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TABLE OF ISOTOPES PROJECT 

C. M. Lederer, J. M. Hollander, E. Browne, J. M. Dairiki, R. E. Doebler, 

L. J. Jardine, A. A. Shihab-Eidin, and D. A. Shirley 

As of December 1972, 152 mass chains 
have undergone first compilation. The total 
compiler-effort since the project was begun 
in 1971 is 8. 7 man-years. In addition to the 
time that will be required to complete the re­
maining 110 mass chains, all the compilations 
must be proofread and updated to a uniform 
cutoff date. Proofreading will begin early in 
1973, concurrently with the compilation effort. 

An on-line terminal system IRATE {Inter­
active Retrieval And Text Editing) became 
operational in December and is now in routine 
use for entry of tabular data. Additional 
terminals will soon be used by the Particle 
Data Group {Physics Division) and other groups 
in the laboratory. 

A= 225, A= 221, A= 217, and A= 213 MASS CHAINS 

C. C. Maples* 

A detailed review of all of the available in­
formation on the 33 isotopes comprising the 
A=225, A=221, A=217, and A=213 has been 
completed as of January 1, 1973. The data 
have been tabulated, and the conclusions based 
on them have been summarized in level 
schemes such as the one shown in Fig. 1 for 
A=221. 

These mass chains are heavily linked by a 
and f3 decay. A survey of the four chains 
simultaneously {as well as the A=229 pre­
curse rs) facilitated the identification of sys­
tematic trends which at times suggested the 
presence of rotational bands or new spin and 
parity assignments. In addition a consistent 
picture of this transition region is valuable in 
pointing out the interpretative difficulties as 
one goes from a shell-model region around 
A=213 to a deformed one around A=225. 

Footnote 

* Nuclear Information Research Associate. 
Work supported by the National Science 
Foundation through the National Academy of 
Sciences-National Research Council, Com­
mittee on Nuclear Science. 
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ALPHA SPECTROSCOPY OF ISOTOPES PRODUCED BY 

HIGH-ENERGY NUCLEAR REACTIONS 

J. D. Bowman, E. K. Hyde, and R. E. Eppley 

We have previously reported a program of 
the on-line study by the helium-jet recoil­
transfer technique of the a-emitting products 
of the interaction of 5 GeV protons with heavy 
nuclei, and described the apparatus which was 
used. 1 Here we report a few additional ex­
periments de signed to improve the reliability 
and accuracy of our a spectroscopy and de­
scribe the procedures used to redetermine the 
energies of 40 a emitters with an accuracy 
substantially better than the literature values. 
A dramatic improvement was made for the 
rare earth a emitters where errors were re­
duced from about 20 keV to about 3 keV. A 
table of results is presented. 

The complexity of the a spectra, which con­
tained as many as 70 peaks, made the tasks 
of position determination, half-life analysis, 
and peak identification difficult, but conversely, 
since many peaks were present in each of our 
spectra, a precise determination of their rel­
ative energies was possible. Energy and time 
data were taken for a target of Ta, Au, Th, 
and U by using both the catcher plate and tape 
drive apparatuses described in Ref. 1. Col­
lection periods of 10 min and 30 sec were to 
emphasize lines having different half-lives 
(as discussed in Ref. 1). Use of the tape drive 
collection apparatus ensured that source 
thickness effects were absent. The data were 
sorted into energy spectra and a time spectrum 
for each of the peaks. Pe.ak positions were ex­
tracted bl using the computer program 
SAMPO, and half-lives were determined by 
nonlinear least-squares fits of the decay data 
to a super -position of exponentials. A com­
parison of the peak positions and half-lives 
was made between the various spectra to en­
sure that for each peak included in further 
energy analysis there was no position shift 
with target material, that energy absorption 
due to source thickness was negligible, and 
that the lines used in the energy analysis were 
essentially pure. Peaks were identified by 
searching a complete list of the a decay en­
ergies and half -lives reported in previous 
work. 3 For each a decay given below there 
was quantitative agreement between our mea­
surements and previously reported values 
for both the a energy and the half-life. Where 

our detector-amplifier-ADC system, using 
appropriate, feeding and a multiplicity rela­
tions as well as yield systematics were con­
sidered. Of the 70 lines observed, 40 meet 
all of the above requirements. 

Alpha energies were determined by a cali­
bration of the nonlinear energy response of 
20 selected peaks as internal standards. 
These standards are indicated in Table I. 
Short-lived a emitters in the rare earth re­
gion generally have poorly known energies. 
In order to obtain an internal standard in the 
rare earth region.which occurred in our spec­
tra as an isolated peak, we measured the en­
ergy of 150Dy a 0 relative to 149Tb a

0 
in an 

off-line experiment where other activities 
produced had died away. Our result was 
E = 4233 (3) keV. Calibration fits were per­
formed by assuming a polynomial relatio!l_!lhip 
between peak position and energy. It was 
found that for polynomials of degree quadratic 
or higher the agreement was \Jetter than sta­
tistically expected, (x2 /N -M)z = 0. 7, and that 
no improvement in the fit was obtained as the 
degree was increased. The results reported 
below are based on a cubic fit. In a few cases 
the errors have been arbitrarily increased by 
1 or 2 keV. It should be noted that the errors 
of the standards themselves have been re­
duced by the requirement of consistency 
among them. 

The advantage of GeV proton irradiation of 
heavy targets in this connection is that a large 
number of a-lines appear in a single spectrum, 
which allows a simultaneous comparison of 
many peaks with standards previously mea­
sured by precise magnetic4 or semiconductor 
spectrometry. Previous measurements of 
short-lived rare earth activities have been 
restricted to samples made by heavy-ion re­
actions in which only a few a activities are 
made having energies in a region where few 
standards exist. We have now established a 
new set of a standards including many which 
will be useful for future work with rare earth 
a emitters. In addition, these accurate a en­
ergies will serve to test the predictions of 
mass formulas for short-lived nuclei far from 
stability. 
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Table I. Table of energies and identities of selected peaks. A literal reference by a nuclide 
indicates that its energy was used as an internal standard in the fitting procedure. 

Nuclide 

149Tb 

151Dy a, b 

154Er c 

150Dyd, e, f 

152Ho 

152m 
Ho 

151Ho 

151m 
Ho 

153Er 

152Er 

154Tm 

154m 
Tm 

153Tm 

179Ptg 

155Yb 

178Ptg 

177Pt g 

211Ath 

176Pt 

199m i 
Po 

Energy, 
this work 

3972(5) 

4067(3) 

4166(3) 

4233 (3) 

4387 (3) 

4453 (3) 

4517(3) 

4607(3) 

4671(3) 

4799(3) 

4955(3) 

5030(3) 

5103(3) 

5156(3) 

5191(5) 

5440(3) 

5510(3) 

5865(3) 

5743(4) 

6060(3) 

Energy, 
previous work 

3967(3) 

4068(5) 

4166(5) 

4233 (3) 

4380(20) 

4450(20) 

4510(20) 

4600(20) 

4670(20) 

4800(20) 

4960(30) 

5040(20) 

5110(20) 

5150(10) 

5210(20) 

5440(20) 

5510(10) 

5868(5) 

5740(10) 

6064(4) 

Nuclide 

198p
0

j 

198p
0

j 

197m i 
Po 

213Fr 1 

212Ram 

204Ra m 

222Ac 

217 At n, o 

218Rnp 

219Fr 

211Po c 

214Po 

217Rnq 

216 At 

218Fr r 

215 At 

213Po o 

212Po s 

214At 

211m 
Po 

Energy, 
this work 

6183(3) 

6339(3) 

6385(3) 

6775(2) 

6901(2) 

6970(3) 

7013 (2) 

7071(2) 

7133 (2) 

7317(4) 

7448(2) 

7692(5) 

7739(2) 

7800(3) 

7867(2) 

8026(4) 

8376(3) 

8785(1) 

8819(4) 

8885(5) 

Energy, 
previous work 

6178(5) 

6338(3) 

6387(8) 

6773(5) 

6896(5) 

6973 (5) 

7010(10) 

7068(4) 

7127(10) 

7310(30) 

7450(3) 

7687(1) 

7742(4) 

7810(10) 

7870(10) 

8010(10) 

8377(5) 

8785(1) 

8810(10) 

8880(20) 

aS. Mahunka, L. Fron, J. Ftmyes, and A. V. Khalkin, JINR-P-2553 (1966). 
b N. A. Golovkov, S. K. Khran, and V. G Chumin, Proceedings of Int. Symp. Nucl. Structure, 
Dubna (1968). 

eN. A. Golovkov, Sh. Guetkh, B S. Dzhelepov, Yu. V. Norseev, V A. Khalkin, and V G. 
Chvmin, Bull. Acad. Sci. USSR Phys. Ser. 33, 1489 (1969). 

dThis work. -

eV. G. Chumin, K. Gromon, and B. Makhmudon, Zk. Zhelev, JINR-E-2721 (1966). 

fJ. Kormicki, H. Niewodniczanski, Z. Stachura, K. Zuber, and A. Budziak, Nucl. Phys. 
A100, 297 (1967). 

gA. Siivola, Nucl. Phys. 84, 385 (1966). 
h -

R. W. Hoff, UCRL-2325 (1953 ). 

continued 
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Table I (continued) 

iE. 'I'ielsch-Cassel, Nucl. Phys. A100, 425 (1967). 

jw. Treytl and K. Valli, Nucl. Phys. A97, 405 (1967). 

kK. Valli and E. K. Hyde, UCRL-16580 (1966). 
1K. Valli, E. K. Hyde, and W. Treytl, UCRL-17272 (1967). 

mK. Valli, W. Treytl, and E. K. Hyde, UCRL-17322 (1967). 

nR. J. Walen, Compt. Rend. 255, 1604 (1962). 

°K. Valli, Ann. Acad. Sci. Fennicae, Sev A, VI, No. 165, 1 (1964) 

PF. Asaro and I. Perlman, Phys. Rev. 104, 91 (1956). 

qC. P. Ruiz, UCRL-9511 (1961), adjusted according to the redetermination of Po
214 

0!
0 

in s. 

rK. Escola, Phys. Rev. C 2· 942 (1972). 

sA. Rytz, Helva. Phys. Acta 34, 240 (1961). 

References 

1. R. E. Eppley, J. D. Dowman, and 
E. K. Hyde, Nuclear Chemistry Annual Re­
port LBL-666, (1971), pp. 18 and 325. 

2. J. T. Routti, SAMPO, UCRL-19452 
(1969). 

3. C. M. Lederer, J. M. Hollander, and 
I. Perlman, Table of Isotopes (Wiley, New 
Yori, 1967); K. Valli, in Proceedings of the 
Third International Conference on Atomic 
Masses, Winnipeg (1967), p. 296; 
P. Eskola, Arkiv fur Fysik 36, 477 (1967) 
and various original articles-:-

4. A. H. Wapstra, Nucl. Phys. 57, 48 
(1964). 

ABSOLUTE ENERGY MEASUREMENT OF THE ALPHA PARTICLES 
EMITTED BY 232u AND 240put 

D. J. Gorman,* A. Rytz, * and H. V. Michel 

As part of a continuing cooperative pro­
gram with the Bureau International des Poids 
et Me sures, absolute alpha-~'jrticle energies 
of the O!o and 0! 5 groups of 2 u and the 0!0 
and 0! 

5 
groups oP 240pu have been measured. 

The a~solute energy magnetic spectrograph of 
the B. I. P.M. whith has been described 
previously, 1-3 was used in the determinations. 

The 
232

u was separated from the 
228

Th 
and its daughters on a Dowex anion exchange 
column using HCl, and from Fe on an anion 
column using HN03' 

A mass analysis of the 
232

u sample gave 
upper limits of 1 o/o and 1. 5o/o for the mass of 
238u and 233u respectively and 0.3o/o for all 
other masses in this region. A mass analysis 
of the Pu shows the following composition: 
11 o/o 239Pu, 88% 240pu, 0.6o/o 241pu, and 
0.03o/o 242pu. 

232 240 
The sources of U and of Pu prepared 

by vacuum evaporation were used for several 
exposures. The low activity of the 240pu 
necessitated taking exposures for 6-14 days. 
Four exposures of the 232u source were taken 
for 12 hours each at two different magnetic 
field values. 

A window, accepting only a very limited 
energy region was placed in front of the photo­
graphic plate to reduce background on the. 
plates. 

The method employed in evaluating the data 
has been described in previous publications1, 2 
in which it is shown that the intensity of the 
alphas on the high-f:nergy side of the peak is 
proportional to x3/2, where X is the distance 
between the point under consideration and the 
point which corresponds to the maximum 
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energy. Fi~ur.e 1 shows the 232u a 0 group 
plotted as N ;3 vs distance, where N is the 
number of a particles per unit distance. The 
best straight line has been calculated by using 
the least-squares method. 

The small number of events collected on the 
plate expos'ed to 240pu suggested another 
method of extrapolation, 4 based on the prin­
ciple of maximum likelihood. Both methods 
gave the same result for 232u; however, for 
240Pu the extrapolated point was 90 eV lower 
than that calculated by the least- squares 
method. In both of these methods, an un­
certainty exists due to the choice of points used 
in the extrapolation. We have taken the arith­
metic mean .of the two results. 

102.3 

Nuclide 

232U (ao 

232u (a58) 

Standard used 
by the authors 

240p ( u a
0 

240 Pu (a45 ) 

Standard 

102.4 102.5 

Position along plate (mm) 

Our final results, in the table, are the 
weighted means of the individual measurements 
with the weights egual to the reciprocals of the 
variances, i.e. 1/a.2. 

1 

Table I gives a comparison of our results 
with the relative measurements of Asaro, 5, 6 
Baranov7 and Leang. 8 The relative measure­
ments have been normalized to the new ab­
solute values of Grennberg and Rytz1 and 
A. Rytz. 9 

Fig. 1. One sectioA of the main 
232

u a group. 
The ordinate is N2; 3 where N is the number 
of alpha particles counted in a band width of 
10 microns; the abscissa is the position along 
the plate with increasing energy to the right. 
The extrapolated value is shown by the arrow. 

(XB'L 732-2298) 

Table I 

Published values (normalized)a 
(keV) 

Present work 

Asaro(5 , 6 ) 

5320±2 

5263±2 

228Th 

5169±3 

5125±3 

210Po 

Baranov(?) 

5320. 8±1.0 

5263. 9±1.0 

240Pu 

Leang( 8 ) 

5168.0±0. 7 

5123. 6±0. 7 

212Bi 

Average energy 
and estimated 
stand:\;d devi-

ation (keV) 

5320. 30±0.14 

5263.54±0.09 

5168. 30±0.15 

5123.43±0.23 

Number 
of 

exposures 

4 

4 

4 

2 

Number 
of 

sources 

1 

1 

3 

2 

aThe published resutts of the authors have been normalized to the most recent value for the 
standard used. 

bTo the listed standard deviation a systematic error should be added whose upper limit is about 
0.1 keV. 



It is evident that our results are in good 
agreement with the previously published work 
after normalization and they are much more 
precise. 

Footnotes and References 

tWork condensed from LBL-622. 
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1. B. Grennberg and A. Rytz, Metrologia 
]_, 65 (1971 ). 

2. B. Grennberg and A. Rytz, Compt. Rend. 
269, serie B, 652 (1969). 

3. B. Grennberg, A. Rytz, and F. Asaro, 
Compt. Rend. 272, serie B, 283 (1971). 

8 

4. D. J. Gorman and J. W. Muller, Maxi­
mum Likelihood Fit to Points Originating 
from Different Poisson Distributions, Report 
BIPM-72/6. 

5. F. Asaro and I. Perlman, Phys. Rev. 99, 
37 (1955). 

6. F. Asaro and I. Perlman, Phys. Rev. 88, 
828 (1952). 

7. S. A. Baranov, V. M. Kulakov, and 
V. M. Shatinsky, Yadernaya Fysica ]_, 727 
(1968). 

8. C. F. Leang, Compt. Rend. 255, 3155 
(1962). 

9. A. Rytz, Helv. Phys. Acta 34, 240 (1961). 

148Gd PRODUCTION AND PURIFICATION FOR ABSOLUTE ALPHA 

ENERGY MEASUREMENTS 

H. V. Michel and F. Asaro 

148Gd, a pure alpha emitter with a single 
3.18-MeV alpha-particle group and an 84-year 
half-life, is nearly ideal as a low-energy 
alpha calibration standard. It can be pre­
pared by the p. 4n reaction on 151Eu and 
purified by standard chemical techniques. 
The only major impurities after purification 
would be due to Gd isotopes. A substantial 
quantity of 148Gd was prepared to make alpha 
and gamma spectroscopy measurements in 
our laboratory, a precise measurement of 
the absolute alpha particle energy in the mag­
netic spectrograph of the Bureau International 
des Poids et Mesures and to supply the National 
Bureau of Standards with material for calibra­
tion sources. 

A target of 1. 98 g of enriched (96. 83 "/o) 
151Eu oxide was bombarded at the LBL 88-
inch cyclotron with 42 -MeV protons for 1570.5 
f.LAhr. The enriched 151Eu enhanced the yield 
of 148Gd, reduced the yield of the 151cd and 
153Gd radioactive contaminants, and reduced 
the level of stable Gd isotopes in the Eu suf­
ficiently that a chemical separation prior to 
irradiation was not necessary. 

After waiting several months to allow the 
target to decay it was dissolved in HCl and 
passed thru a Jones reductor which changed 
the oxidation state of the Eu to +2 while the 
Gd remained in the +3 state. Immediately 
after the reduction column the eluant was 

loaded onto a Dowex 50 X4o/o cation column 
where the +3 ions were held up and then eluted 
off in 6 M HCl. The solution was kept in a 
nitrogen-atmosphere after reduction until all 
the Eu +2 had been washed off. It was neces­
sary to add approximately 1 g of hydrazine 
hydrochloride to keep the Eu +2 reduced and 
prevent bubbling in the column. 

Further purifications of the Gd were made 
with columns which contained Dowex 50 X 12 "lo 
cation exchange resin and were eluted with 
0.4 M alpha-hydroxy isobutyrate with pH= 4.2. 

The alpha spectrum was measured-with a 
solid state counter at a half width of 28 keV. 
No alpha particles other than the 3.18-MeV 
group of 148Gd were detected except for small 
perturbations in the background spectrum at 
about 2. 74 MeV with an abundance of less than 
0.05"/o. 

The gamma spectrum was measured on a 
Ge crystal with approximately. 54 keV half 
width at 100 keV. No gamma ra3.s other than the 
known radiations of 151(:;d and 15 Gd were seen. 

About 5X 10
8 

alpha dis/min of 
148

Gd were 
prepared of which one third was sent to the. 
Bureau International des Poids et Mesures, 
Sevres, France where three sources of 
10±5f.1Ci each were prepared by vacuum va­
porization. A comparable amount was sent 



to the U. S. National Bureau of Standards for 
preparation of calibration sources. 

Source 

1 

2 

3 

Table I 

Energy (keV) No. of exposures 

3182.78±0.03 10 

3182.81±0.01 4 

3182.62 5 

9 

The preliminary results
1 

of the absolute 
alpha-particle energy measurements are 
shown in Table I. The best final valve is 
3182.787 ± 0.024 keV. 

Reference 

1. D. J. Gorman, H. V. Michel, A. Rytz, 
and F. Asaro, to be published. 

DECAY OF 209At TO LEVELS IN 209pot 

L. J. Jardine, S. G. Prussin, and J. M. Hollander 

209 
The electron-capture decay of At has 

been investigated with Ge(Li) y-ray spectrom­
eters and a Si(Li) electron spectrometer. The 
multipolaritie s of 31 transitions have been 
determiiJ_ed and combined with data from a 
recent 2 0Po(p, d) reaction study 1 to assign 
spins and parities to levels. Figure 1 shows 
the· decay scheme which was established. 

Since 209Po is only two protons and one 
neutron hole away .from doubly magic 208pb, 
it is expected to be a relatively good shell­
model nucleus. The low-lying level structure 
should be formed from protons in the h9j2 
orbital and a neutron hole in the P1/2, f5j2, 
P3/2• or i13j2 shell. Seniority 1 configura­
tions of this type have been assigned to levels 

9/2- 5.42h 

95.9 %ECIC~t'14\ 
0.13% 7.2 (,£) 

115 

o.,,. 4.1%a 
5·3% ~· 4.5% ... 
1-35% "" B·6'% •.. 
0·23% 8-0 
0.33% e.o 
0-09% ... 
75.1% 

,,-____________ 1...:0...:2:..;Y:...,_ ______ ..J... _____________ ~..L......l-'L.....--- o.o 

Fig. 1. Experimental decay scheme of Z09 At. 
Relative y-ray intensities are shown on the 
level scheme. (XBL 731-2185) 

E( MeV) %EC log ft 



at 0.0, 545.0, 854.4, and 1761.1 keV, re­
spectively, observed in the 210Po{p, d) pick­
up reaction; 1 Our measurements confirm 
these assignments. The f7~2 neutron hole 
state appears to be fragme:6.ted over several 
states and has not been positively identified. 

The 9/2+ state at 2312.2 keY receives 
about 7511/o of the total decay and was not 
populated in the {p, d) reaction. This state 
arises from excitation of the odd neutron 
across the N = 126 shell, and has the con­
figuration ( 1rh9j2)0+ (vg 9( 2 ). Strong evi­
dence for this assignmen also derives from 
the log ft value (6.1) for the electron-capture 
transition to this state, which is very close 
to the values measured2 for the same transi­
tion ( 1rh9 /2 ~ vg 9/2) in the decays of 
210At and 211At. 

States may be formed from seniority 3 
configurations such as (1rh9j2)J~o (vP1/2)-1. 
In Fig. 2 we show the experimental level 
structure 1 • 3 • 4 below 1. 65 MeV together with 
a recent shell-model calculationS based on a 
residual interaction generated by a non-local 
Tabakin potential with core polarization 
effects simulated by additional pairing -plus­
quadrupole forces. A calculation based on 
effective two-particle interactions derived 
from experimental data on neighboring nuclei 
was also made. The details of this calculation 
and a complete discussion of the 209po level 
scheme are given in the full paper. A 
description of the measurements and the mea­
sured data are also presented. 

Footnotes and References 

t 
Condensed from LBL-245; to be submitted 

to Nucl. Phys. (1973 ). 

1. T. R. Canada and T. S. Bhatia, private 
communication, Carnegie -Mellon University, 
Nov. 1971 and July 1972. 
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2. L. J. Jardine, S. G. Prussin, and J. M. 
Hollander, Nucl. Phys. A190, 261 (1972). 

3. M. Alpsten, A. Appelqvist, and G. Astner, 
Physcia Scripta_±, 137 (1971). 

4. K. Wikstrom, AFI 1971 Annual Report 
3. 1. 43, p. 87. 

5. W. Baldridge, N. Freed, and J. Gibbons, 
Phys. Letters 36B, 179 (1971 ). 

THE ELECTRON-CAPTURE DECAY OF 155Tbt 

C. M. Lederer, R. A. Meyer,* and R. Gunnink* 

The deformed nucleus 
155

Gd has been of 
particular interest for several reasons: 
1) A large number of intrinsic states occur 
at low energies; 2) the N = 6 (even-parity) 
states derived from the i 13 ; 2 shell are 
strongly intermixed by the C:oriolis force, 1 
and the resulting band structure is very dis­
torted, making identification of the states dif­
ficult; 3) the N = 6 states are also strongly 

admixed with N = 4 states 1/2+ [ 400] and 
3/2+ [ 402] , due to level crossings that occur 
around 91 neutrons at deformations 6:::: 0. 3. 2 

Although the cross sections for (d, p) and 
{d, t) reactions have played a major role3-6 
ia the assignment of Nilsson states in 155Gd, 
decay-scheme studies are involved in an 
important way, because many of the levels 
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observed in radioactive decay are too closely 
spaced to have been resolved in the reaction 
spectra. Recent studies of 155Eu decay7, 8 
have established the lowest-lying even-parity 
states as members of the badly distorted 
3L2+ [ 651] band, but the decay energy of 
155Eu is too low to populate higher -lying 
states. 

In the present study we have remeasured 
the gamma-·ray and conversion- electron 
spectra of 155Tb. Gamma spectra were 
studied with singles and Compton suppression 
Ge(Li) spectrometers; electrons were mea­
sured with a Si(Li) spectrometer. Over 120 
transitions were observed, and conversion co­
efficients were measured for many of them. 

From the results, the level scheme shown 
in Fig. 1 was established. This scheme in­
cludes levels at 321.36, 346.06, 350.36, 
423.2, 451.6, 488.7, 556.1, 658.97, and 
721.06 keV that were not reported in previous 
studies of 155Tb decay, although most of 
them are known or inferred from studies of 
stripping, pickup, or inelastic scattering re­
actions. 

Our results provide more reliable spin 
and parity assignments for many of the levels: 
definite 5/2+ assignments for states at 
266.62, 326.04, and 488.70 keV; 3/2+ for the 
268.57 -keV state and also (very probably) for 
the 427.21-keV state. Unambiguous assign­
ments 3/2- and 5/2- for the states at 286.96 
and 321.36 keV, respectively, remove the 
previous discrepancies3-6 in the characteri­
zation of low-lying odd-parity bands of 155Gd. 
Our assignments for the higher-lying odd­
parity states confirm previous characteriza­
tion of these collective bands. 
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A fuller description of the experiments 
and the measured data, and a more extensive 
discussion of the results and of the level 
structure of 155Gd are given in the full paper. 

Footnotes and References 

tFull paper to be submitted to Nuclear Physics. 
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ENERGY-LEVEL SYSTEMATICS OF ODD-MASS LANTHANUM ISOTOPES; 

A NEW COUPLING SCHEME 

J. R. Leigh,* K. Nakai,t K. H. Maier,* F. Pi.ihlhofer,§ F. S. Stephens, and R. M. Diamond 

The neutron-deficient nuclei with 
Z> 54, N< 78 have been extensively studied 
since this was first proposed as a new region 
of deformation. 1 The energy levels of the 
ground state rotational bands and the lifetimes 
of the first 2+ levels of some of these doubly­
even nuclei support the suggested deformation. 
Theoretical calculations of the shapes of 
nuclei in this region have indicated competi­
tion between oblate and prolate deformations. 

The odd-A nuclei in this region have re­
cently been studied by several authors in order 
to deduce the nuclear shape. For example 

the existence of low-lying 11/2- levels, 
assigned as the [ 505] Nilsson state, in 129La 
and i31La has been used to support the pro­
posed oblate deformation.2,3 But it should be 
noted that such results are not as definitive 
as might be hoped. The low-lying 11/2- state 
might be the [ 505] Nilsson level, as has been 
suggested, and so indicate an oblate shape, or 
it might be the 11/2- level of the band based 
on the [ 550] Q = 1/2 Nilsson state. The latter 
state has a large negative decoupling param­
eter and so results in a distorted band with 
the 11/2 member lying low if on the prolate 
side. Thus, the mere occurrence of a low-



lying 11/2- level really does not decide be­
tween oblate and prolate shapes. 

The results of a study of the rotational 
band built on this level may allow a decision 
to be made. An oblate nucleus should show 
a normal rotational band with M1-E2 cascade 
and EZ cross-over transitions, while the 
r2 = 1/2 band should show a simpler cascade 
made up only of EZ radiations. With this in 
mind, a sequence of odd-mass La isotopes 
from A = 125 to 137 was studied by in-beam 
spectroscopic techniques following (HI, xn) 
reactions. 

In each of the nuclei studied, a band of 
levels based on a state with I = 11/2 has been 
found which has spin values increasing mono­
tonically from the base level by 21i per state, 
and energy-spacings very similar to the even­
even Ba isotope with one less proton. The 
correspondence in energy is rather remark­
able and is shown in Fig. 1. This spectrum 
might be explained by a particle -core weak­
coupling model, 4 but this model seems im­
probable for nuclei with core spacings as 
small as those in Fig. 1, and has not been 
notably successful even in more favorable 
cases. We believe that a new coupling 
scheme is involved (see following report) 
which arises as a general Coriolis effect with­
out the weak-coupling assumption. 

