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PREFACE

This thesis contains.a portion of.the results garnered during
four years from 1967 to 1971 in the Department of Chemistry at the
Univefsity of California and at the Inbrganic'Materials Research
v Divisiqn of what was then called Lawrence Radiatibn Laboratory but is
now called Lawrence Berkéley.Laboratory.

‘-It'cannot convey the elation of detecting fhe scattered beam
for‘the first timé, or the frustration of equipméht failures, or the
.pain I experienced after running my fingers through a belt sander.

» Hopefully, howéver, the information. contained in this volume will
sé}ve}és a guide for others who will continue the study of the
interactioﬁé of gasés with solid surfaces. For fhat reason, some
partsIOf Chapter II héve been written és a manual t§ instruct future
operatérs because, Better than anyone else, I understand how the
systeﬁ operates for I guided its construction and know every nut,
.bolt, and valve; |

| Thié work was commenced at the end of an'era Vhen money was
free and gnything seemed possible. Since that time, man has set'foét
upon the face of the moon ahd the social climate has undergone a
change.  Science is no longer the darling of Industry and Government ,
“and thé:idea of an ivory tower wherein_knowledgerfbr knowledge's sake:
may be pursﬁed has given way to a socialvawarenéss. -

prd experiments can still be performéd; but more effort is

required to find the necessary funds. Much_of the credit for this
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work must go to Professor Gabor A. Somorjéi who demonstrated an-
unfailiné faith in the project and an ﬁtterly amazing ability to secure
the finances requirea.to implement it in an atmésphere of ever
tighteniﬁg budgets. | |

Now, as.I submit this thesis, I can look back on fourbfruitful
years qf iabor. As has been so aptly put: _"The hill has been kind
to her guests, serving up lavish feasts for the eye and mind, providing

: AT *
an unequalled enviromment for creative and satisfying work."

* S g
The Magnet, 15, #6, June 1971.

&
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STUDIES OF GAS-SURFACE INTERACTIONS
AT THE (100) CRYSTAL FACE OF PLATINUM BY MOLECULAR BEAM SCATTERING,
LOW ENERGY ELECTRON DIFFRACTION, AND AUGER ELECTRON SPECTROSCOPY -
Lloyd Albert West
Inorgaﬁic Materials Research Division, Lawrence Berkeley Laboratory

and Department of Chemistry, University of Callfornla,
Berkeley, California- E

ABSTRACT

-An_apparatus has been.cohstructed‘to inveetigate energy transfer
ana chemieai.reactions at thevgasfsurface infer%ace and the meehanisms
of ges—soiid interactions. Low energy electron diffraction and Auger
eleééron épectrOSCOpy were employed to charactérize the surface structure
and the'ehemical composition of the solid and the adsorbed layer. A
therﬁal molecular beam‘providéd gasedus speciee at a predetermined
anglevof incidence with.respect to the surface normal and a quadrupole
mess specfrometer detected the angular distributions of the incident
- and scettered beams. Ultra high vacuum conditions (< 10;8 torr) were
' meintainea in.the scattering chamber througheut the experiments. Helium
beam scattering studies were coﬁducted from the.Qrdered and disordered
Pt(100) erystal.face to assess the roleﬂof surface structures in the
scattering process. The intensity of the beaﬁfseattered;at the specular
angle was observed to increase by nearly an order of magnltude upon
atomic orderlng of the metal surface. Ordered domalns of graphitic
carbon also yielded high intensity peaks in the specular direction.'
Other'experimeﬁfs with polyafomic molecular beams were ueed to probe

the nature of surface chemical reactions. The dissociation of nitrous
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oxide on the clean and carbon covered platinum‘sﬁrface was investigated
in the temperéfure range TS'= 900°K toJiSOooK. 'The clean surface
dissoéiaped N20 only poorly at thé éurface temperatures employedvin o
this.wcfk; but the dissociation-prodﬁct\NO wés'fuily accommodated on
the sﬁifape before reemission as indicated by the cosineyangular
distribution of the scaftered sﬁeciés. bn.théﬂcafbon covefed surface,
the séétteriﬁg process aﬁpeared to be different‘dpe to the strongly |

~exothermic interaction of the N_0 with'the’carbbn and evidence for a

2
fast "direct" reactive scattering mechanism vas detected.v_At higher

surface temperatures, the incident.N 0 beam removed the carbon layer

2

by oxidation. The exchange df}hydiogen with'deufefium and the
oxidaﬁion of ammonia were attémpteé without sﬁccess. This léck of
reactivity has been ascribed to the low densi#y of atomic steps 6n
the Pt(iOO) surface wﬁen éompéred to stepped éingle,crystal surfaces,

evaporated films, or polycrystalline foils of platinum.
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I. INTRODUCTION

Soiid surfaces are known to affect the rates of a great many
liquid and gas phase chemical reactions and to be important in the
formetion of desirable chemical prodﬁcts. For this reason, a large
reéearchveffort‘has hisforically been directed £QVard the search for
suitabie surfaces to 6atalyze specific reactioﬂs.’ Unfdrtunately,
most 6f the experiments were not conducted in abménner conducive to
thé élﬁéidation‘of the fundamental surface chéﬁigél processesvinvolved.

 This thésis contéins the deécription of:avsystem constructed

to ihvésfigate, on a molecular scale, the detailed mechanisms.of and

'the néfure of energy transfer during gas-solid interactions. It also

reports'the'results of exﬁeriments that investigéted the interaction
of atomic and molecular beams with the surface of platinum.

v”As is the case in the study”bf other chemical reactions, one
would‘iike to charactérize the gas~-surface systém_of interest by a
collection of exberimental parametérs that'can be varied independently
in order fo determine the effect of each one on the total‘process.

For a study of the interaction of gases with solid surfaces, the most

1likely parameters are a) the strength of the gas-solid potential,

b) ‘the crystalline orientation and order of the surface, c¢) the

surface temperature, 4) the ‘energy (both translational and internal)

of the incident gas particles, e) the angle at which the gas strikes

‘the surface, and of course f) the chemical composition of the

gaseous and solid species.



:Réduced to these tefms, it feadily becomes;apparent that one
'wisheéfﬁo étudy the collision of an aﬁomic or ﬁoleéular beam with a : s
well-characterized surface. Such an experiﬁent is,conceptually very
simple és éhown‘in Fig. I-1. _One simply geﬁefates a beam‘of parﬁigleé
haviﬁg 5 ﬁéli—defined speed and impinges.it’ét'a predetefmined_inéident
angléion“a solid with a known surfade teﬁpérature{ The engrgy and
anéulaf distribution of the séattered spgéies7(bothvreécted and
unredctéd) are:then deﬁérmihedeith.an appropriatevdetgctor. From the
_incideﬁtvand scéﬁtering'aﬁgles,'ﬁhe‘knéwn:mA$é‘of the particles, and
from'thg'velocities of the incident.and scattered'beams,‘one can
obtaih the moméntum and eneréy changes occurrihg during the scattering
prbcessnif a model for the_intéréction'is'poétulated.
ih this thesis we'feport on étudies of‘molecular beam scattering

from‘the (100) face of platinum'single crystéis. A qﬁadrupole mass
sPectrométer was employed fo.asceftain‘the angular distributions of
the incident and scattéred beams while the structure of the scattering
surface was monitored by.low energy eléctron diffraction. The
composition éf the surface was probed by Auger electron spectroscopy.
Experiments were carried-put under ultra high Vaéuum conditions

(< ldfg'torr) to maintain a éurface free of gases adsorbed from the
Aambiént dﬁriné the collision process. The ih@iaeht and scattered
anglés,fihe surface teméerature, énd the incideﬁt gas velocity couldvall *
bé_détér@ined in thesé'invéstigatishs-only the velocity of the scattered

beam could notvbe»measured.independently in the preserit system.
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Fig.-I-1. Schematic representation of the gas-solid scattering experiment.

I; (incident beam)
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A. History of Molecular Beam Studies

Since the pioneering experiments of Dunoyerbin 1911,l molecular ~
beam techniques have evolved into a powerful tool for the study of.
the fundémental properties of atomé, moleculeé, and nuclei. bne need
hardly.remind the reader of thé direct bbservations'of.spatial
,quaﬁtizatién, or the compilétion of nuclear spiﬁ, magnetic moment ,
and quad?upole'moment data, of fhe‘diSCovery of the Lambbéhift to

subsfantiate this claim in the field of.physic; (see Ref. 2). Of more

interest to the field of chemistry has been the elucidation of
elementafy reaction steps, the investigation oflcollisiOn compieXes,
and the calculation of interactgbn potentialsvfrom experiments with .
crossed molecular beams. > |

Béam technology was first applied to the study.of gaS—éolid
intergctidns dufing the late ninefeenétwenties and early thirties by
Otto Sfefn and his co-workers at the University.of Hamburg. Their
observation of helium atom diffraction from a cleaved LiF surface®’
provided additional proof of the de Broglie postulate on wave particle
duglify,“ Several grdups continued the investigation'ofvbeam-surfacéb

interéctions throughbut the decade of the thirtie52’7

and found
=éngul§r scattering distributions which could not be attributed to
diffféction, yet deviated from Knudsen'scattering; [Knudsen8 pointed
out'that molecules r;sﬁitﬁtgd from a surface, even in the absence of 4

equilibrium, should be distributed in space as the cosine of the scat-

.tering angle measured from the surface normal: ] - From the late thirties
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until the early fifties, little more work was done until Hurlbut began

his examination of the scatting of aerodynamic gases from engineering

surfaces.g’lo The current period in the study of gas-solid interactions

began in 1960 when Hollister, Brackman, and Fite pointéd out the

advantages'of using modulated beams and a.c. detection techniques.

B. Problems of Surface Contamination

A comparison of the literature cited above shows that, while
certain trends are indeed discernible,7 inconsistencies are also

present in the data. The interpretation of the early experimental

‘results obtained in surface scattering studies is currently clouded

by the unknown properties, irreproducible contamination, and poly-

crystﬁlline nature of many of the target surfaces employed. Only the

cleaved LiF surface seems immune to such problems, and it has been

experimentally demonstrated12

that the scattering properties Qf this
surface are remarkably unaffected by contamination. This is definitely
not the case for other surfaces (see Chapters IV and V).

1Due to the seemingly uncontrollable difficulties of surface

‘contamination, early investigators attempted to concentrate on gas

scattering studies that were perturbed as little as possible by surface

impurities. Consequently many experiments were performed using poly-

jcrystalline metal surfaces at high temperatures to reduce unwanted

contamination and rare gas beams to minimize the probability of

troublesome chemical reactions with the substrate.



‘Recognition of the role played by the surface in determining the
observed scattering distribution has led receht'experimenters to choose

13-16

singlévcrystal targets and to devise methods to ensure their

cléanliﬁess during the course of the SCatteringiexperiment. The most

widely‘usea of these methods are: (1) high surface temperatures so

that>thé rate of desorption of the gases in the ambient‘is higher.

than their rate of adsorpt,ion,lrr and (2) cbntiﬁuous depésition of

the;scattéring surface at & réfe in excess of the maximum possible

arrival rate of cohtaminants.13 The first of these metﬁods_is_

kresfriétédvto the thermally stablé facés’of a few refractory metals

and does not permit one to examine the temperature dependence of a : 5

phenomenon with complete freedom’of choice of targetvsurfaces énd

incidént gases. Method (2) also suffers from sevérely limited température ’

variability,'because the epitaxiél growth on ajgiven substrate of a

smooth, oriented single crysfal film takes place in a narrow temperature

range;  The secbnd approach is also restricted to thoée crystal faces

that can be deposited in a dominant orientation, thus effectively

ruling_qut the investigation ofvhigh index faces or stepped surfaces.
Avmbré satisfactory, although'experimentaily more complicated

and COsﬁly,-approach to this problem of keeping the surface clean is

to ﬁse ﬁltra highvvécuum technology (i.e., ambient pressures below

10-84t§rr). An order of magnitude calculation shoﬁs that for a

5

typical solid with a surface density of 10V -atoms/cmg, approximately

one thousand seconds are required to produce.é monolayer of adsorbed
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gas atoms at a gas pressure of 10 torf, assuming that every atom

striking the surface condenses.

C. Surface Characterization

Despite the recent use of single crystal>targets for studies of
gas—soliévinteractions, too little emphasis Has 5een placed upon the
attaihmeht,of well defined surface conditiqns}‘ Detailed information on
the éxaét crystallographic nature of the surfaée'étrdcture is necessafy

if one_hOpés to provide a sound experimental basis for a theoretical

Jexplanation of the observed seattering patterns.

 Uhfortunately, most experimentalists are faced with the problem

‘of not'béing able to characterize their surface during an experiment.
/Rgthef, they must rely upon a subsequent examination of the target o
by xfray ahd optical or electron microscope techniqués. It has been

:vﬁell‘established that certain solids undergo surfgce recpnstruction-

-under vacuum conditions.18 Such surface phase transformations may

markedly affect a scattering distribution, but due to the nature of

the transition, may be undetectable by the usual x-ray and optical

microscope measurements under atmospheric conditions.

. Of course, in a system deéigned to study'gas—solid interactions

» by molecular beam techniques, one probe of the surface conditions is

the helium atomic beam itself.l6 Like all'tools, however, it has its

limitations and the ideal approach is to combine several complimentary .

- methods for characterizing the surface. Ellipsometry, low energy



elegfron»diffractibn (LEED), ion neutralization spectroscopy (INS),
photc—électron séectroscopy (ESCA); work functidn measurements, flash
.desorpfion analysis, and Auger electron spectrbscopy (AES) are just a
few of the many techniques availablevtoday.

l One‘advantage of a clean ultra high Vacﬁumi(UHV) system over a
conventional diffusion pumpedvvacuum system_is.that it permits the
use of,éensitive in situ probes of the ﬁafuréypfithe ééattering sur-
face;‘iThe two techniqUesvthat have been used in‘fhis work to
charactefize the Surface_employ,scétteréd electréns. Low energy
electron diffraction or, more comménly, LEED analyzes electrons
elasﬁically scattered from tﬁe crystal surfade,'while_eleétrons
emittéavby the surfaces as the result ofvsecondéfy processes are
analyzed by a technique Called Auger electron sbectroscopy, after

19

the French scientist who first discovered the effect.

1. Low Energy Electron Diffraction (LEED).

Thié thesis is not the proper place for a detailed éxplanation
.of thé theory and practice 6f_LEED, but for cOmpieteness a brief
'synopéié will be given. For more detail, the reader is feferred-to
the literature.l
"fIn'l927; as the result of a laboratory accident, Davisson and

Germerzo’zl discovered that eléctrons could be diffracted in a manner

analbgous to x-rays. They found that the pdsitions'of the most intense
electron beams could be predicted by assuming fhat rows of surface

atoms éétéd like the lines in a'two—dimensional'diffraction grating

.M



‘equation, we obtain

(see Fig. I-2) and that the wavelength associated with the electrons

was given by the de Broglie relationship

n h

= ' (1-1)
V2mE 2meV

_h
ro= P

where h is Planck's constant, P is thevparticlé'momentum, m is the
mass of thé electron,'E‘is the energy of the electron and e is the

electrbnic charge. Substituting numerical values into the above

_,150.1; | o
. A= V{volts) [A) o (I-?)

where V,is the accelerating potential (in volts){that the electrons -
experience before striking the crystal.

‘,Unlike comparable wave length x-rays that pénetrate deeply into

the bulk of the solid, slow electrons (i.e., those having wavelengths

'-roughly equivalent to lattice spacings) are sc¢attered primarily from

the first few atomic layers as shown schematicaily in Fig. I-3. For

- .this reéson, electrons are an extremely valuable probe of the surface

 'regiQh.  Unfortunately, the kinematic,or singie scatterihg theory which

works so well for predictihg.scattered X-ray intenéitiqs,usually fails
in LEED due to inelastic processes and the multiple scattering
indicated in Fig. I-3. This does not mean, however, that LEED is

not a useful tool for the study of surface featurés, for one can learn
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-Fig. I-2. Two dimensional diffraction reﬁresentation. In this figure,
ai is the angle of incidence measured from some (arbitrarily
.éhosen) azimuth lying in the surface plane ande is the scattering

‘angle transverse fQ the incident plane.

3
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DIFFRACTION

X - RAYS " ELECTRONS
o : : XBL 7012-7430
Fig. I-3. Schematic illustréfion of the scattering of x-rays

and low energy electrons by the atomic planes of a crystal.
The breadth of the arrows shows relative intensities.
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a goud deal of sufface‘inférmation from studies of the temperature
dependencé of the 3cattered‘intensities, and ffdﬁ changes in ﬁhé
diffraction pattern itself (although one éannotYat'présent deduce
unambiguously the location of surface atoms ffom'the pattern alone).
Thé_technique of 1bw energy eiectron difffdction as applied
in this work isushowuviu Fig. I-b. Electrons emitted from a hot
filaménfjin the eleétruu gun are formed info-u mgnochromafic beam
huving.an area approximately 1 mmg and afe péruifted to strike the.
surfacé of a singlg cfystal-sﬁécimen at a near normal angle of
incidencel Back scattered electrons afé energy analyzed by a series
of gridé and those that have lost energy are discarded. The elasticaily

reflected portion is then post accelerated into a phosphor screen

maintained at + 6 KV where the diffraction époté are easily seen or

photogfaphed. Such a visual display system has 'its main value in

. that it allows the experimenter to monitor cdntinuously the entire

diffraction pattern as a function of electron voltage or changing

surface conditions.

Several surface phenomena have been diéuovered‘via LEED
techniqu’es.18 It has been found that solidisurfaces can undergo
sérucﬁufal rearrangements or changes in chemical_composition»indepéndent
of the bulk, that the structure of the surface (atomlc arrangement)
can dlffer from that of the bulk unit cell, that certaln atoms and
molecules chemlsorbed on the surfaces form ordered arrays, and that

surface atoms undergo larger mean disPlacemenfs‘than do bulk atoms.
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7.LEED nomenclature is based upon a sﬁrface unif cell containing
a,sinélé atom. The‘structurevobtained bylprojecﬁing the.primitive
ﬁnit cell'of the substrate to the surface is calléd'a (1x1) array and
any additional diffraction features are then‘indexéd with respect to
vthis_éeil; For instance, a surface structure having the crystal
lattice spacing in one‘dimensionvand twice the spacing in the other
di@enéioh:wbuld be called.é (1*2) surface net;Awhile'a structufe with
twice the lattice spacing in both dimensions woﬁid be called a (éx2)
dfray{ Because the diffraction pattern is avp;cture of reciprocal
spacé, fhé aétual spot spacings are inversely rélated tovthevregl
SPacé grafing separation. Thus the (1X2)~haslextra aiffraction spots
vat (%{0)'and multiples thereof, while the (2*2) structure has additional

2
v demoﬁstrated schematiéally in Fig. I—S with the f.c.c. {110) surface

spots in the (%-0), (O'L) and (%-%J positions. - These structures are

Vhiéh Has‘a rectangular unit cell so that thé.fwo axes can be
différentiated. Note that the only difference betﬁeen‘the (2x2)
diffraction pattern and that due té coexisﬁing’(lxz) and (2x1) domains
is the'sﬁot in the'(%-%) position. ﬁor a mqfe'compiete treatment of
,nomen¢1ature; the interested reader is referfed to the litérature.22
, Figure I-6 shows the diffraction pa£té}n indicétive of é clean
(lOd)'ﬁlatinum surface. = The extra featureé’alOng,thé x and y axes |
are the result of a surface phase transformation in whiph the outermost

_atomic layer has undergone a rearrangement into a hexagonally symmetric

array that is coincident with the underlying bulk structure every
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Fig. I-6. Pt(100) - (5x1) diffraction pattern at V = 124 volts.
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fifth atomic row. A compression of roughly 5% is necessary to match
the hexagonal array to the square bulk structure, and as a result
there is presumably a slight out-of-plane buckling so that this surface
probably has a slightly undulatory appearance. This pattern is called
the (5%1) mesh and will be referred to frequently in the following
pages. We must infer the physical structure of this surface because
the theoretical complexity of the multiple scattering process has to
date hampered intensity analyses. It is hoped that the next few
years will see the resolution of this problem as a wealth of structural
information awaits the surface chemist.

The theory of LEED attempts to predict both the shape of the
observed intensity profiles and the positions of diffraction maxima.
A typical plot of spot intensity of the specularly reflected beam
versus electron energy is presented in Fig. I-T7. For relatively high
electron energies (typically above 150 volts), the location of the
major peaks can usually be adequately predicted by the Bragg Law:
nA = d sinB although there are often additional "fractional order"
peaks and other structure present as seen in the figure. A full

23

kinematic treatment, while yielding overall qualitative agreement,
still cannot account for all of the observed peaks and intensity
ratios because the very aspect of low energy electrons that makes
them extremely useful as a surface probe (i.e., the large elastic

collision cross sections which 1limit penetration) also enhances the

likelihood of multiple scattering processes, thus invalidating the
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single scattering approach. Fine structure in the intensity-voltage

plot can result from plasma losses and from electron-phonon interactions.
Several dynamical theories for the calculation of LEED intensities

have been advanced. These theories attempt to solve the Schrodinger

equation in either its differential equation or integral equation

representation to arrive at the diffracted intensities. Typical of

the former calculation is the wave function matching approach of

Boudreau and Heine,zu while the\latter technique is exemplified by

the self consistent multiple scattering approach of McRae,25"27 or

the S matrix formulation based on the work of Beeby.28 Duke and

29

Tucker have also evolved a single electron propagator formalism

that takes cognizance of inelastic processes.

2. Auger Electron Spectroscopy (AES)

It was stated in the previous section that only the elastically
back scattered electrons contain diffraction information. That these
electrons represent only a few percent of the incident monochromatic
beam is graphically demonstrated in Fig. I-8 where we plot the electron
distribution as a function of energy. Except for the small number of
electrons at the primary beam voltage, EP, the vast majority are scat-
tered inelastically and thus lose energy through interactions with the
bulk and/or surface plasmons (i.e., electron gases), interband and
intraband transitions, true secondary emission, or Auger processes.

Clearly if one had a method for extracting information from even

a small portion of this large number of inelastic electrons, he would
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Fig. I-8. Energy distribution of electrons scattered from a
surface. The peak height is proportional to the number
of electrons with a given energy, showing that most electrons
have lost the major fraction of their energy to the solid.




have a valuable tool for surface analysis. Lander30 first suggested
that the use of Auger electrons would provide qualitative and
quantitative information on the nature of atoms near the surface.
Unfortunately, the Auger peaks are barely discernable on a plot such
as that in Fig. I-8 because the transition intensities are so weak
that the peaks are sometimes obscured by the rapidly changing back-
ground at low voltages. Electronic differentiation of this curve,
however, renders even the smallest peaks readily detectable, yet this

8,31 although it has

technique was only applied to the problem in 196
long been used in all types of resonance spectroscopy. Figure I-9

shows the effect of differentiation on the peak shape. With this

single advance, AES figuratively exploded into use among surface
scientists.

At this juncture in time, three distinct types of apparatus are
available: (1) the cylindrical mirror analyzer, (2) the 127°
electrostatic analyzer, and (3) the retarding grid analyzer. This
latter mode is the one adopted for this work because it is easily
adaptable to a set of LEED optics. The typical experimental arrangement
for combined LEED-AES studies is shown schematically in Fig. I-10,
except that a normal incidence gun was employed rather than the
glancing incidence gun portrayed. In the Auger mode, the entire re-
flected electron current is modulated at some frequency w and collected

by the positively charged fluorescent screen. A lock-in amplifier

serves to differentiate electronically the signal by detecting the

Ce
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Schematic Diagram of Auger Spectroscopy Apparatus.
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Fig. I-10. Block diagram of the retarding field apparatus
used in this work for Auger Electron Spectroscopy.
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second harmonic 2w in order to obtain the spectrum shown in Fig. I-11
in which the transitions are clearly visible.

The Auger process is a radietionless transition that may occur
whenever a highly excited, singly ionized ion is created. Such a
species can be prepared by expelling an electron from an inner atomic
orbital if the target is bombarded with a moderately energetic (1-5 KeV)
beam of electrons or x-rays. The excited ion relaxes by dropping an
electron from a higher energy state into the vacancy, simultaneously
releasing any excess energy through an electrostatic interaction to a
second electron that is then expelled from the ion. This Auger
electron has an energy that is characteristic of the parent atom and is
independent of the nature and energy of the exciting source employed.
For a complete account of the theory of the Auger transition, the
interested reader is referred to a book by Burhop.32

Quantitative as well as qualitative information should be avail-
able from AES. Using the atomic energy levels obtained from x-ray
data, it is possible to calculate the expected Auger transition
energies for any element in the periodic table (except hydrogen and
helium which have less than three electrons). In the present state
of development of AES, however, the assignment of an observed
transition to a specific set of energy levels in a given atom is still
tentative. It is thus incumbent upon each experimenter to adequately
characterize his own substrate and then to calibrate his system for

those substances of particular interest to him. While quantitative
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Fig. I-11. Auger emission spectra from various vanadium
surfaces indicating the readily discernible peaks
using Ep = 2500 volts.




information is theoretically attainable33 it has not yet become
generally available. However, Weber and Johnson3h have demonstrated
that the peak to peak height of an adsorbed potassium impurity on a
germanium (111) substrate varies directly as the coverage, thus
indicating that at least for some systems, an exact quantitative
analysis is on the horizon.

In our work with platinum surfaces, the impurity spectra of
most interest are those of carbon, nitrogen and oxygen, and although
no quantitative calibration was attempted, changes in peak intensities
were readily followed. Some of these points will be discussed more
thoroughly in the following sections. Figure I-12 presents the Auger
spectrum of platinum both in a clean state and in the presence of
carbon and carbon monoxide. The impurity transitions are easily

distinguishable from the noise level.

D. Atomic and Molecular Beam Scattering

We have already pointed out that while scattering experiments
with crossed molecular beams have long been used to probe the dynamics
of gas-phase chemical reactions, the application of atomic and
molecular beams to the study of gas-solid interactions is a relatively
recent phenomenon. The reasons for this lag can be traced to the
complexity of the particle-surface interaction and to the inherent
experimental difficulties. With the advent of ultra high vacuum

technology, sophisticated electronic detection equipment, high purity
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single crystals and associated metallurgical techniques for their
preparation, sensitive tools for surface analysis, and improved
molecular beam sources, many of these problems became tractable.
Several types of surface chemical reactions can be visualized:
(1) the gas molecule may dissociate or undergo rearrangement during

17,35 (2)

its collision with the solid; the incident molecule may undergo
reaction with the surface yielding a surface atom among the volatile
reaction products;lh’36_39 (3) the gas molecule may react with a gas

Lo,L1

previously adsorbed on the surface; and (4) adsorbed atoms may

associate on the surface to form gaseous molecular reaction products.hg’h3
Molecular beam techniques provide an ideal way to study the elementary
steps of reactions such as those above. One can easily vary the
energy and approach angle of the incident beam. The angular distribu-
tion and identity of the particles scattered from the surface may be
ascertained using a mass spectrometer. The energy accommodation between
an incident gas and an inert solid may be studied as well as the manner
in which reaction exothermicity is partitioned between the thermal
energy of the surface and the kinetic energy of a volatile reaction
product. Controlled changes in the state of the surface (specifically
changes in surface order, crystallographic orientation, surface
impurities, etc.) permit their roles in a reaction to be investigated.
Recent reviews by Smith and Saltsburgb'h and Stickney7 discuss

L5

rare gas scattering from several surfaces. Hurlbut concentrates on
the study of gas-solid collision dynamics through 1962. A more

current paper by Merrillh6 pays particular attention to reactive



-30-

scattering. Unfortunately, while more and more emphasis is being
placed on studying surface chemical reactions, there is still far too
little information available in the literature.

When & beam of atoms or mélecules strikes a surface it may
undergo elastic scattering or it may exchange energy with the solid.
In the case of an elastic collision, one would expect to observe
diffraction for the light elements because their de Broglie wavelengths
are comparable to atomic distances.* Heavier species might not show
diffraction due to stronger surface interactions arising from higher
polarizabilities and heats of adsorption causing inelastic collisions,
but still might show scattering in the specular direction. We will
reserve the term specular scattering to imply that the width of the
scattered beam is the same as the incident beam and that the angles
of incidence Gi and reflection Gr (both measured with respect to the
surface normal) are equal. In the case of energy exchange, the
particles may gain or lose only a portion of their initial energy, or
they may reach complete thermal equilibrium with the solid. In this
latter case, the angular distribution of the restituted particles would
be in agreement with the well known cosine law pictured in Fig. I-13.
Here we have plotted the data in the familiar polar coordinate system
as well as in the rectilinear representation used more frequently

in the literature. DNotice however that in either plot, the maximum

*
For a helium atom with a velocity of 105 cem/sec, A = h/mv yields

a wavelength of 1 A.
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Fig. I-13. Cosine angular distribution plotted in polar coordinates (left) and in
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intensity occurs at the surface normal, Or = 0°. For less than
complete accommodation, one observes what is termed directed scattering
as shown in Fig. I-1L. Here the maximum scattered intensity no longer
occurs at the surface normal but at some other angle which may or may
not coincide with the specular direction (indicated by the small arrow
on the figure). Because the intensity maximum in Fig. I-1L is displaced
toward the surface normal and in the direction of the incident beam
with respect to the specular ray, such a lobe would be referred to as
backscattered. Similarly, a distribution displaced toward the surface
tangent would be termed forward scattered because it is rotated away
from the direction of the incident beam relative to the specular
position. Backward and forward scattering are sometimes referred to
as subspecular and supraspectular scattering, respectively, but these

terms should be avoided as they may confuse an unwary reader.
1. Diffraction

Diffraction has indeed been observed with He, H, H2, and D

2,6,12,L4

2
from the cleaved (100) surface of LiF.

However, with the
clean low index faces of single crystal gold, silver, platinum,
nickel and tungsten, diffraction features have not yet been seen
although specular scattering is intense. This lack of diffraction
may be due to the fact that the incoming gas atoms experience a
relatively smooth surface potential arising from the highly mobile

electron gas in the metal. To test this hypothesis one might study

the scattering of helium from a semiconductor surface in which the
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number of conduction electrons could easily be reduced by lowering the
surface temperature to 77°K. Weinberg and Merrillh7 have reported
strong diffraction beams in the presence of a carbide overlayer on a
(110) tungsten surface and recently Stickney and Tenclulkza.r'h8 have
observed diffraction features from the (112) tungsten plane. This
latter instance is the first indication that clean metals exhibit atom
diffraction and it suggests that atomically rough high index
crystallographic faces are more likely to yield diffraction than
atomically smooth low index faces.

In general, studies of rare gas scattering have shown that
helium scatters strongly at the specular angle provided the surface
is clean and single crystalline while the heavier noble gases tend to
produce broader scattering patterns that may be displaced toward the
surface normal (i.e., backscattered). Such behavior may be accounted
for on the basis of energy exchange between collision partners of
nearly equal mass, increased van der Waals attraction due to the higher

49,50

polarizability of the heavier gases, and trapping.

While helium scatters specularly from clean well-ordered surfaces,
several workers including this author have found that the helium

scattering from polycrystalline and contaminated surfaces is much

broader and less intense. In fact, Smith and Saltsburgl3 found that

polycrystalline gold films scattered helium diffusely. These two

o1,52

authors have also observed the degradation of the scattered

signal due to surface adsorption of background contaminants. Similar

53-56

findings have also been reported by others. In all, the helium
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beam appears to be a sensitive probe of surface structure.

2. Reactive Scattering

The number of reported investigations of surface chemical
reactions by molecular beams is severely limited. Smith and Fite35
reported studying the nickel-chlorine system through its volatile

35

chlorides, NiCl and NiCl,.. Smith and Fite™~ have also examined the

2
thermal dissociation of hydrogen on tungsten at elevated temperatures
(2500°K) and they found that while the reflected molecular hydrogen
was lobular, the angular distribution of the product atomic hydrogen
was diffuse. Another study of the Ni/Cl2 system, as well as the Ni/Br2
system, was conducted by McKinley.38’39 He reported the first order

dependence of the NiCl, product on the incident 012 beam strength.

2

Krakowski and Olanderl'-r

probed the dissociation of hydrogen at the
tantalum surface and observed a first order mechanism consistent with
a hydrogen/metal bond strength of 65 kcal/mole.

Mofe recently, Madix and Schwarz36 have studied the Ge/Cl2
reaction and extracted rate parameters. Madix, Parks, Susu, and

37

Schwarz also reacted atomic and molecular oxygen with the surface
of germanium in a similar experiment. The low pressure hydrogen/
deuterium exchange on a nickel surface has been investigated by
Palmer, et al.ho and this work has lately been extended to the
platinum system.hl In both instances the authors observed that the

hydrogen-deuteride product was strongly peaked about the surface

normal, conforming to a cos3 Gr dependence. This behavior is believed
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to be consistent with a surface reaction between adsorbed mobile H and
D atoms. The latter report also presents evidence that the oxidation
of deuterium proceeds by interaction of adsorbed deuterium atoms and
oxygen molecules, and yields deuterium oxide with a diffuse éngular

57,58 have studied the

distribution. Muschlitz and his coworkers
thermal dissociation of nitrous oxide, N2O, at the surface of a hot
tungsten ribbon and have observed the formation of both N2 and NO.
Finally, van Willigen59 has investigated the surface recombination of
hydrogen atoms to form molecular hydrogen. To date no theories are

available to describe reactive scattering.

