4 n ~ 2,R ~ CH 3
? n ~ 3

5 n ~ 3,R :3 -CH 2-

Fig. 1. Synthetic scheme and fODnulas of the title compounds. (XBL 791-8147)

*This work was supported by the Division of Nuclear Sciences,
Office of Basic Energy Sciences, U. S. Dept. of Energy.
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Table 1. Title c~npounds and precursors.

Solvent
No, n R °C of isolation %

I 2 H ]82-183
.3 2 2,J-Dioxomethylenebenzoy! 236,238 92
4i 2 2,3·Dimethoxybenzoyl i 10-115 87
(, 2 2,3·Dihydroxybenzoyl 287 dec 95
:2 3 H 83-84
5 3 178-180 63
7 3 175,,185 100

thin layer chromotography (tIc) showed only one
product, the tetraamide (3 or 5), The 2,3·dimethoxy
benzoyl chloride condensed equally well to give 4
(Fig. 1 and Table 1). Analytically pure products
were obtained by column chromatography on silica
gel. PreViously it has been sho\1il that the dioxo
methylene acetal moiety can be removed selectiviely
with BC13' and more readily than the corresponding
demethylation. This is consistent with our results
which show quantitative removal of the -CHr group
in 3 and 5 using BC13/CHZC12' but incomplete re
moval of the CH3' groups in 4 with the same proce
dure. However, complete demethylation of 4 was ac
c~nplished with BBr3/CH2ClZ. Model macrocyclic
sequestering agent 6 (mp 287° dec.) was unchanged
after base (pH 12) dissolution and acid (pH 1) pre'
cipitation at room temperature and was unaffected
in pH 1 aqueous solutions (1 mg/ml) after 20 hr at
room temperature. Neither 6 nor? exhibits their
molecular ion in the low voltage mass spectrum; 6
does not sublime at ZOO°C at 10- 7 mm After sev·
eral weeks of room exposure 6 and? appear stable,
indicating considerable resistance to air oxidation.

Qualitative observations have sho~~ that Pu(I¥)
dissolves in the presence of 6, even at high pH. 7
Since the Ks for Pu(OH)4 is approximately 10- 5Z ,
this ind~cat~s a formation constant which is greater
than 105 for the Pu(IV) complex of deprotonated 6.

1. A. Catsch, Radioactive Metal Mobilization in
Medicine, Thomas, Springfield, Illinois, 1964.
2. B. J. Stoves, D. R. Atherton and D. S. Buster,
HealthPhys. ZO, 369 (1971).
3. H. Foreman-;- W. Moss and W. Langham, Health Phys.
Z, 326 (1960).
4. P. W. Durbin, Health Phys. }9, 495 (1975), and
references therein.
S. J. B. Neilands, Ed., Microbial Iron Metabolism,
Academic Press, New York, N.Y., 1974.
6. To be submitted for publication.
7. W. M. Latimer, Oxidation Potentials, 2nd Ed. ,
(Prentice·Hall, Englewood Cliffs,'New Jersey, 19SZ),
p. 306.

Stephen R. Sofen, Kamal Abu·Dari, Derek P. Freyberg
and Kermeth N. Raymond

As part of our continuing project directed to
wards the synthesis and characterization of chelat·
ing agents specific for actinide ions, we have syn,
thesized and determined the structures of the title
compounds. These compounds serve as structural
archetypes for macrochelate ligands j,ncorporating
catechol moieties.

Little is Im011il about the coordination chemistry
of catechol with the actinides. There are old re
ports of isolable compounds with formulas assigned
from cmalytical data alone. These include appar
ently polymeric materials such as K2TH3(C6H40Z)7.Z0
HZO and [CSHSN1-!) Z[ThZ (C6H40Z) 3- (OH) 4] O},O HZO as
wen as the presumably monomeric salts; [NH4] Z[Th
(C6H40Z)3] 'C6H~02, [NH4] Z[Th(C6H40Z) 3] -5 HZO, and
H4Th (C6H40Z)4' -~ ~Dnilar compounds have been re
ported for uranium. In addition, solution studies
of actinide catecholates led to the6c9nclusion that
polymeric compounds were promj,nent.' This work,
then, reports the first structural information for
these materials.

Considering the long and intense interest in ac
tinides for their various applications, it is sur
prising how little structural information is avail
able for eight-coordinate actinide con~ounds. For
such compoQuds two Ijmiting geometries are prev
alent: square 3li.tiprj,sms (D4c;l) and trigonal-faced
dodecahedra (DZd).8 The uranIum and thorium cate
cholates reported here have coordination polyhedra
which are bery close to the idealized trigonal-faced
dodecahedron.

The low solubility of the tetrakis(cathecholato)
complexes oermits their direct synthesis and isola
tion from aqueous solutions of the metal chlorides.
Sodium hydroxide pellets, 4.8 g (0.12 mol), were
dissolved in 10 ml of 0r free water and then 6.6 g
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of catechol (0.06 mol) was added to this solution.
To the alkaline catechol solution was added a fil
tered, 02-free solution of the metal salt in 15-50
ml of water. Soon thereafter, the crystalline prod
uct formed. The reaction mixture was filtered and
by slow cooling of the filtrate, crystals suitable
for x-ray diffraction were obtained.

Magnetic susceptibility measurements on the uran
ium complex were obtained with a PAR Model 155 vi
brating sample magnetometer used with an homogeneous
magnetic field producted by a Varian Associates 12
in. electromagnet. Measurements were made at field
strengths of 12.5, 10.0, 7.5, and 5.0 kG. The re
sulting susceptibilities were corrected for under
lying diamagnetism9 and found to be independent of
temperature and fiel~6strength Wit£ a molar suscep
tibility of 870 x 10 c.g.s. mol- .

The crxstal structure consists of discrete
[m(cat)4]4- units, sodium ion, and waters of crystal
lization, as shown in Fig. 2. Each metal lies in a

Fig. 2. A stereoscopic packing diagram of the
Naa [M(02C6H4) 4] ,21 H20, M = U, Th, structures viewed
doWn the crystallographic c axis. (XBL 781-6967)

Fig. 3. A stereoscopic ORTEP drawing of the
[M(02C6H4)4]4- , ~ = U, Th, unit viewed down the two
fold axis. The 4 axis is vertical. The individual
atoms are dra~~ at 50% probability contours of the
thermal motion in the Ce structure. (XBL 781-6966)

Fig. 4. The [M(02C6H414]4- anion viewed along the
mirror plane with the 4 axis vertical. The atom
labels used in the text as well as the dodecahedral
A and B sites are shown. (XBL 781-6965)

oooo

Fig. 5. Schematic diagram of the thorium(IV) and
uranium(IV) catecholate coordination geometries,
showing the average bond distances (A) and angles.

(XBL 791-8146)

position of 4 crystallographic symmetry (the cell
origin) generating the dodecahedral geometry for the
complex. In addition to four water oxygens, each
sodium is coordinated to a nonequivalent oxygen
from each of two catecholate ligands resulting in
a very distorted six coordinate cluster. Although
the water hydrogens could not be located, all of
the water oxygens are within a reasonable distance
to form a hydrogen-bonded network through the crys
taL The "twenty-first" water is also located at a
special position of 4 s~nmetry and apparently fills
in a hole in the cell; it is hydrogen bonded to 0-6
and 0-4. It is 7.8 Afrom the nearest thorium ion.
This is therefore a true eight-coordinate complex
in contrast to the related nine-coordinate monocap
ped antiprism of Th(tropolonato)4'DMF.lO The coor
dination of the sodium ion is qUlte distorted from
any common ideal six-coordinate geometry due to the
steric constraints imposed by coordination to the
catecholate oxygens. The structure of the chelate
complex is sholYn in Figs. 3 and 4. The O-M-O angle
is 66.8(1)° for Th and 67.7(1)° for U.

Bond lengths and angles for both complexes are
shown in Fig. 5. The M-O bond length averages
2.419(3) A for Th and 2.375(3) A for U. These dis
tances are not unusual. Other known Th-O distances
include 2.315 and 2.520 A in tetrakis (salicylalde-

hydato) thorium(IV), 2.445 A in tetrakis-(tropolo
nato)thorium DMF, 2.41 A in S-tetrakis(acety1aceto
nato) -thorium (IV) , and 2.39 A in th~ trifluoro
acetylactonato thorium complex. 1l - l3 For uranium
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2. R. P. Agarwal and R. C. Mehrotra, J. Inorg.
Nucl. Chem. 24,821 (1962).
3. K. Andra, Z. Anorg. Chem. 254 (1968).
4. While this work was in progress we obtained a
copy of the Ph.D. dissertation of B. Menes (Freidrich
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2. SYNTHETIC AND STRUCTURAL STUDIES OF ACTINIDE
AND OTHER COMPOUNDS

a. Chloro-, Methyl-, and Tetrahydroborato
Tris(hexamethyldIS1J0Tfamido)-Thorium(IV) and Uranium
(IV) . Crystal Structure o~anya:roboratoTr~
ThexametIiyldisllylamldo) -Thoriumnvr:--~-- .

HowardW. Turner, Richard A. Andersen, Allan Zalkin
and David H. Templeton

Tris(hexamethyldisilylamido) metal compounds have
been described for a large group of P-, d-, and 4f
block metal atoms. 1-3 In contrast, only four silyl
amido compounds have been described for the Sf~
block series, CITh[N(SDV~3)2]3,40~U[N(SiMe3)Z]2(thf~,
OU[N(SiMe3)2]3, and U[N(Sli~e3)2]3' This report de
scribes the series, X M[N(SiMe3) 2] 3, where M is thor
ium or uranium and X is chloro, methyl, or tetrahy
droborate. The crystal structure of one of these
compounds, (BH4)Th[N(SiMe3)Z]3, is also described.

Sodium hexamethyldisilylamide reacts with thorium
or uranium tetrachloride affording chlorotris(hexa
methyldisilylamido) -thorium or -uranium, respectively.
The air- and moisture-sensitive, monomeric (by mass
spectrometry) amides are readily soluble in pentane
from which they may be crystallized. Physical prop
erties of the compounds are shown in Table 1.

~Vlil~.LC2'C3 of carbonate, acetate, and acetylaceton~
ates U~O distances from 2.23 to 2.80 A.14~16
As sho\Vfi 2 catecholate ligands are only
slightly from planarity by bending of the

at In the thorium complex the
average from planarity for catecholate
atoms is 0.023 A while for the phenyl ring atoms
alone the deviation is 0.010 A. The angle between
the formed 0-1, 0·· 2 C-l, and C~ 2 with the
plane of the is 2.6°. These
slight caused by the sodium-water
clusters to the catechols but do not
appreciably affect the coordination polyhedron.

In the thorium "V'''FJ.vA both metal"oxygen bond
lengths are very identical; however, in the
uranium by 0.027(5) A. This is

difference, in light of the
identical thorium cat);«:hc)late structure, and

is due to the electronic configura
tion of the uranium. The difference in average M~O
distances in the two (0.044 A) is <;:lose to
that of the difference their ionic radii J 7

be that interligand repul
nY"VUF'n~ at the A sites causes the

changeLn M-O lengths upon going from the thor~
ium to the smaller uranium metal center. In the
uraniun these are separated by
2.883(7) A compared to (6) A in the thorium
complex. The former is near the van der Waals con~
tact distance for atoms .18 It might be sug-
gested that some observed in bond
lengths serves to minimize oxygen re-
pulsion; howerver the observed effect is nluch great-
er than the change in ionic radii alone
and there no increase in the 0-u·-o bond an.gle,

o and 74.2 (2) ° for the Th and U complexes,

An alternative lies in a ligand field
effect. A simple one-electron crystal
field picture of the uraniun complex predicts a

ground arising from either the
Fxyz metal orbital symmetry) or from the
orbital (b2 In the lanthanide and
actinide coupling is a rea-
sonable first In this coupling

the (5f2 configuration)
is A I will decom-

a J "' 4 state into five (sing-
states and two twofold degenerate (doublet)

states. If one of the non-degenerate states is
10wes!1 in and the next ligand field state is
l'lE cm '. l'lE> kT) no first-order tem-
perature paramagnetic susceptibility will
be However the magnetic field will in-
duce a second order temperature independent suscepti ~
bility as observed here for the uranium catechol
complex. 19 A more quantitative description must
await further information about the ordering of the
ligand field levels. Thus from electron-repulsion
arguments one expects the ligand oxygen that is
closer to the z axis to interact more with the
filled metal orbital, lengthening this metal-
oxygen bond relative to the other. In accordance
with this , the U-02 distance is longer than
the U-Ol

1. A. Rosenheim B. Raibmann and G. Schendel,
Z. Anorg. Chem. 160 (1931).
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Table 1. Physical Properties of the Series XM[N(SiMe 3) 2]3'

I 1H NMR(b) Infrared(c)

Compound 1Jsla) t·1-Me M-N(SiMe 3)2 M-N M-C1 M-SH4

C1Th[N(SiMe3)2 J3 diamagnetic -- 0.50 385 s 270 m --
C1U[N(Si~e3)2J3 2.8 -- -2.22 385 s 272 m --

-
MeTh[N(SiMe3)2 J3 diamagnetic 0.85 0.57 385 s -- --
Me U[N (5i ~le3) 2]3 2.7 -224 -1.49 385 5 -- -- I
BH4Th(N(SiMe3)2 J3 diamagnetic -- 0.58 385 s -- 2500 s, 2345 w,

2240 s, 2180 m
~"

BI:l4U[N(SiMe3)2J3 2.6 -- -1.87 390 s -- 2500 s, 2335 w,
2240 5, 2170 m

(a) Benzene solution at 25°C,

(b) Benzene solution at 25°C,
to Me4Si.

(c) -1Nuj 01 mulls, cm

by Evans' method,7 expressed in Bohr magnetons.

expressed in 8 units (positive value, high frequency, relative

The ch10ro-silylamide of uranium reacts with
methyllithium yielding the monomethyl derivative,
MeU[N(Sw~3)Z]3' In contrast methyllithium dis
places a hexamethyldisilylamide group from the coor
dination sphere of ClTh[N(S~~3)2]3' lithium hexa
methyldisilylamide being the only product isolated.
The monomethylthorium compound, however, can be
isolated by using dimethylmagnesium as alkylating
agent. The four-coordinate monomethyl derivatives
are soluble in hydrocarbon solvents and are rather
air- and moisture-sensitive. This sensitivity is
to be contrasted with that of the air- and moisture
stability of the zirconium and hafnium analogues. 5
This is doubtless a kinetic effect and must be re
lated to the larger ionic radii of the Sf-block
metal atoms.

The 1H IvlNR spectra of the alkyl derivatives are
temperature independent to -65°C. Again, this is to
be contrasted with those of the hafnium analogues
which are temperature dependent. The hafnium anal
ogue shows two-equal area resonances due to tri
methyl silyl groups, the coalescence temperature
being ca. -25°C. Thi~ latter observation has been
preViously described.~ The di~lagnetic thorium com
pounds have been further characterized by 13C{lH}NMR
spectroscopy. The ClTh[N(SiMe3) 2] 3 shows a single
resonance at 8 3.98 due to the carbon atoms of the
Me3Si group, and MeTh[N(S1~e3)2]3 shows two single
absorptions at 8 4.17 and 8 1.28 due to the carbon
atoms of the Me3Si and Me groups, respectively.

The chloro-amides of thorium or uranium yield
hydrocarbon soluble tetrahydroborate derivatives
upon reaction with lithium tetrahydroborate. The
infrared spectra, which are essentially identical,
strongly suggest that the tetrahydroborate is bonded
in a tridentate fashion, one absorption in the ter-

minal and two absorptions in the bridging B-H
stretching frequency region. 6 This has been con
firmed by a single crystal x-ray analysis (seebelow).

The IH NMR spectrum of (BH4)Th[N(S~~3)2]3 shows
a 1:1:1:1 quartet at 8 4.34, JlH-llB ~ 81 Hz and a
singlet at 8 0.58 in an area ratio fo 4:54. The para
magnetic (f2) uranium analogue shows a 1:1:1:1 quar
tet centered at 8-101, JIH_llB = 79 Hz and a singlet
at 8-1.87 in an area ratio of 4:54. Lowering the
temperature to -80°C only results in slight line
broadening. Thus these are fluxional molecules even
at this temperature.

BH4 Th[N(Si(CH3)3)2] 3 crystals are rhombohedral
with cell d~rensions ar = 11.137 A and ar = 113.61°.
The dimensions of the triply primitive hexagonal
cell are ah = 18.640(3) A, ch = 8.604(1) A; for Z=3
the calculated density is 1.40 g/cm- 3. The struc
ture was solved in the space group R3m, using hex
agonal coordinates.

The crystal structure has disorder consisting of
two possible orientations of the molecule. A pic
ture of the ordered lnolecule is shown in Fig. 1.

The thorium atom is on a three-fold axis and lies
0.47 A below the plane of the three nitrogen atoms.
The shape and dimensions of the tris[bis(trimetrryl
silyl)amido]thorium part of this structure are sim
ilar to the geometry found in the molecule M[NrSi
(CH3)3)2]3 where M ~ Eu,8 Yb,9 Sc,8 and Nd;10 in
all these compounds the metal atom is out of the
plane of the nitrogen atoms.

All of the atoms with the exception of thorium,
boron, and the tenninal hydrogen atom on the boron
atom are disordered. The nature of disorder is
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Fig. 1. View of the Th[N(Si(CH3)2)hBH4 molecule as
viewed dO~TI, but slightly off of the c axis.

(XBL 785-8736)

such that the atoms are on one side or the other of
a mirror plane that runs parallel to the z axis. It
is not possible with these data to distinguish a
random disorder from twinning; our description is
that of a random disorder.

From an analogy with the distances in the
U((BH4)4 11 structure one can deduce how the boro
hydride group is bonded to the thorium atom. In
U(BH4)4' the borohydride is bonded to the uranium
atom by triple hydrogen bridge bonds and by double
hydrogen bridge bonds with resulting U-B distances
of 2.5 and 2.9 A, respectively. In this structure
the Th-B distance is 2.6 A and represents a triply
bridged hydrogen bond. The tenninal hydrogen atom
was found in the Fourier maps and refined, but the
three bridging hydrogen bonds are disordered and
were not found. Thorium is hexacoordinate being
bonded to three nitrogen and three hydrogen atoms.

A single crystal of Th[N(Si(CH )3)2]3Cf13 was
examined by x-ray diffraction met~od and found to be
isomorphous with the Th[N(Si(CH3)3)2]3B~4re~orted
here. The methyl denvatIve has cell dImenslOns
a = 18.68(1) A and c = 8.537(6) A. Weissenberg pat
terns of the two isomorphs showed intensities that
were visually the same. The crystals of the methyl
derivative were too poor in quality to be used for
collecting a suitable set of intensity data.

We thank the National Science Foundation for a
grant to the Chemistry Department for purchase of
the nuclear magnetic resonance spectrometers used in
this work.
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b. Structure of Tris (bis (trimethylsilyl)amido)neo
dymium(III) , Nd[N(Si(CH3)3)213

Richard A. kldersen, David H. Templeton and
Allan Zalkin

Neodymium tris[di(trimethylsilyl)@nide] is the
only 1010wn lnonomeric, three coordinate derivative
of this lanthanide element. 1 The structures of the
europium (111)2 and ytterbium (111)3 derivatives
have been examined by x-ray crystallographic tech
niques and they, along with the scandiwn (III) an
alogue,2 have been shown to have ~W3 skeletons which
are not planar. In contrast all other crystallo
grapbcally 1010wn tris-silylamides of the type
M[N(SiMe3) 2] 3 are planar. 3 We describe the crystal
structure of Nd[N(S~~e3)2]3 and show that it is also
non-planar.

The Nd[N(S~~e3)2]3 was prepared as previously
described,l m.p. 157-161 0 (lit. 161-164°). The crys
tal used in the x-ray analysis was taken from a
batch crystallized from pentane (O°C). The material
is air sensitive and was handled in an argon filled

box. The crystals are trigonal, with cell para
meters a '" 16.476(13) A, c = 8.485 (7) A, and V '"
1995 JJ,):- For Z '" 2 and a molecular weight of 62S.4
the calculated density is 1.04 g cm- 3. The struc
ture was deternlined by a single crystal x-ray dif
fraction analysis.

The molecular structure of this Nd complex (F~g.
2) is 1imilar to that found in the Al,4 Fe,S Sc,
and Eu' compounds. The Nd atom is on a crystallo

three-fold a~is and is bonded to three nitro
gen atoms. In the Sc and Eu isomorphs3 the metal
atans are disordered in the z direction, and were
treated as two half atoms ~ 0.6 A above and below
the plane at z = 1/4. This structure is similar
with Nd 0.34 A above and below z = 1/4. A large
channel that runs up the z axis, at the origin of
the unit cell, is characteristic of the structures
of these hexagonal M[N(S~~3)2]3 complexes. The
channel is large enough to accommodate a benzene
ringS with the plane of the ring perpendicular to
the z axis. It must be preswned that the channel,
if occupied, contains solvent molecules that are so
irregularly located as to be virtually invisible to
the x-ray diffraction technique.
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c. Structure of DiethylammoniLun Ethoxybis (diethyl
monothiocarbamato) dioxou!'anate (V~ (CZHS) ZNHZ 4'

[UOZ((C2HS)ZNCOS)ZOCZHS]

(XBL 78Z- in6l)
Fig. 3. ORTEP view of the structure.

AA
g' ~ B

bonding parameters are of considerable interest.
This article represents the first structural inves
tigation of this class of uranyl compounds and is

of an ongoing research progr81ll centered around
chemistry of the lanthanide and actinide-sulfur

bond.

The two sulfur atoms are adjacent to each other,
see Fig. 3. The U-S distance averages 2.866 A and
compares with an average value of Z. 80 A found in
the uranyl tris-diethyl dithiocarbamate anion,8 and
an average value of Z. 84 A found in the triphenyl
phospine oxide and triphenylargine oxide adducts of
uranyl diethyldithiocarb8111ace.

The structure is a salt consisting of (CZHSO)U02
(SOCN (CZHS) 2) Z anion "md diethy1 8llUnoniLUll cation.
The nitrogen atom of the cation, N(3), hydrogen
bonds to the ethoxide oxygen atom, 0(3), of one an
ion and to the uranyl oxygen atom, 0(4), of another
anion across the center of synnnetry, to form a dimer
of two formula units about the origin. The uraniLUll
atom is at the center of a pentagonal bipyramid and
is heptacoordinate. The two uranyl oxygen atoms are
at the apices of the bipyr8111id, and two sulfur and
three oxygen atoms fonll an irregular pentagon in a
plane about the uraniLUll atom. Pentagonal bipyramid
type coordDlation is also found in such structures
as UOZS04'3 HZO,3 UOZ(HZO) (CO(NHZ)Z)4 (N03)Z,4
and various uranyl fluorides. S- 7

Three t)~es of u-o distances are found in this
structure; they are the uranyl, ethoxide, and carba-

The title compound was prepared by bubbling car
bonyl sulfide through a solution of diethylamine in
ethanol at oCe for 5-10 min followed by the addition
of a saturated ethanolic solution of UOZCIZ,3HZO
with stirring. The bright yellow complex that pre
cipitated from solution was filtered on a Buchner
furmel and air-dried. Crystals are monoclinic,
space group is with cell parameters:
a = 9.518(4) A, = lZ.4S7(S){, c 2Z.490(10) A,
S = 93.77(S)0 anrt V = Z66l A. -Por Z = 4 and a
molecular ~3ight of 6S3.6 the calculated density is
1.63 gm cm . The molecular structure was deter
mined by single crystal x-ray diffraction method.

ORTEP view of Nd(N(SiMe 3)Z)3 down the c
(XBL 782-716Z)

Fig. Z.
axis.

While a rather large nunmer of metal dithiocar
bamate complexesl,Z have been extensively investi
gated, relatively little attention has been given
to the analogous monothiocarbamate species. In the
uranyl monothiocarbamate alkoxide series of com
plexes, however, one sees several features that are
lnarkedly different from those displayed by the cor
responding dithiocarbamates. The reaction of di
alkyl81llmoniunl monothiocarbamates with uranyl salts
affords a new synthetic route for the preparation
of uranyl alkoxides; also, these compounds represent
the first eX81nples of a mixed alkoxide-bidentate
chelate systelll (where the donor atoms are sulfur and
oxygen) of an actinide ion. Since these compounds
also contain three different types of uraniLUll-oxygen
bonds in the same molecule, their structural and

The variable temperature (4.2-89.6 K) magnetic
susceptibility follows Curie-Weiss behavior,
X '" Crv/T+G, CM '" 1. 33 and e '" lZ K. The magnetic
moment, lJeff,- is 3.Z7 B.M.
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mate-type bonds with distances of 1.78, Z.ZO and
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d. The Synthesis and Structure of di-n-propylanmmn
ium Ethoxybis(di-n-propylmonothiocarbamato)dioxouran
ate (IV) , A Mixed Chelate Alkoxide of Uranium

Dale L. Perry, David H. Templeton and Allan Zalkin

A±though many reports involVing the uranyl ion,
UOZ + , have appeared in the chemical literature, most
concern is the chemistry of the simple salts and
complexes which exhibit uranyl-oxygen and uranyl
nitrogen linkages. Uranyl complexes involving heav
ier donor atoms in Group VA (such as phosphorous and
arsenic) and Group VIA (such as sulfur ~d selenium),
however, are not so well knovffi. The ooz Z ion is
considered to be a "hard" acid 1 and thus does not
easily form simple acceptor-donor adducts with the
heavy congeners of nitrogen and oxygen and, as a re
sult, virtually all uranyl-sulfur compounds found in
the research literature involve sulfur as the sul
fide or some other anionic form such as thiocarba
mate involved in this investigation.

This work accomplished the synthesis and structur~
study of one of the members of a new set of compounds
of the type [RZNHZ]+[U02(RZNCOS)ZOR'r (the uranyl
thiocarbamate alkoxides), where R" g - C3H7 and R' "
CZH5 in this case. These compounds represent (1) the
first actinide alkoxide existing in conjunction WIth
a chelating anion, and (3) the first U05SZ metal cen
ter. Consequently, since these compounds also pos
sess the uranium-oxygen bond in three separate envi
ronments in the same molecule, they are of consider
able structural interest.

The title compound was prepared by bubbling
carbonyl sulfide through a solution of di-n-proyl
amine in absolute ethanol at O°C for 5-10 min fol
lowed by the addition of a saturated, ethanolic
solution of ooZCI Z'3HZO with stirring. The bright
yellow complex that precipitated from solution was
'filtered on a Buchner funnel, washed with several
portions of cold diethyl either, and allowed to dry
in the open air.

The yellow crystals are monoclinic, space group
C2/c, with cell parameters: a = Z3.217 A, b =15.Z38
(3)A, c = 19.567(6) A, S = I09.50(4f· For Z"'8
the calculated density is 1.45 ~1 cm-. The molec
ular structure was determined by single crystal x
ray diffraction methods.

j~C13
C12

C1

Fig. 4. ORTEP view of the structure.
(XBL 788-10657)

The uranium atom is heptacoordinate and is at the
center of a pentagonal bipyrmnid consisting of two
sulfur atoms and five oxygen atoms (see Fig. 4). The
overall molecular structure of the title compound is
remarkably similar to that of diethylammonium ethoxy
bis(diethylmonocarbamato)dioxouranatecYI),Z which
has ethyl groups in place of n-propyl groups. In
each compound two formula units fonn a hydrogen
bonded dimer about a crystallographic center of sym
metry. These dimers pack in the two crystal lattices
with different symmetry, yet corresponding bond dis
tances and angles (excepting the alkyl groups) are
in close agreement for the two structures. This con
sistency indicates that we are observing a structure
which is characteristic of the complex, and not one
which is dominated by molecular packing effects or
subject to excessive error.

1. R. G. Pearson, J. Anl. Chem. Soc. 85, 3533 (1963);
J. Chem. Ed. 45, 581 643 (1968). --
Z. D. L. Perry, D. H. Templeton and A. Zalkin,
Inorg. Chem., in press.

e. Structure of a New Uranyl Sulfate Hydrate,
(Y,-ZUOZS04' 7HZO.

Allan Zalkin, Helena Ruben and David H. Templeton

When an aqueous solution of uranyl sulfate and
(+)-tartaric acid was allowed to evaporate slowly,
white crystals of tartaric acid and yellow crystals
of a new uranyl sulfate hydrate both came out of
solution. The x-ray crystal structure determination
reported here established that the yellow crystals
are ZUOZS04,7HZO with identical composition but dif-
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Helena Ruben and David !·1o

ORIEP view of [U02 (OC (NH2) 2) ] [N03]2'
(XBL 8191)

08

Fig. 6.

In our studies of uranium ,"VjHlJJlCfi.C.:>

have detennined structure
(N03) 2 by x-ray diffraction. Gentile and \..dJJlI.J.L"'J.~
reported the preparation of this compound con··
eluded, on the basis of infrared , that the
nitrate groups are not to uranium, a
fact which we confirm. The ion is coord:Lnated
by oxygen atoms of the five urea molecules in a com
plex which is monomeric, not a polymer as
earlier. 1

From an aqueous solution of nitrate and
urea which was al10wed to evaporate overnight,
smal1 fluorescent lime- precipitated.
The crystals were in air and showed no decom-
position during the two weeks the x-ray eXperi]l~llts
were being conducted. The are monoclinic,
space group P21/n, with cell a ~ 15.944(8)
A, b ~ 8.952(4) A, c = 15. -;; (3)°.
For Z-~ 4 the calculafed rlpn,,·j.,.v

of a pentag
atoms. These
the b axis

Fig. 5. The B-

The uranium atom is at the center
onal bipyramid arrangement of
are joined in an lnfinite chain
sulfate tetrahedra as is sho,vn in

ferent structure than a previously reported "meta
stable hydrate" 1,2 of uranyl sulfate; this latter
compound will be referred to here at B-2U02S0407H20.
The Q-·fonn crystal used for this study is air stable
and showed no evidence of decomposition during the
four weeks it was being studied and exposed to x-rays.
The crystals are orthorhombic, space group P2 l ca,
with cell paran~t~rs a ~ 11.227(b) A, b ~ 6.790(3)
A, and c ~ 21.186 (ll]") A, and V ~ 1615 A3. For
Z~4 the calculated density is 3.53 g/cm- 3; the
calculated density of the B-form is 3.46 g/cm- 3.

form also contains chains made up of very smlilar
units of two blpyramids and two tetrahedra, as
SllOwn in Fig. 5 for comparison. The overall struc
tures of these chains are different; in the chain
in the (Y,-form the units are repeated according to
the b-axis translation, while in the B-form the
replication is by a glide plane. As a result, al
ternate units in the latter case have reversed
orientations. The interatomic distances and angles
are comparable in the two fOl~lS.l The molecular
volume is 2% smaller in the a-form indicating a
very slightly more efficient packing. All the water
molecules are hydrogen bonded.

Fig. 5. Comparison of the arrangement in the a and
B forms of ZU02SO. (XBL 784-8190)

1. N. P. Brandenburg and B. 0. Loopstra, Cryst.
Struct. Comm. ~_, 243 (1973).

2. E. H. P. Cordfunke, J. Inorg. Nucl. Chem. 34,
1551 (1972).
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The molecular structure (Fig. 6) consists of a
uranium atom at the center of a pentagonal bipyramid
of two uranyl oxygen atoms at each apex and of five
urea OAygen atoms on the equator. The average V-O
(urea) distance is 2.38A (corrected for thermal
motion). The uranium atom and the equatorial atoms
are all within 0.09 A of their least-squares plane
which is nearly perpendicular to the O-V-O axis.
The geometry and bond distances and angles are in
very close agre~nent with those found by a neutron
diffraction study2 in U02(H20) (urea) 4 (N03) 2, in
which water occupies one of the coordination sites.
In both structures the nitrate and urea groups are
planar. The nitrate ions are not coordinated to
uranium.

Hydrogen bonding in the structure is mostly
rather weak. There are only five N(urea) to O(ni
trate or urea) distances that are less than 3A and
only one of these is less than 2.9 A. As in the
tetrakis(urea) con~ound there are nunerous other
N-O contacts in the range 3.0-3.3 A which may be
very weak hydrogen bonds, but there is no satisfac
tory way to assign all the hydrogen atoms to them.
There are no N(urea) - O(uranyl) short distances.

1. P. S. Gentile and L. S. Cwnpisi, J. Inorg. Nucl.
Chem. 27, 2291 (1965).
2. N. K. Dalley, M. H. Mueller and S. H. Simonsen,
Inorg. Chem. 11, 1840 (1972).

g. L-Edge Anomalous ~cattering of S)~chrotron
Radiation*

David H. Ten~leton, Lieselotte K. Templeton, Jwnes
C. Phillipst and Keith O. Hodgsont

The changes in wnplitude and phase of x-ray scat
tering by an atom near an absorption edge can be ex
ploited to determine absolute configuration or to
help solve difficult structural problems. They must
be properly taken into account in any interpretation
of x-ray diffraction data if one is to achieve the
highest standards of accuracy and reliability, par
ticularly for crystals containing heavy atoms such
as the actinide elements. We are interested in mea
suring them to better understand their physical or
igin and to prOVide a foundation for these applica
tions. We have used the CAD-4 diffractometer at
Stanford Synchrotron Radiation Laboratory with crys
tals of cesiun hydrogen (+) -tartrate to make the
most detailed measurements yet achieved of these ef
fects in the neighborhood of the L absorption edges.
This work gave us experience in how tD conduct single
crystal diffraction experlinents with this synchrotron
radiation source and established that, while some im
provements are needed, one can measure structure fac
tors to an accuracy of 2 or 3% with the existing set
up and a suitable crystaL

We represent the complex scattering factor of an
atom as f ~ fo + f' + if", where fo is the well
known Fourier transform of the atomic electron den
sity which describes the scattering for very short
wavelength. The method requires a crystal whose
structure has been determined accurately and which

contains some atoms (H, C, 0 in this case) for which
ff and f" are known to sufficient accuracy at the
wavelength of the experiment. Values of f' and f' ,
for the atom of interest (Cs in this case) are de
rived, along with a scale factor, by least-squares
adjustment of calculated structure factors to fit
observations made of a limited number of selected
diffraction planes.