To demonstrate the physical effect involved, 
we consider qualitatively a particle coupled to 
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> 
~ 
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Fig. 1. A comparison of ground band levels 
in some Ba isotopes with the negative -parity 
bands in the neighboring La nuclei. In most 
cases (energy zero in parentheses) the La 
11/2- level is not the ground state, and its 
energy has been subtracted from all levels 
shown for that isotope. (XBL 724-2709) 

a rotating core. 5 The principal influence of 
the rotation on this coupling can be expressed 
by introducing the Coriolis effects, and these 
depend essentially on the Coriolis force, 
R X j, where Rand j are the core and particle 
angUlar momenta. But for those states where 
R. is coupled almost parallel to j, achieving the 
maximum I, R X j is nearly zero. Thus the 
rotation has ffttle effect on the coupling of the 
particle to the core for this orientation of the 
two, and the energy changes of the system just 
reflect the core energy changes. Such a band 
of levels has just the properties displayed in 
Fig. 1. To find under what conditions this 
"decoupled" band is likely to occur as a low­
lying feature of the spectrum, we will examine 
a simple Hamilitonian that contains the essen­
tial features. 

For a particle coupled to an axially-sym­
metric deformed core which can rotate, we 
can write the Hamiltonian as 

1i2 2 1i2 2 
H = Hintr + 21f ~ = Hintr + 2 'S [ I(I+i)- r2 ] 

+He+~~ [(j2)-r22], (1) 

with 

H c 

2 2 
2 ~ :s L!·i- r22] =- ~'S [I+j_+Ij+]. 

(2) 

The symbols have their usual meaning, 
6 

and 
Hintr represents the Hamiltonian of the parti­
cle in the absence of any rotation of the core. 
Equation (1) is derived by using ~=!..-i: In 
diagonalizing the right side of Eq. (1) we use 
a basis system where I and r2 are constants 
of the motion; this corresponds to the usual 
one for deformed nuclei. We can express 
Hintr by giving the energy of the system as a 
function of r2, that is, as a function of the 
orientation of j to the symmetry axis of the 
core. For a core with quadrupole deformation, 
the Nils son calculations 7 correspond to an 
evaluation of these energies, but if the def­
ormation, (3, is not too large, then we can 
use the limiting approximation:6 

. zoo/' 3si-j(i+1) 
E(Q)=E0 (niJ)+ A 13 [ 4 j(j+1)] MeV, 

(3) 

which gives reasonable agreement with the 
Nilsson solutions for the h11/2 and i13/2 
orbitals up to around (3 = 0.3. We also in­
clude the effects of the pairing correlations, 
which are given by 

H. t (Q) =l (E(r2) -Xi+ ~;;.2 -!;;. 1n r (4) 



and the usual
6 

UV factor for H . Using 
Eq. {4), we can diagonalize thee right side of 
Eq. {1) for any values of I, provided we have 
fixed tt2/2:S, 13; A., and D.. 

We can reduce these four parameters to 
two essential ones. There is a very general 
empirical relationship between tt 2 /2:S and 13 
{as defined from the E2 -transition lifetime) 
that essentially all even-even nuclei follow. 8 
For the· purpose of our survey we will use 
this relationship to eliminate one of these 
variables. This gives 

ft2 
6<-n::s )= E - 1225 MeV. 

2+- A 7/3 
13

2 
{5) 

Of the remaining parameters, A is not very 
important and we take it always to be 0. 8 MeV, 
so that the remainder of this note will consist 
of an attempt to understand Eq. {1) as a func­
tion of 13 and A.. 

In Fig. 2 we have plotted the solutions to 
Eq. {1) for j = 11/2, A. = E{1/2), and 
13 = 0 _.. + 0.35. The outstanding feature is the 
coincidence of the energies of the "favored" 
high-spin states {I = j, j+2, j+4, ···)with 
those of the core states for all 13 values. The 
effect of varying A. has been studied and in­
dicates that the tendency to decouple is 
strongest when A. is low. It is apparent 
from simple geometrical considerations that 
the states with low r2 values are much more 
important in constructing a state with _g 
parallel to i than are those with high r2 values. 
In prolate nuclei these essential states lie low 
in the spectrum when r2 is low. We found 
that at 13 = + 0.25 {the largest value in the La 
nuclei) the decoupling of the favored states 
should occur provided A. is anywhere below 
- E{5/2). In fact, A. is clearly far below this 
in the La region. 

The previous argument can also be turned 
around, so that if one knows where the Fermi 
surface is and determines the nature of the 
band, i.e., whether normal rotational or de­
coupled, the shape of the nucleus is deter­
mined. With the odd-mass La nuclei {Z=57), 
the Fermi surface is below the h11,/2 proton 
shell and the bands built on the 11;2- states 
are all decoupled. From Fig. 2 it can be 
seen that this requires that these nuclei be 
prolate with deformations in the range 
0.15:::; 13:::; 0.25. This is in contradiction to 
the conclusions of earlier workers, but we 
believe the evidence is very compelling. 

In addition, we should point out that the 
type of behavior described above for the odd­
mass La nuclei is certainly not restricted 
just to them. Any high-j shell should show 
this behavior under the proper conditions, and, 
in particular, the unique -parity levels in each 
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shell should be candidates, as they have the 
highest value of j in that shell and also are 
the purest states. Whenever the Fermi sur­
face approaches such a shell from below on 
the prolate side or from above on the oblate 
side, the occurrence of a band j, j+2, j+4, ... , 
with spacing similar to those of the ground 
band of the neighboring doubly-even core 
nuclei might be expected. 

In conclusion, we believe the remarkable 
energy coincidences shown in Fig. 1 for some 
La isotopes can be understood as due to ro­
tation-aligned decoupling of the observed 
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Fig. 2. The results of diagonalizing Eq. {1) 
for various 13 values are given for the lowest 
state of each spin up to I = 21/2 {the second 
I = 11/2 state is included). The ordinate is 
the eigenvalue less the lowest I = 11/2 eigen­
value, in units of E2+· The abscissa is 13 
{top) or the cube root of the total splitting of 
the h11/2 orbital in units of E2+ {bottom). 
The Fermi surface, A., is always located on 
the r2 = 1/2 state, so that in the limit of very 
large 13, the levels will become a pure r2 = 1/2 
band with a decoupling parameter of -6. The 
dots show the effect of dia~onalizing the 
Hamiltonian, H = Hintr+ ft /2'J [,g2-B_g4+c_g6], 
instead of Eq. {1), where B and C were ad­
justed to fit the lowest few levels in 126Ba. 

{XBL 724-2608) 



states. Indeed, this should be a general 
effect for the high-j unique-parity orbitals 
(hii/2• i13/2• etc.), occurring over a wide 
range of prolate deformations at the be­
ginning of major shells (nearly empty orbitals) 
and oblate deformation at the end of major 
shells (nearly full orbitals). 
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ROTATION OF MODERATELY DEFORMED ODD-A NUCLEI 

F. S. Stephens, R. M. Diamond, D. Benson, Jr., and M. R. Maier 

The rotational model, proposed by Bohr 1 

in 1952 and developed subsequently by Bohr 
and Mottelson2 and others, requires that the 
spectrum of an odd-A rotational nucleus cor­
responds to that of a particle coupled to a 
non-spherical rotating core. This is well 
borne out in the regions of 11 deformed" nuclei, 
where the particle is strongly couplied to the 
deformed shape. This model has not really 
been studied in intermediate- or weak-coupling 
situations, although these were discus sed in 
the early papers. An attempt to extend the 
model into these regions was made by Malik 
and Scholz3 in the mass region A= 25- 80. 
The results were generally encouraging, al­
though the data were nowhere sufficient to 
provide a very convincing picture. Recently 
the striking behavior of the high-spin states 
in the La nuclei4 gave the first strong indi­
cation that this model might apply outside the 
strong-coupling regions. In the present re­
port we would like to discuss some results in 
the Au region, and then summarize the general 
features of the model. 

The necessary equations are given in the 
preceding report; however, in the present 
case we eliminate all adjustable parameters. 
We fix I f31 by averaging the value obtained 
from B(E2; 2 ..... 0) measurements for the two 
adjacent even-even nuclei. For this I f31 , the 

Fermi surface, A is fixed at the level cor­
responding to the correct number of particles 
according to the Nilsson diagram. Thus, for 
each odd-A case we calculate two spectra, 
corresponding to a prolate and an oblate shape 
for the nucleus. 

A portion of the Nilsson diagram for pro­
tons is shown in Fig. 1, which contains par­
ticularly the h9j2 and h11j2 j-shells. The 
Tl and Au nuclei have A values around 3 or 4 
MeV on this chart, and this lies completely 
below the h9j2 j-shell for I f31 < 0.2. In such 
a case the results of solving the particle plus 
rotor model do not depend very much on A and 
are shown as a function of f3 in Fig. 2a. For 
the Tl nuclei we use I f31 = 0.11, which is 
taken from the even-even Hg nuclei. One set 
of dots in Fig. 2a shows the location of the ob­
served ne~ative -parity levels in 199Tl, taken 
as representative of the lighter Tl isotopes5 
and normalized to the lowest I = j calculated 
level (in parentheses). The rotational-band­
like character of these levels requires an ob­
late shape for these states according to Fig. 
2a, which is consistent with the previous in­
terpretation. 5 We believe the explanation of: 
a) rotational bands in Tl nuclei; b l the 
approximate f12/2'S value of these bands; 
and c) the sign and rough magnitude of the 
deviations from a pure-rotor spectrum, are 



rather convincing for a calculation with no 
adjustable parameters. To show that these 
calculations go over into the region of large 
deformation in reasonable fashion, we have 
indicated the predictions for 179Re, where ~ 
is taken from 178w and 180os, together with 
the observed states. 6 Again the order of the 
observed levels is correct as is the approxi­
mate spacing of the levels. This interpreta­
tion of these levels in 179Re is also consistent 
with that previously made. 6 

\ 

The situation for the h11j2 j-shell is shown 
in Fig. 2b, and is quite similar to that of Fig. 
2a, except that all spins are one higher and a 
given level pattern occurs for the opposite 
sign of~· This reversal is a result of the 
fact that A. is now above the j- shell rather 
than below it. The predicted position of 195Au 
is indicated, with I ~I taken from 196Hg and 
194pt, and the experimental levels 7 are again 
shown as dots. In this case, an oblate shape 
is clearly indicated by the decoupled-type Au 
spectrum and the order of levels and spacings 
are surprisingly well given. A lower A. value 
should be used for 179Re in both the h9/2 and 
h11/2 j-shells; however, the differences are 
not very large so we have not made separate 
figures. The previously identified& n = 9/2 
band in 1 7 9Re is seen to be in rather good 
agreement with the calculations for a pro-
late shape. 

Our recent results 
8 

on the high-spin states 
in the odd-A Hg nuclei indicate that decoupled 
bands exist, similar to those in the La iso­
topes. 4 A series of two or three stretched 
E2 transitions, whose energies approximate 
those of the adiacent even-even nuclei, were 
observed in 189, 195, 197 • 199Hg. In one of 
these cases the population of the known i13/2 
isomeric state was measured and shown to be 
large, suggesting that the E2 cascade popu­
lates this level. This is precisely what one 
would expect from the i13/2 j-shell around 
~ = - 0.1 according to the present calculations. 
Thus in Tl, Hg, and Au, the levels from the 
high-j orbitals can be reasonably well ac­
counted for by the particle-plus-rotor model, 
and consistently require oblate shapes. 

The general features of the rotational model 
can be easily recognized in Fig. 2. At large 
deformation (of either sign) a good rotational 
region occurs. As the deformation decreases, 
there is a region where the Coriolis effects, 
coupling the particle to the rotation and mixing 
n values, can be treated as a perturbation. 
At the other limit of zero deformation, there 
is no coupling between the particle and the 
(non-existent) deformation, resulting in the 
degeneracy of all the states corresponding to 
different orientations of a given j and R. As 
the deformation increases from zero, there is 
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Fig~ 1. A portion of the Nilsson diagram for 
protons, where only the h9/2 and h11j2 j­
shells have been fully drawn. The ground 
states of the Tl and Au nuclei are in the s1/2 
and d3/2 j-shells, which have been partially 
drawn. (XBL 725-2887) 

a region where it can be treated as a pertur­
bation in a particle -core weak-coupling 
model. 9 If A. and the sign of ~ locate a nucleus 
near the high-n levels of a j -shell (in Fig. 1 
for the Au region this would be prolate for 
hii/2 and oblate for h9j2) the above two per­
turbation regions merge into each other, and 
one shifts rather suddenly from the strong­
coupling to the weak-coupling region around 
I~ I = 0.1. For a nucleus situated near the 
low-n levels (opposite to the above shapes) 
there is a broad region between ~~0 .1 and~~ 0.3 
where neither of these coupling schemes applies. 
In this region a new coupling scheme is approx­
imated, in which a, the projection of j on the 
rotation axis, is a good quantum number. The 
most favorable states here are the ones where 
j is aligned with this axis as well as possible 
(a = j), and the high-spin decoupled states 
discussed in the previous and following re­
I,JOrts all have this configuration. For 
1 ~I> 0.3, the coupling scheme on this side 
again tends toward pure-n values. 
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I TIRe 512 
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Fig. 2. Solutions to the rotational model, 
Eq. (1) of previous report, for the yrast states 
from the h 9; 2 an~ h11/2 ~-shells, with 
A.:::; 3.5 MeV relatlve to F1g. 1. For Hrot• we 

used Hrot = AR 
2+ BR

4 + CR 
6

, with 

B/A = (1.6X10-
2

) (1 - 14(3
2

) and 
C/A = (8.8X1o-5) (1 - 14j32) and B=C=O if 
J j3J > 0.267. The measured negative-parity 

levels in 199Tl, 195Au, and 179Re are shown 
as dots, with dashed lines connecting each dot 
to the calculated level having that spin value. 

(XBL 7210-4362) 
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A COUPLING SCHEME RELEVANT TO HIGH ANGULAR MOMENTA 

AND INTERMEDIATE NUCLEAR DEFORMATIONS 

F. S. Stephens, R. M. Diamond, and S. G. Nilsson* 

Experimental studies, reported elsewhere ,
1 

have indicated that in a transitional.region an 
entirely new coupling scheme develops. 1 • 2 
This new type of coupling becomes prevalent 
first for particular states of high spin. In the 
region of nuclear distortions and spin values in 
question, the odd single particle follows the 
rotating deformed core only partially, and 
orients its orbital plane in such a way as 
essentially to minimize the Coriolis energy. 
We consider the rotor -plus -particle 
Hamiltonian3 

where 

and 

(1) 

H = H h + kj3Y
20

(3) (2) 
sp sp 



The single-particle Hamiltonian is thus 
associated with a quadrupole fiAeld oriented 
along the core symmetry axis 3. The term 
H'c is conventionally called the Coriolis 
coupling term. In the representation of the 
normally employed adiabatic wave function 
basis, one has 

(H)= e'. + A[l(I+1) + j(JH)] + (K-2A)SJ
2

, 
J 

where the diagonal value of H has been 
written as sp 

( H ) = e '· + Ks:-2
2 

. sp, J 

(4) 

(5) 

The neglected term, He, becomes very large 
for the small deformatwns and large rotational 
frequencies here considered. 
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It is apparent from Eq. (4) that a particularly 
favorable region of degeneracy occurs when 
K = 2A, in which case (H) is independent of 
s:-2. This degeneracy can be exploi_ted to diag­
onalize He approximately. Let xk be an in­
trinsic wave function with the proJection of j 
on the nuclear 1-axis equal to a. This can be 
decomposed in terms of states having j3 =s:-2: 

(6) 

From this a new wave function describing the 
entire system is constructed: 

IJ. J. "IT J"l 
l\IMa = ~ daSJ (-2 ) Xs:-2 DMSJ · (7) 

The restriction of reflection symmetry in th~ 
plane perpendicular to the 3 -axis leads to the 
auxiliary condition that I-a must be even. 

For the case K = 2A in (4), one thus im­
mediately obtains the following energy spec­
trum in terms of I, j, a: 

E(l,j,a) = e~+A{j(j+1)+I(I+1)-2Ia]. (8) 
J 

The lowest-lying high-spin states have a= j 
and the associated band has !-values com­
patible with 1-a being even. The energy ex­
pression may be recast in the form 

E = const +A· (1-j)(I-jti) = const+ AR' (R'ti), 

(9) 

where R' = 0, 2,4, · · ·, reproducing an even­
even rotational spectrum as found in recent 
experiments. 1 

The above discussion has been restricted 
to I> j. For the case I< j a completely 
analogous treatment can be carried out since 

H(; exhibits complete symmetry in I and j, 
leading to the expression 

E(I,j, K) =e.+ A[j(jti) + 1(!+1)- 2jK], (10) 
J 

where K is the projection of I along the ro­
tation axis. The symmetry condition requires 
j - K to be even, restricting the permissible 
K-values of (10). 

To illustrate the region of validity of the 
present scheme, we have chosen to compare 
in Fig. 1 the diagonal energies of (1) for three 
coupling schemes, namely the 11 deformation­
aligned" or 11 strong-coupling" scheme ap­
propriate for (3;:: 0.25, the 11 non-aligned" or 
11 weak-coupling" scheme appropriate near 
(3 = 0, and the present 11 rotation-aligned" 
coupling scheme. In this figure the state 

+ 
N 

w 
........ 
w 

0 

-10 

-30 

';1 ;·"" ~3 
-0.2 0 

{3 

R=O 

0.2 0.4 

Fig. 1. The lines show the lowest-energy 
I = j = 11/2 states in each of three coupling 
schemes: the spherical (R = 0), the rotation­
aligned (a = 1/2, 11/2), and the deformation­
aligned (s:-2 = 1/2, 11/2 ). The inserts attempt 
to give a physical picture of the lowest of 
these configurations in each region, where 
multiple -headed arrows indicate mixture of 
states, and the 1-axis represents any direction 
perpendicular to the nuclear symmetry (3) 
axis. The dots show the result of exact dia­
gonalization of the simple particle -plus- rotor 
model (Eq. 1). (XBL 7210-4361a) 



I = j = 11/2 is shown for a case with one parti­
cle in the h11 /2 orbital. We have thus plotted 
the energy for pure configurations having 
R = 0, r2 = 1/2 and 11/2, and a = 1/2 and 
11/2. For 1131 $ 0.1, the weak coupling 
R = 0 configuration lies lowest. On the oblate 
side the r2 = 11/2 and a = 1/2 states cross be­
low the R = 0 state, but r2 = 11/2 always lies 
well below a = 1/2, resulting in nearly normal 
rotational bands for 13 < - 0.1. On the prolate 
side r2 = 1/2 and a = 11/2 cross below R = 0, 
and a= 11/2 is lowest for 0.1:s 13 :S 0.3, and 
thereafter r2 = 1/2 becomes lowest .. The ex-
act energies of H are shown as dots in this 
figure. The close correspondence of these dots 
with the lowest lines in Fig. 1 indicates the 
adequacy with which the three coupling schemes 
represent the exact solution of H in Eq. (1 ). 
The rotation-aligned coupling scheme here 
proposed is seen to have a rather broad region 
of applicability connecting the weak-coupling 
region with that of the deformation-aligned 
coupling scheme on the side where low-r2 or­
bitals occur near the Fermi surface. 
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FEEDING TIMES FOLLOWING (HI,xn) REACTIONS 

J. 0. Newton, F. S. Stephens, and R. M. Diamond 

Spectroscopy of they rays following heavy­
ion (HI), xn reactions has been a prolific source 
of information on high-spin states in nuclei. 
The way in which these states are populated 
following formation of the highly excited prod­
uct nucleus, and the nature of the states 
through which they-ray population passes is 
a topic of considerable current interest. A 
simple model1 has been proposed to explain 
the experimental data for doubly-even nuclei. 
The highly excited states formed after neutron 
emission first decay by fast E1 transitions 
down to the region of the yrast line, after 
which decay must occur along the yrast region. 
If, as proposed in Ref. 1, the states involved 
in this region consist for the most part of 
rotational states (based mainly on two quasi­
particle states) decay should be mainly by EZ 
transitions. There should be few, if any, 
traps giving rise to isomeric states in the 
yrast region; thus, decay should be fast 
(- few psec). When the population reaches 
the point where the ground-state band (gsb) 
intersects the yrast region, it then flows into 
the gsb; the transition time from the yrast 
region to the gsb must also be of the order 
of psec. In a previous paper2 we found that 
the mean feeding times, Tf, for the nuclei 
160Er, 158Er, and 156Er, made by (40Ar, 4n) 
reactions, were (6±3) psec, (11±3) psec, and 
(16 ± 3) psec, respectively. These nuclei 
range from being rotational (160Er) to near 

vibrational (156Er), and the tendency for the 
feeding times to become longer as the nuclei 
become more vibrational is interesting. In 
all cases the fraction of slow feeding, f£, was 
found not to exceed a few percent of the fast 
(- 10 psec) feeding. It is very desirable to 
see whether these results are of general va­
lidity, and for this reason the present experi­
ments were undertaken. 

The recoil-distance Doppler shift method 
was used to determine the lifetimes. In this 
method2 the excited nuclei recoiling from the 
target are stopped in a moveable plunger 
placed near it. For lifetimes longer than a 
few psec, as is the case here, the nuclei 
which decay in the plunger yield an unshifted 
y-ray line, while those that decay in flight 
yield a line, observed in a detector placed at 
0" to the beam direction, which is Doppler 
shifted and slightly broadened. If the distance 
between the target and plunger is varied,· the 
fraction, f, of they-ray profile which is un­
shifted changes, and from this information 
and knowledge of the velocity the lifetime can 
be deduced. 

The reactions were initiated by beams of 
ZONe and 28Si ions from the Berkeley Hilac 
incident on self-supporting metal targets 
stretched tightly over a holder assembly. The 
recoiling nuclei from the (HI, 4n) reactions 



were stopped in a lead-covered plunger whose 
position could be adjusted to an accuracy of 
± 0.003 mm by means of a precision microm­
eter. "Unshifted" spectra were obtained by 
bombarding similar targets evaporated onto 
0.0025-cm-thick lead foil. The mean veloci­
ties of the recoiling nuclei were determined 
from the fractional energy shifts of the com­
pletely shifted peaks, obtained by moving the 
plunger sufficiently far back so that a neglig­
ible number of nuclei decayed in it. The vel­
ocities so obtained, after correction for the 
finite angular spread of the detector, were 
approximately 0. 9o/o of the velocity of light 
for the 20Ne-induced reactions and 1.4o/o for 
the 28Si-induced reaction. 

In order to measure the feeding times, it is 
also necessary to determine the zero point of 
the apparatus, that is, that position of the 
plunger when it exactly touches the target and 
produces only an unshifted peak. Actually, a 
purely unshifted peak cannot be realized in 
practice because of mechanical imperfections 
in the target and in the plunger assembly. We 
determined the zero point in this case by mea­
surements on the strong y rays arising from 
Coulomb (and/or nuclear) excitation of rota­
tional states of the target nuclei. In contrast 
to the states populated in (HI, xn) reactions, 
these states are populated essentially instan­
taneously (not quite true since there is a small 
amount of feeding from the next higher state). 
Hence if one extrapolates the curves of log f 
vs distance back to unity for these Coulomb­
excited lines one should obtain the zero point. 
Care has to be taken in the extrapolation, be­
cause the recoiling Coulomb-excited nuclei 
are not tightly collimated in direction nor do 
they have constant energy as in (HI, xn) reac­
tions. 

In Fig. 1 we show examples of they-ray 
spectra from the 152Sm(20Ne, 4n)168Hf re­
action for various plunger settings. For each 
transition of interest the intensities of the 
shifted and unshifted peaks were determined. 
The most important source of error in this 
procedure is the estimation of the background 
under each peak since, apart from the main 
y-ray lines, numerous weak ones also occur 
in the spectra from (HI, xn) reactions. These 
lines are likely to be associated with different 
lifetimes then those of the lines of interest and 
hence can cause uncertainties when they are 
close together. In some cases account had to 
be taken of such close -lying lines. After such 
corrections had been made, the unshifted frac­
tion, f, was calculated. In the 20Ne -induced 
reactions with the 1 mg/ em -2 targets, f would 
tend to a finite constant value for large plung-er 
distances even if there were no slow-feeding 
component, because some ions are completely 
stopped in the target. In the examples of plots 
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Fig. 1. Pulse-height specgra for they rays 
from the 152Sm(20Ne, 4n)1 8Hf reaction for 
various plunger settings. (XBL 731-2046) 



of log f vs target-plunger separation shown in 
Fig. 2, the effect of this constant background, 
which could also arise from a slow-feeding 
component, has been removed. The zero­
point micrometer setting, as determined from 
the Coulomb excitation peaks, is also indicated 
in the figure. 
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A number of other corrections have also 
to be considered. The results of these mea­
surements are summarized in Table I. As 
before, 2 the mean feeding time, Tf, was 
taken to be the time required for the unshifted 
fraction of the fastest observed transition to 
decrease by 1/e. Clearly this procedure gives 

Table I. Summary of data. 

Nucleus 

Velocity 
('7o ) 

o. 96±0.002 

0.91±0.02 

o. 89±0. 02 

1.39±0.02 

Tf 

(psec) 

11±3 

5±2.5 

3±3 

12±2.5 
4 

I 

4 

6 

8 

10 

12 

4 

6 

8 

10 

12 

4 

6 

8 

10 

12 

14 

4 

6 

8 

10 

12 

E (I) 
'{ 

311.8 

426.5 

-511 

565.0 

593.9 

261.5 

371.1 

456.5 

522.0 

-569 

221.0 

320.9 

400.5 

462.3 

550.8 

266.8 

363.0 

432.6 

488.3 

538.0 

E (I)/E (4) 
'{ '{ 

1.000 

1.368 

-1.64 

1.812 

1. 905 

1.000 

1.419 

1. 746 

1. 996 

-2.18 

1.000 

1.452 

1. 812 

2.092 

-2.31 

2.492 

1.000 

1.361 

1. 621 

1.830 

2.016 

3±3 

10±3 

5±4 

13±1 

5±3 

1.5±1.6 

2±2 

7±4 

8±5 

1±2 

6±3 

6±4 

Intensity 

1.41 

1.00 

0.55 

0.41 

1.22 

1.00 

0.88 

0.72 

0.54 

1.35 

1.00 

o. 78 

0.65 

0.32 

1.16 

1.00 

o. 86 

0.56 

0.47 



an upper limit to Tf, but since the mean lives 
of the fastest transitions are in all cases esti­
mated to be less than- 2 psec, the correc­
tion is in fact ·much less than experimental 
error. The fraction of the '{-ray intensity 
with an (apparent), slow feeding time is given 
in percent in the column headed by f.£. We 
did not attempt to obtain lifetimes for the 
quasi-rotational states populated in these re­
actions because, as the intensities in Table I 
show, there is a significant amount of side 
feeding of the states. This is in contrast to 
the (40Ar, 4n) reactions where feeding occurs 
mainly near the top of the observed band. 

The results in Table I show the same gzner­
al features as the earlier measurements, 
i.e., feeding times of the order of 10 psec or 
less, a tendency for the feeding times to in­
crease as the nuclei become more vibrational, 
and a small upper limit (::S 5o/o) on long-lived 
components from isomeric states. In addi­
tion, Kuts chera et al. 3 have recently reported 
similar conclusions in measurements on the 
nuclei 120,-122xe formed in the 
108, 110pd(16o, 4n)120, 122xe reactions. The 
fact that there are now nine cases showing 
these features considerably strengthens the 
suggestion that this may be a general phe­
nomenon, at least in rotational and vibrational 
nuclei. Any detailed model for the (HI, xn'{) 
reactions must explain these fast transitions 
in the yrast cascade and also the fast trans­
fer from the yrast region to the gsb. 
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Fig. 2. The unshifted fraction f as a func­
tion of target-plunger separation and flight 
time for transitions following the 
152Sm(20Ne, 4n)168Hf reaction with a 
1-mg/ cm2 target. The approximately con­
stant value of f for large separations has 
been subtracted. The horizontal error bar 
indicates the experimental error in the zero 
of the time scale. (XBL 731-2044) 

STATISTICAL DECAY OF GAMMA RAYS IN (nth• -y) REACTIONS 

E. Nardi, L. G. Moretto, and S. G. Thompson 

The relative population of the ground states 
and spin isomers.occurring after gamma de­
cay in neutron capture reactions has been 
studied on the basis of the statistical model 
by various authors. 1-3 The main result of 
this kind of investigation has been some infor­
mation concerning the spin cutoff parameter. 
The previous investigations employed level 

densities based upon the uniform model. It 
is of some interest to see whether an improved 
description of the statistical emission of'{ 
rays can be obtained by means of level densities 
based upon the shell model and the pairing 
Hamiltonian. 4, 5 The probability of emitting a 
'{ ray of energy E and multipolarity .£ is given 
by: 



I 1
2 (Iti/2)

2 
Pcx: M(E,P.,I.,I) p(E-E:,O)exp-

2 
, 

1 
2a 

where E is the initial excitation energy, I. 
and I are the initial and final angular mom~n­
tum respectively, p(x, 0) is the density of 
levels of zero angular momentum, and a 2 is 
the spin cutoff parameter. 