3. Scattering Theories

Rare gas scattering from surfaces has been reviewed in the

T,4h-LE

literature and several theories have been advanced to explain
the observed results. One complication in the development of these
theories, however, is that the explicit functional form of the gas-
solid potential is not well known, which is in contrast to the case
for gas-gas interactions. Cabrera, Celli, Goodman and Manson6o’61
have developed a quantum mechanical model to describe elastic scattering
(diffraction) and briefly discuss its extension to inelastic processes
(phonon exchange). Formalisms based upon numerical integration of the
classical equations of motion for a gas atom and the surface have

62-T0 Oman,'?'l_75 T6-78 Raff,79_81 and

been reported by Goodman, McClure,
Busby.82 These calculations have generally produced results in
qualitative and sometimes quantitative agreement with experimental

measurements.
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Goodman's theory in its three dimensional form treats the gas
and solid as hard spheres with the additioﬁ of an adjustable Morse
potential. Although the surface is initially assumed at rest (0°K),
quantitative fits to experimentally determined accommodation
coefficients have been achieved. Calculations of angular distributions
using a two dimensional solid have been less successful, however.67
One interesting aspect of Goodman's research is that he finds a molecule
can be trapped in the potential well for several vibrations and then
escape, still retaining some memory of its initial energy and direction.
This same "hopping" phenomenon has been observed by Busby, et al.82
and was used by Lennard-Jones and Devonshire83 to explain some of
Stern's original work. Goodman's calculations also suggest that the
gas-so0lid collision is essentially languid and that most of the energy
exchange occurs during the repulsive part of the collision, the
attractive portion of potential having relatively little effect on the
interaction.

The scattering theory of Oman assumes that the interaction
between the gas atoms (assumed to be point masses) and the lattice
atoms is expressable as a pairwise additive Lennard-Jones 6-12 potential.
Both independent and coupled harmonic oscillators have been used to
simulate the lattice dynamics. Because of the complexity of the
calculations, statistical methods must be used to smooth the data.

The agreement between the theory and the scattering results for thermal
energy beams (.01 - .05 eV) is only qualitative, but much better fits

5

are observed with epithermal beams (1-2 eV).7 This is not too
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surprising because the independent oscillator assumption requires
that the collision be rapid rather than languid as is the case for
thermal beams.

McClure has achieved quantitative agreement between his results
and the experimental measurements of Smith, et al.8LL for the scattering
from LiF. He employs the so called finite range interaction (FRI)
model between the gas atom and a solid that consists of an array of
two dimensional anisotropic, independent harmonic oscillators plus
fixed centers of potential force. His calculations have pointed out
the effect of structure‘scattering (i.e., scattering resulting from
the structure of the solid) and have led to the prediction of

' These rainbows are analogous to those observed

g 3(8, - 0,)

and arise whenever e & 0

"surface rainbows.'
in cross beam scattering
if B is the impact parameter parallel to the line of surface atoms.
The net result of the rainbow is to preferentially scatter large
numbers of atoms in specific directions as has been observed with
LiF.85’86
The finite range interaction model was also used by Raff and

79-81

his associates to .describe the gas-solid interaction. Their
formulation employs a Morse function for the potential between the

gas atom and the lattice sites. The solid is represented by independent
harmonic oscillators with nine movable lattice sites harmonically coupled
to fixed centers that may represent either the (100) or (111) crystal

planes. Again the solution to the differential equations of motion

is time consuming so that small ensembles must be employed, but
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structure scattering seems to be observable.

An additional theory has been put forth by Busby, Haygood, and
Link.82 The interaction is modeled as the collision of hard spheres.
Both a finite surface temperature and an attractive surface field
energy are employed. Quantitative agreement between calculations and
the scattering of high energy (.3 - .5 eV) argon beams from solid
argon could be attained. The most surprising facet of the experimental
and theoretical observations was that the angle of maximum scattered
intensity was fixed with respect to the surface normal, independent
of the incident angle.

While the above theoretical models have relied upon numerical
calculations to determine the angular distribution of scattered
particles, a closed form analytic solution that yields surprisingly
good agreement between theory and observation for rare gas scattering
has been evolved. This is the so called "hard cube" theory originally

formulated by Logan and Stickney.87

In this model the gas and
surface atoms are assumed to be rigid elastic particles subject only
to an impulsive collision. The surface is assumed to be perfectly
smooth so that tangetial momentum is conserved in the collision. The
lattice atoms are represented by cubes that have a one dimensional
Maxwell-Boltzmann velocity distribution and are constrained by square
well potentials to move only normal to the surface. In constrast to
some of the more sophisticated lattice theories, this model permits

the use of a finite surface temperature. Qualitative agreement with

several trends in the experimental data were found: 1) as the energy
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of the beam increases, the angle of maximum scattering intensity Bm
increases; 2) as the solid temperature increases, Gm decreases; 3) Sm
increases as Gi increases; and L4) as the mass of the incident gas
atom increases, the width of the scattering distribution increases.
In more physical terms, the first two trends indicate that when the gas
is more energetic than the solid, it has a high probability of losing
energy to the surface, whereas when the surface is hot, it has a high
probability of transferring energy to a cooler gas.

The original work was extended by Logan, Keck, and Stickney

89

and then modified by Logan and Keck ~ to produce the "soft cube"
formulation which substituted harmonic oscillators for the surface
atoms and included a potential with attractive and repulsive regions.
Only by using a monoenergetic beam could a closed form solution be
achieved. Agreement between the calculated and observed data was
still oﬁly qualitative, and the calculated patterns were always
narrower than the experimental ones.

Summarizing these theories, we must state that for rare gas scat-
tering, the theoretical treatments are relatively good in that they
qualitatively predict the observed dependence upon incident angle,
gas temperature, and surface temperature. For its simplicity, one
must commend the hard cube model and the insights it yields, but the
finite range interaction model of McClure would seem at present to

provide the most realistic calculational results. Scattering theories

for reactive surface collisions have yet to be developed.
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E. Clean Surfaces

We mentioned the need for clean and characterized surfaces in
sections B and C of this chapter. In all likelihood, a prime contributor
to the lack of consistent scattering results from one laboratory to

54

another [viz. the work of Hinchen and Foley  compared to the work of

90

Smith and Merrill or West and Somorjaiss] is the unknown state of
surface cleanliness. Thus, contamination of the sample crystal surface
is a key factor in all molecular beam-surface studies, just as it is

in all surface research.

One source of contamination is the ambient gases in the scattering
chamber. Figure I-15 shows a typical mass spectrum of the residual
gases found in the ultra high vacuum (UHV) system used in this work.
The most prevalent gases are hydrogen, carbon monoxide, and water.

From the kinetic theory of gases, one can easily show that at a gas
pressure of lO.6 torr, each surface atom is struck by a gas molecule
on the average of once every second. Pressures considerably below
this limit are necessary if one wishes to maintain a surface free of
adsorbed gases for any length of time. Alternatively, the approaches
suggested in section B may be used.

In addition to possible contamination of the surface by back-
ground gases, contamination can occur through sample preparation
(cutting, polishing, etching), via contact with crystal supports and

thermocouples, or by out-diffusion of bulk impurities. This latter

source can be extremely insidious because a bulk impurity
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-

concentration exceeding 0.01 parts per million could supply enough
impurity atoms to produce more than a tenth of a monolayer coverage if
every impurity precipitated out on the surface. Ion bombardment can
be used to removed the outermost atomic layers, however. Measurements
of sputtering yields have shown that the surface removal rate corresponds
roughly to one substrate atom per ion under the conditions characteristic
of a LEED §ystem.9l Thus, repeated cycles of heating (to induce
diffusion of surface segregating components) followed by ion bombardment
can be used to remove impurities resulting from sample preparation and
bulk diffusion. Unfortunately, elevated temperatures can also lead
to the surface migration of contaminants from the sample holders and
thermocouples to the crystal surface. For this reason, the specimen
should be mounted if possible on high purity holders of the same
material. So far we have confined our attention to the preparation
of a "clean" surface. Exactly what do we mean by this word?

No existing experimental technique is capable of specifying
with any certainty that all the exposed atoms of the solid surface are
identical. In practice the identification of a clean surface can be
made only within the limits of sensitivity of a given technigque. Thus,
a clean surface will henceforth be defined as a surface upon which
there are no detectable impurities. Clearly this is a working
definition and we must now discuss detection limits of the equipment
used in this work.

92

Jons, has shown that even one-tenth of a monolayer of disordered

silicon atoms deposited uniformly upon a Si(111) substrate yields a
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measurable decrease in the heights of specularly reflected LEED

93

intensity maxima. Similarly, Goodman”~ has observed perceptible
changes in the Ni(111)-(1x1) LEED diffraction pattern as the result of
exposure to ambient gases for lO—T torr-sec. (This corresponds to 0.1
monolayer at unity striking probability.) If the impurity forms an
ordered array on the surface, then electron diffraction should be
sensitive to coverages below one-tenth of a monolayer.

It has already been pointed out in section C-2 that Auger
spectroscopy (AES) is sensitive to coverages below the monolayer
level. The theoretical detection limit of this tool, set by signal to
noise considerations, is approximately lO12 to lO13 atoms/cm2 or * .01
monolayer and has apparently been approached for the case of oxygen
on silicon.33

Thus, by combined LEED-Auger measurements on a crystal, a
report of a clean surface means in a practical sense that any

contaminagnts are probably below one percent of a monolayer, except for

hydrogen which cannot be detected.
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IT. EXPERIMENTAL

Before proceeding to describe the equipment and materials used
in this research, a few comments on some of the general principles
and pitfalls involved in the study of gas-solid interactions should be
made. Neutral particles, unlike ions, electrons, and photons, are
comparatively difficult to focus and to detect. In order to form a
directed beam of neutral molecules, one must rely upon the inherently
low efficiency process of collimation. Detection too presents dif-
ficulties as it is usually necessary to ionize the molecules before
they can be observed. This is again an inefficient process except in
the case of alkali metal compounds. Coupled to these intensity problems
is the fact that residual gas molecules in the scattering region,
particularly those of the beam species, significantly reduce the
signal-to-noise ratio. Consequently, a large part of the experimental
effort expended in the study of gas-solid interactions goes toward
the construction of a system having a large enough signal-to-noise
ratio to permit reliable measurements of the phenomenon to be examined.
This chapter discusses the techniques and equipment evolved for that

purpose.

A. PSample Preparation

The single crystal rod of platinum from which specimens were
cut for this work was obtained from the Materials Research Corporation
and had a specified purity of 99.999%, or an impurity concentration

of below 10 ppm. Back-reflection Laue x-ray techniques were used to
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orient the rod within 1° of the (100) crystal plane, and then a disk
shaped sample 7 mm in diameter and 1 mm thick was removed by spark
cutting. This crystal was next etched in 375°K 50% aqua regia until
it yielded a Laue pattern. After reorienting, it was transferred,
still on the goniometer, to an abrasive wheel which was used to grind
the front surface parallel to the (100) plane. Successively finer
grades of polishing cloth were used, concluding with a treatment on
one micron diamond paste. A final polish on 0.05u alumina for thirty
to sixty minutes was employed to remove the diamond scratches. At
this point the crystal was removed from the goniometer and the opposite
side was ground parallel to the polished face and then prepared in an
identical manner. Scanning electron microscopy showed that the crystal
surface was smooth at the micron level except for isolated scratches.
High purity (99.9%) platinum support tabs 0.5 mm thick were
spot welded to the edges of the sample so that it could be attached
to a Varian multipurpose electromechanical feedthrough (crystal
manipulator). A Pt-Pt-10% Rh thermocouple was attached to the upper
edge of the back face so that the crystal temperature could be
monitored. This completed assembly was etched in hot 50% aqua regia
for fifteen minutes to remove the mechanical damage introduced during
the final polishing and then thoroughly rinsed in distilled water and
reagent grade methanol. Following this treatment, the unit was mounted
on the crystal manipulator. One can see a typical example of the
large flat bottomed etch pits that are formed in the SEM photograph

shown in Fig. II-1. To enchance the picture contrast the surface of
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Fig. II-1. Scanning electron microscope (SEM) photograph of
an etched Pt(100) surface tilted at 45° to the incident
electron beam to enhance the picture contrast.
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Fig. IT-2a. Photograph of the apparatus, denoted MBA-Echo, built
for the study of gas-solid interactions. To provide a scale, the
flange containing the window on the left-most chember is 8 inches

(21 em) in diameter.



GL8-20L gax

B




Gate valves

Sample manipulator

Ion bombardment

gun —__ I
Liquid
nitrogen
cold o (
finger e
Ion pump
Sorption
pump
Mass spectrometer
Air aspirator manipulator
SCATTERING SELECTOR SOURCE
CHAMBER

CHAMBER CHAMBER

XBL704-2670
Fig. II-2b. Identification of the major components of MBA-Echo and their location.

¢

_ag_



TO MECHANICAL PUMP BLOWER

DIFFUSION l}' c
PUMP A

LEED OPTICS

N

ION | DIFFUSION
PUMP —— =T [- <BEAM SOURCE PUMP
Y }
ION BOMBARDMENT—/ 60 cm
GUN
SCATTERING SELECTOR SOURCE
CHAMBER CHAMBER CHAMBER

XBL 702-279
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I or number of molecules per second reaching a detector located some

distance L downstream on the axis of the source is given by

A QA
I=gq [-;‘L—E] - —g (11-1)
Y (L/2) 7L

In this equation, Q represents the total effusive flow from an orifice
of area As separating a gas with an average velocity v and number

density n from a vacuum. The kinetic theory of gases may be used to

show that
PA
@, = Fn¥A = 3.5 x10° -7£§ F%ﬁg?q (IT-2)
T

provided the pressure is expressed in torr, the area in cm2, and the
gas mass in grams per moles. For an orifice of area 0.015 cm2 emitting
hydrogen at a temperature of 300°K with a driving pressure of 0.1 torr,
Q, = 2.15 x 1o18 atoms/sec. The bracketed term in Eq. (II+l) is the
ratio of the detector area Ad to the surface area of the spherical
effusion pattern at a distance L from the source. Substituting
numerical values into Eq. (II-1l) and replacing the pressure by the

pressure gradient across the orifice (because the "vacuum" pressure

may not be negligible) produces

22 A A
p= 222220 ) =1 [atoms/sed] (11-3)
AT L

where the distance L is in cm and the ares Ad in cm2.
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In the typical molecular beam experiment employing a non-
condensible gas, the source is located in a chamber that is isolated
from the scatfering region by a small collimating orifice whose dual
functions are (1) to form a molecular beam by selecting a small portion
of the effusive flow from the oven and (2) to permit differential
pumping of the second chamber so that low pressures can be attained.
The fraction of molecules entering the second chamber from the beam
source is usually quite small, and for an ideal effusion source
located 30 mm from a collimating orifice 2 mm in diameter is less than
0.5% of the total molecular flow. For this reason, the speed of the
pump on the source chamber should be large, or the accumulation of
unpumped gases will attenuate the beam according to the Beer-Lambert

Law:

I = Ioexp [- 2/X(p)] (TI-L)

Here A(p) represents the pressure dependent mean free path and is

given by
; 2.33 x lO_hT
M) o= = = [cm] (11-5)
V210 “n po<(A)

where 0 is the collision diameter of the molecule in angstrom units.
During the early planning stages of the apparatus, it was
decided that eventually experiments probing the energy dependence of

surface reactions would be undertaken. Provisions therefore had to be
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made for the use of a rotating disk velocity selector. A minimum
length selector may be 8 cm long so that the overall source to
collimator distance might be 10 cm. To ensure only a 1% attenuation

in the beam requires

-2
A > IETET§§7 = 100.62 (I1I-6)

Thus if & = 10 cm, the pressure in the source chamber must be roughly

1% 10°°

torr according to Eq. (II-5). To maintain such a pressure
under the load from a standard effusion source requires an excessive
pumping speed as will now be shéwn.

Pump speeds are conventiopally reported in liters per second.
At a specified temperature and ﬁressure, this number can be converted

to the number of molecules removed per second by multiplying by NO/RT.

Thus
S[liters/sec] = SNO/RT = 3,21 % 1019 S[atoms/torr sec] (II-T)

at 300°K. Clearly the minimum source pressure attainable is given by

Q

P = : [torr] (11-8)

3.21 x 10%2 s

where QS is the source leak rate. Thus we see that

8 = [liters/sec] (I1-9)
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is the required pumping speed. Using the previously arrived at values
of P, = 1 x 10_5 torr and QS = 2,198 % 1018 atoms/sec yields S ~ 6700
liters/sec. In the vicinity of the source, the actual pumping speed
of a well trapped diffusion pump that can be isolated by a gate valve
may be only 30% of its rated value due to conductance limitations.
Thus a pump with a speed of 20,00 liters/sec would probably be required
to evacuate the source chamber and such a pump is prohibitively large.
The way to avoid this difficulty is to tolerate a higher pressure
in the source chamber and then to interpose an intermediate chamber
containing the selector between it and the scattering chamber. A
1500 %/sec pump attached to the source chamber would maintain a
pressure of 1 X 1o'h torr under the conditions stated previously. If
the source to collimator distance were reduced to 3.0 cm, the beam
attenuation would be roughly 10% in the source chamber, but a pressure

n ke 1G"7

torr range could easily be achieved in the selector chamber
so that losses there would be negligible. This is the approach that
was taken as has already been illustrated in Fig. II-3.

2 Signél—to—Noise Considerations

At the beginning of this chapter we stated that the signal-to-
noise limitation rather than the magnitude of the signal itself was
a major difficulty in the study of gas-solid interactions. The
discussion in this section is devoted to an evaluation of this ratio at
the target for a d.c. molecular beam in a system such as that shown

in Fig. II-3.
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Although there are many sources of noise in a molecular beam
experiment, by far the greatest contribution comes from the background
pressure of the beam species in the scattering chamber. This component
may be the largest contributor to the ambient atmosphere if a non-
condensibie gas beam is employed. For most cases the signal-to-noise
ratio can be considered to be the intensity of the beam at the target
surface divided by the intensity of the impinging background gases.

A relatively simple way to obtain this value is to divide the equivalent
pressure of the incident beam by the background pressure in the scat-
tering chamber. The equivalent beam pressure is defined as the pres-
sure of a gas, contained under equilibrium conditions at the beam

*

temperature, necessary to produce the same collision rate with a

surface as the intensity of the beam. Thus

1= %-n v = & p/MT [atoms/seccme] (I1-10)

The temperature of a molecular beam is only a meaningful quantity if
the velocity distribution of the beam is represented by some well-
defined function of the source temperature. For low pressure effusion

from a Knudsen cell, T_ =T

B source’ However, for high pressure flow

from a Knudsen cell, multichannel array, or nozzle source, the beam's
velocity distribution is no longer of the simple Maxwell-Boltzmann
type and one must define a beam temperature through a functional

relationship with a measured beam velocity.

-
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1/2

where & = 3.51 X lO22 atom gm degl/e/torr cm2 sec in Egq. (II-2) so

that the pressure is given by
P =-lé- I/MT  [torr] {Tr-11)

Substituting from Eq. (II-1) which applies for ideal source aperture

yields

Py = Q52 /M_r; [torr] (II-12)
ETL
The leak rate Q3 into the scattering chamber has three components:
(1) the contribution from the molecular beam source itself, (2) the
contribution from a beam formed by molecules effusing from the scat-
tering chamber orifice and collimated by the selector chamber orifice,
and (3) the contribution from background gas effusion through the

selector chamber orifice. These terms may be written as

By 1 By g
Q, = —=— Q + (+n,viA,) —=+ T 010V (1I-13)
3 e THE T xigen BBy oo

where subscripts 1 and 2 refer to the source and collimator chambers,
respectively. Ai’ ;i’ and n:.L represent the collimator area, the
average velocity of a particle in equilibrium with the chamber walls,
and the number density in the given chamber. QS is the source leak
rate, a is the source to source collimator distance, and b is the

source collimator to selector collimator distance. Substituting from
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Eq. (II-10) produces

_ Ay Ay £ &
Qg = 2% Y~ By * A, Py
T(a+b) b ATT'I /ﬁg

Using p = Q/KS where K = 3.21 X 1019

atoms/torr-liter to eliminate Py

and Py above in terms of pumping speeds, and obtaining p3 from the

same relation gives

- ik i . Ayha £ % g %
P3 = X5 7 Gt —3 ks, T %o XS
5 Lr(avo) w? A K5 A 5
"
N Jhf g % £ (Al
B3 Ir(arn)® ® m®  Am 1 2 AT, 2 \me® O
1 A, . My g % g b (Al N
B3 In(a+)® 8 m? AT 2y A K5, \ma? ® A
Q Re B A, 3 1 % & g
® Xs > >t~ 58 * XS
3 Lm(a+b) Kse/ﬁf[‘_ Ta ™S °1 /M 1

In the last line of Eq. (II-15) we have set T. = T, = T because the

al: 2

chamber walls should all be at the same temperature.

Utilizing the preceeding equations to calculate the signal-to-

noise ratio, we find that

_— Y — T —

¥opg & o2 A +£A1A2;1+1_S_2+ gf]

ljr(a+b)2 KSQ»/MT 18 m° 51 Ks /AT
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Substituting numerical values typical of the system used in this work
results in S/N ~ 20 which is the signal to noise ratio at the crystal.
From this calculation it is apparent that 95% of the gas striking the
crystal comes from the molecular beam and that the unscattered d.c.
gignal should be readily observable both upstream and downstream from
the crystal position on the beam line. This is indeed the case and
measurements of the incident beam profile can easily be made in the
d.c. mode as shown in Fig. II-L4 where a signal-to-noise ratio of 10 is
observable.

The difficulty arises whén the beam is scattered by the crystal
becauselthis disperses the incident intensity over the 2m steradians
exposed to the crystal surface in some unknown manner. In Eq. (II-16)
this process has the effect of reducing the numerator still further.
If we assume that the angular distribution of the scattered gas
follows the cosine law, which is the worst possible case, then the
reduction in the scattered pressure and hence the signal-to-noise
ratio goes as the detector area divided by the surface area of the
spherical emission pattern. For the detector area and distance used

in this work

2
B o mL12)" L4 o7 (TI-17)

lm(2.1/2)2

=

which should be a lower limit for the true S/N ratio. Clearly beam
signals of this magnitude cannot be discriminated readily from the

background signals. Two things can be done to improve this state of



INTENSITY (ARBITRARY UNITS)

RELATIVE

H

(]

0o
-0.30 -020 -0O.I0 o 0.10 020 0.30

-62-

—> <<— 0.10 inches

1 | ] ] | l ]

VERTICAL DISTANCE (INCHES)
XBL 702-280

Fig. II-Lk. Xenon vertical beam profile in the
d.c. mode demonstrating a S/N ratio of 10.
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affairs. First, the incident beam can be periodically interrupted by
a mechanical chopping device. This permits a.c. signal recovery

techniques (i.e., lock-in detection) to be employed. Second, the
ok

effusion source can be replaced by a nozzle source

17,57,58

or by a multi-
channel array. The latter course was followed in this work
because the pumping requirements were less stringent. The net effect
of the multichannel array is to increase the centerline beam intensity
over that of an effusion source at the same total flow rate because
95-100

the angular emission is sharply peaked along the beam axis.

3. Scattering Chamber

Figure II-5 shows a cut-away drawing of the bakeable (L475°K)
ultra high vacuum scattering chamber indicating the placement of the
quadrupole mass spectrometer used to detect the beam and the electron
optics used to monitor the surface structure via LEED and Auger electron
spectroscopy (AES). The chamber itself consists of a 0.48 cm thick
sheet of 30L series stainless steel welded into a cylinder 30 cm in
diameter and 50 cm in height and enclosing a volume of approximately
35 liters. Thick plates (2.54 cm) are welded to the ends of this
cylinder to insure that the structure will not deform under the strain
caused by the external and internal pressure differences. As seen in
the figure, various sized copper-sealed access ports are situated in
convenient locations about the cylinder's circumference, as well as
in its top and bottom. During pump-down a Hastings DV 3-M thermocouple

gauge is used to monitor the pressure in the system, while under



.

Sample
manipulataor

Single LEED optics .

crystal

torget\\\\\\\\
Beam

o ° - \ ~ direction

Ion './/”F

bombardment e Gate valve

gun \
JogVs
h

Electron
direction

Mass
spectrometer

SCATTERING CHAMBER

XBL704-2668

Fig. II-5. Detailed view of the scattering chamber.
The ion pump (not shown) is located on the port
below the LEED optics.



-65-

operating conditions a nude Varian ionization gauge mounted directly
in the chamber is used to measure total pressures. In the absence of
a molecular beam, the gate valve between the scattering and selector
chambers is kept closed, thus allowing the UHV chamber to be used
independently for LEED, AES, or flash desorption experiments. Gases
may be introduced directly into the chamber background via a precision
leak valve (Granville-Phillips Company) mounted immediately below the
gate valve.

The molecular beam enters the scattering chamber along a fixed
line intersecting the axis of the cylindrical chamber by traversing a
bakeable gate valve (Whittaker model SVS-3) which has been fitted with
a (changeable) collimating orifice* 1.5 m in diameter. As previously
stated in section A of this chapter, the target is an oriented single
crystal disk of platinum suspended from a Varian crystal manipulator at
the point where the LEED, ion bombardment, and molecular beams intersect

T
the axis of the scattering chamber. This mounting allows the crystal

For future reference, the removable portion of the collimator is a
stainless steel plate 1.625 inches in diameter and 0.125 inches thick
containing six equally spaced #40 holes on a 1.3125 * .002 inch
diameter bolt circle. The mating side of this plate (i.e., the side

nearest the selector chamber) has been microfinished on 1y diamond paste.

%
Actually, the LEED optics have been found to be slightly out of
alignment with the axis of the scattering chamber so that the electron

beam must be magnetically bent to strike the crystal when it is on its

norma] rotational axis.
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to be rotated about an axis that bisects its scattering surface and

is also perpendicular to the plane of incidence (defined by the surface
normel and the direction of the incident beam). 1In this way the
incident angle Bi may be varied for the scattering experiments and the
crystal may be positioned with respect to the ion and electron beams.
Sample temperatures above room temperature are attained through

resistive heating while low temperatures may be reached by the use of

a special liquid nitrogen cooled holder.lOl’lo2
a. Pumping. In order to study molecular beam scattering from a

surface in an ultra high vacuum environment, differential pumping
techniques must be used to avoid flooding the scattering chamber with
background gas molecules effusing through the collimating orifice from
the selector chamber. Even so, a high pumping rate must be employed
to maintain the ambient as gas free as possible. This point has
already been raised in the discussion of the signal-to-noise ratio.
Ideally the pump should be located directly opposite the beam source
so that the beam molecules pass directly into the pump unless scattered
by the target surface.

For this work a 40O-liter/sec vacuum ionization pump (Varian
Noble Vac Ion) was chosen. The high speed is desirable because, even
for such "noble gas" pumps, the pumping speed falls to roughly 30% of
the maximum rate observed for N2 when one pumps He or Ar. A manually
operated bakeable gate valve connects the pump to UHV scattering

chamber. This permits the pump to be isolated and left in operation
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when the main chamber is opened, thus facilitating later pump~down.

After the pump was installed, it was discovered that its magnetic
field influenced the performance of the LEED optics. In order to
ameliorate the situation, the pump was enclosed in a Varian field
shield equipped with heater strips for bakeout, but this was still
found to be unsatisfactory. Consequently, more shielding in the form
of soft iron pannels 0.125 inch (3.2 mm) thick was placed between the
pump and the chamber to act as a flux conducting path. Additionally
the LEED optics were surrounded by a mu-metal can to further protect
them and mu-metal sheets were located along the pumping port to extend
the shielding. In this configuration the LEED optics perform
satisfactorily although completely balancing the fields for intensity
work is a time consuming trial and error process.

Because carbon monoxide, one of the principal residual gases in
the stainless steel scattering chamber, interacts strongly with the
platinum surface, it was desirable to reduce its partial pressure to
as low a value as possible. This was done by adding a titanium
sublimation pump to the scattering chamber. The pump, with a
(calculated) pumping speed of ~ 40O %/sec for CO in its conductance
limited mode, was constructed around a commercially available titanium
filament holder (Ultek Corporation) and mounted as shown in Fig. II-6.
To prevent any sublimed titanium not intercepted by the shilding from
reaching the scattering chamber, the pump was attached to the system

at right angles by means of a stainless steel "Tee". Current to heat
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the filament was supplied by the d.c. crystal heater (normal conditions
50 amps for 60 seconds). While a fresh layer of titanium was usually
deposited prior to an experimental run, periodic sublimation (i.e.,
once a day) was generally found sufficient to maintain a low ambient
pfessure in the UHV chamber. This approach also conserves titanipm as
it allows the fresh film to reach some degree of saturation before a
new layer is evaporated. Figure II-T shows the effect of the sublimation
pﬁmp on the ambient CO concentration. The pressure burst is due to gas
released by the filament when it is heated, but if one follows the CO
pressure for twenty minutes, it shows a factor of two improvement over
the time zero reading and the CO level is still decreasing. Another
benefit of the sublimastion pump is that it can be used during ion

0., Co,

bombardment to remove chemically active gases such as H2, N2, 5

CO2 and H20 from the ambient because its pumping speed for noble gases
is practically nil.

Evacuation of the scattering chamber is initiated by an air
aspirator (Varian GASP Roughing Pump) to a pressure of roughly 200 torr
followed by the serial application of two sorption pumps (Ultek
Model 50-135) to a pressure of 10-3 torr or lower. At this point, the

7

gate valve to the ion pump can be opened. Pressures below 10" " torr
are regularly achieved within two hours. Use of the aspirator
considerably shortens the pumpdown time as it removes ~ 80% of the

gas molecules in the chamber. (One sorption pump was usually sufficient

to reduce the system pressure below lu after the use of the aspirator.)
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Opposite the sublimation pump on the "Tee" was placed a liquid
nitrogen cold finger to remove condensible gases (mainly water) from
the UHV chamber. The ultimate system pressure attained under the

0

influence of the ion and sublimation pumps was 5 X lOml torr.

b. Detector and Ionizer. In order to detect the angular

distribution of the scattered parent beam or the scattered products of
a surface reaction, a quadrupole mass spectrometer (Electronic
Associates, Inc., model 250-A) is used. Its versatile mounting,
pictured in Fig. II-8, is built from a commercial rotary motion feed-
through (Huntington Mechanical Lebs) that has had the standard length
9.5 mm diameter shaft replaced by one extending 30 cm beyond the
flange face. This feedthrough is attached to a specially built linear
motion drive containing the electrical connections necessary for the
operation of the quadrupole. Alignment of the rotating shaft is
maintained by a Thompson Ball-Bushing located on the axis of the
scattering chamber. One advantage of this mounting system is that

the mass spectrometer may be readily inserted or removed from the
scattering chamber with all its internal connections intact. The
mounting allows study of the scattered beam both in and transverse

to the plane of incidence and rotation about the crystal's rotary axis
from -10° to +190° with respect to the parent beam line. Zero degrees
in the laboratory frame of reference is conventionally taken as the
location of the incident beam maximum on the downstream side of the
crystal. Figure II-9 illustrates the in-plane and out-of-plane angles

which can be monitored. Due to uncertainties in out-of=plane ionization
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Fig. II-8. Quadrupole mass spectrometer
and linear-rotary motion feedthrough.
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efficiencies compared to the in-plane values, ¢r was restricted to
zero degrees.

With respect to a point source located at the scattering center
(i.e., crystal), the angular resolution of the detector is T°, whereas
the divergence of the beam across the chamber is less than 1°. These
two quantities are independent. (The divergence is merely a measure
of the spreading of the beam, not its physical size, and is negligible
in this system as can be ascertained by compéring the physical diameter
of the incident beam measured in the upstream and downstream locations.
Figure II-10 presents a typical angular profile of the incident beam
which has a half-width of 7.5° (full-width at half-maximum). Presumebly
this value is detector limited and the actual beam width may be
somewhat less than the measurement. The actual distances between the
surface and the ionizer aperture and the surface and the final beam
collimator are 2.1 cm and 21.5 cm respectively.

The angular resolution was achieved by adding collimation
apertures to the standard Pierce type ionizer supplied with the
quadrupole (see Fig. II-11). While this addition served its purpose,
it also introduced an unexpected bias factor into the viewing angle
because of the finite width of the incident beam as indicated in
Fig. II-12. Although the exact magnitude of this effect was never
experimentally ascertained, an approximate calculation will now be
made. Qualitatively, the overall effect would be to increase the
magnitude of the small angle scattering with respect to that near the

surface tangent.
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Fig. II-11. Modified EAT ionizer showing the resolution
defining beam collimation aperture.
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From the geometry shown in Fig. ITI-12 it is apparent that

z = w/cos Gi (11-18)

Yy = 2z cos Gr = W cos er/cos Bi (11-19)

x = zsin® = wsin 6 /cos 0, (II-20)
r r i

The ratio of the length of the sides of similar triangles yields

L.+ y
b, = BETF 3
R+r-x r-x (I1-21)

or solving for Zl we obtain:

. = p+ B | (II-22)

In a similar manner one uses point 2 and the opposite edge of the

ionizer collimator to obtain

g = p+ B (11-23)

2 r+x

Thus we see that the total width of the beam at the center of the

ionizer is

9. + 4 = pp+ 2R (IT-2L)
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VIEWING ANGLE BIAS
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Fig. II-12. Origin of potential viewing angle bias
due to ionizer aperture. For clarity, 2, was
omitted from the drawing although it canzbe
obtained by extending a line from point 2

through the right most edge of the collimator
(not shown).
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where x and y are defined above. The variatioﬁ of 21, 22, and their
sum with changes in the reflected angle at a fixed angle of incidence
is shown in Fig. II-13. Even at Gr = 90°, the width of the beam is
nearly twice the collimator diameter for ei = 45°, From Eq. (II-24)

it is also apparent that merely increasing r (the separation between
the crystal and detector) has only a small effect on the relative error
unless R can be made comparable to D. If D = R, the relative error
goes as D/r and this can be minimized. Clearly the viewing angle bias
is a definite problem for such a flowthrough ionizer. A potential
solution to this problem is discussed in Appendix VII-D.