Crystals of cesium hydrogen (+)-tartrate are
orthorhombic, space group P212J,2l' with cell dimen
sions a = 8.076(3), b = 11.62ll5), c = 7.692(3) A.
Its structure was determined and refined to R= 0.016
for 2442 independent reflections measured with MoKa
radiation from a conventional x-ray tube. l

Our first experiments2 with synchrotron radiation
showed f' values as negative as -26 electrons for
cesium at the LIn absorption edge. Additional beam
time in February and June made possible a more com
plete exploration of the LII I and LIl edges and frag
mentary observations of LI' as shown in Fig. 7. The
deep dip in ff at LIII is confirmed. Points were
measured on sharp peaks of f" which occur both LIII
and LII, showing that diffraction experiments can
be carried out with sufficient wavelength precision
to exploit such fine-structure effects. Additional
modulation of f" on the short wavelength side of
the edge, already f~liliar with absorption measure
ments, is also observed. One sees that the f' values
reflect these swne effects 0vith a different shape
because of the Kronig and Krwners dispersion rela
tion) with quite substantial ~litude. The main
features observed in both f' and f" at the LIII edge
are reflected with about haH the an~litude at the
LII edge, indicating little difference in the transi
tions involved except the multiplicity difference of

u
<!)

<!)

-20-

I I I I
-30'-~~2-L.2~~~~~2C:-''-:3~~~~-:2:-'--4~~~~~2":'5::--~

Fig. 7. Plot of f" (upper curve) and f' (lower
curve) for Cs in the region of the L edges as de
rived from diffraction experiments. The Cs edges
occur at 2.167 A (LI ), 2.314 A (LIl), and 2.474A
(LIlI)' (XBL 791-7818)
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the P3/2 and Pl/2 vacancy states of the L shell. The
res~nblance of this structure at the two edges is
also evidence in support of the validity of the
experimental method.

The reduction in scattering power of cesium at the
LIII edge is the largest such effect we know of to
be observed in an x-ray diffraction experiment. It
could be used as a substitute for or a complement to
isomorphous replacement in solving the phase problem
of macromolecular structures. Only one heavy-atom
containing crystalline compound is required, and it
need not be isomorphous with the native protein from
which it is derived. The technique also avoids the
errors associated with the imperfect isomorphism
which generally occurs when atoms are added to or re
placed in a crystal. The phase shifts associated
with large values of f" are already well established
as a tool in protein crystallography, but our exper
mlents show that the effects can be increased by 30%
or more by using s~lchrotron radiation rather than a
conventional x-ray tube.

*Supported in part by the National Science FOUllda-
tion and the National Institutes of Health.

-1-
Permanent address: Department of Chemistry,
Stanford University, Stanford, CA 94305.

1. L. K. Templeton and D. H. Templeton, Acta Crystal
logr. A 34, 368 (1978).
2. J. C:-Phillips, D. H. Templeton, L. K. Templeton
and K. 0. Hodgson, Science 201, 257 (1978).

h. Uranyl Complexes with Hexamethyldisilylamido
and Nonafluoro-t-butoxo Ligands

Richard A. Andersen

The uranyl ion, UOZ Z
+, is the most commonly oc

curring entity in uranium (VI) chemistry. Surpris
ingly only one complex with an alkoxide ligand is
known, UOZ(Q\1e)z,MeOH.l All reported attempts to
prepare these complexes resulted in disproportion
ation to UO(OR)4,ROH or U(OR)6. 2 No fluoroalkoxide
nor amide complexes of the uranyl ion have been
described.

Reaction of NaOC(CF3)3 with U02(N03)2,Zthf, in
tetrahydrofuran yields UOZ[OC(CF3)3]Z,2thf. The
amide, UOZ[N(SiMe3)Z]Z,Zthf, was similarly prepared
from UOZC12 and Na[N(S~\1e3)Z] in tetrahydrofuran.
These two diamagnetic, non-volatile complexes doubt
less have structure (I) , where R is (CF3)3CO or
(Me3Si)zN, 0

thf ~ __ R

II '-thfo
(I)

1. D, C, Bradley, A. K. Chatterjee and A. K.
Chatterjee, J. Inorg Nucl. Chern. lZ, 71 (1959).
Z. D. C. Bradley, R. N. Kapoor and B. C. Smith,
J. Inorg. and Nucl. Chem. ~, 863 (1962).

i. Tris(Hexamethyldisilylamido) Uraniun(III).
Preparation and Coordination Chemist!Y

Richard A, Andersen

The chemistry of trivalent uraniun is not exten
sive. This is doubtless related to the difficulty
in getting anhydrous, soluble uranium(III) halides
conveniently. We have fOUlld that one equivalent of
sodiUlll naphthalene in tetrahydrofuran readily re
duces uranium tetrachloride in tetrahydrofuran to a
red suspension of uranium trichloride. Addition of
three molar equivalents of NaN(SiMe3)Z to UC13 af
fords red U[N(S~~3)2]3' This Ullique llillnomeric,
three-coordinate, volatile (80-100°/10- 3 mm) amide
is readily soluble in pentane. It is paramagnetic
(~eff ~ Z.5 B.M). The structure is most likely
pyramidal like its congener Nd [N (SiMe 3) Z] 3. The
uranium amide has no coordination chemistry. It can
be recovered ulchanged from Me3N, py, and various
other Lewis bases. In contrast, it reacts with
Me3NO or molecular oxygen to give the non-volatile
UO [N (SiMe 3) 2] 3'

j. Fluoroalkoxides of Uranium (IV)

Richard A. Andersen

Fluoroalkoxide derivatives of urnaium(IV) are of
considerable interest since they are likely to be
more volatile than their hydrocarbon analogues.
Since fluorine is more electronegative than hydro
gen and the basicity of the lone-pairs of electrons
on the oxygen atom of a f1uoroalkoxide is less than
that in the parent hydrocarbon. Thus, the extent
of internal dative bond formation with the strong
Lewis acid, uranium, is reduced, the degree of as
sociation is minimized and volatility is increased.
In competition with this is the propensity of uran
ium for forming complexes with high coordination
numbers, decreasing volatility.

Reaction of NaOC (CF 3) 3 or NaOCH(CF3)Z with uran
ium(IV) chloride in tetrahydrofuran yields lavendar
U[OC(CF3)3]4'Zthf or blue-green U[OCH(CF3)Z]4']Zthf.
The former complex sublimes in vacuum at 80- 90°C and
is paramagnetic (~eff ~ Z.19 B.M.) while the latter
decomposes when heated in vacuum. The coordinated
tetrahydrofuran in the latter complex can be re
placed by N,N ,N' ,N' -tetramethy1ethy1enediamine
yielding [(CF3)ZCHO]4U'tmed.

k. .9::,clooctatetraene Complexes of ProtactiniUlll,
Neptuniun and PlutoniUlll

Jeffrey P. Solar, Harald Burghard,* Andrew
Streitwieser, Jr. and R. H. Baru(s

Di(n-cyc1ooctatetraene)actinide(IV) complexes
have been prepared previo~s!y for protactinium,1,2
neptuniun3 and plutonium.' These preparations
have now been extended and mlproved. Bis(n-1,3,S,
7-tetramethylcyclooctatetraene)protactiniun
(Pa(TMCOT)Z)' was prepared by reaction of PaC14 with
the dipotassium salt of 1}1COT in THF.
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The light brown compoillJd was isolated by extrac
tion with THF in an "H-tube" and is slightly soluble
in benzene, It is slowly decomposed, presumably via

Deconrposition was also observed :in the
reaction of with cyclooctatetraene dianion.
AlthcjUgh a light colored was isolated in one

attempted sublunation :in a visible spectro-
scopy led to decomposition.

Due ot the poor solubility of Np and Pu halides
in organic solvents, an alternative synthesis has
been developed. Reaction of the volatile tetrakis
(tetrahydroborate) with K2TMCOT yielded
the desired s~ldwich ~Ujl~~jG~.c~

Postdoctoral Fellow.

1. D. F. Starks, T. C. Parsons, A. Streitwieser,Jr.
and N. Edelstein, Inorg. Chem. 13, 1307 (1974).
2. J. Goffart, J. Fuger, D. Brown and G. Dyckaerts,
Inorg. NucL Chem. Lett. 10, 413 (1974).
3. D. G. Karraker, J. A.-Stone, E. R. Jones, Jr.
and N. Edelstein, J. Am. Ch~n. Soc. 92, 4841 (1971).
4. D. F. Starks and A. Streitwieser~Jr., J. Am.
Chem. Soc. 95, 3423 (1973).

M(TMCOT)2

f Pu)

Preparation of the green Pu compound had not pre
viously been accomplished. These complexes were
again isolated by extraction in an "H·~tube."

The visible spectra of solutions of these actinide
complexes are~ in Table 2. Similar differ-
ences between M(COT)2 and M(TMCOT)2 conlplexes are
observed throughout the actinide series and suggest
a related transition in the
series.

Michael J. Miller and Andrew Streitwieser, Jr.

The air-stability of bis-(l 3,5,7-tetraphenyl
cyclooctatetraene)-uranium(IV)i is undoubtedly due
to steric shielding of the central uranium by the
twisted phenyl groyps as suggested by the x-ray
crystal stlucture. 2 This compound is also rather
insoluble and has stwlulated the search for other
hindered uranocenes. We have synthesized 1,3,5,
7-tetra-t-butylcyclooctatetraene and found that it
does not form a unmocene. Apparently the reduction
potential to the dianion is too high and on treat
ment with UC14' reduction to uranium metal occurs

Table 2. Visible Spectra (nm).

Np(COT)2
a Np(EtCOT)2

a Np(BuCOT)2
a Np(TMCOT)2

517 521 523 546

561 566 567 597

582 587 589 618

598 603 605 635

Pu(COT)2 a Pu(EtCOT)2 a Pu(BuCOT)2 a Pu(TMCOT)2

404 408 407 429

414 41'7 417 470

448 452 452 550

Pa(TMCOT)2

380

490(sh)

aD. G. Karraker, Inorg. Chem. ll, 1105 (1973).
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Table 3. Experimental data for
1,1' ,4,4'-tetra-t-butyluranocene.

Visible (reL abs) \1 NMRa Mass spectrum

631 (1.0)
658 (0.45)
677 (0.3)
725 (0.1

- 9.8 (ISH)
-24.4(4H)
- 38. 0 (4H)
-40.4 (4H)

-22.2(t-Bu)
44. 5(t-Bu)

276.0 (quat.)
281.3
306.6
331.4

670 (M+)
454 (M+-ligand)
216 (ligand)

ClWegative shifts are upheld of tetramethylsilane.

instead of fOrI1nng an organometallic complex. We
have now prepared 1,4-di-t-butylcyclooctatetraene
and have converted it to the corresponding urano
cene.

Despite the bulky t-butyl groups the compound was
air-sensitive and reacted rapidly with nitrobenzene. 4
The placenent of the t-butyl groups in this compound
still allows entry of reagents to uranium. Conse
quently, we are currently developing a synthesis of
the more symmetrical 1,5-di-t-butylcyclooctatetraene.

a. Electron Paramagnetic Resonance of Np (BH4) 4
in Zr(BH4)4*

3. PliYSICAL AND SPECTROSCOPIC STUDIES

3. A. C. Cope and M. Kinter, J. Am. Chem. Soc. 73,
3424 (1951); A. C. Cope and H. van Orden, ibid. 74,
175 (1952). -
4. C. B. Grant and A. Streitwieser, Jr., J. Am.
Chern. Soc. 100, 2433 (1978).

Neptunium tetrafluoride reacts with Al Q?H4) 3 to
give a volatile, green compound, Np(BH4)4,1 in which
four BH4 groups surround the metal in a tetrahedral
fashion. In the solid state, it is very similar in
structure to Zr(BH4)4,2 which was used as the host
matrix in the electron paramagnetic resonance exper
iment discussed here. EPR samples of Zr(BH4)4 and
Zr(BD4)4 doped with small amounts of Np(BH4)4 and
Np(BD4)4' respectively, were prepared by cocondens
ing the two compounds into a quartz tube and then
carefully sealing them off to prevent the formation
of a metallic mirror. By having the tube immersed
in ice water for several hours, a homogeneous single
crystal was obtained. Spectra were recorded for the
hydride and deuteride at 4.2 K and at microwave fre
quencies of 9, 25, and 35 GHz.

The Np4+ ion has Cln electron configura!ion of
[Rn]5f3 and its free-ion ground state is 19/ 2,
Under the action of a tetrahedral crystqlline field
[Td] of the fgym V ~ B4fCo(4) + (5/tgJl/2 (C(~) +
c(4J] f B6 [C6 - (7/2) Iz (C~~)+C4 J)], wh~re
tfte C£k) are spherical tensors of rank k and B4 and
B6 are fourth and sixth degree crystal field param
eters,3 the J = 9/2 state splits up into a f6 doublet
and two f8 quartets. The f8 states, unlike the f6,
exhibit anisotropic spectra and therefore ~lespin
Hamiltonian parameters will depend on the angle be
tween the crystalaxoes and the external magnetic
field. Since we observed isotropic resonances, a f6
state lies lowest and the data could be fitted to the
spin Hamiltonian

THF

UCI

A new and convenient route to t-butylcyclooctate
traene (t-BuCOT) was based on Cope's studies of re
actions of allcyllithium reagents with COT.3 Inverse
addition of t-BuLi to COT in ether at -78° gave an
intensely purple solution which was warmed to 0° and
treated with ethereal iodine to oxidize any dianion
formed to the corresponding COT. Distillation gave
a 39% yield of t-BuCOT. A by-product was di-t
butylcyclooctatetraene which was deprotonated with
potassium amide in liquid ammonia to give the di
potassium salt of 1,4-di-t-butylcyclooctatetraene
dianion (PMR in 1}W-d8: 6 1.6 (s, l8H), 5.7 (br s,
4H), 5.95 (br s 2H); CMR: 6 36.0 (t-Bu), 39.1
(t-Bu, quat.), .7, 87.9, 89.5, 108.3 (ring). Oxi
dation with Na2S203 gave the corresponding cyclo
octatetraene. Reaction of the dianion with UC14
gave the corresponding uranocene as a green solid
(Table 3).

1. M. Tsutsui, N. Ely Clnd A. Gebala, Inorg. Chern.
14, 78 (1975).
2. L. K. Templeton, D. H. Templeton and R. Walker,
Inorg. Chem.~, 3000 (1976),

where I = 5/2 for Np237 and S' = 1/2. The results
of least squares calculations for the parameters
are shown in Table 1.
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Table 1. Spin Hamiltonia parameters for Np(BH4)4 and Np(BD4)4'

=

IAI
-1 J(cm ) g gI

Np(BH 4)4 0.1140 ± .001

J~~::OOl
-0.0265 ± .001

Np(BD 4)4 0.1138 ± .003 1.891±.002 ---

-

Table 2. Observed and calculated values of the K band
lines using the parmneters given in Table 2.

-

Np(BH 4)4 Np(BD 4)4

v = 24.4733 GHz \! = 25.6866 GHz

obs calc obs calc

5776.0 5776.2
I

6251.8 6257.6
I
I

6688.2 6688.2 I 7200.7 7192.6
I

7786.1 7785.1 8301.3 I 8302.1

9080.3 9081.5 9596.3 9597.1

10579.0 10578.6 11077.2 11077.7

-- 12264.8 -- 12732.7

Table 3. Observed X and Q band resonances of Np(BH4)4'

Transition X band Q band
Type (v = 9.3928 GHz) (v = 34.933 GHz)

400.8 9790.3

lowed 754.4

3242.3 10820.3
6266.5

rbidden 508.3 10270.0
4829.0

In the weak magnetic field case, I and S' are
strongly coupled together to form a resultant F,
where F = I + S', so the calculations were carried
out using IF ,mF > basis functions. In zero mag-

netic field, there are two states, F = 2 and P = 3
which are separated by 3A. Upon turning on the ex
ternal field, each state splits into (2F + 1) Imp>
levels as sho~~ in Fig. 1, where A is assuned posi-
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tive. The arrows represent the observed allowed
transitions in accordance with the selection rules
i'lF = 0, ±1; LlmF = ±1. In addition, three forbidden
lines were also seen with i'lF = ±1; i'lmp = 0, but were
much less intense. Table 2 gives the observed and
calculated resonance field values for Np (BH4) 4 and
Np(BD4)4 for all the observed transitions in the K
band region using the parameters listed in Table 1.
The X and Q band resonances for Np(BH4)4 appear in
Table 3.

Good fits were obtained for the K band data and
in the case of the hydride, they greatly improved
with the inclusion of a nuclear g value. Accurate
location of the deuteride lines were unusually dif
ficult and so a reliable gI value could not be found.
However, the data do indicate that a unique set of
spin Hamiltonian parameters does exist for the hy
dride and for the deuteride since the discrepancies
between the observed and calculated fields get nluch
worse upon substituting the hydride parameters for
the deuteride. Bernstein and Keiderling4 observed
changes in the crystal field parameters of the iso
structural U(BH4)4 in Hf(BH4)4 single crystals when
H was replaced by D and ascribed the effect to an
increase in the crystal field and/or to zero point
energy differences.

The spacings between the resonance lines in the
X band region are very irregular as can be seen in

213 .130--

10.00-

Fig. 1, but this is due to the relatively large hy"
perfine interaction of the Np4+ ion in which the
energy level separation is comparable to the micro
wave energy. At low fields the energy levels are
not linear functions of H and thus P is the only
good quantum number. In the K and Q band regions,
the magnetic field can more successfully compete
with the hyperfine interaction and the spacings be
come more uniform.

Assumj.ng no crystal field mixing of states, the
wavefunction for the f6 ground state is 5

~ = .6l241±9/2) + .76381±1/2)
f 6

+ .20411+7/2)

which gives a g value of 2.667. This value is much
larger than the 1. 890 value found experimentally.
Even with the inclusion of J mixing the predicted
value drops to only 2.475. It is concluded that
other effects such as covalency6 or J ahn Teller7may
be operable and of significant size in this boro'
hydride system.

FIgure 2 is taken from Lea, Leask, and Wolf's
wOI~5 and sh2WS a plot of the energies of the f6'
f ~) and f ~ ) states for J = 9/2 as a function of

I ,~,f '''''':8
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Fi~. 2. Energy level diagram for the r6, r~l), and
rb ) states for J = 9/2 manifold as a functIon of x,
w1\ere B4/B6 = 4Zx/l-lxl. (XBL 7812-13894)

the B4/B6 ratio. Using the crystal field param
eters for U£BH4)4, as derived by Bernstein and
Keiderling, one gets B4/B6 = +lZ.9 giving an x
value of 0.235 and a positIve W. As sho\~ in the
figure, the r 6 state does indeed lie lowest. Our
experiment shows that x < 0.4. Calculations using
Bernstein and Kei~erling's parameters and free ion
parameters for Np + in CsZNpC16 8 imply that the
lO~Jst r~l) state lies ~ 300 em-I higher ~d the
rr level extends approxwlately 1600 cm- above
tfle doublet ground state.

Work is continuing on these actinide borohydrides
in order to determine the crystal field and free
ion parameters.

3. B. G. Wybourne, Spectroscopic Properties of Rare
Earths, Intersicence, New York, 1965.
~ R. Bernstein and T. A. Keiderling, J. Chern.
Phys. 59, Zl05 (1973).
5. K.~. Lea, J. M. Leask, and W. P. Wolf, J. Phys.
Chern. Solids 23, 1381 (1962).
6. B. BleaneY; Proc. Roy. Soc. (London) A 277, 289
(1964). -
7. B. R. Judd, The Jahn-Teller Effect in the Acti
nides, Second Int. Conf. on the Electronic Structure
of the Actinides, Wroclaw, Poland, 1976.
8. E. R. Menzel and J. B. Gruber, J. Ch~n. Phys.
54, 3857 (1971).

We would like to than}< Professor R. Myers and his
graduate students for helping us obtain the K band
data.

1. R. H.Banks, N. M. Edelstein, R. R" Rietz, D. H.
Templeton and A. Zalkin, J. Am. Chern. Soc. 100,
1957 (1978).
2. P. H. Bird and M. R. Churchill, Chern. Commun.
403 (19Q7); V. Plato and K. Hedberg, Inorg. Chern.
lQ., 590 (1971).

b. Interpretation of the Electron Paramagnetic
4Resonance Spectrum of the r8 Ground State of Np +

Diluted in CsZZrC16.

N. Edelstein, W. Kolbe,* and J. E. Brayt

Optical an1 electron paramagnetic resonance (epr)
spectra of Np'+ in crystals of CsZNpC16 and CsZZrC16
show the metal ion to be at a site of octahedral
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It is convenient to use the above fOl1nalism to de
scribe the fg wavefunctions for the 001 direction
and to detel1njne the value of the LI~ parameter x.

The fitting of the epr data was divided into two
parts. First of all the values Of P and Q were cal
culated for all values of x. A plot of the values
of P and Q as a function of x are given jn Fig. 3.
It is clear from the data of Brayl that either P or
Q has to be close to 0 and the other paranleter must
be approximately Z.3. From Fig. 3 we see that there
are two regions where this may occur, around x ~ 0.57
and x ~ 0.62.

and solve it exactly by diagonalizing the resulting
matrix. The first term in the Hamiltonian is the
Zeeman interaction, the second tel1n the hyperfine
interaction, and the thrd term the quadrupole in
teraction. The above Hamiltonian is similar to that
used in atomic spectroscopy for the Zeeman effect
in free atoms whose nuclei have spin I > The
theory and the necessary matrix elements are given
in Ramsey's book. 5

+ 1/2(I'J) - 1/3( )]

+.J +Jt =

The isotope possesses a large nuclear mag-
netic moment of I ~ The theory of the
electron paramagnetic resonance (epr) spectrum of
a fS state with hyperfine structure has been worked
out by Belorisky et al. 4 to various levels of approx-
imation depending on the relative of the
hyperfine coupling interaction to inter··
action. In the present used the Hamiltonian
as given by Belorisky et

symmetIY with a fg ground state. 1 Lea, Leask, Wolf
(LLW) ,Z among others, have shovm. that the g values
obtained from the epr spectra of the fg state are
dependent upon the ratio of the fourth and sixth
order crystal field parameters. From a qualitatjYe
inte~retation of the epr spectrum of the fg state
of Np + diluted in CsZZrCI6, Bray concluded that the
LLW par@neter x (a measure of the above ratio) was
equal to -0.567 which is in contradiction to the
value expected for an octahedral complex from simple
models and for other actinide and lanthanide ions.
In this artiS~7 w~ ,reanalyze quantitatively the epr
spectrum of Np ,; diluted in single crystals of
CSZZrC16 and show that the LLW parameter x may also
have a positive value as expected for octahedral
symmetry.

The ground term of Np4+ (5f3) is nominally 9/Z'
Although crystal field interactions in the actinide
series are larger than in the 4f series, we assume
we are dealing with an isolated J level, that is
there is no J mixing by the crystal field. We later
take into account the effects of spin-orbit coupling
and other interactions which may change the free ion
Lande g value, gJ' by allowing this parameter to
vary. The representation D9/Z reduces under 0h sym
lnetry to two fg representations the relative eigen
values and eigenvectors of these levels depend on
the ratio of the fourth and sixth order crystal
field parameters, B4 and B6. Lea, Leask, and WolfZ
have calculated these eigenvalues and eigenvectors
for J ~ 1/2 to 15/2 in 1/2 interval steps, with
respect to the parameter x, which is proportional to
the ratio B4/B6, where x is a if B4 ~ a and x ~ ±l
if B6 ~ O. The sign of x is determined by the sign
of the ratio B4/B6. If the quantization axis is
chosen along one of the axes of an octahedran, then
the eigenvectors lnay be divided into two groups, A
and B, where

p

For a particular field and a particular
set of fS wavefunctions· (corresponding to a unique x
value) the matrix elements of the H@niltonian were
calculated, the matrix diagonalized, and the param
eters, gJ, A, a~'1d B adjusted to obtain the best fit
of the energies of the transitions to the mj.crowave
frequency. There was no way of adjusting the wave
functions of the fS state except by starting the
calculation over with a new set. In a separate pro
gr@n we took the parameters obtained in the fitting
program and, by a iterative numerical process, ob··
tained the magnetic field values that a set of param
eters gave for a particular transition at a partic~
ular microwave frequency. These progranls were 4
checked by reproducing the data of Belorizky et al.
for the Er3+: MgO (I ~ 7/Z) system.

A computer program was ,vritten which calculated
the matrix elements of the H@niltonian of Eq. (1) in
the IJJzII z ) representation. This matrix was com
plex and of ran]( Z4; a fourfold degeneracy arising
from the electronic fg state and a sixfold degeneracy
from the nuclear spin, I The mago.etic field
·can be in an arbitrary but knmvn direction and the
vector quantity was broken up into components along
the octahedral axes of the

-p

<f(1)3/2IJ If(1)3/2)
8 z 8

p

The f g quartet is made up of two degenerate doublets,
one of type A and one of type B. The coefficients
ai and bi are given as a function of x by LLW. For
Np4+ in CszZrC16 the fg(Z) quartet lies lowest.
Ayant and coworkers3 have studied the magnetic prop
erties of the fg quartet and have defined the param
eters P and Q for the fg state:

Q

-Q

Q
A few sets of data were chosen with various mag

netic field orlentations and these data were fit with
various sets of fS wavefunctions corresponding to
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a ~.001<H-------+-------+-------~~----+
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n..

LLW X

LEA,LEASK,WOLF D1AGRAM J=9/2

Fig. 3. Values of P or Q as a function of the LLW
parameter x for the f S(2) wavefunctions.

(XBL 7Sl2~13892)

Table 4. Fit of calculated and experimental magnetic field values for various
values of the LLW paran~ter x.

a) )( - -.575; A - .0425cm B - .00018cm ,gJ - .730.

b) )( = .53; A = .0325cm~1; B = .00025cm- l ; gJ = .5674.

c) All magnetic field values in kilogauss.

d) All data from Reference 1.

H Direction 111 110 110 001

Frequency (GHz) 35.28 35.11 35.24 15.24 1
i

a IJ
)( -.575 .53 -.575 .53 -.575 .51 -.575 ~ 53

Hcalcc Hcalc Hobs
d Hcalc Hcalc Hobs Hcalc Hcalc Hobs Hcalc Hcalc Hobs

17.93c 17.53 17.56 20.91 20.76 20.77 10.43 10.97 10.97 9.99 10.44 10.80

17.08 16.93 17.02 19.82 19.74 19.73 8.78 9.42 9.85 8.57 9.07 9.33

15.97 15.91 15.93 18.48 18.44 18.38 7.33 8.00 8.09 7.23 7.74 7.89

14.70 14.66 14.64 17.11 17.07 17.02 6.07 6.74 6.75 5.98 6.49 6.65

13.32 13.21 13.26 15.77 15.66 15.64 4.99 5.67 5.67 4.82 5.34 5.41

11. 81 11.74 11.63 14.52 14.42 14.44 4.20 4.87 4.82 3.75 4. 29 4. 36

- - -1 - -1. -

different x values. For x < 0 the best value was
-0.575. For x > 0 a good fit was found for x = 0.53.
The positive values of x were much less sensitive to
the x value; this is sho'1ll in Fig. 1 by the relative

insensitivity of P and Q to x when ~ 0.6. Compari
sons of calculated and experru,ental fields are given
in Table 4.



421

nrc'If"'; rio' of elee-'

been studied by gas
to t£e

and uranium. 2,

provides direct insi~lt into
tronic levels within the
less few metal hexahalides
phase PES, attention so far
fluorides of molybdenum, tU[1)?,:3tE~n"

In the communication we report He (I) and
He (II) spectra of UCl6 and compare the results of
our experiments with relativistic scattered wave Xo:
calculations.

It is clear from Table 4 that good fits can be
obtained with x > O. However some magnetic field
orientations are fit better than others. If the
parameters are varied for each magnetic field orien
tation we obtain sets of parameters which are
slightly different for each orientation, Further
work 1S underway to determine the reasons for these
discrepancies as a function of angle.

are shown in 4,
relative band areas

HeCI) and He (II)
whilst ionization
are collected in Table 5.

Fig. 4. The He- I and -II excited gas phase photo
electron spectra of UC16' (XBL 7810-11908)
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t Permanent address: Department of Physics, Marietta
College, Marietta, Ohio 45750.
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Chem. Solids 23,
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23

Octahedral systems are of central importance in
the field of coordination chemistry, the
electronic structure of hexahalo transition metal
and actinide complexes having aroused widespread
interest. In particular there have been several
attempts to interpret charge transfer spectra of
hexahalides in relation to the orbital energy se
quence for electronic sub-shells of dominantly halo'
gen character. 1 Photoelectron spectroscopy (PES)

c. The Electronic Structure of UC16: Photoelectron
§r~tra ~-':LScatt~E)d Wave Xo: Calculations

G. Thornton, N. Edelstein, N. Rosch,* R. G. Edgell,t
and D. R. Woodwarkl'

Table 5. Ionization energies and relative band intensities from the
p.e. spectrum of UC16.

1 · t' *Re atlve In ensltyBand Ionization Energy

(eV) He(r) lle(n)

a

b

11.28

1L 74

3.0

3.1

(3 )

(3 ) 3.3

t (-IT)
19

(O+'IT)

c

d

e

12.07 \
12.34(sh)

12.45

5.2

(7) 1L4

(5) 5.9

t (TI)
2u

t (0+11')
lu

alg(o)

t
2g

(lr) + (a)

*Band intensities are normalized such that the intensity of band a is
3.0. Figures in parentheses give the normalized intensities expected
on statistical ~ only.·
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Table 6. A comparison between calculated and experimental ionization
energies for UC16.

- - -

Ionization Energy Sphere Charge Distribution
C:nhchnl1 (eV)

- ..~==,=-=

Calculated Experimental °intersphere
()

°el~u

i----~.~.~.----

t 11060 110 28 0.22 0.00 0.75
19

t 11.76 110 74 0.16 0.21 0.60
lu

t 2u 12.43 12.07 0.24 0.13 0.60

12.68 12.34 0.22 0.21 0.54

a 12.89 17..45 0.19 0.10 0.66

13.16
1

0.33 0.06 0.60
13.28

e 13.46 J 0.13 0.18 0.66
g

Mean square deviation between experimental and calculated ionization
energies is 0.29 eV.

--- 3s

--3p

2.0

t I"
~=== eg

°19

0.5

(j)
Ol
'-
(l)

1.0.D
U
;>-,

0:::

;>-,
Ol
'-
(l)

c
1.5 6P3/2~~-W

. 5. SCF-Xa scattered-wave ground state orbital
energies for UC16' Solid lines represent occupied
M.O. 's, dashed lines empty orbitals. The SCF-Xa
orbital energies for U and Cl free atoms are also
shown. (XBL 7810-11600)

The bands apparent in the PE spectra of UC16 cor
respond to the set of seven electronic subshells of
domincmt chlorine a~C?lHic character. As with
other metal ,we fall to observe bands
attributable to ionization of chlorine 3s electrons
in the He(II) spectra. Uranium 6p ionizations are
also absent from our spectra.

The approach adopted in the present
work lines described by Slater. 4 How-
ever, the uranium core electron charge density was
derived from a relativistic calculation and a quasi-
relativistic version of the scattered method
was used in the molecular calculation. This routine
does not include spin-orbit coupling.

The results for the ground state molecules are
shmrn in . 5 as are the orbital energies calcu-
lated for and C1 free atoms. Ionization energies
of UC16 were by the transition state
method of and are given in Table 6. This
table also contains normalized distributions
wlthin each for the various electronic levels.

agreement between cal
ionization energies, it

encouraging to find that the
spread ionization energies predicted

(1.86 eV) is close to that found in the PE spectra
(2.00 eV). The most straightfonvard interpretation
of our data is therefore based on the assumption
that the theoretical sequence of ionization energies
is preserved in the experi~ental spectra. The root
me811 square deviation between calculated and empiri
cal ionization energj.es is then as small as 0.29 eV.
However, where FE baLds are very closely spaced
there is clearly some room for debate as to the
nY'"l",·,·;-'-w of levels and especially in the regions of
bands c and d the assignment should be regarded as
tentatIve.
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d. Syntheses and Electronic Structures of
Decamethyl Manganocences

J. L. Robbins, N. M. Edelstein, S. R. Cooper, and
J. C. Smart*

The unusual magnetic properties, structural
parameters, and reactivity of manganocene
[(n-CsHs) 2Mn or CP2Mn] and 1,1' -dimethylmanganocene
[(n-CH3CSH4)2vm or (MeCp)2~1n] have been extensively
studied for over 20 years. While all other transi
tion metal metallocenes are low spin cowrlexes,
CP2Mn exhibits both hi~h sp~ 6Alg [e2g2 algI elg2]
and low spin 2E2g [e2g~ alg ] ground states
depending on the environment. l ,2 In the gas phase
and in toluene solution (MeCp)2Mn exists in thermal
equilibrium between high spin 6Alg and low spin

2E2g ([ e2g3 a192)] electronic configurations with
the latter predominating at lower temperatures. 2

Structural studies of manganocenes have
demonstrated the dependence of the metal-to-ring
carbon distances (R(M-C)) on the spin state of
the molecules. Gas phase electron diffraction
studies by Haaland revealed R(M-C)'s of 2.383(3)
and 2.433(8)A for CP2Mn and high spin (MeCp)2Mn,
respectively. 3 These R(M-C)'s are the longest
of all transition metal metallocenes and are
comparable to the distance found in the ionic
CP2Mg (2.339(4)A). The R(M-C) found for the low
spin form of (MeCp)2Mn, 2.144(12)A,3 is nearly
0.3A shorter than the distances found in the high
spin manganocenes.