The form of the matrix element M is very 
uncertain. For a dipole transition, the fol­
lowing forms have been used: 
1) M2 ex: E3; 2) M2 ex: E3S(Ii,I), where S 
is the geometrical factor which can be cal­
culated in the case of a single -particle transi-
tion; 

this last form is based upon the use of the in­
verse cross section, given by the E1 giant 
resonance. Two different level densities 
were employed: in one case pairing was in­
cluded, in the second case pairing was left out. 
In both cases the Nilsson diagram was em­
ployed with the parameters recommended for 
the various mass regions. In order to ill us­
trate the difference between the two level 
density calculations, the spin cutoff param­
eters for selected nuclei are shown in Fig. 1 
for paired and unpaired systems. 

The evaporation cascade was followed by 
means of a Monte Carlo method. The direct 
feeding of the ground state and of the isomer 
state at every stage of the evaporation makes 
the calculation sensitive to the absolute values 
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of the level density. The cascade was stopped 
when the residual nucleus had an excitation 
energy between 0.5 and 1.0 MeV. The next 
transition was required to feed either the ground 
state or the isomeric level. 

The calculated isomer ratios, obtained with 
the expressions for the matrix elements 
illustrated above and with both kinds of level 
densities are shown in Table I. 3 In the same 
table the available experimental values are 
also shown. The most obvious conclusion is 
that the use of pairing in the level density 
leads to isomer ratios which are too small. 
This seems to be due to the very low values 
of the level densities which allow a substantial 
direct decay to the ground and isomer levels 
and prevent a spreading of the spin population 
to larger angular momentum values. The 
reason for the disagreement either rests on 
the inability of the level density formalism to 
predict the absolute level density values or 
in the inadequacy of the matrix elements. 

The introduction of the unpaired level density 
in the calculation leads to a better agreement 
with the ex~erimental data. The use of the 
form I M I ex: E3 seems to be the most suc-
cessful. In Fig. 2 the experimental '{-ray 
spectrum for Cd is shown together with the 
theoretical predictions obtained with the un­
paired level density and two forms for I f'!_l 2

3 Again it seems that the expression I M I ex: E 
reproduces best the experimental data. 

In conclusion, it is possible, with a suitable 
choice of the level density and of the square 
of the matrix elements, to reproduce the ex­
perimental data approximately. However, it 
is not clear if and why the paired level density 
does not give satisfactory results although it 
has a better theoretical foundation. Also, the 

-- Experimental 
--- E3 1.5 

-·-· O"(E)xE
2 

Fig. 1. Ratios between spin cutoff parameters 
calculated from the shell model and from the 
uniform model. On the right pairing is in­
cluded, on the left it is excluded. 

2.0 
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109 Pd 

I~ 137Ce 109Pd 

N 1.0 
b 113Sn 

0.~------~~------~~~------~~------~ o.o 10-0 20.0 o.o 10.0 20.0 
E (MeV) 

Fig. 2. Total gamma-ray spectrum from 
neutron capture in Cd. The spectrum N'{ is 
multiplied by the gamma-ray energy E::V. The 
experimental spectrum is shown togetHer with 
the theoretical calculations. 



success of the form I M 12 ex E:3, is not under­
stood, because such a form refers to a single 
nucleon transition, which is hardly the case 
at high excitation energies. Therefore great 
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caution should be used in drawing conclusions 
concerning any physical quantities obtained 
from this kind of analysis. 

Table I. 

Nucleide Experimental Calculated isomer ratios, Calculated isomer ratio, 
formed in isomer ratio non-paired nucleon system paired nucleon system 
E_th capture (%) I (Mi I 2 = I(M)i2 = E3 

3 (] (E)E2 E3 S E 

69zn 8.0, 9.0±2, 7.0, 7.0 6.6 3.7 14 1.1 

71zn 17.0±2, 8.0±2 6.0 2.4 12 0.5 

75Ge 19±2 16.0 11.0 29 0.7 

77Ge 47±12 22.0 15 37 0.8 

77se 6±3 29.0 18 49 1.2 

81Se 12±1, 17.0±2' 12±3 30.0 20 48 0.9 

83Se 8 14.0 7.3 24 1.4 

85Kr 40.0±20, 0.44 20.0 12.4 35 1.9 

85Sr 40 39.0 25.4 57 3.0 

109Pd 2.2±0.4, 1. 8±0.4 2.0 0.5 8.4 0 

111Pd 4.3, 1.1±0.1 1.5 0.3 6.8 0 

115Cd 12.0 13.2 7.1 30 0.3 

113Sn 40.0±10 18.2 10 27 3.f0 

121Sn o. 7±0. 7 7.9 3.7 20 0 

123Sn 0.6±0.6 6.8 3.1 17 0 

125Sn 3.2, 2.0±1.3 5.1 1.7 14 0 

121Te 14±4 10.5 6.5 26 0.4 

127Te 13±2, 8±3 7.1 3.9 16 0 

129Te 7.4±1.5, 10±3 6.0 3.0 15 0 

131Te 5 4.4 1.9 12 0 

133Ba 8 10.5 5.6 22 0.3 

137Ce 13.1±1, 9±4 10.5 6.7 25 0.3 

19105 31.0±1 14.0 6.8 27 0.5 

197Ft 6.5±1.3 1.0 0.3 4.5 0 

197Hg 4. 4±0. 8, 4. 2±0. 8 1.0 0.2 6 0 
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NUCLEAR LEVEL DENSITY* 

J. Huizenga and L. G. Moretto 

This is an abstract of a review article which 
summarizes the theoretical and experimental 
knowledge on the level densities and other 
statistical properties of nuclei. 

In the first part the methods and models 
used in the theoretical evaluation of the nu­
clear level density are discussed. The methods 
which have been presented are, in order of 
generality, the combinatorial method, the re­
cursion method, and the saddle point method. 
The last is given particular attention as the 
most powerful tool yet devised in statistical 
mechanics. 

The historical evolution of the models 
ranges from the initial equidistant model, 
where the single particle levels are equally 
spaced and which can be treated analytically, 
to the more realistic shell model. In the 
latter model the shell effects, very large in 
the ground state, are progressively washed 
out as the excitation energy increases. The 
residual interaction is treated in the pairing 
approximation and permits a most general 
description of the statistical nuclear properties. 
The deformation can also be included in the 
statistical calculation which yields the deforma­
tion probability at each excitation energy. 

The second part of the article deals with 
the sources of experimental information on 
the level densities and with the problems 

associated with the analysis of experimental 
data. The neutron resonances still provide 
the most abundant and most direct information 
on the level densities. The shortcoming of the 
method is related to the approximately constant 
excitation energy (the neutron binding energy) 
at which the level densities can be measured. 
Similarly the charged particle resonances also 
provide information about the level density, 
though the analysis of the data is more involved 
and uncertain. Inelastic scattering and nu­
clear reactions which lead to resolved levels 
as well as energy spectra of evaporated particles 
provide further information over a larger en­
ergy range. The excitation functions of iso­
lated levels also are connected with the level 
density of the compound nucleus. The study 
of Ericson fluctuations provides information 
on the level density at rather high excitation 
energy (10-20 MeV). Recently the channeling 
and blocking technique in single crystals has 
offered the possibility of calculating the com­
pound nuclear lifetime which is directly ex­
pressible in terms of the compound nucleus 
level density. 

Footnote 

*Annual Review of Nuclear Physics, (in 
press). 

FISSION FRAGMENT ANGULAR DISTRIBUTIONS IN 4He-INDUCED 

FISSION OF NUCLEI IN THE 208pb REGION 

L. G. Moretto, R. C. Gatti, and S. G. Thompson 

In a previous study of the angular distri­
butions in 4He-induced fission of 206pb and 

207pb, a remarkable anomaly was observed 
in the anisotropies very close to the fission 



barrier. 1 The rapid increase of the anisot­
ropies with decreasing excitation energy led 
to the hypothesis that a substantial freezing 
of the intrinsic degrees of freedom, possibly 
due to pairing, was taking place. 

In order to obtain further information re­
garding such an effect, angular distributions 
have been measured for the 4He-induced fis­
sion of 204pb, 208pb, 209Bi, and 197Au. The 
beams of 4He ions were provided by the 88-
inch cyclotron. The angular distributions 
were measured by means of strips of mica 
cove ring the angular range ~ 80 o to 17 5o . The 
use of mica as a detector was necessary due 
to the very small fission cross sections in­
volved when close to the barrier. 

The mica strips, after etching with a con­
centrated solution of hydrofluoric acid were 
scanned continuously from~ 90°to 175° by 
means of an optical microscope. 

The experimental angular distributions, 
after transformation to the center-of-mass 
system, were analyzed by means of the 
standard expression: 

00 2 t I+i/2 J -1 W(B) ex: ~ (2!+1) TI erf 2 {/2 
I=O (2K

0
) 

t (I+1/2)
2

sin
2e] I t(I+1/2)

2
sin

2e J , 
4K 2 0 

4K 2 
0 0 

X exp 

where I is the orbital angular momentum 
assumed to be equal to the total angular mo­
mentum, TI are optical model transmission 
coefficients, I

0 
is the modified Bessel func­

tion of order zero, and K~ is the second mo­
ment of the distribution of angular momentum 
projection K on the fission axis. This quantity 
can be expressed as 

K 2 = 7eff 

where 

2 T, 
0 ii 

~I and ~ are the principal moments 
of inertia of the nucleus at the saddle point 
and T is the saddle-point temperature. 

Since in the nuclei considered here it is ex­
pected that o-f 1 > > ·-:/11 , the contribution to 
K ~ comes principally from ':lj1 • Further-
more 
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where n is the average number of excitations 
(quasiparticles) at the saddle point and kZ is 
the average square projection of the single­
particle angular momenta on the fission axis. 
Therefore a measurement of K~ as a function 
of excitation energy above the barrier gives 
information concerning the number of intrinsic 
excitations of the nucleus at the saddle point. 

The experimental values of K; as a function 
of excitation energy are shown in Figs. 1-6. 
In these figures the position of the fission bar­
riers obtained from the most recent analysis 
of fission cross sections2 is indicated. Also 
an example of the angular distribution is shown 
in Fig. 7. 

50 2~;Pb + ;He - 2:i:Po 

40 I 

J 
! I 

n f 
K2 I 0 

h, 
I 

20 
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Fig. 1. Experimental values of K; as a func­
tion of the compound nucleus excitation energy 
in 4He-induced fission of 204pb, 
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Fig. 2. Experimental values of K; as a func­
tion of the compound nucleus excitation energy 
in 4He-induced fission of 208Pb. 

(XBL 732-2271) 
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Fig. 3. Experimental values of K; as a func­
tion of the compound nucleus excitation energy 
in 4He-induced fission of 209Bi. 
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Fig. 4. Experimental values of K; as a func­
tion of the compound nucleus excitation en­
ergy in 4He -induced fission of 197 Au. 

(XBL 732-2273) 

The overall behavior of the K2 quantity as 
. a function of excitation energy is0 very similar 
for all the nuclei studied. It appears that the 
o~d-A nuclei tend to have a larger value of 
K0 at the same excitation energy above the 
barrier than the even-even nuclei. There is 
a tendency in even-even nuclei, especially 
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Fig. 5. Experimental values of K; as a func­
tion of the compound nucleus excitation en­
ergy in 4He -induced fission of 206Pb. The 
three lines correspond to B. C. S. calculations 
with different values of the gap parameter. 
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Fig. 6. Experimental values of K
2 

as a func­
tion of the compound nucleus excit~tion en­
ergy in 4He-induced fission of 207Pb. The 
three lines correspond to B. C. S. calculations 
with different values of the gap parameter. 

(XBL 732-2275) 

visible in the 210po case, to reach very low 
values of K~ when close to the fission barrier. 
In order to illustrate the apparent freezing of 
the intrinsic degrees of freedom, calculations 
by means of the B. C. S. Hamiltonian have been 
performed. The necessary quantity kZ has 
been obtained from shell-model calculations 
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Fig. 7. Experimental angular distribution of 
fission fra~ments in the 50-MeV 4He-induced 
fission of 08pb. (XBL 732-2276) 

at the 210po fission barrier by R. Nix. In 
Fig. 5 the experimental values of K2 are 
shown for 210po together with the t!'reoretical 
predictions. Three values of the gap param­
eter !::. have been used. In Fig. 6 the same 
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data and theoretical predictions are reported 
for 211Po. Notice that the theoretical pre­
dictions are larger than in the 210po case 
due to the presence of an extra quasi-particle. 
In both cases it appears that a rather large 
value of !::. fits the experimental data best. 

In fact a value of !::. between 1. 5 and 1. 75 
MeV agrees well with the pairing gap 2!::. > 3 
MeV deduced from the K2 value at the energy 
closest to the fission bar

0
rier of 210Po. 

A more accurate analysis of the experimental 
angular distribution and a more complete theo­
retical calculation on the basis of the shell 
model and pairing Hamiltonian is under way. 
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THE EVAPORATION OF COMPLEX FRAGMENTS: 

KINETIC ENERGY AND ANGULAR DISTRIBUTIONS 

L. G. Moretto 

In a previous paper
1 

it was shown that the 
statistical emission of complex particles from 
highly excited compound nuclei can be handled 
effectively by means of the transition state 
method. The transition state can be located in 
the potential energy surface as a function of a 
fission-like coordinate, a mass asymmetry 
coordinate, and other deformation coordinates. 
At constant mass asymmetry, the potential 
energy as a function of the fission-like coordi­
nate has a maximum (Fig. 1a). If the potential 
energy is minimized with respect to all the 
other degrees of freedom, such a point is a 
saddle-point in the (n-1) dimensional deforma­
tion space which excludes the mass asymmetry 
coordinate. For this reason "ridge point" 
seems a suitable name for this configuration. 
If the mass asymmetry is large, the resulting 
configuration is strongly necked in. We can 
take advantage of this fact in two ways. On 
one hand it provides an easy physical definition 
of the mass asymmetry coordinate. On the 
other hand the narrowness of the neck makes 
the inertia associated with the mass asymmetry 
degree of freedom very large. This effectively 

freezes the motion of the system along such a 
coordinate, of which we need to consider the 
potential energy only. Therefore one may be 
justified in considering the ridge points as 
saddle points where the transition states can 
be located. A further advantage of the ridge 
point is that of being, in general, very close to 
the scission point where the two fragments 
separate. Therefore, if the distributions of 
the various dynamical quantities can be deter­
mined at the ridge point, they can be easily 
transformed into the distributions at infinity. 
For the sake of discussion let us describe the 
ridge point shape as prolate spheroid with a 
small sphere touching it at one of its poles. 
Two important effects can be observed. First, 
the equilibrium deformation of the spheroid is 
always prolate; therefore, the Coulomb inter­
action energy and thus the kinetic energy of 
the system at infinity is always smaller than 
the nominal Coulomb barrier corresponding 
to two touching spheres. The second effect 
consists of an amplification of energy fluctua­
tions at the ridge point. Let us consider 
Fig. 1b. The total potential energy, plotted 



v 

b 

Fig. 1. (a) Schematic illustration of the 
ridge points in the nuclear potential energy 
surface versus a fission-like coordinate and 
a mass asymmetry coordinate. 
(b) Description of the amplifying effect 
associated with the deformation coordinate,;r. 
The total potential energy and the Coulomb 
interaction energies are plotted versus 1' 
An input fluctuation of the order of T is 
amplified to a value, !:>. V c ex: -JPT. 

(XBL 721-2027) 

against the deformation of the spheroid, has 
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a minimum at the ridge point while the Coulomb 
interaction energy decreases monotonically 
with increasing deformation. The thermal 
fluctuation in deformation involves an energy 
of the order of the nuclear temperature at the 
ridge point while the resulting fluctuation in 
Coulomb interaction energy and thus in the 
final kinetic energy is of the order of @, 
where p = C ?/K, C is the first derivative of 
the Coulomb interaction energy with respect 
to deformation, K is the second derivative of 
the total potential energy with respect to def­
ormation, both evaluated at the ridge point. 
The parameter p can be called amplification 
parameter. 

The normal modes at the ridge point can be 
amplifying like the one just discussed and 
non-amplifying, like, for instance, the os­
cillations of the small sphere about the tip 
of the spheroid. In the latter case, the re­
storing force is completely Coulombian and 
the full energy of this degree of freedom can 
be expected to appear in the form of kinetic 
energy. Let us consider now the case of a 
single amplifying mode accompanied by zero, 
one, and two. non-amplifying modes. It is 
possible to derive the corresponding kinetic 
energy distributi0ns in analytical form: 

P(x)dx ex: erfc( p- 2x) exp(-x/T)dx, (1) 
\2.JPT 

In these expressions p is the amplification 
parameter and x = Ek-E

0 
, where Ek is the 

kinetic energy at infinity and E 
0 

is the Coulomb 
interaction energy at the ridge point. In Figs. 2 
and 3 the kinetic energy distributions calcu­
lated with Eq. (2) are shown for different 
temperatures and different amplification 
parameters. It can be observed that at small 
values of p the distributions are Maxwellian­
like, while at large values of p the distributions 
are nearly Gaussian. At zero amplification 
the three formulae reduce to 

/exp(-Ek/T) 

P(Ek)dEk ex:\ Ekexp( -Ek/T) 

Ek
2
exp(-E/T) 

The second equation, which contains the rele­
vant degrees of freedom to describe the emis­
sion of a neutron reduces to a Maxwellian, as 
expected. In Fig. 4 the kinetic energy distribu­
tions calculated on the basis of Eqs. (1), (2), 
and (3) for a low value of p and for a large 
value of p are shown. For a small value of p 
the shape depends very much on the number of 
non-amplifying degrees of freedom. At large 
values of p the distributions are Gaussian and 
they differ in their widths and in the location 
of the maximum. This is to be expected be­
cause, at large p, the non-amplifying degrees 
of freedom become rather unimportant, so 
that one may account for them by incorporating 
their average contribution to the mean and the 
width of the distribution. This observation is 
of help when large amplifications are expected 
from more than one degree of freedom. In 
Fig. 5 the potential energy at the ridge point 
is shown for the system. The ridge point 
shapes are represented by two spheroids 
touching by their poles. The potential energy 
is plotted as a function of the deformation of 
the two spheroids. It is possible to identify 
two normal modes which are amplifying, as 
can be seen by comparing Fig. 5 with Fig. 6, 
where the Coulomb interaction energy is plotted 
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also as a function of the deformations of the 
two spheroids. In the limit of large amplifi­
cations, like in this case, the kinetic energy 
distribution can be written down very simply 

P(x)dx ex: exp 

where p 1 and p 2 are the amplification param­
eters of the two amplifying modes, 
x = Ek-E 

0
-nT, and n is the total number of 

collective degrees of freedom at the ridge 
point. 

The present approach also permits us to 
calculate the angular distributions. If one 
assumes the classical distribution of angular 
momenta in a particle-induced reaction, the 
angular distribution is: 

:Jeff 
2 T, 

1'1 
2 .ry T 

d n n 

_1_ = _1_ - _1_ :J and :J 
:J e££ :J .II :J 1 , II 1 

2f1
1 

T 

are the prin­
cipal 

moments of inertia at the ridge point,2" n is 
the moment of inertia of the residual nucleus 
after neutron emission, T and Tn are the ridge 
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point temperature and the temperature of the 
nucleus after neutron emission. This expres­
sion reduces to the following limits: 

where Z = ~ sin2 8/4K~, Im is the classical 
maximum angular momentum, and Io , I1, and 
I2 are the modified Bessel functions of order 
zero, one, and two. -Also: 

W(8) 

W(8) = 

constant for Z- 0, 

for Z - oo . 

Furthermore it can be observed that the larger 
the emitted particle, the more deformed is 
the ridge point configuration and the larger is 
the value of Z The ref ore, everything being 
equal, the emission of the large fragments is 
predicted to occur more anisotropically than 
the emission of small fragments. 
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NEUTRON EVAPORATION FROM 252cf FISSION FRAGMENTS 

ON THE BASIS OF THE SHELL MODEL 

E. Nardi, L. G. Moretto, and S. G. Thompson 

A large amount of experimental information 
is available on the neutron emission of 252cf. 1 
In particular the average number of neutrons 
v(A) and their average kinetic energy Tj(A) 
have been measured as a function of the frag­
ment mass A. It is surprising to notice that, 
while the function v(A) has the well-known 
saw-tooth behavior with a sharp discontinuity 
at A::::: 126, the kinetic energy Tj(A) is peaked 
and nearly symmetric with respect to the same 
mass. 

It has been shown that the fission neutrons 
are statistically emitted by the excited frag­
ments. 2 However, in order to account for the 
quantitative features of the experimental data 
it is necessary to assume the presence of 
large shell effects. It is now possible to 
evaluate the statistical nuclear properties on 
the basis of the shell model and the pairing 
Hamiltonian. 3, 4 Therefore it is interesting 
to ascertain whether the experimental data 

on fission neutrons can be explained on the 
basis of such a knowledge. 

The neutron evaporation spectra have been 
calculated by means of a Monte Carlo method. 
The probability of emitting a neutron of kinet­
ic energy E from a nucleus of excitation en­
ergy E is given by: 

P(E)dE cc EO" inv(E)p(x, O)dE 

In this expression x = E - BN - E, BN is the 
neutron binding energy, p(x, O) is the density 
of zero angular momentum states of the re­
sidual nucleus, and a inv(E) is the inverse 
eros s section. 

The inverse cross section was calculated 
by means of an optical model potential. The 
level density p was calculated by using the 
Nilsson model for the various fragments at 



their equilibrium deformation. The calcu­
lations were carried out both with and with­
out the pairing interaction. In the case in 
which pairing was not introduced, the neces­
sary even-odd effects were obtained by means 
of an empirical energy shift !:!,. which repro­
duces the even-odd mass differences. 

The calculations of the average kinetic 
energy rj(A) were performed for selected fis­
sion fragment masses whose charges Z were 
equal to the most probable values. 

The average excitation energy of each frag­
ment was evaluated in such a way that the cal­
culated and experimental values of v(A) 
coincided. The initial distribution of excita­
tion energies was assumed to be a Gaussian 
whose width was deduced from the experi­
mental second moment of the number of neu­
trons. 5 
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The experimental and theoretical average ki­
netic energies ii(A) are plotted in figs. 1 and 2. 
The calculations have been performed without 
and with pairing respectively. Both calcula­
tions show reasonably good agreement with 
the data; in particular, the calculation per­
formed without pairing seems to reproduce 
the minimum close to A = 145 quite well. The 
residual excitation energy that cannot be car­
ried away by neutrons is emitted in the form 
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Fig. 1. Experimental and calculated values 
of the average center-of-mass kinetic energy 
of the neutrons rj. The experimental results 
are represented by a solid line. Typical 
experimental errors are shown by full dots 
with error bars. The theoretical values are 
presented by means of triangles. The cal­
culated values are obtained by using level 
densities without pairing. (XBL 7210-4128) 
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of gamma rays and can be obtained immediately 
from the calculations illustrated above. The 
calculated average energy emitted in the form 
of gamma rays is shown in Figs. 3 and 4 to­
gether with the experimental data. 6 Again the 
calculations were performed without and with 
pairing respecti:vely. A good agreement be­
tween calculation and experiment is observed 
in both cases although the calculations per­
formed with pairing seem slightly worse. The 
overall agreement between experimental and 
calculated results shows that it is possible to 
describe quantitatively the statistical decay of 
fission fragments on the basis of our knowledge 
of nuclear structure without the introduction 
of empirical parameters. 
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SIMULTANEOUS EMISSION OF TWO LIGHT CHARGED PARTICLES 

IN THE SPONTANEOUS FISSION OF 252ct 

S. K. Kataria, E. Nardi, and S. G. Thompson 

The process of nuclear fission accompanied 
by a third light charged particle has been the 
subject of many investigations. 1 The main 
motivation for these studies is that this process 
is thought to yield information on the conditions 
of the fissioning nucleus at the scission point. 
Recently Kapoor et al. 2 found evidence for the 
simultaneous emission of two light charged 
particles in coincidence with fission fragments 
in the thermal fission of 236u. These authors, 
however, did not identify the particles and 
were able to measure only the gross features 
of the energy distribution. Further data on 
this process should shed light on the mechan­
ism of light-particle emission in fission. 

In the present work we describe a four­
dimensional experiment in which two coin­
cident light !f:articles emitted in the spontaneous 
fission of 2 2cf were simultaneously identified 
and their energies recorded. Two semicon­
ductor particle telescopes, each consisting of 
a 50-f.l .6.E counter and a 1-mm E counter were 
placed on the opposite sides of a strong 252cf 
source. Each telescope was placed at a dis­
tance of 1.2 em from the source, and the dis­
tance between the .6.E and E counters was 
about 2 mm. The source strength was 
0.6 X10 7 fissions per minute. The source 
was covered on both sides by absorber foils 
of 12 mg/cm2 of Pt and 3.6 mg/cm2 of Al. 
The thickness of the foils was selected in 
order to stop the fission fragments and 
6.18-MeV alpha particles from reaching the 
particle telescopes. 

A four -dimensional analyzer was triggered 
by the coincidence events between the two .6.E 
counters. Hence all the twofold, threefold, 
and fourfold coincidences among the four 
counters were recorded. The coincidences 
were made using the zero cross -over tech­
nique with a resolutibn time of 40 nsec. The 
energy calibrations for all the detectors were 
done twice a week for the entire run. The 
timing between .6.E1 and .6.E2 counters was 
monitored by using a 228Th (8. 78-MeV alphas) 
source. Essentially no timing or pulse­
height drift was observed during the course of 
the experiment, which lasted for a period of 
25 days. 

Particle identification was carried out off­
line, using the power law method. 3 The 
particles identified in the fourfold events were 
LJ,He, 3H, and 1H. No event involving heavier 
particles was observed. A significant part 
of the 1H events are probably due to (n, p) 
reactions4 in coincidence with long-range 
alphas. The yields of alpha particles and tri­
tons from the reactions induced by fission 
neutrons in the surrounding material are very 
low in the energy region of interest and can be 
neglected. We therefore liT,-it our discussion 
to the emission of 4He and H. 

In Table I the type and number of detected 
fourfold events are given, i. e. , the events in 
which signals were registered simultaneously 
in detectors .6.E1, .6.E2, E1 and E2. The ratio 
of number of tritons to the number of total 



Table I. Number of various quaternary 
coincidence events observed. 

Telescope 1 Telescope 2 No. of events 

4
He 

4
He 371 

3H 3H 51 

4
He 3H 56 

3H 3H 0 

* 

13±2o/o 4 4 3 4 
( He- He)+( H- He) 

* Relative yields of tritons to alpha particles 
in the two telescopes in quaternary fission. 

alphas detected in each counter is also given 
for these events in Table I. The observed, 
uncorrected ratios of triton yield to alpha­
particle yield for the normal ternary fission 
for the two telescopes are 11±0.5o/o and 
10±0.5o/o respectively. The results in Table I 
indicate that the relative yield of tritons to 
alpha particles in the quaternary fission events 
is essentially the same as that in normal 
ternary fission. 

The kinetic energy spectrum of the alpha 
particles in quaternary fission observed in 
one of the telescopes is plotted in Fig. 1 to­
gether with the kinetic energy spectrum ob­
served in the same telescope in the case of 
ternary fission. The quaternary alpha-energy 
spectrum is seen to be shifted towards lower 
energies by about 2.0 MeV. The energy spec­
trum of alphas in coincidence with tritons is 
similar to the one shown in Fig. 1. The com­
bined energy spectrum of tritons observed in 
both the telescopes is also seen to be shifted 
by about 1. 5 MeV in the direction of lower en­
ergy as compared to the ternary fission triton 
spectrum (Fig. 2). The mean energies of 
alpha particles as a function of the energy of 
the other alpha particle is given in Fig. 3. It 
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• Triple fission 
• Quaternary fission 

• 

f 
5 

2 

O'L---~--~~--~--~~~~--~~~ 
5 10 15 20 

E (MeV) 

Fig. 1. Kinetic energy spectrum of alpha 
particles observed in telescope 1 in coin­
cidence with alpha particles detected in 
telescope 2. The kinetic energy spectrum 
of alpha particles in ternary fission is also 
shown. (XBL 7210-4216) 

can be concluded that there is no correlation 
between the energies of the two alpha particles 
in the quaternary fission. 

The probability of quaternary fission events, 
under the assumption that there is no angular 
correlation between the two light particles, is 
about one per million binary fission events. 
If one assumes that the two light particles are 
emitted at the scission point independently of 
each other, and that the probability of emis­
sion of each particle is the same as in ternary 
fission, the probability for such events is ten 
per million binary events, in qualitative agree­
ment. The above hypothesis is also consistent 
with the observed ratio of tritons to alpha 
particles in quaternary fission, and with the 
fact that there is no correlation between the 
energies of the two alpha particles. 