An approximate correction factor can be arrived at if one
arbitrarily assumes that the ionizer lenses extract equally efficiently
from the volume of a cylinder having a diameter equal to ll + 22 at
er = 90° (9i fixed) and with zero efficiency elsewhere. Since
increasing the diameter of the beam for a fixed number of particles
lowers its density, a multiplicative correction factor can be
calculated by dividing the cylinder volume at Gr by that at Gr = 90°.
The result of such a calculation is presented in Fig. IT-14 where the
reciprocal correction factor is displayed for three angles of incidence.
In fact, it is not known with any certainty how the ion extraction
efficiency varies with distance from the extractor aperture. If the
extraction region were smaller than that assumed, there would be no
effect on the calculation, but if the extraction region were somewhat

larger than that assumed, the small angle scattering would be closer to
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Fig. TI-13. Calculated beam width 21 + 22 as a function

of scattering angle 6, for an incident angle of L45°.
Note that 2D represents the width of the collimation
aperture.
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the true signal than indicated by Fig. II-14. Then again, extraction
of an ion with equal probability from anywhere in the ionizer would
mean that the entire calculation could be disregarded. For these
reasons, no viewing factor corrections have been applied to any of
the measured intensity distributions. This neglect is probably
Justified by the fact that most measurements are in an angular range
where the correction factor is fairly constant. Of course, one

could experimentally determine this factor by comparing an observed
angular distribution for a gas that scatters diffusely with the
expected cos Gr dependence.

When the mass spectrometer was placed in the scattering chamber,
the ionizer was aligned by passing a laser beam along the molecular
beam flight path through the ionizer collimating slits. Because the
laser beam was somewhat smaller than the aperture size, the two
collimation slits were mistakenly aligned so that the flight path
connecting them was not quite parallel to the beam line. Ideally the
beam maxima should occur at 0° with the quadrupole in the downstream
position and 180° with the quadrupole in the upstream position whereas
experimentally the maxima are at 0° and 173°, respectively. Using
the law of sines and the law of cosines on the figure below, one can
eventually deduce that the quadrupole should be rotated about its axis
of symmetry by § = 5.8°. This twist has no effect on the operation
of the quadrupole, however, as the collimator that observes the beam

at 0° also observes the scattered beam.
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Scattering chamber axis

extractor
aperture

c. Lock-in Amplifier. As has already been indicated several

times, the incident molecular beam is modulated (150 hertz) to take
advantage of the great power of a.c. signal recovery techniqués SO
that the scattered signal may be discerned from the background noise.
Figure II-15 shows an oscilloscope trace of the modulated incident
beam. Because essentially all of the scattered signal information
occurs at one frequency, a very narrow bandwidth can be used in an
effort to improve the signal-to-noise ratio. In this work, the narrow
band amplification and phase sensitive detection were supplied by a
Princeton Applied Research Model HR-8 Lock-in Amplifier.

The current output from the electron multiplier of the mass
spectrometer is grounded through a 1 M} resistor connected in parallel
with the input of a PAR Type A plug-in preamplifier. The lock-in
thus sees a weak a.c. signal including noise that is first amplified

and then passed through a signal tuned amplifier to discard sidebands
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Fig. IT-15. Oscilloscope trace of the modulated incident molecular
beam. Each large division of the horizontal scale represents
2.5 milliseconds.
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while further amplifying the signal at the desired frequency. This
result is then beat against an a.c. signal derived from the modulation
device (a vibrating tuning fork supplied by American Time Products)

to produce, after filtration, & d.c. signal that is fed to a Leeds and
Northrup stripchart recorder. Most of this work used either a 3 or
10 second time constant and a roll-off of 12 db/oct.

If the input signal to the lock-in is represented by y(t) = S,
sin(wt+d) and the reference signal is F(t), then the output signal is
given by
=
2

yv(t) F(t) at (I1I-25)

(€3
1
AR
|
mla“--.s

where w = 3?- is the modulation frequency. A reference signal that
can be used is one that reverses the sign of y(t) every half period

and the Fourier expansion of such a function is

_ 4 sin(2n+l)wt
F(t) = 2 Z WF (II-26)
n=0
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Thus we have

T
2
- B . L N sin(2n+l)wt
8 bl / SO 51n(wt+(b) -~ ngo —-—(2;-1—5—- dt i

oA

= P

s - cos ¢ sinwt sin(2n+l)wt b
o T (2n+1)

n=

, sin ¢ coswt sin(2n+l)wt at
T (2n+1)

= 8, cos ) (11-27)

where S0 is the amplitude of the input signal and ¢ is the phase angle
between the signal and reference frequencies. Obviously the d.c.
output is a linear function of SO for all values of So'

In practice, ¢ was adjusted to produce a maximum output signal
when the quadrupolerwas located at 0° (i.e., downstream from the
crystal position) and then locked at that value for the experimental
run. Thus it was implicitly assumed that the scattered particles had
the same phase as the incident particles after traveling the same
distance.

While it was not possible to make exact phase measurements
because the reference signal is derived electronically rather than

from a photocell at the chopper, it was possible to measure phase
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differences due to molecular transit times when the detector was
located on opposite sides of the scattering center. From this

information one can calculate the most probable gas velocity because

- 2(r+R) _ Lk2.0 x 1oh

“m.p.  (Bé1/360°) ) cm/sec (11-28)

Two experiments yielded Ap = 3.3 ¢ 1.0° for He and 8.7 £ 0.5° for N0
which translates into 1.27 X 10° cm/sec and 4.83 x th cm/sec
respectively. For a gas effusing from a Knudsen cell, the most

probable velocity is given by
v = oL (I11-29)

In the cases of He and N20 this equation yields 1.37 X 105 cm/sec and
4.12 x loh cm/sec respectively. The helium result is obviously
fortuitous, but the nitrous oxide value is reasonable because one
expects a gas effusing from a multichannel array driven at high
pressures (several torr) to have a slightly greater average velocity
than a gas from an effusion ce11.99’loo
d. LEED Optics. The electron optics used in this work are of
the post acceleration three-grid construction commercially available
from Varian and a schematic diagram has already been shown in Fig. I-L.

The power supplies used to control the filasment, filament can, cathode

anodes, and screen are similar to those used by Varian, but all were
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built at Lawrence Berkeley Laboratory. A d.c. rather than an a.c.
power supply is used to heat the filament in order to reduce noise in

the Auger mode. During all experiments the inner and outer grids

were grounded, and the middle grid was operated at the cathode potential.

e. Auger Spectrometer. In order to more fully characterize the

nature of the scattering surface, it was decided to use the LEED optics
as a retarding field energy analyzer to perform Auger electron
spectroscopy experiments. The grid system in the LEED mode is employed
as above to impede the inelastic component and to transmit the elastic
component of the back-reflected electrons while the fluorescent screen
displays the diffraction pattern. The same grid system in the Auger
mode functions as a high pass filter to analyze the energy distribution
of the inelastically scattered electrons while the screen serves as
the eleétron collector. AES is necessary to obtain a detailed chemical.
analysis of the surface region and to provide information complimentary
to the structural data available from concurrent LEED studies.

Minimal modifications in the optics were required. The Varian
high voltage coupling to the screen was replaced in the Auger mode by
a double shielded cable (RG 63B/U)* that conducted the modulated signal

to the detection electronics. Double shielding with the inner guard

B
This 1250 cable (LBL Stock Catalogue No. 6145-24158) consists of a
RG63B center core surrounded by an additional braided shield over

the Jacket with this shield covered by an outer vinyl coating.
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driven by the capacitance neutralizer was found necessary to reduce
the noise pick-up.

Figure II-16 gives the circuit diagram of the power supply built
for the Auger experiments. It consists basically of four components:
(1) a capacitance neutralizer similar to that employed by Varian,

(2) a 0 to -3 kV programmable power supply (Model UPMD-530N-ML4 available
from Power Designs, Inc.), (3) a variable rate sweep generator, and

(4) a frequency doubler (Burr Brown L409L/15C Multiplier/Divider).

Once the internal components were properly shielded from a.c. pick-up,
the performance of the uﬁit was in all ways equal to that of the
instrument purchased from Varian and modified for high resolution
chemical shift work. The sweep generator used for most experiments

was borrowed from a Vacuum Generators Auger system. Because the
availability of this device depended upon the status of an independent
experiment, a new ramp generator was designed and built, but to date
its performance has been inadequate. The UHV chamber had no port to
admit a glancing incidence electron gun so the AES studies reported in
this thesis were made using the normal incidence LEED gun operated at
voltages up to 1500 volts by a Power Designs Model HV-1565 high

voltage supply. At this voltage, however, the emission was very
unstable and so the voltage was normally maintained at 1000 volts

which was adequate for most work. The modulated signals were processed
by the same Princeton Applied Research HR-8 used in the molecular

beam work.
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Fig. II-16. Circuit diagram of the AES power supply built for this

work, LBL drawing number 8S9053A.
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f. Pump-down and Bakeout Procedures. Assume that the UHV

chamber has been brought to atmospheric pressure with dry nitrogen for
a change of sample or modifications to the mass spectrometer.
Approximately thirty minutes before initiating pump-down, the two
sorption pumps (S P) should be cooled with liquid nitrogen. Once all
the flanges have been tightened in place, the system is ready for
evacuation and the air aspirator is activated by admitting ~ TO psig
of dry nitrogen to its inlet. At this point the suction valve is
opened and the aspirator permitted to operate for roughly five minutes,
after which the valve is closed and S P II opened. The nitrogen flow
may now be turned off. Within 10 tol5 minutes the pressure on the
thermocouple gauge should read in the low micron range and S P I may
be substituted for S P IT. Once the system pressure ceases to decline,
S P I can be closed and the gate valve to the ion pump opened (if the
pump had been left in operation) or the pump may be started according
to its instruction manual. At this point the liquid nitrogen containers
may be removed from the sorption pumps so that they may warm up to
room temperature.

Situated on the metal support frame of the scattering chamber
are three 10 amp electrical outlets containing four plug receptacles
each. These outlets are controlled by the bakeout electronics in
Rack #05 and are powerless except during heating cycles. Before
proceeding with the bakeout procedure, the driver mechanism should be
removed from the preeision leak valve according to the Granville-

Phillips instructions and the thermal sensing switch should be attached
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to the manipulator flange and then to the yellow cord near the leak-
valve. Bakeout is accomplished by wrapping the UHV system with heating
tapes. Experience has shown that full power should be applied to

the tapes near the bottom of the chamber and on the pumping "Tee,"

but that half power via series connection of two similar units should
be used on the tapes around the ion pump gate valve, Whittaker valve,
and near the top of the system. After the chamber has been thus
prepared, it should be wrapped in several layers of aluminum foil to
retain as much heat as possible. Asbestos sheet and glass wool were
also tried as wrapping material but discarded as unsatisfactory.

To initiate the bakeout, the pressure sensitive relay to the ion
pump must be turned on and warmed up for half an hour. Following this,
the two timers on the master control can each be set for 24 hours and
the heating sequence begun. The ion pump may also be baked out at
this time. A 48 hour bakeout at a temperature of L425-475°K (150-200°C)

has been found adequate to attain pressures in the 10—10 torr range.

4, Selector Chamber

This chamber, again constructed entirely of 304 series stainless
steel, acts primarily as a buffer between the source chamber containing
the oven which generates the beam and the scattering chamber. During
an experiment using an oven pressure of several torr, the pressure in

the selector chamber is 3 X 1077

torr. A tuning fork beam modulator
(American Time Products, type L-L0 light chopper) with a frequency of

150 Hz is currently used to generate an a.c. molecular beam.
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e is placed in the

Alternatively a rotating disk velocity selector
chamber to prepare monochromatic beams for use in scattering and
surface chemical reaction studies. The chamber is also large enough
to permit the use of other state selecting devices such as inhomogeneous
magnetic fields, electron beam excitation, or flash photolysis cells
which may be useful in future studies.

A nominal 10-inch (25.4 cm) oil diffusion pump (MCF-1400 with Dow
Corning-T70L4 fluid) trapped by a liquid nitrogen baffle and protected
by an air operated gate valve (Temescal Metallurgical Corp.) is mounted

to one side of this chamber. Low pressures are measured with a VG-1B

ion gauge and higher pressures with a Hastings model DV 3-M thermocouple
gauge.

5. Source Chamber

Like the rest of the system, the source chamber is fabricated of
stainless steel. It is pumped by a diffusion pump identical to that
used to evacuate the selector chamber. To handle the large gas load
during operation of the beam, both pumps are backed by a rotary blower
(Rootes model RS-120), but unfortunately its operation causes
excessive vibration of the system and so its use is limited to initial
pump-down until it can be isolated by a bellows.

In order to insure that the crystal, gate valve collimator,
and the source chamber collimator were all collinear, s laser beam was
used to align the last slit (source collimator) with the first two

positions. The main body of the chamber was then welded in place to
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the tube in which the oven resides. The collimator slit between the
source and selector chambers has the same dimensions as the beam
(0.8 x 4.8 mm).

a. Beam Source. A glass multichannel plate (Bendix Mosaic
Fabrication) consisting of a 0.8 by 4.8 mm rectangular array of tubes
(diameter 5u, length-to-diameter ratio 100) is used to generate a
thermal molecular beam of some noncondensible gas. Figure II-17 shows
a photograph of the plate detail. The capillary array is held between
gold O-rings to provide a leak-tight seal. Belville spring washers*
apply a constant load against the plate so that the stress relieved
stainless steel oven in which it is housed can be heated to 600°K or
cooled to TT°K without shattering the array which is made of borosilicate
glass.

In Fig. II-18 is shown an exploded view of the oven. The liguid
nitrogen coils were silver soldered to the oven body and then covered
by a threaded alumina insulator wrapped with 3.2 m (10.5 feet) of
0.25 mm (0.010 inch) Ta wire for heating purposes. Glass capillary
arrays similar to the one used in this work have also been used by
other authors57’58 for molecular beam studies, and their characteristics

95-100 The change in beam intensity at

have been fully investigated.
the crystal with driving pressure in the oven is shown in Fig. II-19.

One can see that pressures above 10 torr produce little gain in intensity.

The author wishes to thank Don Hunt for this mounting suggestion.
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Fig. IT-19a. Pressure-intensity relationship for a

helium beam at TB = 300°K.
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In the ultra high vacuum chamber, the total background pressure
increases linearly with the pressure in the oven, having an incremental
change of approximately 2.3 X J.O_ll torr per torr of driving pressure
up to a value of L4 torr.

b. Gas Handling System. The gas handling system for the oven

is shown in Fig. II-20. It consists of a glass vacuum line evacuated
by a 10 &/sec oil diffusion pump connected to the large rough pump

and a.~ 1 %/sec Kinney KC-2 forepump connected directly to the molecular
seive trap. Coupling the sieve trap to the system pump as shown in the
drawing led to difficulties if the glass system was pumped when the

ten inch diffusion pumps were in operation (usually the case!) because
the resultant gas flow actuated the over-pressure alarms. Thus the
change to an independent pump was made. Also the sorption pump shown
on the LEED manifold was removed because the interconnection to the
glass system provides all the needed pumping capacity. Precise flow
conditions from the high pressure inlet manifold or the pressurized
five liter flask to the oven are maintained by a variable sapphire leak
valve (Varian). The one liter flask acts as a ballast reservoir to
demp out any rapid pressure fluctuations on the beam side of the leak
valve. Final beam driving pressures are monitored with a Wallace and
Tiernan absolute pressure gauge (range 0.1 to 20 torr). To minimize
contamination of either the beam gases or the sapphire leak by stopcock
grease, single O-ring sealed Teflon needle valves (Fisher and Porter

Co.) have been used in place of high-vacuum stopcocks in this system.
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These are indicated by circled crosses in the drawing while metal
valves are indicated by a cross in a square. The beam species can
consist of either gases or vapor from a high vapor pressure (> 5 torr)

liquid.

6. Interlocks and Pump-down Procedure

With an apparatus of this size and complexity, any electrical
or vacuum failure can result in serious damage to parts of the system,
especially components of the ultra high vacuum chamber. Consequently
a system of '"fail-safe" safety devices was designed to isolate the
damaged part from the rest of the system.

Power input to the diffusion pump heating elements is controlled by
water flow, water temperature, and fore-vacuum pressure sensors. All
valves, except those on the scattering chamber, are air operated and
wired such that they are normally closed. Thus, a sudden loss of
electrical power causes all air operated valves to close and remain in
that position if any condition not favorable to their opening still
exists when the electric power returns. Additionally the valves are
interlocked to one another so that they can only be operated in a set
sequence, and the valves connecting the diffusion pumps to the source
and selector chambers are connected to pressure sensors that close
them whenever the pressure in either chamber exceeds a preset value.
Finally the mechanical pump is interlocked to the system vent valve
so that the pump cannot be started if the vent is open. Table II.1
gives a list of the interlocks and Fig. II-21 identifies the valve

location on the system vacuum map.



Table II.1. Vacuum Interlocks for MBA-Echo

Device Interlocks

MP 1 V-8 closed

Blower H20 flow on, MP 1 on

DP 1 TC-L4 vacuum OK, liquid nitrogen
level OK, V-4 open

DP 2 TC-4 vacuum OK, liquid nitrogen
level OK, V-5 open

V-1 none

V2% V-6 closed, V-7 closed

V-3% V-6 closed, V-T closed

V-4 none

V-5 none

V-6% V-5 open, TC-l4 vacuum OK, liquid
nitrogen level OK, TC-3 vacuum
OK

V-T#* V-4 open, TC-L4 vacuum OK, liquid
nitrogen level OK, TC-2 vacuum
OK

V-8 none

#*
Note: Attempting to open V-2 or V-3 when V-6 and V-7 are already open
results in the latter two valves closing and either V2 or V3 opening.

A similar effect occurs if the valve roles are interchanged.
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Fig. II-21. MBA-Echo vacuum map identifying the valves
referred to in the text.
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Both the mass spectrometer and the LEED power supplies are
interlocked to line voltage through a relay that requires manual
resetting after a power failure. In this way current surges through
the spectrometer ionizer and the LEED electron gun filaments can be
averted. The ion pump on the scattering chamber is self protected.
Automatic shutdown results from the excessive ion currents due to high
pressure. Because the Whittaker gate valve is kept closed except
during a beam experiment, a vacuum failure in the beam system will
usually not effect the UHV chamber. However, should system alarms go
off during a run (and it has happened!), the best course of action
is to close the Whittaker valve and then seek out the cause of the
problem.

The set of instructions presented in Table II.2 has been prepared
as an aid to operating the beam system vacuum components. While
following the list, an operator is urged to carefully consider the
consequences of pushing or not pushing a given button, just in case
something has been accidentally omitted from the instructions. Once
the main diffusion pumps are running the system can be left in operation
for long periods of time providing the 160 liter liquid nitrogen

storage tank is filled periodically.

T. Experimental Procedure

Prior to the commencement of an experimental run, the surface
of the crystal must be prepared. In the case of clean platinum, the

ion pump gate valve must be throttled with the gate valve and then
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Table IT.2. Vacuum Operating Instructions for MBA-Echo

Lo

L

2.

10.

11,

12,

let the entire system up to air from vacuum:

Make sure diffusion pumps are cool

Make sure V-10, V-6, V-7 are all closed. (V-4, V-5 may be open
or closed as desired)

Make sure V-2, V-3 are open

Turn off MP1

Open system vent V-8 on vacuum map
pump the system down from air to operating status:

Close V-8 on vacuum map

Make sure V-6, V-T are closed

Make sure V-1 (blower bypass) is open as well as V-2, V-3
Make sure V-4, V-5 are open if diffusions pumps are not under
vacuum

Turn on MP1

When TC-4 reads 1000u, turn on the Blower and then close V-1
Fill 1iquid nitrogen traps (requires ~ 15 minutes)

Make sure V-4, V-5 are now open

Turn on DP1, DP2 when traps are cold and allow to warm up
30-60 minutes

Turn on IG-2, IG-3

Close V-2, V-3

Open V-6, V-7
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Table II.2., continued

13. Open V-1 and turn off Blower if this has not already been done
14, System is ready to admit a beam when IG-2, IG-3 read below
1x 10-6 torr

To let source and selector chambers up to air while the rest of the:
gsystem is under vacuum:

1. Make sure diffusion pumps are cool

2. Make sure V-10, V-6, V=T are all closed

3. Make sure V-2, V-3 are closed

4. Open vent marked V-9 on vacuum map (manually controlled)

To pump out source and selector chambers after step C

1. Close vent V-9

2. Make sure diffusion pumps are cool

3. Close V=L, V-5

4. Open V-2, V-3 simultaneously

5. Proceed with procedure B sbove starting at step 6
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2 x 1077

torr of O2 allowed to flow through the system via the
Granville-Phillips leak valve. The crystal is heated in this
atmosphere at 1175°K for half an hour. To prepare the carbon covered
platinum surface, the crystal is heated in ~ 10_7 torr of acetylene
as above. During this time the beam gas can be admitted to the high
pressure side (~ 2 psig) of the oven leak valve and the leak rate ad-
Justed to provide a constant pressure as indicated by the Wallace and
Tiernan gauge. It is usually desirable to start at about 1 to 2 torr
and then work up to higher source pressures unless one knows exactly
what pressure he wishes to maintain.

Following the crystal preparation, the UHV chamber is pumped
out and then a fresh layer of titanium is deposited in the sublimation
pump. The LEED optics are turned on and the surface of the crystal
checked by LEED and/or AES. At this point the sample is raised above
the beam line and brought to temperature if a high temperature run
is desire.

The beam species may now be admitted to the scattering chamber
by opening the Whittaker gate valve. After placing the quadrupole in
the beam at its 0° maximum, one can tune the mass spectrometer to the
peak or peaks of interest and, by adjusting the resolution and beam .
driving pressure, arrive at the desired incident beam strength. The
peak selector panel allows several ions to be monitored with the flick G
of a switch when the RF-DC generator is operated in the Program mode,

but the Sweep Width control must be set to zero--a significant

difference from the Manual mode of operation. Once the gquadrupole is
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focused, the beam chopper can be turned on and the lock-in amplifier
adjusted to the proper frequency and phase for a signal maximum. The
incident signal is now recorded on the Leeds and Northrup strip chart
recorder in the mass spectrometer console (Rack #00). A similar
recording is next made with the quadrupole located at 180° in the
laboratory reference frame, except that now two intensities are
monitored with one at 90° from the maximum phase ¢O. From the two
traces, the true peak intensity, the phase lead, and the intensity
ratio between the two positions can be calculated. These measurements
are each repeated twice more and then the crystal is lowered into
place and the angle of incidence adjusted using the scale previously
calibrated during the helium scattering experiments. During the run,
the main beam signal at 180° is measured between every two experimental
points so that the scattered intensities can be corrected for slow
fluctuations in the incident intensity. A sample chart recording

is shown in Fig. II-22.

Due to the physical size of the detector ionizer, instrument angles
closer than about 50° to the beam line interfere with the incident
beam, thus lab angles below 173° - 50° = 123° are inaccessible with
the apparatus as it is currently assembled. For Gi = 45°, this means
that angles less than 12° from the surface normal cannot be observed,
and with 7 mm diameter crystals, angles much below 45° mean that part
of the incident beam may strike the crystal supports rather than the
crystal itself. Of course, better angular resolution and measurement

angles closer to the surface normal cound be achieved with a
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Fig. II-22. Typical recorder trace of a molecular beam
scattering experiment with helium. The ehart notations
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the position of the quadrupole Q in the laboratory
reference frame.
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corresponding drop in signal level if the detector were moved farther
away from the scattering center.

After the run, the measured peak heights at each angle are
processed by a computer program (see Appendix VIT-A) that calculates
the scattered intensity normalized to the strength of the incident

beam at the 0° location. In this way a quantitative comparison of the

scattering efficiency of various surfaces may be made. Scattered
beam half-widths may also be compared to one another or to the half-
width of the incident beam because all are expressed in terms of degrees

of detector rotation.
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ITTI. SELECTED PROPERTIES OF THE Pt(100) SUBSTRATE

In any well controlled gas-solid scattering experiment, detailed
information concerning the structural and chemical characteristics of
the single crystal surface to be utilized should be available. The
: X ; A 18,104
surface properties of platinum have been widely investigated
because this transition metal acts as an excellent catalyst for many
chemical reactions involving gaseous reactants. For this reason and

because of previous experience in this laboratory, platinum was chosen

for further study in molecular beam scattering experiments.

A. Surface Structure

Platinum has a face-centered cubic crystal structure with a bulk
lattice parameter of 3.916 A and an inter-atomic distance of 2.7T A.
The high heat of sublimation of the solid (135 kcal/gram atom), permits
a crystal to be heated quite close to its 2050°K melting point without
excessive substrate loss from evaporation. Projection from the bulk
unit cell to the surface suggests that the (100) face of platinum
should possess a square unit cell of side 2.77 A. Previous low energy

105,106 have revealed however that the

electron diffraction studies
clean Pt(100) surface is characterized by a large rectangular surface
net of approximate dimension (5%X1) with respect to the underlying
bulk structure. (See Fig. I-6 and IV-l4a for the diffraction pattern.)
Similar anomalous structures have also been reported for the (100)

107-109

faces of gold and iridium,llo elements adjacent to platinum in

the periodic table.
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~ Since these studies were conducted prior to the widespread use
of Auger electron spectroscopy, it was inevitable that questions be
raised concerning the cleanliness of these surfaces.lll Through the
epitaxial growth of gold on a (100) silver crystal, however, Palmberg

and Rhodin 27

were able to convincingly demonstrate that a LEED
pattern assumed the (5%1) structure after only three monolayers of
gold had been deposited. Subsequently, Palmberg112 employed AES to
show the cleanliness of the Pt(100)-(5%1) surface. Similar evidence
for the cleanliness of the (5%1) structure has been accummulated in
this laboratory and will be presented in the following chapter.
Grant and Haas ' have suggested that the (1x1) diffraction pattern
is indicative of the clean (100) surface and that the (5%1) array is
stabilized by the presence of oxygen. This conclusion is not in
agreement with Auger spectra that clearly show the presence of carbon
on the surfaces yielding the (1X1) structure.

The appearance of the (5X1) surface has been interpreted by

Fedak and Gjosteint0!>108

as indicating the presence of a hexagonal
overlayer forming a (5%20) coincidence lattice with the square (100)
substrate. This analysis assumes the structure possesses both two-
fold rotational and mirror symmetry. Palmberg,ll2 on the other hand,
suggests that the unit cell does not possess mirror symmetry, but is
characterized by a parallelogram, with dimensions similar to those
proposed above, rotated slightly with respect to the principal under-

3.3

lying (100) axes. In his thesis, Lyon proposed that the (5x1)
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surface unit cell might be due to ordered vacancies at the platinum-
vacuum interface although this hypothesis now seems less likely than
the hexagonal overlayer. Burton and Jure.,ll)‘L using an analogy with
the surface energy of argon, postulated that a range of anomalous struc-
tures might arise due to displacements of rows of atoms. This argument
is tenable for a simple (5%X1) array, but it cannot account for the
complexity (i.e., spot splitting) of the observed (5x1) diffraction
pattern.

To date, based upon evideﬁce compiled via LEED studies, the best
explanation of the (5X1) surface structure is that it arises due to
a phase transformation distorting the surface atoms from a four-fold
into a six-fold rotational symmetry. Either small out-of-plane
displacements or a slight compression (~ 5%) of the surface layer is
necessary to achieve the observed fifth order coincidence if the
hexagonal layer corresponds to the (111) face of platinum. This
correspondence, however, is somewhat unlikely in view of the helium
beam scattering results to be presented in the following chapter. The
driving force for such a rearrangement is probably a small decrease
in the surface free energy resulting from closer packing. Additionally,

15

Rhodin, Palmberg, and Plummer have presented strong arguments
explaining the reconstruction of gold and platinum surfaces in terms

of enhanced surface valency.
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B. Surface Contamination and Gas Adsorption

In Chapter I, section D we pointed out the several possible sources
of sample contamination with which one has to contend. While the
amount of metallic impurities in an electron beam zone refined
platinum crystal is typically on the order of 100 ppm or less, the
concentration of any particular metal is so far below its solubility
limit that there is no driving force to cause diffusion toward the
surface. Thus even at elevated temperatures the distribution of
these impurities is uniform and their effect on the surface is
undetectable.

Non-metallic impurities, however, are somewhat more of a problem.
Potential contaminants of this type include carbon, oxygen, sulfur,
silicon, and chlorine. The Auger peak due to chlorine has not been
observed on a platinum surface, presumably because it becomes volatile
after diffusing to the surface. Silicon has been reported to segregate
to the platinum surface at high temperatures but to disappear upon

cooling.112 Similarly, reversible segregation has been reported for

sulfur at the surfaces of vanadium116 and copper117 although this
impurity does not seem to be present in the case of platinum. During
this work, no Auger electrons due to silicon were observed, but the
crystals used were extensively heated in oxygen and it is known that
such treatment irreversibly removes the silicon conts.mina.nt.112 Oxygen

does not easily adsorb on the low index faces of platinum and since

the oxides of platinum are thermodynamically unstable at elevated



-116-

tem.peratures,113 any oxygen diffusing to the surface from the bulk
readily desorbs.

By far the most persistent platinum surface contaminant is

106,112,118 Trace amounts of this element stabilize the (1x1)

119

carbon.
surface structure. Siller, Oates, and McLellan have studied the
solubility of carbon in platinum and report values up to two (atomic)
percent at 1520°K. Very rapid rates for carbon diffusion and a much
lower solubility level have been found by Selman, Ellison, and Darling.l2o
This rapid diffusion rate is in qualitative agreement with the observa-
tion that heating a surface coated with amorphous carbon above 1075°K
for several minutes causes the carbon to aggregate into islands of
graphite, all with their basal plane parallel to the platinum surface.
The diffraction pattern of the resultant surface (Fig. IV-Ta) consists
of narrow rings or segmented rings concentric about the (00) reflection
and indicates the presence of graphitic domains of random orientation.
In order to remove the layer of surface carbon resulting from the
original sample preparation, the crystal must be heated 30-60 minutes
at L1T5°K in =~ lO_5 torr of oxygen. Slightly milder cleaning conditions
can be used once the bulk has been purged of carbon.

Another persistent contaminant of the platinum (100) surface is
adsorbed carbon monoxide. Since CO is (a) one of the major constituents
of the residual gases in a stainless steel UHV system, and (b) has a

A8k glis it posed a

sticking probability on clean platinum near unity,
serious impediment to the studies reported in this thesis. Further,

as revealed by flash desorption experiments,106 there are at least
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three binding states for CO on the (100) platinum substrate. The
adsorbed molecules may be removed by heating the crystal to approxi-
mately 400, 450 and 880°K respectively. By flashing the crystal to
temperatures approaching 1000°K it was possible to remove all the CO
from the surface for times long enough to permit the study of atomic
and molecular beam scattering from clean platinum. The crystal,
however, must be flashed frequently if a clean surface is desired due
to the gradual readsorption of carbon monoxide. CO also forms ordered
surface structures of several types on the Pt(100) surface,lo6’123
but their effect on beam scattering has not yet been fully investigated.
Two other gases used in this study form ordered surface structures
on the Pt(100) surface. These gases are acetylene and hydrogen. When
acetylene is adsorbed on the clean Pt(100)-(5%1) surface at room
temperature, the fifth order diffraction spots disappear rapidly and
continued adsorption results in the formation of a c(2x2) structure
(see Fig. IV-9a). The pattern, in addition to the normal substrate
spots, has extra spots at the center of each reciprocal unit mesh.
These extra features with half-integral indices are less intense and
more diffuse than the (1x1) diffraction spots. Removal of the acetylene
to obtain the (5%X1) surface was achieved by heating the crystal to
~ 425°K, but repeated adsorption-desorption cycles invariably led to
the formation of ring-like diffraction patterns as the result of

cracking the hydrocarbon.