CP2vm and (MeCp) 2vm are also among the most
reactive of all metallocenes; they are pyrophoric,
instantly hydrolyzed by water, and undergo ring

exchange reactions characteristic of ionic cycio
pentadienides. l ,4 These results suggest that the
high spin manganocenes are ionic molecules with
relatively weak metal-ring bonds.

We recently reported the synthesis of decamethyl
manganocene ((MeSCp)2Mn) via the reaction of MnC12
with Li(MeSCp) in THF.S Our magnetic susceptibi
lity measurements on solid (MesCp)2~1n indicate
simple Curie behavior (Xm = CiT) up to 117 K with
peff = 2.18 ± 0.1 pB. In toluene solution at 313 K
a moment o( 1.97 ± 0.1 pB was obtained using the
Evans NMR. method. These data are consistent with
the formulation of a low spin doublet ground state
for (MesCp)2Mni the temperature independence of
the moment indicates that thermal population of
the high spin 6.~ state is negligible up to 313 K... g

There are two possible doublet electronic con
firgurations for a low spin manganocene:

2Alg (e2g4, al/) and the orbitally degenerate

2E2g (e2g3, alg2). Low spin forms of CP2Mn and

~eCp)2Mn have been stabilized at low temperatures
(4 to 10 K) by dilution of the complexes in hydro
carbon glasses or in diamagnetic metallocene hosts
and EPR spectra of the manganocenes under these
conditions were consistent with the ZE2g ground
state. 2 We have measured the low temperature EPR
spectra of (MeSCp)2Mn in hydrocarbon glasses and
diluted in (MeSCp)zFe and found them consistent
with the 2E2a configuration determined for other
low spin manganocenes (Table 7). From Table 7
it is apparent that the g values of the complexes
are sensitive to changes in environment. This
behavior is typical of metallocenes in orbitally
degenerate states for which Jahn Teller distortions
can perturb the g-values. 6 Both the nature mld
magnitude of such distortions can vary with
environment, so the variation of g parameters with
host matrix is not unexpected.

Both the thermodynamic and lzinetic stability
of metal complexes is dependent on spin state.
In contrast to the high spin dS case, the low spin.
dS configuration possesses substantial crystal
field stabilization with attendmlt increase in
metal-ring bond order. Evidence for such ml effect
was found in the recent crystal structure of
(MeSCp)ZMn.7 The R(M-C) of the complex, Z.112(3)A
is comparable to that of low-spin (MeCp)ZMn, but
nearly O.3A shorter than the distances found in
high spin manganocenes. In addition, the crystal
structure of (MesCp)2~1n revealed distortions from
the ideal DSd s}Tmnetry exh.ibited by (MeSCp)zFe.
Tl1ese distortions, involving a variation in ring
carbon-ring carbon (1.409(2) to 1.434(2)A) dis
tances, suggested a static Jahn Teller distortion
resulting from the orbitally degenerate 2EZg
electronic configuration.

In contrast to CP2~1n and (MeCp)2Mn, decamethyl
manganocene in THF solution does not react with
FeClz to yield the ferrocene and is hydrolyzed
only slowly by water. The contrasting reactivity
of high and low spin manganocenes parallels the
situation observed in Mn(II) coordination chemistry.
No crystal field activation energy for ligand dis~
placement is expected for high spin octahedral
dS systems and accordingly, high spin Mn.(II) com-



complex is a diamagnetic, IS-electron metallocene
isoelectronic with ferrocene. The electrochemical
reductions of Cp2V, CP2Cr, CP2CO, and CP2Ni have
been reported but the reduced species were neither
isolated nor characterized in solution. 9
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plexes, such as Mn(phen) ,are notoriously labile.
In the low spin case, significant activation
energy prevails and low spin species such as
[~hl(CN)6j4- are relatively inert. S

j\nother unique feature of decamethylmanganocene
chemistry is the accessibility of both oxidized
and reduced fOnTIS of the parent neutral complex.
(MesCp) is readily oxidized by [CP2Fe] PF6 to
give crystalline [(MeSCp) 2Mnj PF6. Magnetic sus
ceptibility data indicate Curie behavior with
)1eff '" 3.07 j: 0.1 )1B. This moment is consistent
with a triplet electronic configuration and the
cation thus represents a rare example of low spin
Mn(III) .

1-1. cyclic volt2Jnmogram of [(MeSCp)2lVhojPF6 . 6)
shows that this compound is reduced in two reversi
ble one'-electTon steps at -0 56 and ·-2.17 V vs.
scn, with of 60 and 80 mV,

coulometry
Teduction that nO. 98 j:

the one-electTon nature of the

j
I +/0/

Mn(Me 5CP)z

As
reduced
Treatment
m TJ-IF
is i.solated as

(MeSCp) may also be
to an anionic derivative.
with sodium naphth3.I:1de
of Na[ (Me5CP)

an orar;ge, pyrophoric

E vs SCE

6. Cyclic voltammogram of Mn(MesCp) 2 in CH3CN,
O. 11-Bu4WClO~ on a Pt disk working electrode.
Scan rate 100 mY/sec. (XBL 786-4047)

Table 7. nPR results for the low spin maganocene type compounds.

COMPOUND

(Me 5C1')

in met1oylcyclohexane glass l2°K

(Me 5C1') Z'ln

in (Me
5

C1') l2°K

C1'ZMn

in at 4.ZoK

in C1'ZRu at 4.zoK

C1'z,jn

in C1'ZOs at 4.ZoK

(MeC1')

in toluene glass at 4.ZoK

(MeC1')ZMn

in methylcyclohexane glass at 4.ZoK

gil gl REHRE\CF

3. Z6 ± 0.01 1. 68 ± 0.n2 This \"Ork

3.36 ± 0.01 1.4 ± 0.04 T1i i s work

3.508 ± 0.004 1. 17 ± 0.01 This work

3. 519 ± 0.00,j 1.222 , o.nlO 2b

3.548 ± 0.004 1. 069 + 0.020 Z10

3. 534 ± 0.004 1 . 126 ± o. OJ Z10

Z.887 1.900 Za

2.909 1. 89:1 Z3

(MeC1')ZMn

in (MeC1' 3)ZMg at 4.ZoK

(MeC1')2 Mn

(MeC1'3)2Fe at 4.2°K

3.00±O.OZ

3.06±0.OZ

1.889±0.00Z

1.850±0.00Z

2b

ZI>
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Na [(IvleSCp) Zlvln] therefore represents the first
example of a stable, isolable metallocene anion.

001' studies of decamethylmanganocene
indicate pennethylation of the Cp ring results
in low spin behavior, in contrast to
other maJlganocenes 1vhere high spin states are

accessible. From this result we conclude
field strength of the Cp is

enhanced by the complete
the hydrogens with electron~donatingmethyl

The low configuration of (MeSCp)zlv'tn
it inert ring and

h'T~r01'vci , but the does reversible
VALu,n.LVll aJld reduction to give low 16- and
18·-electron species for which no exist
in the other manganocenes.

.2':'

j~H'"'"'~'~A ~-'J'''"'''~,L JLJV
w
0:: 1+-+-+-, -+-+--'~+--+---I--"--,-+----.+-+ -+--,+-i---,-----I--+--f--+-,---j :1

4400 4600 4800 5000 5200 5400 5600 5800 6000 6200 6400 6600 6800 1000
Wavelength (angstroms)

ThCl
4

1791

41874

39345

25435

12906

-776

1641

-2626

·-3475

133

12

-50

1000

19

57 --1
em

1765

41677

~cOO15

27050

12725

-600

1606

-2178

-3781

-644

12

·-50

1000

20

47 -1
em

296

+4Parameters from the fitting of U in
D2d symmetry.

Top,
helium

RHS

Table 8.

II levels

Mean

y

Zeta

vious work. Also long exposures further into
the untraviolet a broad absorption in the
sigma spectnl11l which in the present analysis is

spectrum of in
temperature between 4400 and

7000A. spectrum of U4+ in
ThC14 l.mder same tions. Bottom, U4+;
Th (catachol) 4 at lU~H)~C;H temperatures.
At liquid heliulll temperatures the catachol crystal
crumbles aJld becomes opaque. (XBL 788-1602)
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e. Absorption, Fluorescence and Laser Excitation
of UCf71/ThBr4 an<rlJF4/T11Cll1

*

111ese parameters are different than publishedl
but are believed to be better because they account
for all the strong absorption peaks. Furthermore,
the fittinglvas done so as to retain a large split-

factor for the line at 16,003 cm'l. lnis
Zeeman data was not taken into account in the pre~

Pierre Delamoye, John G. Con1vay, G. V. Shalimoff,
M. Genet, * J. C. Krupa, * and N. Iv!. Edelstein

+11 J -A crystal of U ' in ThC14 las been prepared
by the Orsay group and the spectra recorded on
a Cary 17, a O. 7S m spectrograph and a 3.4 m Ebert
spectrograph. Some laser excited fluorescence
spectra also have been taken. Figure 7 is the
Cary 17 recording of the U+4 in three matrices
ThBq, ThC14 and Th(catachol)4. A close similarity
can be seen between the 0+4 in ThBr4 and ThC14
with the 111C14 spectrum displaced to higher energy.
u+4 :Th(catachol)4 spectrum at liquid nitrogen
temperature is displaced to still higher energies
and is not as intense or as well resolved. A fit~

of the data to complete matrices of DZd was
carried out and the results are in Table 8.
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Fig. 9. Top, plot of the strong peaks which
fluoresce and are detected on a monochromator as a
function of laser excitation wavelength. Bottom,
abbsorption spectrunr of U4+ in ThBq in the wave-
lengths between 5160 to 5l85A. (XBL 788-1601)

This tuning was observed for a number of other
fluorescence groups at 6611 to 6584A altd 6764
to 6798A excited by the same absorption peaks.

of some of these scans. It is observed that the
strong peak, and presumably the weaker tails of
Fig. 8, move as a unit depending on the wavelength
of the excitation. As an example when the laser
is scanned with the monochromator set at 5442.4A
only one fluorescence peak is observed when the
wavelength corresponds to the absorption peak at
5l69A. lVhen the scan is made with the mono
chromator at 5453.6A four peaks are observed
corresponding to four of the five absorption peaks.
The upper portion of Fig. 9 is a plot of the laser
settings vs. monochromator settings for the
strongest fluorescence peak. The "VI! shaped curve
shows how the fluorescence spectrunl such as that
at 5l75A of Fig. 8 moves from the extreme -at
5l75A to the other limit at S169A and then returns
to the original condition at 5l66A.

::J::JIV::l::lC:V

I l
5440 5450 5460 5470 5480 5490 5500

I-~------'-----'-- I I

51661\
~------t-------I-~-+---i------+-----II~~+-~-+-~+--

5169A
-----1~-j_____i

5440 5450 5460 5470 5480 5490 5500 5510 5520
Wavelength (angstroms)

taken to be a component of the 3P2. This assign
ment reverses the previous polarization assignments
and places the center of gravity at higher energy.
The previously assigned sigma line is now assigned
to the 116 group. The two strong absorptions at
68l9A (sigma), and 6699A (pi), are assigned to
the J=2 level in this region.

In all the fitting attempts the B~ and B~
parruueters were poorly determined.

We have done extensive studies of the fluores
cence excitation of U+4 in the ThBr4 matrix using
a nitrogen punlped dye laser. Figure 8 shows a
scan of the 5450A fluorescence group using three
fixed settings of the dye laser, 5166 A, 5169/\ and
5175 A. The lower portion of Fig. 9 is the
absorption tr ace of the 5166 A group. The laser
was slightly to the lower wavelength side of the
peak for the first laser setting (Fig. 8) and on
the peaks for the other two settings. The 5175
and 5169 A excitation spectra are very similar
but displaced from each other. The 5l66A excita
tion is almost the same as the 5l75A. The inten
sity scales are all relative and are not related
to each other.

Fig. 8. Laser excitation of U4+ in ThEr4 at liquid
heliunl temperature. Top, spectrum with laser set
on wavelength 5l66A and the fluorescence scanned
between 5440 and 5520A. Center same as above
but laser excitation at 5l69A. Bottom, same as
above but laser at 5l75A. (XBL 788-1600)

The strong peaks were then followed by reversing
the procedure and fixing the monochromator setting,
then scanning the laser in wavelength through the
absorption region. Figure 10 shows the results
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I. 1. R. Carlson, J. A. Paisner
S. A. Johnson, C. A. May and R.
Soc. Am. 66, 846 (1976).
2. R. W.:Solarz, C. A. L. R.
E. R. Worden, S. A. Johnson, J. A.
L. J. Radziemski, Phys. Rev. A 14
3. E. F. Worden, R. W. Solarz,
J. G. Conway, J. Opt. Soc. hn. 68,

The lifetimes of several intermediate states
were detenninecL By scanning the laser populating
the second level of a three process and
detecting ion fonnation energy were located
to within the accuracy of the determina-
tion, in this case O.lA, Over levels
were located.

using laser spectroscopy methods
studies on uraniuml , 2 and the rare The
value of 50536(4) cnc l or 6.2657(5) eV \"as deter
mined from the average four R,r,'lhc'r<r series con
verging to the growld state the ion
and two series to first excited
level 24.27 on- state of the
ion.

The final analysis of the data is underway and
should be ready soon.

g. Associative Ionization of Lase~~,Ex~i~ed Rydberg
States in Strontium and Barium

When the first was carried out the
ground state of the was not lmmvn. Before
the second experiment, J. Blaise and M. Fred
informed us as to the lowest levels of the spectrum
of Np. This greatly aided in our interpretation.

We first determined the ~l"J~'J~l.'>i1,,_~q_~J.Vl' threshold
since it is easy to re<:::o!;ni z~ ioniza-
tion potential within value obtained
by Rydberg series. We were limit
the range of search for Ry(lbE~rg

Two separate runs each of
were made. The Np metal was
Bronisz and ~~lford of Los "~,amos Scientific
Laboratory. The oven was heated to 1575°C.
Dr. R. S. Ackennann of National r.,,~hn'r,,1~n~)'"\T

advised us to heat the for a long time to
remove the NpO present has a vapor pres:3U1~e
slightly higher than the metal. This prehl:;a1:inLg
was at 1570°C for about 12 hr.

! ! I I !

5185
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Fig. 10. Fluorescence spectrum at various mono
chromator settings as the laser is scanned through
the absorption spectrum shown in the bottom part
of Fig. 9. (XBL 788-1599)

* lPN, Orsay, France

1. M. Genet, P. Delamoye, N. Edelstein, and
J. Conway, J. Chem. Phys. 67, 1620 (1977).

f. Ionization Potential, Lifetimes and New Levels
of Neptunium by Laser Spectroscopy

John G. Conway and Earl F. Worden*

John G. Conway, Earl F. Worden* and J. Paisner*
+

Sr2 has been observed in beams of strontium.
The dimer was detected by mass spectrometry and
is formed by laser population of high H:ydberg
states in beams having densities in excess of
1014 atoms/cm3. The production of the dimer is
by homonuc1ear associative ionization process:

Sr(5s n1) + 8r(5s2) + + + e

The first ionization potential was determined
both by photoionization and Rydberg convergence

The process has also been observed in beams
of Ba and Ca. 1 The details of the Srt work have
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been jJ'",j.L.L;oL"~V. and the Co. work
the American Chemical vV<...J.'jG)

at of Ionized Ions

J. G.
Davis,

B. Gavin, G. V. Shalimoff, S. P.
and To Hayhurs t

intense search was made In vanadium for the
3d5f transitions. In the spectral region there

ivere a number of lines of another transition
array prevented the characterization of the

of interest. To find the 3d5f levels it
be necessary to simultaneously search from

several A number of transitions
prE,dictc,d for the 3d6f,

too few to complete the array.'

Since the were difficult
decided to to an element which is
arid not as active 0 Titallium was chosen
because it has a reasonable number of lines of
the various ionic in the vacuum region.
The necessary for the Ti "v-nC""'; >1;".oTd' C

are now undenvay 0

have been carried out
using the ion source of the SuperHIU\C. The ions
are separated and through a
jet gaseous atoms or which excites
them. The emitted spectrum is phC2tographed. The
first e:\.'})eriment used a beam of Uj + ions on a jet
of freon and was on a 2.2 I1l gr;nj,ng
incidence spectrograph.
was 15000,20000 volts. In the first "v-n"'rin,,,,.,

the lines C, F, Cl and A were
of U were seen. The fact that no uranium lines
were observed was surprising, but is similar to
the results of Stoner et 0.1. using a 1 MeV beam
of UF6 on a carbon foil.

J. Paisner, Am. Chem.
Haivaii.
A.

(1978) ,

TheCalifornium.

Recent

state of Cf I is
1and that of Cf 7/2'

of the infra by
transform methods the energy
The Cf line list with about 28,000 UJleS
searched for new :information. With these

new data most of the lines of Cf I have
been classified as between 147 odd
and levels. calculations of

and of Cf I and 5fl0 7s, 5fl06d
of Cf II by J. W. of have

the search.

JoJm G Conway, Earl F. Worden* and Jean Blaise'[

1. Eo R. Worden,
Meeting, IVlarch
2. E. R.
Opt. Lett.

h. Free Ion Studies of the

.*.~."O~~_~._...._~_..~_~_
Lawrence Livennore Labora·tmrv

A convenient and reliable method for calibrating
a glass electrode to read true hydrogen concentra'~
tion is to measure at least two solutions of
accurately known hydrogen concentrations. Provided
that the response of the glass electrode to log
[H+] is linear in the region of interest, the pr~n
scale is defined in terms of true concentration,
P [H]. (p [I-I] '" - 10glO [H+]; pHm '" reading
after suitable calibration with buffers.) The
strong-electrolyte buffer systems HCl in water
and KOB in water are the easiest to use.
However, in the region pH .5-11.4 [H+] is not
accurately Imown (since this is a buffer-free
region) . For the purpose of the useful
calibration , one may choose a weak acid or
mixtures of acids whose dissociation constants
are accurately Imovm and are lmiformly distributed
over the entire useful pI-I range.

Prideaux: in 19161 proposed the "universal"
buffer solution (acetic acid, phosphoric acid,

*A. Avdeef, and J. J. Bucher

81 lines of
new compilation

in the
59th edition,

J. Blaise, J.
97 (1977).
J. Blaise,

Spec1:rclchinL Acta i2B, 101

Orsay, France

J. G. Conway, J. OpL Soc. Am.

Aillle

of Bk3+ has
photographic

to fonn a line list of the strongest 4000
lines. Ths energy level classifications and

have been added and this list
for publication.

,
G.

P. Camus,
(197'7) .

The wavelengths of the strongest 189 lines of
Bk are now listed in the 59th edition of the
Handbook of

*'~_"_""---~'_-'~

Lawrence Livermore Laboratory
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In the analytical fit of pHm, the data are
weighted according to

The last two tenns are only important in the
extren~ regions of pH « 2 or > and have in
the past been assoClated with the junction potentia]
of the reference electrode. ll We find that these
tenns also reflect the changes in the asymmetry
potential of the glass electrode. There is a
provision in the program to vary (by numerical
nonlinear least squares) the buffer concentrations.
However, in practice, the calculation of [I-t] will
not be successful unless the buffer concentrations
are already well detennined.

(1)pH ~ 0.088 + 0.9951 p[H]
m

discussed a useful procedure for p[H]
measurements in the estimation of equilibrium con
stm1ts. His en41irical calibration results were
\-UiiLLUJll\2U by a more elaborate study by Hedwig and

who proposed the simple relationship

boric acid), henceforth abbreviated the APB buffer.
Other buffer systems have been
described. Even though these universal buffer
mixtures have been known for a long time, their
use for calibration purposes has been relatively
scarce.

2

--1(weight) .

to be independent of ionic
I -~ 0--;lY4to o. 20-M1NaCl).

strength dependence was

which was observed
in the
of ionic

remarkable. 8

111e present study was initially an attempt to
substantiate the observations of Hedwig and Powell
for our partkular electrodes and experimental
conditions. Also we wished to reexamine the use
of universal buffers for accurate p[H] deteYn1ina
tions. We explored the use of the AP, APE, and
APB universal buffers (where A ~ acetate, P ~

E ~ ethylendimnine, B ~ boric acid)
component less than six millimolar in

concentration. To our surprise, we find
ineluctable support for ionic strength dependence
of the glass electrode in the ionic strength range
0.05 to 0.20 M (KCl), contrary to the findings
of Hedwig and Powell. Also we find that the APE
universal buffer does not accurately predict
hydrogen_concentrati~n, due to ~resumed ion-pair
mteractlOns of enH2 + and HP04 -. We fmd that
it is possible to extend the accurate p[H] range
of the glass electrode from 1.5 to 12.5, provided
care is to measurements in the extreme
regions. For this purpose we have employed a
computer-controlled automatic titrator of our 0\\'11

design.9 The method of collecting potentiometric
readings by the auto-titrator ensuTed some minimiza
tion of the deleterious effects of time-dependent
changes of 8he as)~etry potential of the glass
electTode. 1 A versatile FORTRAN computer program,
GLASS, was coded to treat the data jnvolving the
universal buffer solutions, for I ~ 0.0 to 0.3 M
(KCI) and t ~ 4 to 40°C (conditions particularly
useful to biologically-relevant studies). Details
concenling the empirical ffi1alytical dissociation
constant expressions as a function of t8nperature
and ionic strength for each buffer component and
the treatment of mixed activity coefficients are
descTibed fully elsewl1ere. 9

'TI1e computeT program GLASS is coded to solve
for [H+] for any combination of the four buffer
components, including the case of water titTation
(no added buffers). The refinement in [H+] cal
culation generally converges within one or two
cycles for each point. Once [H+J values are cal
culated for a particular data set, the pH lneter
readings are fitted by weighted linear least
squares to the fonn

where we have assun~d 0const ~ 0.002 pH and
~ 0.001 mL The teDJl dpH/dV is the slope

titration curve. Thus data in buffer re--
gions receive much greater than data near
equivalent points. The higher the buffer com
ponent concentration, the more weight the buffer
pH region receives relative to the regions
associated with the buffering of water.

Several universal buffer solutions, variably
composed of 3- 5 InlVl potassium acetate, potassium
dihydrogen phosphate, ethylenediammonium dichloride,
and borax, were examined. From the results of
nineteen titrations, 25°C, pH 2 to 12, ionic
strength (1), O. as to 0.20 M (KCl) , pH meter
(adjusted with NBS pHStandard 4.008 and 6.865
buffers) readings, pI~l, using a Beclcman 39501
combination electrode, can be converted to
-log[H+], p[H], by

pH ~ 6' + S' p[H]

where ~' ~ 0.2269 - 1.949 I + 7.756 r2, o(~') =
0.019 pH 3lJd S' ~ 0.9657 +0.4752 r - 1.532 r 2,
o(S') = 0.0022. At r ~ 0.1 lVI, pI~n = 0.110 + 0.998
p[H] .

,,-------
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University, Syracuse, New York 13210.
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4. RESEARCH PLANS FOR CALENDAR YEAR 1979

1ne half-sandwich compound CSHSThClZ has been iso
lated and characterized and we are now extending
this chemistry to the corresponding borohydrides.

The spectroscopic program will emphasize the
crystal spectra of lanthanide and actinide ions
in a variety of host crystals. Laser excitation
of U4+ in several matrices will be continued in
an effort to understand why the fluorescence
spectrum changes continuously. The Zeeman effect
on the absorption spectra of a nunlber of systems
will be measured using a pulsed solonoid which
attains magnetic fields up to ZOO,OOO. The
fluorescence of Pr3+ in ThBr4 will be further
studied using laser excitation. The spectrum of
Nd(BTSA)3 will be further studied at low tempera
ture mld the lines assigned. Work will continue
on the first ionization potentials of the actinide
elements and other free ion studies.

The study of anomalous scattering of synchrotron
radiation and its application in crystallography
will be extended to the rare earth elements near
their L edges, and perhaps to other elements, so
as to demonstrate more fully the generality of
the large effects first obsel~ed with cesiunl.

Studies on the preparation and physical studies
of new actinide amides, alkoxides, allcyls, and
borohydrides will continue. The properties of
neptuniurn and plutonium borohydrides, liquids at
room temperature, will be investigated in great
detail, including further x-ray diffraction experi
ments at low temperature. The reaction chemistry
on compounds of the type XM[N(SiMe3)Z]3 where X
is H, BH4, or Me and M is Th or U will be pursued.
Reactions with unsaturated and other organic
molecules with the intent of developil1g new
chemistry is of particular interest. Studies will
continue on the low-valent, i.e., divalent oxida
tion state, of Sm, Eu, and Yb with the bullcy
ligands (Me3Si) and C9V1eS. Our principal objec
tive is to understand the chemistry and reactivity
of these low-valent materials. We will continue
to attempt the preparation of discrete Np VII
species such as NpOFS, NpF7, and NpF6. The power
ful oxidizers KrFZ and XeF6 in combination with
fluorine will be exploited towards these ends.

We will also attempt the sYllthesis of the analogous
uranium compounds. We plan to continue the search
for suitable hindered urmlocenes that will be
volatile and air--stable. The use of 1,4-di-t
butylcyc100ctatetraene gave a uranocene that did
not have the required :non-reactivity. 1,S-Di-t
butylcyclooctatetraene is more symmetrical and
may lead to less reactive organometallics. To
understand the quantitative role of the reduction
potential of substituted cyclooctatetraenes in
the reactions with uranium, we are also studying
the electrochemistry of the cyclooctatetraenes.
As proposed bulky groups, we also expect to study
trimethylsilyl derivatives of cyclooctatetraene.
The preparation of di-mesitylurcmocene proposed
last year has been more difficult than anticipated
and is still in progress. The studies of electron
ic stmcture have been extended to Xa-Scattered
Wave SCF calculations with inclusion of relativistic
effects. We plan next to study semi-empirical
MO methods with parameters chosen to lnimic the
Xa results. 111e derived semi-empirical methods
should apply to less synwetrical compounds not
feasible for the method. Fil1ally, we plan to
study equilibria among cyclooctatetraene lanthanide
compounds for c~nparison with the actinides.

III

10. A. K. Covington and J. J. Chem. Soc.
3696 3701 (19S5).

L. Pehrsson, F. Ingma~n, and A. Johnasson,
Talanta 23, 769 (1976).

The basic purpose of this project is to study
lanthanide and actinide materials in order to pro
vide the basic lcnowledge necessary for their safe
and economic utilization in present and future
techJ1ology. This work encompasses related problems
of an applied nature in actinide chemistry.

Norman M. Edelstein, Richard A. Andersen, Neil
Bartlett, John G. Conway, Kenneth Raymond, Glenn
T. Seaborg, Andrew Streitwieser, Jr., David H.
Templeton, and .~llan Zalkin.

A major aspect of our progra~ is the design
of sequestering agents for actinide ions that can
engulf the ion and generate neutral or negatively
charged complexes. A number of new reagents
already sYllthesized will be tested for their
ability to complex Pu and other actinides and for
their biological effects. Sulfonated derivates
that increase the solubility of the sequestering
agents will be sYllthesized and tested. Formation
constant data of these ligands with actil1ide ions
will be obtail1ed.

Our research in the electronic stmcture and
physical properties of organoactinide compounds
il1cludes sYlltheses of new stmctures. We have
prepared the uranocenes derived from the cyclo
octatetraenes I and II and are presently in the
process of interpreting their NMR spectra. The
neptunium and plutonium sandwich compounds of
1,3,S,7-tetramethylcyclooctatetraene which lve have
prepared recently will also be used for NMR
studies.

CTIlis program includes the preparation of new
gaseous, liquid and solid phases, and studies of
their physical and chemical properties. Techniques
utilized for characterization include x-ray dif
fraction, optical and vibrational spectroscopy,
magnetic resonance, and magnetic susceptibility.
Equilibriunl and kinetic data for complex formation
will be measured. From these complementary studies,
new insights into the stmctural and chemical
principles of actil1ide compounds will be obtained
with which to design new synthetic schemes to
produce new materials.



These experiments have already been started with
a compound of praseod}mium, and suitable crystals
have been prepared of several other rare earth
elements.
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Douglas W. Fuerstenau, Investigator

1. INTRODUCTION

With the increasing need to utilize coal to
supply our energy needs, understanding the nature
and behavior of coal surfaces becomes more and
more important since many processes involved in
the upgrading of and utilization of coal are based
on interfacial behavior. The froth flotation of
coal is already being practiced commercially.
Selective flocculation and selective oil agglomera
tion are potentially important processes that might
be used for the recovery of the millions of tons
of fine coal particles which are annually wasted.
Pelletization of coal may become very inlportant
in coal transportation.

and streaming potential (which involves evaluation
of the potential that arises when the liquid is
forced through a plug of particles).

As part of this program, the electrokinetic
properties of two oxidized coals have been investi
gated using the technique of microelectrophoresis.
Since the mineral matter present in coals often
clouds the true surface chemical characteristics
of the organic coal material, it was decided to
work with samples which were low in ash. The two
coals chosen were a Pennsylvania anthracite and
a hand-picked smnple of vitrain from a high-volatile
(class A) bituminous seam in West Virginia.
J\nalyses of the two coals are given in Table 1.
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Fig. 1. Electrophoretic mobility of anthracite
oxidized in a pure oxygen atmosphere at 125°C for
various times. (XBL 791-8154)

Surface Oxidation of Coal

Most coals are hydrophobic and consequently,
the froth flotation of fine coal is a natural
beneficiation scheme. Oxidation or weathering
of coal has pronounced deleterious effects on
flotation recovery. In order to study the effect
of oxidation on the surface properties of coal,
an investigation of the electrokinetic behavior
of coal was initiated. Electrokinetic measurements
provide a means for depicting how the adsorption
of ions and other charged species affect the sur
face charge characteristics of the solid. Speci
fically, electrokinetics provides a measure of
the electrical potential in the plane of adsorbed
electrolytes, and therefore study of how various
electrolytes or treatment conditions change the
zeta potential provides a means for delineating
adsorption phenomena. Two common techniques are
used: microelectrophoresis (which encompasses
the motion of fine particles in ffil electric field)

The extreme variability between different coals
creates serious problems in the perfOrTIlanCe of
processing operations--problems which nlust result
from variations in the surface properties of the
coal. This variability is found between coals
of different rank as well as between coals of equal
raru< from different regions. Differences in coals
are functions not only of original plant-matter
composition and coalification environment, but
also of weathering, ground-water seepage and method
of mining (continuous mining machines tend to
increase the amounts of shale and clay mined
wi th the coal).

Table 1. Analyses of coal samples by percent (dry basis).

Total Pyr. Org. Sulfate Vol.
Sample C H N Cl S S S S 110 is tu re Ash Matter Btu/lb.

Anthracite 88.24 2.11 0.65 0.00 0.75 0.10 0.61 0.04 2.93 1.67 4.02 13,701

Vitrain 81. 93 5.38 1. 24 0.02 1. 03 0.24 0.78 0.01 1. 46 3.33 37.91 14,667

*This work was supported by the Division of Fossil
Energy, Office of Energy Technology, U. S. Dept.
of Energy.

Oxidation of the finely-ground (80% minus
325-mesh) coals was carried out in a laboratory
oven by passing pre-heated oxygen through a bed
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o 0 HOURS

o 96
l:, 192

OXIDIZED VITRAIN

80°C, PURE OXYGEN

! " 3.0XI0-3 M NoCl

" IONIC STRENGTH
NOT MAINTAINED

Selective flocculation studies were carried
out in order to delineate conditions for the pos
sible recovery of fine coal particulates from coal
mining operations. These investigations were con
ducted with two broad approaches, viz: (1) llwesti
gat ion of the effect of hydrodynamic paranleters
in the flocculation of coal, and (2) synthesis
of flocculants to enhance selectivity in the
separation of coal from associated mineral matter.

free energy. For example, if an anion is strongly
adsorbed the zeta potential is appreciably Inore
negative. An electrolyte of considerable interest
is sodiwn hexametaphosphate [(NaP03) 6], which is
known to assist the dispersion of shale in the
selective flocculation of coal from shale using
anionic polymers at high pH values. To ascertain
its effect on the surface properties of coal,
electrokinetic investigations by measurement of
streamlllg potentials were undertaken. Typical
results are present in Fig. 3, which shows that
in the presence of 250 ppm hexametaphosphate, the
zeta potential of the coal is more negative. 1~is
directly indicates that hexametaphosphate ions
are strongly adsorbed on coal. Apparently, this
results from the adsorption on the polar sites
on coal, and is not due to any sort of hydrophobic
bonding phenomenon.
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Fig. 2. Electrophoretic mobility of vitrain
oxidized in pure oxygen at 80°C for various times.

(XBL 791-8155)
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If any electrolyte is strongly adsorbed, the
zeta potential directly reflects this since the
zeta potential constitutes part of the adsorption

Some success has been reported in the analysis d
of oxidation products of coal and coal chemicals. 3, '
Benzene polycarboxylic acids and hydroxybenzoic
acids are two of the more frequently observed
products. Electron-withdrawlllg substituents on
carboxylic acids serve to make a given acid much
stronger. For exan~le, the pKa of ortho
hydroxybenzoic acid is 2.98. Thus, a reasonable
explanation for the decreasing surface charge is
the formation of more and stronger acidic groups
at the coal surface with oxidation.