The study of the angular correlation will 
permit one to obtain the total probability of the 
quaternary events and will provide further data 
to test the hypothesis of independent emission 
of these light particles. Preliminary results 
show that there is no angular correlation be­
tween the two particles. Trajectory calcula­
tions are being performed in order to obtain 
the initial conditions at scission which satisfy 
both the kinetic energy spectra and the angular 
correlation. 
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Fig. 2. Kinetic energy spectrum of tritons 
in coincidence with alpha particles. The 
triton energy spectrum for the normal ternary 
fission is also shown. (XBL 7210-4217) 
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SEARCH FOR EVEN-ODD EFFECTS ON THE KINETIC ENERGIES 

OF FISSION FRAGMENTS 

H. Nifenecker 

When an even-even nucleus undergoes fis­
sion, the two fragments both have an even 
or an odd number of protons and neutrons. 
On the average, about 2. 5 MeV more energy is 
released when even fragments are produced 
than when fragments with odd charges are 
obtained. It is of interest for understanding 
both the fission reaction itself and the de -ex­
citation mechanism of the fragments to investi­
gate what fraction of this energy difference 
appears in neutron or gamma emission or in 
kinetic energy of the fragments. It has re­
cently been shown that the total gamma energy 
emitted when both fragments have even charges 
is about 0. 7 MeV higher than when they have 

odd charges. 1 • 2 On the other hand, no evi­
dence for even-odd effects on the total number 
of neutrons emitted by the fragments was 
fourtd. Consequently it is anticipated that an 
even-odd effect should appear in the fragment 
kinetic energies or in the neutron kinetic en­
ergies to account for the 1. 8 MeV which do not 
appear in neutron number and gamma energy 
measurements. 

As an auxiliary measurement of the fission 
gamma ray experiment carried on in this 
laboratory and described several times, 3 a 
three -dimensional recording of the two fis­
sion fragments' kinetic energies and coin-



cident K x-ray energies as obtained from a 
Si(Li) detector was carried out. 

We are using these data to look for possible 
even-odd effects on the total kinetic energy of 
the fission fragments. In the following we 
discuss briefly the method of analysis used to 
obtain relevant information such as the varia­
tions of the average value of the total kinetic 
energy of fragments as a function of the charge 
of one of them, Ek(Z). In principle, the ex­
periment can provide a two -dimensional 
array N(Ek, i) giving the number of events ob­
served with the total kinetic energy Ek(±2 MeV) 
with an x-ray detector output falling in chan­
nel i. Assuming that a K shell vacancy in an 
element of charge Z gives rise to a typical 
response of the x-ray detector, R(Z, i), the 
channel yields can be transformed into charge 
yields, minimizing the sum of squares: 

where W. is the weight given to each experi­
mental po\nt. The least-squares analysis ex­
presses the charge yields Y(Z, Ek) as linear 
functions of the channel yields: 

Y(Ek' Z) = ~ A(Z, i)N(Ek' i). 
1 

From the array Y (Ek, Z) it is possible to 
obtain the interesting quantities Ek(Z) and, 
more generally, all moments of the Ek distri­
bution for a fixed charge. 

This method, however, suffers some im­
portant drawbacks: it requires a high sta­
tistical accuracy; asks for a least-squares 
analysis of many spectra, one for each sample 
value of Ek; and finally gives much more in­
formation than needed. It is known that if one 
chooses the weights W i to be independent of 
Ek, the matr lx A( Z, i) will its elf be independent 
of Ek, so that any linear function of the chan­
nel yields will be transformed in the same 
manner as the yields themselves. For in­
stance if YT(Z) = 2: Y(Ek' Z) and 

Ek 

NT(i) = 2: N(Ek' i), the relation 
Ek 

YT(Z) = ~ A(Z,i)NT(i) is evidently true. 
1 

Similarly one can write that 

Since for instance, 
(1) 

equivalent to Ek(Z)YT(Z)=~ A(Z,i)Ek(i)NT(i). 
1 
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The analysis then can proceed as follows: 

1) obtain the channel yields NT (i) and 
average kinetic energies per channel, Ek(i); 

2) obtain the yields YT(Z) from a least­
squares analysis; 

3) replace the second members of the 
least-squares equations NT(i) by the quantities 
Ek(i)NT(i) and obtain the quantities Ek(Z)YT(Z). 
By a simple division the quantities Ek(Z) are 
obtained. 

This method is being applied to histograms 
of Ek(i) and NT(i) similar to those shown in 
Figs. 1 and 2. 

Since the experiment allowed the measure­
ment of both the masses and the kinetic en­
ergies of the fragments, it provided a two­
dimensional array P(m, Ek) for each channel 
in the x-ray dimension. Any moments of this 
two-dimensional distribution can then, using 
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the same method as above, be expressed as a 
function of the charge of the fragments. It is 
possible, in particular, to study the variation 
of the average kinetic energy Ek(m, Z) as a 
function of m for a given charge. In this 
case the variations in the average total kinetic 
energy would only be related to the geometrical 
configuration of the fragments at scission. 
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STUDY OF THE FRAGMENTS EMITTED IN HEAVY-ION-INDUCED REACTIONS 

L. G. Moretto, S. K. Kataria, D. Heunemann, R. C. Jared, and S. G. Thompson 

The emission of large fragments in heavy­
ion-induced reactions is a very puzzling phe­
nomenon which, at one extreme, shows a 
compound-nucleus -like behavior, at the other 
resembles some well known direct reactions 
with lighter projectiles. In order to learn 
about the various features of such a process, 
a project has been started with the aim of 
studying the particles emitted in the reaction 
of 14N with various targets. The 14N beams 
of 160 MeV and 250 MeV are being provided by 
the 88-inch cyclotron. In order to detect and 
identify the various particles a semiconductor 
counter telescope is used. The telescope is 
mounted on a movable arm in the reaction 
chamber which allows the collection of data 
from- 10• to -170•. The telescope is com­
posed of four counters with the following 
thicknesses: 16fl., 32fl., 400fl., 600fl.. The 
electronics associated with the system is 
shown in Fig. 1. 

Target 

6EI 

6E2 , 
2 E u 

"' """ "' 0 
E rej 

Accelerator beam 

Reaction 
products 

Linear 
amplifiers, 

timing 

and 

logic 

Fig. 1. Schematic diagram of the experi-
mental equipment. (XBL 731-2062) 

The experiment is monitored on-line by 
displaying a particle identification spectrum 
obtained from the second and third counter, 
and by observing the kinetic energy distribution 
of two isotopes selected by means of two single­
channel analyzers whose windows are set on 
two peaks of the particle identification spec­
trum The data are also recorded on magnetic 
tape, event by event, by means of a PDPS 
com.r,uter. In the runs at backward angles, 
the He particles are so overwhelming in 
number that it is necessary to gate them out 
by means of a single-channel analyzer set on 
the 4He particle peak in the particle identifica­
tion spectrum. The data recorded on the mag­
netic tape are analyzed both on a PDP9 com­
puter and on a CDC 7600 computer. Two 
identifications are performed, whenever pos­
sible, by means of the l>E2 and (l>E2+E) signals 
and by means of the l>E 1 and E total signals. 
Consistency is required between the two 
identifications: otherwise the event is re­
jected. The kinetic energy spectra associated 
with each isotope (or element) is then displayed. 

The data presented here refer to an indium 
target bombarded with 160-MeV 14N. When the 
telescope is set at the critical angle, corre­
sponding to a trajectory in which the projectile 
grazes the target nucleus, a tremendous 
variety of reactions takes place. In fact, all 
of the elements with Z ::::=: Zprojectile + 1 are 
observed. This can be seen in Fig. 2 where 
the identification spectrum is presented. The 
separation of the various isotopes has only 
been achieved partially in this run. However, 
it is possible to notice that all the elements 
from oxygen on down have been produced. 
The nitrogen peak is very large because of 
the closeness to the critical angle. 
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Fig. 2. Particle identification spectrum at 
20 o for the reaction In+ 14N at 160 MeV. 
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As the telescope is moved backwards 
(Figs. 3 -5) the strong nitrogen peak decreases 
in intensity; furthermore, the intensities of 
all the heavier fragment peaks are decreasing 
with respect to those of the lighter fragment 
peaks. These experimental features can pos­
sibly be accounted for as follows. Let us con­
sider the potential energy of two spherical 
liquid-drop nuclei in contact as a function of 
the mass asymmetry of the system. For 
small values of the fissionability parameter 
x, the potential energy has a maximum at 
symmetry and decreases as the asymmetry 
increases. For large values of the fission­
ability parameter x, the potential energy 
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Fig. 3. Particle identification spectrum at 
25 o for the reaction In + 14N at 160 MeV. 
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Fig. 5. Particle identification spectrum at 
35° for the reaction In+ 14N at 160 MeV. 

(XBL 731-2058) 

presents a minimum at symmetry, a maximum 
at s orne intermediate asymmetry, and a de­
creasing trend for larger asymmetries. There­
fore, for small values of x, the tendency is 
always that of making the light nucleus lighter 
and the heavy nucleus heavier. At larger 
values of x, if the two touching nuclei are 
widely different in mass, such a difference 
will tend to increase; on the other hand, if 
the two nuclei are nearly equal in mass, they 
will tend to equalize their mass. The pre sent 
experiment shows that the indium target tends 
to grow at the expense of the 14N projectile 
as expected. 



The decrease in abundance of the heavy 
fragments with respect to the light fragments 
at more backward angles could be due to a 
decrease of the impact parameter of the pro­
jectile and thus in the centrifugal barrier. 
The fusion of the two nuclei tends to go more 
towards completion. 

The presence of small kinetic energies at 
more backward angles indicates that indeed a 
strong relaxation is taking place. 

' As the telescope is moved in the backward 
hemisphere, the dominant lsotope produced 
is 4He with some trace of He. 6Li and 7Li 
are produced in measureable amount as well 
as 7Be and 9Be (Fig. 6). Only a few events 
of Be isotopes can be detected. The kinetic 
energy spectra indicate an almost complete 
thermalization. The kinetic energy spectra 
at various angles have also been measured 
for the various elements and are displayed in 
Figs. 7-11. 

The heavier fragments seem to show two 
components in their kinetic energy spectra: 
a hard component with energies close to that 
of the incoming projectile and a soft com­
ponent at energies closer to the Coulomb 
barrier. As the telescope is moved to larger 
angles the hard component disappears while 
the soft component persists. 

The lighter fragments show mainly the soft 
component, which is persistent at all angles. 
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Fig. 6. Particle identification spectrum at 
120° for the reaction In+ 14N at 160 MeV. 
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115In + 160MeV 14N 
Li Ion Energy Spectra 

Fig. 7. Li kinetic energy distributions. 
(XBL 731-2069) 

The hard component may be due to quasi­
elastic processes, while the soft component 
suggests that a very strong thermalization or 
relaxation is taking place. In the backward 
hemisphere the spectra of the lighter frag­
ments, especially those of 4He and Li, seem 
almost completely statistical. Therefore it 
is possible that some fraction of the observed 
particles is evaporated by the compound nu­
cleus. This view is also supported by the fact 
that the angular distributions are less forward 
peaked for lighter fragments, and by the fact 
that Li and Be fragments with similar .kinetic 
energies have also been observed in the back­
ward direction when bombarding the same 
target with 160-MeV 3He. 
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FRAGMENT PRODUCTION IN 40Ar-INDUCED 

REACTIONS ON A Cu TARGET 

S. G. Thompson, L G. Moretto, R. C. Jared, D. Heunemann, and R. C. Gatti 

The interaction between a heavy ion and a 
moderately heavy target nucleus is expected 
to present macroscopic features which are 
not observed in reactions with lighter parti-
cles. We are interested in studying the rele­
vance of collective coordinates, as it may 
appear in the transfer of mass and charge 
between the two nuclei. Furthermore we would 
like to determine the presence, or absence, of 
dissipative forces which transfer the collective 
kinetic energy to the internal degrees of freedom. 

In order to explore the general features of 
these reactions, a preliminary investigation 
has been undertaken about the nature and the 
kinetic energy of the fragments produced in 
the interaction of 288-MeV 40Ar ions with Cu 
nuclei. 

The experiments have been performed with 
the 288-MeV full energy 40Ar beam provided 
by the new SuperHILAC. The 40Ar beam, 
after suitable collimation, is

2 
directed on a 

natural Cu target- 1 mg/cm oriented at 45o 
with respect to the beam direction. The beam 
is then collected in a Faraday cup and moni­
tored. The fragments produced in the targets 
are detected by means of a four-counter tele­
scope mounted on a movable arm which can 
explore all the angles between- 15° and 175°. 
The entrance of the telescope is protected by 
a strong magnetic field produced by two pills 
of a rare earth magnetic alloy. The four 
silicon counters have the following thicknesses: 
16 fJ., 26 fJ., 400 fJ., 400 fJ.- The signals from 
the four counters, after suitable amplification 
and discrimination, are digitalized and stored, 
event by event, on a magnetic tape. At the 
same time, for monitoring purposes, an 
identification signal is generated by means of 
a Landis -Goulding particle identifier, on the 
basis of the second and third counter signals. 
The particle identification spectrum is then 
generated by means of a pulse-height analyzer 
and displayed. 

The data collected on the magnetic tape are 
analyzed in a CDC 7600 computer. A suitable 
version of a particle identification formula, 
based upon an approximation to the energy 
range relations, is employed to generate par­
ticle identification spectra. The choice of 
the parameters contained in the formula 
is made by checking the independence of the 
particle identification on kinetic energy. The 
particles which do not go beyond the second 

counter are identified by means of a single­
particle identification process. The particles 
which stop in the third counter undergo two 
identifications, the first by means of the sig­
nals from the second and the third counters, 
and a second or.e by means of the signal from 
the first counbr and a combination of the 
signals from the second and the third counters. 
A match is required between the two identifica­
tions in order to accept the event as valid. 
The particles which reach the fourth counter 
are rejected. After having obtained a satis­
factory particle identification spectrum, 
windows are set on the peaks corresponding 
to the various elements or isotopes and the 
kinetic energy distributions are obtained. The 
particles emitted in the reaction have been 
detected at four angles: 20°' 30°' 40°' so·­
The first angle is very close to the expected 
critical angle. The four particle identification 
spectra corresponding to the four angles are 
shown in Figs. 1-4. A most striking feature 
of these spectra is the appearance of fifteen 
peaks corresponding to all the elements from 
boron to argon. Also He and Li have been 
detected but are not shown here. No ele­
ments of Z larger than 18 seem to be formed, 
in agreement with the liquid-drop prediction 
that, for such a system, the potential energy 
favors the increase of the larger nucleus at 
the expense of the smaller. Another inter­
esting feature is the variation of the relative 
abundances of the detected elements with angle. 
Close to the critical angle, the elements with 
higher Z are the most abundant. As the angle 
increases, the abundance of the elements of 
higher Z decreases while the abundance of 
the lighter elements remains higher. This 
seems to indicate that smaller impact param­
eters lead to the absorbtion of a larger frac­
tion of the projectile by the target. Somehow, 
the reaction mechanism seems to favor the 
production of even-Z products, as can be seen 
in the even-odd alternation in Fig. 1. The 
kinetic energy distributions appear as broad 
peaks whose most probable values increase 
rather smoothly with Z. In Fig. 5 the kinetic 
energy distributions of three typical elements 
are shown at the four angles. In Fig. 6 the 
most probable values of the kinetic energy are 
plotted as a function of Z and angle. The 
analysis of the angular distributions and kinetic 
energy distributions will allow one to deter­
mine the degree of inelasticity of these re­
actions and to obtain information on the relaxa­
tion mechanisms involved. 
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Fig. 2. Particle identification spectrum for 
Cu reacting with 288-MeV 40Ar. The labora­
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Fig. 3. Particle identification spectrum for 
Cu reacting with 288-MeV 40Ar. The labora­
tory angle is 40•. (XBL 731-2107) 
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Fig. 5. Kinetic energies of B, F, and Al at 
the various angles. The low-energy side of 
the Al KE distribution is partially affected by 
the energy cutoff. (XBL 731-2102) 
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63•65cu ~ 288 MeV 40Ar 
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Fig. 6. Most probable kinetic energies as a 
function of atomic number. (XBL 731-2104) 

X-RAY-GAMMA-RAY ANALYSIS OF HEAVY-ION REACTION PRODUCTS 

R. C. Jared, H. Nifenecker, L. G. Moretto, and S. G. Thompson 

The identification and yield of the high-mass 
products in heavy-ion reactions is usually made 
by on-line mass spectrometry or by radio­
chemical methods. However, a comparatively 
simple broad survey of reaction products can 
be performed using K x-rays as a method of 
identification. The method has been shown 
to be quite useful in the identification of fission 
fragments in the recent past. 1 

We have undertaken a preliminary investi­
gation of heavy-ion reaction products, using 
off-line x-ray analysis. The interpretation 
based on x-ray spectra alone may be ambigu­
ous because of uncertainties about the mass 
chains that produce the x-rays. This ambigu­
ity can be minimized if one measures gamma­
rays in coincidence with x-rays to determine 
the isotopes that are decaying in the mass 
chains. · 

The experimental setup consisted of two 
solid state detectors sandwiching the irradi­
ated sample. The x-ray detector had a volume 
of 1 cm3 and the'{ detector volume was 6 cm3. 
We have obtained preliminary results using 
both the x-ray singles spectra and the x-ray­
'{ -ray coincidence spectra. 

In Fig. 1 the x-ray spectra observed after 
the irradiation of thick W, Au, and Th targets 
with a 288-MeV Ar beam are shown. The 
spectra obtained with the W and Au targets 
present approximately the same features with 
a broad distribution of nuclear charges centered 
slightly above the original target atomic num­
ber, Z. In these two cases the pick-up of 
nucleons by the target seems to be the dom­
inant r.eaction. However, in the case of 

thorium the distribution is centered around Hg, 
much like the results from the Au irradiation. 
This shift in the charge distribution of the 
products with respect to the target charge 
could be the result of a high fission probability 
of the elements heavier than Th associated 
with the predominant alpha decay of the ele­
ments between Bi and Th. Still, the relative 
high yields observed for elements around Hg 
seem to require some type of many nucleon 
transfer process. 

In Fig. 2 we show the x-ray spectra ob­
tained after irradiation of two copper targets, 
a thin one of 1. 5 mg/ cm2 thickness and a 
thick one. The very strong peaks corre­
sponding to nickel and nearby elements appear 
in both spectra. Their presence can be ex­
plained in terms of quasi -elastic processes 
where a small number of nucleons are ex­
changed between the two nuclei, leaving the 
products moderately excited. In such a case 
the heavy product gains a very small kinetic 
energy and does not escape from the thin 
target. On the other hand, the silver com­
pound nucleus is produced with a kinetic en­
ergy of about 110 MeV in the forward direc­
tion and can only stick to the thin target if it 
undergoes large-angle collisions. The same 
might be said of the reaction products which 
are only slightly lighter than the compound 
nucleus. The thin-target irradiation shows 
comparable intensities for the elements 
ranging from a few charges above copper to 
the compound nucleus, pointing to the existence 
of processes in which many nucleons are 
picked up by the target. These products 
should also have high kinetic energy at the ex­
pense of the projectile. This result is com-



patible with those of the (L:J.E, E) counter ex­
periments2 described elsewhere in this re­
port. The strong enhancement of the Rh and 
Ru K x-rays (which are most probably pro­
duced in the decay of the silver compound 
nucleus) in the thick-t~rget spectrum is due 
to the complete stopping of the recoils and 
also probably related to an increase in the 
probability of forming a compound nucleus / 
when the incident beam energy decreases. 

A preliminary experiment was performed 
by using the gamma-x-ray coincidence sys­
tem. A thick W target, irradiated by the 288-
MeV Ar beam was used. The sample was 
counted from 7 to 10 hours after the irradia­
tion. 

In this preliminary experiment the fol­
lowing isotoP-es were identified: 182Re, 183os, 
184Ir, and 186Ir. Cumulative mass yields 
for these isotopes should therefore be possible 
to obtain. 

The isotope 
123

I has also been identified 
as a product of the irradiation and is most 
probably a fragment produced in the fission 
of a very neutron-deficient heavy nucleus. 

In summary it can be said that the analysis 
of the products obtained in heavy-ion irradia­
tion, using x-ray and/or gamma-ray detec­
tors, will be a useful method at least for cases 
where the products decay mainly by electron 
capture. 
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SEARCH FOR SUPERHEAVY ELEMENTS IN NATURE 

R. C. Jared, E. Cheifetz, E. R. Giusti, S. G. Thompson, 

J. S. Drury,* R. J. Silva,* R. W. Stoughton,* and J. Halperin* 

Previous work l;>y our group in searching 
for superheavy elements in nature was re­
ported in reference 1. Some subsequent re­
sults obtained in a collaborative effort with a 
group at Oak Ridge National Laboratory are 
reported here. The method of detection, as 
in the previous work (Ref. 1), ·made use of a 

large liquid scintillator to detect spontaneous 
fission events in which unusually large num­
bers of neutrons are emitted. The apparatus 
was located in a tunnel under about 250 m of 
earth shielding in order to reduce the inter­
fering effects of cosmic rays. 



The additional samples tested using our 
counter system are listed below. The nega­
tive results on these samples are consistent 
with a lower limit of spontaneous fission half­
life of about 1o23 years (3 kg) to 1o24 years 
(20 kg) for the principal component(s). (Al­
ternatively, if the half-life of the superheavy 
element is 109 years, an upper limit of about 
1o-14 g of superheavy element per gram of 
sample is indicated.) A more complete de­
scription of some of the samples counted is 
available in the Oak Ridge Annual Report. 2 
A report is in preparation by R. W. Stoughton 
which is expected to give complete information 
on all the samples discussed here and in addi­
tion on many that have been counted using the 
ORNL 3He high neutron multiplicity counting 
system. 

The ores and ore products obtained from 
the Sudbury region are: 

Wt. (kg) 

3 

4 

3 

3 

4 

3 

3 

Description 

Composite sample, 
precious metals 

Ni concentrate 

Blast furnace dust 

Flue dust, Intern.Nickel 

GuS, mill concentrate, 
Intern. Nickel 

Blast furnace dust 

Smelter flue dust 

The ores and ore products from Colorado 
are: 

Wt. (kg) 

4 

10 

4 

4 

4 

10 

3 

4 

4 

4 

Description 

Ag, Cu, Pb cone. from 
Creede 

PbS concentrate, 
Silverton 

Pb, Ag, Zn sulfide, 
Creede 

Cu, Ag, Pb, Au, Zn 
concentrate, Telluride 

Pb, Ag, Au, Zn sulfide 
concentrate, Telluride 

Pb, Zn sulfide ore, 
Creede 

Zn, Pb, Cu, Ag, Au 
sulfide ore, Silverton 

Cu, Pb, Zn sulfide ore, 
Silverton 

Pb, Ag, Fe, Zn sulfide 
ore, Creede 

Pb, Ag, Zn sulfide ore, 
Creede 

45 

Wt. (kg) 

4 

4 

Description (cont.) 

PbS ore cont. Ag, Au, 
Zn, Telluride 

PbS ore, Telluride 

Other miscellaneous ores are: 

Wt. (kg) 

3 

3 

3 

3 

20 

4 

10 

3 

12 

3 

7 

3 

20 

3 

20 

10 

Description 

Pt, Pd bearing rock, 
Transvaal 

Composite chromite, 
S. Rhodesia 

Composite strontium 
ore, Hamm, 
Westphalia 

Quartz concentrate con­
taining Au, S. Dakota 

Galena, Ivigtut, 
Greenland 

Cinnabar, Arizona 

Galena, Cour D' Alone 
Region, Idaho 

Chromite + Zn concen­
trate, S. Rhodesia 

Cerussite (PbC03 ), 
New Mexico 

Unburned bag house 
fume dust, Tooele, 
Utah 

Barite, Sweetwater, 
Tennessee 

Serpentinite from mid­
Atlantic ridge at 
equator 

Bastnasite (CeFC03 ), 
Mt. Pass, California 

KCl ore, Hobbs, 
New Mexico 

Fe meteorites, Canyon 
Diablo · 

Kimberlite, North Lake 
Region, Tennessee 
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SUPERHEAVY ELEMENTS 

S. G. Thompson and C. F. Tsang 

Since 1965 there has been considerable 
interest among nuclear physicists and chemists 
in the possibility of discovering superheavy 
elements. In this review article, we sum­
marize the recent research in this field and 
indicate some efforts that are planned for the 
near future. 

Superheavy elements are those elements 
that lie somewhat beyond the end of the pres­
ent periodic table (Fig. 1). Interest at pres­
sent is focused on a region of isotopes -cen­
tered at· proton number Z = 114 and neutron 
number N = 184-expected to have special 
stability, due to the closing of both a proton 
shell and a neutron shell expected to occur at 
this location. These expectations depend 
essentially on our ability to calculate nuclear 
masses accurately. 

Fig. 1. Nuclear stability is illustrated in a 
scheme that shows a peninsula of known ele­
ments and an island of predicted stability 
(nuclei around Z = 114 and N = 184) in a 
"seal of instability." Grid lines show magic 
numbers of protons and neutrons giving rise 
to exceptional stability. Magic regions on the 
mainland peninsula are represented by moun­
tains or ridges. (CBB 725-2592) 

Recent significant advances in the calcula­
tion of masses occurred with the merger of 
the shell model and the liquid-drop model. 
The shell effects or local fluctuations (of the 
order of a few MeV ] are extracted from the 
results of shell-model calculations and com­
bined with the liquid-drop binding energies 
(about 2000 MeV for a heavy nucleus). Through 
the studies of Swiatecki, Myers, Strutinsky, 
Nilsson, Nix, Tsang, Pauli, and others, 1 the 
method (known as the Strutinsky method) has 
been employed to calculate the stability of 
superheavy elements. 

These calculations indicate that the region 
centered around Z = 114 and N = 184 should 
be very stable. These nuclei form an island 
somewhat beyond~the tip of the peninsula of 
known elements in a plane of proton and neu­
tron numbers as shown in Fig. 1. Contours 
of total half-lives involving all major modes of 
decay, namely, spontaneous fission, alpha 
decay, and beta decay, have been calculated. 
It turns out that the island centers around 
Z = 110 (instead of Z = 114) and N = 184. The 
shift from Z = 114 to Z = 110 is mainly due to 
the competition between spontaneous fission 
(where Z = 114 is the most stable) and alpha 
decay (where nuclei with lower Z are more 
stable). This longest-lived nucleus, 110r~4 
(or it could be an adjacent odd A or odd Z nu­
cleus), has a half-life as long as 109 years. 
Such a half-life is nearly as long as the age 
of the solar system. If one considers only 
nuclei with half-lives of 1 minute or longer, 
one is confined to an island with Z between 
106 and 116 and N between 174 and 192. These 
are the nuclei experimentalists are attempting 
to produce. The calculations involve great 
uncertainties. Thus the prediction of a half­
life of 109 years may be uncertain by a factor 
of 106 either way; that is, ~he half-life may 
well be anything between 10 and 1o15 years. 

Detailed predictions concerning the chemi­
cal properties of superheavy elements are not 
easy to make. Nevertheless, some progress 
in this direction has been made by the use of 
the ,Mendeleev method, and: the relativistic 
Hartree-Fock-Slater calculations. Such cal­
culations have been carried out by several 
groups2 at Los Alamos Scientific Laboratory, 
Oak Ridge National Laboratory, Northwestern 
University, the University of Frankfurt, and 
elsewhere. The predicted properties of some 
of the superheavy elements are shown in 
Table I. 

It should be pointed out that the study of 
these chemical properties may be important 
to the identification of the atomic numbers of 
these superheavy elements if they are dis­
covered. 

The theoretical grediction that the half-life 
of the nucleus 110is4 (eka-platinum) should be 
in the neighborhooa of 108 years suggested 
that small amounts of superheavy elements 
might be present in nature. The presence of 
these elements on the earth could have re­
sulted from their formation along with the 
other elements at the time the earth was 
formed. If some of the nuclei have half-lives 
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Table I. Some physical and chemical properties of elements 110 through 115, 
according to Fricke and Waber. 2 

Electronic Most First Ka 1 
ground- favorable ionization Metallic Ionic Melting Boiling x-ray a 

Ele- state Chemical oxidation potential 
ment configuration . group state (eV) 

110 6d
8

7s
2 

VIII +6 9.4 

111 6d 97s
2 

IB +1' +3 10.3 

112 6d 107s
2 

liB +1, +2 11.2 

113 7p
1

7s
2 IliA +1 7.4 

114 7p
2

7s
2 IVA +2 8.5 

115 7p
3

7s
2 VA +1' +3 5.9 

aFrom Ref. 3. 

near 2 X 108 years, small fractions could have 
survived the period (-4.5X1o9 years) since 
the earth was formed. 