-118-

Flash desorption and work function measurements showed that
hydrogen did not appear to adsorb on the (100) face of platinum at

9 T

gas pressures between 1077 and 10 ' torr and at temperatures up to

1275°K. However, increasing the hydrogen pressure to greater than

>

3 x 10 ° torr for surface temperatures in the 775° to 1275°K range

resulted in the formetion 6f a (2x2) structure coupled with the disap-
pearance of the fifth order features.lo6 While the extra spots were
as well defined as the (1x1) spots, they were somewhat less intense.
The (2x2) surface structure proved to be very stable and could only
be removed by heating the crystal in vacuum for a few minutes to
1475°K. An alternate route to regenerating the (5x1) structure was

to heat the (2x2) structure in 2 x 10_8 torr of oxygen at TT5°K. Due

to the extreme conditions necessary to produce the (2x2) surface

structure, it was not utilized for any scattering experiments.
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IV. SCATTERING OF MONATOMIC GASES

A. Introduction

Of the different gases used in éas—solid scattering experiments,
helium atomic beams appear to undergo the weakest interaction with the
surface. The fraction of the incident beam scattered specularly
(i.e., the incident and scattering angles are equal) has been reported
to be a large as 25% in the case of (111) platinumgo and 50% in the
case of tungsten carbide.h7 This is at least an order of magnitude
greater than the specularly directed component observed with other
atomic beams. Such a weak interaction is not at all surprising in
view of the small size, small mass, small polarizability, and low
heat of adsorption on most solid surfaces of the helium atom. Despite
its weak interaction with the surface, however, the helium beam was
found to be very sensitive to surface contamination. Whether ordered
or disordered, adsorbed impurities present to the incoming helium
atoms a scattering surface having physical characteristics (i.e.,
atomic weight, dimensions, and force constants) quite different from
those of the clean surface.

By the incorporation of LEED and AES into the ultra high vacuum
scattering chamber, the atomic structure of the target surface could
be monitored before, during, or after the scattering experiment. This
ability to observe the surface in situ led to some interesting cor-
relations between the observed helium scattering distributions and

well-characterized surface conditions.
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B. Effect of Surface Order and Disorder
on Helium Atomic Beam Scattering '

To investigate the effect of surface roughness on atomic beam
scattering, experimental studies of helium scattering from freshly
etched platinum éurfaces were carried out. These surfaces did not
exhibit diffraction at low electron beam voltages, but did yield weak
(1x1) LEED petterns with large background intensities at high beam
voltages (above 250 volts) where the contribution from bulk diffraction
beams becomes important. From this information, we infer that the

surface was quite disordered on an atomic scale and that the size of

g3 -

any ordered surface domains must have been less than 500 A in diameter.
A SEM photograph of a freshly etched Pt(100) surface has already been
shown in Fig. II-1. Figure IV-1 shows the density distribution in
the plane of incidence as a function of the scattering angle er for

a helium beam scattered from an etched surface shortly after it

was placed in the UHV chamber. In this case the angle of incidence
Gi was 45°. The scattered intensity has been normalized to the
strength of the incident beam as described in the last section of
chapter II so that the ordinate represents directly the percent of
the incident helium atoms scattered into the detector at a given
scattering angle Gr measured from the surface normal. It can be seen
from Fig. IV-1 that the angular distribution has a small but distinct
peak near the specular angle although there is a pronounced cosine
contribution as indicated by the scattered intensity component at

er = 0°. The scattering curve expected for a cosine angular distribu’




-121-

| i T T T T T I T T
He /Pt (100)
Surface: etched
, Ts = 300 °K
.0+ 6; - 45°
oy
@ 0.8
D
£
©
i °
o 0.6 @
©
o
n
- ®
@
9 0.4 —
X
£
O
o 2
L |
0.2 -
0 I | | | | | | |
@) 20 40 60 80

8y, angle from surface normal
XBL 708-3689

Fig. IV-1. Helium beam scattering profile from an etched

Pt(100) surface. I = incident beam intensity.
bean



-122-

is indicated by the solid line in the same figure for reference. Note
that the fraction scattered at the specular angle represents only
0.8% of the incident beam.

The scattering distribution obtained from a crystal surface
after it had been ion bombarded for one hour with 300 volt argon ions
is shown in Fig. IV-2. In many respects it is similar to the curve
shown in Fig. IV-1 except that the dispersion of the specularly
directed peak is greater and its maximum intensity lower. The intensity
decrease may be due to increaed surface roughness resulting in more
out-of-plane scatter or to the presence of adsorbed argon atoms as
the crystal had not been flashed or annealed when the data were recorded.
In this case, the crystal yielded no LEED pattern at any voltage, thus
indicating that there is considerable disorder in the bulk as well as
on the surface due to extended ion bombardment. Ton bombardment
followed by subsequent annealing to remove surface damage is used most
frequently to clean and order single crystal surfaces.

Several ion bombardment and annealing cycles followed by heating
the crystal in oxygen to remove any residual surface carbon results
in the characteristic (5x1) diffraction pattern (Fig. IV-3a) indicative
of a clean, well-ordered (100) platinum substrate. Figure IV-3b
presents the helium scattering curve taken from a surface in this state.
In order to keep the surface free of adsorbed gases during the run
(principally CO), it was found necessary to flash the sample to 1000°K

between data points. The scattered intensity at the specular angle
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XBB T08-3757

Fig. IV-3a. Diffraction pattern at V = 63 volts of a clean
Pt(100) surface showing the (5x1) surface structure.
Fractional order spots along both the x and y axes
are due to surface domains rotated 90° to one another.
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represents nearly 5% of the total incident beam intensity or an increase
of almost an order of magnitude over that observed for an ion bombarded
surface. While the angular distribution is sharp, the full-width at
half-maximum (FWHM) is rather large (~ 18°) as compared to the width

of the incident beam (T7°).

Frequently, after treating the platinum crystal with oxygen and
then cooling it in the oxygen atmosphere, a previously unreported
surface structure could be generated by merely flashing the crystal
several times. This structure is characterized by a diffraction
pattern with quarter order spots rotated 45° to the axes of the
principal platinum features and is designated Pt(100)-(v2 x o/2)R-L50 %2
Its distinctive diffraction pattern is shown in Fig. IV-La when clean
and in Fig. IV-4b when CO is present.

Although the exact composition of this structure has not been
conclusively identified by AES, it is likely to be the result of
either surface reconstructionl8 under the influence of chemisorbed
oxygen, or due to coadsorption of oxygen and either carbon or carbon
monoxide. Since this surface structure was readily reproducible, it
was utilized in several scattering experiments. Pictured in Fig. IV-kc
is the helium beam scattering distribution from this surface. A
comparison of Figs. IV-3b and IV-Lec shows that the two curves have
nearly the same half-width and approximately the same intensity at the
specular angle. From the high scattering efficiency of this surface

compared to those that will be presented in section C of this chapter,

and because the scattering dispersion is equal to that observed with
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XBB T08-3756

Fig. IV-ha. Diffraction pattern for a Pt(100) sample yielding
both the (5%1) and (V2 X 2/2)R-45° surface structures
at V = 63 volts.
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XBB T708-3752

Fig. IV-bb. (V2 x 2/2)R-45° surface structure with CO
adsorbed on the surface, V = 63 volts.
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the clean surface, surface reconstruction rather than order adsorption
of low molecular weight gases may be the cause of the formation of
this surface structure.

If the clean surface of Fig. IV-3a is allowed to remain unheated
in the vacuum chamber for long periods of time, the (5x1) diffraction
pattern gradually disappears and is replaced by a (1X1) pattern as
given in Fig. IV-5a. This structure is indicative of the presence of
surface carbon (presumably in the form of CO) as shown by the Auger
spectrum in Fig. IV-6. In the case of CO on the surface, the (5x1)
pattern can be regenerated by flash desorption; however the introduction
of & small amount of a small amount of a crackable unsaturated
hydrocarbon such as acetylene or ethylene into the ambient permanently
removes the (5x1). Figure IV-5b gives the angular distribution for
helium scattering from this surface that is characterized by the
presence of disordered carbon. Again this distribution is peaked at
the specular angle, but the intensity has fallen off sharply to only
1% of the incident beam strength. Not all of this drop can be
attributed to the higher surface temperature (900°K) during the run
because similar high temperature experiments with clean platinum
give intensities greater than 2%.

If this particular surface is now heated to 1200°K for roughly
half an hour, the surface carbon aggregates into hexagonal patches
representing the basal plane of graphite. Because the patches are
randomly oriented with respect to one another, they give rise to the

ring-like diffraction pattern shown in Fig. IV-Ta. The interesting
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Fig. IV-5a. Pt(100)-(1X1) diffraction pattern at V = 63 volts
in the presence of chemisorbed carbon monoxide.
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Fig. IV-6. Auger spectrum of the surface
yielding the Pt(100)-(1x1) diffraction
pattern.
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feature to note about Fig. IV-Tb is that the helium scattering from
this ordered surface is more intense and narrower than that shown in
Fig. IV-5b. The peak maximum is greater than 2% of the incident

beam, a value approximately half that observed for the clean surface.

C. Effect of Adsorbed Gases on Helium Atomic Beam Scattering

Now that we have explored the effects of the surface disorder
and the effects of various ordered surface structures on the scattering
of helium, we turn to an investigation of the effect of adsorbed
gases on the nature of helium atom scattering. The scattering curve
for helium from a layer of carbon monoxide that is adsorbed on the
platinum surface is shown by the open circles in Fig. IV-8. As
stated earlier CO forms several ordered structures on the (100) face of
platinum and at the temperature of this experiment (300°K), CO
molecules adsorbed in all three binding states should have been present.
The (1x1) diffraction pattern of this surface was quite diffuse and
the broad diffraction spots were barely distinguishable from the
background. These conditions indicate a highly disordered chemisorbed
surface layer and the helium scattering bears out this contention
(Fig. IV-8). The intensity about the specular position is quite low
(~ 0.3%) and there is a definite cosine contribution near the surface
normel as shown in the open circles.

The weakly bound 0-CO molecules can be desorbed by heating the

06

crystal to 500°K, leaving only the more strongly bound B—CO.l A

helium scattering distribution obtained in the presence of this tightly
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Fig. IV-Ta. Ring-like diffraction pattern due to randomly
oriented islands of graphite on the Pt(100) surface.
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bound species is shown by the filled circles in Fig. IV-8. Note
the striking increase of nearly a factor of two in the scattering
efficiency of the surface and the near symmetry of the peak.
Acetylene, when chemisorbed on the Pt(100) surface gives rise
to a c(2x2) diffraction pattern indicative of 50% surface coverage.
The diffraction spots are well defined but broad (Fig. IV-9a) and
the high background intensity reveals a great deal of surface disorder.

In agreement with the work of Smithlsh

who studied the adsorption of
ethylene on Pt(111), the helium scattering curve is almost cosine

in nature. The specularly directed intensity is Fig. IV-9b is low

(~ 0.5%) and the intensity peak broad. Such behavior is to be expected

as fhe result of momentum transfer for the scattering of helium from

light weight atomic species that are not rigidly bound to the solid.

D. Effect of Surface Temperature on Scattered Helium Intensity

Variation in the surface temperature in order to probe the
intensity-temperature relationship has been difficult to achieve in
scattering studies employing epitaxial thin films because of the pos-
sible changes in surface roughness (sintering) and surface orientation
with surface temperature. Similarly, beam scattering experiments in
non-UHV systems are restricted to elevated temperatures on account of
the contamination problem. Thus it was of interest to measure the
surface temperature dependence of the scattered helium intensity and
dispersion. The results are tabulated in Table IV.1l for the temperature

range 450 to 1300°K. It can be seen that while there is a decrease
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Fig. IV-9a. Pt(100)-c(2%x2)-C

diffraction pattern, V = 63
volts. ‘
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Table IV.1l. Temperature variation of intensity and dispersion of a :'
helium beam scattered in the specular direction (6i = -

angle of incidence).

ei Surface Temperature Sdatfefing Intenéity biépersion'(FWHM)
(°x) - (degrees)

hso - 450 , _ k2 18

hse g0 . 205 4o

hse | 1125 2.32 | ' - 33

k5o izoo | o 2.22 33

s 1275 . 215 3
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in-the scattered intensity with increasing surface temperature, this
decrease in the scattering_efficiency:of the surface is not‘monotonic
as‘one would expect duevto.thermai vibrations of_surface atoms. The
minimum observed et 900°K is veryjreproducible andris probsbly due to
theAsdsorption of CO into the B binding state on the (100) face of |

platinum during the course of the experiment..

E. Scattering of Other Monatomic Gases

:"Oniy a'few experiments were conducted with rare ésses other than
. helium. Some early runs were made wlth Xenon but were discontinued
because (l) the high through-put of the beam source made such experiments
very costly, and (2) the scattered 1ntens1t1es were very low (< 0.5%).
Figure 'IV-10 shows the results of an experimental run in which argon
was.scattered from the clean surface. This curve is more disperse_d
end lower in intensity thsnvthose observed under the same circumstances
for helium 1nd1cat1ng that argon undergoes a stronger interaction with
the surface as one might expect from its higher polarizabillty and
larger heat of adsorption. The maximum intensity for this run is
1dentical to that reported by Stoll, Smith and Merrill 12k for Ar
scatterlng from a Pt(lll) surface that was concurrently characterized
by LEED ThlS observation, in contrast to the vastly dlfferent He
iscattering results obtained w1th the two surfaces, 1nd1cates that argon
is a much 1eSs sensitive probe'Of the_surface environment than is'

helium.

b g
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. Fig. IV-10. Argon beam scattering from a clean Pt(100)

surfece. T - = incident beam intensity.
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¥. _Discussion

" We shall first consider'the extent of-agreement.of the ohseryations
reported here with prev1ously publ1shed work. Then we shall discuss
the results of these studles and the conclu51ons that can be drawn

’From the data shown in Figs. 1, ’2 ' 3b, Le, 5b, 7b, 8, and 9b of this
chapter, 1t is apparent that although the beam dispersion varies greatly,
there is always a maximum in the hellum scatterlng dlstrlbutlon at the
specular angle for a (lOO) platinum 51ngle crystal surface in the range
of gas andrsurface temperatures inyestlgated. Slmllar-findings_have
been reported for helium scattering on epitaxially.grown single »

52

crystel films of Ag, Ni, and Au’c and on single crystal surfaces of

W56,l25 and.Pt.90’l2h
' Our results have also_confirmed'the'great.sensitlyity of helium
scattering to surface disorder. It appears that there is'a qualitative
correlation between the diffraction spot intensities_of the LEED
patterns.and both the beam dispersion and the scattered.beam intensity
at the'specular angle for heliumpatoms as observed by Smith.lsh' The
_loss of-diffractlon features and the corresponding increase in back—
ground intensity coincideiwith the decrease‘invthe scattering efficiency
of the surface to below l% of the incident'bean
| A comparlson of our hellum scatterlng from the (lOO) face of
53

platinum w1th the results obtalned by Datz, Moore, and Taylor, and

those of.Hlnchen and FoleySh

u31ng polycrystalllne platlnum targets
reveals certaln discrepan01es. Both studles yielded c051ne-11ke '

dlstrlbutlons for scatterlng from surfaces at 300°K. This would
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certainly be‘ekpected if the platinum suffaces were covered by a.
disordered layer of low molecular weight gas'(viz,‘ Fig. IV—8)} The
scattered intensity observed by_tnese investigators at higher temtera—
tures (>’5000K) nowever,uas_predominantly backscattered (i.e., the
peaks werevlocated between the sbecular angle and the surface normel),
More recent observatlons of hellum scatterlng on a varlety of clean

13,k1, 51, 52, 56, 90 12&-127 as well as our

single crystal surfaces,
own observations for the (100) face of platinum, indicate that the
scattered helium peek does nottdeuiate from the speculasr position as the
_surfece temperature is raised. As has been shown in this chapter,
surface contemination reduces scattereu,intensity'and increases the
dispersion of tnevSCattered beam but it does not shift the scattered
beam maiimum in the caée of helium. Consequently, contamination, even
by species diffusing from the bulk, cannot account for the observation.
One pOSSible reason for this discrenancyvlies in the different topography
of the single crystal and polycrystelline surfaces. Experiments
conducted during the epitaxial growth of a (111) Au film13 (in order

to maintain a c¢lean surface) have shown that helium scattering.from'
polycrystalline surfaces tends to be somewhat backscsttefed and is
much~troader than fnom.e monocrystéiiine surface of the same material.
The presence of grain boundaries, dlfferences in step helghts, and
dislocation and p01nt defect den31t1es may markedly affect the scattered

1ntens1ty distribution frOm polycrystalllne surfaces. Unfortunately,

no temperature-dependence studies of helium scattering from clean
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polycfystailine sﬁrfaqgs have yet been reported, so we cannot check our
cdﬁténtioﬁﬁthat the local‘micrdscopic topography»df thé surface is
fespoﬁéible for the observed éngular deviation'with.ﬁémperaturé..

Our studies indicate that while the scattered heiiuh beam may be
useful for moniﬁofing suffaqe disprdgr,biﬁ éaﬁnot éiétingﬁish well
beﬁﬁeen'ordered surface structures of‘diffefent kinds. No diffraction
features were obéerved ih the_plané‘of incidence_fdr inéident énglés
between 45° and 666; and no exhausti&e search of the out of plane region
was conducted. If atomically rough'sﬁrfaces Causevdiffractibn of
helium beéms as suggested by the work of Tendulkér ahd Sfickﬁéy,h8
then a sﬁrface yielding the (5x1) diffraction pétterh might also be
expécféd to diffrdct, especiqlly when the beam strikes the crYstgl'
within 5° ofbfhe (100 ) direction es in this work (see Fig. IV-3a).

L7,48

Obéervedvdiffraction beams, héwever, are veryvnarrow and our
deteéfbr méy.simply,héve‘integrated.Qut'the effécfs of any sharp,
éxtfa features in the scatte:ing distributions. Becéusevthe intensity
maxima for scattering from the (5%1) and (/5-* 2/2)R-45° structures
were'ﬁearly of identical magnitude, the heliﬁm beam seems relatively
ingensitive to the périodiciﬁy‘of the scattering iattice. The'dleah
platinum surface énd thé giéphitic carbon surface, however, yielded
scattered maxima that-differed in intensity by a factor of two. This
is largély aue to the different atomic massesvof pquinum and cafbon
(a maés ratio éffecf'with the helium), because a calculationvbf:the-

relative heliUmlscattefing intensiti¢s from;platinum'and graphitev

: surfaces”using the hara cube modé187’§8 gives”fQUghly.a factor-of-3
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‘difference,deveh thouéh the'predicted_angle.of.aaximum‘intensity is
incorrect.f.Thus, while the scattered intensity of the.helium beam is
: slightly.sensitiVe to'thepchemical_naturevof the»scattering'surface,
it ishprobahly not selective enough tovhe experimentally useful becausev
the scattered intensities from the (id05 surface are too weak. The
real test of* this contention is to compare in the same apparatus the
scattering'intensities from (iOO),'(llo); and (111) surfaces prepared
under identical conditiohs. | o
The'temperature’dependence ofdthe scattered.helium.distribution

shows”a,decrease in the meximum intensity of more than fifty percent
with increasing tehperature in the range of 450°K to 1300°K. ‘Due to
1ncrea31ng thermal disorder ‘with 1ncrea31ng surface temperature,‘one
would expect a monotonic decrease in the specular 1nten81ty The
deviation at 900°K from the expected fall off is probably due to the
adsorptlon of the B blnding state of Co from the ambient atmosphere.
As we stated earller thls spec1es desorbs near 880°K and the small
temperature difference is probably not enough to prevent the gradual
“readsorption of the gas; Above 900°K, the peak shapes and dispersion
were reﬁarkably similar. - |

‘“We haVejobserved a decrease‘ih the scattered helium dispersion'
upon ordering of surface'carbon; On the (lOO) surface there appears
to be a sllght decrease (h0° > 30°) 1n the half-w1dth in going to the
'ordered surface as’ would be predlcted by our earller arguments con-
cerning dlsperslon and surface order,e Merrlll and Smlthleslhowever

have reported a drastic increase in the half width (18° + L0°) in
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going from the amorpheus to the ordered carbon surfaee structure on a
pletinum'(lll)'surfece. These differences'in the dispersion of the
scattered beams from the two-platiuum surfaces may be aue to the

" inherent differences in the atomic structure of the two crystal planes.

Finally>letIUS consider'the differences in the observed half-

'w1dths of the helium scattering distributions. -On the (lll) feces of
the face-centered ‘cubic metals studled to date; the observed scattered v
hellum peak half—v1dths ;ncrease in the order N152_ 9 Ag -> Au52
which’parellels'the,inCreaSe in the'bebye temperatures_ef these solids.
Smith and Merri11%° have reported half-widths for helium as small as
8o gn the (111) face of piatinum. We note that LEED'studies ofvthe.
clean (111) faces of these merels hsve shown thaf they'do hotbreadily

undergo structural rearrangementsb(reconStruction). The (5%1) surface
strueture on the'(lOO) face of platinum may, however, represent a
rearranged:surface with.respect to the bulk-like (1X1) unit mesh.
There’uould'then be a periodic "buckling" of'the surfece plza_;nelg9

resulping in increased surfacefroughness'which;_according to data '

preSented earlier would yield broadened scattering peaks. A (lll)

overlayer seems unllkely, though in view of the intense specularly

90

'.dlrected scatterlng (~ 257) observed with that surface compared to
the ~ 5% maximum 1nten31ty measured w1th a Pt(lOO) (SXl) surface.
| Yamamoto and Stlckney recently reported on rare gas scatterrng
frdm,a W(llo) surface and they found surprisingly broad half-widths
-~ 30°) for helium scatterlng Their crystal was-cleaued.by oxiaizing
-7

the" carbon 1mpur1t1es in 2 x 10 torr of oxygen at 1300°K with
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occasional flashes to 2000°K. Germer and May, in studies conducted

between 3 X 10‘_1o and 3 X 1077

torr 6f oxygen, have postulated fhaf
cxygen atcﬁs sre'adsofbed into the tungsten-lattice by interchange
with the W etoﬁs along siterﬁate rows in the surfsce layef'(surface
recohsfructicn). 'Subsequent'heatiné so femperatﬁres ﬁp to 2000°K
131-133 1t tnis

- produces the.evapcration of WO‘_and_i£S‘polymers.

3
treatment were to lea&e e rather rough surface that did not have
sﬁfficient'time to anneal out due to cdntihued reaction with back-
groﬁnd oxygen (P02 ~ S'leo-lo'torr), the presence of such a rouéh
surface could possibly account for the.obServed helf-widths. Such

a rough surface is even more likely in view of the recent work of
’.Weiribergl25 who reports 10-126jhalf—widths fcr helium scattering ffom
a (110) singie‘crystal tungsfeh surfsce characferized by LEED.

' The only other reported cesecof scattering ffom a (100) surface
is from an epitaxial thin film of silver grown on a LiF substrate.lsh
For this surface, the authors show a scattered peak with & half-width
of approx1mately 15°, a value s1milar to that we observe with platlnum.
Using ball models, a comparlson.of the (100) and (111) planes of a.
fcc solid shows that the former is somewhat rougher than the latter.
.Since the helium afom.is Smail and it penetrateS-deeply‘into the |
-repﬁisive part of the interacticn potential,rthe'different microscopic

surface geometry experlenced during 1ts trajectory may induce the

”broader scatterlng observed w1th the (100) surface._
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V. SCATTERING.OF POLYATOMIC GASES

. A. Introduction

7 ﬁhiie_theré.is sfill much‘to be 1earnéd about the detailed
meéﬁﬁnigms of vdfious gas-soiid intéractions by écattering rare gasv.
bedms.from wellfcharaéterized surfaces,Tthe mciecﬁlar beam technique
aiéosaﬁpéafé'to”be an idéél todintd ihvestigdfe'the pro;ésseé taking
pléée during surface»chémicgl reagtiéns. Experiments with erossed
molecula? beéﬁs héﬁe long Been.uSed to probé the elementary steps of

3-5

gas phase reactions” and'a.similar'gﬁproéch to the probléms of surface
ChemistfylShouldiyield much Valuabi§>ihf§rmation. Theoretically,
‘such studies can be used to obﬁ#iﬁ thé angular disfribﬁtionvof the
écattéréd gas‘pafticles and reaétion prodﬁcté; the partition of
intéréction energy among translationgl;'vibrational,vand rotational
modés; the sgrface residence time, and the reaéfion probability as a
function of surfacé‘and ggs temperatures.. As-poihted 6ﬁt ip the first
éhaﬁtéf;very little work of this type have been carried out to

date. The work described in this chapter was undertaken to lay a
fOundstion upon whigh fﬁture investigations mighﬁ be based.

.'BefOré we pfoéged £Q éiécuééfthé'data, however, let us first =
'_éxamine.the magnitudé of_the enéré&;ﬁﬁd time scaléskiﬁpgrtant:to the
bfdéeéséé'thﬁtlconcern us. In the incident'mblééﬁlar beam,‘fhe gas
presﬁﬁré'is so‘iow that thelpafticles behave independently. 4Hence,
theif internal energy statesvare determined_byvthe cqndifiéns'ét their

point of origin and are'Sﬁbject_only_to:unimblecular relaxation



processes.' The‘ihterhal métions of an individﬁal mplecule,vthough,
can be markédly affecfed'by a colliSion with the_éurfacé; By Sﬁmﬁihg
the energies'associated.with translstional (T),'rotatioﬁal (R),
vibrational (V), and electronic (E) modeS'éf.e¥citation, a good

approximatidn tosthe total energy Etot of the molécule may be obtained.
Biot = Ep* Eg ¥ By * By (v-1)

For a particle of mass m contained in a box of side S, the translatibhal

135

energy levels are given by

where h is Planck's constant and the n, = 1,2,3... are integers. Taking
N nitrogen as a.representative molecule in a box of macroscopic size .
(1 cm), we find that the level separation is
20 eV

AE;, = 7.5 %10 (V-2v)

135

It can be shown lthat the rotational and_#ibrational.energies for

a rigid rotor and a hérmonic oscillator.are‘given,'reSPectively, by

B

.‘J(in)hwh L | - (V-3a)

Rl
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~where J = 0,1,2,... and n, = 0,1,2,... are the rotational and vibrational
quantum numbers, respectively, and wR, wv,are the corresponding
. angular frequencies."The latter Quantities may be obtained from

Table V.2 and the relationship

w = il | (v-5)

where k' is Boltzmann's constant. Substituting the appropriate values

for nitrogen yieids

3

ev - | (V-3b)

Al

1.5 x 10~

e,

0.15°ev - (V-bb)
Clearly the fotatiohal and vibrational levels are spaéed successively
further apart. While many rotational levels are occupied, few'moleéules

are above the lowest vibrational state. The relative population of

fhesé'différent states at e@uilibrium is simply given by the Boltzmann
-factorl35'

¥, %P \Twr /) (v-6)

Tablé V.l'shows the number Qf'moléqﬁiés in the first vibrational'state
comparéd‘to'those in the ground state fot;several diatomic molecules.

A EVeh at 1000°K this fraction is smallafor’such'gaSeé as H, o
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Table V.1. Relative occupation of vibfétional‘energy levels at

equilibrium

Fraction of molecules in first vibrational state
compared to ground state

Gas | T = 300°K 7= 1000%
H,  2.16x107° 2.51x1073
N, | 1.40x107° 3.50x10™2
co- - 3.43x107> »1+.58x10.'2
o s - LopacT
I, - 3.60%107 = 7.36x107"
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In the case of nitrogen the energy difference between the ground and

first excited state is

AEE = 8.6ev . o (V-7)

and while this is somevhat high, it is still g..typic‘a.l velue and dem-
oﬁstrates that esséntially all moléculés.afe\in their lowest electronic
state. Tabléé V.2 and V.3 liét*éome relevant pargmeﬁers for the gases
of interést‘to this thesis and compare energy level spacings_for
rotational and'vibrational'transitionsjto the energy of the maximum

Debye phonon

Ephonon T _k eD (V_S).

'where,eg is.the surfacg Debye temperature obtaingd'from LEED‘expériments.
vThe reason for this comparison is that the optimal coupliné (énd thus |
'ﬁaximum energy transfef) between the gas and the solid occurs whén

thefe is a near resonance between the surface modes and a vibrational

or rotafionai mode of the gas. |

-'Thevreaétioﬁ of hydrogen and oxygen to form iiquid water is-é

very ekothermic, but common, chemical reaction:




"J J 3;} &,.} w,‘; {} i 5 23 ‘5 ?
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Table V.2. Rotational, vibrational, and electronic energy level

»
spacings of selected diatomic molecules

_ ' \ - A
Ges 8_(°K) 'eV(KO) AEE(eV) _"Dg (ev) -—fg&ij— ﬁ__EX__
R ; e : Tphenon ~« phonon
B, 87.46  6322.3  11.431  L.L476 4.TT § = 290 5T.L8
- ' ' 7.95 3 = 371
HD 65.67 5490.7 11.433 © h.511 1;19 j =120 49.92
- o - 2,39 3 = 21
D, 43,77 LL85.8 = 11.k432 L. 554 2.39 3 = 20 40.78"
- . L . -7 3.98 3 = 39
N, 2.89 3394.2 8.638 - 9.756 0.16 § = 2%0 30.86
. | - 10.37 3 =371
co 2.78 3121.7 8.113 - 11.108 0.51 j = 10 28.38
_— ' : . 010§ = 201 '
oN 2.73 2975.7 - 1.152 .. 7.6 0.50 J = 1+0 27.05
B | AR 0.99 J = 2*1
No 245  2738.3  0.015  5.296  0.45 3 =140  24.90
C - 0.893 =21
o, 2.08  2273.8  0.987 5.080  0.11 j = 250 20.67
. , : ' . - 0.26 § = h+2
*'Values listed‘ﬁére-obtained from'ﬁhOSe feported in Ref 136 by
multiplying by he/k to COn#ert.cm~l to °K. _Npte that Ephononv= k 63.

where'eg =-110°K for platinum.lo5 The bulk Debye temperature of
~ platinum is 23k°k. . .-




' Table V.3. Vibratibnal and electronie energy level spacings for

: »
some polyatomic molecules

3 NH

) wd - .. . | . o
Gas .61(°K).V o 62(°K) 63(°K) Bu(°K)- es(fK) AEe(eV) D (ev) |
o, 168 -, s0.0 s - - 5735 D(e-c0) = 5.433
,Neo 321.9 7 7 846.9 1848.3 - - 4. 068 D(N_-0) = 1.677
- . T | -~ p(N2N0) = 1.930
No,, 1898.3 1078.6  2327.1 - - 1.870  D(0-NO) = 3.115
S o . D(N-Oé) = 4,056 °
3 4799.0 13h1.4 4953. 4 2339.1 - 5.751 - D(HE-NH,) = k.38
o CH, 4851.1 2838.8 4739.5 879.9 1048.9 5.261  D(HC-H) = L.9
B - o - , | . p(u-Bm) = 9.886
" ibénzf 33504 1208.7 3103.9- 729.3" 335.3. h.15d. D(NC-CN) = 6.261
_Nzoh' - - - - - - D(QQN-NOQ) = 0.59%_

SR , S E _ . - ‘
L Obtained from values listed in Ref. 137 by multiplying by he/k to convert cm 1 to °K.

-95If



Hy(g) + 3 0,(8) > Hy0(2) BH3gq = - 68.3 keal = - 2.97 eV (V-9)

One éan see that the’releése of_almost 3veV'proVides'enough energy to
induce transiﬁionsvin vibrational if not electronic states. Fortunately
mdéf.éﬁemical feaétions’are less ekothermic than this and thus one
can»usuélly diéregard ?ossible electrohic excitatiqn of the product
species éXcépt in a few speciél cases.. Thermal energies on the other
hahd'aré’véry’muCh émailef, g-kT = 0.039 eV at 300°K,'so that even
vibrational transitions become highly‘unlikely. Generally speaking,

ail speciés except the hydrogénic ﬁolecules arevfully rotationally
excitéd‘and consequently energyltranéfer into rotational modes would

be difficult to detect. (We note in paséing, howéver, that Saltsburg
' 127,138

and his coworkers have observed the effect on the angular.

scatterihg distributions of énergy transfer into the rotational modes

of H,, HD, and D,

the translaticnal energy levels aie extremely close'togethér and for

produced by collisions with the surface.) - Because

practical purposesféontinuoﬁs? a mblecule can easily lose or gain.

' énergy’fhrough this ﬁode. “In principléichanges in the mean velocity of
the scattered beam (due to pa;tigi thefmal aécOmmodafion and/or phonon
intgrhétiéné;with the surface) aslsﬁall és a_féﬁ'peréént of the avéragé
spéea'shbﬁldvbe aetectabie, ‘For AV = 1000 cm/seé, this.correéponds
roughiy to AE ~ 3v><'lO>_5 eV‘fSr nitrogenvor a émall ffaction Of‘thermal_

energies. Whefhef such fine reSOlutibn'wiilgbe achieved depends upon

solving the incumbent ekpérimental’difficultiés.
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So far we have only’ihdicated the'energies involved in possible
btransitions,_but what about the associéted time scaleé? While thev
gas-ﬁhase tranéfer of eﬁérgy vi# E+E, E-»V, E+R, E > T, V>V,

v - R;-V'+ T, R > R, R'+»T; and T + T reléxation modes has been
sfﬁaiéd,l39_excitationv&nd défexcitatibn'during fwo phase.collisions'
havé reéeived'muéh less attehtion. .Qur expériments inVolVe'énergy¥
exéhange of botﬁ types.v

"Once the gas beam 1is formed;:particles iﬁ the rarefied stream
travel ffeé of external:intéraétidhg:forb~ 10-3ﬁseéqhds befbre striking
the target surface.b Folloviﬁg a collision whose duration may véry
from 6he to many surface vibrational'periods, tﬁe molecule spends an
additional ~ lO_h seconds.in a collisionless state befo?e'reaching
the detector. In its flight time on either side of‘the-crys£gl, the
molecule canvundergo only purevintfamolecular relaxation_proéesses
(i.e., sponténeouScemiséion), but, ‘during the collision, energy may
be éxchéhged between the gas,and'theisolid. This latter process is .
-called thermal accdmmédation-énd was first treated ﬁy K'nudsen.lho :
The thermal accommodation coefficient is usually defined by
o T E-E L (v-10a) "
.wherein‘is_the enefgy of_the inéident mqiécuiéé, Es is th¢ énefgy the
gas mé;écules wouldihéve ifvthex_ﬁere inféquilibrium with ﬁhe solid,
&ind Erls the energy of the reflected mo_lécull‘és:. For & Boltzmann .

dist?ibutibn,these energies'aré given by Ei[é ékTiN-wheré Nvisrthe
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number of molecules striking with the surface per Seoond. Thus we

obtain
Ti - Tr o
¢ =T T, - (vaaom)
1 s . .