A similar oxidation at 125°C was atten~ted for
the vitrain sample. However, this temperature
was too high, and most of the sample was burned
up within 3 hr. Therefore, it was decided to carry
out the oxidation of vitrain at 80°C. Electro
phoretic mobilities for 0, 96, and 192 hr are shown
in Fig. 2. The definite trend here is towards
a decreasing pH at which the zeta potential
reverses its sign with increasing degree of oxida-
tion. This is in with previously reported
data for bitumirlOus coals.

containing approximately 5 grams of sample. The
anthracite was oxidized at 125°C and samples were
taken at various time intervals. Electrophoretic
mobilities for 0, 6, 120 illld 260 hr of oxidation
are shown in Fig. 1. A real trend in the change
in electrokinetic behavi.or of anthracite with time
spent in illl oxidizing environment is not apparent
from this figure, although there is some shift
in the pH at which the charge reverses.

The oxi.dation of coal involves complex and ill
lillderstood phenomena. Preferential oxidation of
one coal over another would be favored by a more
open pore structure and a higher concentration
of oxidizable groups. Generally a coal of lower
rffiu~ will meet both of these criteria better than
would a coal of higher 2 and this trend is
frequently observed. Many of the oxidizable species
in coal are oxygen-containLDg flillctional grouvs,
and the concentration of these groups is proportion
al to the oxygen concentration which is a flillction
of the rank of the coal. Consequently, anthracite
coal can not be expected to oxidize as readily
as a bitillnlllous coal.

The electrokinetic properties of anthracite
coal were also investigated by a streaming potential
technique. A continuous flow streanling potential
apparatus was built to carry out these investiga
tions. A positive displacement pillrrp was incor
porated in the circuit to control the pressure
drop across the coal plug, which was measured using
a mercury manometer. -Because of severe polarization
problems, AgjAgCl electrodes had to be incorporated
into the system to measure the streaming potential
of coal in NaCl solution at different pH values.

Extensive atten~ts to use the potentiometric
titration technique to measure directly the surface
charge of coal particles did not work out very
well. The titrations were fOlilld to be irreversible
and, at high values, the leaching of organic
materials from coal\"as very pronoUJ1Ced.
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fable 2. Selectivity of flocculant/dispersant combinations.

selectivity between

Polymer coal/shale coal/pyrite

Starch xanthate +

Amylose xanthate +

PAMA
(polyacrylamide-methyl
amide copolymer)

PMA
(polymethylamide)

Polyvinylalcohol
xanthate

Dextrin xanthate

Polyacrylamide-methyl
methacrylate copolymer +

Polyhdroxyethyl acrylate
(PHEA) + Purifloc A22

Starch xanthates + pluronic
dispersant ++ +

Starch xanthate +
pluronic dispersant + ++

++; good
+. fairly good

no difference in selectivity

flocculant. The flocculation process was followed
by measuring the turbidity of the slurry under
various conditions. With the system used, shear
rate of 80 rpm and an agitation time of 10 min
were found to be optimal for the aggregation of
fine coal particles. The density of the floes
produced at different solution pH values and shear
rates, which was n~asured with sucrose solutions
of different densities, did not appear to change
appreciably with pH and shear rate. In addition,
the size distribution of the floes were measured
using a sedimentation balance technique. As an
example, Fig. 4 gives the measured size distribu
tion of the floes produced at 80 rpm for various
agitation times and the results indicate that
agitation time has little effect on floc size dis
tribution. After 10 min dyn~nic equilibrium of
floc size was reached.

Selective flocculation studies were conducted
with commercially available, as well as "tailor
made" reagents in the laboratory. Among the com
mercially available flocculants tested, Purifloc
A-22 (anionic flocculant) exhibits the best selecti
vity between coal and shale at higher pH ranges
(Fig. 5). Several flocculants and dispersants
were synthesized and their effectiveness in the
separation of coal from shale and pyrite are
tabulated in Table 2. Of these, polyhydroxyethyl
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4,oxI0- 4 M [Na (P03)]6w
N I. 0 X 10.5 M No CI

Fig. 3. Effect of sodium hexGl.JJ1etaphosphate on
the zeta potential of anthracite at various pH
values. The more negative surface in the presence
of hexametaphosphate indicates that it is quite
strongly adsorbed at the coal-water interface.

(XBL 791-8156)

The hydrodynamic parameters investigated were
shear rate and agitation time. These studies were
carried out with a dispersion of 0.25 g of
Pennsylvania anthracite in 1000 ml of water con
taining 5 ppm Magnifloc 1561 c (cationic)
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acrylate and starch xanthate show promise as a
good dispersant/flocculant combination.
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1. W. W. Wen, (Ph.D. thesis), Pennsylvania State
University, 1977.
2. D. W. Van Krevelen, Coal, Elsevier, New York,
1961. -----
3. G. Greene and C. Steel ink , J. Org. Chern. lZ,
170 (1962).
4. W. C. Eisenberg and I. J. Solomon, Fuel ~,
181 (1977).

Although we have made progress in improving
our understanding of the interfacial properties
of coal, there is still much to be learned. Most
contemporary coal cleaning processes are extremely
wasteful; the heat content of tailings from some
of these processes nlay run higher than 8,000 Btu/lb.
Physical beneficiation based on differences in
surface properties offer the most immediate and
economically feasible means of curtailing this
waste.

Conclusions

Fig. 5. Selectivity of an anionic (Purifloc A-22)
and a nonionic (Separan MGL) flocculant in separa
ting anthracite from shale. (XBL 791-8158)
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Still remaining to be completed in this study
are investigations of coal/shale mixtures that
have been comminuted together. This is the true
test of any physical separation scheme. These
preliminary results in the selective flocculation
aspects of our program are encouraging, and there
is a huge potential here for further development.

Fig. 4. Effect of agitation time on the floccula
tion of minus 37 micron anthracite particles (0.25%
solids, pH 7.0). (XBL 791-8157)
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b. Deuterium Analysis of Coal by NMR*

Alexander Pines, Investigator

1. CARBON-13 ANALYSIS OF WHOLE AND PROCESSED COALS

D. Wemmer, G. Drobny and A. Pines

Together with the Central Research Division
of Mobil Oil Company we are continuing our
characterization of materials used in fuel tech
nology, in particular coal and oil shale. Using
solid state NMR techniques, we can distinguish
four types of carbon functional groups: condensed,
aromatic, ether and aliphatic. These have been
used to characterize coals by rank and to under
stand the changes which occur during processing
of the coals. Figure 1 shows, as an exa~le,
that the H/C ratio, commonly used as a measure
of aromaticity does not correlate well with aromatic
content as detennined by us. Thus the Carbon-13
aromaticity detel~inations are crucial. Correla
tion of aromatic/aliphatic ratios with contact
times during liquefication have been established.

The following have been checked to see that
the method is qualitatitively and quantitatively
reliable:

a) Comparison with known model compounds.
b) Plots of aromaticity vs. added adamantane.
c) Changes with time and stability.
d) Exmnination of ether-oxygen content.

Several further applications both the structure
and processing are under way as well as refinement
of the technique.

90 I

0

85~
0

000

0
0

u 80 0 000 0
0

u 0 0

!'- 0 0 0 0
<l: 75

~
0

::l!! 0
0 0 (l!)
Q;;

<l: 70 -
!'-
Z
W 0

su 65 0 0 0
Q;;

w 0Q.,

60 I- 0 o 0 0-
0

55
0

0.5 0.6 0.7 0.8 0.9 1.1

Hie MOLE RATIO

Fig. 1. Plot showing lack of reliable correlation
between percent aromatic carbon and H/C ratio.

(XBL 7812-14093)
*This work was supported by the Division of Fossil
Energy, Office of Energy Technology, U. S. Dept.
of Energy.

2. HIGH RESOLUTION DEUTERI~1 ~R IN SOLIDS

J. L. Ackermml, M. AlIa, R. Eckman and A. Pines

Construction of a new probe for N~R by lnagic
angle sample spinning ~lASS) has been completed.
The probe head, sho\~ in Fig. 1, contains a com
pressed gas driven rotor with special air bearings
to control its axis of rotation. The spinning
frequency and synchronization of the spectr~neter
are accomplished by a phototransistor activated
tachometer employing optical fiber cables and
reflected light from the rotor surface. A similar
probe head is under design for operation at twice
the current magnetic field strength.

We have calculated the apparent upfield shift
of ~R line positions in the solid state isotropic
deuterium spectra obtained. The shift is due
to the quadl1Jpole coupling as a second order pertur
bation and also contributes to the !~ linewidths.
This effect results from the anisotropy of the
second order coupling and is represented by the
lineshape expression

I(w) ~ {[ x+l6/49] 1/2+3/7}-1/2 [x+l6/49] -1/2

where - 16/49 ~ x ~ 0 and is the ~R frequency
variable and I(w) is the absorption intensity.
The theoretical absorption lines are shown in
Fig. 2.

20 mm

Fig. 1. 1) Air bearing air inlet, 2) stationary
housing, 3) o-ring seal, 4) moving block, 5) moving
block ajust screw, 6) rotor end stop screw,
7) turbine drive air hole, 8) air bearing air
hole, 9) cover plate, 10) cover plate mounting
screw, 11 turbine drive air inlet. (XBL 787-9801)



COMPOUND LIQUID SOLID
0Q(ppm)(± .1ppm) (±.4ppm)

CD3
1.5 1.7 0.2

DMB 6.0
CD 4.6 2.7

7.8

CD3
1.8 2.4 0.2

DME TPA 6.4
CD 6.0 2.7

8.1

CD 3 - .8 - .3 0.2

DEE TPA CD 2 2.2 4.1 2.4

CD 5.9 8.2 2.7

4

- cr (ppm)

'$OM~'\ .... /

~ _\

OMe

Table 1. Isotropic deuterium chemical shifts and
second order quadrupole correction, 0Q' for
perdeuterated model compounds para-dimethoxybenzene,
(DlVffi) , terephthallic acid dimethyl ester, (DME TPA) ,
and terephthallic acid c1iethyl ester, (DEE TPA).
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Fig. 2. Top: Theoretical ~~ absorption line for
second order quadrupole coupling for non-spinning
sample. G indicates angle between laboratory
magnetic field, Ha, and principal axis of electric
field gradient tensor, G. Bottom: Theoretical
NN~ absorption line for second order quadrupole
coupling for spinning sample. {} indicates angle
between G illld the axis of rotation, R. Note that
line is shifted from normal or zero ~ frequency.

(XBL 788- 9981)

1be first isotropic solid state deuterium chemi
cal shifts have been lneasured for all dueterium
types in some model compounds and are listed in
Table 1. These include resolved chemical shifts
between crystallographically inequivalent aromatic
positions as can be observed in Fig. 3, a
representative solid state spectrum of para
dimethoxybenzene.

Fig. 3. Isotropic solid state deuterium spectrum
of para-dimethyoxybenzene. Sharp line on right
assigned to methyl deuterons, splitting on left
is due to inequivalent pairs of aromatic deuterons.

(XBL 787-9792)

3. RESEARCH PLANS FOR CALENDAR YEAR 1979

Alexander Pines

Research will be conducted in the following
areas:

We have thus completed the technical and
theoretical development of deuterium ~~ by ~~S.
Application to more complex materials and to
isotropic labeling studies of coal processing
are under way.

a.

b.

Application of 2D mass for high resolution
~ in partially deuterated model compounds
for coal research.
Application to coal liquefaction inter
mediates.
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c. Deuterium-proton double resonance for
enhancement of sensitivity.

d. Combination of spinning and double quantum
N~1R for resolution, high sensitivity
NIvlR.
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Solids: 2H ~'1R, and l3C - 14N Dipolar
Splitting in Spmtlirlg Experiments,
invited Moun1tai,n on
Analytical '-'Hem..L"'.!. Denver,
Colorado, August

11. D. WenTIner, D. Weitekamp and A. Pines, tvlultiple
Quantum NJ\1R in Solids, Fifth International Ampere
Summer School, Island of Rhodes, Greece, September
1978, three invited lectures.

12. A. Pines,
University of vdLLJLVJ..Hl.d

October 1978.

13. A. Pines, Chemistry Department Seminar,
University of Chicago, Chicago, Illinois, October
1978.

14. A. Pines, Cnemistry Division Seminar, Argonne
National Laboratory, Chicago, Illinois, October
1978.

15. A. Pines, Chevron Research Division Seminar,
Richmond, California, December 1978.



444

Alan V. Levy, Investigator

1. EROSION BEHAVIOR OF METALS IN NON-AQUEOUS
LIQUID, SOLID PARTICLE SLURRIES

F. Pourahmadi and A. V. Levy

The erosion of steel piping by the non-aqueous
liquid-pulverized coal slurries flowing in coal
liquefaction systems is being investigated. The
program utilizes four different test devices to
determine the erosion and combined erosion-corrosion
behavior of metals in environments that simulate
to varying degrees the conditions that prevail
in the sections of coal liquefaction systems prior
to the pre-heater device. Materials are exposed
to recirculating and once-through slurries at
room and elevated temperature using slurries made
from water, kerosene, creosote oil, or SRC process

solvent and solid particles of coal, Si02 and SiC
of various sizes at solids loadings from 10 to
50 wt% coal.

It has been determined thus far that the
viscosity and lubricity of the liquid play important
roles in determining the severity of the erosion
occurring in a recirculating slurry test syst~n.
Figure 1 shows the variation of viscosity with
the wt% of coal in the slurry. The sharp break
in viscosity between 30 and 40 wt% coal will be
an important consideration in coal slurry
cmrrpounding. Figure 2 shows the great effect
that viscosity has on erosion of specimens. The
use of SiC instead of coal particles greatly
accelerated the erosion rate for laboratory test
purposes.

*This work was supported by the Division of Fossil
Energy, Office of Energy Technology, U. S.
Dept. of Energy.
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Fig. 2. Effect of change in viscosity on erosion
of 2 in. long, 1/8 in. o.d. A-53 mild steel
specimens. (XBL 789-1773)

Fig. 3. Two-inch diameter pipe recirculating
coal slurry test loop. (eBB 789-10545)
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Fig. 1. The effect of solid particle concentration
on the viscosity of coal plus creosote oil and
coal plus kerosene at a fixed shear rate of 100
(l/sec). (XBL 789-l769A)
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A two-inch diwneter slurry loop system, Fig. 3,
1S in operation and has produced up to 0.007 in.
of erosion in a sharp elbow of mild steel using
a -200 mesh coal in a kerosene liquid at ambient
temperature after 800 hours of slurry flow at
10 fps (a representative test velcoity). The effect
of the geometry of components as well as the
composition of the metals they are constructed
of will be investigated at ambient and elevated
t~nperatures to provide design data to both systems
designers and materials developers that will
minimize erosive loss of material in slurry systems.

2. RESEARCH PLANS FOR CALE!\1])AR YEAR 1979

Alan V. Levy

In the Coal Liquefaction Alloy Test Program, the
effect of geometry on the erosion of materials
in the two- inch diameter pipe slurry loop will
be determined for piping components representative
of those in pilot plant systems. An elevated
temperature design of the slurry loop will be
completed. The behavior of several candidate
piping materials including alloy and stainless
compositions will be determined over a range of
testing conditions. The mechanisms of erosion
that occur in nonaqueous liquid slurry flow in
pipes will be investigated.

3. 1978 PUBLICATIONS AND REPORTS

Alan V. Levy and Associates

Reports

1. A. Levy, W. Lochmann and J. Anderson, Coal
Liquefaction Alloy Test Program, Progress Report
for the Period August 1 to December 31, 1977
(UCID-4027) .

2. A. Levy and W. Lochmann, Coal Liquefaction
Alloy Test Program, Quarterly Progress Report
for the Period January 1 to March 31, 1978.

3. A. Levy, W. Lochmann and I. Cornet, Coal
Liquefaction Alloy Test Program, Quarterly Progress
Report for the Period April 1 to June 30, 1978
(UCID-8047) .

4. A. Levy, W. Lochmann and I. Cornet, Coal Lique
faction Alloy Test Program Annual Report for Fiscal
Year 1978 (UCID-8088).

Presentations

1. A. V. Levy, Development of Laboratory Scale
Test Devices for the Investigation of Non-Aqueous
Liquid-Solid Particle Slurry Erosion Behavior
of Metals, Metal Properties Council Meeting,
Chicago, Illinois, September 1978.

2. A. V. Levy, Coal Liquefaction Alloy Test
Program, Third Annual Conference on Materials
for Coal Conversion, Caithersburg, Maryland,
October 1978.
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a. PhoiovoUaic Solar Energy Converiers*

Jack InvestigatOlo

1. GROWTH OF I-IETEROEPITAXIAL FILMS OF CdS AND
(Cd,Zn)S ON GaAs AND Ge SUBSTRATES

J. Washburn and B. Chin

Single crystal CdS and (Cd,Zn)S films were grovID
on (Ill) and 14°-off (Ill) GaAs substrates to
determine the effects of misorientation on film
growth, defect nature and density, and electrical
characteristics. The maximum growth rate for single
crystal CdS films deposited by the hot wall vacuum
technique was found to be greater on the 14°, mis
oriented substrates. Figures 1 and 2 are SEM
micrographs of the top surfaces of single crystal
CdS films grown on (111) and 14°-off (Ill) Ga face
substrates showing hexagonal pyramids and a step
ledge morphology, respectively.

Fig. 1. SEM lnicrograph of top surface of single
crystal CdS film grown on (111) GaAs substrate.

(XBB 787-8099)

To electrically characterize the gro\~ films,
Van der Pauw samples were deposited onto insulating
GaAs substrates for Hall measurements of carrier
concentration and mobility. A detailed transmission
electron microscopy investigation of these films
was also performed to correlate structural
perfection with the electrical parameters. Measured
Hall carrier mobilities were found to vary signi
ficantly for films deposited under different
grolvth conditions and substrate orientations.

*This work was supported by the Division of Solar,
Geothermal, Electric and Storage Systems, Office
of Energy Technology, u. S. Dept. of Energy.

Fig. 2. SEMmicrograph of single crystal CdS grown
on 14°-off (Ill) GaAs substrate. (XBB 787-8100)

Because the n-CdS/n-GaAs heterojunction was
found to be non-ohmic, deposition parameters were
also determined for film growth on (Ill) Ge sub
strates to allow for front-wall test cells. Hetero
epitaxial growth of CdS and (Cd,Zn)S of different
compositions onto Ge substrates has been achieved.

2. TRANSMISSION ELECTRON MICROSCOPY OBSERVATION OF
STRUCTURAL DEFECTS IN SINGLE CRYSTAL AND POLY
CRYSTALLINt CdS AND (Cd,Zn)S FI~B

J. Washburn, K. Seshan andB. Chin

Obselvation of a large number of single crystal
CdS and (Cd,Zn)S films grown by the hot-wall
vacuum deposition technique has shown that micro
structure is sensitive not only to growth rate
but also to substrate surface polarity. Extensive
polytyping was observed for CdS and (Cd,Zn)S films
grown on the As-face of GaAs. Reduction of the
growth rate from 50 to 16.7 A/sec resulted in a
lower density of faults which were confined to
only one set of inclined planes. However, no
faulting was observed for single crystal films
grown on Ga-face substrates. In these films a
high density of dislocation lines was found instead.

Polycrystalline CdS films supplied by the
University of Delaware, Westinghouse and Lawrence
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J. Washburn, B. Chin, T. Peterson and K. Seshan

For one polycrystalline CdS film intentionally
dQped with Cu, faults were observed to lie on the
{l010} pyramidal planes. Figure 2(a,b) shows a
bright field and lattice image of these planes
in which no marked interruption of the fringe
spacing was found. These faults have been
attributed to antiphase boundaries which consist
of thin eu platelets.

CuxS surface layers have been fOI11led on single
crystal CdS and (Cd,Zn)S by the solid state
reaction of evaporated CuCl and by reactive
sputtering perfOYTIled by Lawrence Livermore
Laboratory. Electrical, electro-optical and
structural characterization of these heterojunctions
have been perfoI11led to deteI11line the effects of

3. ELECTRICAL, OPTICAL AND STRUCTURAL CHARACTERIZA
TION OF CdS-CuxS "i\J\1D (Cd, Zn)S - CuxS HETEROJUNCTIONS

Livenlwre Laboratory were also examined by ~l.
Besides the high angle grain bOLmdaries observed,
there existed many small angle boundaries acc~n
modating small misorientations as shown in Fig. 1.
For all the samples examined, subgrain sizes were
found to be less thanlw and were typically of
the order of O.lw in dimension.

-<>----X-..-x---..-x-!!~-x- ..--
OilD I 1100

-r·'6A~

loTI

Fig. 1. TEtv! micrograph of polycrystalline CdS.
Rotation boundary labelled A. BOlmdary perpendicular
to foil at C. (XBB 785-6474)

Fig. 2. T~! micrograph of CdS doped with Cu.
Platelets of Cu lead to extra spots in electron
diffraction pattern. (XBB 786-

Fig. 1. (a) Moire fringes aYlsmg from CuxS/CdS
interface. (b) Electron diffraction pattern.

(XBB 787-8123)



growth parameters and device fabrication technique
on photovoltaic conversion efficiency. A micro
processor controlled testing apparatus has been
constructed to measure current-voltage and
spectral response measurements of different test
structures as a function of temperature. These
steady-state measurements will detennine which
current mechanisms are operating in these cells
and hence controlling the photocurrent and photo
voltage.

Heterojunctions between CuxS and single crystal
CdS made by different processes have been investi
gated using 11M. For CuxS formed by dipping CdS
into a CuCl solution to allow an ion-exchange
reaction to occur, a topotaxial layer was observed.
Figure lea) shows the Moire fringes arising from
the CuxS layer. They have a measured spacing of
41 A. TIle electron diffraction pattern, Fig. l(b)
was indexed and showeg that the 300 spot of CuxS
coincided with the 1120 spot of CdS. For a CUxS
film reactively sputtered onto single crystal CdS
expitaxial grolvth was also found.

4. RESEARCH PLANS FOR CALENDAR YEAR 1979

Jack Washburn

This project was terminated as of October 1,
1978. Plans for related work are given under
Relation Between Dislocations Point Defects and
Properties of Metals, p. 74.

5. 1978 PUBLICATIONS AND REPORTS

Jack Washburn and Associates

Reports

1. B. L. Chin, T. M. Peterson, K. Seshan and
J. Washburn, Preparation and Characterization of
Single Crystal Thin Films of (Cd,Zn)S Relevant
to the Study of CuxS/(Cd,Zn)S Photovoltaic Cells,
13th IEEE Photovoltaic Specialists Conference,
June 5-8, 1978, Washington, D.C., LBL-6972.

2. T. M. Peterson, B. L. Chin, K. Seshan and
J. Washburn, Second Quarterly Report of Research
of CuxS(Cd-Zn)S Photovoltaic Solar Energy Conver
tors, UCID-3979.

3. T. M. Peterson, B. L. Chin and J. Washburn,
Recent Progress in Single Crystal (Cd,Zn)S Thin
Film Grolvth and (Cd,Zn)S-CuxS Heterojunction
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Research: Quarterly Report for March-June 1977,
UCID-3940.

4. T. M. Peterson, B. L. Chin, K. Seshan and
J. Washburn, Third Quarterly Report of Research
on CuxS-(Cd,Zn)S Photovoltaic Solar Energy Conver
ters, UCID-4009.

S. T. M. Peterson, Graph: An Interactive Computer
Program for Producing Publication Quality Graphics
Quickly and Easily, UCID-39l3.

6. K. Seshan, B. Chin, T. M. Peterson and
J. Washburn, Electrical and Microstructural
Characterization of Single Crystal Vapor Deposited
CdS &[Cd,Zn]S, LBL-7391.

7. K. Seshan, B. L. Chin, J. Washburn and T. M.
Peterson, Fourth Quarterly Report of Research on
CuxS-(Cd,Zn)S Photovoltaic Solar Energy Converters,
UCID-4044.

8. K. Seshan, B. L. Chin, L. Sindelar and J.
Washburn, Fifth Quarterly Report on Research on
CnxS (Cd,Zn)S Photovoltaic Solar Energy Converters,
UCID-8031.

9. T. Peterson, B. Chin and J. Washburn, Recent
Results on Mixed Crystal (Cd,Zn) S-CuxS Hetero
junctions, NSF Report on Grant Research Completed,
LBL-5780.

10. T. M. Peterson, B. L. Chin, K. Seshan and
J. Washburn, Third Quarterly Report of Research
on CuxS-(Cd,Zn)S Photovoltaic Solar Energy
Converters, UCID-4009.

11. B. 1. Chin, 1. E. Sindelar and J. Washburn,
Sixth Quarterly Report on Research on CuxS-(Cd,Zn)S
Photovoltaic Solar Energy Converters, LBL-8089.

Papers Presented

1. K. Seshan, Report of (Cd,Zn)S - CUxS Single
Crystal Cell Research at Lalvrence Berkeley
Laboratory, DOE Semiannual Photovoltaic Program
Review Meeting, Washington, DC, April 1978.

2. B. L. Chin, Status of (Cd,Zn)S - CuxS Single
Crystal Cell Research at Lalvrence Berkeley
Laboratory. DOE Semiannual Photovoltaic Program
Review Meeting, Vail, Colorado, October 1978.

3. B. L. Chin, Growth and Characterization of
Single Crystal CdS and (Cd,Zn)S for Photovoltaic
Applications, Thin Film Society of Northern
California, Sunnyvale, California, November 1978.

4. K. Seshan, Electrical and Microstructured
Characterization of Single Crystal Vapor Deposited
CdS and (Cd, S for Heterojunction Applications,
AIME 20th Electronic Materials Conference, Santa
Barbara, California, June 1978.
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MAGNETIC FUl;iON

J. W. Jr., Investigator

1. INTRODUCTION

Binary compounds with the A15 structure, for
example, Nb3Sn, V3Ga, Nb3Al, Nb3Ge, and others,
have outstanding superconducting properties. Their
practical develo~nent for use in large supercon~
ducting Inagnets is, however, impeded by the
brittleness of the A15 phase. It is difficult
to produce these compounds in the form of a long
wire or strip, and the resulting Inechanical
properties of the superconducting wires do not
permit them to sustain high mechanical loads with··
out breakage or loss of superconducting properties.
The problem of manufacturing wires of Nb3Sn or
V3Ga has been largely overcome through the develop
ment of the "bronze" process for manufacturing
multi-filamentary configurations. However, the
bronze process does not appear to be applicable
to other A15 phases of interest, e. g., Nb3Al and
Nb3Ge, and even in the case of Nb3Sn and Nb3Ge,
it yields wires having poorer mechanical properties
than are often desired.

To overcome these problems we have been investi
gating methods of forming superconducting wires
or tapes through the precipitation of A15 compounds
from supersaturated solution. This approach offers
potential advantages in manufacturability, in
that the wire or tape can be formed through low
temperature drawing while the material is a
ductile solid solution. It also offers the
possibility of improving mechanical properties
through the use of controlled precipitation to
introduce the A15 phase.

2. DEVELOPMENT OF HIGH FIELD SUPERCONDUCTING
WIRE THROUGH CONTROLLED PRECIPITATION

M. Hong, D. Dietderich and J. T. Holthuis

This project is designed to make A15 super
conducting wires or tapes having reasonably
mechanical properties through in-situ precipitation
process. The process has been applied to the
V-Ga and Nb-Al systems with promising results.
For the V-Ga system, we have chosen the V-14-l8
at %Ga concentration range which is in the two
phase region at room temperature and is a solid
solution with a bcc lattice at high temperature.

*This work was supported by the Division of Magnetic Fusion
Energy, Office of Fusion Energy, U. S. Dept. of Energy.

After homogenization, precipitate-free samples
can be defollned over 90% at telnperatures (~600
800°C) below the recrystallization temperature.
It has been observed from Transmission Electron
Microscopy (TElvl) studies that this forming opera
tion produces an extr~nely high density of dis
locations in the samples. The samples then are
annealed at temperatures in the range ~550-800°C
for different times. The best transition tempera
tuxes are arolmd ~ 14.5 K. Details of precipita
tion of V3Ga 0\15 phase) inside the samples are
being studied by T~j.

This in-situ precipitation process might be
a good approach to make high field superconductors
from the Nb-Al system, in which the conventional
bronze process calIDot be used. Similar teclmiques
as described above have been successfully applied
to Nb-Al system, yielding Tc ? 16K.

3. RESEARCH PLANS FOR CALB1\ffiAR YEA1l. 1979

J. W. Morris, Jr.

Research on the properties and processing of
V3Ga and Nb3Al superconductors will be continued.
The research will focus on the identification
and characterization of the AlS precipitate phases
ffild on resulting superconducting and mechanical
properties.

4. 1978 PUBLICATIONS AND REPORTS

J. W. Morris, Jr. and Associates

1. M. Hong and J. W. Morris, Jr., Ductile Super
conducting Wire Through Novel Metallurgical
Teclllliques, LBL-7366, Jan. 1978.

2. M. Hong, J. T. Holthius, and J. W. Morris, Jr.,
Development of A-IS Superconducting Materials
through Controlled Precipitation, LBL-8S73.
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ADVANCED ISOTOPE SEPARATION TEC~>!NOlOGY

C. Bradley Moore, Investigator

1. FREQUENCY DEPENDEi\)CE OF IR MULTIPHOTON
DISSOCIATION

Hai-Lung Dai and A. H. Kung

Laser isotope separation by IR multiphoton dis
sociation (lvIPD) has been dylllonstrated and studied
in detail for several isotopes under C02 TEA laser
excitation. 1 In 'since jVIPD requires tens
of CO2 laser photons, a high intens i ty laser
field is required for dissociation of
mediun-size molecules. This very high
necessarily causes a large power broadening of
IR transitions and reduces the spectral resolution.
Therefore large isotope shifts are required for
high selectivity in C02 TEA laser induced iVIPD iso-
tope separation. Thus it is important to ~ll)D
at shorter wavelengths where fewer photons are re
quired and with a continuously tunable high resolu
tion source.

4

Frequency, (em>l)

Fr(~qllerlcy de!pelldE~nce of dissociation yield
at Q-branch of CH3 asymmetric

ir spectrum taken with 0.24 cm- l res
dissociation (XBL 792-516)

1) dissociation Wd(v) from
2850 to 3050 em' and by the fundamen-
tal absorbance A(v), we a very good correla-
tion between value of (v) and the linear ab-

of the overtone combination bands at
twice the laser excitation A strong
enhancement of was found corresponding to a sec-

resonance with one sharp Q-branch of the
The same correlation between

second overtone spectrum was a1-
The and hence dis-

ellhmlCE~cl by the existence of states
thre,e-1Jhc)tC)Jl resonances, These

C-H stretch modes of
absOJrpt:io1l, at least up to

these modes.

The continuous tunability of the parametric oscil
lator made possible a study of the frequency
dence of dissociation yield near the Q-branch the
CH3 asyrmnetric stretch of ethylchloride Ii.
A sharp band in the MPD spectnnn with ~ O. em'
FWHM was resolved. Observation of this sharp fea'>
ture was possible because of the small ¥ower broad
ening which in this case was ~ 0.1 em-" at 100
MW/cmZ. The FWI1lY1 of the jVIPD band is deter>
mined by this power brc:JTdening and the laser band
width of about 0.15 cm . Since the nunmer of OPO
photons needed for iVIPD is only one third of that for
C02 laser photons, iVIPD by OPO is to occur
lnore easily. Indeed at the sanle intensity, jVWD
yield from OPO excitation seems to be an order of
magnitude greater than from C02 laser a 10
)l band with comparable absorbance. These facts
clearly indicate the feasibility of the OPO
for jVWD isotope separation with small isotope shifts.

We have used a Nd: YAG laser pumped optical para
metric oscillator (OPO) to dissociate ethylchloride
and to isomerize cyclopropane by direct excitation
of the C-H stretching modes. Product is by
gas chromatography showed that the lowest activation
energy unimolecular reactions predominate at laser
intensities around 100 M}V/em2.

A thorough study of the frequency of
dissociation yield for ethylchloride revealed the
following:

*This work was supported by the Division of Advanced
Systems Materials Production, Office of Advanced
Separation, U. S. Dept. of Energy.

2) The overall rr<~n11Pr",V shift of the dis socia
tion spectrum relative linear
sp<3c1:1Tun is small cornp,lrE~d to what one expect

rota1ti.C)1,1'LL comJpeJl.s,lLlicm for vibrational an
This mav be due to the wide spread

of the overtone ,mel c;o;nbinaticm baDcb of the- fine
C>H stretch modes ava,Hable for second ab-

These states can interact each other
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Laser photochemistry of ICI has lately received
considerable attention. 1- 4 This attention comes
largely because ICI has a fortunate combination of
properties. It is fairly stable with respect to
disproportionationi 5 it has a thoroughly analyzed
excited electronic state,6 the A state, which is
easily accessible with a Rhodamine 6-G dye laser;
the spectra of the two isotopes are resolvable, per
mitting isotope selective photochemistryi l - 3 and the
A state cannot isoenergetically predissociate to
atoms. In order to interpret the photochemistry of
ICI*, it is necessary to IG10W the cross sections
for quenching of the A state by reactant and dil
uent molecules.

2. ZERO PRESSURE LIFETJMES AND FLUORESCENCE
QUENCHING OF ICl(A3IT1)t·

S. J. Harris* and W. C. Natzle

hov in Chemical and Biochemical Applications of
Lasers, edited by C. B. Moore, (Academic Press,
1977), and references therein.
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Fig. 2. Dissociation yield Wd(v) divided by funda
mental a£sorbance A(v) vs frequency: ---- absorbance
(1. 5 em- resolution) i 0 Wd (v) /A(v). Note frequen
cy scale for absorbance is three times that for
Wd(V)/A(v). (XBL 792-515)

and/or couple with certain modes through Coriolis
coupling and/or Darling-Dennison resonance.

The results show for the first time a direct ob
servation of a resonGnt absorption of at least the
first three photons in MPD. FurtheI1llore spectral
structure is shown to exist at energy levels where
the density of states is high.