Comprehensive searches for these elements 
in nature have been made by many groups both 
in the USSR and in the USA, including Flerov 
and his collaborators; Price, Fowler, and 
their co-workers; Herrmann and his co­
worker; as well as Thompson• s group at LBL. 
The details of the search are described4 else­
where in this Annual Report. However, none 
of these searcher has given conclusive evidence 
of their presence. Although the results up to 
now do not definitely rule out the presence of 
these elements in nature, the weight of evidence 
is such as to suggest strongly that they do not 
exist on the earth. Thus if the half-lives are 
much less than 2X108 years, they would have 
disappeared by radioactive decay during the 
4.5X1o9 years since the earth was formed. 
On the other hand, if the half-lives are long 
enough, the conclusion would be that they 
probably were not formed during nucleogenesis 
in which the other elements were formed. 

Probably the most promising approach to 
the production of superheavy nuclei involves 
the use of heavy ions. In this process the 
heavy ions are accelerated to a high energy 
and used to bombard a target nucleus such as 
Th232 or u238. Hopefully, the projectile and 
target will fuse together, forming compound 
nuclei within the island of stability. 

One of the most favorable target-projectile 
combinations, advocated by Swiatecki, 5 after 
consideration of various effects that enter 
into heavy-ion reactions, is 

radius radius Densitr, point point energy 
(AJ (A) (g/cm ) c•c) c·cJ (keY) 

1.4 27.4 157 

1.5 24.4 161 

1.6 16.8 165 

1.7 1.5 16 430 1130 169 

1.8 1.3 14 67 147 173 

1.9 13.5 177 

Ge 
76 

+ Th
232 

= 122~~i + 4n 

Ge 
76 

+ Th
232 

= 120~~! + He 
4 

+ 3n 

Both final nuclei indicated would (hopefully) 
decay by successive alpha emission or elec­
tron capture toward the center of the island. 
Even with these reactions, certain difficulties 
are likely to be encountered, which are sum­
marized as follows. 

High excitation energies. Calculations by 
Moretto6 show that the very shell effects re­
sponsible for the stability of the superheavy 
nuclei will be destroyed as the excitation en­
ergy is increased. The survival at such high 
excitation energies becomes a question of the 
competition between fission and neutron or 
charged-particle emission. The optimum com­
bination, Ge 76 + Th232, that Swiatecki pro­
posed is estimated to have a survival proba­
bility of approximately 1 : 10,000. 

Angular momentum effects. When a heavy 
ion collides with a target nucleus, rotational 
angular momentum is necessarily introduced. 
The centrifugal forces which arise make the 
system less stable. Some estimates of the 
result of this effect have been made which 
indicate that the expected yields of super­
heavy products should be further reduced by 
factors ranging from 10 to 103. 

Fusion probability. The largest uncertainty 
of all has to do with the probabilities for the 
projectiles and targets to fuse together. 5 It 
is not sufficient for the projectile and the tar­
get nuclei to merely come in contact with each 
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Table II. Previous attempts to make superheavy elements by 
heavy-ion reactions (CT, cross section; T, half-life). 

Investigators Reference Reaction Results 

Sikkeland (10) A 4o+ u238 f" . 18 r 
92 

-+ 1ss1onfragments Fission fragment from 110
27 8

(?) 

CT< 5X10- 32cm2 for T>i0- 9second 

Fis sionfragments from 146
374 

(?) 

CT < 5 X 10-30 cm2 forT >10- 8second 

Thompson; Nurmia et al. (11) 
40 248 288-x 

18
Ar +

96
Cm -114 +xn 

Oganesyan et al. (8) 
136 238 . . 

54Xe +
92 

U -f1sswn fragments 

F·lerov et al. (9) 

Bimbot et al. (7) 

30Zn 66 +93 U238-+122304-x+xn 

36Kr84 +90 Th222 -126316-x+xn . 316-x 
H1gh-energyafromt26 (?) 

other: an extra push is necessary to force 
them to fuse together. The probability that 
they can be made to fuse together into a final 
spherical compound nucleus involves not only 
the nuclear inertia, which acts against the 
push, but also the viscosity of the flow of nu­
clear matter, which is a dissipative effect 
converting the pushing energy into useless 
excitation energy. Good estimates of nuclear 
inertias and viscosities have not been made 
so far; these are important gaps in our 
knowledge of nuclear properties. 

Small beams of energetic krypton ions have 
been available at Orsay, and zinc and xenon 
projectiles have been available at Dubna. To 
date, attempts by both the French 7 and the 
SovietS, 9 groups (summarized in Table II to­
gether with previous efforts) to produce ob­
servable amounts of superheavy nuclei have 
not been successful. However, a new 
SuperHILAC in Berkeley and the improved 
accelerating facilities at Dubna will make 
possible a major assault on the production of 
superheavy elements. It is a completely open 
question whether it will indeed be possible to 
synthesize these elements by heavy-ion re­
actions. On the other hand there is still a 
possibility that superheavy elements might be 
found in cosmic radiation. The results of re­
cent searches in cosmic rays have not been 
conclusive. 
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OBSERVATION OF HIGH-LYING LEVELS IN 8Be FROM 

ALPHA-ALPHA ELASTIC SCATTERING* 

A. D. Bacher,t F. G. Resmini,+ H. E. Conzett, 

R. de Swiniarski, § H. Meiner,ll and J. Ernst~ 

Below an excitation energy of 16 MeV, the 
level structure of 8Be is well understood1. 2 in 
terms of states predominantly of a two-alpha­
particle configuration. Above 16 MeV the level 
structure rapidly becomes more complex as 
other confifurations for these states (e.g., 
p + 7 Li, n+ Be, ~nd d+6Li) become important. 
Those states of Be which have both even spin 
and parity can decay into the 2a channel, and 
this selectivity ffs extremely useful i~identi­
fying levels of Be that lie above the Li + p 
threshold. Although multi-level R- and S­
matrix analyses of 7 Li(p,a)4He (Ref. 3) and 
6Li(d, a)4He (Ref. 4) data have provided some 
level assignments b~tween excitation energies 
of 19 and 26 MeV in Be, these assigmnents 
are not unique. However, any state with a sig­
nificant alpha-particle width will appear as a 
resonance in a-a elastic scattering, which per­
mits immediate assignment of spin and parity 
from a determination of the resonant partial 
wave. Earlier studies of the eg.astic scattering 
provided some information on Be states above 
16 MeV;5 however, it was clear that more de­
tailed measurements were required in order to 
remove ambiguities in the phase-shift analysis. 

The present measurements were performed 
with alpha-particle beams from the Berkeley 
88-igch cyclotron using a beam analysis sys­
tem which provided a high-resolution beam 
(.t!.E/E"' 0.02%) of accurately known 7 energy 
(±0.03%). Measurements were taken at about 
100 energies between 30 !f.nd 70 MeV (spanning 
a region of excitation in Be between 15 and 35 
MeV). An array of seven detectors was used 
to obtain cross sections at 21 center-of-mass 
angles between 16° and 96°. The relative er­
rors are typically less than ±2%, while the ab­
solute normalization of the cross section is ac­
curate to better than 4%-

A standard X 
2 

minimization search routine 
was employed to determine phase shifts in­
cluding i. = 8 at the higher energies. A 
small i. = 6 phase shift ("'2"l was required at 
the lowest energies. Continuity of the phase 
shifts as a function of energy was required for 
an acceptable solution. This criterion was 
particularly useful in.. regions where the level 
structure was most complex, e.g., near E =40 
MeV, where three resonances overlap. P~ase 
shifts corresponding to the only acceptable sol­
ution are presented in Fig. 1 as functions of the 
alpha-particle laboratory energy, Ea. 
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Fig. 1. Nuclear phase shifts, 6.£, and inelas­
tic parameters, 'll,e, derived from a-a elastic 
scattering, for the .£ = 0, 2, 4, and 6 partial 
waves. The S-matrix element is 
S,e = '11.£ exp(2i6_e). The excitation energy in 
8Be is Ea/2 - 0.091 MeV. 

(XBL 728-3956) 

The .£ = 0 phase shift de ere ase s monoton­
ically between 30 and 38 MeV in a manner sim­
ilar to Darriulat1 s previous work, 5 but the 
present values are 5-10" more positive. The 
resonant behavior centered around E = 40.7 
MeV corresponds to a new o+ level i\li 8Be near 
20.3 MeV with a level width of less than 1 MeV. 
Since the resonant part of 6 0 passes through 
oo at the resonance energy, the elasticity, Jd'r, 
is less than 1/2 (Ref. 9). The existence of a o+ 
level in this region of excitation has been pre­
dicted by intermediate-coupling shell-model 
calculations. 10 • 11 Although the most recent 
multi-level analysis 3 of the 7Li(p,a)4He reac­
tion requires 0 +levels at 19.7 and 21.8 MeV, 



the alpha-particle reduced widths obtained are 
so small that the calculated 01-01, P. = 0 phase 
shift does not show any trace of resonant be­
havior. This is in contradiction with our pre­
sent result. 

Five 2+ levels are apparent in the P. =2 phase 
shifts shown in Fig. 1. The elastic resonances 
(r

01
= T') near 16.6 and 16.9 MeV excitation cor­

respond to the isospin-mixed2 doublet pre­
viously identified by Shield et al. 5 The posi­
tion of the next 2+ level at 20.2 MeV excitation 
is also consistent with previous work. 3-5 The 
two remaining 2+ levels near 22.2 and 25.2 MeV 
excitation have been located previously by the 
multi-le ve 1 analyses. Additional e vide nee for 
the 2+ spi~assi.gnments has come from studies 
of the 6Li(d, a) 4 He reaction with polarized deu­
terons. 12 The phase shift behavior for the 
25.2-MeV level shows it to have a small par­
tial width for 01- particles. 

Two levels are prominent in an examination 
of the P. = 4 phase shifts. The rapid rise of 64 
at E 01 = 40 MeV corresponds to a 4 +level near 
19.8 MeV excitation in 8Be. Since the resonant 
part of 64 goes through Tr/2 and '114~ 0.92 at the 
position of the resonance, ra/r~ 0.96. The 
total width r, and hence r 01 , is less than 1 MeV, 
which is at least a factor of 20 smaller than 
that corresponding to an a-particle reduced 
width equal to the Wigner limit. Hence, unless 
some other parentages (e.g., 6Li +d) are un­
expectedly large, 10 the f-wave nucleon reduced 
widths for this state are not as small as sug­
gested, 3 but the nucleon partial widths are 
small because of the small f-wave penetration 
factors. The broad 4 +resonance n~ar Ea.= 51.3 
MeV corresponds to a new level in Be near 
25.6 MeV excitation. We find no evidence for 
an additional4+ state at 27.5 MeV with a width 
of approximately 1 MeV as was previously as­
signed by Clark et al. 13 on the basis of the be­
havior of the coefficients of Legendre poly­
nomial fits to 6Li(d,a)4He cross-section angu­
lar distributions. 

The behavior of the P. = 6 phase shift is also 
shown in Fig. 1. The gradual increase in 66 
from about 2° at 30 MeV to about 30° at 70 MeV 

8 is in reasonable agreement with previous work. 

In order to compare our results with those 
of previous studies, Fig. 2 contrasts our level 
scheme derived from the 01-01 phase shifts rth 
schemes based on analyses of the 7Li(p,a) He 
reaction3 and the 6Li(d,a)4He ~eaction. 4 For 
the level scheme based on the Li(d, a)4 He re­
action, three combinations (each consisting of 
three levels) which produce acceptable results 
have been joined by a vertical dashed line. 14 
In addition we include some predictions based 
on intermediate-coupling shell-model calcula.:. 
tions. The new o+ state near 20.3 MeV may be 
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Fig. 2. Comparison of level positi8'ns for the 
even- spin positive parity states in Be between 
15 and 30 MeV excitation. (a) 6Li(d, a)4He, 
Refs. 4 and 13. .The (2, 0, 2) sequence is from 
Tsan et al., and the 4+ level at 27.5 is from 
Clark et al. (b) 7Li(p,a)4He, Ref. 3. (c) 
Present work, 01-01 elastic scattering. (d) 
T = 0 levels from shell-model calculations by 
Barker10 (left) and Kumar 11 (right). 

(XBL 728-3955) 

identified with the lowest o+ state predicted to 
lie at 19.8 Mev10 or at 23.6 MeV. 11 Other +I 
levels can be matched to the three observed 2 ' 
levels and to the 4 +levels observed at 19.8 and 
25.6 MeV, but more detailed comparisons must 
await a more formal extraction of level param-, 
eters. 

The comparison with the re su;ts of multi­
level fits to the 7Li(p, a)4He and Li(d, a)4He 
reations is less satisfactory. It seems clear 
that, due to the nonzero spin in the entrance 
channel and the resulting large number of 
parameters which can be varied, the multi­
level analyses of these reaction data are at 
present unable to produce reliable level as­
signments. It is of particular interest now to 
investigate whether the pre sent assignments 
based on elastic scattering measurements will 
be able to explain adequately the reaction data. 
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FURTHER EVIDENCE FOR THE DOMINANCE OF NUCLEON-NUCLEON P-WAVE FORCES 

IN VECTOR POLARIZATIONS IN N-d SCATTERING BELOW 15 MeV* 

J. S.C. McKee,t H. E. Conzett, R. M. Larimer, and Ch. Leemann 

During the past eight years the experimen­
tal determination of polarization effects in 
nucleon-deuteron scattering below 50 MeV has 
shown that measurable polarizations occur at 
energies as low as 2 MeV and that these rap­
idly reach substantial values with increasing 
energy. 1 Theoretical progress in fittingthese 
polarization results has proved to be difficult. 
The earlier exact three- body calculations,2, 3 
which used the Faddeev-Lovelace4 equations 
with simple S-wave separable nucleon-nucleon 
potentials, had given fair quantitative agree­
ment with the experimental elastic N-d differ­
ential cross section data at energies up to 
about 50 MeV. However, because of the simple 
S-wave forces used, those calculations could 

not provide the observed polarizations. Itwas 
clear that more realistic, i.e. , more compli­
cated, nucleon-nucleon potentials would be re­
quired and that the polarization data would pro­
vide the important and essential tests of any: 
more refined theory. Later calculations5-·r 
with more complicated two- body forces pro­
duced polarizations of the required magnitude, 
but they did not succeed in obtaining quantita­
tive agreement with experiment. These cal­
culations, however, did result in the clear and 
important conclusion that in any three- body 
calculation of N-d scattering the P-wave 
nucleon-nucleon interaction is the dominant 
cause of the nucleon and deuteron vector polar­
ization. Finally, very recent calculations8, 9 



that include P-wave nucleon-nucleon forces 
have provided quantitative fits to the nucleon 
polarizations in N-d elastic scattering at en­
ergies up to 40 MeV. The agreement with the 
deuteron vector polarizations is not as good, 
although the data are less accurate and less 
extensive, reaching only to 10.8 MeV. 10 

The purpose of the present work, therefore, 
was to obtain accurate angular distri~tions of 
the vector analyzing power, iT 11 , in d-p scat­
tering with polarized deuterons at ZO and 30 
MeV, corresponding to proton energies of 10 
and 15 MeV. This would provide more accu­
rate data at 10 MeV and extend the measure­
ments to higher energies, thus providing fur­
ther tests for the calculations. For time­
reversal-invariant interactions, the vector 
analyzing power, iT 11 , in d-p scattering is 

·equal to the deuteron vector f?Olarization, it11• 
produced in p-d scattering, B. so the calcu­
lated polarizations and measured analyzing 
powers can be compared directly. 

The experiment was performed in a 36-inch 
diameter scattering chamber, using the axially 
injected polarized deuteron beam from the 
Berkeley 88-inch cyclotron. The beam had a 
vector polarization of 82o/o of the maximum 
possible value p = 2/>/3 it11 = Z/3, and the ten­
sor components \vere zero. A 7.5 em diam­
eter gas target with a 5 f.llTI Havor foil window 
was used at Hz gas pressures ranging from 
O.Z5 to 0. 75 atm. Left-right asymmetry data 
were taken simultaneously at two angles sep­
arated by zoo, using pairs of L',E-E silicon 
detector telescopes. In order to eliminate in­
strumental asymmetries, alternate runs were 
taken with the spin vector of the beam oriented 
up and down with respect to the scattering 
plane. The angular resolution, defined by tan­
talum collimators, was 0.85° and 1.5° (FWHM) 
for the forward and backward telescopes, re­
spectively. Two monitor counters were placed 
left and right of the beam axis at a scattering 
angle of e "" 2 3 o and azimuthal angles <P "" 70 o 
and 110°. A polarimeter, consisting of a 
smaller scattering chamber containing a gas 
tar get and a pair of L',E -E counter telescopes 
at equal left and right scattering angles, was 
placed downstream of the main scattering 
chamber and provided continuous monitoring 
of th~ beam polarization. The analyz~r used 
was He, whose analyzing power in d-4He 
elastic scattering had been measured in detail 
previously. 1Z Particle identification was used 
with all detector systems except the monitors. 
This allowed simultaneous detection of forward 
scattered deuterons and recoil protons from 
backward scattered deuterons. 

Our ZO-MeV data are shown in Fig. 1, where 
the relative errors include the statistical error 
and a contribution of ±0.004 determined from 
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Fig. 1. The angular distribution of the vector 
analyzing power iT 11 (8) in d-p scattering at 
ZO MeV. The solid curve is the theoretical re­
sult from Ref. 9. The dashed curve repre­
sents the back-angle data from Ref. 10 atZ1.7 
MeV. (XBL 7210-4160) 

measured asymmetries with the beam polariza­
tion set to zero. In addition, there is an over­
all normalization uncertainty of ±5o/o. The 
Saclay back-angle data10 at Z1.7 MeV are also 
indicated in Fig. 1. The shapes of the angular 
distributions are similar, and the discrepancy 
of a factor of about 1. 7 in overall normaliza­
tion is most likely due to an uncertainty in the 
Saclay beam polarization. 13 Also shown in 
Fig. 1 is the result from Pieper 1s9 recent cal­
culation. The agreement is excellent, partic­
ularly in view of the fact that there has been 
no adjustment of the two-body input parameters 
in order to improve the fit to these data. 

Figure Z shows our 30- MeV data along with 
the predictJons from the calculations of both 
Doleschall and Pieper9 at Z8.Z MeV deuteron 
energy. They both fit the backward peak very 
well, but Pieper also succeeds in providing the 
negative maximum ate= 95°. Clearly it would 
be of interest to identify the feature of the 
Pie per calculation that produces this result, 
which is not predicted by Doleschall. Of course, 
the calculations are not directly comparable. 
The Doleschall calculation is an exact one 
using the Faddeev-Lovelace 4 equations with 
a complete set of P-wave interactions, and it 
also provides good fits to the differential cross 
section and nucleon polarization data at the 
same energy. 8 The Pieper calculation is 
based on a perturbative treatment of three­
particle scattering14 in which the nucleon­
nucleon T-!fntri~ i' taken as the sum of t)"o 
parts: t = t s + t w . The strong part t(s is 
derived from potentiaJs of the Yamaguchi 
type 15 in the fs0 and S 1 partial waves, and it 
is treated exactly \n the Faddeev equations. 
The weak part t \WJ contains all the additional 



nucleon-nucleon input information and is 
treated in first-order perturbation theory. 
Sets of both P and D partial waves are included, 
so it is possible that the D-wave contributions 
account for the major differences seen in the 
curves in Fig. 2. 

0.15r----.------.------.---.----.-------, 

30 60 90 120 150 180 
Be 

Fig. 2. Angular distribution_ofthe vector 
analyzing power iT 11 (8) in d-p scattering at 
30 MeV. The dashed curve is from Ref. 8, 
the solid curve from Ref. 9, both calculated 
for Ed = 28.2 MeV. (XBL 7210-4159) 

Although the older work showed that the 
cross sections in N-d scattering could be quite 
well reproduced in three-body calculations 

·using just the S-wave two-nucleon forces, it 
is now very clear that accurate and extensive 
polarization data have provided the tests that 
prove the necessity for the inclusion of higher 
partial waves in the calculations. 
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THE VECTOR ANALYZING POWER IN d - 4He ELASTIC 
SCATTERING BETWEEN 15 AND 45 MeV 

H. E. Conzett, W. Dahme,* Ch. Leemann, J. A. Macdonald, and J.P. Meulderst 

Extensive measurements have been made of 
the differential cross-sectio2s1 and the vector 
and tensor analyzing powers in d- 4 He elastic 
scattering at en~rgies below 12 MeV. Phase­
shift analyses 1, of these data have led pro­
gressively to improved agreement with the 
data and to the determination of level param­
eters for those states of 6Li that appear as 
resonances in the d+4He channel. As usual, 
the accuracy in the absolute values of the an­
alyzing power measurements depends directly 
on the accuracy with which the beam polariza­
tion is known. Thus, the selection and calibra­
tion of a suitable analyzer for the monitoring 
of the beam polarization is always an impor­
tant first task. 

Since the energies of the polarized deuteron 
beam of the Berkeley 88-inch cyclotron extend 
to 60 MeV, a suitable polarization analyzer 
over a wide portion of that energy range is 
needed. Because of the large analyzing powers 
measured

4
in the experiments cited above, we 

selected He as a potentially good analyzer for 
polarized deuteron beams at energies beyond 
12 MeV. Also, two independent determina­
tions of the absolute vector analyzing power at 
Ed == 11.5 MeV, ec == 118• had been made, giving 
the values A ==- 0.418±0.010 (Ref. 4) and 
Ay == - 0.411±014 (Ref. 5), which are in very 
good agreement. Therefore, this served as 
the calibration reference point in the subse­
quent absolute normalization of our results. 
Although earlier measurements near 20 MeV 
(Ref. 6) indicated a substantial reduction of 
the vector analyzing power as compared with 
lower energies, this could be only a tentative 
conclusion because of the uncertainty in the 
value of the beam polarization. Our early 
measurements showed, however, that large 
values of the analyzing power persisted up to 
20 MeV, so we extended our investigation to 
Ed== 45 MeV. 

For the scattering of a purely vector­
polarized deuteron beam the differential cross 
section is 

a(e, tj>) == a
0

(e) [ 1 + 3/2 p A (e) cos tj>), (1) 
y y 

where ao(e) is the unpolarized differential 
cross section, e and tj> are the polar and az­
imuthal scattering angles respectively, Py is 

the incident beam polarization, and Ay(e) is 
the vector analyzing power. In the coordinate 
system with the z-axis along the incident deu­
teron direction, the y-axis is taken parallel 
to the beam polarization. From (1) it follows 
that a measured left ( tj> == 0) - right (tj> == '11') 
asymmetry is proportional to the product P~y: 

E(8) == [a(e, O) - a(e,'ll']/[ a(e, O) + a(e, '11')] 

3/2 p A (e). 
y y 

(2) 

Asymmetry data were taken at 5-MeV intervals 
from 15 to 45 MeV at center-of-mass angles 
from 30" to 165•. At all angles the elastically 
scattered deuterons were detected with .6.E -E 
counter telescopes placed at equal angles to 
the left and right of the beam axis. Particle 
identification served to separate deuterons 
from protons which came from the deuteron 
breakup reaction. A gas target of 4He at- 1 
atm pressure was used with beams typically 
of 50 nA. A polarimeter, consisting similarly 
of a gas target and a left-right pair of counter 
telescopes, was placed downstream of the main 
scattering chamber, and it provided continuous 
monitoring of the beam polarization during the 
course of the experiment. 

Absolute normalization of our data to the 
calibration point Ay(E, e c) at E = 11.5 MeV, 
ec == 118" was achieved in the following man­
ner. The beam of energy E1(e. g., 15 or 20 
MeV) incident in the first target was degraded 
in aluminum to an energy E2 == 11.5 at the 
polarimeter where the asymmetry €2(11.5, 
118°) was measured. At the same time, 
E1(E1,e) was measured in the main scattering 
chamber, so from (2), 

A (E
1

, e)== A (11.5, 118°) E /E , (3) 
y y 1 2 

which gives Ay(E1, e) in terms of the measured 
asymmetries and the A calibration value. At 
higher energies forE 1 ~previously deter­
mined value for Ay(E 2 , e) served as a refer­
ence polarimeter analyzing power. 

Our results 'll'e ~hown in Figures 1 and 2. 
It is clear that d - He elastic scattering 
serves as a very good vector polarization an­
alyzer over a wide range of deuteron energies. 
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Fig. 1. Angular distributions of the vector 
~nalyzing powers, iT 11 (e) = (,.f"3/2)A (e), in 
d- 4He elastic scattering from 15 toY45 MeV. 
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DEVIATIONS FROM THE BARSHAY-TEMMER SYMMETRY 

IN THE REACTION 4He(d, t)3He 

W. Dahme,* J. Arvieux,t J. Birchall, H. E. Conzett, and R. M. Larimer 

The nuclear reaction 4 He(d, t)
3

He has 
drawn attention of several investigators 1-3 
since Barshay and Temmer4 pointed out its 
elegance for testing the validity of the concept 
of isospin conservation in reactions which lead 
to final nuclei which are members of the same 
isospin multiplet (isobaric analogs). For iso­
spin-conserving forces, they predicted the 
angular d~stribution of each of the reaction 
products H and 3He to be symmetric with 
respect to 90• c.m. angle. Because of the 
equal masses this leads to the equality of the 
respective yields at the same laboratory angle. 
Thus, by detecting both reaction products 3H 
and 3He with the same detector the determina­
tion of the ratio of yields 

is limited in accuracy, in principle, only by 
counting statistics. 

Gross et al. 
1 

first reported deviations of R 
from unity for the reaction 2H(a,t) 3He at an 
incident ener~y of 82 MeV. In an extended 
measurement to lower energies of the a­
particle beam they found deviations up to 20o/o 
at an incident energy Ea = 64.3 MeV (E 
21.4 MeV). A DWBA analysis of their 'd·.Wa 
produced the right pattern of the deviation but 
only about half the measured magnitude, and 
this calculated forward- backward asymmetry 
was seen to be due to the difference in the 
bound-state form factors for the proton and 
neutron transfer amplitudes; this difference 
resulted from the different proton and neutron 
separation e ne r gie s in 4 He. Since the calcu­
lated asymmetries were consistently smaller 
than those observed, it was suggested that 
some isospin impurity could be responsible for 
the larger asymmetry observed. They ob­
tained their potential parameters by searching 
for optical-model potential parameters that 
gave good overall fits to elastic c.foss-section 
data of the entrance channel, d + He, and the 
exit channel, 3H + 3He, respectively. Since 
polarization data were not available for the 
analysis, the spin-orbit term of the optical 
potentials could not be well determined. 

In order to provide data for a more com­
plete and perhaps more sensitive testing of the 
DWBA calculations, we have measured the 
vectQJ analyzing .pow~s of the reactions 
4He(d,t)3He and He(d, 3He)3H at an incident 
energy Ed = 32.1 MeV (Ec. m. = 21.4 MeV). 

The purely vector-polarized deuteron beam 
available from the Berkeley 88-inch cyclotron 
was scattered from a 4 He-gas target at -1 atm 
pressure. The beam current w'3s typically-
40 nA. The outgoing triton and He were de­
tected by using 6.E-E counter telescopes 
placed symmetrically to the left and the right 
of the beam axis (cl> = 0,"11") and particle identi­
fication. Data were taken at two angles simul­
taneously covering an angular range from 
elab = 10° to elab = 35° in 2° steps corre­
sponding to center-of-mass angles from 22.5° 
to so•. The angular resolution was 0. 7 and 
0.9• (FWHM) for the forward and backward de­
tector systems respectively. 

The beam polarization was monitored con­
tinuously using 4He as an analyzer in a polar­
imeter placed downstream from the scattering 
cha:r:!;b.fr. The vector analyzing power of elas­
tic d- He scattering had been measured over 
an energy range from 15 to 45 MeV at this lab­
oratory recently. 5 
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Fig. 1. Vector analyzing P,OWe!.s, l~y( 3 H) and 
A (3He), of the reactions 4He(d, t)3He and 
4Re(d, 3He) 3H, respectively, at Ed= 32.1 MeV. 
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The analyzing powers of ~e reactions 
4He(d, t)3He and 4He(d, 3He) H measured at a 
deuteron beam energy Ed= 32.1 MeV are shown 
in Fig. 1. The quoted errors are the statisti­
cal errors combined with an instrumental un­
certainty of ± 0. 004. 