In the case of polyatomic gases, one can define two accommodation

T

associated with internal energy exchange. uFeuerlhl has shown that

coefficients — o,, associated with translational energy exchange and

1 | | .
the translational and rotational accomﬁodation coefficients are not in
general equal'and that for surfaoe'temperatures in excess of incident
gas temperstures, "those ﬁransitions.afe favored in which there is

a loss of energy from the solid to the gas molecules." Additionally,

there are experimental indications that aI can Be'considerably smaller

142-146 1L7

than'aTL Calculationsvby Hunter concerning Vibrational

enefgy transfer at gas-solid interfaces have_demonstrated that the
probebility of vibrational deactivation during specular reflection,

13

i.e., collision lasting ~ 10~ seconds, .is small (less than 2% for

002 end N0 on NaCl) but that the probobility is near unity when the
ﬁolecuie is adsorbed‘for 10—9 to 10'10 seconds; Since the typioal_
periodﬁof a single'surfacovatom Qioration is about lOfle,seconds, this
corfeoponds toH100-1000acollisions.

7 Teble V.l 1lists some representative gas—phase'relaxafion timésr

9

Under STP conditions there are ~ 10 collisions per second and the num-
- ber of collisions required to produce a_desiréd relaxation process is
‘norﬁally giVen by the product of the relaxation time and the number of

kinetio‘collisions per'second.. Foer -+ V transitions this number is



0.

~ Table V.L. Typical mblepular relaxatibn times;39.'

Process  Collisional relakation (gas phase at SIP) ' Spontanesus

10%-20% 10T 0

T T
w0t e

Clr s EE A - *’-;:_~1Q;9;g; a';v_;;;_, B ;n;Q?Q L

'elgctric}dipolg,d;lowed;_h

' T“éleétric quadrﬁpdie ail6ﬁed‘ﬂ.."

‘ ‘fn.C{not'chargcteriZéd*
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10-10,000 which is the same value we deduced from Hunter's work. To

deduce the rates for relaxation in a collision‘free state such as

exists in the beam, we can use the Einstein A and B coef.f‘icien’f,s.lb'8
3
A = §1r33‘-\-’— 3 | (v-11)
c

where A ié'the_probability of a_sponﬁaneous transition and B is the
probability of an indﬁced transition, both per unit time. In the

. dipole approximation, B is given by

B = 2L |p|? (v-12)

, 3h2
where.lDl is the dipole matrix‘element'whose:magnitude méy be approxi- -

mated by the molecular dipole moment. Dipole moments range typically
8 .

from 0.1 to 3 Debye units (1 x 10_l ve{s.u.—cm) so that a value of

1 Debye may be chosen as representative. For an electronic transitions

ofvenergy S»eV, the corresponding frequencyvis:v = 1.2 x 1ol5 srec_1
so thaf we éan calculsate
A = 2x10" sec™t (v-13)
or the'rglaxgﬁiop time is' |
T#i = A-i ;:‘5 X 10-8 sec;  V ; , .  (V-14)

Other mechanismS‘such aévmagnetic-dipole or électric quadrﬁpole are

operative in spontaneous emission if |D| = 0 and the relaxation -
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times can be much longer. We can use the same approach for estimating
VibratiOnalllifefimes. Agaln setting |D| l Debye and using AEV

13 s

.05 eVor v =1,2x10 ec_;,‘the‘spontaneous emlss1cn relaxation

time is

For practical purposes;_sﬁonfaneousvfofefional relexation.will not

occurabecause fotatiohallfregﬁehcies afellargef than viﬁfatiocal

frequencies byvone.ci tﬁcuordereicf magnifude ahdﬁcoﬁsequently the

relaxation times mey be lO3 to 106 times lohger. Cleerly.for molecular

Beaﬁ'e#periments:ohe does;noé heed‘fbvconslder internsl relaxeticc of

theibeeﬁ species ekcept.lﬁ vefy SPeciel cases. 'Table‘V;h.can éive

us écme ldea aBout feasible energy ekchanée‘eXperiments.
iSpecies'vibraﬁionally'eXcited by their collision ﬁifh the surface ‘

could live long enough to reach the detector but some way would have

to be found to dlstlngulsh them from unexc1ted molecules. From |

Tables V.2 and V.3 it is apparent that to occur, such an excitation would

require: either a multiphonon process (highly'improbable) or a cheﬁical

reacfioh.fo provide the energy. ‘It might be somewhatveasier to study

'collls1onal quenchlng A beam of molecules iﬁ‘en excited:rotationEl

or v1brat10nal state could be 1mp1nged on the surface and then the

vscatterlng compared-with the same experlment_performede1th ground ;~‘

statejspecies. Agein;”hOWever;-there is the deﬁector problenm ﬁith

which to con‘c‘,end.v 'léhc,ton_'detector.s could be ‘employed to study shrface.

'induced;E 4‘E.transiticns;fbutAefﬁoleculeVWith;a~Vefy.long—lived'excited-'
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electronic state would'need to be fouﬁd, Probabl& the most exciting
poséibilitYfié t0 measure the translational energy of the reflected
partiéies‘as a function of aﬁgle. In this way one could probe the
angular'dependence‘of thermal accommodation, adsorption, and surface
chemical reactions.

As with all preliminary investigationé,'though, one can rarely
- perform the ﬁltimate experihent and learn everything on the first
attempt.l A Basic'apparatué must be assémbled aﬁdvproven before
sophisticated changes aré mede to undertake more iaealized studies.
Conéequehtl& we restricted our attention to meésuring the angular
distribution'of gases we felt wefe important to specific chemical
reactioné that werevto be attempted. The following sectioﬁs relate

that data.

'B. Non-Reactive Scattering Studies

When a polyatomic mblécule collides witﬁva surface it ﬁay
exchange translatipnal,‘rotational, 6r vibratidhéi enérgy with the solid,
of itvmay undergo é chemical reaction. Results descriptive of the
former type_ofvinteraction_are'presented below.

1. Nitrogen and its Oxides

Figufe_V—l:pqrtrayé the scaftering of nitrdgen from the clean (100)
Surfdée<of”platinum. The overall intensity is lower than that for
helium (1% vs. 5%) but we would expect this because nitrogen is a
ds is larger,

_ interacts more strongly with the substrate. In'faét,'fhe Ngvscattering

diatomicvmolecule,‘has'a larger mass, and, &s its AHé
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Flg V-1, Spatlal dlstrlbutlon for a nltrogen beam
- scattered from a clean Pt(lOO) surface I =
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cbmparesifavorably &ith ﬁhat1of argdn'which has.a similaf atomic mass.
Scattering curves for nitric oxide (NO) are shéwn iﬁ Figs: V-éa and
V-2b. The éngle of inéideﬁcg was h5°'as'in the previous experiment,vbut
now the surface wés muéh hotter than.the gaé'and the peak'maxima-are
baékscattered, cdnfirming Feuer'slhl hypothesié of energy tranSfer to
a cold'gaé from'a hot surface. Of courée,'ffom‘thé hard cube picture
and simple“arguments*coﬁCerﬁing.mnmentum tranéfef, we would also
predict such backscattering. ‘The two surfaces employed for the
ekpériments were the clégn_(lOO) face (Fig. V—Ea) and the carbon ring
structure (Fig. V=2b). Evideﬁtly nitric oxidevsees little difference
in,these'éurfaces as the overall peak intensifies are similar.

In Figﬁres V-3a and V-3b we show thé scattering distributions
for thé linéar'triatomic molecule nitrous oxide.':Again:the peaks.are
slightly backscattered and the ihtensities of the two curves are similar,
with that from the clean surfaée béing somewhat highef. Finéliy,
Fig. V-4 presents the results from the carbon covered platinuﬁ of
~ scattering nitrogen dioxide, a bent triatomic molecule. .While the
peak intensity of this curve is lowér.than tﬁgt.for N20 from a like
.surfacé; the maximum in the curvé:aépgars to fall in the same location.
The Pgﬁcityzqf points on this curve is due fo'thé_eitremely corrosive

_neture of NO, and the strange effects it was having on the beam

‘generating system.
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F:Lg ‘Ve2a. N1tr1c ox1de scattering dlstrlbutlon from a
clean (100) platinum surface
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Fig. V-3a. Angular dlstributlon of nltrous oxlde scattered '

from a clean Pt (100) surface.’
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2. Hydrocarbons, Carbon Dioxide, and Carbon Monoxide

Whenever unsaturated hjdrccarbohs:were admitted to the clean
Pt(lOO) surface, carbon deposits eventuallyiformed, especially at
elevated:surface temperatures. Figures V-5 and V-6 show the scattering
distributions for acetylene‘and‘methylenecyclcbutane. The acetylene
run was performed b&'flashing the crjstal between data points to
remove adsorbed'acetYlener Durlngvthe course of the run, a ring—like
diffraction patterh developed; the that the peak maximum'represents
only'O.S% of the incidentvbeamr vln'fhe case of methylenecyclobutane,
the surrace was maintained hoteto preclude the pdssibility of adsorption
and, as before, a riné developed frcm the surface carbon. Error.bars
are 1ncluded in thls flgure to glve ‘some 1dea of the noise level during
the measurements |

Results for C02_scattering are presented in Fig. V-T. 'Within
the accuracy of the data, the maximm in the angular distribution
comes at the specular position. Like acetylene, carbon monoxide
interacts strongly with the platlnum substrate (See Chapter ITI-B).
Figure V—8 gives the angular distrlbutlon for CO scattered from a
surface flashed between p01nts as above. The maximum intensity is
very weak (~‘O 25%) and falls at the specular angle. This event is
somewhat.fortultous as 1nd1cated by Flg. V-9 were scatfering for an :
1nc1dent angle of 60° is shown. The difference in intensify between

the two curves is probably due to the loss of particles in the first

1nstance,through absorption onto the clean surface because in the
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latter eiperimentvthe‘crystal wasvnqt flashed or to the slightly
higher'éurfaée féﬁpérature, vif the témperéture of the solid is raised
above ﬁhe'desorption'ﬁoiﬁt of the B bihding'stafe fof-CO on platinum,
adsorption of thé beam can be minimized. In spite of fhe decidedly
asymmetric.peak, a striking increase”df more thah a féctof.of two in

the scattered inﬁenéity is bbserved‘in Fig. V;lO'which shoﬁs.the_
results of‘a_fﬁn in which thé crystdi’was heéted to 925°K. An intensity’
décreése wﬁﬁld bé expected if only thermal rbughening df the surface
were'important. Aggin the curve is backscattered due té energy

transfer to the gas.

3. 0Oxygen and Ammonis -

Fiéures v-11 aﬁd'Vflé éompare fhe scattering of_oxygen from
platiﬁum undef twb entifely difféfentvéurface conditions. The curve
in Fig. V—il was obtained after fldéhing the sampie to 850°K between
dafa points. Note the backscatterihg vhich is probably due tovenhanced
energy excbange with the solid becausé 6f the presence of residual CO.
InvFig, V-12 is shown thé result on the distribution of flashing the
crystal to 1000°K between measuréméhts to free the surfacevof'thé
tightly bound CO. Altﬁéugh the'intensityvhas.not changed, the.peak
maximuﬁ has‘shifted to the specuiar position. "

The scattering of ammonia is portraye§ in Fig.-V-13. The angular
-distribu@ion_ié very brogd andvthe presencé qf oxygen in ﬁheISCatteriﬁg
, chaﬁber'ambiénﬁ seemsvté'pévé no'meaéﬁrable effect on the interaction.

Clearly from the weak intensity dompared_to the preceeding curves the
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from a clean Pt(lOO) surface

beam 1ntensity

b eam

= 1nc1dent
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ammonia-platinum ihteractioh is very strong (AH

ads 18 large) and a

long collision‘with the surface_presumably leads to near'equilibration
of the’NH3.wi£h the surface, and thus o cosine-like distribution.
Fiash'desorptioh experiﬁents did not reVeal the preeence of an& ammonia
oh the surface during this work, but AES was_hot used to check for
surface'nitrogeh'ahd thus the adsorttionrof‘ammonia cannot he~ruled

- out completely.

Y. “Hydrogen and Deuterium

Hydrogen and deuterium scattering were studied because these gaEes
ha&e'been.intestigated preyioasly on a variet& ofbother
surfacesl7’35’ho’hl’53’9o’l25’127’138 ahd because they were of interest
tovreaction studies; Duevto the large amount of residual hydrogen in
the chamber background however,vlt proved 1mp0531ble to use thls gas
. as the‘beam species in reactive scattering experiments. In Fig. V-1h
we oresent the scatterihg results for hydrogen from a clean platinum
Surface maintained at llTSdK; Compared to other,polyatomic gaees
scattered from hot surfaces, this curve is ihtehse and the maximum
falls at the specular position'as noted in previous
studies,ho’hl’90’125’127’138 although the dlstrlbutlon is surprlslngly
. hroad; Flgure V-lS shows the data for a s1m11ar experlment performed
with‘deuterlum 'This curve appears to be somewhat more narrow than
that for hydrogen and the overall 1nten31ty may be sllghtly hlgher.
Nelther the présence of oxygen or hydrogen in the ‘ambient (Flg V-16)

vseemed'to effect the deuterium scattering, but there is a large amount
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of scatfer in the data from the_ﬁigh background_noise level.
YS.IVDiecussion

It.is:pgssiole torcombare the scaﬁteriug results above with data
previously obtained for scaftering various distomic and polyatomic
molecules from the (111)MSurfaces of several otﬁer face-centered

%0,41,90,127,138,149 125

the (110) surface of tungsten,
35,53,57,58

cubic“metals,
and from different polycrystalline‘solids Coltharp, Scott,_
and Muschlltz57 58 have studled the scatterlng of mitrous oxide from
a tungsten ribbon composed primarlly_of crystallites having the (112)
.oriehtation.' At room‘teﬁperauure the& detected:a_cosine angular
diStribufion'for fhe reflected'gasr This observation is.not.too
surprising because fhe ambient pressure‘in their scattering chamber
(4 lO -6 torr) wa.s hlgh enough to 1nsure that the surface was covered
by adsorbed gases We have already demonstrated.that the presence of
low molecular weight.speices on a surface considerably broadens the
spatial scattering'distribution. They also obserVed; however, that
higher surface temperatures yielded pronounced.lobular-distributions
withebroad_intensity»maxima in the vicinity of the specular position.
These same aufhors report58 that bothinitrogen and nitric oxide are
backscattered from a‘tungstenvsurface heated to 2500°K. Although our
platinum;surface temperature,was’cohsiderably lower, ue‘have'also
obserred tuat nitric oxide”scafters'back uoward_the~surfecevnormal

| from;a hof-surface in agreeuentdwiuu their'observatiou.' |
The scattering of nltrogen molecules has been studled b& several

9,58, 149 Hurlbut9

-authors found that nltrogen was scattered dlffusely

N\
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from pbliéhed steel, polished'aluminum gnd uﬁpolished glass except at
néaf grazing incident‘anéles (Gi > 80°) where somé pegking was observed.
In view of the poor residual Qaéua aéﬁievéd (c.a. lO—6 torr) and the
preéence invthe work chamber of hydro¢arbon vapors'from the diffusion
pump oi;,lo the specimen.surfaces wéré unddubtédly contaminated and

we wbﬁldvthus‘expect themvto yield distributions of scattered gas

150 and

mblecules close to the cosine pattern. Stickney and Hurlbut
Stickneylsl have measured the normal momentum £ransfer between raré

gases, N_, H , and CO, and the surfaces of tﬁngsten; aluminum, and
2° "2 .

2
pldtinﬁm‘through the use of a sensitive torsion balance. Angular
_diétfibutions.were not‘determined, but they observed that for argon and
nitrogén the fransfer of momentﬁm ffom the gas to the solid in'the
direétion normal to the sufface was similar. Carbon dioxide, on the |
other hand, was more efficient than these gases at transferring normal
momentum tovthe solid while neon, hjdrogen, and-helium wefe less
efficiént; If the normal moméntum transfer can be taken as a measure
of the énergy lost by the incideht gas, then one-would expect many
molecuies‘to be scatfered diffusely and thus_perhaps lost tobpur a.c.
detgction syStem;_ A compariéqn_bf Figs. V-7 and-v-l for'COQ and N2,

respectively, shows a lower CO intenéityvas predicted. Such a

2
rélationship should only hold: for gases not adsbrbed on the substrate,
for that could also account for a particle loss in the a.c. mode of
detection.

In the only other syétematic investigation of the scattering of

polyatomic gases besides the studies reported in this thesis,
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Saltsburg, Smith,'and Palmerlhg have reported the scattering of several

p» Ops Ny, CO) and CO, from an epitexially grown

(111) silver'single crystal.“ Their results for nitrogen show a slight

diafomics-(H ‘HD, D 5
backscatter, but the surface was'held'at_5609K-in their experiment as

compdred 5co.TS = W75°K in our work.where no backscatter was obseryed.

A'heffer;coﬁparieoh Sétwéeﬁ their Work and ours may be achieved by
looking et the scattering of nitrogen and oxygen. Their data indicate
thet hoth"cﬁrvesvhave me#ima‘at~the eeme>location aﬁd'erefsimilarvin
intensityvahd pesk shape. From Figs. V-1 and V-12 we can see'that‘the
soattering of nitrogen end oxygen from the platimum (100) surface o

_yields.the same results. Additionally,.Coz'scatterihg in their system
produces a lower ihtehsity maximum than the scatterihg of either Né or

.O2 although all three gases have peak 1ntenslt1es at the same angle.

Comparing Flgs. V-l V-7, and V- 12 shows that a similar trend ex1sts
for the platinum surface.l | |
There are no data in the literature'for hydrocarbon scattering

except for methane whlch shows backscatter form a (lll) 51lver surface

at Ty = 560°K 126 spith and Merr111152

chemlsorptlon of ethylene on a Pt(lll) 81ngle crystal by comblned LEED

have studled the irreversible

end‘hellum beam techniques but eV1dently did not attempt to scatter-the
‘éas._ﬂThus,vour results for'acetylene and:methyleneCyclohotane musf
'éténdféloné.' Table V.3 shows that the likelihood of either electronic
or vibrational excitatlon for C H is small although we already know

272

"from our work that this gas readlly adsorbs and decomposes on platlnum :
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Methylenecyclobutane seems tc be the largest projectile (13 atoms)
used to date iu gas-sclid‘scattering‘eiéeriments. The reason for the
choice cfrthis moiecule'will be made clear inlthe section concerning
reactive scattering. |

' inftheir ihvestigation of the scattering behavior of polystomic -

149

gases on (111) silver, Saltsburg et al. found thatdthe CO and CO

2

scatterlng distributions were qulte s1m11ar This is in contrast to

our observations of CO-and COz_scatterlngvfrom the (100) platinum

surface. It should be noted; however, that CO does not adsorb on silver

106,153

at room temperature'and CO,, adsorbs on neither metal. On the

2

other hand, CO adsorbs readlly on the platlnum surface.' While Figs. V-8
and V—lO graphlcally portray the effect of surface adsorptlon on the
1nten51ty of the scattered beam, the observed backscatter from the hot
surface is invaéreement with the silver study..'Thevsurface of silver
was also empioyed in a study cf the angular diStributiou of scattered
ammonia.126 The pattern.was found to be very 5road and almost completely
diffuse in nature which is 31m11ar to the data shown in Fig. V-13
for NH3 scattering from Pt(100).

Much attention has been dlrected toward the scattering of hydrogen
and deuterlum from ‘metal surfaces and data now exist Por experiments

35,k0 127 138 15, k1, 53,90

conducted on nlckel g ld 51 silv r, l 1t i inum,

and tungsten,l.'25

For all of these sollds, provided the surface is
" clean, the maximum intensity occurs at the specular p031tion although

the dispersion varies somewhat. In fact, in order to explain a broad
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peek they observe betueen the surface‘nornal and the specular angle in
the angular distributions of H2, HD and D2, Palmer et al 40,127,138
1nvoked energy transfer v1a surface phonons between the rotationalv
energY'states of the incident hydrogenic sPecies_and_the vibraticnal
modesvcfithe surface atoms in thelsiirer and nickel‘lattices."fhere '
can be no doubt sbout the markedly different scatteringAdistrihuticns
ehaerved by Palmer et al. whenh hydrogen iédtopes uere impinged upon

the epitaxially grown thin films. Our stuaies‘bf'hyafogen and deuterium
scattering from the Pt(iOO)'surface and those of Smithlsh fcrldeuterium'
from the Pt (111) ‘surface show no pesks other than the specularly
directed one. Althcugh“the‘Debye temperatures ofﬂplatinum and silver
are 51m11ar (23h°K for Pt and 225°K for Ag), rotational—?ibrational’
energy transfer has not been detected for the studled single crystal

90

platinum surfaces. Smith and Merrlll, however, have found a spatial

distribution reminiscent of those observed by Paimer et al.ho’l27’138
when deuterium is gcatteredvfrom an unetched Pt(lll).crystal surface;
.This result indicates that perhaps surface rcughness is imbortant'inb
affecting‘rotatienal-vibrational energy transfer between incident
diatomic‘nblecuies‘and a solid. Tt appears that the. ep1tax1al 511ver
and nickei surfaces used in the experiments- by Palmer et al. could-
vhavezbeen ccnsiderably_rougher on an atomic scale than the well-
characterized'platinun singie crystals used in'thebuorks cited above.
If microsqepic disorder_enhances rotatienal coupling to:the solid,

.even’avsurface disdrdered'thrcugh,heating couid:cause significant

internai excitation of hydrogenic moiecules...We.have'already“pcinted o
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out that the hydrogen and deuterium data presented in Figs. V-1l to
154

V-16 show rather broad peaks. At Ts = TT5°K, Smith reports a half-
width (FWHM)vof 29.5° for deuterium scattering from Pt(111) and a
maximﬁﬁhintensity‘of 1;5%; down from 3.6% at TS = 375°K. These values
may be combared to those we find at 1175°K for deuterium scattering from
Pt(100) (I/IO ~ 0.9%, FWHM ~ 50°) where one would expect a lower
intensity énd pefhaps wider dispersion due to the higher surface
temperature. | |
Feuer's analysis of the energy exchanged between a rigid-rotor

diatoﬁié molecule.énd a sdlid sufface élso helbs to explain the observa-
tions. The model predicts that when the temperafure of the solid
exceeds that of the gas, quahtum'transitibns not only allow the
trﬁnéfef of vibrational energy from the léttice into roﬁational modes
of the gas, but also permit the conversion of some of the rotational
* energy of the gas into translational energy. The net effect of these
ﬁwb procééses should be to broaden the angular distribution’and to
impart a diffuse component to the,scattered gases. This is indeed
what ﬁe see in Fig. V-1k.

..,Clearly,'from the -data pfesented, the simple collision models
discussed in sectibn'C—3 of Chapter I,fdii'to-describe the scattering
of diétomic and polyatomic molecules. Especially for linear polyatomic

gases such as N0, 002, and C2Hé there may be orientation effects

2
that contribute in some yet unknown manner to the scéttering process.
Then too, the interaction of the particle's internal degrees of -

freedom with the solid during the collision certainly complicates the
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acattering’process.. Although for most speCies'rotational transitions
involve energy changes too small to be resolved in>scattering:
'ekpérimenfs as they are now conducted,vthese.transitione.may nlay'an
important.role in the exchange of energy betweenuthe gas and-the‘eoiid
due to ‘the ease with which rotation.to translation relaxations can
oceur during the collision. The large heats of. chemlsorptlon for.
polyatomlc gases contrlbute 8 strong attractlve potentlal to the gas;
solld 1nteract10n and, if the 1nc1dent partlcle loses any translatlonal
energyvthrough scatterlng, is dlfflcult to overcome after the colllslon.
Consequently interaction times are long and hence energy accommodatlon
higher than for monatomic gases. Taken together the data in Flgs. V-1
through V- 16 show, at a constant temperature, a qualltatlve correlatlon
?between the strength of the gas—surface 1nteract10n potentlal and the

dlsper81on and 1ntens1ty of the measured angular dlstrlbutlon

’C."Verification of a Classical Model for Gas—Solid Scattering

in:éhapter I, section C-3 we descrihed.briefly eeveral modele
thatyhave been formulatea to-describe the spatial and energy eistribu-,
‘tionsiof.thermal energy noble gas atomic beams‘scattered from crYstal
>,surfaces.- In‘general those models that do not restrict the:solid'
:;temperature to zero degrees Kelv1n yield the best results.'
| Recently Busby, Haygood and L1nk82 have presented a theoretical
analy81s of gas-surface 1nteractlons based unon-claseical meohanioe
and have tested it with experlmental date for the. scatterlng of

gaseous argon;from_a solld argon matrix. The model is based upon the

collision of hard spheres, and allows soatterlng from ordered crystal
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domeins of hexagonal énd squafeﬁérréys thét’simﬁlaté wéli the surface
structure use& in.most.éxpéfiﬁéntai sfﬁdies of surface scattering.
Their fbrmulation'alsq permits the inciusibﬁ of ‘an attréctive square
wéllvatehtial in addition to thebsurface temperatufe. Unlike the
hdfd4éubé.model'which permits a cldsed form’solution to the éngular
scattering distribution, thei¥ ana;ysié reéuifes-a Monte-Carlo
calculafion of the £rajectoriésZOf the reflected gas atoms; The major
conclusions of these calculafions’éré: a) the angle of maximum
scatfered intensity is independent of the beam's incidenf angle and
energyvand of the surfaée'temperatuie, and b) the capture coefficient
or condensation coefficient for the inéident beam increases with
decreasing angle of incidence (defined.with respect to the surface
normgl whérev9¥ = O°).v Although.fhe theoreticél spatial angular
distributions'ére'narrower'thanvthose méasured ekperimentally, the
computed trajéctbries compare favorébl& witﬁ the observed data, and if
fhé heat of subiimatioh is used aé.thé magnitudevof.thé attractive.
well,'sé do the capture coefficients.

Sihcé‘theVCalculations have been'restiictedvto a consideration
6f the scattering of atoms from their own crystal latticey(that is;
scattering'of atoms frpm.surface atoms of idehtical atomic wéight,

_ polafizability, size, etc.), a ﬁest of the model with molecﬁlar species
might reveal whether their aééumptioné gbout the hard sphere interaction
-are,a;so valid'for_particles ﬁaving-interngl'struéture.. We ;an
eésily'approximatéviheieipéfimental conditigns that formed fhe basgis

for the computations. of Busby et”ai;‘(same mplécuiar weight of colliding
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gas aﬁ&ISUrfaee'atom) by depoeiting a le&er,of a strengly chemisorbed
gas eh.our platihumbsubstfete. 'Cerbop menokide end acetylene beth'
satisfy'this criterion'end also fofﬁ‘ordered surface_strueturee on
platinuﬁ,106.put the iergest ffaetioﬁ of the chemisorbed moleeules is
'iﬁ smellKSQuarejdemeine that thet‘gi#e:riee to broad; 16w-intensit&
diffféetionvspots.(égain, the structufe'of‘the feel surface is similar
to that eSSumeaviﬁ the scattering model by Busby et al;).

We have studied the angular distribution of carbon monoxide
melecﬁlef beams seattered from a ieyer ef carbon mono#ide ehemisqrbed
on the;(ldO) crystal face of platinum and of:acetylene'moleculat
pedms'scattered'frdm a ieyer'ofﬂaeetyleﬁe éheﬁisorbed on thet(lOO)
crystal face of platinum as a fﬁnctienvbf the incident angle. ' Both
gesespﬁere adsorbed on‘the surfaceeette pressure.ef approximately 1077
torr end'a temperature of‘300°K,pribr'to the'run;' Once the LEED pattern
indicated the appeafahce of thejsurfece structufe7eharacteristic of_ |
theée‘adsorbed gases, the experiment commenced. Figure VQlT shows'the
spatlal distribution of CO scattered from the CO—covered platinum (lOO)
surface at variocus angles of 1nc1dence and 300°K surface temperature.
'Flgure V-18 shows a similar plot for C.H scattered from abserbed

272

,02H2 ' For both gas=surface systems, the spatial distribution of the

‘scattered beams appears to be independent of'the incident angle within
»the experimental.accuracy. The scettered Cco 5eam'shows a broad
., .

1nten51ty maximum between 30° and h0° while the C.H, beam eppears to

have & plateau in the 10-k0° fange w1th respect to the surface normal
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In Figﬁre V;9, the CO data are extended'to'a 60° angle of incidence and
within the experimental accuracy, that cﬁrve can be éuperimposed on
the curve in Fig. V-17 except at the léw angiéé wﬁere the points on
the Bi =.60°vpiot do not fall off. This discrepancy is felt to be gn
drtifaét of fhe system rather than a ffue.representation of the
scattering. Earlier (Ch.II, B-T)we noted that at incident angles near
60°, thé projected size of the cryétal pérpendiculgr to fhé beam liné
'ﬁas comparable to the width of the beam. Thus a small misalignment could'
meén théflparf of the beam is being_séattefed by the targét mounting
pieces raﬁher than the target itself. Helium scatterihg supports this
hypothesis as shown in Fig. V-l9; Neither diffraction nor phonon
losseé can account for the shoulder on the low angle side of the
specularly directed pedk. Subbarao and Miilerl55 however, have
repofted a similar shoulder for helium scattering (Gi = T77°) from (111)
silver and attribute it to inelastic processes. |

Oﬁe additional feature of the trajectories computed by Busby, et al.
is that they are independent of the depth of the attractive square
well potential assumed operative between the incident gas and the‘
surface. It is. encouraging tﬂat molecules that ;re highly polarizable
and have heats of sublimation different from that of argon (1.8 kcai
for CO and 5.1 kcal/mole.for CZHE) cbpform to the spatial distribﬁtibn
characferisﬁics-predicfed'by'the\éléséical mechanical model. This |
'agreemént between expériment and theory in the angular scattering

patterns-indicates that the calculation qualitatively describes the
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~non-reactive scéttering'of moleculgs froﬁ their ownxlattice and that
the.ﬁodel may bé»used fo describé the scgttefing of‘molecules of

: Qarious size and chemical pr0pertigs (polérizability, dipole moment,
symmetry)'from crjstal surfaceé.. Theilarge scatter.in thé data and the
broad distfibutions, however, make these cthlusioné tentative at |

the present time. More work is being conducted.to‘resqlve the issue.

D. Reactive Scattering Studies

‘>The 3cattefing‘0f atomic ofkﬁbiecular beams ffom surfaces provides
informafidnwabout the dynamicé of the interaction ﬁetﬁeen incident

’ particlés and the sﬁrface atéﬁs. ‘Unfil récently, however, most investi-
gatbrs iﬁ this field have restricted their éttention to the Scattering

of beams of inert gases or hydroggnic ﬁélecules from a variety of
surfaces as alreédy'indicated;v From thé angular distribution of the
sqattered gas atoms as a function of the hafure of the surface

(temperaturé, orientation, order) and of the incident beam (energy,

' diréétion) the dynemics of the gas-surface intefaction have been |
probeq._ Such experiments héve already been described in the préVious
chépter and the foregoing portions of this chépter.

The scattering of gases tﬁét may react during a collisiop with
the solid surface has been studied to a lesser extent. These gtudies
.éhould'yield,information conéerningzéhe'dynamics of sﬁrface.ghemical
réactibns. At least ﬁhreé ﬁypeé bf,réactive collisions may be postulated.
1) The gas molecule may/undéfgo rea&rangemeht'of diésociéte thrdugh‘ |

17,35,57,58

the ihfiuence of the surface exérted via .the collision.
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2) Thé.incident moleculé mﬁy react with some species previousiy
adsorbed. on fhe sgrféée or cbntinﬁoﬁsly'bombarding.the solid in an
iéotropié manner from the a@bient,uo?hl 3) Thé,éas particle may react
with substrate yielding a surfacé atom among the géseous products of ,v

14,36-39

the'interaction. Several experiments that may be placed in
the above categbries have beén attemped and the results of those
undertakings are related in thevfollowing pages.