1. See Chapter 1 by V. S. Letokhov and C. B. Moore
and Chapter 2 by R. V. Ambartzumian and V. S. Letok-

Laser-induced fluorescence provides a straight
forward technique for measuring lifetimes and
quenching cross sections. Quenching cross sections
have been measured for a variety of foreign gases
as well as for ICI itself. Stem-Volmer plots, Fig.
1, of fluorescence decay rate vs. ICI pressure for
excitation at 604 and 669 nm were made for ICI pres
sures ranging from 25 jJTorr to 1.4 mTorr. Xenon was
added to the cell in order to decrease the mean free
path to 0.7 em and thus prevent lifetime shortening
by diffusion. The Stern-Volmer intercepts at zero
ICI pressure are corrected (~20%) by subtracting
the X~ quenching rate. The resulting zero pressure
ICI(A ITI) lifetimes are 410 ± 40 jJsec at 604 and
.669 nm, respectively. The Stern-Volmer slopes give

Table 1. ICI (A3nI ) fluorescence lifetimes. a

A -1 Quenching rate"obs '0

(nm) -1 -1 (jlsec)(ms ec ) (ms ec )

589 3.39 ± 0.15 0.92 ± 0.15 405 ± 40

604 3.36 ± 0.15 0.92 ± 0.15 410 ± 40

607 3,34 ± 0.15 0.92 ± 0.15 415 ± 40

661.5 3.04 ± 0.15 0.87 ± 0.15 460 ± 40

669 3.15 ± 0.15 0.87 ± 0,15 440 ± 40

a, Mixture of (25 ± 12) jlTorr leI and (4.78 ± 0.24)
mTorr Xe at 293 ± 2 K.
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Table 2. Fluorescence quenching cross sections (293 ± 2 K).a

Molecule

I Cl

HCl

Xe

Ar

Ne

a. Rate constants and cross sections have an uncertainty of ± 15% for ICI and ± 10% for all
other gases.

b. Polarizabilities taken from Landolt-Bo111stein, Zilll1enwerte wld Functioner, Springer (1951)
Vol. I, Part 3, p. 510. Ionization potentials are taken from J. L. FraJl1din et a1.,
"Ionization Potentials, Appearance Potentials and Heats of Formation of Positive Ions,"
(NSRDS-NBS 26, 1969). R is taken as the average of the Lennard-Jones 0 for ICI and for
the quenching gas as giv~n in J. O. Flirschfelder, C. F. Curtis, and R. B. Bird, Molecular
Theory of Gases and Liquids (Wiley, New York, 1954). Appendix I-A, pp. 1110

j.hlaValues for -3- are nonnalized to the ICI value.
~

Co Polarizability taken from A. B. Tipton, A. P. Deam, and J. E. Boggs, J. Chern. Phys. 40,
1144 (1964).

ICI s~!f-qu~~ching rates of (3.1 ± O.?i x 10- 10 cm3
molec sec (10.0 ± 1. 5 Torr- 1 ~sec ) at 604 nm
and (2.5 ± 0.4) x 10-10 cm3 molec- see 1 (8.1 ± 1.2
Torr- 1 ~sec-l) at 669 nm.

Lifetimes were measured as a function of wave
length for a single Xe -. ICI mixture. The results
and zero pressure ICI lifetDnes deduced are shown
in Table 1.

Fluorescence quenching rate constants for several
foreign gases are determined from Stern-Volmer plots.
The rate constants and effective cross sections are
shown in Tab] e 2. No variation in quenching cross
section with excitation wavelength is detected with
in the limits of uncerta;nty (~10%) for 590 ~ A ~
620 nm. Chutjian et al. found a similar result for
12* self-quenching. For 12*' which quenches by pre
dissociating, Steinfeld8 noted a~ almost linear

relabonship between foreign gas quenching cross
section and ~1/2I/R3c' where ~ is the reduced mass,
I is the ionization potential of the quenching mol
ecule, a is the polarizability of the quenching
molecule and Rc is the mean distance of closest ap
proach of the collision pair taken to be the hard
sphere distance. No such relationship hOlds for
IC] *.

The radiative lifetime may be calculated from the
Einstein B coefficient as determined fr~n the inte
grated absorption spectrum of ICI. TIle resulting
lifetime is equal to 650 ~sec. Franck-Condon fac
tors needed for the calculation can be detennined
only approximately because no information for the
ground state potential above V" ~ 9 is available.
Also, neglect of the variation of electronic transi
tion moment with internuclear distance limit the
accuracy of our calculation. That the measured and
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from 60 ns to 4 1JS, depending on rotational state.
Figure 1 shows two such decays. 2 shows a
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1. Sterne-Volmer of the of the
* fluorescence lifetime vs. lCl pressure.

vN~.U-'H<.LvH at 669 run with 5.1 ± 0.3 mTorr added
Xe; ~ excitahon at 604 run with 4.5 ± 0.3 mTorr
added Xe. The approximate Xe quenching rate is shown.

(XEL 789-11166)

calculated lifetimes agree within a factor of two
shows true radiative lifetimes are not very much
longer than the observed ones. In fact, the ob~
served lifetunes extrapolated to zero pressure are
most likely the true radiative lifetjJ11es.

Fig. 1. Zero pressure decay of fluorescence from
the JI ~ 10 K' ~ 5 and the J' = 12, K' = 3 (+-)
levels of 40 H2CO. The lifetimes are 110 and 760 ns,
respectively. The HZCO pressures were L 6 and 0.7
mIorr, respectively. (XBL 78l2~1370l)

Fig. Z. Distribution of zero pressure decay rates
for ninety single rotational levels of 40 HZCO.

(XBL 781Z-13700)
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bar graph of the frequency distribution of zero pres
sure decay rates for the 90 HZCO rotational levels
studied. No systematic variation of individual rates
with JI , K' or Erot was observed. For a given K'
the rate averaged over J 1 increases with K', as
in Fig. 3. The D2CO zero pressure llfetimes for
vary only about ± 20% about an average value of 7
which is probably the radiative lifetlirre.

C:1rrmnrr,c,rJ by the U. S. Army Research
Park, NC 27709.
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3. SINGLE ROTATIONAL LEVEL LIFETIMES IN Sl
FOHMALDEHYDE*

Fluorescence lifetimes of single rotational levels
of formaldehyde have been measured after excita
tion with a N2-laser pumped dye laser. H2CO zero
pressure decays from the 42 vibronic level are found
to be sjn.gle exponentials with lifetimes varying

Most of the HZCO rates are nluch faster than radi
ative, indicating rapid non-radiative decay at zero
pressure. It can be speculated that the decay is
due to zero pressure predissociation to HZ + CO. In
the absence of such a channel, HZCO is a small mol-
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The kinetic scheme for vibrational relaxation is:

HF(v 4) + HF(v

HF(v

0)

3) + I-lF, (1)

I-lF(v 4) + HF(v 0)

HF(v a - 2) + HF, (2)

HF(v 3) + I-IF(v '" 0)

Fig. 3. H2CO decay rates for a given K' averaged
over J'. Vertical lines indicate the range of the
rates that entered each average, and the numbers in
parentheses give the number of J' values averaged.
A slight increase with K' is observed.

(XBL 787-9608a)

I-IF(v < 3) + HF. (3)

Process (1) represents single quantum relaxation of
HF(v ~ 4) by HF(v ~ 0) to produce v '" 3. The rate
constant k~ includes both V-7- V and V-7- T, R processes.

Fig. 2. liF relaxation rate vs pressure for v '" 3
( ... ) and v ~ 4 (. ). (XBL 792-8362)

Fig. 1. Typical fluorescence decay curves for v ~ 3
and v ~ 4. The HF pressure was a.144 Torr for both
traces. (XBL 787-9561)
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ecule whlch should only radiate. The extreme vari
ation of decay rates with rotational state is quite
unusual. It is suggested that the lifetime fluc
tuations are due to interactions of Sl levels with
a sparse manifold of So levels which are in turn
coupled to the dissociative continuum. Resonance
effects are thus important. The D2CO rates are much
slower due to poorer Franck-Condon overlays with SO'

*Partially supported by the National Science
Foundation.

4. VIBRATIONAL RELAXATION OF HF (v 3, 4)t

D. J. Douglas*

Experimental study of the high vibrational levels
of HF has proved difficult mainly because it is not
simple to prepare a sample of HF at a specific vi
brational quantum number. Until recently, these
experiments involve populating several vibrational
levels snnultaneously resulting in rather compli
cated kinetic schemes .1- 5 We have developed a new 6
method for the study of the relaxation of HF (v ~3, 4).
It is an extension of the laser-excited vibrational
fluorescence technique. In this method, hydrogen
fluoride is pumped directly from v "'" a tc v ~ 4 by a
visible dye laser. The population:: of v ~ 3,4 are
monitored by observing second overtone fluorescence
(v ~ 3) in the near infrared with a photomultiplier.
Vibrational relaxation rates can then be extracted
directly from these fluorescence decay curves. In
Fig. 1, we show the typ ical fluore scence decay curves
for v ~ 3 and v ~ 4. By varying the pressure of HF
we obtain a Stern-Vo~ner plot as that shown in Fig.2.
The slope of the Stern-Volmer plot gives the total
relaxation rates for v ~ 3 and v ~ 4, respectively.
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Equation (2) corresponds tc removal of v ~ 4 by multi
quantum processes and includes all mechanisms produc
ing [-j}<' in levels v < 3. The rate constant k1 repre
sent relaxation of v 3 by all possible V -+ V and
V-> T, R processes. The rate constant for removal of
v ~ 4 by all processes is then K4 ~ kj + l~. By
direct excitation of I:IF(v = 4) we have measured the
rates ~ and~. ~~e average of six experiments gives
k{\= (7.Z±0.S)x10 -cm3 molecule- l sec-I, smd of
four experiment gives kf = (Z.8±0.4)x10- 11 cm3
molecule- 1 sec-I. It is possible to calculate k~
from the ratio of the area under the f1uoresce~ce
curves. The result gives k~ = (6.8 ± 1.1) x 10- 1 cm3
molecule- 1 seC1. The fradion of molecules leaving
v = 4 and reaching v = :5 is thus k~/k1; = 0.95 ± 0.15.
To well within our experimental uncertainty single
quan.tL% energy transfer accounts for all the relax
ation of v = 4.

Our measured rates are in fair ~ualitative agree-
ment with that of other workers. 1, The absolute
rates are somewhat different but this is not un
expected since in other experiments indirect excita
tion is used and their kinetic analysis can be quite

complicated. The fast relaxation of HF observed in
these experiments is undoubtedly a result of the
strong HF - HF attraction. Since we find no evidence
for large multiquantum energy transfer rates it is
unlikely that a collision complex is formed which is
suffici.ently long-lived that ranoomization of the
available energy occurs. Gait 7 has shown that an
attractive potential can give rise to "orbiting"
trajectories which make a large contribution to V 
V energy transfer probabi.lities. Small changes in
rotational quantum numbers can easily absorb the
energy defect to give large relaxation rates for
these levels.

We have also studied the vibrational relaxation
of HF(v ~ 3, 4) in HZ' DZ' and COZ using the above
technique. 8 Results are summarized in Tables land
Z, along with comparison with the work of others.
As shown, the rates are one or two orders of magni
tude slower than relaxation in HF itself. Our data
in Table 1 indicate that the relaxation rate of
HF (v) by HZ at first decreases with vibrational level
(to v = 3) and then increases. This has been inter
preted as reflecting the increasing endothermicity

Reference

Table I. ComDarison of [IF - HZ at).~ HF .. DZ relaxation rates
(cm3 molec- 1 sec- 1 x 101 ).

v=6

Poole and

Smith 2 2.1 1.5 Z.l 4,9 9.9 16

BottIS 4. 3Z± O. 4S 3.7±0.3 3.4±0.3

Hancock and

Green9 7.3 ±0.9

Hinchenll 8.5 ± 2.2

Bott and

CohenlO 5.16± .30

This work 3 .l± 0.6 4. 7±1. 2

Poole and
Z

~6lSmith 2.6 5.9 12 31 8Z

Hancock and

Green9 1.lZ±O.ll

Bott and

Cohen 0.94±0,18

This work 13.4±2.6 33.4±6.0
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Table 2. Comparison of HF - CO2 rates (cm3 molec- l sec- l x 1012) .
~-=-==--=~;;::.-=--:::-~~--:;:---~~--- - ~ --

Reference v=l v"'2 v"'3 v=4 v"5 v"6 v"'7

Poole and
Smi th 2 3.4 7.0 12.5 27 35 32

Airey and

Smith 1 L1 LL4 6.4 12.0 .2>20

Batt and

Cohen 10 (L1 i O.06)

Kwok and

Cohen 13 0.77 2.9 3.1

Lucht and

Cool 12 2.l i O.15

Hancock and

Green L 8i O. 1

Batt 15 L 2i O. 1 5.8iO,6 lL6iL2

This work 10.liL6 22.5i4,3

Brown et

1
14, aa .

Dillon and

Stephen
son16, b 2.7

8

8,8

10

13.5

18

20.2

27

20,2

31

a 1 .re atIve rates only.
b h .t eoretlcal rates.

of the V - V process (hence decreasing rate) and an
increasing V - T, R rate. 8 The rate from HF to D2
increases rapidly with vibrational quantum nunber.
This reflects a V - V process coming increasingly
closer into resonance. In C02 the observed relax
ation rate for HF(v " 4) did not depend on the rota
tional state which was initially excited for J " 0 
5. We estimate that in our mixture the rotational
relaxation rate is at least ten times the vibration
al rate. Direct excitation produces simple kinetic
schemes. Our measured relaxation rates should prove
useful for the modeling of chemical lasers. Many
calculations have been performed on the relaxation
of HF molecule and our results will provide good
data for testing theories of energy transfer.

A major aTIl of this work was to identify reactions
of HF(v " 4) with olefins. Reactive collisions would
not produce rW(v '" 3). Unfortunately, no systems
were found in which the yield of HF (v '" 3) was demon
strably less than unity.

tpartially supported by the U. S. Anny Research
Office, Triangle Park, NC 27709.
*Present address: National Research Council of
Canada, Division of Chemistry, 100 Sussex Drive,
Ottawa, KIA OR6, Canada.
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5. VIBRATIONAL RELAXATION OF MATRIX ISOLATED CH3Ft
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Studies of vibrational energy tr8l1sfer in con
densed phases at low temperatures are beginning to
yield interesting results. Investigation of diatomic
molecules isolated in inert gas matrices show t~e
rate of vibrational relaxation to be very slow, ,2 in
some cases ~v.g., Co in Ar 8l1d Ne) actually reaching
the radiative limit. The long vibrational lifetimes
of matrix isolated diatomics suggest the possibility
of using such systems as energy storage devices. In
matrix isolated polyatomics, the additional possibil
ity of mode selective energy concentration exists.
As yet, relaxation rates of guest polyatomics in the
ground electronic state have been measured only for
the lowest frequency vibrations of NH3 8l1d CH3F,3
i.e., no observations of intramolecular V - V transfer
rates have been reported.

1500 l/2,l/5

1000

Fig. 1. Energy level diagram of CH3F in Ar matrix.
(.I£.BL 792-8361)

Table 1. Relaxation of CH3F/Ar at 9 K.

1000 a 0.53 ± .05 1.8 ± .1

2000 a 0.61 ± .15 2.5 ± .4

5000 a 0.70 ± .05 2.7 ± .3

10000b 0.73 ± .03 2.3 ± .2

a. detector time const8l1t 140 ns
b. detector time const8l1t 220 ns

fast and slow decay rates of CH3F In Ar. The rise
corresponds to the intramolecular V - V rate 8l1dthe
slow decay, v2' to v3 1 -.. 0 rate. The concentration
dependence of the v3 1 -.. 0 rate is explained in terms
of the increased mobility of the v3 excitatIon due
to reson8l1t energy tr8l1sfer via long range dipole
dipole coupling. The fast decay is found to occur
at a frequency red shifted with repsect to the v3
0-..1 tr8l1sition. From the frequency shift alone we
cannot distinguish between v3 2-.. 1 fluorescence ~d
that of th~ldimer, which are respectively, 15 cm
8l1d 8.2 em to the red of the v3 ftmdamenta1. The

Here V - V tr8l1sfer among the various vibrational
modes of matrix-isolated CH3F is being studied by
laser-induced, time resolved infrared fluorescence.
The fundamental C- H stretches (vI' v4) 8l1d overtone
CH3 deformations (2v2' 2v5) are pumped using aNd+3:
'lAG pumped LiNb03 parametric oscillator. Energy
relaxation is monitored by time-resolved emission
from all IR active modes. The concentration depen
dence, temperature dependence, and dependence on
host material of the relaxation rates should aid in
our underst8l1ding of the fundamental processes in
volved in dissipation of energy in a matrix.

The follOWing results have been obtained:

First, following excitati.on of 8l1y of the four
accessible modes; VI, v4' 2v2, ; we have observed
emission which spectrally corresponds only to flu
orescence from the v3 manifold (Fig. 1). Emission
from other vibrational modes, i.e., , v5, v6, is
not observed despite direct excitation of 2v2, and
2v5' TIlis indicates that the decay of the initially
excited state into the v3 manifold is extremely
rapid, with signal observation being produced by
a low fluorescence quantum yield.

Second, the signal is independent of the mode ex
cited, consisting of a detector limited rise
(Td t ~ 140 ns) 8l1d a double exponential decay.
TabTe 1 shows the concentration dependence of the

M/A Tl(YS)
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Fig. 1. 5)J fluorescence from multiphoton excited
D2CO as a function of (pressure)2. (XBL 792-514)
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molecule composed of light atoms. Its relatively
sparse density of vibrational states places the on
set of a quasicontinuum at higher
more barriers. Fonnaldehyde is an system
for study of the small molecule limit of multiphoton
dissociation.

The small number of vibrational modes of formal
dehyde permits monitoring emission distribution in
the parent fonnaldehyde molecules by monitoring time
and wavelength resolved infrared fluorescence from
multiphoton excited deuterofonnaldehyde. We have
looked at fluorescence from the \!2 CO stretching mode
(1700 cm- l ) and the vI and V5 CD stretches (2055.8
and 2159 cm- I ) using a Cu:Ge infrared detector. The
most striking result was that using irradiation con
ditions that produce dissociation of formaldehyde,
the observed infrared fluorescence rose
with the laser pulse and was proportional to the
square of the formaldehyde pressure (see Fig. 1).

data presented in Table I suggest that the fast de
cay may be dimer relaxation since the v3 2 -+ 1 rate
is expected to be Independent of concentration as
the v ~ 2 excitation is relatively immobile, con
trary to the observed behavior of the fast rate, lJ.
Further studies, with better spectral resolution of
the fluorescence signal are planned in order to di
rectly establish the origin of the fast decay and
obtain more accurate vibrational lifetimes.

Third, the decay mechanIsm of the vibrational
energy of the guest to the host lattice is studied
through the dependence of the decay rates on temper
ature, hot atom and isotopic rates in Ar and Kr have
little temperature dependence « 20%) between 9 and
20 K. This slight temperature dependence can be
explained by theories in which either d~rect dissi~a
tion of the vibrational quantum to the bulk with a
concomitant multiphoton excitation or indirect dis
sipation proceeding through highly rotationally ex
cited guests is the postulated decay mechani.sm. Stud
ies in our lab show the isolated molecule rela~ation
rate to be five tinles slower in Kr than in Ar (11 '"
3.5 ~s. T2 ~ 11 ~s), the rates are found to have a
slightly stronger temperature dependence in Kr than
in Ar. Thus trends can also be explained by either
the direct or indirect mechanIsm of energy dissipa
tion. To decide the mechanism studIes with CD3F, in
which the orders of the multiphoton process and the
multiquanta rotational process are respectively lower
and higher than those of CH3F, is required. Investi
gati.ons of CD3F in Kr by infrared double resonance
show the relaxation of v) in CD3F to bo ten tiftes
slower than that of CH3F.3 This result contradicts
the prediction made by the direct multiphonon the
ories but is in agreement with a mechanism in which
energy transfer to rotation is the rate determining
step.

-rPartially supported by the U. S. Anny Research
Office, Triangle Oark, NC 27709.
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6. INFRARED MULTIPHOTON EXCITATION OF FORMALDEtIYDE

Michael R. Bennan

Infrared nlultiphoton dissociation of polyatomic
molecules has been widely investigated in the past
few years. Most studies have dealt with n~leculesl
in which the number of vibrational modes is quite
large (e.g. SF6' C2H5Cl, etc.). 111e large density
of states that arises from these vibrational modes
provides a manifold of levels or quasi continuum that
allows absorption of enough infrared photons for an
isolated molecule to undergo unimolecular decomposi
tion. We are studying the infrared multiphoton dis
sociation of fonnaldehyde, a considerably smaller

Infrared fluorescence from vibrational
states was not seen under collisionless conditions.
For a fixed formaldehyde pressure the fluorescence
intensity increased almost with pressure of
added argon buffer gas. The pressure squared depen
dence may therefore arise from collisions which re
distribute vibrational 01' rotational energy in the
molecule during the laser pulse from states which
are prevented from absorbing additional IR photons
due to energy mismatches to states which have tran
sitions resonant with the laser field. Thus colli-
sions play an essential role in allowing molecules
to reach those high vibrational levels from which
the molecule can continue to absorb infrared pho
tons and dissociate. It is evident then that in
the small molecule limit for multiphoton dissocia
tion collisions are required to facilitate disso
ciation. These results support other work on the
pressure dependence of the dissociation of fonnal-
dehyde. 2 .

We have also investigated the lnultiphoton disso
ciation of fonnyl fluoride, HFCO. This fluorinated
analog of formaldehyde possesses a DRICh lower fre
quency vibrational mode (663 cm- l ) and as a result
has a significantly larger density of vibrational
states. The C- F stretch at 1065 cm- l is also a



468

more strongly absorbing mode than the v4 mode in
fonnaldehyde. Molecular hydrogen fluoride was de
tected as the primary dissociation product. Infra
red fluorescence was observed from HF 6V = 1 trffilsi
tions. Fluorescence from higher vibrational modes
( 5 + Z, 4 + 1, 3 + 0) was also observed indicating
that the I-lF is produced with significant vibrational
excitation. 111e decay of HF fluorescence can be at
tributed to quenching by collisions with I-lFCO. This
rate has been observed by direct eXiitation of HF to
v = 4 to be > 1. 7 x 106 sec-I Torr- for HF v = 3
and is consistent with the obscoYVed rate of Z x 106
sec-I Torr-I. Infrared fluorescence from the parent
HFCO showed a linear pressure dependence. Thus HFCO
behaves with "large molecule" characteristics.

Okon and V. P. Oppenheim, Opt. Conun.

7. RESEARCH PLANS FOR CALENDAR YEAR 1979

C. Bradley Moore

111e high spectral resolution adlievedin multi
photon dissociation using the parametric oscillator
together with economical systems involving TEA COz
lasers make it very attractive to study isotope sep
aration schemes involving both simultaneous excita
tion by both the OPO and the COz laser. Molecules
containing five to fifteen atoms having fundamental
absorptions near 3 - 5 )J and small isotopic shifts
will first be studied. Evaluation of system effi
ciency and isotopic enrichment will be the main
objectives.

Concentrttion of energy in the C- H mode as high
as 9000 cm- of absorbed energy suggest the possibil
ity of mode selective chemistry. This will be ex
plored in molecules such as 1, Z dichloropropane
using the OPO. Small molecules such as the halo
genated methanes will also be studied to push the
l~nits of selectivity and feasibility of multipho
ton dissociation. Real t~e product analysis by
laser-induced fluorescence and absorption will be
used in addition to gas chromatography.

The mechanism of the reaction ICI + + HCl + HI
will be substantiated by studying the reaction at
much higher HZ to ICI ratios than were used in the
first experjJnent. The role, if any, of the inter-
mediate con~lex ICI Z will be determined.
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molecules of ~ 9 kcal/mole, and an incident transla
tional energy rmlge from 1.1 to 5.3 kcal/mole. All
scattering experiments were carried out at an in··
cident angle of 50° with respect to the surface
nonnal, and only scattered (as
detennined the incident beam ,mel the surface
normal) were The surface temperature was
held at 50 K in order to remove ~che

trapped/reevaporated from our detected
signal leaving only scattered

from which :Lnformation on energy
can be extracted. Note that at a surface

temperature of 50 K more than 99% of the incident
SF6 molecules become on the surface. Our
experiment and characterLzes
the 1% (or reflected from the sur-
elace.

1.0

1. INTERNAL ENERGY DEPENDENCE OF THE SF6 CONDENSA
TION COEFFICIENT WITI~ SCATTTERED MOLECULE VELOCI1Y
ANALYSISi'

Steven J. Sibener and Peter Hislop

During the past year we have continued our stud
ies on the dynamics and energetics of gaseous con
densation utilizing molecular beam surface scatter-'
ing techniques. In these studies we have sought to
deternline whether, and to what extent, excitation
of a polyatomic' s internal degrees of freedom can
influence its sticking probability upon collision
with a cold surface. Specifically, we have success
fully obtained both the translational and internal
energy of the SF6 condensation coeffi ~
cient for collisions with an ice surface
of SF6' We have also dis-
tributions for molecules
scattered from as a function of
temperature, scattering angle, and incident veloc:l1:y
at a fixed angle of incidence. The above infonna~
tion has allowed us to reach a clearer microscopic
understanding of gas-surface interactions in ,
and of the process of gaseous condensation in partic~
ular. Our results in this eA1Jeriment may eventually
be of interest not only to scientists in the field
of surface dynamics, but also to researchers investj.-
gating new methods of laser isotope
separation.

The experimental arrangement, which has been
previously described,l was significantly modified
and improved during the past year. The
liquid nitrogen cooled target surface assernbl.y
been replaced with a machined and
chemically polished target surface cooled by a closed
cycle helium refrigerator. This new target surface
can be maintained at temperatures between 10 K and
room temperature, allowing the study of gases which
condense below ~ 80 K. We have also added a laser
beam entrance port, constructed a OV~C02 laser, and
incorporated a Stark electric £:Leld in our system to
permit future studies with state selected incident
molecules. Our studies this used ther-
mally excited and velocity This
beam arranganent allows us to independently val)! the
internal temperature (vibrational and rotational
temperature) and the incident velocity of the beam.
This permits the study of gas-surface collisions
having different internal energies oven
temperatures of the beam source) but of the same
translational energy (constant velocity selector
frequency).

The SF6 experiments were carried out at two oven
temperatures, 300 and 608 K, and covered the velocity
range between 2.5 x 104 and 5.5x 104 cm/sec.
These values correspond to an internal energy dif~
ference between the room temperature and hot SF6

*This work was supported by the Division of Advanced
Systems Materials Production, Office of Advanced
Isotope Separation, U. S. Dept. of

Fig. 1. Relative
tion of incident
and 608 K.
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slowest studied EF ~ 4.8 is observed. This
4.8-fold increase in reflection probabilitY,is due
to the ~ 9 kcal/mole internal energy difference be-
tween molecules at 300 and 608 K. When this
result is taken in conjunction with those of Fig. 1
we clearly see that translational energy is much
more effective in inhibiting SF6 condensation than
is internal excitation. This result (along with
non-cosine an~Jlar distributions which are not sho,~
here) is in direct conflict with predictiions made
by a model proposed by several groups at the Lebedev
Institute,2,3 and strongly suggests that a theoret-
ical Inore akin with gas phase inelastic
scattering needed. Finally, reflected SF6 veloc-
ity distributions have been obtained using cross
correlation tiJne-of-flight techniques. Figure 3

Fig. 3. Reflected SF6 velocity distributions for
six different surface temperatures. - - - Max
wellian flux distributions for each surface temper
ature; a ExperiJnental tiJne-of-flight distributions.
Note that for TS less than 80 K the reflected distri"
butions are clearly not in thermal equilibrium with
the surface. (XBL 7810-5945)
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. 2. Internal energy reflection enhancement fac
tor as a function of translational energy for an
internal energy difference of ~ 9 kcal/mole. Note
that EF ~ 4.8 iJnplies that internally hot SF6 mol
ecules have a 4.8 times higher probability of being
reflected from the target surface relative to the
room temperature molecules. (XBL 7810-11634)

increases quite with increasing transla-
tional energy--by about a factor of 25 for a trans
lational energy increase of only 4.2 kcal/mole for
300 K Figure 2 shows the internal energy re···

where is the reflected number density fr~n the
cold , vf is the reflected velocity from the
cold surface, TE is the beam temperature, and vi is
the incident mean velocity. We therefore see that

, 2 represents the ratio of the relative re
flected SF6 fluxes for and 608 K as a UlYlC
tion of incident velocity, and that excitation of
a's internal degrees of freedom does in
fact its probability of reflection from a
cold surface. In the liJnit of high incident trcmsla
tiona1 energy EF is seen to go to unity, which iJn
plies that internal energy has little influence on
the sticking probability of a quickly moving inci
dent particle. Most in~ortantly, note that at the

flection enhancement factor EF as a function of
incident with EF dehIled in the following
way;

2 r-~

I 1-

oL~I.~~l~~~.~~
a 2 4

V (I04cm/sec)
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shows a "cool-down" series of spectra taken at the
specular angle for 300 K SF6 as a function of sur
face temperature. For surface temperatures below
the condensation temperature (~78 K) note the devi
ation from the surface M~vellian velocity distribu
tions. (The low velocity deviations for 80, 100 and
280 K are due to instrumental effects.) These
clearly indicate that in the limit of high sticking
probability we are indeed observing inelastically
scattered Inolecules not in thermal equilibrium with
the surface. Further-analysis of these results in
dicate that tangential momentum is not conserved
during the collision, and that the energy accomn~da
tion coefficient is approximately 0.77.

In summary, it has been conclusively shown that
excitation of a polyatomic's internal modes does in
fact decrease its probabIlity for sticking upon col
liSIOn with a cold surface, and that the "energy
equivalence" model proposed by several Russian
groups does not properly describe the observed in
ternal energy dependence of SF6 condensation. A
description more analogous to gas phase energy
transfer processes may prove to be a more appropriate
theoretical line of approach.

This work was carried out in collaboration with
Professor Y. R. Shen's group.

1. S. J. Sibener and Y. T. Lee, in Rarefied Gas
D~amics Proceedings, 1978, in press.
2. K. S. Kocheloshvili, N. V. Karlov, A. N, Orlov,
R. P. Petrov, Yu. N. Petrov and A. M. Prokhorov,
JETP Lett. 21, 302 (1975).
3. N. F. Bosov, E. M. Belenov, V. A. Isakov, Yu. S.
Leonov, E. P. Markin, A. N. Oraevskii, V. 1. Roman
eru,o and N. B. Ferapontov, JETP Lett. 1l, 102 (1975).

2. THE EFFECT OF INTERNAL EXCITATION ON THE
FREQUENCY DEPENDENCE OF lvlPD

P. A. Schulz, Aa. S. Sudb¢ and D. J. Krajnovich

In order to study how the initial vibrational
state affects the multiphoton dissociation ~lPD)
yield, we have measured the frequency dependence of
the SF6 MPD yield for two initial vibrational tem
peratures. Absorption by SF6 is initiated with a
3-6 step absorption through an infrared active vi
brational ladder. The IR active vibrational mode
at a high excitation level is coupled to the large
number of vibrational states with the same total
vibrational energy. This anharmonic coupling is
also responsible for the continued absorption by
the molecule. The energy regime where anharmonic
coupling is strong is known as the quasi-continuum.
The vibrational state density is very large in the
quasi-continuum, increasing from 103 states/cnc 1 at
13 kcal/mole of excitation to 108 states/cm- l near
dissociation in the case of SF6. Since the intra
molecular vibrational energy transfer is caused by
the anharmonic coupling, the rate of vibrational
energy transfer increases with increasing vibration
al excitation.

Because the vibrational state density and the an-

harmonic coupling are so large when a polyatomic
molecule is highly excited, the absorption cross
section in the quasi-continuum changes only sloWly
with frequency. Thus, the frequency dependence of
the MPD of SF6 is mainly determined by the absorp
tion in the initial excitation up the vibrational
ladder. By thermally heating and cooling SF6, the
amount of vibrational excitation prior to the illum
ination by infrared radiation can be varied.

The experlinent was performed by crossing the
partially focused output of a C02 laser with a well
collimated (1° f~l) supersonic molecular bemn. The
SF6 beam source is a supersonic nozzle beam with
three differential pumping stages to obtain narrow
beam angular (1 0 FWHM) and velocity (V/ I'1V ~ 7) dis
tributions. In the supersonic expansion of SF6 the
rotational temperature is effectively cooled by R7T
energy transfer, but the vibrational temperature re
mains close to the temperature of the gas at the
nozzle because V7T energy transfer is ineffective.
Therefore, the SF6 was cooled to -60°C at the nozzle
to obtain vibrationally cold SF6 in the molecular
beam. The neutral SFS fragment from the SF6 dis-
sociation was detected as SF3+ in an electron
bombardment ionizer-mass spectrometer. The COz
laser is line tuneable with approximately 10
different frequencies where SF6 lvlPD can be detected.

Figure 1 shows the frequency dependence of room
temperature (300 K) and vibrationally cold (210 K)
SF6. The infrared radiation fran the COZ laser be
tween 930 and 950 em-I excites the v3' the asymmetric
stretch, vibrational mode of SF6. The shift in max
imum MPD yield from the origin of the v3 band lends
support to the hypothesis of a 3-6 photon absorption
in the v3 ladder. Actually, understanding of the
frequency shift is complicated by the existence of
rotational levels, vibrational hot bands, and the
splitting of the triply degenerate v3 mode when
Vv ;;, 2. Therefore, the exact number of photons
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Fig. 1. Frequency depen2ence of SF6 MPD using an
energy f1uence of 7 J/cm at two different vibra
tional temperatures. 0 300 K; .. Z10 K.

(XBL 7811-13182)
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absorbed in the v3 ladder of SF6 cannot be deter
mined from the frequency dependence of the MPD
yield.