The data have not yet been corrected for 
small detector geometry effects. Figure 2 
shows the angular distribution of the rati~ of 
the two analyzing powers, R = Ay( 3H)/ Ay( He). 
We observe deviations from uni'ty as large as 
20o/o. It is intended to extend the measurement 
to other deuteron energies. 
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An analysis of our recent elastic d- 4
He an­

alyzing power data in terms of an optical model 
using the computer code MAGALI6 is under way. 
This analysis is expected to reduce further the 

ambiguities in the_J>~tential parameters of the 
entrance channe 1 d + He. Thus, one may be 
able, in a DWBA analysis, to examine in more 
detail the relative differences in the neutron 
and proton pick-up processes which participate 
in"the reaction. 
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A STUDY OF THE 4He(;,d)3He REACTION BETWEEN 32 AND 53 MeV 

A. Sagle,* B. E. Bonner,t W. E. Broste,* H. E. Conzett, 

W. Dahme,+ N. S. P. King,* and Ch. Leemann 

A considerable number of differential cross­
sectjon measurements have been reported on 
the He(p, d)3He reaction up to 93 Mev1 as well 
as the inverse stripping reaction 3He(d, ~)4He 
over a wide range of deuteron energies. 
Almost no experiments measuring deuteron 
asymmetries have bee~ done with polarized 
protons above 32 MeV. For energies below 
32 MeV the deuteron asymmetries can be de­
termined from the inverse ·stripfing reaction 
results for proton polarizations and the 
"polarization-asymmetry theorem". 4 Hope­
fully, a clearer theoretical understanding of 
the 4He(p, d) 3He reaction can be obtained by 
studying the energy dependence of the cross 
sections and polarizations obtained in this ex­
periment. 

The results of this experiment will also aid 
in optimizing the de~ign for a polarized neutron 
beam from the T(d, n) '*He reaction. 5 By using 
a polarized proton beam, the energy and angu­
lar dep~ndence of p2r can be found for the 
3He(d, p)4He reaction from reciprocity argu­
ments. These results should be similar to 
thos~expected from the charge- symmetric 
T(d, n) 4 He reaction. 

The polarized proton beam from the 88-inch 
cyclotron was used to measure anal_xzing pow­
ers and cross sections for the 4 He(p, d)3He re­
action at bombarding energies of 32.0, 40.0, 
50.0, and 52.5 MeV. (The analyzing power is 
equal to the measured asymmetry divided by 
the beam polarization.) Proton beams of from 



50 to 150 nA with -0 .. 75 polarization were used 
on a 4He target at 1 atm pressure The beam 
polarization was obtained from a 4He polar­
imeter and the p- 4 He analyzing powgrs were 
recently published by Bacher et al. 

The measured relative cross sections are 
in agreement with previous data for either the 
4He(p, d)3He reaction or the inverse reaction. 
Analyzing powers for anglef greater than 80° 
were obtained from recoil He rather than deu­
teron mass-gated spectra. The analyzing pow­
ers observed at 32 and 50 MeV are given in 

I . 0 --,--T-~----,-,---.--,---,-- f --,----,----,-----, ·---r----,-,---,---, 
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Fig. 1. The 32-MeV data are in good agree­
ment with Brown and Haeberli 7 at forward 
angles; however, disagreements up to 30o/o are 
found for large backward angles. 

An interesting energy-dependent effect is 
the appearance and disappearance from 32 to 
52 MeV of a pronounced oscillation in the an-
alyzing power at e "" 90°. Some evidence 
for this can be seeg.'fRthe 50-MeV results. 
This oscillation does not appear to have a 
counterpart in the observed cross sections. 

Data reduction is essentially complete and 
attempts are presently being made to obtain 
theoretical fits to' the analyzing powers and 
cross sections from DWBA calculations. 

Footnotes and References 

* Crocker Nuclear Laboratory, University of 
California, Davis, California 95616. 

t Los Alamos Scientific Lab, Los Alamos, 
New Mexico. 

tDAAD Exchange student from University of 
Munich, West Germany. 

1. S. A. Harbison et al., Nucl. Phys. A152, 
503 (1970) and S. Hayakawa et al., J. Phys.Soc. 

so. o MEV Japan .!2,. 2004 (1964) and references therein. 

a.s r il •• "' 

''· •• 
a.a~----------L---------~ 

I I ,,, , . 
't I 

-a.s 1- -

-1. 0 '--.L--'---'---1--'---'-----'1---''---''--'--I.L--'---'---1--'---'-----'1---''--'---' 
c. 30 sa 90 120 tso teo 

Be.~. 

Fig. 1. Angular distri:f.ution of the analyzing 
power for the 4He(p, d) He reaction at 32 and 
50 MeV. (XBL 731-20) 

2. W. G. Weitkamp and W. Haeberli, Nucl. 
Phys. g, 46 (1966) and references therein. 

3. E. T. Boschitz et al., UCRL-16218 (1965) . 

4. G. R. Satchler, Nucl. Phys. 8, 65 (1958) 
and L. C. Biedenharn, Nucl. Phys . .!Q_, 620 
(1959). 

5. Crocker Nuclear Laboratory Progress 
Report, University of California, Davis, 
CalHornia, 1971, page N -25. ' 

6. A. D. Bacher et al., Phys. Rev. 2_, 1147 
(1972). 

7. R. I. Brown and W. Haeberli, Phys. Rev. 
130, 1163 (1963). 

THE VECTOR ANALYZING POWER IN ELASTIC DEUTERON-DEUTERON SCATTERING 

BETWEEN 20 AND 40 MeV 

H. E. Conzett, W. Dahme, * R. M. Larimer, Ch. Leemann, and J. S. C; McKee t 

The subject of d-d elastic scattering has 
not received very much attention in the past. 
The cross sections are quite smooth functions 
of energy in the region up to 20 MeV where 

there are the most data available. However, 
the complexity of the spin structure and the 
low threshold for inelastic processes has made 
any meaningful phase- shift analysis impossible 



because of the large number of parameters in­
volved and the resulting multiplicity of solu­
tions. 1 A recent resonating-group calcula­
tion2 has obtained good agreement with the 
cross- section data between 5 and 20 MeV, but 
the use of a purely central nucleon-nucleon 
potential precludes the prediction of any spin 
polarization observable s. 

From an experimental point of view, recent 
polarization experiments in elastic d-d scatter­
ing have raised a qualitative question. Deter-

-----mi-nations -ha ve-bee-n.made-Q.:f-the_ve ctor­
analyzing power, iT 11• in d-d scattering with 
polarized deuterons at several energies below 
12 Mev.1.3 and at 21.4 MeV.4 Non-zero but 
very small values of iT

11 
were obtained, 

reaching a maximum va ue of about 0.04 at 21.4 
MeV. These values are almost an order of 
magnitude smaller than the nucleon and deuter­
on vector polarizations found in other elastic 
prozesses inv.flving few nlJcleon systems, e.g., 
N+ H, 3He, He and d + He, 4He. Since 
sizable contributions of S, P, and D waves were 
required to fit the cross sections, 1, 2 the lack 
of substantial polarizations could not be ex­
plained as re suiting from the unimportance of 
partial waves with.£ > 0. Thus, its reason re­
mained unexplained. 

We have extended the me.9;_surements of 
vector analyzing powers in d-d scattering to 
40 MeV to examine whether or not its anom­
alously small value persists at these higher 
energies. Also, another determination near 
20 MeV was desired, since the older measure­
ment at 21.4 MeV was rather uncertain because 
of lack of knowledge of the beam polarization. 
We used the axially injected vector-polarized 
deuteron beam from the Berkeley 88-inch cy­
clotron. Left-right asymmetry data were 
taken simultaneously at two angles separated 
by zoo, using pairs of L:~.E-E silicon detector 
telescopes. A polarimeter, consisting of a 
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gas target and a pair of L:~.E-E counter tele­
scopes, was placed downstream of the main 
scattering chamber and provided continuous 
monitoring of the beam polarization. The 
analyzer used was 4He, whose analyzing power 
in d- 4He elastic scattering had been measured 
in detail previously. 5 For a deuteron beam 
with its purely vector polarization, iT ~_1· alon& 
the normal to the scattering plane, _!! = ~i X_!:f)/ 
l_!:iX_!:fl, the differential cross section is given 
by a( B, <!>) = ao(B) ( 1+2(it11 )iT 11 (B) cos <j>), where arf[.J) 
is the differential cross section for scattering 
of an unpolarized beam and <j>, the azimuthal 
scattering angle, is equal to 0 andlT for left 
and right scattering, respectively. Thus a 
left-right asymmetry measurement, 
E = [a(B,O)- a(B,lT)]/[a(B,O) +a(B,rr)]=Z(itu){i'J1i_l. 
combined with the simultaneous determination 
of the beam polarization, yields the vector an­
alyzing powers, iT 11(8). Figure 1 shows our 
data at Ed= 20, 30, and 40 MeV. Our 20-MeV 
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Fig. 1. Angular distributio.u.s of the vector 
analyzing power iT if( B) in d-d scattering at 
20, 30, and 40 MeV. (XBL 728-3846) 

values are a factor of 2 larger than the pre­
vious results at 21.4 MeV, and clearly the vec­
tor-analyzing powers increase rapidly with in­
creasing energy. These values, w~n com­
pared with the analyzing powers in d-p elastic 
scattering measured rece~tly at comparable 
center-of-mass energies, can no longer be 
considered anomalously small. 
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A STUDY OF (d, He) AND (d ,t) REACTIONS INDUCED BY 

POLARIZED DEUTERONS 

B. Mayer,* H. E. Conzett, W. Dahme,t D. G. Kovar, R. M. Larimer, and Ch. Leemann 

A number of experiments have_J>hown that 
th.e vector--analyzing powers for (d, p) and 
(p,d) reactions depend strongly on the j-values 
of the transferred neutron for a given orbital 
angular momentum transfer. 1,2 This prop­
erty can be very useful in providing spin as­
signments to states which can be populated by 
such reactions. It has been found, also, that 
the (d, t) reaction shows a similar effect. 3 In 
order to investigate an expected similar j­
dependence of the analyzing power in reactions 
involyi..ng a__JJroton transfer4 we have studied 
the ZutsPb(d, 3He) and 12c(d, jHe) reactions in­
duced_..by a vector-polarized deuteron beam. 
The (d,t) data were taken concurrently so as 
to extend to higher energies and different nu­
clei the study of the j-dependence of the ~n­
alyzillg power. Moreover, since 12c(d, He) 
and Loc(d, t) are mirror reactions leading to 
isobaric analog final states, it is of interest 
to examine deviations from the equality of the 
differential cross sections and analyzing pow­
ers that is expected because of the charge­
symmetry of nuclear forces. Angular distri­
butions were measured at laboratory aJC!gle s 
from 25° to 60°. 

208 .... 3 208 .... 
The Pb(d, He) and Pb(d, t) Reactions 

The experiment was performed with a 30-
MeV vector-polarized deuteron beam from the 
Berkeley 88-inch cg:clotron. The target was 
a 0.85-mg/ cm2 20 Pb foil. Left-right asym­
metry data were taken simultaneously at two 
angles separated by zoo, using pairs of D.E-E 
silicon detector telescopes. In order to elim­
inate instrumental asymmetries, alternate 
runs were taken with the spin vector of the 
beam oriented up and down with respect to the 
reaction plane. Particle identification was 
used to gate the 3He and tritons into separate 
spectra. The beam polarization was monitored 
continuously with a polarimeter placed down­
stream of the main scattering chamber. The 
analy,fer used was 4 He, whose analyzing power 
in d- He elastic scattering had been measured 
previously. 4 The vector polarization of the 
beam was typically Py"" 0.52. 

The (d, 3He)and(d,t) reactions populate es­
sentially the 3s1/2• Zd3/z• 1h11/2• and Zd5j2 
proton hole states and tile 3p 1jz• 2f5/2• 3J>-f,12 
1ii3/Z' and 2hjz neutron hole states in 2 Pb, 
respectively. As shown in Fig. 1, the angular 
distributions of the vector-analyzing power, 
Ay(e), exhibit a strong j:jependence for the 2d 
states populated by the (d, 3He) re~ction and 
for the 3p and 2f states from the ( d, t) reaction. 
The sign of AY(e) for j = .R. + 1/2 is almost always 
opposite that lor j = .R.-1/2, so the ease and un­
ambiguity of j-assignment from measurements 
of the vector-analyzing powers is clearly dem­
onstrated. 
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Fig. 1. Angular distributions o~01ge ve~t~r-analyzing power A_y(e) of the (a) Pb(d, He) 
207T1 and (b) 208pb(d,t) 2~ reactions at 
Ed= 30 MeV. ( XBL 732-2281) 



12 - 3 12 -The C(d, He) and C(d, t) Reactions 

The experiment was done at an incident deu­
teron energy of 45 MeV with a 1.0-mg/cm2 
carbon target. The large negative reaction Q­
valu~ increases the difference in the deuteron 
and He energy loss in the target as compared 
with the case for 20 8pb. In order to reduce 
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this effect for better energy resolution, the 
target was rotated so that its normal was near 
the detector angle. This required all telescopes 
to be on the same side of the beam, so spin up­
down asymmetries were measured for equal in­
tegrated beam flux. 

Figure 2 sh~"3s the angular distributions 
Ay(B) for the (d, He) reaction. A j-dependence 
is obvious, ~bt!f.ou~ it is not as striking as it 
was for the Pb(d, 3He) reaction. Also, there 
is a definite difference between the analyzing 
powers leading to the 3/2- ground state and the 
3/2- (4.8-MeV)state. This could be due to a 
difference in the Q..ovalues, but that possibility 
must await a DWBA analysis for substantiation. 

The cross sections and vector-analyzing 
powers in the 12c(d, t) 11c reaction are, as sug­
gested, very clos~ t:f those found for the mirror 
states in the 12c(d, He)11B reaction. As an 

I _1 I I 

• 
12 c ( d , 3 He) 11 B ( g.s.) 

0 I 
2 C ( d 1 f ) II C ( g • S. ) 

• • 
0 

-0.35 0 - -
I I I I 

30 40 50 60 

Blab (deg) 

Fig. 2. Angular distributions of fu.e vector­
analyzing power Ay(B) of the 12c(d, 3He)11B 
reaction at Ed= 45 MeV. ( XBL 732-2282) 

exampl~;. Fig. 3 shows t~l analyzipg powers for 
the 3/2 (g. s.) levels in C and 1 B. The dis­
tributions are very similar, and the suggested 
differences cannot yet be considered significant 
be cause these preliminary re suits have not had 
final background subtractions made. 

In summary, a strong j-je:ftendence of the 
vector analyzing power in (d, He) reactions has 
been exper~mentally established for£ =2transi­
tions in. ;o Pb and for £ = 1, 3 transitions in 12c. 
Thus (d, He) reactions with polarized deuteron 
beams can be very useful in providing spin as­
signments. 

CD -0.3 

0.3 

12C (d, 3 He) 11 8 

• 3/2- g.s. 
x 1/2- 2 MeV 
o 3/2- 4.8 MeV 

f 

30 40 50 60 
Brab (deg) 

30 40 50 60 

elob (deg) 

Fig. 3. Angular distributions of 1);~ vector­
analyzing power Ay(8) of the 12c(d, He)11B 
(g. s.) and 12C(d, t)11c(g. s.) transitions at 
Ed= 45 MeV. ( XBL 732-2283) 
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EXCITATION OF THE GROUND STATE ROTATIONAL BAND IN 28si BY 

INELASTIC SCATTERING OF 25.2-MeV POLARIZED PROTONS* 

R. de Swiniarski,t H. E. Conzett, B. Frois, :j: R. Lamontagne, :j: and R. J. Slobodrian+ 

In recent years, extensive polarization data 
have become available due to the increase in 
the number of polarized ion sources in oper­
ation. Measurements of the analyzing power 
in inelastic proton scattering have been made 
at different energies and for many targets for 
which cross- section data had been available. 
Analyses of the data (cross sections and an­
alyzing power) hav~ been_reasonably success­
ful for collective 2 or 3 states for several 
nuclei in the fy~2 shell, the g9/2 shell, or for 
the s-d shell.1 6 In the framework of the dis­
torted-wave Born approximation (DWBA) with 
macroscopic-model form factors, good fits to 
the data were obtained only by including real, 
imaginary, and spin-orbit terms of the de­
formed optical potential. For simplicity, the 
spin-orbit deformation u7ed was essentially a 
phenomenological one. 5, After Sherif and 
Blair had introduced the concept of the "full 
Thomas term" of the spin-orbit potential in 
the DWBt macroscopic collective-model for­
malism, considerable improvements to the 
fits for the polarization data, mainly at for­
ward angles, were observed. 9 Such a de­
formed spin-orbit term was then introduced by 
Raynal into a coupled-channels program (ECIS 
1971). The calculations to be presented here 
have been carried out with this program in an 
analysis of our measurements of both cross 
sections and analyzing powers for the inelastic 
scattering of 25.2-MeV polarized protons by 
28si. One of the goals of this experiment was 
to test the sensitivity of the data to higher­
order deformation in this strongly deformed 
nucleus. Recent coupled-channels calculations 
fitting only cross section data have suggested 
the possible existence of a large hexadecapole 
deformation (Y4) in 2 8Si and an oblate shape 
for this nucleus. 11 The experiment which is 
reported here was designed to provide a more 
precise determination of the deformations, 

since for the first time accurate cross s~cti~ns 
and a!falyzing powers for the low-lying 0 , 2 , 
and 4 states were measured simultaneously. 

The experiment was performed with a beam 
of 25.2-MeV protons, using the polarized ion 
source of the Berkeley 88-inch cyclotron. 
Scattered particles were detected by four pairs 
of cooled (- 30° C), 5-mm-thick, Li-drifted 
silicon detectors. The two detectors in each 
pair were placed at equal angles on opposite 
sides of the beam. Up to 50 nA of polarized 
protons were delivered on target with a polar­
ization of about 78o/o. The beam polarization 
was monitore.f. continuously during the exper­
iment with a He polarimeter which had been 
accurately calibrated.12 Two monitor detec­
tor, placed left and right of the beam axis at 
a fixed scattering angle, served to monitor the 
incident particle flux for relative differential 
cross-section measurements. The polariza­
tion was calculated from the ratios of left and 
right detector yields. The absolute normal­
ization of the cross sections was made from 
comparison with results taken from the liter­
ature at about the same energy. 

Optical-model parameters were obtained by 
simultaneously fitting both the elastic cross 
sections and pol~rizations, using the search 
code MAGALI. 1 The definition of the optical 
potential and search procedures employed are 
conventional. 1 Very good fits for both the 
elastic cross section and polarizations were 
obtained with a purely surface absorption Wn· 
Several sets of parameters usually used in 
this mass region 7 ,14 were used as starting 
parameters and gave very similar results. It 
was also possible to get very good fits to the 
data with some combination of volume absorp­
tion Wyand surface absorption Wn, with only 
minor changes in the other parameters. The 
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0.67 6.55 0.92 0.52 138 87 823 
0.60 6.97 0.94 0.57 88 134 757 

results of the best optical-model calculations 
are pre se nte d in Table I, while Fig. 1 shows 
the corresponding fits to the elastic data. 

It is generally accepted that nuclei in the 
first half of the 2s-1d shell exhibit a rotational 
character. 15 Furthermore, the large static 
quadrupole moments for the first excited states 
and th~ refults of Hartree- Fock type calcula­
tions1 ' 1 characterize the s-d shell as are­
gion of permanent ground state deformation. 
Some of these calculations suggest also that 
several nuclei in this region should have a 
ground state hexadec'tf.ole as well as a quad­
rupole deformation. 1 '19 Recent measure­
ments of the inelastic scattering protons11and 
alpha particles20 from ZONe have shown with­
out doubt that a large hexadecapole \Y4) defor­
mation was needed to reproduce the experimen­
tal cross sectionsior the low-lying excited 
states of the K = 0 band. Recent measure­
ments with polarized protons have confirmed 
t¥tthe anal'lZzing powers for the o+, z+, and 
4 states in °Ne require the same hexade­
capole deformation that was previously deter­
mined from the cross section data alone. 21 

The 
28

Si data were analyzed in the coupled­
channels (c. c.) formalism because of the 
strong coupling between the ground and excited 
states of the rotational band. In this formal­
ism the nuclear radius is defined by 

where the j3 1 s are the deformation parameters 
determined by fitting the experimental data, 
the Y's are spherical harmonics, and Ri cor­
responds to the various optical potential radii. 

Partly on experimental and partly on the 
theoretical grounds, the so-called "full Thomas 
form" of the deformed spin-orbit potential is to 
be preferred over the simplified form5 •7 used 
earlier. Furthermore there are indications 

Fig. 1. Optical-model prediction for the elas­
tic cross section and polarization. The two 
sets of parameters of Table I were used. 

( XBL 732-129) 



that the spin-orbit part should hav2
2
a greater 

deformation than the central part. The 
coupled-channels program for the present cal­
culations contains the "full Thomas form" of 
the deformed spin-orbit term, and allows one 
to keep the deformation length constant 
(oreal= l3real Rreal = oimag = oLS); to keep the 
deformation parameter con-stant (13real = 13rmag 
= 13LS), or to make the deformation parameter 
13so of the spin-orbit deformed potential larger 
than that of the central potenSial, ~cent· Recent 
analyses by Sherif and Blair ,9,23 have shown 
that the fitting of inelastic proton scattering 
data for the first excited 2-~' state of 28si re­
quires a spin-orbit deformation somewhat lar­
ger than that of the central potential. 
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Coupled-channels calculations are shown in 
Figs. 2, 3, and 4 together with the experimental 
data for the 2 + and 4 + states. Figure 2 pre­
sents the c. c. calculations using a rotational 
model or a vibrational model with set A param­
eters of Table I. This figure shows clearly the 
poor fit obtained when a positive quadrupole de­
formation (132 = +0.40) is used together with a 
negative hexadecapole deformation, and the 
agreement with the data is even worse when l34 
is set equal to zero. On the other hand the vi­
brational mode 1 gives a good account of the 2 + 
data but here, also, the agreement with the 4 + 
data is rather poor. These calculations were 
done by using the same deformation length for 
the various deformed terms of the optical po­
tential (5 0 = I3R 0 = 13rRr = 13LSRLs). On the other 
hand Fig. 3 shows the very good fits to the 
cross sections and polarization obtained by us­
ing set A parameters with a negative quadrupole 
deformation 132 = -0.40 (oblate) and a positive 
hexadecapole deformation 134 = +0.15 (curve 1). 
Curve 2 shows the extreme sensitivity of the 
calculations to the 134 deformation. Although + 
the magnitude of the analyzing power for the 4 
is not reproduced, the calculation gives the 
right phases while the overall agreement for all 
the data is very good. 

Equivalent fits can also be obtained when 
the spin-orbit deformation is made greater 
than the central deformation. Figure 4 pre­
sents the c. c. calculations using set A param­
eters, 132 = -0.40, 134 = +0.15 and various val­
ues of the ratio 13Ls/13cent of the spin-orbit de­
formation to the central deformation. Best 
agreement with the data is obtained when this 
ratio is equal to 1.5 (curve 1 of Fig. 4). This 
figure shows also that a good fit to the 4+ an­
alyzing power can be obtained by increasing 
this ratio to 2.0 and decreasing l34 slightly, 
from 0.15 to 0.10. Howevrr, the calculation 
then underestimates the 4 cross section. 

Finally the use of set B optical-model pa­
rameters gives equivalent fits to those reported 
here and therefore they are not presented. 

2e5; (p.p·)28s; • 
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-o.s 1---02=+0.40 
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1---0,=+0.40 0,=-0.15 
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Fig. 2. Coupled-channels calculations for the 
experi~ental C.foss sectiofsand analyzing power 
of the 2 and 4 states in Si. (1) c. c. rota­
tional-model prediction with 132 = + 0.40, 
l34 = -0.15; (2) c. c. rotational model with 
132 = +0.40, 134 = 0.00; pl c. c. vibrational 
model 13(2"1 = 0.40, 13(4 ) = 0.15. Set A optical­
model parameters were used. 
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0,=·015 

0,=0.00 
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Fig. 3. Jhe+ c. c. r~ational-model predictions 
for the 0 , 2 , and 4 cross sections and an­
alyzing power; (1) 132 =-0.40, 134 = + 0.15; (2) 
132 = -0.40, l34 = 0.0(}. Calculations were done 
using set A (Table I) optical-model parameters 
and keeping the same deformation length for the 
different terms of the deformed optical poten­
tial. (I3R = cte.) (XBL 732-131) 
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Fig. 4. Jhe c. 5f.· rotational-model predictions 
for the 2 and 4 states in 2 8Si, using param­
eters set A (Table I) and increasing the spin­
orbit deformation parameter relative to the 
central deformation from 1.0 to 2.0. 

( 1) [3
2

= -o.4o, f34= +0.15, f3Ls= 1. 5 f3cent' 

(2) [3
2

= -0.40, f34= +0.15, f3 LS = f3 o = f3r 

(3) [3
2

= -0.40, f3 4 = +0.15, f3Ls= 2 f3 cent' 
(XBL 732-132) 

Table II gives the final deformation parameters 
obtained from this study together with some re­
cently reported values. 

Table II. Deformation parameters of 28si. 

f32 f34 Ref. Method 

-0.40 +0.15 This work -(p, p') c. c. 
-0.32 + 0 .08±0.0.1 20 (a,a') c. c. 
-0.34 +0.25 11 (p, p') c. c. 
-0.39 +0.10 25 (~e') 
-0.55 +0.33 7 <a. p') c. c. 
0.36 26 (p, p') c. c. 

In summary, coupled-channels calculations 
are in reasonably good agreement with our 
measurements of inelastic sc\ttering of polar­
ized protons excitiP!f. the K = 0 ground state 
rotational band in 2 Si. The best agreement is 
obtained using negative quadrupole deformation 
f32 = -0.40 (oblate) and a positive hexadecapole 
deformation, f34 = +0.15. Therefore the oblate 
shape of this nucleus is confirmed, and it is 
found that the f34 deformation is considerably 

smaller that previously determined from cross­
section data alone. 11 However, the inelastic 
scattering data might be equally well de scribed 
by a vibrational model alone, with some mod­
ification of the values of f32 and f34· Thus the 
interpretation of f32 and f34 as describing the 
static Y2 and Y4 deformations of the ground 
state band relies upon measurement of a non­
zero quadrupole moment. Such a measurement 
has been made recen~ly, 24 and it has confirmed 
the oblate shape of 2 Si. Finally the good fits 
to the polarization data obtained with the full 
Thomas term provide additional evidence for the 
required use of this term instead of the phenom­
enalogical form used previously. 

Footnotes and References 

'~condensed from LBL-1620, submitted for 
publication in Canadian Journal of Physics. 

tPresent address: Institut des Sciences 
Nucleaires, Grenoble, France. 

tPresent address: Department de Physique, 
Universite Laval, Quebec, Canada. 

1. C. Glashausser, R. De Swiniarski, J. 
Thirion, and A. D. Hill, Phys. Rev. 164, 1437 
(1967). -

2. C. Glashausser and J. Thirion, in Advances 
in Nuclear Physics, Vol. 2 (Plenum Press, 
New York, 1968), p. 79. 

3. C. Glashausser, R. De Swiniarski, J. 
Goudergues, R. M. Lombard, B. Mayer, and 
J. Thirion, Phys. Rev. 184, 1217 (1969). 

4. D. J. Baugh, M. J. Kenny, J. Lowe, D. L. 
Watson, and H. Wojciechowski, Nucl. Phys. 
A99, 203 (1967). 

5. M. P. Fricke, E. E. Gross, and A. Zucker, 
Phys. Rev. 163, 1113 (1967). 

6. V. E. Lewis, E. J. Burge, A. A. Rush, 
and D. A. Smith, Nucl. Phys. A101, 589 
(1967). --

7. A. G. Blair, C. Glashausser, R. De 
Swiniarski, J. Goudergues, R. Lombard, B. 
Mayer, J. Thirion, and P. Vaganov, Phys. 
Rev. C_!, 444 (1970). 

8. H. Sherif and J. S. Blair, Phys. Letters 
26B, 489 (1968). 

9. H. Sherif, Nucl. Phys. A131, 532 (1969). 

10. J. Raynal, in Proceedings of the Sympo­
sium on Nuclear Reactions Mechanisms and 
Polarizations Phenomena (Laval University, 
Quebec, 1969, p. 75. 