1. Amﬁonia Oxidétion

The oxidation of ammonia on ﬁetals,bf the”platinﬁm gfoup is one
of the most exothermic catalytic reactions and, although it has been
in commercial use for many years, there is still some controversy over

156

the detailed steps of the heterogeneous reaction. -It has been

est_ima.tedloh that every collision of the gas with the solid results in
ré&ction. Whiig nitrogen and water are the final products of ammonia
oxidation, hitric oxide is an intermediate‘species that can be recovered
in high.yields'uhder suitable conditions. All of the proposed
‘mééhanismsls6 assume that. the initial process in the oxidation sequence
is the reaction of a gaseous ammonia molecule with an adsorbed oxygen

atom to form either hydroxylamine or NH radicals.
NH,(g) + O(ads) > NH,0H(ads) (V-16)
1‘1_1{3(8)'*O(aLdS)'-> NH(ads) + HN0 L (V-1T7)

Since the surface plays an important role in the'postulatéd mechanisms,

and since the major reaction products (N, H.0, NO) are gaseous, this

2% 72
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system seemed to be an excéllent choice for investigation by combined
LEED, AES, and molecular beam techniques.
 A'preVious study of ammonia oxidation on a polycrystalline

plétinum ribbon by Nutt and KapurlST

employed é beam éystem but‘ﬁo
pquision was made to inQestigate thévanguiaf distribution of the
pfodﬁctsf-vThree cépillary tubes were used to direct the reactant géses
toward‘the target surfécé and a fixed mass spectroﬁeter tﬁen Saﬁpled
thé evaporating species. Typical experimental impingement fafes
corresponded to equivalentvpréssures of 1072 torr in a background
> 10'-.)4 torr. A beam shutter located between the target and the
detector permitted the authors to distinéuiSh between molecules in the
gas phase and those originating on the surface aé the result of the
catalytic'reaction. Nitrogeh,’ﬁater, ahd nitric oxide Were.the only.
obéefvabie products.between room temperature and 1600°K. The optimum
fempératuré fér the formation of NO was found to be 890°K and at that
temperature the NO production rate ﬁas proportional to the ratio of
the pgrtial pressures of 6xygen and>ammonia up to a valuevof 3:1 éfter
which it became constant. As & result of their work, Nutt and Kaspur
conclﬁde that the oxidation of ammonia to produce NO proceeds to
completion entirely on the éatalytic surface with no contribﬁtion frém,
'gas—bhase reactions. | | _
Taking this study'as a point'ofvdeéarture, the Pt(lOO) ¢ryst§l
uas:prepared'in.a mannef similar to that used in the above work. 'It
was "écti&ated" by heating in 5 X 1o“h torr of oxygén for two hours

at 1300°K and then exposed to the ammonia beam. Since the efféctiVe
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bean pressuré is ca. lO'.-8 torr, the background oxygen pressure.was

8

reduced to 5 x 10 =~ torr. The crystal temperature»was‘then allowed

to stabilize at 900°K and the angular distribution of the scattered
NH3 recorded. At no angle was there any trace of a signal at m/e = 30
cOrrésponding to the formation of NO. Due to the large residual
backgrounds at m/e = 18 and 28, no attempt was made to search for
either H20 or N2.

the AES system was inoperative and consequently there was no way to

» Unfortunately dﬁring this sequence of experiments

check?for the_présence of surface-nitrogen. The LEED pattern showed
the (5x1) surface ‘structure before »and“a'fter the run; indicating at
least thatvNH3 does.not form an ordéréd étructure_at 900°K on (100)
piatinum; )

There aré several possibie conclusions to be drawn from thié

aborfive'experiment. First, assuming that the reaction did not take

pléce,.we must:conclude that the (100) surface of platinum is inactive

‘as an oxidation catalyst for ammonia. - Morgan and'SomorJailOG.have
reported that oxygen does not chemisorb on the Pt(lOO)—(SXl) surface
at either room or elevated temperatures, an obéerVation which seems to

contradict the strong'chemisorption_ofvoxygen noted during typical

10k

’ catalytic studies.™ If thefreaétibh of ammonia with an adsorbed

‘oxygen atom is'the rate con@rolling step in the ammonia oxidatioﬁ as

58

'postulated,l- then clearly no reaction can occur uhless the oxygen‘

159

chemisorbs. More recent work by Lang, Joyner, ahd Somorjai™ “” has
- shown that oxygen will absorb on a stepped crystal surface (i.e., one -

containing ledges and terraces) in a manner not encountered on an
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atomically_flat, low index plane. Apperently the adsorption is atomic
and occurs at the steps even at pressufes as low as 3 X lO'-8 torr'and'k
at room temperature. 'Heating the stepped crystels ih Qxygen led to
surfaee‘disorder.end then to reconstruction with & platinum oxide
surface.stfueture in ene instande} Combered.to the well-defined low
index single crystal target ﬁsed in the scattering work reported.in
this thesis, e'polyscrystalline sample has large numbers of dislocation
and point defects, grain boundaries, and steps-—ail of which could be
effective in promoting oXygen-adsorptibe. 'Hence it might be expected
that a low index éingle crystal would be inactive in catalyzing the
oxidetion;of ammonia unless ite surfacekhad been ihtentionally stepped
by euttihg the crystai at a smali angle to the low index plane._ Second,
assuming thet the reection took place,.ouf inability to find an&. o
reaction product implies.either thet the'e.c. detection hethod failed
: because the surface residenee time of the NO is long compared to the
150 Hz;teeﬁ modulation frequehcy,'or that the seﬁeitivity of the mass
spectremeter was inadequate to detect tﬁe NO accumulated in the
'background. . This latter instance might hold if the quantum'yield is
small,‘fof in that ease; the fact that we are operating in'avpressﬁre

157

regime six orders of megnitude below that of Nutt and Kapur would

mean that the amount of NO produced would be undetectable.

2. Deuterium'Oxidatidn:end'Hydfogen—Deuterium Exchange on (100) Platinum

a. Oxidation of Déﬁterium} "SufprisingIY»few fundemental investi-
vgetions of the oxidation”of hydrogen (deﬁterium)'have been’made_despite

its simplicity and neither the mechanism nor the kinetics of the
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surface catalyzed reaétion/has been sufficiently well resolved to
preclude further study. The iiteréture éontains éonflicting results
cphcerning"the rate of the reaction on a platihum_catalyst.. Donnelly

160

and'Higshelwood found that‘thé‘fate is independent of the hydrogen

pressure but depends upon the oxygen pressure in a compléx’mannérf
. thersl6lf163.héve_repoftédvthatvthe rate is either inhibited by or
indéﬁéndentvof the bxyéen pressufe‘but is proportioﬁal té the hydrogen
- pressure. Clegriy an,examinatién of this system by thé current com-
biﬁatidﬁ of tééhhiqués ﬁight yigld a deeper insight info fhé mechanistic
details of"thé‘reaction'than has heretofofé been available.

A very recent study by Smith and Palmer’l utilizing modulated
mbiééﬁlarvﬁeams'hés stﬁdied_the,bkidatioh of deuterium 6n an epitaxially
8fown (lii) piatinum singlefcrjsfal fiim. The usual experimental

arrangémenf'was to impinge the D beam onto the target which was

2
mainﬁained.in an isotrbpic oxygen en&irohment. Their data are
'COnsistent with a reactionvméchanism involving the angularly dependégt,
activatedvadsorption_of deuterium and the Qverali rate cofresponds to
the surface recombinatioh of adsorbed deuterium étomg with an édsorbed
oxygen'mqiecule.

| V.In'spite of the previ@us failﬁre to observe.any prodﬁcts dUrihg
Q*id&fion ofugmmonia Withfdﬁfﬂplatinum singlé.grystal surfaces, we_ 

have attempted to investigate the interaction of D, and O

2 bécause'thg

2
apparatus employed by Smith and Palmer is similar to that used in this

work, and a’direct comparison of. the reaction on the (100) single

»

e
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crystal surface and the’(lll)'orientation epitaxial platinum film
would then be possible. From the date of Smith and Palmer the optimal.

surface temperature for the formatlon of DO appeared to be 825°

2

while small angles of incidence yielded higher D2 - D O conversions

rates‘than large angles. As previously d1scussed, the adsorption of CO
is possible below 900°K on the Pt(lOO)»surfaceAand consequently it was
decided to conduct the run at 925°K. 'Anvincident angle.of 45° was
chosen as the best eompromise between decreasing conversion efficiency
and the loss of data.about'the surface normal due to the size of the

detector.' Ekperimental measurements at PO ~ 3 x lO"8 torr and

: - ' v . -2 '

PO ~ 3.5 x 10 6 torr yielded no detectable modulated signal at m/e =
2 . - = :

20 (DZQ)’ even at an angle of 15° from the surface normal. For a

_ cosine product angular distribution such as that observed with the

Pt(111) surface, the signal at 6, = 15° should be roughly 97% of the

Jei = 0° value and hence observable if D20 was formed in detectable

quantities The LEED pattern durlng this work showed the presence of
the (5%1) surface structure.

Farlier we stated that the equivalent préésure of the incident
molecular beam was about 10"8 torr. W1th a flux rate correspondlng

to a D2 pressure at the target of approx1mately 10 -8 torr, Smith and

.Palmery found; depending upon the oxygen'pressure; a DéO signal of

fromltwo to six percent of the maximum value they observed with a flux
rate}greater by a‘factor‘of ten, Thus, the fact that we did not observe

any_DéO may mean that itjwaS'below'the sensitivity limit of the mass
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spectrometer. It was noted, however that the d.c. peak at m/e = 20
decreased sharply when the O flow was terminated but thls peak may
‘have resulted from the presencerf argon in the scattering-chamber
due-to iondﬁuﬁ@-outgassing under high‘load conditions. Then again,
the“scattered D2 signaldwas-observed‘to be muchIWeakerAin the presence‘
of ~ 10-6 torr oxygen background than in a 10 -8 torr oxygen amblent
although part of the loss can be attributed to gas phase colllslonal
scatterlng as well as to chem;cal reactlon.

With the helium scattering data reported by»Smdth'and'Paimerhl
it hecomes possible for thevfirst time to'compare scattering from
epitaxial thin'fiimsaand wellfcharacterized'single crystais of the.
YSame materialf At‘comparable surface temperatures, Smith and.Merriligo
reportaslightlynmore intense and slightlyvnarrOWer scattering patterns
than those obServed by Smith andfPalmer.hl: Provided these differences
are real,vthe lower maximum intenSity‘implies that the thin film is
someWhat rougher than the single.crystal Such m1croscop1c roughness

could ea31ly facilitate the- adsorptlon of oxygen due to the higher

dens1ty of atomic steps on the surface as dlscussed in the previous

section._ For this reason, it would definitely be of intereStvto-reneat‘

2 2

8 reaction is discernable.

the D, + O_ experiments using a stepped surface to see whether or not

',b,: Exchange of Hydrogen with Deuterlum 'Because the theoretical

treatment is relatlvely simple and. because the products and reactants
are chemically 1dent1cal, hydrogen exchange reactlons-have been Wldely

rstudied”in the past, nrimarily by,classicalTtechniquéslog‘although -

- .
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molecularybeam experiments have beenvaftempted.l7’35 Generally
 speaking, the_observed kinetics‘are uncompliceted. A standard techniQue
fdr'investigatingvtne reacfion'mechenismvhas been to react adsorbed
atoms of one isotone'with'efsecond isotopevintially present only in

tne gasvphase.c The first successfulfmolecular beam study of the HD
exchange was reported by Palﬁer, Smith,‘Saltsburg;'and O'Keefe.ho They
adepted the aboVe'approach by employing & steady-state hydrogen back~
groundvand a modulated deuterium beam to probe the catalytic reaction
of Hé»and Devto;yield HD on the surfecevof a (111) epitaxial nickel
film. JHydrogen, deuterium, and,hydrogen—deuteride.in the beam were

all found to be scattered in an:inelasfic 1obe directed'at the specular
angle. Surprisingly enough, however;.ﬂhe HD produced by the recombina-
tion of."che”incident‘D2 from the beam witn adsorbed hydrogen was
distributed as cos> Gr'rather than as cos 6¥'as one might have expected.
Such results can'be rationalizedh6 if one assumes that the reaction
_product is formed by the simultaneous eVaporation of proximate H and D
atoms; Provided individual.atoms on the surface conform to the cosine
evaporation law, the HD product should be distributed at least as
Cész,er- Further, 1f the probablllty of escape from the surface dependsb
upon the normal component of the . escape trajectory, then the angular
distributlon would 1ndeed be cos3 6 - as observed Smith and Palmerl"l
have conducted similar experlments on the (lll) platlnum surface

described above. Again they have observed the 0053'er dependence for

the HD product;
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In order to test the activity of the (100) surface toward
exéhange, the crystal was cleaned in oxygen as reported in Chapter II
o Was admitted and the surface temperature

allowed to stabilize at 925?K. The'deuterium.beam was next directed

and then 8 X 10_8 torr of H

toward the target and the angular disﬁfibutionVOf the unreacted D2 was
'measﬁred. Only near the surface normal could any trace of an a.c.
signal at m/e = 3 be detected, thus confirming at least qualitatively

the sharp peaking about er'# 0° observed By others.yo’hl

Signal-to-
hoisé iimitations prevents a feliable quantitative measure of thérséat_
tered'fréction, but the HD éroduct did have A defiﬁite'phase lag with’
respect to the main beam, which is what one would expect for a surface — ° .
feaétion. Further evidencé to support the belief that HD was being
pfoduced‘ét the crystal surface'is provided by the.observatiOns that

1) when the incidént D,. beam was-Blécked by the Whittaker gate valve

2

the'd.é.-ﬁ/e‘= 3 signal decreased somewhat, and 2)bwhen the’H2 ambient
was pﬁmpgd éway; the m/e = 3 signal degraded rapidly to zero. These
latter two observations could also be attributed to the production of
HD in the ion pump, but'su¢h an argument does not apply'to theva.c.v
measufement. To study this system further réquires an imprévement in
the signal-to-noise ratio &f the detector. Such 8 change ié now being
made to allow pulse counting. |

3. ‘Thermal Dissociation of Hydrogarbons on (100) Platinum - . N -

Probably the most frequently studied surface reaction .via molecular

beéms is thé-dissociatidnvof_moleCules.' Tungstén35 and tantalumlT

ribbons have been‘used to investigate hydrogen dissociation ahd tungsten
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surfaces have been employed to decompose nitrous oxide and to

'fdrm.free rédicéls from méthyl iodide; nitrométhané, diethYl ether, and
azomethane.l6h | |
Eecause of the peculiar abilityvof piatinum to décompose unsaturated

hydrdcarbonsvat relatively low temperatufes; it was felt that a studyv
of the angular'dependence'of»the scattered hydrbcarboﬁ.decomposition '
products‘ﬁould make & useful contribution to the.platinum literature
and might_shedvsomé light‘oﬁ the poisoning of plafinum catalysts by
carbénf(i.e;, coking). Tt éobn beéamé apparent that the primary gas
phése decompositioh prbduct (hydrogeh)'ofAthe acétylene molecules was
bﬁr{ed in thejlargé residual hydrogen background of the scattering
chamber. Thére could be little.aoubt that the gas waé decomposing
because définite changes were evident in the LEED pattern (ring
formation - sée'Fig..iV-Ta) and in thé Aﬁger speCtrum. AES clearly
showed the build-upbpf a carbon Auger peak'shortlf after exposure to
.thebbeam. A typical Aﬁger trace has already been shown in Fig. IV-6.
While.one cou1d plot tﬁe infensity of the Auger éarbon transitions v
against Beam exposure, such a calibration curve was nbt made.because
" the ratio of the molecules reflected t§ those decbmpqéed was ndt
édﬂstahtfwiﬁhitimé-bu£ deciéésed as the‘carbon deposit grew. Obvioﬁsly
carbonISﬁrfaces are n6£ as?efficiehf.éé platinum in.promptingrthe
dissociation. e | |

' Due-to'thevdifficultydof detecting the gas-phase dissociation
producf from'thévacetYlene reéction; another molecule Qith a diséociation

product at a useful mass number was sought. Eventually
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_methylénecyéiObutang was chosen as the reactant. This molecule has a
ring stfﬁéture with an exterﬁal’unsaturated‘linkage and in the gaé phase
is‘knbwn'to decompdse to ethyiene aﬁd allene at modefate témperatures
via & free radical intermediate. The hea?iér allene fragment (CSHh)
prodﬁ?esbé peek at m/e = L0 wﬂere there is'only a‘sﬁéll residual back-
ground in the scattering chamber.- Figﬁrés V—éO and V-21 éhowbthe
angularvdisffibution Qf the allene productvat tﬁo surface femperatures.
Within‘thé‘accuracy of the data, which is>obtained by measuring fhe
fafios of peak intensities, the deComéosition product ﬁaé a cosine
anguléf &iSfribution. Such a curve indicates that the evaporatipg
speciés is in thermﬁl equilibrium with the solid although we have no ' o
'Wéy ét preéeht to actially monitor the velocity distribution of the
séétteredimolecﬁles. No aftempt ﬁésAmadé to measure the angular dis-
tribution of.the.g%h&leneffprmed dﬁring the dissociation because of

thé large backgroﬁQA'at ﬁ}eué 28.

4. Dissociation of Nitrous Oxide on (100) Platinum

Once the technique for studying the dissociation products was
shown to be satisfactory by investigating the dissociation of
methylenecyclobutane, atteﬁﬁion was focused on the molecular dissociation

of nitrous>oxide, N2

0. Coltharp, Scott, and Muschlitz had previously
surveyed this reaction using a polycrystalline tungsten ribbon at

'surfaée‘temperatufes between 1800 and 2500°K;57’58 They found,bothv

' N2 and NO in the scattered beam and reported that ét 2500°K the ratio
of théfiwo spécies (NQ/NO) wésiappfoximately 12'to 1. The emitted

?roducts‘wérevobservedvtolhave cosine angular,digtribﬁﬁions and the
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temperdtureé; Unfortunately, there can be some doubt whether these

N,.0 decomposition probability was found to approach unity at high

observations represent a true éatalytic reaction because energy
accommodation between the gas and the hot solid could induce thermal

decomposition.

Neovis a linear molecule (N = N =0)

indicate that the energy of the NN bond is 113.7 kcal/mole while the

.137 Spectroécopic studies

energy of the_NOqund is 38.7 kcal/mole. Photochemical dissociation

of gaseous N'O yields primarily N with atomic oxygen subsequently.

2 2
' undergoing further chemical reactions with other N20 molecules to-
form NO and Oé.
+N20 -
. » NO. + NO
| _ ®)  (va)
N0 === N_+0 _ : (V-1
: —> +
(c) N _ %2

'._'Scattering experiﬁehtg.were carried out'ffom,both clean and
carbon covéred (100) platinum Burfaces at'températures between 900 and
1500°K to inves'tigate,th_e role of the substrate "i"n.t_he_ dissociation of
nitrbus‘oxide. Although the background pressure in the'scattéring
‘chﬁhbéi can be as iow»és-s ¥ i0le‘tcrr, during the higher temperaﬁure
expériments the ambient_pressu:evsometimes rose to as high as lO_8 torr
due o outgaééihg of the system walls by radiant héating, Hydrogen, |
éarbéhimbndxide, carbon'didxide, and water vapor are the dominénf
v spééies:in the béckgfound’gas.  garbon was deposited'on the platinuﬁ

surface by'crackingvacetylené éé deScribed in'Section B-1 of this
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chapter} To clean the surface, the crystal was heated at an elevated

6 > torr of oxygen for half an .

btemﬁerature in the presence of 10~ t§ 10~

hoﬁf;: | |
 iElectfon impact ionizgtion of NéQ in the méss spectrometer deteétor

yields predominantly the mbiegular ions N20+.aﬁd NO+'with a smaller

amount'of'N2+. The observed cracking, pattern, whiéh ﬁas_found to be
very sensitive”to the ionizer poténtials, is listed in Table V.5 along
with values reported.in the API tables for a magnetic instrument. While
the quadrupole Sampled the gﬁs.phase species, the crystal surface
’ strﬁéture wasfmonitored in situ by LEED and the chemical éoﬁposition
.of the surface waé7as¢ertainéd by AES when desifabie. Tﬁe latter .
tééhnique yieided a valuable piece of information.concerning the |
surfgée.re&ction.

Sinée'the scattering of N20 and other nitrogen oxides erm boﬁh
clean ana carbon covered platinﬁm'surfaces>hasﬂbeen studied, it is
wbrth while to consider fhe_variousrpoésible reactions that may occur
as the result of the collision at the gas-solid interface. These
- are listed in Table V.6 along with the corresponding enthalpj changéé.
The change in free energy for reactions V-20, 22 and 23 are negétife at
the temperatures of this work, indicating that éll arevthérmodynamically
feasible. bHowevér,.because'the scatteriné experiments are carried 6ut
far from thermodynamic equilibrium, it is likely that kinetic factors
(i.e., the relative magnitude of reasction rates at a.given temperatﬁre)
willApredominate,'zThis‘is éppa?ent from the.féct"that Colthérp et él.
observe both NO and N

2 in the écgﬁteredtbeam in the'case‘ofvtungsten.
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Table V.6; Thermodynamics of Nitrdgen Oxides for the Carbon-Platinum

systen' ©7
Réactién | : | AH°98(kca1/mole)- Equation
N,0(g) 4—-;:*-’- - N(g) + No(g) + 115.1%° - (v-19)
Neo(g) Pt L o(ade) +3N2(g) - ,—_ho;7°v' -~ (v-20)
Ngo(g) +0(s) i Ng(g)_+ CN(g) +111.8%°¢ (vlei
N0(e) + O(s) —Eis W (g) +0O(e) -6 (v-z2)
oN,0(g) + C(s) —Ebewm 20 (&) + COL(6) - 1354 (v-23)
W0(g) + C(s) —Bimm  N(g) + CO(g) +65.00°  (v-ah)

The free radical was considered to be produced in the gas phase for
the enthalpy calculation. Depending upon the heat of adsorption of
this species, the reaction may or may not be endothermic as written.

Miﬂedulﬁ and Hansenl66‘haveﬂreportedIthat the heat of adsorption
of atomic nitrogen on filaments of rhodium and irridium is 58 kecal/mole.
The value for platinum should not be too much different from this.

The heat of adsorption of 0 on Pt calculated from the data of Cassel °
and Gluckaufl67-l70 -80.8 kcal/mole :

Because CN is in the gas phase, this enthalpy contains the heat of
sublimation of carbon (170.9 kcal/mole). Atomic nitrogen-would
probably react with solid carbon to forma C - N chemical bond.

- Consequently, subtracting 170.9 from the above value of AH yields

- AH ~ - 59 kcal/mole. In the gas phase, the strength of the CN bond
i8 175 kcal/mole (from Teble V.2) which we can use to approx1mate the!
enthalpy for the reaction

EY

c(s) + N(g) » CN(ads) AH ~ -175 kcal/mole

: Adding this equation to Eg. (V-19) would give Eq. (V-21) with a
AH ~ —60 kcal/mole which agrees w1th our earlier value as it should.
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While the free'energy ch;nge for reaction V-21 can ohiy be estimated,
it aiso apﬁeafs to be a'likély’regctién-since the overail enthalpy
chahgelis>proﬁa51y'négative dﬁe té the strength of the CN bond
(175 kcal in fhe gas phase). If the heat of adsorption of aﬁomic nitrogen
on’platinuﬁ is siﬁilar‘fo_that fof oXyéen, then reaction V-Qh.also has
a’hegativetenthalpy. Ofncourse when the adsorbed nitrégen atoms combine
to yiéld}gaseous N2,,reactions V-léwaﬁd V-24 are both very exothermic.
Even théuéh expériments'have.shown.thﬁt N0 dbes not adsorb on (100)
platinum in the temperatufé range of this study, Auger electron
speétroscopy.ihdicates the presence 6f nifrdgeﬁ dn the carbon covered
surfaces (see Fig. V-=22). Low energy electron diffracfion studies
demonstrate that N20 does not form an ofdered‘éurface structure ét.
300°K. | | | |
 a."Results. Ffom equations V-19 through V-24 in Table V.6, it
is appérenﬁvthét:all the potéﬁtial"gaéeous reacﬁion products have
atomic masses of 28, 30, or L4, These species.can result from either

2
0 with carbon [NO(m/e = 30), Nz(ﬁ/e = 28), COé(m/e = 4i)],

the catalytic dissociation of N,.0 on platinum, 6r-from the surface

reaction of N,
.vor from thevelectrop impact ibnization of unreacted N,0 in the mass

- spectrometer ionizer [N20>Km/e = LL), N2 (m/e =38), NO(m/¢v= 30)]. Dué
to-fhe presenée of’ carbon monéxide in the.ambient;ithe pesk at m/e = 28
cannbtwreliébly 59 ﬁbnitéred'during the experiment Because random noise
from thé.high d.c;‘backgfound satﬁrates the detection electronics.

. - . ) .' + . . . . .
Thus_we have monitored the ion ratio NO /Nzof,throughout the experlment

5
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as 8 fﬁngéion pf séatteﬁing angle'and surface température, comparing the
observed ratio in the scattered beém with.that‘in the incident beaﬁ.

We have assUmed'fhdt the NO+/Né0+ ratio from the ionization of N0 is
indepéﬁdént of the.vibrationai energy of the molecule. In view of the
sméll‘number of Qibrational modes,'their relatively large energyA
spaéihg éompared to kT (See Table V;3),»and the fact that vibrational
transitioﬁs aré optiéally allowed (thus permifting energy feléase'via'
rﬁdiatipn)hthis assuﬁpfion should be juétified'invthe case ovaéO. If
the'NO+/NéOf ratio (henceforth we shall refer to this ratio as R) |
increases with fespéct to thét of the.incident beam aftef éurface scat-
teriné,:NO molecules have been formed by th¢ diésociation of Ngo at

thé platinum surface; Ifyﬂ remains uhchanged,'presﬁmably the reactive

scatterlng produced N, and O as this process would not change the

2
ratio. Of course, a ratio that remains unchanged may also indicate

that the reaction did not take place at a detectable rate on the
surfacé. If & decréases,rit can only be due to a chemical reaction that
produées.Coz(m/e = ML) since within ouf mass'resolution,bthe ion

aré indistinguishable. The smaller value of

signals from N20+ and C02+

R ariseé.because'the 002+ intensity increases_the denbminator of the
NO*/N'of'fatib; o ﬂ"}" T ‘. B |

We have found 1nd1cat10ns that all of the reactlons that can
affect the NO /N o' ratlo ‘can take place in the temperature range of
this study,(900—15oo?K) using clean and carbon covered (100) platinum

surfaces. : Figures V-23 énd'V—théhow the angular distributions of
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the scétte;ed’ratio ] at Ts =‘ll25°K from a clean and a carbon covered
surface, respeéfivély.‘.The.ihfensitiés have beén-normalized to the
stfehgth'bf the incident beéh,'and tﬁé arrow indicafes'the ahgie of
incidence. The solid circles show the ratio obtained from the
fragmentation pattern while the open circles indicaté the observed
-rétio; by subtraction one obtaips the angular_dispribution of that
portion of the NO that is the result of the disscciation at the
platinum surface. Tt appeérsithat"thé'éngﬁlar-distributioﬁ'of the.
product NO moleéﬁleé formed'by dissociation at the clean'platinum'
surface is of the cosine type, indiéatihg compléfe thermal agcommodétibn
of the NO mplecule on the surface prior to reemission. The angulgrf
distribuﬁion}isjquite differenf,.however; for the NO product molecules
that;arehécattéred ffqh carbon covered platinuﬁ surféces at 1125°K. |
As iévshown”in Fig. v-2h, the diSéoéiation produét does not peak at -
the sﬁrfagg&pormal and the angular distribution is not cosine. Such

a pesaked angﬁlar distribution reflects a lack of energy accommodation

2

platinum surface and suggests a direct reactive scattering mechanism.

during the surface dissociation reaction of N, 0 on the carbon=-covered
To put it in other terms, the non-cosine spatial distribution implies
that the incident particles "remember" their initial direction of
approach. In-order for this to be possible, the reaction must proceed
in g time short'compared to the length 6f the collision and this

places an upper limit of 10_12 seconds on the reaction time.
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The angular distribution and_the ratio & are sensitive functions
of the surface carbon concentration. Frequently, especially at higher

temperatures, N O beam scattering from the platinum (100) surface yielded

2
an & that was smaller than in the incident beam. Such negative deviations
from'the'fragmentation ratio reflect the formation of co, as a result

of the chemlcal reactlon between the 1nc1dent N20 and surface carbon.

In fact, it has been found that during long perlods of N.O exposure at

2
about 1300°K the surface carbon could be completely removed unless’
acetylene was added to the ambient background to replenish the carbon
deposit on the platinum surface. A similar phenomenOn was noted with
nitric oxide. After a five hour exPosure fo the NO beam, it was found
that the surface carbon had been removed. .Tnis latter observation
lends credibility tovour contention that the heat of adsorptlon of
atomic nitrogen is a least 65 kcal/mole as Eq. (V-24) would require.
It also has significance to antipollution studies in which people are
striving to reduce or eliminate nitric oxide emissions associaﬁed with
the.operation of the internal combustion engine. -

- In a few instances, using either clean or carbon’coated pletinum
surfaces, the value of ® remained unchanged indicating that in some
manner . the‘surface had been passlvafed, or that the reaction products had
changed.to predominantiy N2 and‘O. Unfortuneteiy this<latter,possibility

could not be investigated in either the a.c. or d;c, detection modes .

due to the relatively large concentration of CO in the background.
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”b."DiéCussion. Néo may undergo a variety of different chemical

surface reactions ﬁpon scattering from platinum'surféces. It appéars
that most of the fe&ctioné_that have been considered in Eq. (V-19)

through (V-24) can and do take plaée in the temperature range of this

2O only poorly;

study. A clean platinum'sufféCevseéms‘fo‘diSSGCiate'N
at fhe sﬁrface temperatures'emﬁloyed‘in this work bnly a few percent

of thé incidéht molecules ﬁndéfgo bond bresking. This reaction appears
to Bé endothermic'and shows only a small temperature dependence. The
incident-molécules.that diésociate are fully'accommodated at the
surface before reemission as indicaﬁed by the cosine angular distribu-
tion of the‘ééattered beam. On'the'carbbn'coVeréd blatinum (100)
sufface, the'écattering p?oceés épbears tovﬁé enfirely different. ﬁue

2

- can be strohgly exothermic. As_é resulf; it appears'thét evidence for

to the interaction between N_ 0 and surface carbon, the surface reaction
& direct reactive scattering mechanism has been detected. Such

scattefing hds-not previously:Been observed on surféceé-although it is
3,k

common in thevgas phase. The NO molecules are reflected withoﬁt'

energy accommodation between the incident beam and the.surfacé as
indicated by the non-cosine angular distributién of the scattered
'product'in“Fig; v-21. ,DireCt»scattefing is comﬁonly obsérved in crossed
mplecular'beam]studies of chemical reactions that are exotherﬁic.and_
l7l]L

I~ +
3t 7 KL+ CHg

exoergic [for example, K + CH
The evidehce for direct scattering of N20 on the carbon covered

‘platinum-surfaces is:not quite conclusive, however, since the NO /Néo

. ratio depends upon both the carbon éoncenteribn at the surface‘ahd the_'



e

-225-

surface temperature. ‘Other surface reactions betweenvNeo and carbon
can cqmpete with the reaction mechanism yielding the diréct interaction.
In additiqn, the possibility that the scattered NéO-molecules may -be
vibrationally excited and thus give rise'tp a different NO+/N20+.ratio
cannot be ruled out. Clearly more studies are needed to verify the
results that suggest direct scattering of NO prqduct molecules. It is
hoped that more conclusive evidence will be accuﬁulated in the near

future by continued work in this laboratory.