Figure I shows that the infrared frequency which
gives maximum MPD yield is nearly independent of
the vibrational temperature. This should be ex
pected as long as .the vibrational temperature is low
enough that most of the molecules have less vibra
tional energy than the energy in a COZ laser photon
(940 cm- l ). For SF6 at 300 K

i
73% of the molecules

have energy less than 940 cm-. However, the shape
of the frequency dependence and the Fl\~-JM frequency
spread of the vWD yield of SF6 are quite different
at the two vibrational temperatures. At a vibra
tional temperature of ZlO K, the FWHM frequency
sprrad of the ~~D yield is 9 em-I compared with 14
cm- obtained for 300 K vibrational tenlperature. An
increased vWD yield occurs at high temperature on
the low frequency side of the maximum ~WD yield due
to the increased population in vibrational hot bands
and hence an increased anharmonicity. This simple
qualitative explanation of the shape of the fre
quency dependence of SF6 vWD is supported by a cal
culationl of the temperature dependence of the multi
photon absorption spectrum of SF6 which shows that
the inclusion of vibrational hot bands causes more
MPD yield at low infrared excitation frequency. The
calculation does not account for the magnitude of
the effect, though this may be because the intensity
used in the calculation, Z3 ~1W/emZ, is approximately
one fourth of the intensity used in our experiment.
Because the effect of cooling the molecule is pri
marily to lower the dissociation yield at lower fre
quencies (it does not induce much of a shift of the
frequency dependence of the yield), vibrationally
excited molecules have a broader multiphoton absorp
tion spectrum than ground state molecules. Thus,
heating polyatomic molecules allows MPD to occur
over a larger frequency range. This result confirms
previous evidence obtained in a molecular beam exper
imentZ that the heating of a variety of polyatomic
molecules made MPD of those molecules observable
using laser lines far from IR absorption bands. On
the other hand, if the vibrational hot bands are
primarily responsible for the ~~D yield frequency
spectrum, then cooling of a polyatomic gas with a
significant isotope shift would produce a narrower
frequency spectrum and greater enrichment in a laser
isotope separation process.

1. H. W. Galbraith and J. R. Ackerhalt, Opt. Lett.
~' 109 (1978).
Z. Aa. S. Sudb¢, P. A. Schulz, Y. T. Lee and Y. R.
Shen, J. Chem. Phys. ~' 1306 (1978).

*3. INFRARED MULTIPHOTON DISSOCIATION OF CZFSCI

D. J. Krajnovich, P. A. Schulz, Aa. S. Subb¢ and
A. G. Guidoni

Previous studies in this laboratory have indi
cated that infrared multiphoton dissociation of
molecules mainly proceeds through the lowest avail
able dissociation channel. Larger molecules may
have the two (or more) lowest dissociation channels

close in energy; with sufficient excitation energy
the molecules can be excited above the dissociation
energies of all these channels. The branching rate
into each open dissociation channel should be deter
mined by statistical considerations since the exci
tation energy is expected to randomize rapidly. This
effect is actually conlffion in pyrolysis studies where
additional dissociation channels may open up at
higher temperatures. Using laser (rather than ther
mal) excitation, the same effect should be observed,
although with lasers more precise control of the re
action should be possible.

In the case of CZFSCI two competing dissociation
channels exist: Cl atom elimination at 83 kcal/mole
and C-C bond rupture at 97 kcal~nole. While C-C
bond rupture has appreciably higher dissociation
energy, with three more rotational degrees of free
dome in the fragments the rate constant for this
channel is expected to increase faster than that for
Cl elimination when the excess energy becomes higher.
Calculated RR]}1 rate constants for dissociation into
these channels support this conclusion (Fig. 1). The
ratio of Cl elimination to C-C rupture will there
fore be a good indicator of the level of excitation
of CZFSCI prior to dissociation.

We have studied the dissociation of CZFSCI using
a crossed laser and molecular beams apparatus with
a rotatable mass spectrometer detector. CZFSCI was
expanded through a 0.1 mnl quartz nozzle at a stagna-

Fig. 1. RRKM rate constants for dissociation of
CZFSCI as a function of total energy in the molecule.

(XBL 786-9Z74)
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should show a greater contribution from the CF3 +
CFZCl chmmel. The CF3+ yield does reflect the sat··
ura~ion behavior of C2F4+ while the CF2+ yield con
tinues to increase over the accessible ra'1ge of en·
ergy nuence.

The dynamics of the two dissociation channels
have been studied by measuring angular and velocity
distributions of the products. The C2C4 + angular
distributions at two different energy fluences are
shown in Fig. 4. RR1<Ivl translational energy distri
butions were transformed to velocity space and com··
pared to the exper~~ntal angular and velocity dis
tributions. The fit to the data is satisfactory for
excess energies of 11 15 photons (30-40 kcal/mole)
above the dissociation energy. These cor-
respond to dissociation lifet~les of 20- ns. The
traJls1ational energy distribution peaks at zero and
only a small fraction (~3-4 kcal/mole or 10%) of
the available energy appears in translation. Al
though the error bars on the data are only one stand
ard deviation, the angular distribution at the higher
energy fluence appears slightly broader, due to a
somewhat higher level of excitation and cons,eql~ellt:L)
more translational energy in the products.

The angular distribution of CF2Cl+ and the veloc
ity distribution at 280° in the laboratory are shown
in Figs. 5 and 6, respectively. The peaking at non
zero laboratory angle is due to a small potential
barrier in the C-C bond dissociation channel. The
smne effect could also be caused by angular momentunl
constraints (i.e., a centrifugal barrier) but the
similar masses of CF3 and CF2Cl and the of
such an effect in the C2FS + Cl chal1nel argue against
this possibility.The Cllrves in Figs. 5 and 6 were

788-1605)

Fig. 3. Yield of CF/ and CF3+ vs. laser energy
fluence at IS° in the laboratory.

10

+(from CZFS) and CF2Cl (from
fluence at 15° in the lab
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tion pressure of Z20 Torr. The COZ laser was tuned
several cm- l to the Ted of the strong \)4 flmdamental
of CZFSCI at 98Z on- L ffild the laser output was fo
cused to a spot diameter of ~ 0.1 on2. The yield in
each dissociation chmmel as a function of laser en-"
ergy fluence is shown in . Z. in
the Cl atom eliJnination is , and
CF2Cl from the C-C bond rupture as CFZCl +.
At low laser energy fluence the atom elimination

dominates. The threshold for this channel is approx
imately 0.5 J /cm2. As the energy nuence is in
creased this chmmel rapidly saturates while the dis'
sociation into CF3 + CFZCI becomes more prominent.
The experiment was repeated with the laser beam more
tightly focused on the molecular beam to achieve
higher energy fluence. The C2F4+ signal persisted
at the highest energy fluence used (~30 J /onZ) indi
eating that secondary dissociation of CZFS into
CZF4 + F or CF3 + CFZ is minor (C2F4 mainly
ionizes into C2F3+). The power dependence of the
yields of CF2+ and CF3 + is shmm in Fig. 3. Although
the statistics are better for these ions, little in
formation is gained since these ions may arise from
both dissociation chmmels. However, CF3 produced
in the C-C chmmel probably forms very little CF3+
in the ionizer. In previous experiments on the multi
photon dissociation of CF3X to fOl1n CF3+ X (X Cl,
Br, I) the ratio of CF3+ to CF2~ detected was between
0.1 and O.ZS. Therefore the CF3+ data should predom
inantly reflect the CZFS + Cl chmmel, whereas CFZ+

Fig. 2. Yield of C2F4+
CFZCl) vs. laser energy
oratory.
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E < EE
-E/3.0 E > EEe ,

calculated fyom assumed translational energy chstri
but ions of the form

with-~--~ EB
mo1e;----- E13

O. 3 ken/mole;
0.7 kca1/mo1e.

E13 ~ 0.5 kcal/
(XBL 7812-13611)

E, E < E
P (f:) 0:: 13

e -E/<E> E > E
13

with barrier 0.5, and 0.7 kea1/
mole anc1 <E > Also shown for com--

are curves derived from an RRK!Vl translational
distribution for 119 kca1/mole in the

While the Pl\KM P distribution
similar to the assumed for E > E13'
effect of the barrier is evident, in
the of the peak of the velocity
distribution. A barrier of 0.45 ± 0.15 kcal/
mole fits the data well 0 The fit is in-
sensitive to the width of the peE) distribution. How
ever, a wider distribution 811d a slightly smaller

barrier yield the same fit. Such small
barriers are characteristics of radical-radical re-
combination reactions, radical recombination
to form ethane shows no activation energy,
while recombination of CF3' to form C2F6 has
an activation of about 2 kcal/mole. 111e ac-
tivation energy radical recombination reaction
is seen as a potential barrier in the reverse reac
tion of lillimolecular decomposition. Our experimental
barrier of 0.45 ± 0.15 kcal/mo1e is really the frac
tion of this potential energy barrier which is con
verted to translational energy in the fragments.

'fhe distributions of CF2 + and CF3+ at two
different energy fluences are shown in Figs. 7 and 8.
At the lower energy fluence CF3+ angular distri-
bution is very similar to while CF2 + is some-
w[tat broader due to a small contribution from the
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CF3 + CFZCl channel. At the higher energy fluence
both the CF3+ and CFZ+ angular dIstributions broaden
and peak at a non-zero angle. However, the broaden
ing is seen to be less for CF3+ since this comes
predominantly from C2F5'

We have also studied the isotopic selectivity of
the excitation process under collisionless condi
tions. Previous experiments on CF}8r showed no
appreciable isotope shift in the dissociation yield
spectrum of Br. In the case of CF3Cl the yield was
too low to obtain the spectrun. CFZC12 and CFC13
have better yields but the situation is complicated
by the presence of more than one Cl. CZFSCl, onthe
other hand, is well-disposed to this type of exper
iment since the yield is high, there is only one Cl,
and the mode we excite involves C-Cl stretch. Figure
9 shows th~ frequen31 d¥pendence of the dissociation
yield of 3 Cl+ and Cl at a laser energy fluence
of around 4.2-S.3 J/em2. These experiments were
performed with a seeded bewn of 5% C2FSCl in He in
order to confine the relatively fast Cl atoms to a
narrower range of laboratory angles, thereby improv-

5 10 15 20 25 30

LABORATORY ANGLE (DEG)

+
Fig. 7. Angular distribution of CF7 .

(XBL 78l2-l36I4)

ing counting statistics. The bewn was run at a stag
nation pressure of 400 Torr and the products were
detected at 5° in the laboratory. At the resolution
used (~O. 6 wnu FWHM) the transmis3~on of the ~1fad+
rupole was the swne for 37Cl+ and Cl+. The Cl
yield in 9 has been multi~lied by 3 (the nat
ural abundance ratio of 3SCI:3 Cl) to compare with
3SCl+. The data shown is the average of four scans
with a total of 800 shots at each laser line for
each isotope. A 50% reflectance output coupler was
used at the four highest frequencies to maintain
constant energy fluence. The error bars shown are
one standar~ deviation. Maximum yield is observed
several em- to the red of the \!4 absorption maximum
at 982 em-I. This is consistent with results on SF6
~ld other molecules. The fact that both 3SCI+ and

7Cl + appear to peak at the swne laser line suggests
that thr isotopic frequency shift is ve~7small, i.e.,
< I em- . Yet up to 300% enrichment in CI is ob
served on the low-frequency side.
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4. PHOTOIONIZATION STIJDY OF MULTIPHOTON EXCITED SF6
IN A MOLECULAR BEAM

So far, very little is lmown e:A.'perimentallyabout
the laser intensity needed at a given frequency to
excite an appreciable fraction of a given molecular
species. Recent measurements by Ambartzumian, eta1.8
on the molecule Os04 indicate that indeed, at laser
energy fluences around the dissociation threshold,
only a fraction of the molecules are excited into
the so-called quasicontinuum. la The experiments to
be reported on here show that the same is true for
SF6. At laser energy fluences close to or below the
dissociation threshOld, only a small fraction of the
molecules seem to absorb much more than 2 or 3 pho
tons of energy from the laser field.

AA. S. Sudb¢,* P. A. Schulz and D. J. Krajnovich

For sufficiently hi§h laser energy fluences, it
is well established,l, that close to 100% of the
irradiated molecules can dissociate. Thus it seems
reasonable to use a picture (as is done by several
authors) where the population distribution becomes
a roughly bell-shaped function of energy in the mol
ecule as the molecule interacts with the laser, and
the average energy increases along with the increase
of laser energy fluences. The thermal model of the
Harvard 3roup6b and the master equation approach used
by Lyman and by us 2 both agree qualitatively with
this picture, and have been successful in describing
the experimental results on dissociation yield and
average energy absorbed as a function of laser
fluence for SF6. As extensively discussed by Quack~a
and later also by Schek and Jortner,4b a master equa
tion approximation can be deduced (with a reasonable
assumption) from the Schrodinger equation for the
problem. However, it is quite clear that for low
laser intensities, only a small fraction of the mol
ecules will be excited. This has to be conCluded
both from the generalunderstandingl of the initial
excitation of the molecules in the vibrational
ground state, and from the reasonably narrow fre
quency dependence of the dissociation yield. This
is because at a given laser frequency and power
level, only those molecules in a limited number of
initial quantum states can interact in resonance or
near resonance with the laser field, such that the
molecule is easily excited some 3 or 4 photons above
the ground state, where the frequency of the laser
is believed to become less important for further
excitation due to the larger· density of states.

Infrared multiphoton dissociation of po1yatomic
molecules has turned out to provide a new meeting
ground for physicists and chemists. l A number of
interesting problems in the field has needed for
their solution ideas traditionally belonging among
either of the two groups. One of the questions that
has received considerable attention recently, is:
what does the population distribution of mu1tiphoton
excited molecules over internal energy states look
like? Both theoretical 2- S as well as experimental6- 8
work has been done, but no conclusive agreement has
been reached about how the population distribution
is best to be modeled.

The experimental setup is a modification of the
molecular beam photoionization apparatus described
in detail elsewhere,lO and is shown in Fig. 1.
Briefly, a well collimated molecular beam after ir-
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Because the molecular beam has a certain
spread, only a certain fraction of the photo ion
counts aCCLunulated by the scaler which is used for
counting laser excited SF6 actually comes from laser
irradiated molecules. From the measured time'of-
flight distribution of the beam, and the oXIJer'
bnental parameters (scaler gate width
length of molecular beam section
the laser), this fraction can be
shmvn in Table 1 for the three laser
used in the experbnent. of the
ecules before they are can be in
these exper:iJllents, since spontaneous emission is the
only decay mech,mism under the col1isionless condi
tions of a molecular beam experiment" This occurs
on a Ins time scale, compared to the 100 ~s
time from the laser beam to the ionization

+Photo ioni zat ion for the ions were
taken for three laser energy fluences.
The fluences at the molecular beam were estiJnated
from the measurement of the total pulse
the area irradiated; the latter was UULd.U1L'U.

laser burned spots on thermal paper
molecular beam. The diameter of thi,s spot was
taken as "the section of the molecular beam excited
by the laser," in the data

Fig. 2. Photoionization for the reaction
SF6 + hv -+ + F + e - . Room
trunl. calculated from
ature spectrunl of 500 and 700o 500 J( spectrum, nonnalized to the
flat region the theoretical + 700 K
experimental spectrunl, flat
of the theoretical spectrum. 7812-

Now let us aSSl.TIne that in a photoionization spec'
trum there is some background b, some due to
SF6 not irradiated by the laser and some due
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The molecular beam was excited in a 0.3 to 1.0 em
section centered 3,3 cm upstream from the ion-

ization the output from a Gen-Tec DD'·250
line delivering multimode 0.3-0.4
J with a Scientech thennopile power

, FWHM pulse duration of 250 nsec (mea-
with a photon detector), at 100 Hz. The

laser beam was focused at some distance from the mol-
ecular and the intensity at the molecular beam
was by adjusting this distance. This also

the length of the section of the molecular
be,un which was excited by the laser.

radiahon by a pulsed laser is crossed with vac-
Uunl lJV from a He UV lamp, dispersed

aIm vacuum monochromator with O. 2S mn
resolution. The phot,Ol()nS produced are extracted
from the region by electrostatic ion
lenses, and focused into the entrance slit of a

mass spectrometer. The mass selected
at a Daly type detector are then

counted. In our experiment, we studied the photo-
ionization of the process leading to the
production SFS+ ion. This is by far the most
abur1fnt ion produced in the photoionizahon of

. The photo ionization spectrunl around the ion-
ization threshold is shown in Fig. 2, which is in
agreement with the one shmvn in Ref. 11.

A controlled gated counting and UV
SGm system accumulated the photoionization
Three scalers counted photoions from

excited ,photoions from unexcited SF6, and
a photoelectric signal proportional to the VtJ\! light

respectively. The spectra presented typ
ically represent the results of several scans of
many hours duration. The molecular beam intensity
was stable over long periods of tbne; the laser had
a better than 10% pulse-to-pulse reproducibility, and
showed up to 20% long term drift in power output.
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to laser irradiated In the we mea~
sure el = b + ~ f) + (where f is the frac-
tion of from laser irradiated

and S2 are the when all SF6 molecules in
i.onizer are or entirely irradi-

ated by sl. From this we
get b + and this is what
we have with = b +
sl' the (mainly to
low count rate Figures 3-5
show the spectra for three laser energy fluences with
the SF6 molecules excited on the CO2 P(22) line at
942.4 em-I, 6 and 7 show the spectra for
the two highest using the C02 P(28) line at
936.8 cm- . Figures 8 and 9 show the saJne for a
beam nozzle temperature of 500 K. z

o

In . 2 we show the photoionization spectra of
SF6 for different beaJn nozzle ten~eratures,
300, 500 and 700 K. The experimental procedure ex~
plained in Ref. 10 was used in obtaining these spec
tra. Assuming no relaxation of the vibrational

of freedom in the supersonic expansion,12 we
also show spectra calculated from the 300 K spectrum,
as:suIlllllg that all the extra vibrational energy in the

at 500 and 700 K shows up as a shift in the
photoionization spectrum. As we can see from these
spectra, a small fraction of the vibrational
energy shows up as such a shift. This at
once tells us it will be difficult to extract
more than qualitative or at best semiquantitative
information about the level of excitation from
ures 3~ 9. The small in spectrum from 300 to
500 K, compared to the greater change from 500 to
700 K indicates that some type of vibrational energy,

high SF stretches, may be
in the photo ionization thres-

than other types of vibratIonal energy (like the
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low frequency bending modes primarily populated at
lower temperatures). However, disregarding such
complications, and estimating that some 50-75% of
the vibrational energy remains in the ion in the
ionization process, as indicated by the 700 K graph,
we can allow ourselves some quantitative statements
about the population distribution.

Fig. 6. 0 As in Fig. 3. + Spectrum of SF6 excited
by 0.4 J/cm2 on the P(28) laser line.

(XBL 7812-13620)

The most striking feature of the spectra of the
laser excited molecule is how little they deviate
from the ones of the unexcited molecule. Even at
an energy fluence of 1.5 J/cm2 (see Fig. 5), around
the dissociation threshold, at a laser frequency
[P(22) line] where maximum dissociation yield is
observed, we have a spectrum that in fact is very
similar to the 700 K spectrum of Fig. 2, maybe with
slightly higher average energy and an excessively
long low-frequency tail. This corresponds to an
average excitation of only about 3 photons. The
presence of a long high energy tail in the popula
tion distribution, as evidenced by dissociation
occurring at these fluences, but not too apparent
from our experiments due to the poor statistics in
the data, would bring this estimate up in closer
agreement with the photoacoustic measurements6which
show around 10 photons of average energy for a 100
ns 1.5 J/cm2 pulse. The lower peak intensity in
our 250 ns pulse would be expected to lower this
somewhat.

As is evident from Figs. 3 and 4, at laser energy
fluences much below 1 J/cm2, most of the molecules
are not excited much beyond 1 photon up in energy.

This is even more evident from Fig. 6, for a lower
laser frequency [P(28) line]. However, as the power
is increased at this frequency (Fig. 7), we see an
interesting effect: even though most of the mol
ecules are not excited, a long low frequency tail in
the photoionization spectrum indicates that a small
fraction of the molecules has quite high excitation,
and that this fraction is not too different froDI the
fraction reaching high excitation with the laser
tuned to the P(22) line (see Fig. 5). As the temper
ature of the molecules is increased to 500 K (Figs.
8 and 9), the spectra for P(28) excitation begin to
resemble more the ones for P(22) excitation again.
This is in agreement with our earlier observations}3
that the dissociation yield at low laser frequencies
can be increased by heating of the molecule.

In conclusion, our experiments confinn that in the
collisionless multiphoton excitation of SF6, there
is a "bottleneck" at low laser intensities, prevent
ing most of the molecules from absorbing much energy
from the laser field, as suggested previously. The
observations can be understood by assuming that at
low laser intensities, only a few of the initially
populated molecular states can easily be excited
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Fig. 8. () Resonance photoionization spectrum of SF6
heated to 500 K. + Spectrum of SF6 heated to 500 K
and excited by 0.4 J/cm2 on the P(28) laser line.

(XBL 7812-13617)
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Os04, dissociations with two frequencies will be
studied for optnnizing the conditions for the iso
tope selectivity in the decomposition. We will also
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tempt to understand both the multiphoton excitation
mechanism as well as the chemical behavior of multi
photon excited molecules using the crossed molecular
beams method.
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8. E. R. Grant, P. A. Schulz, Aa. S. Sudb¢, Y. R.
Shen and Y. T. Lee, Is Multiphoton Dissociation of
Molecules a Statistical Thennal Process?, . Rev.
Lett. 115 (1978), LBL-6659.

9, Aa. S. Sudblt, P. Schulz, D. Krajnovich, Y. R.
Shen "mel Y. 1'. Lee, "Crossed Laser and Molecular
Beams Studies of Multiphoton Dissociation" in
M~~ce0,nLcl<serChemistry, edited by A. H. Zewal,
(Springer-Verlag, Berlin) 1978, p. 308, LBL-7678.

10. E. R. Grant, P. A. Schulz, Aa. S. Sudb¢, /vI. J.
Coggiola, Y. R. Shen and Y. 1. Lee, ''Molecular Beam
Studies on Multiphoton Dissociation of Polyatomic
Molecules" in Multiphoton Pr2fesses, edited by J. H.
Eberly and P. Lambropoulos, (John Wiley and Sons,
N.Y., 1978), p. LBL-6275.

11. D. Bethune, R. Smith and Y. R.
Order-Sum- and
Quadrupole Transitions

6. 1978 PUBLICATIONS AND REPORTS

Yo 1'. Lee and Y. R. Shen and Associates

LBL Report

1. Aa. S. Sudb¢, P. A. Schul z, E. R. Grant, Y. R.
Shen and Y. T. Lee, Simple Bond Rupture Reactions
in Multiphoton Dissociation of Molecules, submitted
to J. Chem. Phys. July 1978, LBL-7684.

Journals and Books

1. Aa, S. Sudb¢, P. A. Schulz, E. R. Grant, Y. R.
Shen and Y. 1. Lee, Multiphoton Dissociation Prod-

L P. A, Schulz, Aa. S. Sudb¢, E. R. Grant, Y. R.
Shen and Y. T. Lee, Dynrunics of Infrared WDltiphoton



483

Dissociation of Polyatomic Molecules, l75th National
American Chemical Society , Anaheim, Califor
nia, March 12~17, 1978.

2. Y. 1'. Lee Dynamics of Infrared Multiphoton
Dissociation Polyatomic Molecules, Symposium on
Laser Induced Chemistry, 175th ACS National Meeting,
Anaheim, March 16, 1978.

Molecular, and Nuclear Dhv~'irc, Vilnius, USSR,
August 1978, LBL- 8224.

8. Y. R. Shen, Nonlinear Optics with Surface Elec-
tromagnetid Waves, Proceedings of the First Inter
national School on Laser Application in Atomic, Mol
ecular, and Nuclear , Vilnius, USSR,
1978.

Crossed Laser and Molecular
Dissociation of
Conference,

wee LlCtllU, September 20- 22,

9. A. Giardini -Guidoni,
Beam of Multipllot:on
European
University, Edi.nburgih,
1978.

3. Y, L Lee, Dynamics of Ivlultiphoton Dissociation
by the Molecular Beams Method, on Laser
Chemistry and Reaction , Insti-
tute of Teclmology, California, March 21,
1978.

12. P. A. Schulz Multiphoton Dissociation of Poly~
atomic Molecules, National
Argonne, Ill. 1978.

n. P. A. Schulz, lvlultipllot.on Dissociation of
atomic Molecules, Univc3r,;it.v of Lm'Tence,
Kansas, September 25, 1978.

10. D. J. Krajnovich, A. Giardinj-Guidoni, Aa. S.
Sudbgi, P. A. Schulz, Y. R. T.
Laser and Molecular Beam tilPhc)'tCiD
ciation of C2FSC1,
ence, Heriot-Watt University,
September 20-22, 1978, LBL·~8090 Abs.

of Infrared Ivlultiphoton
ya'.VH'L~ Molecules, 1978 Confer

of Molecular Collisions,
June 26-30, 1978.

s. Aa. S. Sudbgi, Dynamics of Infrared Multiphoton
International Quantum Electronics

Mp'~Tin(f, Atlanta, 30, 1978.

4. P. A. Schulz, Aa. S. Sudbgi, Y. L Lee and Y. R.
Shen, Dissociation of Dimers by Infrared Laser Irrad··

X International Quantum Electronics Confer
of America, Atlanta,

6.

7. Aa. S. Sudbgi, P. A. Schulz, Y. T. Lee and Y. R.
Molecular Beam Studies of Infrared Multiphoton

Unimolecular Dissociation, Proceedings of the First
International School on Laser Application in Atomic,

-*~-~_.--~~.~~~~-~,~~
Partially by National Science Foundation.









487

1. INDUSTRiAL ENERGY CONSERVATION

Ill. Engirlee!rirlg Analysis of Gas Evolution In Electrolysis"

Charles W. Tobias, Investigator

1. INTRODUCTION Electrolytic Gas Evolution in Forced Flow

the flow channel.
in the upward
in the bottom
in the channel
Fiber optics light

(XBB 709-4268A)

A channel flow apparatus developed earlier in
this laboratory for the observation of anodic
dissolution of metals at high rates1 has been
adapted for studies of gas evolution. A 5 x 5 mm
precision machined cathode, '~1ich is conveniently
interchangeable, is imbedded coplanar with one
of the walls of a channel. To allow access of
light and the taking of motion pictures of the
events on the cathode surface, two anode segments
are situated in the two walls adjacent to the
cathode (Fig. 1). Fiber optics provide intense
illUlnination of the cathode surface. The axis
of objective of a Bolex H.16 movie camera is normal
to the center line of the channel (Fig. 2).

Fig. 2. The electrode region of
A. channel with electrolyte flow
direction. B. The anode surface
of the channel. C. The cathodes
walls. D. Camera objective. E.
guide.
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"This was supported by the Division of Industrial Energy
Conservation, Office of Conservation and Solar Applications,
U.S. Dept. of Energy.

ABC 0 E F

The objective of this research is to gain
quantitative understanding of the nature of
nucleation, gro,vth and coalescence of gas bubbles,
and after separation from the electrode, of the
manner in which the gas phase propagates through
the electrolyte. Emphasis is placed on the clari"
fication of the influence of surface morphology,
on bubble size and residence time, and on the
elucidation of the role of free and forced con"
vection as it affects overpotential behavior.

Fig. 1. Cross"sectioned diagram of the flow
channel in the electrode region. A. The flow
channel. B. Glass plate. C. One of the two
cathodes. D. and E. O-ring seals between the cell
body and the glass and between the retaining cover
and the glass. F. Retaining cover (bolts, not
shown, hold it to the channel body). G. Electrical
connection to the cathode. H. Flow channel body.
I. Electrode holder. J. Epoxy covering on the
anode. K. The anode. (XBL 713-473)
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Initial studies in NaOH electrolyte demonstrated
that except for low flow rates (below 10 em/sec)
and low current densities (below 50 mA/cm2) the
highest frame speed available of the Bolex camera
(64 per/sec) is insufficient to provide adequate
sharpness and resolution of bubble behavior. In
further studies a Hyc~n Model 41 camera (10,000
frames/sec) with a 50 mm F: 2 objective, with multiple
fiber optics illumination, will replace the Bolex
equipment.

1. Kenneth G. Hellyar (M.S. thesis) with Rolf H.
Muller and Charles W. Tobias, Cinematic Studies
of the Anodic Dissolution of Metals at High Current
Densities, LBL~157, September 1971.

2. RESEARCH PLANS FOR CALENDAR YEAR 1979

Charles W. Tobias

The effect of forced flow and of free convection
generated by gas evolution, on surface coverage
and bubble size at separation, will be studied
in a flow channel by means of high motion

picture photography (to 10,000 frames/sec), and
overpotential measurements. The influence of
electrolyte composition, electrode material and
surface texture, flow rate, and temperature, will
be established over a broad range of current
densities.

3. 1978 PUBLlCATIONS AND REPORTS *

Charles W. Tobias and Associates

1. Charles W. Tobias, A Close Look at Electrolytic
Gas Evolution, Department of Chemical Engineering,
Virginia Polytechnic Institute, Blacksburg,
Virginia, October 23, 1978.

2. Charles W. Tobias, The Mechanics of Electrolytic
Gas Evolution, General Electric Research and
Development Center, Schenectady, New York, December
5, 1978.

'.For a complete listing of publication and
presentation activities see section on "Electro
chemical Process."
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2. ENERGY STORAGE

a. De'vello~,mlent of Electrochemical Synthesis and Enl"mlv 5toragieW

J'. W. Evans, R. H. Muller, J. Newman and c. W.
Tobias,

Introduction. The aim of this program is to
improve the energy efficiency, lower the capital
cost, and increase the materials yield of electro~
chemical cell processes employed in the reversible
conversion of chemical to electrical energy in
galvanic cells and in the production of materials
by electrolysis.

1. SURFACE MORPHOLOGY OF METALS IN ELECTRO
DEPOSITION

a. The Effect of Hydrodynmnic Flow on Surface
Morphology in the Deposition of Cu and Zn

James Faltemier, Milan Jaksic, Andrew Kindler and
Charles W. Tobias

Morphology of copper electrolytically deposited
from well~supported CuS04-H2S04 solutions is being
studied in channel flowl utilizing scanning electron
microscopy and overpotential measurements. A
computer~controlled data acquisition system monitors
current and overpotential on all nine seg~ments
of the cathode. SEM photographs are taken after
wards of the segment furthest downstream in the
cell.

Experiments were conducted at 68 and 40% of
1imiting current at Re '" 23,000 - 89,000 i11 each
of two solutions: (1) CUS04 0.0321 molar,
H2S04 0.90 molar; (2) CUS04 0.0979 molar, H2S04
0.925 molar. 25.4 coul/cm2 were passed during
every experiment on the segment studied. Constant
fractions of the limiting current were used because
transport theory predicts that interfacial concen
tration at the electrode interface is then independ
ent of Reynold's number for a given solution con
centration. Overpotential data taken during runs
confinned this assumption.

Runs performed with solution (2) revealed similar
morphology at constant fractions (68 and 40%) of
the limiting current. Solution (1) gave similar
results only at higher Reynold's numbers. In
addition, spiral growths were noticed at 40% of
limiting current when either solution was used,
but never at 68%.

The evidence seems to indicate that mass transfer
is a controlling factor in determining morphology.
Further experiments over a broader concentration

*This work was supported by the Division of Solar,
Geothermal, Electric and Storage Systems, Office
of Energy Technology, U. S. Dept. of Energy.

range are needed to firmly establish this conclu
sion. Results of low Reynold's m.rrnber experiments
with solution (1) are thought to be due to operation
in a current density region where a transition
between two krnetic regimes occurs.

The effects of the hydrodynmnic conditions on
the zinc electrodeposition process are being
studied on a rotating disk electrode system and
a planar electrode-channel flow cell. 2 The
morphology of zinc deposited from ZnC12 and ZnBr2
solutions (pH 1-5) has been evaluated il1 galvano
static experiments of varying time durations (1
min - 8 hI') over broad ranges of solution con~osition,
current density, and flow rates, well below the
l~niting current density.

Zinc deposits from these solutions show grooved,
striated profiles (likewise, the rotating disk
system shows Archruledes spiral patterns) which
follow the electrolyte flow direction past the
electrode surface starting at the leading edge
after just a few minutes of electrolysis, and
eventually reach the dO\1nstream edge of the planar
electrode (Fig. JJ\-C). Increasing flow velocity
over the electrode surface decreases the nwnber
of grooves and produces more sharply delineated
and more rapi.dly grOl1n shapes (Fig. lD,E).
Striations develop only at low current densities
and long deposition t~nes upon addition of 4.0 M
glycerol into the electrolyte solution (Fig. ID-F).
Addition of a strongly absorbing surface agent
("Zonyl FSB" - DuPont Co.) generally influences
the surface structure by stabilizing the flow at
the surface interface and inhibiting rapid outward
growth, causing an increase in number density,
but a decrease in an~litude of the striations
(Fig. IG-I).

The influence of flow on macromorphology of
zinc deposits well below the limiting current level
may be caused by secondary flow phenomena (e. g. ,
Taylor-Goertler vortices) introduced into the
boundary leyer by developing roughness at the
electrode surface as the deposition progresses.
The initiation of the developing roughness of the
electrode is caused by hydrodynamic effects as
well as surface effects (e.g., developing regions
of varying interfacial concentration of zinc ions,
i.e., of varying surface potential, led to dif
ferences in nucleation rates ~l these regions).
A better understanding of the factors controll~lg
this phenomenon of morphological development in
zL~c winning and refining and in rechargeable
galvanic batteries is essential for the control
and optrulization of these systems.