11. R. De Swiniarski, C. Glashausser, D. I. 
Hendrie, J. Sherman, A. D. Bacher, and 
E. A. McClatchie, Phys. Rev. Letters 23, 
317 (1969). -

12. A. D. Bacher, G. R. Plattner, H. E. 
Conzett, D. J. Clark, H. Grunder, and W. F. 
Tivol, Phys. Rev. C 2_, 1147 (1972). 

13. J. Raynal, MAGALI, CEN Saclay Report 
D. Ph. -T/69.42 (1969). 

14. S. A. FullingandG. R. Satchler, Nucl. 
Phys. A111, 81 (1968). 

15. H. E. Gove, in Proceedings of the Inter­
national Conference on Nuclear Structure 
(Toronto University Press, 1960), p. 436, and 
University of Rochester Report UR. NSRL-7 
(1968). 

16. S. Das Gupta and M. Harvey, Nucl. Phys. 
A94, 602 (1967). 

67 

17. G. Ripka, in Advances in Nuclear Physics, 
Vol. 1, edited by M. Baranger and E. Vogt 
(Plenum Press, New York, 1968). 

18. C. Brihaye and G. Reidemeister, Nucl. 
Phys. A100, 65 (1967). 

19. A. L. Goodman, G. L. Struble, J. Bar­
Touv, and A. Goswami, Phys. Rev. C_b 380 
( 1970). 

20. H. Rebel et al., Nucl. Phys. A182, 145 
(1972). 

21. R. De Swiniarski, A. D. Bacher, F. G. 
Resmini, G. R. Plattner, and D. L. Hendrie, 
Phys. Rev. Letters~. 1139 (1972). 

22. G. R. Satchler, in Proceedings of the 
Polarization Phenomena in Nuclear Reactions, 
edited by H. H. Barschall and W. Haeberli 
(The University of Wisconsin Press, Madison, 
1971), p. 155. 

23. H. Sherif and J. S. Blair, in Proceedings 
of the Polarization Phenomena in Nuclear 
Reactions, edited by H. H. Barschall and W. 
Haeberli (The University of Wisconsin Press, 
Madison, 1971), p. 693. 

24. K. Nakai, J. L. Quebert, F. S. Stephens, 
and R. M. Diamond, Phys. Rev. Letters 24, 
903 (1970). 

25. Y. Horikawa, Y. Torizuka, A. Nakada, 
S. Mitsunobo, Y. Kojima, and M. Kimura, 
Phys. Letters 36B, 9 (1971). 

26. R. M. Craig, J. C. Dore, G. W. 
Greenless, and D. L. Watson, Nucl. Phys. 
~. 493 (1966). 

ANALYZING POWERS FOR (; ,t) AND(; ,3He) REACTIONS ON 13c 

J. A. Macdonald, H. L. Harney,* J. Cerny, and A. D. Bachert 

Comparative studies of (p, t) and (p, 
3

He) 
transitions to mirror final states from odd­
mass T = 1/2 targets have been used to test 
the assumptions made in current theories of 
direct two-nucleon transfer reactions. 1 Exper­
iments involving polarized proton beams on p­
shell targets have been carried out in the hope 
that the enhanced sensitivity to transferred 
spin, that reaction analyzing powers ought to 
show, would provide a powerful aid in the un­
der standing of such reactions in general, as 
well as mirror cross- section rr~ios in partic­
ular. Earlier experiments on 0 and 15N 
targets showed that, while DWBA calculations 
provided good agreement with measured an­
alyzing powers for many cases, some striking 
anomalies at variance with the theory were 
found in L=2 (p,t) transfers. 2 Two distinct 
types of L = 2 transitions were evident; one 
agreed rather well with the theory, while the 
other showed analyzing powers which were vir­
tually completely out of phase witli the theory. 

In order to further pursue this study, as well 
as to establish bro~er exper..i~ce with empir­
ical systematics, (p, t) and (p, He) reactions 
have been carried out on 13c. 

Proton beams from the 88-inch cyclotron, 
using the polarized ion axial injection source, 
of 49.5 MeV and about 75% polarization with an 
intensity of ~10-50 nA on target were used. 
Two pairs of counter telescopes were utilized, 
each pair being situated symmetrically on 
either side of the beam and feeding standard 
particle- identifier systems. Two angles could 
thus be observed simultaneously; angular dis­
tributions were obtained ranging from ~15° to 
""70° in the center of mass. The target was a 
gas cell containing methane enriched to 93o/o 
:1.3CH4, at about 200 Torr. 

13 ... 11 . 
Inthe C(p,t) C reaction, three examples 

of pure L = 2 transfer were observed; these 
were to the (3/2-) ground state, the (5/2-) 4.32-
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MeV, and the (3/2-) 4.80-MeV states. All three 
transitions showed similar gross features, char­
acterized primarily by a broad negative max­
imum analyzing power at ~35•. Figure 1 shows 
that the ground state transition was fit ~uite well 
by DWBA (solid curve). The potentials used 
included a spin-orbit term of 5.75 MeV in the 
proton channel, but none in the triton channel. 
When these same parameters were applied to the 
excited states, agreement with the data was less 
satisfactory, although prediction of the qualita­
tive trends remained good. 

It is reasonable to suppose that in fact there 
is also a spin-orbit interaction in the triton 
channel, although Hardy et al. 2 and Nelsonetal.4 

have reported moderate insensitivity of an-
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Fig. 1. Analyzing powers for L = 2 transfers 
on 13c. The curves are DWBA fits: the solid 
curve includes no spin-orbit potential in the 
triton channel; the dashed and dotted curves 
include Vt(s. o.) =2 and 6 MeV, respectively. 

(XBL 732-182) 

alyzing power calculations to a trinucleon spin­
orbit potential. Their experience al~ng with 
some polarization measurements of He scat­
tering, 5 would indicate the strength of such a 
potential to be about 4-5 MeV. If one naively 
assume~ that the two neutrons coupled to zero 
spin in Hare "spectators" to the proton, one 
might expect a triton spin orbit potential of 
about one-third of the proton spin-orbit poten­
tial (since, in the triton, the proton carries 
one-third of the orbital angular momentum). 

Calculations were performed including a 
triton spin-orbit potential, Vt(s. -o.) (a) equal 
to one-third that of the proton and (b) equal to 
the proton spin-orbit potential. The results 
are shown in Fig. 1 where it can be seen that 
for both the 4.32- and 4.80-MeV states the fit 
was considerably improved, although less 
dramatically in the latter case. Unfortunately, 
inclusion of the spin-orbit term in both chan­
nels substantially worsened the fit to the ground 
state, so that it appears difficult to fit simul­
taneously all three L = 2 transitions with the 
same optical potential. 

The (p, t) reaction yielding the 1/2- state at 
2.00 MeV in 11c required L = 0 trar.1sfer and its 
differential cross section was in good agree­
ment with theory. However, the analyzing pow­
er shown in Fig. 2(a), though exhibiting the 
rather typical (for L = O) positive maximum at 
about 60° predicted by the theory, shows very 
small values at angles forward of 40°, in sharp 
contrast to the DWBA. There is some similar­
ity with the 12c(p: t) 10c ~round state transition 
reported by Nelson et al. but the discrepancy 
with the theoretical calculations is, as yet, un­
accounted for. Inclusion of a spin-orbit poten­
tial in the exit channel produced no significant 
improvement. 

,s 
0~~.2~0~~~~~~60~~8~0 0~~.2~0~~4~0~L-~60--~8~0 

e .. 

Fig. 2. (a) Analyzing power for L = 0 transfer 
on 13c. The curves are DWBA fits as de­
scribed in the caption to Fig. 1. 

(b) An:flyzing power for L-forbidden 
transition on 1 C described in text. The curves 
are DWBA calculations. (XBL 732-178) 



Figure 2(b) shows the analyzing power for 
the "L-forbidden" (p, 1 transition to the 7/2-
state at 6.49 MeV in 1 C. The mechanism for 
this reaction has been discussed in terms of a 
possible two-step process and also in terms of 
a ( 1p 1£) neutron pair pickup to provide the 
necessary L = 4, without satisfactory resolu­
tion of the problem. 1 The analyzing power of 
this transition shows qualitative similarity to 
L = 2 cases and is, in fact, fit rather well by 
the DWBA using L = 2. Since an L = 4 calcula­
tion failed completely to account for the data, 
these results suggest a multistep process for 
this transition involving L = 2 transfer which 
evidently dominates the analyzing power. 

Using the (p, t) and (p, 
3

He) reactions, pairs 
of states with T = [ T (target) +1] can be pop­
ulated, and theory predicts the identical shapes 
of the differential cross sections whicg have 
been well gstablished exp.frimentally. Reac­
tions on 1 0 leading to 0 , T =1 analogs in 
140(g. s.) and 14N(2.31 MeV) have also shown 
identical analyzing powers as predicted. 7 
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In this work, two more pairs of
6
analog final 

states have been measured: The 1 0 target 
data have been further a!falyzed to extract an­
alyzing powers f~r the 2 , T =1 states in 14 o 
(6.59 MeV) and 1 N(9.17 MeV); and the 1/2-, T=3/2 

states at 12.48 MeV in 11c and 12.94 MeV in 
11B have been measured from the 13c target. 
In Fig. 3 one can see that the experimental 
analyzing powers are clearly similar. Of spe­
c~al interest was the mass-14 case where the 
1 0(6.59 MeV) state analyzing power was showrf 
to be in disagreement with DWBA and therefore 
"anomalous" in shape for an L =2 transition. 
Nevertheless there is a clear similarity with its 
analog, particularly forward of 60° c. m. Fur­
thermore, the mass-11 data in Fig.3 do not 
conform to the typical L = 0 transition analyzing 
power shape. The differential cross sections 
for both the L = 0 and the L = 2 analog transition 
pairs do agree with calculations, in spite of the 
curious analyzing power results. These anom­
alies stand unresolved at the pre sent time. 

DWBA theory predicts analyzing powers for 
two-nucleon transfer reactions which, in many 
cases, are in quite satisfactory agreement with 
experiment. Notwithstanding this success, a 
number of transitions have been observed which 
pre sent considerable difficulties, and there is 
need for more theoretical effort to account for 
the results. The pre sent paucity of analyzing 
power data for two-nucleon transfer reactions 
precludes establishing reliable empirical sys­
tematics which might be of value in either spec­
troscopic or reaction mechanism studie·s. 

Analyzing Powers for 
Analog Transitions 

.4 

.2 

Ap 1----+--,__._--If-i! A.p 
-.2 

-.4 -.4 

0 20 40 0 20 40 60 80 

- -3 Fig. 3. Analyzing powers fob (p, t) and (f3 He) 
analog transitions from (a) 1 0 and (b) C. 

(XBL 732-177) 
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THE SOLAR-NEUTRINO PROBLEM-A SEARCH FOR A NARROW STATE 
NEAR 15.8-MeV EXCITATION IN 6Li USING THE a(r,p)6Li REACTION 

N. A. Jelley, J. Arvieux, R. B. Weisenmiller, K. H. Wilcox, G. J. Wozniak, and J. Cerny 

It has recently been pointed outL 2 that a 
possible explanation for the surprisin:fly low 
solar-neutrino flux detected by Davis would 
be the existence of a low-energy resonance 
(J'Tf = o+) in the 3He+3He system. In the sun 
this would lead to a considerable increase in 
the predicted cross section for the reaction 
r(r,2p)a and, as a consequence, a decrease 
in the calculated neutrino flux from the com­
peting reaction chains: 

- 7 
7 -(e , v) Li 

r(a,y) Be 8 
-(p,y) B 8 * + Be + v + e . 

Such a resonance could lead2 to a cross 
section for r(r, 2p)a some 104 times larger than 
that extrapolated from low-enerJJ:y measure­
ments, 4 whereas with only a 10Z' increase in the 
r(r, 2p)a reaction rate the predicted neutrino 
flux would be below the experimental value 
found by Davis. 

Fetisov and Kopysov, 1 from a considegation 
of th.f experiment.al ~ata on the leve~s of Li 
and He, predict a 0 , T =1 state in Be near the 
threshold for formation of two 3He clusters. 
This state is expected to be based upon a mono­
pole excitation of an alpha-cluster with a large 
reduced width in the 3Het3He channel. If this 
state occurred just above the threshold for 
breakup of 6Be into 3He +3He then a significant 
low-energy resonance in the reaction 7'(7', 2p)4.H:e 
could appear. 

It has been suggested by Fetisov and Kopysov 
that such a level could be seen in 6Be by using 
the reaction a(r,n)6Be. However, owing to the 
difficulties in detecting ne-gtrons, we have tried 
to find the analog state in Li, which woul% lie 
near 15.8 MeV excitation, using the a(r, p) Li 
reaction. 

Two counter telescopes were used to iden­
tify the protons from the a(T, p)6Li Jeaction, and 
proton spectra were collected at a He bombard­
ing energy of 49.4 MeV from the 88-inch cyclo­
tron. A totally depleted 250- J.1lll .6.E detector 
with a 3-mm E detector (rotated to 45°) and 
backed by a reject detector covered the excita­
tion range 10-23 MeV for small angles, while a 
3-mm t>E with a 5-mm E (also rotated to 45°) 
and a rejec~ detector covered 0 -12 MeV ex­
citation in Li. In the latter case the totally 
depleted sides of the lithium-drifted silicon de­
tectors faced each other to ensure good particle 
identification spectra. A cylindrical gas-cell 
was used as the target with 4He cont~ned at 
-1/4 atm pressure by 0.1-mil Havar foil. 

A complete proton spectrum, combining 
data from the two counter telescopes, is shown 
in Fig. 1. (Bc.m. = 23° at 15.8 MeV excitation). 
The region about 15.8 MeV excitation is indi­
cated and as is evident no peak can be seen 
above the continuum. From the 250-keV resolu­
tion (principally determined by the kinematics) 
and the statistical uncertainty, an upper limit 
of 40 fJ.b/ sr can be placed on the c. m. cross 
section tor forming a nar6ow state near 15.8 
MeV in Li via the a(T, p) Li reaction. Similar 
spectra at ec.m = 29° and ec. = 36° estab­
lish limits of <gO f.Lb/sr <·so f.Li5/sr respectively. 
The energy calibration in the region correspond­
ing to 15.8 MeV excitation was established from 
spectra obtained at more backward angles. 

Estimating the cross section with which this 
reaction would be expected to populate a state 
based upon a monopole excitation of an ll'- clus­
ter is difficult. Durin\ the course of this ex­
periment Parker et al. re~orted a limit on the 
spectroscopic factor S(6Be···- 3Het3He) of less 
than ~X 10-3 for any narrow state near the 
3He+ He threshold in 6Be from a study of the 
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6Li(3He, t)6Be reaction. While we are unable to 
set a comparable limit for this spectroscopic 
factor, we have shown that even using a quite 
different reaction mechanism (stripping rc;ther 
than charge exchange) no narrow state in Li 
near the 3Het3H threshold has been seen, pro­
viding further evidence that such a state is un­
likely to exist as required for a possible solu­
tion1,2 to the solar neutrino problem. 
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Fig. 1(a) Portion of proton spectrum taken 
at elab = 14" with a "thin" counter telescope 
( b.E = 250 fllll• E = 3 mm at 45"), showing ex­
pected location of proton peak corresponding 
to a state at 15.8-MeV excitation in 6Li. 

(b) Proton spectrum taken with a "thick" 
counter telescope (t:.E = 3 mm, E = 5 mm at 45•) 
at elab = 14" at the same time as spectrum (a) 
was collected, showing protons corresponding 
to low-lying states in 6Li and knock-on pro­
tons from trace hydrogen impurity in the gas 
cell. (XBL 732-2284) 

References 

1. V. N. Fetisov and Yu. S. Kopysov, Phys. 
Letters 40B, 602 (1972). 

2. W. A. Fowler, Nature 238, 24 (1972). 

3. R. Davis, Jr., B. A. P. S. Q, 527 (1972). 

4. M. R. Dwarakaneth and H. Winkler, Phys. 
Rev. C~ 1532 (1971). 

5. Hamilton Watch Co., Metals Division, 
Lancaster, Pennsylvania. 

6. P. D. Parker, D. J. Pisano, M. E. Cobern, 
and G. H. Marks, Yale preprint 3074-3283. 

A NEW APPROACH TO THE NEGLECTED ALPHA-PARTICLE 

PICKUP REACTION (a, 8Be) 

G. J. Wozniak, N. A. Jelley, H. L. Harney,* R. B. Weisenmiller, and J. Cerny 

The transfer of an alpha-cluster from a tar­
get to a projectile yields information about the 
alpha-cluster wave f(;nctions of the target nu­
cleus. Thus the (d, Li) and (3He, 7Be) reac­
tions have been studied by several groups 1, 2 
on many targets over a large energy range and 
have been used to infer the extent of alpha­
clusterin~in nuclei. It has been pointed out by 
Holmgren that the alpha-cluster used to de­
scribe the ground state of the target may not 
ha'6e the s~e structure as the alpha-cluster 
in Li or Be, and furthermore all of these 
structures may differ from that of the free 

alpha-particle. Therefore it is important to be 
.able to compare data from several alpha-cluster 
pickup reactions. 

An alpha-cluster pickup reaction in which the 
outgoing particle has a large alpha- structure 
amplitude is (a, 8Be). The spectroscopic fac­
tor for this reaction calculated by Kurath4 is 
1.50. The 8Be ground state is unbound to de­
cay into two alpha-particles by 92 keV, while 
the Q-values for 6Li-+-atd and 7Be-+at3He 
~re -1.47 and -1.59 MeV, respectively. Since 

Be has no excited states other than those of al-



most pure a +a parentage below an excitation 
energy of 16 MeV, the alpha-clustering in 8Be 
should be very similar to that of a free alpha­
particle. Thus (a, 8Be) should be a "good" 
alpha- particle pickup reaction. Be cause the 
alpha-particle will be transferred in an s-wave 
relative to the core as opposed to the p-wave 
transfer involved in (3He, 7Be), the theoretical 
interpretation will be simpler. Moreover, ex­
perimentally, events arising from the detec­
tion of 8Be in its 2.90-MeV first excited state 
will be hindered by approximately a factor of 
30 relativeS to the ground state, thus largely 
eliminating the problem of "shadow peaks" as 
e xper ie need with 7 Be. Studies of the 
(a, 8Be) reaction at beam energies of 11.8 to 
19.4 MeV (Ref. 6) and 35.5 to 41.9 MeV (Ref. 7) 
demonstrated that at these beam energies the 
main reaction strengths were in non-direct 
processes. However, at higher energies a 
more direct mechR-nism might be expected to 
dominate. Since "Be is particle unstable, the 
two breakup alpha- particles must be detected 
in coincidence. Thus use of this reaction for 
nuclear structure studies at higher energies 
has lagged far behind corresponding studies 
utilizing the (d, 6Li) and (3He, 7Be) reactions. 

12
Recently, it has been demonstrated with the 

( C, 8 Be) reaction 8 that the 8Be decay prod­
ucts detected in a counter telescope (employing 
two t:.E's and one E detector) will identify as a 
~Li in "particle id_entification" space. Fgr 
hght A= 4N nucle1 the Q-value of the (a, Be) 
reaction is more positive than that of the (a, 1Li) 
reaction, and the energy spectra from the 
(a, 8Be) reaction can be observed for at least 
14 MeV of excitation uncontaminated by states 
populated by the (a, 7 Li) reaction. 

A setup similar to that described previously9 
was used in preliminary experiments to study 
reaction products from the irradiation of a 150-
fJ.g/ cm2 carbon target with 70-MeV alphas from 
the 88-inch cyclotron. The "observed cross 
sections'ofthe four-particle transfer reaction 
12c(a, Be)8Be is approximately two orders of 
magnitude less than that of the three-partifle 
pickup reaction 12c(a, 7Li)9B. In fact (a, Li) 
peak~ from the isotopic impugity 13c are sub­
s_tanhally larger than the (a, Beg. s.) transi­
hons (see Fig. 1) and obscure any evidence of 
the broad $1.4-MeV 4+ state. Background seen 
above the Be ground state results from a-a 
chance coincidence pileup and limits the count­
ing rate to approximately 10 000 crossovers 
per sec in the first dete'2tor. Sincg the "abso­
lute" cross section of 1 C(a, 8Be) Be is only 
-30 tJ.b/ sr and the even smaller "observed 
cross sEction' is due to the 1 o/o efficiency5 of de­
te cting Be events, one must substantially im­
proSe this detection efficiency before the 
(a, Be) reaction can be fruitfully used to ob­
tain spectroscopic information. 
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Fig. 1. Energy spectrum produced by bom­
barding a carbon target with 70.0-MeV alphas 
with a gate '\1Jound the 7 Li region of the PI 
spectrum. B states are produced by the 
(a, 7 Li) reaction on the 13c isotopic impurity 
in the target. Most of the large peak due to 
the 12c(a, 7Li)9B reaction has been eliminated 
by an electronic energy threshold. 

(XBL 732-2327) 

From detailed calculations of the detection 
efficiency, 5 it is possible to optimize the pa­
ramete§s of the detector configuration for mea­
suring Be events. While one wants to use 
large-area detectors to encompass as much of 
the 8Be breakup cone as possible, this must be 
counterbalanced by the need to maintain ade­
quate resolution (limited by kinematics) and by 
counting rate limitations. A way of over­
coming this problem is to use a position sensi­
tive detector (PSD) as theE-detector in a 
t:.E-E(PSD) counter telescope; this enables one 
to increase the solid angle while maintaining 
acceptable energy resolution. Noting Fig. 2, 
the approach then is as follows. 

In a PSD a signal proportional to the dis­
tance of the detected particle from the grounded 
end times the energy of the particle (denoted XE) 
is generated. (This simply follows from the 
charge division on a resistive la)J:er on the back 
of the surface barrier detector .1°) There is 
also a signal proportional to the energy (E) gen­
erated at the front surface. Since the center­
of-mass breakup energy of the two alpha­
particles is so small (92 keV), the two alphas 
have essentially the same energy (E/2). One 
alpha particle therefore gives a signal X1E/2, 
the other X2E/2. Since both alphas arrive 
within a few picoseconds of each other the re­
sultant position signal obtained by dividing out 
the energy dependence is 

xi+ x2 
X = 2 

Since this is the position at which the 
8

Be would 
have been detected had it not decayed, tige posi­
tion signal c:>n be used to identify those Be's 
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Fig. 2. Schematic diagram for the detection 
of the de cay alphas from a 8Be event in a 
position- sensitive surface harriet detector. 
See discussion in text. (XBL 732-2328) 

emitted at the same angle, hence maintaining 
good energy resolution. 

To test out this technique, a thin carbon tar­
get was bombarded with 65-MeV alphas. A 
counter telescope consisting of a wide-area 
(9.1 X 10.0 mm) rectangular transmission de­
tector and a portion of a position- sensitive de­
tector (10X50 mm) having depletion depths of 
150 fJlTI and 300 fJlTI respectively was used to 
feed a particle identifier. Figure 3 shows a 
particle identification spectrum f6?7m this sys­
tem. A gate was set around the ' Li region 
and appropriate total-energy (ET) signals were 
sent to a pulse-height analyzer. In "position" 
space four adjacent angular windows 1.2° wide 
were set and were used to route the ET spectra 
in the analyzer. 

An energy spectrum from one of these angu­
lar windows at elab = 19° (which was acquired 
in one hour) is sho'8n in Fig. 4. Theoretically, 
one would expect a Be detection efficiency of 
-20~. Very little background a~ear~above 
the Be ground state. B~th the Be 0 ground 
state and the 2.90-MeV 2 first excited state are 
made stron~ly with any evidence of the broad 
11.6-MeV 4 state obscured by: peaks from the 
(a, Li) reaction on 1bo and 13c impurities (as 
noted above, 6Li groups were also taken in this 
case). States above 16 MeV excitation in 8Be 
can not be seen due to peaks arising from 
strongly populated 9B and 10B states made by 
the (a, 6Li) and (a, 7Li) reactions on 12c. 

These results demonstrate that a detailed 
systematic study of the (a, 8Be) reaction on light 
4N nuclei is quite experimentally feasible if one 
employs a wide-area ~E-E(PSD) counter tele­
scope. At bombarding energies substantially 
greater than 50 MeV, where the reaction may be 
expected to be direct, this alpha-particle pickup 
reaction may prove to be a very powerful tool 
for studying alpha-particle clustering in nuclei. 
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Fig. 4. The energy spectr~ corresponding 
both to those events in the ' Li peak region 
of the PI spectrum shown in Fig. 3 and to those 
events which were detected in one of four posi­
tion~ates. Most of the small peaks seen above 
the Be 2.90-MeV peak c~n be ~ccounted for by 
states arising from the 1 C(a, Li) 11 B reaction 
on 13c isotopic impurities in the target. These 
could be easily elimi9ated byiesetting the PI 
gate to observe only Li and Be events. 
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NEW SPECTROSCOPIC MEASUREMENTS VIA EXOTIC NUCLEAR 

REARRANGEMENT: THE 26Mg(7Li,8B)25Ne REACTION 

K. H. Wilcox, N. A. Jelley, G. J. Wozniak, R. B. Weisenmiller, H. L. Harney, and J. Cerny 

Although all of the T z = (N- Z)/2 = 5/2 nuclei 
from 11Li to 35p (except 13Be) are known to be 
particle stable, relatively few of their masses 
are accurately known and no data on the posi­
tion of their excited states are available. 
Knowledge of their masses and energy levels 
is important, because it permits the testing of 
systematic mass relations and the comparison 
of experimental with theoretical level schemes 
for nuclei in a region far from stability. Good 
spectroscopic information on such neutron­
excess nuclei has been difficult to obtain via 
"in-beam" reactions, since a large isospin 
transfer is required in the production process. 
Unusual heavy-ion rearrangment reactions may 
then be an excellent means of overcoming this 
restriction. In this spirit, we have investiga­
ted the feasibility of using the eLi, 8 B) reaction 
(I b. T z I= 3/2) as a· prototype for such studies. 

By bombarding 
26

Mg with an -80-MeV 
7 

Li 
beam from the 88-}f.ch cyclotron, we have suc­
~~ssfully dgtected B nuclei from the 

MgeLi, B)25Ne reaz~ion (Q- -22 MeV), de­
termining the mass of Ne and, for the first 
time, the level structure of a Tz= 5/2 nucleus 
in the very light elements. Reactions yielding 
8B nuclei are particularly suitable for the study 
of neutron-e~cess i-sotopes for several reasons. 
Proton-rich B is the lightest particle-stable 
T z = - 1 nuclide, and the fact that both 7 B and 9 B 
are proton-unbolf.nd simplifies its identification. 
Further, since B possess no bound excited 
states, any possible "shadow peak" problems 
are eliminated. 

This reaction was studied by utilizing a 
lithium beam produced with a PIG-type internal 
ion source. 1 Cathode buttons were employed 
which consisted of a mixture of 20o/o LiF and 
80% tungsten pressed into a tantalum shell un­
der very high pressure. Heating of the buttons 
by the arc maintained a partial pressure of lith­
ium in the source. Additional lithium was sup­
plied by a perforated cylindrical tantalum 
sleeve loaded with fused LiF which was inserted 
in the anode. Maximum long-ter~ beam inten­
sities of approximately 200 nA (3 ) on target 
were obtained with a low arc power 
which slowly vaporized the LiF owfr ;z.reriod of 
-4 hours. The maximum energy Li beam 
(78.9 MeV) was used to bombard a i'6·4o/o iso­
topically enriched se lf-fupporting Mg target 
of thickness 150 j.lg/cm . The energy of the 
beam was determined using a high-precision 
analyzing magnet. 2 Outgoing 8B particles were 
detected in two counter telescopes, each sub­
tending a solid angle of 0.43 msr, located on 
opposite sides of the beam. These telescopes 
consisted of two b.E detectors (15 1-1 and 111-1 
thick), a 200-j-1 E detector and a 500-j-1 reject 
detector. After a fast coincidence among the 
first three detectors restricted the origin of 
all allowed events to a single beam burst, two 
particle identifications were performed and 
compared using the signals from the s:fcce s­
sive b.E detectors and theE detector. Figure 
1 presents a particle identification spectrum 
showing good separation in the region of the 
boron isotopes. 



Fig. 1. A particle identification spectrum 
from 78.9-MeV 7Li on 26Mg at elab = 10°. 