-~
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VI. CONCLUSIONS AND RECOMMENDATIONS

This thesis>clearly dempnstratesvthat non—reactivevand:reactive
scattering of molecular heams can>pr0vide detailed information about
the dynamics of gas—surface 1nteract10ns and can be studied by present
techniques. An ultra high vacuum system has been built and through
the use of dlfferential pumplng technlques,llt has been demonstrated
that molecular beam.scatterlng studies of clean, well-characterized‘
single crystals.are f8381ble.‘ Prec1se cOntrol of the gas comp051tion;
temperature, angle of incidence and intensity are possible with a
beam. From the angular distrlbutlon of the scattered particles,.and
know1ng the angle of 1nc1dence and 1n1t1al energy of the beam, one
can investlgate the elementaryvenergy transfer processes that occur
duringbthe'collision ofnavgas with‘a solid surfacea Without such
techniques the direct reactiye-SCattering_of.NéQ from carbon covered
platinum'crystal surfaces'could‘not have heen obServed;
| "Low energy electron diffraction'has been employed to monitor the
structure of the Pt(lOO).surface and the surface‘structure of adsorhed
molecules throughout these studies. Auger electron spectroscopy has
heen used to. monitor the chemlcal comp051tion of the surface before,
duriné,'and after the scatterlng experiments and to detect changes 1n
‘the surface compos1t10n as “the result of reactive scattering./ Together
: these two techniques prov1de an understanding of the surface structure
and.composition.that'is invaluable to the analysis'of thevscattering

data.
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Tt has been éhown how combined LEED and_heiiﬁm atomic beam scat-
tering can bé used ﬁo.probe the‘surface topbgiaéhy_and to'investigate
the.adsqrption of gasés. Ldﬁ energy‘electron diffraction is inherehtly,
sensifiveionly tb ordered’Surfacé coverage bﬁt the intensity of the

scattered helium beam provides a measure of iotalvéurface ordef. We

_ have measured the scéttering of helium from disordered platinum

surfaces, carbon covered platinum surfaces, and ordered Pt(100)
surfaces exhibiting the (S*i) surface structure;. In all cases the

ma.xinmm reflected intensity occurred at the specular angle and its

‘magnitude proved to be a sensitive function of the atomic order in

the surface. The écattering.of helium from surface'structUres of
édsorgéd écefylené and carbon monoxide was ﬁlso carried out. While-

our meaéuremenfé'have not fééqlved-fhe questibn of whether or not the
(5%1) surface structure observed on the Pt(lOO)vcrystal face is impurity
stabilizéd,”thevhelium.écattéfing results do prove thﬁfvno light
molecular weight species suéh.aé oxygen can bevpresent on the sﬁrfaée

in g weékly bound state. This and tﬂe.Aﬁgef épeétfa of platinum '
surfaces exhibiting the (SXl)'surface struéture.lends'étrong support to
the arguments in faﬁbr of a giean éuéface. | |

The nén—reactive scattering of several diatomic and polyatomic
molecules (NQ’ NO, CO, 02,H25'D2,.N2O, N025 002, CQHZ’ NH3} and CSHB)

" has Béén studied. It was found'that the spatial distributidnsjof'the

scattered species were non-cosine under most of the experimental condix

_ tions;»thus'indicating the lack of rapid energy acgommodation between

the clean single»crystal’surface'and thevincidént molecules. 'Therevis
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efidence, hoWeter, that increasedisufface rougbness on an atomic scale
enhances the probability of‘eneréyfaccommodationvbetween the surface and
the incident pOlYatomlc molecules;v" | | |

_At a constant su?face tembefatufe,“the scattering of polyatomic
species seems to shou-a qualitatiueﬂcorrelation between the obsefved
scattered intenslty maxima and.dispersion and the known strength of the
gas-solld.interaction botential as measured by thevheat of adsorption.
Calculations havewbeen pfesentedlto show what type of experinents‘v
mightfbe CoﬁduCtedlinythe future to probe the natufe.of the energy.
transfer between polyatomlc gases and well-defined surfaces .Vibrational
de-exc1tat10n of indddent molecules by the solid- surface mlght be
1nvestigated by comparing the scatterlng of molecules in an exc1ted
Vibxational state.to those'in the gfound'state."‘ Ry

The reactlve scatterlng of N O C H2, and C H8 has been:studied.

5
Long - res1dence tlmes accompanled by complete energy accommodation
during thermal d13soc1at10n is 1nd1cated by the spatlal scatterlng
dlstribution 1n the‘case of methylenecyclobutane on the Pt (100)
surface. There 1s ev1dence, however, ‘that N O molecules can undergo
a faster tvpe of reactlon resultlng 1n a non-cosine angular d1str1butlon
if there is carbOn”on the platinum surface.

fvfhe surface reaction between Dé beams and 0, or H, in the ambient
'has been attempted | Contrary to,the'observations of othefs e wene‘

%not able to- detect ev1dence for 31gn1ficant chemlcal reactlon. Most

probably the absence of atomic steps and other lattice defects that
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v

facilitate the.chemisorption.of Oé and H2'is fesponsible for this
failure to obtain reaction. .

Currently the study of chemical reactions, while possible, is
hamperedvby siénal-to-noiée limitations. .This was evidént from our
inability to quantitatively foliow the scattered HD signal in the
hydrogen-deuterium experiment. Beforé further systems are investigated
it would be advisable to impfove>thé sensitivity of the apparatus.
There ére at least three ways iﬁ which this miéht-be done: (1) increase
the strength of the incident beaﬁ by the use 6f a supersonic nogzzle
or byvshortening the beam flight péth; (2) decrease the scattering
chambef backgrdund still further by the addition of cryopumping, and
(3) convert the detection system to a pulse counting mode so that
effectiVely longer time consténts can be used in the meaurements. If
the pﬁlse counting'méthod is chosen, time—of-flight capabilities could
_.latér.be added to yield the energy distribution of the scattered
particles. This is the one piecgrof information mostrnecéssary to
gaining a fuller understanding of the gas-solid interaction.

Oncg the system sensitivity has been increased, the ammonia
oxidation reactioh should,be rein§estigated, both on the clean and
carbon covered suffaces.. AES should be emplpyed tq test for the
‘présence of surfacé,nitrogen during the reaction. Should the reacﬁion
again fail, a stepped surface could be substituted for.the'smooth,
low index (iOO) plane to see whether our hypothesis concerning the

"higher’reactivity 6f'epitaxiai films is born out.
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 Rather than sttempting further dissociation reactions that
usﬁall&‘&ield products af some mass'nnmber witn a-nen-zero'beckground,
gddifienLneacfiens mey proﬁe egsiefitevstudy. vOnetsncn reection might
oeeﬁf:netﬁéen-an edSOnﬁedrhydnocaern ksay*écefyiene)Aand a neem of
hydrogen‘etons to produce‘a'geséphase product (ethylene”drvethane);
Altérnatiyely, & hydrocarbon beemﬁcould be scattered from a surface
eenteining’atomie n&dnogenv(egé., a pelladiumanystal safurated with
hydrogen). One dissociatibn feac’tion‘ worth study,'however', would

appear to be the H S-platlnum system. Sulfur is a.common catalyst '

2
p01son 1n many 1ndustr1al processes and we have ‘already seen that our
platlnum samples .are free of detectabie sulfur. Thus it would be
'1nterest;ng to use AES, LEED, and‘molecular beam scettering‘tO'see
' wnetner’HéS will decemnbse atva platinﬁnisur£ace; A;eng.thisvsame..
iine;tvenadium has-elsfneng:affinify fbr sulfur'end dfgtudy of the
stkdecomposition at this surfaee might provide an'interesting comparison'
.to pletinum. The dissociation of azomethane might'alSO be invesfigeted.
'-;In the réalm'of nen-reeetive scattering; once-avmethod to obtain
the veloc1ty dlstrlbutlen of the scattered gases is achleved,.surface
lattlce dynamlcs could be studled in a manner slmllar to neutron

’scattering 72‘

A determinatlonlof the-surface phonon dlstrlbutlon for
a serles of metals could prov1de the 1mpetus for more theoretlcal
‘ _studles Of surface modes and_could eventually help 1ead tovan,

understanding of the edsorptionvand desorption processes.
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VII. APPENDIX

A. Computer Programs

3

The'foilowiﬁg pageé éontain print-outs qf computer codes used in
the:proéeséiné of data éollécted ih'fﬁis work; Prbgram DATACON was
used in the.analysis of molecuiar béam scattering fesulté as described
in secﬁidn.B—T'of Chapter II. A typicai set of input and output
infdfmation follows the listingvto acquaint the.réader with thé-use
of the program. Subroutines PLOTIT and PLOTTER sre plotting routines
that employ'the output printers to display resﬁits on an x-y grid
while subroutine LINEUP, merely scales the numbers to be plotted. The
analysis of LEED photographs somefimes requires tﬁe evaluation of
lafﬁice ﬁaiaﬁeters from the sepdration of diffraction spots and, while
the calculation is straight forward, a table of spot spacing versus
gun voltage was found to be invaluablé for this purpose. Program
SPACING féquireé only fhe focal lénght of the lens and the picfure
magnification to prodﬁce a table such as that féllowing the program
listing. - The value of Y is the distance betwéén»the (OO)vspot, which
muStfbé ﬁlaced at the center of the scréen, and fhe.3pot of interesf,
and YMAX is the radius of the screen in the phdtograph.

fv Océasionally; the Vidaf Data AcquiSitioh.System was employed to
record'signdl levéls during an expefiment. To extract the information
frdm the . punched paper tape outpup dfithe Vidar, it was necessary to
write.a computer prégrém. This rdufine, called FRAMCON, is listed
along with extensive dOCuhéﬁfation on its use péfassist future operators

of the DAS in retrieving their data.
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PROGRAM DATACON (INPUTsOUTPUTsTAPE1=INPUT, TAPE3=0UTPUT)

THIS PROGRAM CONVERTS RAW DATA FROM MBA-ECHO. SCATTERING.
EXPERIMENTS TO.THE PERCENT OF THE INCIDENT BEAM
INPUT DATA - 1 CARD WITH NUMBER OF DATA PTS, REF SCALES

" SIG sCALE, CORRECTION FACTOR,. INCIDENT ANGLES IN FORMAT

(1295X92(F76395X)sF6e2s5X2F541)s « N CARDS WITH LAB ANGLEs -
REF IN PHASE, REF QUT OF PHASE, SIG IN PAASEs SIG OUT OF
PHASE IN FORMAT((5(F54155X))s AND 1 CARD WITH A 1 IN COL

ONE IF MORE DATA DECKS FOLLOW AND A O OTHERWISE

‘THE CORRECTION FACTOR CONVERTS THE REF SIGNAL FROM THE
VALUF,MEASURﬁnvAT 180 .DEGe TO THAT AT 9D DFG.

DIMFNSION ANG(SO);RIN(SO)9ROUT(@“),sIN(Sﬁ)s ﬂjr(50>,
1 RPHI(50)sSPHI(50) sPERCNT (50)

EFQUIVALENCE (ROUTsRPHT) o {SOUT )PHI )
RADANG=1804/341415927

BMUTNE=1804

READ(191) NsRFFsSIGsCORSANGINCG

DO 2 I=1sN ) o o S

READ(193) ANG(TIVYsRIN(I)sROUTIT)$SINEI)sSOUT(T)

ANG( [ ) =BMLINF-ANGINC=ANG(T) ' ’

RPHI (L) =ATANIROUT(I)/RIN(I))

CUSPHI(T)=ATAN(SOUT(T)/SIN(L))

RIN(I)I=0e01*REF%¥RIN(T)/COSIRPHI (1))
SIN(I)=0s01%¥SIG%SIN(T)/COSISPHI(T))
PERCNT (11=10ne*#COR®XSINITN/RIN(T)
RPHI (1) =RPHI(I)*RADANG

’SP1I(I)—§DHI(I)*RADAN6

COANT INUE
WRITE(3s4) :

WRITE(355) (ANG(I)sRIN(IVoRPHI(I) s SINCI)sSPHICT)
1 DPERCNTI(I)sl=14N)

‘REAND(146) MORF

FORMAT(11) :

[F(MORE.EQel} GN TO 7

‘STNO

_FORMAT(IZ 25X 2(F T 3a5X)9F6 ?95X F5 1)
AFORMAT (5{F54145X)) "

fvaORMAT(1H1,5x,5HANGLE,5x,9HREFERANLF,6x,51PHA>C.6X,
1 6HSIGNAL 56X s SHPHASE  6X s THPERCENT »/ 16X 5 5H(DEG) 48X

2 C4H(MV) s9X s BHINEG) s 7X s 4H{MV) s TX s SHIDEG) s/ / /)
FOQMAT(&X;F% 197X92(F8 3 5X9F6 2;4X)9F7 3y
END: 7 :
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C 7 TYPICAL SET OF DATA

09 sAane B 11221 45
1156w 7846 0 1066 - T 39,0

2D 00

1054 81.6 1048 . 4B.0
100e - 801 o 10.9 470
954 S 7947 T 1048 49,0
C90e . L7940 0 1060 0 43,0
8567 . .T7849 - 0948 - 40,0
806 - 7842 o 10W3 0 33,0
CO1=MORFE. e S
05 BNy T2 0 T ha1221 45,
80e 0 78410 1065 - - 8645 :
CT5e . TTTe6 10630 07840
T The o - T6G5 I 0902 0 6340
650» _#M,‘76;O‘ i  f09oO'v“V‘ 55.0,' o

.60‘v  '@ 75;4”ﬁ>”F09SO JL"38oQ ' A.O .
1<MORE E
02085000 0 leo 0 1e1221 . 45,
60 7542 . 0940 81,0 -
559 L7547 . 09e0.. . .. 5540 0

00D T

o

D000

D
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C . - TYPICAL PROGRAM OUTPUT
ANGLE -~ REFERANCE PHASE SIGNAL PHASE ~  PERCENT. *
1TDEG) (MV) S {DEG) (M) {(DFG) .
1540 394,849 8401 14470 O o418 °
2540 4084518 753 24125 Oe .584
3040 4114558 Te54 24400 0. «654
35,0 4044191 7475 124350 0. 0652
40.0 ' 40201/-4'2 7.72 2'450 ()o .684
45,0 3984152 7421 24150 De <606
5().0 397052'1 7008 Z.’)’)O A)o .565
5540 3944377 7450 14650 Ve $469
ANGLE ' REFERANCE . PHASE SIGNAL - PHASE PERCENT
(DEG), (MV) . ADEG) : (MV)7 (DFEGY - -
5540 3944013 7,66 1.730 Ne 493
60e0 391e403 - 7456 14560 0. 44T
6540 3854256 6486 14260 0. 367
7040 .. 382655 6475 1.100 0o .323
7540  379.676 . 6,481 e 760 D¢ 4225
(DEG) oMy (DEG) (MV) (DEG) : X
ANGLE REFERANCE = - PHASE | SIGNAL PHASE PERCENT
75.0 . 378.683 6482 ©.8100 0. . 240
8040 381.166 6.78 4550 D 0162
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SHRROITINE PLOTIT (XsYsNM)

THIS SUBROUTINEs GIVEN A SET OF N X-Y COORDINATES, wlLL
PLOT THEM ON.A 51 BY 101 XY GRID. OUT OF RANGE POINTS

- ARE IGNORED. THE X AND Y ARRAYS ARE UNAFFECTED.

CDIMENSION X(1)s Y(1)s XGRID(11)s YGRID(11)s GRID(101)
DIMENSTON BLA(37) \ » : :
DIMENSTON ROIND(4)

DATA (BLA(I)sI1=1537)/1H slH%*s1H251H391H4s 1H3 s 1HG6s 1HT s 1H8

'* 1H9 1HA s 1HB, 1HC s 1HD s LHE s LHF 5 114Gy THH» LHT s 1HJ s IHK s 1HL »

20

S YGRIND(Y)

25

40.

50

41
51

53

52

55

i 1HM91HN91H09lHPolHQ91HR91H%’14T91ﬁJ91HV91HWolHX91HY9
# 1HZ s 1HS/
DATA NROJND,(ROUND(I)sI*194)/491 092e0924555007
INTFGFR B AyGRIN
CCALL LINEyYP (X,NUM,ROUND,NROUNDolO 0 s XMIN ¢ XMAX )
CALL LINFUP (Y,NUM,ROUND,VROJNDylﬁ Ds YMINs YMAX)
T1 = (XMAX = XMIN) / 10.
T2 = (YMAX - YMIN) / 10.
XGRID(1) = XMIN
YMAX
NN 25 1= 2, 11
XGRIN(T) = XGRIN(T = 1).+ T1
YGRIN(T) = YGRID(I = 1) ~ T2
WRITE (34 35) '
WRTITE (3y 45)
WRITE(3,1N0)
Moo=,
DO A5 K =
PO 50 1 =
GRIN(TY=1
Q= (YMAX % (51, — A) + YMIN % (A = la))/ 50
NO 53 IL = 1y NUM _
IF (ABS(Q - Y{(IL)) — (YMAX = YMIN) / 1004) 41s 53 53
IXP = 100, % (X(IL) = XMIN) /7 (XMAX . — XMIN) + 145
IF(IXPeGFEWsl oANDe IXPelLEo101) GRID(IXP)=GRID(IXP)+1
CONT INUF : : ' . o
NO 54 Jl=1,101
CJ2=MINN(GRIN(JY1)»37)
GRID(J1)=RLA(J2)
WRITE (3475) YGRID(L)S(GRID(I)s T = 1y 101)
N = M + 1 .

ls 10
1, 101

M= N+ 3

DO AN U = Ne M
DN KRG T = 1,101
GRIN(T) =1 o
A=

N.= (YMAX ¥ (51, = A) + YMIN f.(A = 14))/ 59
NN 57 TL = 1y NUM SV o



56
57

59
60

65,

66

69
70
T2
71

73

80

35’
45

- 75
76
85

100
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y'IF (A3S(N - Y(IL)) ZO(YMAX — YMIN) / 100.) 465 575 57
46

[XP = 10n0e % (X(IL) = XMIN) / (XMAX —= XMIN) + 1.5
IF(IXPeGFEel «ANDe IXPeLFEL101) GRID(IXP)=GRID(IXP)+1
CONTINIE ‘ : S
N 59 Jl=1s1n01

J2=MINN(GRID(J1)s37)

GRIND(JI1)=RLA(J2)

WRITE (3476) GRID
M.= M + 1
L= .+ 1

DO 66.1 = 1y 101
GRIN(T)=1 S
PO 72 TiL = 1y NUM

IF (ABS(YMIN = Y(IL)) = (YMAX = YMIN) / 100s) 69 72y 72
IXP = 100 % (X(IL) = XMIN) / (XMAX - XMIN) + 1.5
IF(IXPeGEel «ANDs IXPoLEL101) GRID(IXP)=GRID(IXP)+1
CONT INUE BRI - . :

DO 73 -Jl=1,s1n1

J2=MINN(GRIN(J1)s37)

GRIND(J1)=RLA(JI2) -

WRITE (35s75) YGRID(11)s(GRID(I)s ' = 1» 101)
WRITE(3+100) ' '
WRITE (3¢ 45)

WRITE (3+85) (XGRID(I)y I = 15 11)

FORMAT (1H1)

FORMAT (20X 1HTs 10.(9Xs 1H1))

FORMAT . (8Xs1PE9, 1.1x,2H—..101A1,2H.—)
FORMAT (19Xs1Hes LIOLALs1H.) -

FORMAT (16Xs 11(1PF9.1ys 1X))

FORMAT (19Xs103(1H,) )

RETHRN .

FND-
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SUBROUTINFE PLOTTER (NUMsXsY)

c . : ‘ .
C PROGRAM PILNOTS DATA ON A 51 BY 141 XY GRID,.
DIMFENSTON M(101951)sN(101)9X(])9Y(1)
DIMENSION. - ROUND(4)
DATA NROUNDy (ROUND(I oI=104) /451 0;7 09245350/
[NTFGER DOTs3LANKSTARPLUS
DATA BLANK/1IH 7/, STAR/lH*/yDOT/lH./,PLUS/1H+/

CALL LINEUP (X;NJM;ROUN ,NROUN)910.09XMIN9XMAX)
- CALL LINEUP (Y, NUMsROUND s NROUND » 10 o0 s YMIN 5 YMAX)
1. DO 79 1=1,101 ' : '

N(T)1=DOT
NO 71 J=1,51
70 M(1sJ)=RLANK
C . ‘
XUNTT={XMAX-XMIN) /100,
YUNTT=( YMAX=YMIN) /5D, -
C » :
PO 10 T=1sNUM
IX=(X(T)Y=XMIN) /XUNTIT+1
CIY=(Y(T)=YMIN) /YUNIT+1
IF(M(TXslY)=RLANK) 11512,11
12 M{IXslY)=STAR :
GO TO 10 .
c
11 IF(M(IXs1Y)~=STAR) 53954453
54 MOIXsIY)=M{IXs1Y)=13000000000000099000B
53 TMEIX S IY)I=MIIXsIYIEN10N0N0NNNNANNNNNNNNNE
IF(44555555555555555555B=-M(1Xs1Y)) 55510510
55 MUTXs1Y)=DLUS A
C )
10 CONTINUE
C : .
WRITF(35101)
WRITE(35100) N
NN 41 J=1,51
K=52-J o
: : WRITE(35100) (M{IsK)sI=1s101)
41 CONTINUE -
C O WRITE(351N00) N :
WRITE(39120) XUNITeXMINsXMAXsYUNITsYMINSYMAX

1n0 - FORMAT()X91H.0101A1(1H.)
101 . "FORMAT (141)
120 ,FORMAT(lHO 4X922HCOORDINATE INFORMATIONQ/quXQ
1 10%HORI7ONTAL IQXQI3H1 DIVISION = 4E15e795Xs THXMIN = o
2 El5. 795X97HKMAX = 4E15. 79/910X{8HVERTICAL912X9
3 1381 DIVISINN = 3F154 795X s THYMIN = sF154 799X s THYMAX =
4 E157) ~ SR : :
RET!RN
- END
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SUBROUTINE L INEUP (A sNA sROUND s NROUND s ASPACE s AMINS s AMAXS )

THIS .PROGRAM ASSUMES A FLOATING TO FIXED CONVERSION
AND TRUNCATES BOTH POSITIVE AND NEGATIVE NUMBERS.
NOTE THAT ANY POWER OF -1n TIMES ASPACE IS EQUIVALENT
TN ASPACF. ’ ' ‘

NIMENSION Af1)sROUND(TL) ' ve
DATA ALMOST1/1720 3777 7777 7777 77778/

SPACF=ASPACK

IF(ASPACFeLFel0, /9.)SpArE 104

AMTIN=A{1)

CAMAX=A(1)

PO 1 T=1sNA

TF(ACT) eLTaAMIN)AMIN=A(T )

TF(ALT)oGT o AMAX) AMAX=A(T)

CONTINUE S :

IF(AMAX. NF AMINIGO TO 2 O SIF(AMAX) 12910411 -
AMAX=1e C$AMIN==1. $GO TO 2 = -
AMAX=AMAX+AMAX $AMIN=Ne $GO TO 2

AMAX=0e . SAMIN=AMIN+AMIN '

R=AMAX—-AMIN.
 RE=ALNGLIO(R/SPACE)

[F(RF4LTeNe )RE=RE~ALMNSTI

IT=RFE o

K=1T.

IF((R/SPACE) /10 #**ITeGTaROUND (NROUND)IK=TT+1
mn 5 1=1,NRAUND

- I B
IF(ROUND(I).GE.(R/SPACElllo.**K)GO T0 6
"CONTINUE -
S=ROUND (L) %10 e#%K
. RE=( (AMAX+AMIN-SPACE*S)%#e5) /S

TF(RE«LTe0e )RE=RE-ALMNST1
- 1T=RE '

AMINS=FLOAT (TT) #S
AMAXS=AMINS+S#SPACFE
TF(AMAX4LF o AMAXS)IRETURN

 AMINS=AMINS+S

. IF(AMINS.LF, AMIN)GO T0 7
L=+l «
,IF(L.--.MQOUND)GG Tn 6 : - o ; .
K=K+1 - S ' - . o

L=1 - : A )
6O TO 6 o o ' 7 o ..
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PROGPAM.CALFULAYES LATTICE SPACING FROM GUN VOLTAGE AND PHOTO SPACING
INPUT DATA ONF CARD WITH MAGNIFICATION AND FOCAL LENGTH (Floe5+F5,0)

OO0

PROGRAM SPACING (INPUTsOUTPUT,TAPEL=INPUT TAPE3=0UTPUT)
NIMENSINN IMD(aq).D(ZO)
Rf’.AL MA(;
R=T70,0
PI=3. 1416927 .
CONS=SART(1R0,4) : g
ANG=0,0 :
ANGMAX=4Be4pPT /180,
ZER0=,0001
WRITE(3,102) . :
102 FORMAT (TH] 963 x8GUN VﬂLTAGt“//)
DO 60 181’2(\
60 IND (1) =5¢]
WRITE(3,100) TND
100 FORMAT (#Y/YMAY®#20164///)
REAN (1e1) MAG.F
1 FORMAT(F10,5455,0)
‘RE(MAG+],) #F
A=H/MAG
YMax= R“R“SIM(AN@MAX)/(A-ROR“COS(ANBMAX))
- RATI0=0,02
NnO 7 K= 1.49
RATIO=RATIO«0 02
DO 2 J=1s100
ANG=ANG+ 0, 01
RT-(H“R“SIN(A!G)/(A-RtH“COS(ANG)))/YMAX
$3=ANG
IF(ABS () o =RT/RATIO) .LE.,LEDO) GO 0 3
IFIRT «LTe RATIO) GO TO 2 '
S1=ANG
. §2=ANG=Nn,01
5 S3=0,5#(5l+52)
RT3= (R#ROSIN(S3) / (A= p«kﬁcos<s3)))/vmax
IF(AHS(1.-RT3/RATIO) LE, ZFRO) GO TO 3
IF(RT3 .LT. RATTIO) GO TO 4
s1=s3
GO T0 S
4 S2#=S83
60 10 S
2 CONT INUF
3 "~ 'CONST=CONS/STH(S3) -
DO 6 I=1,20
v=5eg
6 NDLI)=CONST/SQRT (V)
WRITE(3,1C)) paTIOW)
101 . FORMAT(IH +f4,2, 3x,znpb 2)
7 " CONTINUF
. WRITE(34103) DvoFoMAG o
103 FORMAT(1HO 956X s # IMAGE DOISTANCE =¢#FR, 0% MM#/ "

1 O gTXee0RJECT DISTANCE =#Fg 0% MM®//
? STxs#FOCAL LENGTH 20F 6,08 MM¥/ -
2 STxe#MAGNIFICATION z4Fbh,4)

STOP .

END
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GUN VOLTAGE
Y/YMAX L) 10 15 2r 25 3V 35 QQ 45 50 88 6n 65 70 15 LY 8g 90 95 1n0

o0t 171.R0121048 99,19 85,90 76,83 Tnelé 64494 60674 57427 54433 51480 49.60 47,65 65.92 44,36 62495 61,67 60449 39,41 38,47
o0h 114454 R0299 66,13 G7,.27 51422 46eTA 43429 4050 38418 36627 36.56 33,07 3177 30461 29,57 28464 27,78 27.00 26,28 25,61
W08 1 B5,93 60476 49,61 42,97 38,43 35,08 32,48 30438 28,66 27,17 25.91 24.R1 73.83 22.97 22,19 21448 20,R¢ 20,25 19,71 19,27
Y 68,76 48,62 39,70 34,38 30,75 28407 25,99 2443) 22492 21,75 20,73 19.85 19,07 1R.3R 17,75 17.19 16,68 16421 15,78 16,38
12 S7431 40,53 33,09 28,66 25,63 234N 21,66 2026 19410 18,12 17.28 16,55 15.90 15,32 14,80 16}33 13,90 13.51 13,15 17,82
14 . 49414 3675 28,37 24,57 21498 2006 18.57 17637 16438 15,56 146,82 16,19 13,63 13413 12,69 12429 11,92 11.58 11.27 1n.99
16 43,01 30642 264,83 21.51 19,24 17455 16426 15421 14434 13,60 12,97 12,42 11493 11450 11,11 10475 10,43 10414 9,87 9,62
«18 38425 27.05 22,09 19,13 17,11 15.62 16,46 13.52 12.75 12,10 11,53 11,04 10.6]1 10,22 9.R8 9.56 6,28 9.02 8,78 RA,S5
«?0 34,45 264¢3h 19,89 17,22 15441 14e0/ 13,02 12+18 11448 10.89 10.39 9,94 9.55 9.21 8,89 Bebl . 8,36 8e12 7,90 7,70
22 31433 22.16 18,29 15,67 14,01 1279 11,86 1108 10084 9,91 9.45 9,05 8,69 8,37 8,09 7.83 7,60 7T.39 7.19 7.01
o 24 28474 20e32-16,5%9 14,37 12.R5 11472 10,86 10016 9458 9,09 B,67 8,30 Tu97 7468 T.62 7419 6,97 6477 6,59 6,63
26 26.55 18,77 15433 13.27 11487 10.84 10,03 9430 8,85 B,4C R,00 T.66 7.36 7T.10 6,85 6.646 6,64 6426 6,09 §,94
028 . 24,67 1744 16,26 12,33 11403 1007 9,32 B.72 8422 T4B0 Te44 7,12 6,846 4,59 6,37 6.17 5,98 5,81 5,66 &,5>
¢3¢ 23,08 1629 13,30 11.52 10e31 9641 A.7) BelS TebB 7429 6495 6,65 6439 6416 5,95 5476 5,59 5443 5,29 5,15
32 21.62 15429 12,48 10,81 9,67 ReBI 8,17 Tebs 7.21 AeBs 6,52 6.24 6,00 5,78 5,58 5440 5,26 5Se¢l0 6,96 4.83
‘o34 20e37 1490 11476 10,18 . 9411 Be31 7470 Te20 679 6,66 6.16 S.BB 5,65 6,44 5,26 5.09 4,94 6¢80 4,67 4,55

«36 19425 13461 11,12 9,63 Bebl TeBA T428 6481 ©e42 6409 5,80 5456 5,34 G185 4,97 a.8) 4,67 4,54 4,642 4.
+38 18426 12491 10,54 9.13 Bul7 7.45 6,90 666 6409 5.77 5,51 5,27 5,06 4,88 4,71 4.56 4,43 430 4,19 4,08
Yl 17036 1228 10402 B, 6R ToTT 7409 656 60ls 579 5,49 S.24 5,01 4e82 4464 4.68 64+34 6,2]1 4409 3,98 3,88
Y 16656 11e7] 9,56 B.2R Te40 6eTh 6426 5eB5 59452 5426 4499 4.T8 459 44472 8,27 4elé 4,02 3490 3,80 13,70
bt 1582 11619 9,13 7,971 7.08 6e4h 598 5¢59 D427 5400 &4eTT 457 4439 46¢23 609 3496 3,88 373 3463 3454
46 15415 10671 B,75 7,58 6¢78 6e19 S.73 5436 9e¢05 4¢79 4,57 4,37 4,20 4,05 3,91 3379 3,67 357 3,48 - 3,39
48 14.56 10628 8,39 7.27 6450 5e96 5450 5S5els 4e85 4460 4,38 6.20 6,03 3,89 3,75 3463 3,53 3.43 3,346 13,75
" oS0 13.98 S.88 8,67 6.99 6.25 8.7 Se28 4eT4 446k H442 4.2) 4e03 3.88 374 3,61 369 3,39 3429 3,21 3.13
«52 7. 13446 9452 T.TT 6.T73 6402 549 5,09 4276 %449 4426 4406 3.88 3,73 3.60 3,47 336 3,26 3417 3,09 3.0)
56 12,98 9418 7,49 6,49 5480 530 4.9] 4259 4433 4,10 3,91 3.75 3.60 367 3.35 3.24 3,15 3406 2,98 2.9n
56 12,53 BeB6 Te26 6,27 5.61 Sel? 4476 4083  4o18 3,96 3,78 3,62 3,68 3,35 3,24 3.13 3,06 2.95 2,88 2.8n
B8 . 12,12 8.5T T.00 6.06 5442 4495 4,58 6429 6,04 3,83 3,65 3,50 3,36 3.24 3,13 3,03 2,96 2.86 2.78 2.,
60 11676 Be3n 6,78 65,87 5,25 479 4.46. 4015 3:91 3471 356 339 3426 24146 3,03 293 2,85 277 2469 2,67
Y- 11.3R 8404 6.57 5.69 5.09 4064 6230 6402 3479 3,60 3,63 3.2R 3416 .06 2,98 2+B4& 2,76 2468 2+61 2454
«bb 1106 TeBy 6,37 5,52 4.946 451 G017 3090 346B 3449 3033 3419 3Je06 2.9% 2.85 276 2.68 2¢60 2.53 2047
ohb 10673 758 6,19 S.36 44K0 4¢3R 6¢058 3¢79 ISR 3439 3.23 3410 2497 2.BT 2,77 268 2.60 253 2446 .40
o68 10663 Te3T 6402 5,21 4466 442F 3.94 3e69 3e4R 3430 3,14 3401 2.89 2,79 2,69 261 2,53 2+4h 2,39 2,371
70 1615 7418 S.86 5.0 4,54 6-_14 3,84 359 3.38 3.2) 3e26 2493 2.82 2.7 2.62 256 2466 2439 2433 2427
o72 - 989 £.99 5,71 4,95 44462 4408 3,74 350 3.30 3Fa13 2,98 2.86 2.T6 2,64 2,55 2447 2,40 2433 2,27 2.20
o T4 Q.68 682 5,57 4,82 4431 394 3.64  3e4]  3e21 3,05 2.9] 2.T8 2.67 2,58 2,49 2.41 2,34 2427 2.21 2.16
76 Ga4) 6465 5,43 4,74 4,21 3486 3.56 3433 3,16 2,98 2.84 2.T2 2461 2,51 2.43 2,35 2,28 2.22 2.16 2,10
o TR 9.19 6.5 5,30 64,93 4,11 3,75 3,67 3.25 3,06 2,91 2.77 2.65 2,55 2,46 2,37 2,30 2,23 2.17 2,11 32,05
W RO 8,98 6,35 5,18 4,49 4,02 3467 3,39 3417 2,99 2.84 2,71 2.59 2,49 2,40 2,32 224 2,18 2417 2,06 2,01
«R? B,7R 6,21 5.07 4,39 3.93 3.52 3,32 3elp 2693 2.TB 2,685 2,53 2,446 2,35 2,27 2:20 2.13 2.07 2.01 1.96
" «R& B8.59 6408 4,96 4,30 3.84 51 329 3404 24R6 2,72 2,59 2,48 2,38 2,30 2,22 2¢15 2,08 2403 1,97 .92
o RE 8,41 5,95 4,86 4,2] 3,76 347 3,18 2,97 2480 2.66 2,56 2.43 2433 2,25 2.17 2410 2,06 198 1.93 (.88
+RE “Be26 5483 4,76 4,17 3,69 3.37 3,12 291 2475 2461 2,49 2,38 2,29 2.20 2413 2406 2,00 194 1.89 1.84
.90 8.0R Su7) 4,67 4,04 3,61 330 3,05 2.86 2,69 2,56 2,646 2.33 2.26 2,15 2.09 2.02 1,96 1.9n0 1.85 1.8
Q7 7497 561 4,58 3,96 3,55 . 3e24 3400 208Bp 2068 2,51 2439 2429 2420 2412 2.05 1698 1,92 1487 1.82 .77
- ToTR 5450 6469 3,89 3,48 3418 2,96 2.785 2.59 2,46 2,35 2.25 2416 2.08 2,001 1495 1,89 1483 1.79 .74
.96 Tebts  Sa80 4,41 3,82 3,42 2172 2489 2470 2455 2,42 2.30 2.2)1 2412 2406 1,97 1.91 1,85 1eBa 1,75 1.7
.98 TeB51 5431 4,33 3,75 3,36 3,07 2.86 .2¢656 2,50 2.37 2.26 2.17 2,08 2,01 1.94 1.8R 1,82 1477 1.72 1.68
1400 Te3R 5,22 4,26 3,69 3,30 3,01 2.79 2461 2466 2,33 2,23 2413 2.05 1497 1,91 184 1,79 1.74 1,69 1,65

’ IMAGE DISTANCF = 226 MM

OBJUECT DISTANCF = 336 MM

FUCAL LENGTH = 135 MM

MAGNIFICATION = ,67)9

' _ XBL 7011-6920
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USE‘OF‘PAPERITAPES PRODUCED BY THE VIDAR -

To convert the paper tepe output of the Vidar into useful
1nformat10n a Fortran subroutlne, FRAMCON has been wrltten. This
routine makes use of the LRL 6600d11brary subroutlne PTGET which reads
the téée record by fécofd,’a Vidar }eeord cdnsistihg of a seqﬁence of
_punched fréﬁes, twelve per Vidar~channel-sceﬁned,dterminated by e
punch in column eight ef the tape. vThese reeefds-are edited by FRAMCON
and, if acceptable, are returned to the calling pfogram.v The procedure
fqr deleting records is described in Sectien Adof Miscellaneous
Informatien. An option pefmits the*user to specify whether or not the
rejected records are.to'be printed at the job's eonclusion. These two
subroutines‘oecupy approximately 14,200 octal words.in core. |

It is suggested that_ﬁsers ﬁonitor the returded data to eliminate
any spurious ihformationeaccepﬁabieeto FRAMCON (e.g. the polarity could
have the opposite eign).” | |

CALL FRAMCON (NAME, NCHAN, D, IDENT, NGOOD, OUT)

NAME - name of the COMMON'FILE* into which the paper tape
-was read. NAME must be no longer than six characters
and these characters must be left adjusted in the-
vword, e.g. NAME S5LVIDAR

 NCHAN  total number of channels per record on the tape, ie.

the number of channels used per scan. This number is
assumed constant for the entire tape.