490

FLOW DIRECTION~ ..
-~r

5mm

~l
A. 5 minutes B. 1 hour C. 4 hours

2
Effect of time of deposition on development of striations in 1.0 M ZnCI 2 + HCI (pH 2.1), 10 rnA/ern ,
Ra'" 1700 (20cm/s), 25°C.

D. Re" 700 (7.7 em/s) E. Re" 10,500 (113 em/s)

Effect of flow rate in 1.0 M ZnCI 2 + HCI (pH 2.1), 30 mA/cm 2 ,
25°C.

F. Re'" 2400 (83 cm/s)
4.0 M Glycerol added

hour,

G. With Zonyl, 2 min H. With Zonyl, 5 min 1. Without Zonyl, 5 min

Eff act of addition of fl uorosu bsti tuted sU~faetant (0.1 w/o Zony I FS B- Du Pont Co.) in
4,OM ZnCI 2 + HCI (pH 2.1), 30mA!em, Re=6800(104em!s), 25°C.

Fig. 1. Zinc deposits fonned on cathode facing down imbedded in wall of 5 x 5 rum
flow channel. (XBE 780-15269)

Geoffrey Prentice and Charles W. Tobias

b. Dynamic Modeling of Surface Profiles in
Electrodeposition and Dissolution

1. Uziel Landau, Distribution of Mass Transport
Rates Along Parallel Plane Electrodes in Forced
Convection (Ph.D. thesis), LEL-2702, January 1976.
2. Andrew Kindler, Milan Jaksic and Charles W.
Tobias, ~ffiD Annual Report for 1977, LBL-7355,
p. 509-510.
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~~ile this computer simulation qualitatively
confirms observed results, no sufficiently reliable
data are available to compare with the simulated
curves. Us ing a rotating cylinder apparatus,
experimental work has been initiated for collecting
appropriate data on the acid/copper system. We
are presently developing test shapes and exploring

A dynamic model to determine the time-dependent
profile on a surface undergoing electrodeposition
has been extended to include the technically
important case in which surface kinetics plays
a major role. The limiting case, where electrolyte
resistance dominates and surface kinetics is
neglected, was analyzed in previous work. l A
quantitative difference in geometry after a given
growth period is depicted in the lower curves in
Fig. 2. We expect the amplitude of the profile
of the surface governed by kinetic phenomena to
increase more slowly than 1hat governed solely
by electrolyte resistance. The changes in the
profiles at intermediate grolvth stages are shoiY.n
in Fig. 3.

1.00.8
2.6~--~---L__--L_---'--~

o

~ 2.8
c:
o

+0
if)

i5

0.2 0.4 0.6
X-Distance (em)

Fig. 2. Effect of surface kinetics on the develop
ment of the metal deposit. The upper curve is the
initial sinusoidal profile. The lower curves indi
cate the deposit growth after a selected deposition
period. Metal is above the profile at each time
step, and electrolyte is below. The right and left
borders are insulated. Legend:v:W~O; D:W~l;-:W~lOOO.
W~k(dn/di)/L; k ~ bulk electrolyte conductivity
(st-lcm- l ), n ~ overpotential at the cathode (V),
i ~ current density at the cathode (Z/cm2), L ~
initial amplitude (cm). (XBL 791-266)
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operating ranges in which meaningful surface
profile measurements may be obtained.

3.2

1. G. A. Prentice and Co W. Tobias, Iv1!V[RD Annual
Report for 1977, LBL-7355 p. 510.
2. C. ,J. Soc.lQ~~, 225 (1954).

2, ANODIC SURFACE LAYERS ON BATTERY MJ\.TERIALS

on Silver Zinc and

G. Smith and Rolf II, lvluller

The purpose of this work is to direct
experimental information about the tonniltl.on of
anodic surface on materials of interest
for battery UVV~~~'~~_LV"J tech-
niques are responsible
for deSIrable nr,~nfOrT

a.

c
o

E
u-

Figure 1 illustrates the model used for the
interpretation of the measurements. It employs
the formation of six with an
mitially film-free (1), the
first dissolves the fonnation of cations, with
simultaneous of the metal substrate (2),

The formation of anodic surface
2n and Cd in alkaline media has been ~V.LH)m;'U
in situ with a under
different conditions transport.
Results are
developed computer
tic parameters of film formation are cletennined
from the measurements by use of a model of the
process. Examination of surfaces elec-
tron microscopy is used to interpretations,

1.0 'o
2

0.2 0.4 0.6 0.8
X-Distance (em)

Fig. 3. Intennediate growth profiles. The initial
geometry is as in Fig. 2. • Surface potential
constant, W~O; 0 W=800. (XBL 791-268)

Metal 2. Metal,
Man

3. Growth of
II Film

',": ':"" .
. ' ,

Fig, 1. Model of anodic film formation used for the interpretation of
ellipsometer measurements; time sequence of events, - (XBL 787-9519)
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Seven characteristic film parameters have been
determined from the measurements given in Fig. 3
by a fitting routine in seven-dimensional space.
These parameters are listed in Table 1 together
with one of many quantities (last entry) that can
be derived from the model. The value for the

In Fig. 3, film growth starts with a bare surface,
represented by the end point in the upper right
and ends in the lower left where, after 52 sec,
the Type I film is con~uted to be 1400 A thick
and the secondary crystals 1200 A in diameter.
The disagreement between measurements and theoreti
cal predictions shown in the left hand part of
Fig. 4 is probably caused by non-stoichiometry
of the Type I film, which had not been considered
in the model. Even so, the model calculations
reproduce the measurements remarkably well if one
considers that no ad-hoc assumptions have to be
made and the range of film thickness covers a large
range.

(a) II""m i (b)

Fig. 2. Secondary crystals of anodic silver oxide,
dependence of number density on supersaturation
at the interface. Stagnant 6 M KOHA Ag(lOO).
(a) 0.2 mA/cm2, l20s, (b) 1.0 mA/cmk , 25s.

(XBB 785-6826)

Of the materials and processes under investiga
hon, silver in alkaline media represents a system
with very low solubility of reaction products,
while zinc represents high solubility. In both
cases, the observations are consistent with film
formation mechanisms which involve intermediate
dissolved reaction products. The interfacial con
centration of solution-phase species, which depends
on mass transport conditions, has a profound effect
on the structure of the resulting anodic films.
The transport of ions through primary layers which
are generally of non-stoichiometric composition
is found to limit the rate of anodic reactions.

The interpretation of an ellipsometer measure
ment is illustrated in Fig. 3 and Table 1 for the
oxide formation on a silver single crystal in KOH.

For sufficiently high current densities, the
electrolyte becomes supersaturated and the first
pYlmary (Type II; nomenclature introduced by
Breiter and Powersl for Zn) film nucleates by a
heterogeneous nucleation process and grows to a
limiting thiclcness (3). (For silver, Fleischmann
and Thirsk et al. 2 give evidence that this layer
consists of crystallites of 50-l00A diameter and
that it is formed before the appearance of secondary
crystals.) Secondary crystals are also nucleated
onto heterogeneous sites (4). During an induction
period, hydrated species (honIDgeneously nucleated
polynlers or colloids) accUD1ulate in the solution
to produce a (Type I) hydrate layer. The second
primary film (Type I) then forms by dehydration
and precipitation of homogeneously nucleated
hydrates (5). Later on, secondary crystals and
Type I layers continue to grow (6).

The nUD1ber-density of secondary crystals, which
reflects itself in the ellipsometer measurements,
depends on the factors that control the super
saturation of reaction products at the interface.
An increase in number-density is associated with
increasing current density (illustrated for Ag
in Fig. 2), decreasing alkali concentration and
decreasing electrolyte flow velocity.

Table 1. Anodic oxidation of silver. Parameters derived from ellipsometer interpretation.
6 M KOH stagnant, 1 mA/cm2, Ag(lOO).

Measure of Uncertai

Parameter

Crystallization Rate of Type II Film

Crystallization Rate of Secondary Crystals

Porosity of Type I Film

Porosity of Hydrate Layer

Dehydration of Hydrate Layer

Onset of Secondary Crystal Growth

Hydration of Secondary Crystals

Time to reach steady state hydrate
concentration

Value

0.012 mA/cm2

0.158 mA/cm2

0.260

0.999

1.00 mA/cm2

6.13 s

0.40

13.05 s

Positive

0.013

0.008

0.046

>0.001

> 0.001

4.23

0.053

Negative

0.003

0.019

0.073

0.013

0.043

3.25

0.012

tChange in parameter value resulting in 0.5 deg. deviation.
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The sensitivity of the derived parameters to
the ellipsometer measurements is shown in Table 1
as a "measure of uncertainty." Large uncertainty
limits for the time of onset of secondary crystal
growth may be caused by the fact that such crystals

-~ -~ 0 ~ ~
Relative Phase a,deg

Fig. 3. Measurement and theoretical prediction
of ellipsometer parameters 6 and Wfor the anodic
oxidation of Ag (100) in stagnant 6 MKOH at
1 rnA/cm2. (XBL 785-8973)

cl)Tstallization rate of Type II film shows that
initially only 1% of the current results in film
formation and dissolved products are primarily
formed, even with the reaction products of silver
being quite insoluble. At later stages, all the
reaction products appear in the form of solids,
as shown by the dehydration rate of the hydrate
layer, which is equal to the current passed. Film
porosities are determined from refractive indices
by use of experimental data obtained with pure
film materials (pressed oxide powders). Non
stoichiometric composition of the primary layers
is often recognized by this procedure. The high
porosity (low concentration) of the hydrate layer
given in Table 1 indicates its depletion during
later stages of film growLh.

Measurements with flowing electrolyte confirm
the importance of dissolved species for the film
formation process. Film growth is often observed
to be arrested for extended periods under laminar
flow and to cease entirely under turbulent flow.
Removal of all reaction products in dissolved form,
which has to be postulated under these conditions,
has been shown to be accounted for by use of reason
able supersaturations. Transport of dissolved
products is also recognized by increased Ilumber
densities of secondary crystals on downstream
electrode sections.

The high solubility of zinc oxide in alkali
causes mass-transport boundary layers formed during
anodic oxidation of zinc to have a significant
effect on ellipsometer measurements. Interfacial
concentrations have been derived from ellipsometer
measurement by a current-interruption technique.
Results are given in Table 2 and compared to
expectations based on mass transport correlations.
With the solubility3 in 1 M KOH being about 10- 2 M,
substantial supersaturations are observed. The
growth of oxide layers from supersaturated solution

Additional optical complications are experienced
with cadmium and zinc in alkaline media due to
corrosion which makes it impossible to start experi
ments with a film-free surface. Removal of dis
solved oxygen from the solution with a specially
designed degassing chamber was found to greatly
reduce corrosion rates. Secondary hydroxide
crystals of prismatic shape on cadmium are
aggregated in patches (Fig. 4). As with silver,
large number-densities are associated with large
current densities, low alkali concentrations and
low flow rates; transport of material downstream
also results in greater number densities of crystals
and thicker deposits in the downstream direction.
The interpretation shown in Fig. 5 considers an
initially-present patchwise film which spreads
over the surface to produce complete coverage over
the first half of the curve. The second half has
been represented by the growth of a strongly light
absorbing (non-stoichiometric, n = 1.48-l.4li),
porous, rough film which grows underneath the
primary layer (n = 1.86-0.00li).

have to reach a finite size before they have an
optical effect. Also, the beginning of Type I
film formation may not coincide with the beginning
of secondary crystal growth, as had been assuned
in the model.

80. -

100.

"ll 60.
<li

"t1
~

(l)

"t1
:::I 40...,
~ x

~
Q) x
.~ 20...,
cd

Q;
IX:

0

Fig. 4. Patchwise distribution of prismatic cadmiun hydroxide secondary
crystals. Cd (0001), stagnant 6 M KOH, 0.6 rnA/cm2, 25s.

(XBB 786-7627)
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Richard D. Peters and Rolf H. Muller

Table 2. Interfacial concentration during zjnc
oxidation. Ellipsometer measurements and
results of correlation.

b. Surface on Lead and Lithiwn*

often continues electrolysis is
termrnated. of the initial phase
of the oxidation surface roughening,
establishment of a mass transport boundary layer
and of dissolution products. Patchwise
primary follows with possj,ble non-
stoichiometric film composition. Secondary crystal

often results in a pyramidal oxide distribu-
tion, the optical of which carrnot be
treated by present optical theory. Measured data
with zinc can therefore not usually be fitted by

over extended Stereoscopic
pictures of film morphology, show many of
the pyramidal crystals to be enlarged at the tip,
prOVide further illdication of a growth mechanism
which involves precipitation from solution.

ISOHJI~l

1.025

6.01

60.

Concentration (M)

_mA/cm2 MeasurecJ. Correlation

900 170 0.67 0.73

2800 180 0.39 0.52

8000 180 0.25 0.31

1640 500 1.66 1.74

3400 500 1.42 1.36

11400 500 0.66 0.66

The anodic reaction of lead ill sulfuric acid has
been illvestigated by ellipsometry. Models of film
formation described in the preceding article have
been modified for the computer interpretation of
processes in acidic media (Fig. 6). Seven to nine
parameters describing film structure and mechanism
of film formation are derived from the measurements
by a multidimensional data fit. The results are
consistent with a solution-precipitation mechanism
of film fonnation. The occurrence of a layer of
colloidal or polymerized PbS04 ill the solution is
inferred from transport of products into the electro
lyte in the absence of concentration polarization
indicative of the necessary concentration of ionic
products. Under the experimental conditions used
the change jn concentration across the
bOllildary layer to be small (0.006 M
in 3 MH2S04 at 1 and Re = 500). A high
nwnber-densHy of (small) crystals results from
the use of high current density, high acid con
centration and low flow velocity. This behavior
is illdicative of crystal nucleation from super
saturated solution. High nwnber-density of crys
tals is associated with low apparent porosity of
the layers. 1\11 &'lalysis of crystallization kinetics
and concentration polarization has shown that a
lillear relation of current dffilSity illld polariza
tion, s~lilar to a resistance polarization, can
be expected for electrocrystallization from super
saturated solutions.

Film 5

<4

Incident
Medium

Cr
pe I

Layer

Secondary

Mau Tral'!$port
Boundary

Soil! bill ud Product
Layer

The effect of different mechanistic assumptions
in the model on the ability to reproduce experimen
tal results is shmv,~ in Fig. 7 for different growth
rates of crystals.

Film formation on Pb in H2S04 begins with the
dissolution of Pb. After an induction period,
during which a steady state interfacial concentra
tion is established, a compact Type II layer is
formed which usually grows to less than SO A
thickness (Fig. 6). Dissolved products continue

220.190.

o
o

•110 s. 1540 A

~- x , Theory -- 0

60.

o

100. 130. 160.
Relative Phase ll,deg

Fig. 5. Measured and theoretically predicted
ellrpsometer parameters L and ~ for the anodic
oxidation of Cd (0001) ill stagnant 6 M KOH at
0.6 mA/cm2, (XBL 787-9516)
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*Abstract of of Ph.D. thesis by Craig G. Smith
(LBL-8082, 1978).

L M. W. BreHer, Electrochim. Acta 16, 1169
(1971). -
2. G. W. Briggs, M. Fleischmann, D. J. La~ and
H. R. Thirsk, Trans. Faraday Soc. 64, 3120 (1968).
3. M. Pourbaix, Atlas of Electrocli:emical Equilibria,
Pergamon, New York, 1966, p. 408. .

Metal Substrate

Fig. 6. Schematic of 6-1ayer model used fOT the
interpretation of ellipsometer measur~nents of
film growth on lead and lithium. (XBL 789-11324)
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340s
2090 A

65, 75, 85, 95, 105, 11 5,
Relative Phase, deg

Fig. 8. Measured and theoretically predicted
ellipsometer parameters 6 and y for the anodic
formation of PbS04 on Pb in 3.1 MH2S04 under
laminar flow (Re"'480) at 0.01 mA/on2. Calculated
final dimension of secondary crystals 2090 A.

(XBL 789-11153)
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Fig. 7. Effect of model assumptions about
crystal formation on interpretation of ellipsometer
measurements. Anodic oxidation of Pb in 5 MH2S04,
Re~480, at 0.258 n~/on2. Theory I: gro,vch rate
proportional to surface area; Theory II: groh~h
rate constant; TheOly III: absence of secondary
crystals. (XBL 789-11145)

to accumulate in the solution. Type I film and
secondary crystals form from this solution, as
well as the solubilized (polymer, colloid) product
layer and the mass transport boundary layer.
Gro,vth rates of solid PbS04 are limited by transport
of dissolved species or by crystallization kUletic
factors. Transport across the boundary layer
occurs by diffus ion and migration of products and
reactants with the ionic concentration difference
between bulk solution and interface prOViding the
driving force. The solubilized product layer
accounts for the flux balffilce between current
passed, solid film formation and product removal
into bulk solution; it is modeled as an rnhomogene
ous layer with no discontinuous interface toward
the lnass-transport boundary layer. The growth
rate of secondary crystals is detennined for cubic
shapes of increasing surface area; their optical
effect is represented by an equivalent homogeneous
film (No. 4 in Fig. 6). Type I (No.3) film and
secondary crystals are modeled as patchwise dis
tributed films with increasing coverage as tilne
progresses. Roughness of the substrate is treated
optically as a layer with properties intermediate
between metal and sulfate; properties are established
by use of the Garnett theory.

Figure 8 illustrates exper'unental data and
theoretical predictions resulting from the data
interpretation for low current density and sulfuric
acid of intermediate concentration. Under these
conditions corrosion contributes significantly
to film gro,vth, as indicated by the derived effec
tive current density ,,ihich is larger than the
applied current density (Table 3). The high
porosity shown for the secondary crystal layer
primarily represents void spaces between crystals,
although it includes hydration within the crystals.

Table 3. Evaluated parameters of anodic PbS04
fonnation at high and low current density;
3.1 M , Re '" 480.

0,01 mA/cm2 0,517 mA/cm2

Average disagreement in f\,

and lj;, measured and
computed, 0,73 1,11 deg

Effective current density of
mA/cm2film formation 0,016 0,361

Porosity of secondary crystals 0,72 0,00

Final porosity of Type I film 0,89 0,10

Porosity of hydrate layer 1,0 0,99

Crystallization rate of Type II
0,090 mA/cm2film 0,01

Crystallization rate of
0,094 mA/cm2secondary crystals 0,008

Precipitation rate of solubilized
0,384 mA/cm2prod uct layer 0,019

Onset of secondary crystal
growth 7 5

Ti me to reach steady state
solubilized product
concentration 14 8 s

Ti me to complete coverage
by secondary crystals 289 65

Electron micrographs of anodic films formed
at high current densities show small, closely
spaced clystals. The interpretation describes
this layer as being of low porosity (Table 3).
Since the optical properties of such layers are
well represented by the continuous film models,
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Table 4. Dependence of current efficiency for PbS04
formation on current density; 3.1 M H S04'
Re = 480. 2

is different from the known loss of rechargeability
due to sulfation, where a hard sulfate is formed
by recrystallization after long periods of time
and many cycles of operation.

Experiment X

- Theory 0

60s
650A

o

Applied Current

0.01 mA/cm2

0.258
0,517

0.775

*corrosion

Current Efficiency

190% *

91%

72%

61%

30.

70. 90. 110. 130.
Relative Phase, deg

Fig. 9. Measured and theoretically predicted
ellipsometer parameters 6 and ~ for the anodic
formation of PbS04 on Pb in 3.1 MHZS04 illlder
laminar flow (Re=480) at 0.517 mA/cmZ.

(XBL 789-1114Z)

good agreement between experiment and theory is
often obtained as shoi1n in Fig. 9. Current
efficiency for film formation is fOillld to decrease
with increasing current density (Table 4).

Open circuit corrosion films are optically
similar to anodic films formed at low current den
sities. Corrosion rates derived from ellipsometer
measurements over a one-nlinute time interval agree
with earlier weight-loss measurements conducted
over periods of hours. l Rates have been fOillld
to depend on the square of the water concentration
in the acid as had been reported before with a
postulated reaction internlediate that would accoilllt
for this behavior:

Pb + ZH20 + HPbO
Z

+ 3H+ + Z e

Passivation of electrodes at intennediate current
densities occurs with 1)pe I and secondary crystal
layers of substantial porosity. The possible
existence of a less porous sublayer, which could
inhibit the transport of reactants and products,
has not been identified yet. The optical effect
of secondary crystals may change radically, as
they grow to a size larger than the wavelength
of light. If such crystals primarily act as light
scattering centers, they do not substantially con
tribute to reflection in the specular direction
and then they may optically disappear. This
problem needs special attention and may provide
an explanation for illlusually abrupt changes in
ellipsometer par@neters observed illlder conditions
which favor the formation of large crystals.

Studies on the cathodic reduction of PbS04 have
revealed the onset of HZ evolution before the
quantitative reduction of sulfate. This observation

The filllctioning of batteries which use lithium
anodes in aqueous media cTIlcially depends on the
presence of surface layers. Z Corrosion films on
this metal have been studied in water vapor, since
reaction with aqueous solutions has been fOillld
too Vigorous with 4.7 M LiOH, a solution of techni
cal interest. In order to decrease water activity
and enhance LiOH precipitation, a solution of
13.6 M KOH and 0.6 M LiOH has also been used.
Although at the highest current density and lowest
flow rate (Z50 mA/cmZ, Re - 250) interfacial LiOH
concentration twice the saturation concentration
was expected, no passivation could be observed.
liydroxide films generated with HZO vapor provided
protection for only very short times after immer
sion. The early loss of the ellipsometer signal
in these experiments was attributed at least in
part to the low reflectivity of the resulting rough
surface. This probl~n could be overcome by use
of a more intense (laser) light source. Use of
HZO partial pressures of about Z Torr in Ar made
it possible to measure the reaction rate of Li,
the thickness and refractive index of the product
layer by ellipsometry. A 600 A thick film of non
stoichiometric hydroxide was fOillld to be strongly
light-absorbing (n = 4-l.Zi) and positioned on
top of a deep (1000 A) roughness layer
(n = 0.7-0.5 i).

*Abstract of M.S. thesis by Richard D. Peters,
LBL-8375, Oct. 1978.
1. J. J. Lander, J. Electrochem. Soc. 103, 1
(1956) .
Z. E. L. Littauer and K. C. Tsai, J. Electrochem.
Soc. lZ3, 771 (1976).

3. PROCESS EVALUATION FOR THE ELECTROWINNING AND
REFINING OF POTASSIUM

Henry Law and Charles W. Tobias

The dependence of the overpotential of potassium
deposition in KAlC14/propylene carbonate (PC)
solution on the concentration of !CAIC14 and of
DuPont's Zonyl FSC cationic fluorosurfactant was



studied in the 2S-70°C temperature range. Measure
ments were obtained during steady state electrolysis
in a cylindrically symmetrical cell. In 0.1 M,
0.5 Mand 1.0 M KAIC14/PC solutions the electrolyte
concentration did not influence the overpotentials
significantly. But the effect of the Zonyl
surfactant on potassium deposition dominated that
of the temperature. While without Zonyl surfactant,
as expected, overpotentials at 50°C were higher
than those at 70°C, in the presence of Zonyl
surfactant (0.167, 0.33, and 1.0 gil), over
potentials were lower at 50°C (Fig. 1).
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Fig. 2. Liquid potassiwn globules obtained by
cathodic reduction in 0.5 MIQ\lC14/propylene
carbonate solution at 70 DC in the presence of
1 gil of Zonyl FSC cationic fluorosurfactant.

(XBB 792 1609)

4;. ANALYSIS Ai"JD SIMULATION OF ELECTROC!-JEIvlICAL
SYSTEMS

a. Removal of Lead Ions from Dilute Streams with
a Flow-through Porous Electrode

Gary Trost and John Newman

2S SIZI 7S IIZIIZ!
OVERPOTENTIRL <IR FREEl, MVOLT

Fig. 1. Steady state overpotential of potassium
deposition as a function of current density in
0.5 MlQ\lC14/propylene carbonate in the presence
of 1.0 gil Zonyl FSC cationic surfactant at 70
and 50°C. (XBL 791-7790)

Studies on the influence of Zonyl surfactant
on deposit morphology were undertaken with the
purpose of developing a practical method for col
lecting the potassium deposit. Preliminary results
show that while the effect of Zonyl surfactant
was not significant at sooe, as sho~~ in Fig. 2,
large liquid potassium globules (dimneter up to
6 mm) were obtained at 70°C. In the presence of
Zonyl, the small area of the potassium deposit
in the liquid state, relative to the large surface
area of the porous or powdery deposits obtained
at 50°C, may be responsible for the lower over
potentials observed at this temperature. In the
absence of Zonyl, the potassium liquid forms much
smaller globules; for this reason the effect of
temperature dominates and consequently the over
potential is smaller at 70° than at 50°.

Heavy Ineta1 ions in industrial waste streams
can be a potential environmental pollutant, even
at very low concentrations. Flow-through porous
electrochemical reactors have been shown to be
an effective means for removal of these metal ions.
Copper, silver, and mercury removal systems have
been studied both theoretically and experimental-
1 1-3y.

The present study focuses attention on the
removal of lead ions from aqueous systems. This
process finds direct industrial application in
the treatment of the effluent stream frmn a 1ead
acid battery plant. The inlet lead ion concentra
tion to the reactor (governed by the solubility
of PbS04 in concentrated H2S04) is approx:iJnate1y 5
parts per million. The eXIt concentratIon IS
determined by a combination of mass transfer and
kinetic limitations. A laboratory scale, flow
through system has been constructed to determine
experimentally the dependence of the effluent lead
concentration on the system parameters. A reduc
tion in lead ion concentration of between 1 and 2
orders of magnitude is expected.

1. D. N. Bennion and J. Newman, J. App1.
Electrochem. 2, 113 (1972).
2. J. A. TraInham and J. Newman, J. Electrochem.
Soc. 124, 1528 (1977).
3. J:-Yan Zee and J. Ne\~an, J. Electrochem. Soc.
124, 706 (1977).



Richard Pollard and John Newmffil

A theoretical analysis of the non~steady state
reaction distribution for porous electrodes with
high exchange current densities has been lnade by
application of a simplified macrohomogeneous model
for porous electrodes. l The dimensionless transfer
current for short times has been obtained as an
expansion in time, and two terms in a moderate
time solution have also been derived. At moderate
tbnes the current is split into time-dependent
and tbne-independent parts, but this distinction
is not apparent in the short tbne solution. For
the liJniting case of reversible kinetics, the
analysis specifies the fraction of the superficial
current density that will be distributed through
the electrode. The treatn~nt has been applied
to the LiAl electrode of the lithiwn/iron sulfide
h~1-r~'~r and, in addition, the applicability of
the to the PbOZ electrode of the lead-acid
battery has been assessed.

1. LBL-8317, October 1978.

c. Transport Equations for a Mixture of Two Binary
Molten Salts in a Porous Electrode

Richard Pollard and John Ne\~an
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temperature, ffild total cell voltage. The study
can reveal important system parameters and can
give insight into the most pertinent experimental
infonnation that is needed to improve the design
of the battery.

e. Entrance Region (Leveque-like) Mass Transfer
Coef~~-inPacked Bed Reactors

Peter Fedkiw and John Ne\vman

Relationships for the high- Peclet--number,
entrance-region (Leveque-like), packed-bed, mass
transfer coefficient with a sinusoidal periodically
constricted-tube model for the void structure of
the bed have been derived. l An inverse cube-root
dependence of the mass-transfer coefficient on
the bed depth is predicted. This length dependence
is anticipated only at very low Re~lolds numbers.
Calculations which assume a mixing region between
successive periods have also been made. No bed
length dependence is anticipated in these latter
coefficients.

1. LBL-8Zl6, Sept~lmer 1978.

f. The Measurement of Mass-transfer Controlled
Reaction Rates in an Electrochemical Packed Bed
Reactor

Peter Fedkiw and John Newman

Concentrated solution theory has been generalized
to prOVide a frmnework for the description of iso
thermal transport processes iTl a mixture of two
binary molten salts with a conmlon ion. l Electro~
chemical flux equations have been derived for
several, comnlonly-used reference velocities. Non
steady state material balances and conservation
equations, based on the macrohomogeneous theory
of porous electrodes, have also been obtained,
together with a relationship for the ohmic potential
drop in the solution. These equations can be used
in conjWlction with information on electrode
kinetics to predict the behavior of lnolten salt
electrolytes in porous media or in free electrolytic
solutions.

1. LBL-8Z84, October 1978.

d. Theoretical Analysis of the Lithium/Iron Sulfide
Battery

Richard Pollard and John Newman

The LiAl/LiCl, KCl/FeSx battery is a candidate
for storage of off-peak electrical energy and for
electric vehicle propulsion. A mathematical model
is being developed which is able to predict the
operational behavior of the battery. The one
dimensional model considers both porous electrodes,
joined by ffil inert porous separator, together with
a reservoir of electrolyte.

With a given set of initial conditions, and
at a specified discharge rate, the time~dependent
and position-dependent behavior of the system can
be monitored in terms of changes in local values
of electrolyte concentration, porosity, current
and reaction rate, and in terms of overall cell

A randomly packed bed of Wlifonn size {copper
plated, stainless steel bearings) has been used
as the cathode in an electrochemical, flow-through
reactor. 1 Copper was plated on the surface of
these particles from an acidified (1 ~ HZS04)
copper sulfate solution. Copper deposition was
chosen as the test reaction because atomic absorp
tion ca~ be used to measure accurately the ion
concentration at 0.1 ppm with an uncertainty of
±l%. The evolution of 0z in a separate compartment
was the anode reaction. A sufficient cathodic
polarization was applied to the bed to ensure that
the deposition reaction was controlled by the
transport of CuH ions to the particle surface.
This transport-controlled reaction lnanifests itself
as a limiting current plateau on a current vs.
applied potential plot. The overall reaction rate
for the copper deposition can be measured by two
independent techniques: 1) the inlet and outlet
Cu++ concentration is determined and Z) the cell
current is measured, which is proportional to the
amount of copper consumed by Faraday's Law
(assuming negligible side reactions). These two
independent measurements permit a cross verifica
tion of the mass-transfer coefficients calculated
from the data. Only those data which give mass
transfer coefficients which deviate ±5% from the
average were accepted. All other data were
rejected. The experimental variables which were
manipulated were the flowrate of the feed, the
Schmidt number of the feed (by addition of
glycerol), and the packing depth. The Reynolds
(v/av) number range varied from 0.198 to 0.00Z7l;
two values of Schmidt number were studied, ZOOO
aid 9000; and two values of packing depth were
studied, characterized by aL = 30 and aL = 100.

The experimental results indicate that the packed
bed can be regarded as an array of straight tubes



499

30

fields, of the order of 100 gauss actulg pre
dominantly in the horizontal direction. The
interaction of these currents and fields causes
a circulation of both cryohte and metal with
velocities in the region of 10 cm/sec. Deteriora-
tion of the carbon cell lining is by this
circulation which also has the of reducing
the current efficiency of the cell. The metallic
aluminum generated in the cell has a small
solubility in molten cryohte. This alunlinum is
transported to the anode region where it is re
oxidized by carbon dioxide bubbles. This transport
and re-oxidation of product, illustrated in Fig. 1,
results in a loss of current efficiency which in
a typical cell is 85-90%. The transport of the
dissolved aluminum is promoted by the turbulence
within the cryolite caused by the electronlagnetic
stirring. This investigation has the objective
of predicting the electromagnetic stirring and
current efficiency from first principles and there
by providing a means for developing cell designs
or operating procedures wi.th higher current
efficiencies.

2.L
APPEL'S DATA ~ -10

THIS WORK 0 - 30
o .... 30 (WITH GLYCERINE)

'" -100

of two distinct sizes. This representation is
able to account for the effects of flow maldistribu
tion that are observed at low Peclet numbers. The
model provides a relationship for the overall bed
Shenvood number. The results of the analysis are
sUITmill.rized in Fig. 1 where the root-mean-square
deviation between theory and experiment has been
reduced to 10.8% with suitable choices for the
three empirical model parameters.

Fig. 1. Transport and re-oxidation of part of
the alwninum product in the Hall cell.

o (XBL 784-8016)

The task is threefold. First the currents and
magnetic fields must be as a function
of position in the cell, yielding the electro
magnetic force distribution. Secondly, the turbu
lent fluid flow equations must be solved with this
force distribution to yield velocities and turbu
lence levels in the cell. Finally the rate of
transport of aluminum to the anodes and the current
yfficiency Cilll pe calcuJated. This research is
being carried out in cooperation with the Reduction
Research Center of Kaiser Aluminum located in
San Jose. Kaiser personnel have concerned them
selves with the first task, the calculation of

...
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.' .
dissolves
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Almost all the aluminum manufactured in the
U. S. is produced in a Hall-Heroult cell in which
aluminunl oxide, dissolved in a molten cryolite
electrolyte, is electrolytically reduced to metal.
Approximately 100 billion k~n per year of electri
cal energy are consumed in this operation and there
is, therefore, considerable incentive for improving
the performance of the cell.