) ' '
The recommended operatlng procedure for readlng paper tape on the

LRL 6600 is to use the Job name, e.g., the above hypothetical job was
called VIDAR, as the paper tape file name. Before the computer begins
execution of the job, an operator copies the tape onto a disk COMMON FILE
and sets the COMMON FILE name to the job name as it appears on the job '
card. This is done because reading from the paper tape reader is con-
siderably slower than from the disk file, and would thus waste PP time.
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D a two dlmen51onal real matrlx of m1n1mum size (NCHAN,
NGOOD) that returns the paper tape data., The first
entry contains the sequential number of the channel
and the second contains the recorded e.m.f. in volts.
In the calling program, the second dimension of D must
be equal to or greater than the total number of records
on the tape.

IDENT & one dimensional integer vector of length NCHAN that
returns in order of use the true channel numbers.

NGOOD "returns the actual number of entries in each column
of the D matrix. Clearly NGOOD < the total number of
records on the tape.

ouT spe01f1es a printout option. If set equal to 1, a
frame by frame decimal copy of the deleted records is
appended to the program output. Any other number
produces no results. .In any case, the reason for
exit from FRAMCON, and the total number of records
read and rejected are written onto TAPE? and added to
the output file at the job's conclusion.

- RESTRICTIONS AND REQUIREMENTS -

A.

Subroutines'ReQuired But Not Included
1. System Subroutines
Subroutines‘Supplied

1. PTGET an LBL library routine that reads the paper tape
one record at a time. A Vidar record consists of
a complete scan of from 1 to 10 channels by the
Vidar Master Scanner terminated by a punch in.
-~ column eight on the paper tape. The end of the
~ file mark is assumed to be two consecutive end of
record_marks. PTGET hes been modlfled to include
the statement

IF( FRAME .EQ_.-377B)’G0'T0 bo

' 1mmedlately following statement number 35.0of that
program

2. NIGHT _maohine subroutine called by PTGET

3. NARITY machine subroutine called by PTGET

[
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S C. Commoh,USage

" 1. FRAMCON wuses a labelled éommon block COMMON /PTCOM/ to
communlcate w1th PTGET. No other commons are
requlred o

D. :Tape Usage
"1. FRAMCON requires TAPE? (actually assigned to a disk) for
B output. This tape must be specified in the

program card, as 1nd1cated in the example, or an
error will result.

USE OF THE SUBROUTINE

L ‘In order to 51mp11fv the use of subroutlne FRAMCON the following
‘exemple is provided. The job name is assumed to be VIDAR and the program
to be executed is called PTTEST. Explenations: of the control cards are
provided. in parenthesis. Also assumed are 3 channels and 500 or fewer
records. (Each record consists of one entry per channel so there may be
up to 500 entries per channel. ) ~Paper tape jobs should only be submltted
to the A machine.

VIDAR, 7, 100, 50000. 400001, ALBERT EINSTEIN -~ (normal job card)

L7 W I - (6411 control card sending the job to 6600-A)

.PAPER TAPE FILE VIDAR. v (alerts operator that a paper tape is expected)

COMMON VIDAR. . . (creates appropriate COMMON FILE)

RUNF (S.) ' ' (compile and list source program)

LODE (I=LGO, M=MAPFILE) (load program into memory)

XEQ. (execute source program) :

EXIT. ' (control point for error exit from program)

DMP, "~ (dump option)

WBR(11, 350000) - (saves core image)

DMPS. ‘ ~ (dump option)

FIN. . (control point for normal exit from program)

RELEASE VIDAR. (omit if further use to be made of file)

COPY(TAPEQ/RBU 1F ,MAPFILE/RB, lF OUTPUT) (transfers TAPE2 and MAPFILE to
OUTPUT file)

7-8-9 j (end of record)

PROGRAM PTTEST (INPUT, OUTPUT, _TAPE2, eoe W)
DIMENSION VOLTS (3,500), ID. (3) e
MYTAPE = 5LVIDAR
CALL FRAMCON (MYTAPE, 3, VOLTS ID NUMOUT, 1)

(rest- of source program PTTEST requlrlng
. data from Vidar) ‘
END
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SUBROUTINE FRAMCON (NAME, NCHAN, D, IDENT, NGOOD, OUT)
o ' (more subroutines)

7-8-9 _. (end of record)
(any,dther data eards)
6- 7 8- 9 | (end of file)

' MISCELLANEOUS INFORMATION

A: }Use of the Delete Option

The delete optlon may be used in either the manual or single scan
mode of operatlon to eliminate known erroneous records, but cannot be used
in the recycle mode. In this last case, it is necessary to find the bad
record on the tape and hand punch a delete mark somewhere in the record’
by using the manual punch avallable at the computer center. To delete
the preceding record when operating the Vidar in the 1 cycle (i.e. single
scan) mode, push the delete button once and then the EOR/EOF button once.
Omigsion of the EOR punch causes the record following the delete to be
dumped. Flnally, in the manual advance mode of operation, the delete
button may be pressed anywhere w1thu1the record. The record may then
be terminated by an EOR punch, or the scan maybe completed. Note that
the action of the delete frame is to eliminate one entire record and not
just one objectionable channel.

B: Notes on PapertTape

Paper tapes submitted to be read on the 6600 should be wound
clockwise with channel one next to the front flange on a reel with 3"
hub (LBL Stock No. 7520-44100). The reel should be identified by a
TAPE NAME sticker available.from the I70 desk. The beginning of the tape
must be on the outside of the coil preceded by approximately six feet of

. leader. Tapes mey be rewound at the Computer Center Ready Room. Black

paper tape (LBL stock No. 7530-90219) produces better results with the
CDC 3691 optical readers than does either pink or yellow tape. Splicing
material is available in the Ready Room to repair damaged tapes.

Job tapes should be submitted to the I/0 desk with a properly filled
out COS card heading the program deck containing subroutine FRAMCON.

C: Vidar - Tally Tape Code

The tape code supptied by the Vidar to the Tally punch and the
tape format are shown on the following page.

e

O



Tape Direction

-

¢ % F I
SRR
o]
~
o]
QO
[)]
N5
]
(0]
Lo
&
&
-
i 5
S &
4 3 (&)
O O
TN T
= O AU~ N

o)
o} 0
o] 0
0 o) 00
: 00
0 o0 0
0 o000
0000
0o :
0 0o 0
o] 0
o 0
0] o)
000000000

Tape Code

+\0 O~ O\ WO

« punch level -

EOR/EOF
Delete

- Tape Direction

( SPROCKET)

87654 321
0

v 0
0 0
o 0 .
o 0
_ o000
0 o]
o) o
0 o] 00
o0
0 o0 O
0 o 0O
0 0o 0]
o)

Tape Format

(shown above is
-23.4569 mv in
channel 4 )

CH ID

CH ID

CH ID
Polarity
Decimal ILoc.
Zero
X-~Data
X~Data
X-Data
X-Data
X-Data
X~Data
EOR
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- D: Trouble Shooting

Should the computer reject a large number of records from a tape,
the actual contents of that tape may be checked by listing it on the
teletype (TT) located in the main shop office of Building 77. Since the
character set differs from that used by the Vidar, a conversion table is
supplied below. :

CVider T® vVidar o7
0 o 5 n
1 1 6 o
2 2 T 7
3 L E 8
¥ o y o 9 | N o r

- Experience has shown that the most common reason for record
rejection by the computer is incorrect record length, e.g. one or more
frames have beed dropped. This may be easily checked by the above
approach. - Usually one finds that the tape is correct. "If so, show it
to the CDC engineers, have them check the spacing and explain what
happened. Tell them that this has happened in the past and ask them
if there is a problem with the reader. This approach usually results
in a reader tune up and the problem disappears. Then resubmit the job
and hope for the best. Real problems with the Tally-Vidar should be

reported to Paul Saltz, Building 25A, Extension 52hk.
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,SUBROUTTNE FRAMCON (NAME »NCHAN»D s IDENT s NGOOD s DUT )

THIS SUBROUTINE MAY 8E USED TO CONVERT PAPER TAPE DATA
FROM THE VIDAR DATA ACQUISITION UNIT. IT CALLS SUBROUTINE
PTGET,s EDITS THE RETURNED RECORDSs AND CONVERTS THE .
INFORMATION IN EACH CHANNEL TO VOLTAGES THAT ARE RETURNED
TO THE CALLING PROGRAM IN A TwO DIMENSIONAL MATRIX De

"THE CHANNEL IDENTIFICATION NUMBFRS ARE RETURNED IN A
fVCfTOR IDENT.

COMMON/PTCOM/LOOK:FR9FF9PFCHO’UWCHOyEBCHO ROCHO s PECHAR »

1 - UWCHARSEBCHARWNCsLEADERSVAL(15) s CHAR(15)
INTEGtR ERsEF sPECHO s UWCHO 9 EBCHO sROCHO PFCHAR;JWCHAR;
1. ERCHAR»VAL»CHAR » s FRAME(132),0UT '

DIMENSION D(NCHAN91)9IDFMT(NCHAN)
DATA PFCHOoUWCHOQEBCHO ROCHO PECHAR9UWCHAR9F6FHAR LS5sL&s
L?oL?’L19(VAL(I)’CHAR(1)91—1911)/
349342929333354444437775100000510000510075100515

1.

2 v
3 . 100Bs0s1Bs192Rs251033+3 4Ba49105B 9591068969 7397 s10B+8
4 v

. 1NB+8s1118499377B4377R/
WRITE(25108) _ -
IF(NUTWNEL1) GO TO 9
WRITE(2s1073)

T LOOK=377R

FR=2NNR
FF= 2NnN8

NC=11
'LFADFR nNNNHR
NF=12#NCHAN

- NGOND=0

NBAD=0
ME=1 -

"L IM=NF+12

ICOUNT =0 -
1S17T=0
LCALL PTGET(NAME, FRAME;NFRAMF MESLIM)

© IF(ME+FN.2.ANDeNFRAMELEQ.0) GO TO' 11
- IF(ME+EQs3<ANDNFRAMELEQ.0) GO TO 11

TCOUNT=ICOUNT+1 .
DO 12 T1=1,NFRAME

CMYFRAM=FRAME (1)

IF(MYFRAM.EN,3778) GO TN 17
IF(MYFRAM,GT,9) GO TO 2
CONTINUE " o :
IF(NFRAME NE.NF) GO TD 1

~ NGNND=NGOND+1
DO 6 Jz1eNCHAN

LNC=12%J-12 -
IF (FRAME (LOC+1) 4 NE.0) GO TO 3
IF (FRAME (LOC+2) «NEWN) GO TO 3

- IN=FRAME(LOC+3)




ITF(FRAMENILNC+4)EQel) GO THO 21

JFRIFRAME(ILOC+4) JNEL2) GO TO 4

IF(CRQMC(IO’+6).NE 0) 6N TN 5

VALU= FRAME(LOC+7)*L5+FQAME(IOC+8)*L4+FRAM“(LOg+9)*L3
VALU= VALJ+FRAME(LQC+1J)*L?+FRAMt(LOC+11)*L]+FHAMt(LDL+lZ)

17
20

22

23

15

14

16

18 .

19

13

1n -

IF(FRAME(LOC+4)eEQe2) VALU=-VALY
1617T=1 o
INENT(J)=1D
D{JsNGOOD )Y =VALY

11+748) MF

GO, TO (11lsll,

GO TO 14

MD=2
GO TO 14
MA=3 -
6N TO 15
MN=4

60 TO .15
"MD=5 -

GO TN 15
IF(NFRAME . EQ,
IFITSTITENLD)

 NGOND=NGOND+1
CNRAN=NRAD-]
NFRAME =NF

MN=2

TEXP=FRAME(LNC+5)
CVALU=VALYYY 10.**1 EXP

1) 2042
224273

ITCOUNT=TCOUNT -1

NGONN=NGOND-1

NBAND=N3AD+1
IsIT=n

IF(OUT ANEL1)
WRITE(25101)
WRITE(2+102)

GO TO 16
: IC")UNT",'M‘D:; ‘
(FRAMC(I)QI_19NFRAME)

GO TO (11s1141157518)

IFINGOOD«EQen. AND-NFRAME EQe0e AN).(CRAME(I)L
| +EQe. LOFF(FQAMF(I))) :
"WRITE{2+109)

NBAD=N
GO TO 13
WRITE(2s104)
60 TO 13

C WRITE(2,105)

NTOT=NGOOD+NIAD

WRITE(24106)

L IF(OUT G NELT)
WRITE(2+107)
END FILE 2

‘;QFTUQN '

NTAT sNBAD
GO TO 10

1948

NDe7777773)
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101 FORMAT (1HOs4X »*RECORD NUMBER #14* REJECTED FOR REASON #*11)
102 FORMAT (4Xs12(1Xs14)) -
103 FORMAT(1H s*BELOW 1S A DECIMAL COPY OF THE FRAME *

1 . *CONTENTS OF THE NDELETED RECORDS*)
104 FORMAT (1HO s *EXIT FROM FRAMCON DUE TO ENDFILE MARK ON *
o1 *PAPER TAPE#) . ‘ :
105 FORMAT (IHD o ¥FEXIT FROM FRAMC ON DUE TO END OF PAPER TAPE
S | ¥ COMMON FILE —~- ENDFILE MARK MISSING ON TAPEX)
106  FORMAT (1HO#*¥TOTAL NUMBER OF RECORDS READ = #3s154/31X0
1 ®NUMBRFR OF -RFCORDS REJECTED .= %*s16s//)

107 FORMAT (1HO 99X 9 #*REASONS FOR REJECTION# 427Xy *EXPLANATJON®

1 % OF FRAME CONTENTS%s///s
2 10X9%#1 —— INCORRECT RECORD LENGTH#*,20X>
3 # 0-9 —— VALID CHARACTERSH#,/
4 10X %2 —— ILLEGAL CHARACTER IN RECORD#*,16Xs
5 - #3333 -~ FVFN PARITY FRAMFE %,/
6 10Xs%¥3 == IMPROPER CHANNEL [4De NUMBER¥s15Xs
7 ' #3777 —-- FRROR SIGNAL FROM OPERATOR#,/
8 10Xs*¥4 == UNRECOGNIZED POLARITY SYMBOL*515Xs
9 , , #4444 —— UNWANTED CHARACTER IN FRAME ¥,/
1 1NXs%#5 —= SIXTH FRAME NOT BLANK#* 422X 4% 9 —-= #
2 #STGNALS VOLTAGE OVERLOAD IF IN FRAME 4%,/
3 58X s % 2655 —— RECORD FIIMINATED BY DELETE RUTTON#*)

108  FORMAT (1H1)

109  FORMAT (1HO,*PAPER TAPE COMMON FILE wAS NOT DEFINED #
1 *BEFORE PROGRAM EXECUTION -- EXIT FROM FRAMCON*)

C : - .

FND
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SUBROUTINE PTGET (NAMEsRECsNRECsME sNL IM)
INTEGER PECHOsPECHAR sEBCHOsEBCHARSROCHAR VAL s CHAR
INTEGER RECsBUF4SHIFT,FRAMESEF H»ER »sUWCHO,HWCHAR sROCHO
DIMENSION REC(1)9BUF( 513),IBUF(5)
COMMON /PTCOM/ ILOOKsERFEF
1sPETHD, WCHN s FBCHOs ROCH)
2 3 PECHAR s JWCHAR s EBCHARsNCs LEADERSVAL(15) s CHARI(15)
TF{MF.NFEL1) 50 TO 3
ROCHAR=LOOK. AND 3778
INITIALIZ: RIFFER .

v. Iq”“(l)—ﬂAMF ANDSTTTT 7717 7777 WﬂOW none
C IRUF (2)=L0CF(8UF)

IBUF(3)=1BUF(2) %IBUF(Q)«IBUF (2)
IBUF(5)=1RUF(2)+513
IBUF(1)=T8UF(1)+0Re 568

CALLL XEQCIO(1BUF)

CALL TOWAIT(IBUF)

SHIFT=60

NREC=0

TSAME=0 ,

IF(FR«FN«FF) 1SAME=1

ME=D2

" RETHRN

NREC=n
NR=N

- TF(NREC.EQe NLIM) GO TO 11

SHIFT=SHIFT=12

IF(SHIFT.GE.N) GO TO 2

SHIFT=48

IRUF(4)=1RUF(4)Y+1
IF(IBUF(4)«FNeIRUF(5)) IRUF(a)-IRUF(Z)
IF(IRUF(4)eNELIBUF(3)160 TO 6

CIF((IBHF(1)eAND.30B) «ENe30B) GO TO 60

-IBUF(1)=I8UF(1).AND.77T717777 7777 0000 00908.0R.128
CALLL XFQCIO(IRUF) '
S CALL TOWATIT(TRUF)

GO TO 2. '

IWORN=IBUYF (4)~-T3UF(2)+1 :

FRAME=NIG HT(RUF(IWORD)s%HIFT).ANW 77178

- IF(FRAMELFQ.77778) GO TO 1

[F(FRAME.NF«37773) GO TO 35
CIF(FRCHNGFQLL) GO TO 1
NREC=NREC+1

V‘REC(NQFC)~FRrHAR

GO T0O 1 |
FRAME=FRAME « AND 4 LOOK
IF(FRAMEEQ.3778) GO TO 4N

IF(FRAMESFEQW_EADER) GO TN 1
JF(FRAMEJEQeROCHAR, ANO ROCHOED 1) GO TO0 1
_ IF(PFCHO EQ. 1) GO TO 40 ‘ :
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NBITS=NARITY (FRAME) _
IF(MON(NBITSs2) «EN.1) GO.TO 40
TF(PECHNGENL?) GN TO 1
NREC=NREC+] :

REC(NREC)=PFCHAR

40 -

100
120

165

170

GO TN
CONTINUF '
IF(NCeFNaN) GO TO 120

PO 100 I=1sNC 2
[F(FRAME,EQ.VAL(I))Y GO TN 101
CONTINUIE S
IF(FRAMEJFNR.FR) GO TO 130
IF(FRAMELFQe.FF) GO TO 125

GO TN(175+1659170) «UWCHO
NRFEC=NREC+1 '

REC(NREC) =FRAME

GO TO 1
NREC=NREC+1

.RF({NRFC)—UNKHAR

175
1256

130
'i35
140
101

105

110

6GD.TO 1

MF = 4

RETIIRN

[FINR«FNs1) (O TO 125
IF(ISAMELEQe1) GO TO 140
ME=13

RETIIRN

‘NR=1

GO TO 1 , ,
IF(NR«EQe1).GO TO 110
NREC=NREC+1
REC(NRFC)=CHAR(T)

6N Tn 1

ME=13

SHIFT=SHIFT+12
IF(SHIFTeNF.62) RETURN
SHIFT=n

'IRUC(a)—IQUF(4)—1

60

NARITY

RETHIRN

ME=5

RETHRN

END ,
INENT PARITY
ENTRY - NARITY .
VFD . 4?/OHNARITY9]8/1
NDATA D

SA1 B1

CX6 X1

)P NARITY
END
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INEN
ENTR
VFD
 DATA
SA1
SA?
SB3
Cogp
END
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B. Etchants and Cleaning Solutions

| During the course of this work, it was necessary to clean and
prepare sﬁrfaces_for usevunder‘UHV conditions. For a more extensive
" list of'etchénts than that below, the readér-isvreferred to Table TII-IIT
in the thesis of Richafd:M; Goodman.”> |

1. Chemical Polish for 304 Stainless Steel

50 ml conc. HO, - = . Note: .Use solution only at ice

272
15 ml conc;';Hcl . ' 'temperature as the reaction is
20 ml conc. HF - very violent,

15 ml  distilled water.

2. Chemical Polish for Tantalum

20ml  conc. HF ' . Note: Sulfuric acid must be
FEQ ml conc. HNOB" - added last! Use solution oniy
50 ml conc. Hgsoh ' at ice temperature with running

water nearby to quench the

reaction'if it gets too violent.

3. Glass and Ceramic Cleaner

30 ml ' comc. H,0, - Note: Boil object in solution

272
. 6 ml "~ conc. NHjOH for ten minutes. In a pinch,
’ 970 ml - distilled water H,0, and NH, OH alone can be used

272

at ice temperature.
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C. Photographic Data and Slide Preparation

| Many ﬁiétﬁfes_were pfinted on phétographic paper during'this
wofk. ‘The fdilowiﬁg sevén steps were fognd to'fesuit in reproducible
'picturévquaiity.
1. Develop paper 2.0 mih;bwitﬁ ¢onstant agitation
B Stop iorséc.
3.0 fix 5-10 min. wifh agitaﬁidn duriné first minute and then
'7peribdicailyl' | | |
4. Rinse print in water
.5;. H&pocléar 2.5 min. -
6. Wash print in water for 30 min. ' N : .
‘fl Dry.
Color slides prbved td'bexan effective meénsrof communication
Quring S¢minars. With thevaésistance of Doug Kréitz from the IMRD
Photography'g?oﬁp, two-techniquesuwére:evolQed fof the pfeparation.of

these,slides.

Color Slide Film Methoa
-l;. Have Graphic Arts maké a 8vX‘lOvnegativ¢ of the drawing.
2;‘.Také this‘hegativé'tOvthe Building 90 Print Room and have a
"Blue Line" copy madé via the blue print machipe.' : v .
f3;,‘Photgfaph_the "B1ue‘Line"‘u§ing High speéq Ektachrome (Type B)
| in the érouvaikOn.i v | , v | ._' o ; :: ; ..
L. Sénd the'fiLm'£o Kodak for processing.

")5."This’pfocédurefproduéeé permanent élidesvof excellent quality.
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Diazo Method

1. Photograph the original line drawihg st a size appropriate
for 35 mm slides with the MP-3-camera using Kodalith £11m.
2. Processvthe negative
3. Expose a piece of Diazo (elearvbase) to UV light (or sunlight)
through the negabive for 1-5 minutes_depending upon the light
intensity | “ | | ' _‘ |
‘h. Develop the Diazo in 2 molar NHhOH untll uniformly colored
5. Dry the Dlazo on a soft cotton pad to av01d scratching it
'6.v Cut the prlnt to seize and place 1t_1n a 35 mm glass sllde
mount |
T. This procedure.produces hiéh qUalitydslides in a short pefiod
- of time. | |
D. New Tonizer
| As noted in Chabtef iI,Ethe ionizer uSed in thisbwork'has ceftain
: ihherent:difficultiesfi Obé'solufion to.tbis.problem is.to use an

electron bombardment source similar to that described by Brink173 or

by Davis.l7h

Brink's design, however, is more suitable for use in s
'LEED'sysbem‘becaﬁse it‘reldes on electrostatic rabher ﬁhan magnetic
fields-to contain the electrons. Such a devdceveould have several
advantages over the 1on1zer currently in use. Fifst becauSe the
1on1zing region is cylindrlcally symmetrlc about the axis of the
unadrupole array, the.scattered beam would'encounter 8 more unlform

-electron flux than it now does after it passes through the colllmatlon

aperture.' Second, the v1ew1ng factor blas could be decreased by maklng
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the siie»of the ionizing region more comparable to the radius of the
oOllimation'aperture (i.e. in Fig. II-12, perhaps R could be reducedito_
5D rather‘than 14D as'in’the present configuration). Third, by making
bothbtﬁe grid and theAshield‘out of'wire mesh,vthe electron source would
definitely respond to the beam denslty  The current desigh of the
1onlzer may be sensitlve to a mlxture of flux and den31ty due to the
beam exit aperture. Fourth,_the high electron:density in the 1onlzlng
regioh,meane”that.it.will'probablytcbhvert a larger fractlon of the
soatteredvbeam into detectable ions' than the.preeeut ionizer. Provided
the background pressure of thedbeam species:can bé kept very low iu
the scattering region, this should result in an inerease in the sigualé
to-noieenratio.‘ For these reasons; a hew ionizer is now being designed.
o One of the gdals of future reeearch is to»determine the energy of
the scattered species. This might be achieved as suggested by Smith
and Fite35 by determiaing both the fluxnand'density'of the scattered
beam with the same detector.' fhe auerage'veloeity of the detected
molecules could then be obtalned from the ratio of the flux to the

den51ty
§I'= (Flux Signel)/(Density Signal)

For the detector to be truly. flux sensltlve the molecules to be

1on1zed must be in thermal equlllbrlum w1th their surroundlngs (i.e.

‘the measurlng dev1ce). In practlce5 thls crlterlon might be approx1mated
by‘taklng advantage of.the thermal accommodatlon coeff1c1ent to reduce

the temperature of the scattered beam toward that of the measurlng

.
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system. Recall that in Chapter V we had

o = Tt . (V-106)
1 S

where Ti’.Tr ére the "temperatﬁreg" of the incident and reflected
pafticles, and TS is the Surface temperature. 'This equation mgy be
rearraﬁged to yield the temperature_of;the reflected particle as the
result of a singlé collisioﬁ:'. | |

T ) lai . (1'- )T, (VII-1)
r . B 1.

For mﬁltiple collisions we may write-

r @ - o o+ - )
r ‘ 8 : e
= aT_ 1+ (1 -.q)]v + (1- a)2 T, | (Vi152)
T (3) | of + (1 -0a)T (2)
r .8 o r

= oar, [1 fz(i‘- ) + (1 - a)?] + (1 -a)d T (VII-3)

p (n) .q«fs" ; (1-a)t + (1-a)" T, (VII-h)
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The sum of the power series is given by

n-1l : n ’ _ .
: J _ 1-x : :
2 x = T - (v1I-5)
=0 . .
‘so that Egq. (VI—2)vmay be rewritten as
RGO '[1 s o+ :'(l _a)P T
r s : ' i
or
@ o0 v o) (ro-T) | -(VII-G)
r ' s ' i» s ' A ’

Thls equatlon glves the temperature of a molecule after it has undergone
n colllslons with a solld, sufferlng partlal thermal accommodation
withieaéh cdllision. Clearly if Ti > Ts’ the temperature of the reflected
beam uili'decrease from Ti toward Ts while if Té > Ti’ the temperature
of the reflected beam‘will increase 'from‘Ti touerd T Table VIi{l
shoﬁs the number of collisions necessary as_e function of the thermal
accommodation coefficient to reduce the temberature of 8 1500°

incident partlcle to w1th1n 10% of 300°K a typlcal surface temperature.
Only for very low values of o 1s a prohlbltlvely large number of
collisions required. Thus, if one were to attach a snorkel-llke
'saﬁpling d1v1ce to a stagnatlon chamber atOp a Brlnk ionizer, both the
density and flux of the scattered beam could be determlned in situ by
’ralslng:or lower;ng the quadrupole.-'For rarecgsses, the residence

‘times in a properly desigued“chember~mightvbe'short.enough compared to

*
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Table VII.iﬁ>Num5§r:of é61i1Si6né needéd;tQ"redﬁce the temperature of

& 1500°K molecule to 330°K via termal ‘accommodstion.

v'ro’ldolz l;:.v _ " ;=' 35: j‘ 
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: 150 Hz. so that the captured _partiéles would maintaiﬁ their phase
information. 'In ghis wa.y, knowledge of the energy of the scattered

beam could be obtained. . A ' | N




SYMBOLS

A = particle wavelength, cm or A :
- =27

h. = Planck's Constant = 6.625 X 10” 'erg—sec
P = particle momentum, g-cm/sec

m = particle‘mass; g/atom

=
N

particle energy, ergs or electron volts

v = acgélérating potential,vvolts |

veos= pérticle velocity, cm/sec

6. = gcattering angle measured from surface'nérmal, degrees

incident angle, measured from surface normal, degrees.

[e]
[}

B = impact parameter, cm or A

6 = anéie of maximum scatﬁering:inténsity, degrees

I = béamvintensity, molecules/séc ' |
=.imolecular flow rate, molecules/sec

Q
Q. = leak rate for chember i, molecules/sec
A

i
4= ‘detector area, cm®
- 2
AS = source area, cm
L = length of beém path; cm

‘M = molecular weight of gas, grams/mole
‘T =. absolute temperature of gas or solid

n

S

mumber- aensity, atomsfon> .

vV = average particle velocity, cm/sec ‘

D3 " pressure in chamber i, dynes/cx’n2 or torr

A(p) = pressure dependent mean free path in'évgas,<cm‘
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£ = length of gas partiéle'flight path at pressure p, cm

o = collision diameter of molecule;‘cmzlor Ag

R = gas constant = 8,32 X 107 ergs/mole-deg = 1.987 cal/mole-deg ;;
N§ = Avogadroé number = 6.025 X 1023 atoms/mole | B
S -='vpumping speed, literé/sec{

' ' ’ /2

3.51 x 10°2 atoms-g'

£ = constant -'dégl/z/torrfémz-sec

K = ébnstant '3.21 X lolg.atoms/torr—litér'

a = diétapéedbetweeh”sdu?ée aﬁd source collimator, cm

b = disténéé between source éoilimﬁﬁof and séiéctor collimator, cﬁA
w = haif—ﬁidthsof incident beam, inches or cm

D = vhalf;ﬁidth'of<detectorVapérﬁﬁfe;vihéhes or cm

r = distance from .crystal to ionizer collimator, inches or cm

o
i

'distancejfrom'ioniier collimator to extractor aperture, inches.or cm '*_ 
,21, 22 = projectéd scettered beam widths in the ionizer, inches or cm

angle mass spectrometer must be rotated about its'axis, degrees

> o
n

.iock—in amplifier output voltage, volts.

amplitiude of modulated signal, volts

0]
L

w = mbdulation frequency of incident beam, sec”
T = time period of modﬁlation, sec.

¢ = phase lead or lag of modulated beam compared to an arbitrary

&

referance, degréeé.
v ".é,most:probablé parfiélé véiocity, cm/sec.
¢ = out of;plang scéttgring, aegrees (¢f = O°)
S = léngth of‘side'of'boi for_traﬁslationaivenergy‘1eve1 spaping"v

- calculation, cm
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ni = 'translgtional qugntum hﬁmber; l; 2, 3;f ; . '

n_ = vibfatidnal quentum number, 0, 1, 2, . ..

eR,V = rotational and vibrational fempéfatures,'°K

N, o= ﬁumbgr of atomé in molecular state i |

6; = surfacé Debye temperature = ilO°K for'platipum,

a = thermal accommodafion coefficient

A = Einstein coeffiéieﬁt for spontaneous. emission

B = Einstein coefficient for induced absorptién

¢ = sgpeed of light = 3 X.ld-lo cm/sec

QR,V_#'rotafional and vibratiénal ahgular frequencies

v = tfansitionrfrequency in Einstein coefficient, sep_l
1TE,V,§ % electronic, vibratiqnal, or rotational relaxation_tiﬁes, éec

AH .. = heat of adsorption, kcal.
-~ ads _
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