5. CURRENT INEFFICIENCIES IN ALlJIVIINlJlv! REDUCTION
CELLS

Part of a cell is shmvn in cross section in
Fig. 1. The molten cryolite is seen to be floating
on a pool of molten aluminum. Dipping into the
cryolite is a carbon anode and the surface of the
molten metal fonns the cathode at which the metal
is generated. The anode reaction is the generation
of carbon dioxide. Cell perfonnance is adversely
affected by electromagnetic stirring forces within
the molten cryolite and alunlinum. A typical modern
cell would have a current of 100-200 kilorunps
flowing in a predominantly downward direction from
anode to cathode. This current and currents flowing
in adjacent cell components generate strong magnetic

J. W. Evans and Y. Zundelevich

1. LBL-8509, Dissertation, December 1978.

Fig. 1. Correlation of mass-transfer coefficient
km as a function of superficial flow velocity v
and physical parameters such as void volume frac
tion E, specific interfacial area a of the bed
packing, the reactant diffusion coefficient Do,
and the bed length L in the direction of flow.
The model fit assumes two sets of straight tubes
where the larger tubes have a diameter 56% greater
than the smaller and constitute 1. 46% of the total
void volume. (XBL 7811-6142)
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Fig. 3. Computed and measured components of the
horizontal magnetic field components (gauss) within
the electrolyte of a 185 kiloamp cell. Plan view
of cell. (XBL 7811-6173)

r+ 10 eM/sEc

direction). This is the Kolmogorov-Prandtl two
equation model of turbulence as developed by
Spalding and others. 2 The calculations were
performed using a program developed from one written
by D. Sharma of Dames and Moore, Denver. The cal
culated velocity distribution in the metal pool
is depicted in Fig. 4, as are velocities measured
by Kaiser personnel on the cell for which the
computations are performed. Agreement between

currents and magnetic fields in the cell. The
results of calculations and measurements at Kaiser
are provided in Figs. 2 and 3 taken from a recent
paper. 1 Figure 2 depicts the isopotential lines
in a 185 kiloamp Kaiser cell computed from the
cell geometry, anode overvoltage and electrical
conductivities using a finite element technique.
Current densities can be calculated from these
potential gradients by simple application of Ohms
law. Knowing the current distribution in and
arOlmd the cell the magnetic fields within the
cell can be calculated from an integrated form
of the Biot-Savart law. Horizontal components
of the magnetic field, calculated in this way are
depicted in Fig. 3, as are measured magnetic fields.
Agreement is reasonable, considering the complexity
of the task.

20.09pk
€

Computation of n~tal and cryolite velocities
with the cell was carried out using electromagnetic
forces provided by the Kaiser computation. The
velocity calculations entailed a finite difference
solution of the Navier Stokes equations with the
use of an effective viscosity. This effective
viscosity is the sum of an ordinary (lmninar)
viscosity and a turbulent viscosity

The latter is a function of position in the cell
and is given by

where
p is the density
k the turbulence kinetic energy per unit mass

of fluid and
€ the turbulence energy dissipation rate per

unit mass of fluid.
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Fig. 2. Isopotential lines in a 185 kiloamp cell Fig. 4. Computed and measured velocities within
computed by a finite elememt technique. the molten aluminum of a 185 kiloamp cell.

(XBL 7811-6172) (XBL 7811-6175)

k and € are also functions of position in the cell
and are given by two auxiliary partial differential
equations which are solved simultaneously with
the two con~onents of the Navier-Stokes equation
(the computations assume negligible time averaged
velocities and momentum transport in the vertical



calculations and lneasurements is satisfactory in
view of some experimental error in the velocity
measurements. Velocities within the cryolite below
the level of the anodes are depicted in Fig. 5;
these are calculated velocities and there are,
as yet, no measurements with which they may be
compared. Figure 6 gives the turbulence kinetic
energy at various points in the cryolite.
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It is concluded that this investigation is likely
to result in fundamental procedures for calculating
current efficiency in aluminum reduction cells
as a function of parameters under the control of
the cell designer or operator. Cells with better
current efficiency (consuming less energy per unit
of production) sllould thereby be possible.

The interface between the cryolite and the
aluminum serves to dampen the turbulence in this
vicinity. Consequently the rate controlling step
in the transport of aluminum from the interface
to the anodes is likely to be the transport of
the metal across a boundary layer at this interface.
Levich3 has considered mass transport through such
boun,dary layers and obtained an equation for the
mass flux of dissolved species

(
3) 1/2, DpVt

J = -0- Cs

where

D is the diffusivity of the dissolved species
Vt is the mean fluctuating velocity component

outside the boundary layer = /k
Cs is the concentration of the solute at the

interface and
o is the interfacial tension.

Substituting a mean k obtained in the cryolite
velocity calculations and published values for
the other parameters a mass flux of metal to the
aJ1odes, and consequently a current efficiency can
be calculated. For the Kaiser cell this current
efficiency is 84.7%.

r+ 10 CM/SEC
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Fig. S. Computed velocities within the electrolyte
of a 185 kiloamp cell. (XBL 7811-6176)

Fig. 6. Computed turbulence kinetic energies
(cm2/sec2) within the electrolyte of a 185 kiloamp
celL (XBL 7811- 6177)

1. E. D. Tarapore, paper to be presented at the
AI!vlE annual meeting, New Orleans, February, 1979
(to be published in "Light Metals 1979," AlME,
New York).
2. B. E. Launder and D. B. Spalding, Lectures
in Mathematical Models of Turbulence, Academic
Press, New York (1972).
3. V. G. Levich, Physicochemical Hydrodynamics,
Prentice Hall, Englewood Cliffs, New Jersey (1962).

6. RESEARCH PLANS FOR CALENDAR YEAR 1979

J. W. Evans, R. H. Muller, J. Ne,~an, P. Ross and
C. W. Tobias

in Electro-

The effect of hydrodynamic flow on the initia
tion and propagation of surface roughness in the
electrodeposition of zinc from acid solutions will
be syst~natically explored in a 30 em long channel
type cell. Our hypothesis on the sharp dependence
of the frequency of nucleation on nonuniformity
of surface potential, caused by secondary flows,
will be subjected to critical tests.

The dependence of surface morphology of copper
deposited from acid sulfate solutions on current
density and on the current/luniting current ratio
will be quantitatively established. The quality
of thick deposits will be evaluated by means of
roughness measurements and SEM Unaging. The effect
of relative scale of roughness vs. the mass trans
fer boundary layer thickness is expected to be
a key parameter.

Computer-implemented modeling of tertiary current
distribution on selected surface profiles (sine
wave, right corner, stopped-off electrode) will
be developed. Parallel experUnents, using rotated
cylindrically symmetrical profiles, will serve
to establish the validity of the model in practical
ranges of process variables.

b. Anodic Surface Layers on Battery Materials

Selected surface layers will be used to investi
gate ion etching and Auger spectroscopy techniques
for the independent establisl1ffient of multi-layer
film structures derived by the interpretation of
ellipsometer measurements.

Further developments in optical theory should
also make it possible to assign film structures
with greater confidence. Especially desirable
is an improved understanding of the optical effect
of particularly dispersed matter which may be
responsible for an apparent loss of material during
film growth that is occasionally indicated by
ellipsometer data.
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f. Reversible Air Electrodes for Metal-Air
Batteries

a reliable calibration technique has yet to be
achived. Further work aimed at measuring cryolite
velocities is planned.

The objective of this program is to examine
in detail the oxygen reduction and OAygen evolution
reactions in alkaline electrolyte on selected
electrocatalyst surfaces. More than a decade of
hydrogen-air fuel cell research and development
has led to the general conclusion that the most
cost-effective electrocatalyst is a highly active
metal dispersed on a high surface area, stable,
conducting substrate. In the reversible oxygen
electrode, the substrate must be structurally stable
over the entire potential range for both oxygen
reduction and oxygen evolution, typically 0.8 -
1.6 V (RHE). Graphitic carbon blacks appear to
be the best support for dispersing metal electro
catalysts and meet this stability requirement.
As an example of this concept, state-of-the-art
phosphoric aZid fuel cell electrodes with only
0.1 mg Pt/cm when used as an electrode in KOB
discharge oxygen at better than 50 ASF at 0.85 V
(RHE), an effective catalyst cost of only $2/kW
capacity. Even lower cost should be possible since
other metals or combinations of metals may be more
cost effective than Pt in alkaline electrolyte.
It is anticipated that multi-metallic clusters
dispersed on carbon will be the most active and
cost-effective type of electrocatalyst.

The mathematical model for melt flows and current
efficiencies is approaching the point of reliabil i ty.
It is proposed to use the model to study the effect
of various cell design modifications on cell per
fonnance.

The

c. Process
of

The cathodic reduction of potassivm metal at
ambient temperature from solutions of KAIC14 in
propylene carbonate will be carried out iJl nJns
of 1-10 day duration. Product purity, current
efficiency, and solvent stability will be evaluated
in practical ranges of electrol)Tce con~osition,
temperature (to 80°C), and current density. Cell
design altenlatives will be evaluated with emphasis
on various methods for removal of the product metal.
A economic feasibility study will be

a commercial scale process.

d.

effort will be directed toward
a study of surface layers on 1ithiun in non-aqueous
solvents of interest in h,,'rrc'rv technology. Pro"
tective in the operation
of 1ithivm ellipsometry is ideally
suited for the in-situ observation of their fonna-
tion. Of interest is the detennination
of and chemical factors responsible for
beJrle:tH:Ull or deleterious properties of surface

for battery applications and the definition
reaction conditions which produce layers with

specific characteristics. Solvents to be used
include propylene carbonate and tetrahydrofuran.
Equipment for the of anhydrous solu··
hons, the handling electrodes under inert
atmospheres and their transfer into ultrahigh vacuum
will be assembled.

1. A. N. Dey, Solid Thin Films 171 (197'7).
2. J. O. Besenllard and G. Ei(::h:in~~er, J.
Electroanal. Chem. 68, I (1976).

developed lnodels of flow-through
porous electrodes will be used to optimize flow
redox energy storage systems \vith respect to flow
rate, current density, and energy efficiency for

day to night power costs. The Feo 
energy storage system may be investi-

silnilar models. Experiments will be con
the removal of lead ions from an aqueous

stre81n in a high-pressure cell, and experiments
to yield quantitative data for mercury may be
initiated. (Earlier experiments on reduced
the effluent concentration below the of
detectability. The program for the
LiCAl) - FeSx be run and compared
with available results 0 The comparison
should pennit of the model and suggest
additional which would increase our
understanding of fundamental processes in this
system.

Detailed kinetic studies will be conducted of
the oxygen reduction and oxygen evolution reactions
on clean, well-characterized Group VIII and IB
metals in KOH using rotating ring-disk electrode
techniques. The most active metals in both the
charge and discharge 1node will be used to catalyze
a pyrolitic graphite rotating disk electrode in
binary and ternary combinations by electrodeposi
tion. The charge and discharge polarization
behavior using these supported multi-metallic
clusters \vill be determi.ned and the stability of
the performance over repeated cycl ing will also
be exmnined. If the initial, proof of concept
phase is successful, practical reversible air
electrodes using high surface area carbons will
be tested employing hydrophobic, PTFE bonded
stnJctures.

in

A method for conveniently and reliably measuring
velocities of the cryolite in the Hall-Heroult cell
would be desirable in order to test the results
of predictions of cryolite velocities. Measurement
of the rate of dissolution of a aluminum oxide
rods showed early promise, the rate of dissolution
being dependent on cryolite velocity. However
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a. De!lIelo~lmlent of General P,,~nlF''''''' Detector for Atoms and Molecules*

Tetsuo Hadeishi,

1. INTRODUCTION

Fig. 1. Relation between the intensity of
differential absorption and field strength for N02'

(XBL 789-10913)

By means of magnetically tuned frequency modu
lated atomic line sources, success in detecting
NO, OH, 12, S2, S02, N02 and HCHO has been achieved.
It is evident that development of this new tech
nique makes possible the detection of practically
all diatomic molecules, and most surprisingly,
the triatomic and tetra atomic molecules.

Because of the extreme high resolution available
in this new technique, with resolving power of
7 x 105, for the first time, a discrete electronic
rotational vibrational transition in N02 has been
measured. 1 The block diagram of the experimental
set up is shown in Fig. 1, and the ultr~ligh
resolution scanning of N02 line shape by ZeemaTl
shifting on line at 249.2 nm is sholYn in Fig. 2.
As far as we lenow, this is the first time N02
absorption spectra was shown to be discrete.
Similar obserllations were made on S02 and HCHO
(formaldehyde). For more complex molecules, Zeeman
atomic absorption spectrometer was coupled to high
pressure liquid chromatography. By this technique,
it has been demonstrated that any organometallic
compound that can be separated in HPLC can be
detected by ZAA at the sensitivity level about
one million times higher than the tWLC detector
used alone. 2

At present, we are in the process of constructing
simultaneous atomic elements detector at ppb range
(parts per billion) by means of coherent fOTI1ard
scattering, as well as extending the detection
limit of the present molecular detector (50 ppb)
to sub-ppb range.

1. H. Koizumi, T. Hadeishi and R. D. McLaughlin,
Detection of Small Molecules by Magnetically Tuned
and Modulated Atomic Line Sources, submitted to
App. Phys. Lett., 1978, LBL-8089.
2. H. Koizumi, 1. Hadeishi and R. D. McLaughlin,
Anal. Chern. ~, 1701 (1978).
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L H. Kozumi, 1. Hadeishi and R. McLaughlin,
Speciation of Organometallic CompoUTlds by Zeeman
Atomic Absorption Spectrometry with Liquid
Chromatography, Anal. Chern. ~, 1701 (1978).

2. H. Koizumi, R. D. McLaughlin and 1. Hadeishi,
High Gas Temperature Furnace for Species Deter
mination of Organometallic CompoUTlds with rWLC-ZAA
System, accepted for publication in A'la1. Chern.
(LBL-8076).

Tetsuo Hadeishi and Associates
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3. H. Koizumi, T. Hadeishi and R. D. McLaughlin,
Rotational-Vibrationf~ L~e Profile and Isotope
Shift of l4N160 and Nl 0 Measured by Zeeman
Shifting the l14Cd(II) Line, accepted for
publication in Appl. Phys. Lett.
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MATERIALS AND MOLECULAR RESEARCH DIVISION STAFF - 1978

Postdoctoral
Investigators and Other Scientists Graduate Students

Neil Bartlett B. Zemva R. Biagioni
H. Hollfelder L. Graham
H. Zuchner E. McCarron
G. Beindorf B. McQuillan
J. Grannec F. Tanzella

S. Yeh

Robert Bergman J. Huggins P. Comita
T. Lockhart
L. Stuhl

Robert Bragg D. Baker
S. Bose
L. Henry
S. Ho
1- Valero

Leo Brewer R. Lamoreaux G. Bullard
C-B. Meyer D. Davis
G. Rosenblatt D. Goodman

B. Lin

John Clarke C. Chi T. Gamble
W. Goubau R. Koch
B. Gregory R. Lee
T. Lemberger S. Lee
D. Van Harlingen R. Miracky

D. Seligson
C. Tesche
N. Yeh

Marvin Cohen J. Chelikowsky K. Ho
G. Kerker J. Ihm
A. Zunger P. Lam

M. Yin

Robert Connick T. Tam D. Horner
K. Kotter
E. Livingston

Lutgard DeJonghe J. Porter A. Buechele
M. Chang
L. Feldman
S-C Hu

Norman Edelstein R. Andersen K. Abu-Dari
N. Bartlett A. Avdeef R. Banks
J. Conway J. Bucher C. Berke
K. Raymond H. Burghard C. Eigenbrot
G. Seaborg C. Carrano G. Giroicuni
A. Streitwieser S. Davis To Hayhurst
D. Templeton P. De1amoye E. Hillard
Z. Zalkin W. Harris W. Luke

S. Jones B. Lulu
E. Juaristi V. Mainz
C. LeVanda J. Miller
R. McLaughlin V. Pecoraro
K. Palmer J. Robbins
D. Perry W. Smith
T. Richardson R. Sofen
H. Ruben E. Strauss
B. Schilling To Tilley
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Postdoctoral
Investigators and Other Graduate

Norman Edelstein (Cont'd) G. Shalimoff
S. Simpson
J. Smart
J. Solar
E. Sou1ie
L. Templeton
F. Weitl

Anthony Evans W. Blumenthal
W. Burlingame
C.-H. Hsueh

James Evans J. Little M. Abbasi
Y. Zundelevich C. Natalie

B. Tracy

Douglas Fuerstenau S. Chander B. Bilimoria
S. Raghavan M. Drozd

J. Rosenbaum
Y. You

Ron Gronsky J. Briceno-Valero

Tetsuo Hadeishi H. Koizumi

Charles Harris H. Auweter A. Burns
A. Campion J. Chao

P. Cornelius
A. Gallo
S. George
S. Marks
H. Robota
R. Shelby
M. Vernon
P. Whitmore
D. Zwemer

Heinz Heinemann W. McKee

Dennis Hess L. William
D. Wroge

*George Jura

Carson Jefferies 1. Balslev B. Black
P. Westervelt J. Culbertson

J. Furneaux
S. Kelso
E. Pakulis

William Jolly H. Chen S. Avanzino
C. Donahue A. Bakke
T. Lee T. Briggs

Harold Johnston 1. Wilson B. Biclme11
P. Connell
J. Girman
M. Kowalczyk
D. Littlejohn
K. Lubic
F. Magnotta
W. Marinelli
H. Nelson
J. Podolske
G. Selwyn
S. Solomon
C. Truesdale
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Postdoctoral
Investigators and Other Graduate Students

Yuan Lee R. Casavecchia S. Anderson
M. Coggiola R. Baseman
M. Faubel C. Becker
D. Gerlich R. Buss
A. Giardini S. Bustamente
T. Hirooka L. Carlson
I-I. Inouye S. Ceyer
H. Kwok C. Hayden
K. Shobatake C. Kahler
P. Tiedemann D. Krajnovich

D. Neumark
F. Schulz
S. Sibener
R. Sparks
D. Trevor
M. Vernon

Alan Levy W. Coons P. -K. Chen
L Comet T. Foerster
L Finnie B. Gordon
M. Holt R. Jagaraman
T. Jacob M. Khatiblov
S. Johanmir J. Kim
A. Modavi J. Laitone
D. Rao P. Liang
F. Ravitz R. Mayville
J. Stringer F. Pourahmadi
W. Worrell J. Raju
G. Zambelli A. Sallman

A. Shaw
M. Yeung
W. Yeung

Bruce Mahan R. Davis
F. Grieman
S. Hansen
J. Kleckner
A. O'Keefe

Richard Marrus D. Dietrich
H. Gould
J. Leavitt
P. Mohr

William Miller C. Cerjan J. Adams
C. McCurdy A. Isaacson
H. -D. Meyer A. Orel

B. Skuse
R. Stratt

C. Bradley Moore D. Douglas M. Berman
P. Hess H. Dai
Z. Sabet Imani C. Dasch
A. Kung P. Ho

F. Hovis
A. Langford
Co Mei
W. Natzle
E. Specht
J. Weisshaar
J. Wong
L. Young
M. Zughul
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Postdoctoral
Investigators and Other Scientists Graduate Students

John W. Morris, Jr. L. Chen S. Altintas
K. Hanson K. Chang
S. Hwang S. Chen
D. Klahn B. Fultz
F. Nabarro D. Grivas
M. Niikura T. Herh
C. Syn M. Hong

H. Kim
J. Kim
H. Lee
P. Ling
A. Ma
K. Mahin
T. Mohri
E. Pundarika
J. Sanchez
D. Wedge
D. Williams

Earl Muetterties R. Gavin J. Bleeke
D. Mohajer H. Choi
M. Tachikawa C. Friend
R. Tau G. Schmidt

A. Sievert
S. Slater
M. Tsai

Rolf Muller J. Winnick G. Chasanov
B. Dissaux
K. Hanson
G. Neumann
R. Peters
C. Smith

John Newman P. Fedkiw
C. Law
M. Orazem
P. Pollard
G. Trost
D. Ullman

Donald Olander M. Balooch D. Dooley
E. Muchowski M. Famaam
A. Srivastava K. Kim

S. Shann
D. Sherman
C. Tsai
R. Yang

Joseph Pask J. Bakken N. Aiko
D. Biswas N. Cassens
A. Chapman S. Chandratreya
V. Draper S. Chiang
P. Dokko P. Flaitz
W. Kriven S. Hewett
R. Langston S. Johnson
M. Nishioka D. Miller
Y. Nurishi V. Nagesh
H. Riegger B. Powell
S. Shiosaki A. Rana
P. Spencer M. Sacks

P. Sharps
S. Tso
J. Wallace

John Prausnitz E. Larsen
W. Whiting
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Postdoctoral
Investigators and Other Scientists Graduate Students

Nonnan Phillips G. Brodale J. Boyer
E. Hornung W. Fogle

M. Mayberry

Milton Pickus T. Lam L Douglas
M. Malekzadeh A. Norman
J. Wang B. Phung

C. Rutan

Alexander Pines M. AlIa G. Drobney
S. Emid R. Eckman
S. Hsi J. Garbow
K. Utsunomiya J. Murdoch
S. Wolfe S. Sinton

L. Sterna
J. Tang
T. Tufano
W. Warren
D. Weitekamp
D. Wemmer

Kenneth Pitzer P. Christiansen
W. Ermler
Y. Lee
G. Malli

Paul Richards T. Iri R. Bailey
D. Woody J. Bonomo

R. Britt
W. Challener
S. Chiang
M. Hueschen
D. Lambert
Po Latham
S. McBride
T. Shen

Alan Searcy R. Berger T. Dai
D. Beruto J. Ewing
A. Buchler M. Huang
G. Gigli N. Jacobson
D. Meschi G. Knutsen
E. Powell T. Reis
J. Roberts S. Roche

R. Shukla

Y. Ron Shen 1. Bischofberger C. Chen
K. -C. Chu T. Chiang
A. DeCastro S. Durbin
J. -1. Oudar P. Hislop
P. Motisuke R. Hsu

A. Jacobson
R. Pecyner
R. Smith
A. Sudbo

David A. Shirley B. Garrison R. Davis
W. Heppler D. Denley
B. Lu S. Kevan
E. Matthias P. Kobrin
P. Perfectti D. Lindle
V. Rehn K. Mills
J. Stohr C. Parks
G. Thornton E. Poliakoff
R. Watson J. Pollard
S. Williams R. Rosenberg
N. Winograd D. Rosenblatt

S. Southworth
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Postdoctoral
Inve~igators and Scientists Graduate

David A. Shirley (Cont'd) J. Tobin
P. Wehner
M. White
R. Williams

Howard Shugart S. Chu P. Bucksbaum
E. Corrllllins M. Prior R. Conti

W. DeHeer
P. Drell
L. Hunter
R. Knight

Henry Schaefer L. Radom B. Brooks
J. Hutchinson
W. Laidig
P. Saxe
W. Swope

Gabor Somorjai H. Arakawa W. Aalbersberg
A. Bell J. Biberian S. Abdelkrim
P. Vollhardt W. Brennen S. Abensohn

D. Danielson J. Baker
D. Dwyer R. Blackadar
S. Ferrer R. Carr
J. Frost D. Castner
J. Hemminger S. Ceyer
L. Kesmodel R. Colborn
W. McLean S. Davis
Y. Nihei L. Dubois
H. Nozoye R. Duclos
P. Odier J. Ekerdt
P. Powers C. Friend
S. Sachtler J. Fritch
K. Urabe R. Funk
M. Van Hove S. Gandhi
M. Winter W. Gillespie
H. Wise W. Guthrie

R. Hillard
S. Kellner
R. Koestner
W. Lo
G. Lou
D. Mobley
P. Perkins
A. Salhi
S. Salim
C. Smith
J. Sokol
F. Wagner

Gareth Thomas P. Furrier J. Ahn
M. Goringe Y. Belli
J. Koo M. Carlson
O. Krivanek P. Costello
R. Mishra U. Dahmen
A. Nakata E. Goo
B. Naras imha Rao M. Harmer
P. Rez N. Kim
R. Sinclair K. Kubarych

M. Okada
T. O'Neill
S. Ong
A. Pelton
T. Rabe
L. Rabenberg
T. Roth
M. Sarikaya
T. Shaw
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Gareth Thomas (Cont'd)

Charles Tobias

Jack Washburn

Kenneth Westmacott

David Whittle

John Winn
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Postdoctoral
and Other Scientists

J. Jaksic

T. Peterson
K. Seshan
G. Smith

J. Laval

1. Allam

Students

B. Steinberg
D. Swaill
P. Williams
C. Wu

C. Coughanowr
J. Fa1temier
W. Hui
A. Kindler
H. Law
G. Prentice
D. Roha
P. Sides
S. Yu

P. Ange1ides
B. Chin
R. Drosd
T. Huo
C. Lampert
H. Ling
T. Mowles

A. Forouhi
M. Perez
M. Sung

H. Akuezue
L. McConnell

B. Hale
D. Hartman
W. Hollingsworth
P. Kobrin
H. LuHman
J. Noble
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MMRD SUPPORT STAFF

C. Peterson - Division Administrator
K. McArthur - Assistant Division Administrator

Administrative Staff

M. Janzen - Staff Assistant - Administration
+L. Lizama - Technical Editor
E. Skrydlinski - Staff Assistant - Personnel
S. Stewart - Staff Assistant - Purchasing

Clerical and Secretarial Staff

K. Altes L. Irvin L. McGuire
J. Amoroso K. Janes V. Narasimhan
G. Brazil D. Jeffery D. Noble
N. Charpentier D. Jenkins C. Payne
M. Chin_ N. Jenkins L. Phan
J. Denney S. Jennings S. Quarello
M. Devlin R. Jones B. Rancatore
C. Eaton T. Judson J. Smith
L. Gloria Y. Kim M. Stefonetti
E. Graham K. Krushwitz C. Sterling
L. Fernander V. Lam N. Taylor
C. Hacker +M. Larsen D. Tuttle
A. Harrington M. Leullier A. Weightman
S. Harris R. McCollough K. Wilkinson
J. Hayes S. McConnell C. Yoder

Technical Staff

W. Toutolmin - Technical Coordinator

D. Ambrose J. Jacobsen J. Reynolds
+G. Baum +L. Johnson +H. Riebe
R. Bellman M. Johnson K. Sakai
J. Bregante D. Jurica H. Sawhill
T. Britt K. Kostlan J. Sender
~. Brown E. Kozak O. Serang
M. Carlson +D. Krieger +S. Severns
R. Carr L. Lapides D. N. Shirley
M. Casida D. Levitsky L. Sindelar
R. Ciardella +R. Lindberg B. Snyder
D. Dietderich M. Lindley B. Steakley
D. Duclos J. Maasberg E. Tatz
E. Elliott +B. McAllister P. Tevor
J. Fattaruso J. Maccoun C. Thorn
B. Firestone D. MacDonald M. Trenary
K. Franck S. Matsuo H. Turner
L. Galovich R. McRae G. Virshup
W. Giba J. Mori M. Wainger
C. Gosnell +D. Newhart J. Wallace
H. Harrell J. Pan H. Weeks
H. Hill K. Pedrotti K. Westphal
G. Hirsch M. Perez +J. Wodei
J. Holthuis +B. Pope W. Wong
J. Howard J. Posthill P. Yarnold
T. Howard J. Randall +M. Zbinden

* Emeritus
+ LBL Support Staff
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APPENDIX B

LIST OF SEMINARS

Surface and Catalysis Science

Date

1-4-78

1-11-78

1-18-78

1-25-78

2-1-78

2-8-78

2-15-78

2::22-78

3-8-78

3-15-78

3-22-78

3-29-78

4-5-78

4-7-78

4-12-78

4-19-78

4-26-78

Speaker and Affiliation

Dr. H. F. Harnsberger
Chevron Research
Richmond

Dr. Carlos Colmenares
Lawrence Livermore Laboratory

Dr. Henry Wise
Stanford Research Institute

Dr. R. 1. Moon
Varian Associates
Palo Alto

Dr. Helen Farrell
Bell Laboratories

Prof. K. A. R. Mitchell
University of British Columbia

Prof. Joe W. Hightower
Rice University

Dr. P. S. Bagus
IBM Research
San Jose

Prof. Ward Plummer
Dept. of Physics
University of Pennsylvania

Prof. Kami1 Klier
Lehigh University
Bethlehem, Pennsylvania

Dr. M. J. Cardillo
Bell Laboratories
Murray Hill, New Jersey

Prof. Heinz Gerischer
Fritz-Haber Institute
Max Planck Gese11schaft, Berlin

Dr. Harold Winters
IBM Research Laboratory
San Jose

Prof. A. Benninghoven
Physika1ishes, Institut der
Universitat MUnster

Prof. Jack Lunsford
Department of Chemistry,
Texas A &MUniversity

Dr. S. M. Csicsery
Chevron Research

Prof. N. Winograd
Dept. of Chemistry
Purdue University

Seminar Title

Electron Microprobe Techniques and
Application in Catalysis

Corrosion Protection of Metals by Surface
Passivation

Topics in Metal Alloy Catalysis

Can Solar Cells Achieve Efficiencies
Comparable to Those of a Fossil Fuel
Power Plant?

Halogen Chemisorption on Several Substrates

Studies on Surface Structure with LEED

Oxidative Dehydrogenation Over Ferrite
Catalysts

Some Examples of the Study of Chemisorption
from an ab Initio Molecular Orbital Cluster
Point of View

Angular-Resolved Photoelectron Spectroscopy
of Surfaces

Electronic Properties of Transition Metal
Complexes in Zeolites

Reaction and Diffraction of Molecular
Beams at Crystal Surfaces

Photoreactions on Semiconductor and Metal
Surfaces

The Dissociative Chemisorption of the Simple
Alkanes on Tungsten

Combined SIMS-, XPS-, AES-Surface
Investigations

Surface Reactions Between Hydrocarbons and
Oxygen Ions

Shape Selective Catalysis Over Molecular
Sieves

Ion Impact Phenomena on Clean and Reacted
Single Crystal Surfaces



Date

5-3-78

5-10-78

6-7-78

6-21-78

8-11-78

8-23-78

8-30-78

9-27-78

10-4-78

10-9-78

10-1l-78

10-18-78

10-25-78

11-1-78

11-8-78

11-15-78

11-22-78
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and Affiliation

Prof. William Goddard
Dept. of Qlemistry, Cal tech

Dr. T. R. Hughes
Chevron Research Company

Prof. David S. Y. Tong
Dept. of Physics mld Surface
Studies Laboratory
University of Wisconsin, Milwaukee

Prof. Robert W. Vaughan
Dept. of Chemical Engineering,
Cal tech

Dr. C. Robert Helms
Stanford Electronics Laboratories

Prof. Iwao Yasumori
Dept. of Chemistry
Tolcyo Institute of Technology

Prof. Minko Balkanski
University Pierre det Marie Curie

Prof. Dietrich Menzel
University of Ivlunich

Dr. Jean Paul Biberian
MMRD

Dr. J. A. Panitz
Sandia Labs

Prof. Michel Bienfait
University of Marseilles, France

Prof. E. Matijevic
Clarkson College
Potsdam, New York

Dr. Paul CmUlon
Rockwell International

Prof. H. I. Metieu
University of California
Santa Barbara

Prof. J. Carberry
Notre Dame University

Dr. I. P. Wilson
Union Carbide Corp.

Dr. P. Ross
Lal~ence Berkeley Laboratory

Prof. S. C. Fain
University of Washington

Dr. A. Schriesheim
Exxon Research &Engineering Lab.

Seminar Title

Theoretical Studies of Surfaces and
Chemisorption

Bimetallic Reforming Catalysts

Study of Bonding Configurations by Angle
Resolved Ultraviolet Photoemission
Spectroscopy from Valence and Core Levels

Characterization of Species Adsorbed to
Oxide Catalysts with High-Resolution
Solid State N/Yffi Techniques

Surface Segregation in Alloys: The Effect
of Deviations fr~n the Ideal Solution Limit

Some Applications of XPS, UPS and FElvI to the
Analysis of Heterogeneous Catalysis

Semi-Conductor, Surface State Spectroscopy

Desorption Kinetics of CO from RueOG1),
A Case of Unusual Pre-exponential

Surface Crystallography - Interpretation
of Complex Low Energy Electron Diffraction
Patterns

Low-Field Desorption Imaging of Proteins

Neutron Scattering Studies of Two
Dimensional Transitions on Surfaces

Monodispersed Metal Hydrous Oxides

The Difficult Interface--Industry &
University

Raman Scattering by a Molecule Adsorbed on
a Metal Surface

Oxidation Catalysis Over Supported Metals

Synthesis Gas Conversion over Silver
Supported Rhodium Catalysts

Oxygen on Platinum

Phase Transitions in Argon, Krypton and
Nitrogen Monolayers on Graphite: LEED
Studies

What can a Chemist do in the Energy Area?



Miscellaneous

Date

1-10-78

1-16-78

1-25-78

2-22-78

3- 2-78

3-3-78

4-6-78

4-11-78

6-27-78

12-13-78

Speaker and Affiliation

Prof. Heinz Gerischer
Director, Fritz Haber Institut
Max Planck Gesellschaft, Berlin

Prof. A. Pacault
Director, Institute for
Magnetochemistry and Structural
Chemistry
Centre de Recherches Paul Pascal
University of Bordeaux, France

Prof. R. James Cross, Jr.
Dept. of Chemistry
Yale University

Prof. Koza Kuchitsu
Dept. of Chemistry
The University of Tokyo

Prof. H. Wendt
Institute for Chemical Technology
Technical University
Darmstadt, Germany

Prof. S. Bauer
Dept. of Chemistry
Cornell University

Dr. H. E. Hintermann
Swiss Watch Research Laboratory
Neuchatel, Switzerland

Prof. A. Howie
University of Cambridge
Dept. of Physics
Cavendish Laboratory

Dr. Chairn Forgacs
University of Negev
Bersheva, Israel

Mr. James H. Lisy
Dept. of Chemistry
Harvard University
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Seminar Title

The Projects for Achieving a Practical
Photogalvanic Cell

Electronic Properties and Graphitization
of Carbons

Molecular Beam Studies of Organic Reactions

Geometrical Structures and Motions of Gas
Molecules Studied by Electron Diffraction

Mechanistic and Engineering Problems in
Electroorganic Synthesis

Kinetics Studies of Homogeneous
Condensation of Metal Vapors

Imaging of Cracks and yores in CVD Coatings
by Electrographic Printing

Electron Microscopy of Surface Structure
and Oxidation Reactions

Reverse Electrodialysis: A Way to Extract
Energy from the Sea

Dipole Moment Studies of Metastable
Electronic States
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