(XBL 732-183) 

An energy calibration of the 8 B data shown 
in Fi§. 2 was obtained by concurrently observ­
ing 1 B P21ticles at 31ah..= 10°, 15°, and 20° 
from the MgeLi, 1 Br~ 3 Ne reaction. Lin-
earity and stability of the electronics were es­
tablished by a high-!Jrecision pulser calibrated 
with alphlfs from a 12pb source. le acti'l%s 
yielding B nuclei from possible 1 C and 0 
~~ntamin~nts were not observed. The 

C(1Li, B)11Be reaction lies well outside the 
energy region of interest and the kinematic 
shi£.!5 ( 10° to 15°) of all the observed st.r,te s 
~in Ne) were only cgnsistent with the Li + 

6Mg reaction. The B data collected at 
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elab = 15° have been kinematically corrected and 
added to that obtained at elab = 10°. In addition 
to the ground state, five excited states of 25Ne 
can be seen in Fig. 2 lying at excitation ener­
gies of 1. 65± 0.05, 2.03±0.05, 3 .25±0.08,4.05±0 .08, 
and 4.7±0.1 MeV. (The 3.25 MeV, and possibly 
the 4.05 MeV, state may be doublets). The 
cross section for population of the ground state 
at 10° and 15° was similar and was-350nb/sr. 

8 
From the energy otf_ the B ~round state peak 

the Q-value for the 2 MgeLi, B) 25Ne reaction 
is found to be -22.05±2~10 MeV, corresponding 
to a mass excess for Ne of -2.18±0.10 MeV. 
This is in good agreement with the two previous 
experimental results of -1.96±0.30 MeV by 
Goosman etal. 4 and -2.2±0.3MeVbyKabachenko 
et a1.5 (see discussion in Ref. 4), both from 
l3-e%d point measurements arising in the decay 
of 2 Ne. Our measurement is in some dis­
agreemegt with the prediction of Thibault and 
Klapisch of -1.28 MeV obtained using the ap­
proach of Garvey et al. 7 but employing results 
of more recent mass measurements. 

Fig. 2. A composite 
8

B spectrum at elab= 10° 
including elab = 15° data kinematically cor­
rected to 10°. Peaks corresponding to

2
the 

ground state and five excited states of 5Ne 
are indicated. (XBL 732-179) 

Unfortunately no theoretical c~;culations are 
available on the level schem~ of Ne. Assum­
ing thatzthe loweft states in 5 Ne arise from a 
(1rd5j2l (vs1/2l configuration, simple particle­
hole theorems lead one to expect itto possess a 
low-lying level structure similar to that of27Mg. 
Since the first two excited states of 2~g lie at 
0.98 and 1.69 MeV the ground state of Ne, as 
observed, is likely to be well separated from 
excited states. However, we see no evidence 
for a state near 1 MeV. Further observations 
must await detailed nuclear-model calculations 
of nuclei far from stability like 2 5Ne. 
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MASS AND ENERGY LEVELS OF 17Ne FROM THE 20Ne(2He,6He)17Ne REACTION 

G. J. Wozniak, R. A. Mendelson, Jr.,* J. M. Loiseaux,t and J. Cerny 

The (
3
He, 

6
He) reaction has been extensively 

used to determine the ground sl_:ate masses of 
proton-rich (Tz= -3/Z) nuclei. Less informa-
tion is &enerally known about excited states of 
Tz = -3/Z nuclei, except for Z5si, which has 
been extensively investigated. Z This present 
report deals with an invest~tion of the mass 
and energy level scheme of Ne. 

The experiment was performed with 6Z.6-
MeV3He and 71.6-MeV 4 He beams from the 88-
inch cyclotron. Semiconductor telescopes were 
used to observe the reaction Z0Ne~3He, )17Ne 
and the calibration reactions 1Zc( He, 6He)9c, 
16o( 3-He, 6He)13o, and 1Zc(a, 6He) 10c. Two 
similar four- counter telescopes (consisting of 
130-,110-,300-, and 150-fllU counters) were 
simultaneously employed at equal angles on op­
posite sides of the beam axis. The el3ctronic 
system has been described previously and 
utilized a triple particle identifier, time-of­
flight information, agd subnanosecond pileup 
rejection to identify He's and to suppress 
spurious events. 

3He ions, bombarding a gas target consist­
~~ of a mixture of 80o/o separated igotope 

Ne(99o/o) and ZOo/~ COz, produced He ncf.clei 
c~rresponding to 7Ne states and to the C and 
1 0 ground states (see Fig. 1 bottom). As 
shown in Fig. 1 (top), a background run onpure 
COz gave no evidence of any contaminating 
states above the 13o ground sta-te. The well­
known ground state masses of ':!c and 13o were 
used as calibrants, and the slope of the 6He 
energy scale was determined by observing the 
ground and first excited state in 10c produced 
by alpha-particle bombardment of ethane. 

7 From the present work the mass excess of 
1 Ne is determined to be 16.48±0.05 MeV, w,?ich 
is in good agreement with a previous value of 
16.4±0.Z5 MeV. The 17Ne mass was obtained 
by averaging the Q-values measured with two 
detector systems at elab= 11.6° on opposite 
sides of the beam. 17Ne completes an isobaric 
quartet and thus provides an opportunity to 
check the validity of the isobaric multiplet mass 
equation (IMME), M = a+bTz+ cT:f. Its pre­
dicted mass of 16.514±0.0Z1 MeV (IMME) agrees 
with our experimental number, thus indicating 
the validity of the IMME. The Kelson- Garvey 
nuclidic mass relationshipS predicts a mass of 

16.63 MeV for the 17Ne ground state which is 
also in reasonable agreement with experiment. 

IO·Qr~--.-~--.--.--.--.--r--.~.-.--.--.--.--, 

50 

10 

5 

~ I 

CO. target 

e,,,= 11.6 deg 

~ o~~~~~~_Ju_~_J~~~lliL~~~_L~~~~ 

u 50 

10 

5 

I 
~L5~~~~~~~~~-=~=-~_u~~~~~~~~ 

E6 He observed (MeV) 

Fig. 1. The upper half shows the energy spec­
trum of the ( 3He, bHe) reaction on a COz tar get 
with a 6Z.6-MeV 3He beam. The lower half is 
the spectrum of the same reaction on a mixed 
ZONe and COz target. (XBL 701Z-4ZZ5) 

Over an excitation range of 5 MeV, five ex­
cited states of 1 7Ne were observed (see Fig. 1). 
The experimental energy resolution for the 
17Ne states is Z50 keV. Except for the strongly 
populated 5.Z8-MeV level, possible levels above 
3.9Z M!f excitf:!ion are obscured by the cal­
ibrant C and 0 ground state peaks. Excita­
tion energies determined at elab = 11.6° from 
the two detection systems are given in Table I. 

Table I. T = 3/2 energy levels observed in 17Ne. 

J-rr E (17Ne) 
X 

MeV±keV 

1/2- (M-A)=16.48±50 
3/2- 1.350±70 

1.840±70 
2. 770±70 
3.920±90 
5.280±70 

Coefficients of IMME for A=17 

b c 

keV(±keV) 

-2878(5.4) 238(8.1) 4.8(9.1) 
-2845(5.6) 216(8.1)-8. 7(11..5) 
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Differential c. m. cross sections for transitions 
to the ground state and first four excited states 
were determined to be about 100 nb/ sr, with the 
5.28-MeV level being populated a factor 2 stron­
ger. 

Other known T=3/2, A=17 levels 6 are com­
pared with levels found in the present exper­
iment in Fig. 2. It is clear that the 1.35-MeV 
leve 1 of 1 7Ne corre s9onds to the first excited 
state of its mirror j Nand the second analog 
levels in 1 7o and 1 F. However, with our ex­
perimental resolution, it is impossible to tell 
whether the peak populated at 1.84 MeV excita­
tion in 17Ne consists of one or two states cor­
responding to analogs of the 1.861-MeV state or 
the 1.908-MeV state in 17N, or both. The2.77-
MeV peak in the 1 7Ne spectrum was consist­
ently broader than the experimental resolution 
in both systems and probably corresponds to 
an unresolved doublet. 

Since the first excited Jrr=3/2-, T=3/2 states 
are known for all four member nuclei of the 
A=17 isobaric quartet, the coefficients of the 

5.832 
5.787= 
5-523---1~121-

5.195= 
5-176' 
<1.<170---
4.215---

<I.OZ33.92a·-= 
3.684 3659--~ 

3.1343.220.-

2-528---

i:~g~---

Isobar diagram, A= 17, T=3/2 analog levels 

:::~~= 
14,310 __ _ 
14.180 __ _ 

IJ..GJS---15121+ 13779---{1/2) 

:~:~~~=1/2+ 
13.082 __ _ 

13.062 
I.J7r--- r2.<~69---r~rzl- 12553---sn r.Js---

o---112- ri.078---rlt21- 11.19s---112- o---I/2-

17N T2 =3/2 17Ne T
2
=-3/2 

Fig. 2. Energy level diagrams of the members 
of the mass-17 isospin quartet showing the 
positions of the T=3/2 levels in each nucleus. 

(XBL 7012-4292) 

mass equation can be calculated and compared 
to values determined from the four members of 
the ground state (Jrr=1/2-, T=3/2) quartet. See 
Table I. As in all previously studied multip­
lets '3ith the exception of A=9, the d coefficient 
of Tz arising in the second-order treatment of 
the IMME for the A= 17 ground state multiplet 
is consistent with zero. The d coefficient of 
the first excited state multiplet is also of this 
order, and the b and c coefficients show at most 
only a slight dependence on excitation energy 
and spin. 

Thus the present experiment does not indi­
cate any strong energy dependence of the b, c, 
and d terms of the IM.l\1E for the A=17 system. 
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CONCERNING THE LOWEST T= 3/2 STATE IN 41sct 

R. A. Gough, R. G. Sextro, and J. Cerny 

Precise energies have been reported for the 
lowest T=3/2 states in all mass 4n+1, 
T z = 1/2(N- Z) =- 1/2 nuclei with 9 .;A,; 41. 1-10 
Such measurements provide one component in 
testing the model-independent isobaric multi­
plet mass equation (IMME). 1 Using a techni-

que which provides a simple method of cross 
checking one such measureme~t against an­
other, we have observed the i3 -delayed proton 
decay of 21Mg, 25si, 29s, 3 7ca, and 41Ti. 
These results lead to a value of 5.935±0.008 
MeV for the excitation energy of the lowest 



T=3/2 in 41Sc., which disagrees with the pre­
viously accepted value of 5.863±0.006 MeV (Refs. 
2 and 6)* from 40ca(p, p) resonance measure­
ments. 

Experimental masses for only three mem­
bers of the A= 41, T=3/2 multiplet are known: 
the 41K ground state, 11 its ,fnalog in 41ca (Ref. 
12) and this new result for 1sc. The IMME 
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can now be used to predict a value of -15. 78±0.03 
MeV for the ground state mass excess of 41Ti. 
This agrees favorably with a value of -15.72 
MeV predicted by Kelson and Garvey.13 Al­
though the lowest T=3/2 level in 4 1sc has been 
previously studied in lower-resolution, 13+­
delayed proton work, 14 a precise measurement 
of its excitation energy was not reported. 15 

In the pre sent experiment, a He- jet transport 
system 16 and standard particle- identification 
techniques were used to detect 13+-delayed pro­
tons emitted from the lowest T=3fz level ineach 
of the following Tz=-1/2 nuclei: 21Na, 25Al, 
29p, 37K, and 41sc. Their precursors with 
half-lives ranging from 88 to 220 msec 14,17-19, 
were produced by (3He, Zn) reactions on target 
nuclei of ZONe, Z4Mg, 28si, 36Ar, and 40ca 
using~ 3.5 fJ.A of beam on target. A be~ en­
ergy of 29.5 MeV was used for all but the 6Ar 
(3He,2n) reaction for which the energy was in­
creased to 40 MeV to improve the yield. The 
counter-telescope employed consisted of a 48-
f.IIll ll.E followed by a 500-f.IIll E detector with an 
additional reject detector to aid in background 
reduction. An experimental energy resolution 
of 30 keV (FWHM) was achieved, permitting 
centroid determinations reproducible to within 
one or two keV. 

Typical background-free identified-proton 
ener.f:f. ~pectra resu~ting. from the decay of 2 5Si 

· and T1 are shown 1n F1g. 1. The low log ft 
values [typically ~3.3 (Ref. 20)] associated with 
superallowed 13+ transitions provide an unambig­
uous identification of the observed T=3/2 decays. 
In Fig. 1(a) the T=3/2 level in 25Al is seen to 
decay both to the ground state of 24 Mg (peak 1) 
and to its first excited state (peak 2). In Fig. 
1(b), peak 3 represents proton decays from the 
lowest T=3/2 level in 41Sc to the ground state 
of 40ca. As discussed in the following para­
graph, this ground state branch accounts for 
;? 86o/o of all the proton decays from the analog 
state. 

Using thinner ll.E counters, a search was 
made for decays from the lowest T=3/2 level in 
41sc to the first three excited states in 40ca. 
A 4±2o/o branch to the 3.35-MeV level was ob­
served, while no decays corre spon~bng to the 
transition to the 3.90-MeV level in Ca were 
detected. A limit of ;S 10o/o was set for branch­
ing to the second excited state in 40ca at 3. 73 
Mev:_. An improved measurement of this branch 

Observed proton energy (MeV) 
2 3 4 5 6 

300 
Cal 25Si 2 

200 --30keV FWHM 

100 
1/) 

c: 0 ~ 
0 
u 60 

600 700 
Channel 

Fig. 1. Beta-delayed proton spectra of (a) 
25

Si 
and (b) 41Ti. The numbered peaks correspond 
to proton emisz;Jon fro~]jJhe lowest T=3/2 an­
alog states in Aland Sc via the decays: 

( 1) 25si L> 25 
Al (T=3/2) _e_> 24

Mg(g. s.) 

25 R+ 25 24 * (2) Si .....t:...._> Al (T=3/2) _e_> Mg (1.37 MeV) 

(3) 
41 Ti L> 41sc (T=3/2) _e_> 40

ca(g. s. ). 

(XBL 729-4083) 

could not be made owing to low-energy proton 
~~ckground from 4 0sc (Ref. 21) [produced via 

Ca(3He, p2n)] and to the pr~1ence of an ob­
served leve 1 at 6.105 MeV in Sc which possi­
bly decays, with

4
Dhe same energy, to the third 

excited state in Ca. 

The results of our energy measurements, 
corrected for detector dead layers and very 
slight gain drifts, appear in Table I, where 
center-of-mass (c.m.) proton decay energies 
are shown for the lowest T=3/2 level in eachof 
the T z=-1/2 nuclides investigated. Each entry 
in the first column is a weighted average of 
values deduced from previous experimental 
measurements. Since the decay energies for 
37K and 25Al are the most precisely known, 
they were used as calibrants. Our results are 
presented in the second column of the table. 
Excepting the 72-keV discrepancy in the 41sc 
result, the present values agree very well with 
the results of earlier experiments. 

Information on the locations, widths and 
(isospin-forbidden) decay modes of high-isospin 
states is important to an understanding of the 
charge independence of nuclear forces. The 
lowest T=3/2 level in 41sc at 5.935±0.008 MeV 
proton de cays primarily to the 40ca ground 
state with a c. m. decay energy of 4.851±0.006 
MeV. Our IMME prediction of -15. 78±0.03 MeV 
for the ground state mass excess of 4 1Ti is of 
interest be cause no simple technique exists for 
its precise experimental measurement. 



Table I. 

37Ca 4 37K 

25Si 25 Al 

41Ti 41Sc 

21Mg 21Na 

25Si 25Al 

29s 29p 

21Mg 21Na 

aReferences 4 and 10. 
b References 5, 7 and 10. 

\ 

~36 Ar(g. s.) 

24Mg(1.37) 

40 
Ca(g. s.) 

20 Ne( 1.63) 

24 Mg(g. s.) 

28Si(g. s.) 

20 Ne(g. s.) 

- -
Proton decay energies (c. m.) 

Deduced from Present Best 
previous work re suits value 

(MeV±keV) (MeV±keV) (MeV±keV) 

3 .1898±2 .4 a Cali brant 

4.2623±2.8b' c, d Cali brant 

4. 779 ±4d 4.851±6 4.851±6 

4.908 ±5e' f 4.898±6 4.904±4 

5.6309±2.8b' c Cali brant 

5.633 ±4c' g 5.633±6h 5.633±3 

6.542±5e 6.533±6 6.538±4 

cProton resonance energies in Ref. 7 were measured with probable errors of 6 keV (Ref. 22). 

dReference 2. 

eReference 8. 

£Reference 23. 

gReferences 3, 5, 7, and 9. 

hBy combining this result with the resonance energy measurements from Refs. 3, 7, and 9, and 
with the direct excitation energy measurements from Refs. 5 and 9, an improved value for the 
29p ground state mass excess of -16.949±0.004 MeV can be calculated. 

-.J 
...0 



Table II. Branching ratios and log ft values 
for the positron decay of 21Mg. 

E~erH level Branching ratio Log ft 
1n Na (%) 

g. s. 15.80±4.0 5 .25±0.10 

0.338 40. 70±5.0 4. 79±0.05 

1. 723 10 .90±2 .o 5 .10±0.07 

3.551 0.45±0.07 6.09±0.06 

4.293 5.36±0.31 4.82±0.02 

4.468 10.45±0.46 4.48±0.02 

5.022 2 .53±0 .25 4.94±0.04 

5. 751 0.34±0.03 5.59±0.03 

5.855 0.62±0.04 5.30±0.03 

5.971 0.47±0.06 5.38±0.05 

6.085 0.14±0.01 5.87±0.03 

6.20 0.14±0.02 5.84±0.06 

6.346 0 86 +0.0 7 
4.99 

0.03 
. -0.42 -0.17 

6.488 1.07±0.06 4.84±0.02 

6. 775 0 30+0.21 
. -0.11 

5 29 +0.23 
. -0.13 

8.004 2 43+0' 57 
. -0.21 

3 85+0.09 
. -0.03 

8.296 0.31±0.03 4.60±0.03 

6.411 0 18+0.02 
. -0.10 

4 77+0.05 
. -0.19 

8.812 1.19±0.13 3. 72±0.04 

8.969 2. 79±0.16 3.26 

Footnotes and References 

* . Throughout this report, the 1971 Atomic Mass 
Table 11 is used in all calculations requiring 
masses for which explicit references are not 
cited. 

t Condensed from Physics Letters 43B, 
33 (1973 ). 

1. J. Cerny, Ann. Rev. Nucl. Sci. 18, 27 
( 1968). 

2. P. M. Endt and C. Vander Leun, Nucl. 
Phys. A105, 1 ( 1967) and references therein. 

3. D. H. Youngblood, G. C. Morrison, and 
R. E. Segel, Phys. Letters~. 625 (1966). 

4. D. R. Goosman and R. W. Kavanagh, Phys. 
Rev. 161, 1156 (1967). 

5. G. C. Morrison, D. H. Youngblood, R. C. 

80 

Bearse, and R. E. Segel, Phys. Rev. 174, 
1366 ( 1968). 

6. L. R. Greenwood, T. R. Canada, and C. M. 
Class, Bull. Am. Phys. Soc. 13, 1382 (1968); 
see also D. H. Youngblood, B:-H. Wildenthal, 
and C. M. Class, Phys. Rev. 169, 859 (1968). 

7. B. Te ite lman and G. M. Temme r, Phys. 
Rev. 177, 1656 (1969). 

8. A. B. McDonald, J. R. Patterson, and 
H. Winkler, Nucl. Phys. A137, 545 (1969). 

9. T. T. Bardin, J. A. Becker, and T. R. 
Fisher, Phys. Rev. C 2._, 1351 (1972). 

10. W. Benenson, E. Kashy, and I. D. Proctor, 
Bull. Am. Phys. Soc. fl, 891 (1972) and pri­
vate communication. 

11. A. H. Wapstra and N. B. Gove, Nucl. 
Data Tables _2, 265 (1971). 

12. T. A. Belote, F. T. Dao, W. E. 
Dorenbusch, J. Kuperus, J. Rapaport, and 
S. M. Smith, Nucl. Phys. A102, 462 (1967) and 
references therein; U. Lynen, R. Bock, R. 
Santo, and R. Stock, Phys. Letters 25B, 9 (1967). 

13. I. Kelson and G. T. Garvey, Phys. Letters 
Q, 689 (1966). 

14. A. M. Poskanzer, R. McPherson, R. A. 
Ester lund, and P. L. Reeder, Phys. Rev. 152, 
995 (1966). -

1~. A complete report of these studies on the 
j3 -delayed proton emission of 41Ti will be pub­
lished. 

16. R. D. Macfarlane, R. A. Gough, N. S. 
Oakey, and D. F. Torgerson, Nucl. Instr. 
Methods 73, 285 (1969); R. G. Sextro, R. A. 
Gough, and J. Cerny, to be published. 

17. J. C. HardyandR. E. Bell, Can. J.Phys. 
43, 1671 (1965). 

18. P. L. Reeder, A. M. Poskanzer, R. A. 
Esterlund, and R. McPherson, Phys. Rev. 147, 
781 (1966). 

19. J. C. Hardy and R. I. Verrall, Phys. 
Letters 13, 148 ( 1964). 

20. J. C. Hardy and B. Margolis, Phys. Let­
ters 15, 276 (1965). 

21. R. I. Verrall and R. E. Bell, Nucl. Phys. 
A127, 635 (1969). 

22. G. M. Temmer, private communication. 

23. F. Ajzenberg-Selove, Nucl. Phys. A190, 
1 ( 1972). 



81 

THE BETA-DELAYED PROTON DECAY OF 21Mgt 

R. G. Sextro, R. A. Gough, and J. Cerny 

The nuclide 
21

M!f. is one of the series of 
T = -3/2, A=4n+1 f3 -delayed proton precur­
sJrs. These nuclei have substantial position 
decay branches to particle-unbound levels in 
their daughters. The energies and intensities 
of the particle spectra resulting from breakup 
of the unbound levels can be used to ~etermine 
excitation energies of states in the f3 -decay 
daughter nucleus, and the transition strength 
feeding these levels. If these relative transi­
tion rates can be related to absolute decay 
rates to the daughter, measurement of the par­
ticle decays wil~ yield absolute 11. values for 
the preceding f3 decay. This method permits 
the accurate determination of f3-decay rates 
spanning several orders of magnitude. 

The external beam otztJ:e 8J3-inch '2y;clotron 
was used to initiate the Ne( He, Zn) 1Mg re­
action. The chosen bombarding energy of 29.5 
MeV was also sufficient to produce 

20 20Na[via 20Ne(3He,p2n)]; however, Na is a 
f3!-delayed alpha precursor and has no known 
f3 -decay branch to proton unbound levels. In 
order to minimize the background and obtain 
high-resolution particle spectra, a helium-jet 
system was developed which allowed the trans­
port of the activity away from the target area 
and beam to a position in front of a counter 
telescope. (A description of this system is in 
another section of this Report.) 

Several different Ll.E-E detector combina­
tions were used in the course of these exper­
iments in order to span a broad energy range. 
All detectors were cooled to -25°C, exceptthe 
very thin Ll.E detectors. The electronic ener­
gy resolution was de pendent upon the exact 
combination of detectors, but ranged from 25 
keV to 45 keV FWHM. 

Combining half-life data from four indepen­
dent experiments, our determination of the 
21Mg half-life is 123.1±3.3 msec. This com­
pares well w\th the previous measurement of 
121±5 msec. The resultant weighted average 
of 122.5±2.8 msec is used for all subsequent 
calculations and results quoted in this paper. 

I . 21 25 
The lowest T=3 2 states m Na and Al 

are accurately known2, 3and exhibit significant 
proton decay branches to both the ground and 
first-excited states in their respective decay 
daughters, ZONe and 24Mg. The energies of 
their prominent proton decays--Elab"' 4.09 
andif40 MeV for 25Al, and ::::4.67 and 6.23MeV 
for Na--can therefore be used as calibration 
points for the high-energy portion of the 21Na 
proton spectrum (Elab"' 2 to 7 MeV). As part 

of thj~ calibration, the delaye24protfn precur­
sor Si was produced by the Mg( He, 2nf5si 
reaction at 29.5 MeV. The low-energy proton 
spectra (Elab"' 700 keV to 2 MeV) were cal­
ibrated by using the well-k£-pwn states 4 at 
Ex"' 4.29 and 4.47 MeV in Na. 

An identified proton spectrum obtained with 
an 11-J.UU Ll.E and 265-J.UU E detector telescope 
is shown in Fig. 1. The energy region between 
2.4 and 7.5 MeV, taken with 50-J.UUL:l.E and 500-
J.llll E counters, is shown in Fig. 2. The num­
bers above the peaks correspond to the peak 
numbers and decay assignments in Table I. 
Additional data, not shown here, were acquired 
with a 6-J.UU Ll.E and 50-J.UU E telescope, span­
ning the energy range from~ 0. 7 to 2.2 MeV. 

Three peaks arise from the decay of the 
T=3/2 state (these are denoted by vertical ar­
rows in Figs. 1 and 2) corresponding to de­
cays to the ground state and first- and third­
excited states. The proton decay to the sec­
ond-excited state was not observed, although 
it would appear in the region of peak 8. This 
peak consistently exhibits a vridth three times 
larger than is observed for the other isospin­
forbidden decays. 

21 
As can be noted from the Mg decay scheme 

shown in Fig. 3, states in 21 Na with Ex;::,6.56 
MeV are unbound to alpha decay to 17F. In par­
ticular, the lowest T=3/2 state is unbound by 
2.4 MeV. 5 An experimental search for this 
possible decay mode used a counter telescope 

20
Ne ( 3 He.2n) 21Mg 

29.5 MeV 

IIJLm 6E 

2 65 p.m E 

ww ~ w ~ ~ ~ ~ ~ ~ ~ 

Observed proton energy (MeV) 

Fig. 1. Identified protons following the decayof 
2 1Mg. The energies corresponding to the peak 
numbers are shown in Table I. Vertical arrows 
denote decays of the analog state. 

(XBL 7210-5776) 
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Fig. 2. Delayed protons from 21 Mg with ener­
gies greater than 2.5 MeV. The numbers cor­
respond to energies listed in Table I. Vertical 
arrows point to decays from the T=3/2 state. 
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(XBL-7210- 5 777) 

2-

4• 

2• 

0+ 2.43 

Fig. 3. Proposed decay scheme. The level en­
ergies in 2 1Na listed above 5 MeV are from this 
work only (except for the T=3/2 state). Branch­
ing ratios and log ft values are also listed. 

(XBL 731- 2055) 
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Fig. 4. Comparison of experimental and 
theoretical excitation energies and log ft 
values. The experimental energies below 
2 MeV are from Ref. 4. (XBL 733-2473) 
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consisting of a 4- fllU D.E detector, a 48- fllU E 
detector, and a 100-fllll anti-coincidence detec­
tor to reject long-range particles. Alpha par­
cicles with energies as low as 1.4 MeV could be 
reliably identified. The resulting spectr"2m is 
dominated by the delayed-alpha decay of 0Na. 
Since proton data were collected simultaneously, 

direct comparison of the intensities could be 
made. This establishes a limit for this pos­
sible branch of < 1.6% of the total particle 
decay. 

The center of m2~s (c.m.) proton energy and 
the parent state in Na for each of 25 analyzed 
peaks are shown in Table I. The observed pro­
ton energies are averages over several different 
experiments and D.E-E detector combinations. 

Absolute branching ratios for 13+-decay to 
these unbound levels can be obtained by utilizing 
the calculated 13-transition strength to the analog 
state. Assuming comple;!l_ isospin purity for the 
J1T, T=5/2+, 3/2 level in Na, the .fi vp.lue for 
this transition is calculated to be 3.26? Based 
on this, absolute branching ratios and partial 
half-lives can be derived for 13+-decays to pro­
ton-emitting states. 

Intensity ratio~ for ~ound levels are taken 
from the mirror 1F 13 -21Ne decay, and are 
renormalize d to the total decay strength to these 
levels as deduced from the proton intensity. The 
resu¥ing branching ratios '2l)d log .fi values for 
all 13 -decay transitions to Na are shown in 
the decay scheme for 21Mg in Fig. 3. These 

-lot ft values compare well with those calcu­
lateCfO from the shell model up to 5. 6 MeV, as 
is shown in Fig. 4. 
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Table I. Proton energies following decay of 
21

Mg and energy levels in 
21

Na. Under­
lined munbers preceding each entry correspond to peak numbers in Figs. 1 and 2. 

Proton energies (c. m.) corresponding to decays to the following Deduced a 

levels in ZONe: (MeV ±keV) 
g. s. 1.634 MeV 4.247 MeV 4.968 MeV 

2 

5 

6 

2 

..!l 
12 

13 

14 

15 

16 

17 

22 

23 

24 

1.113±0.4 b 

1.862±2b 

2.036±5b 

2.598±20 

X 

3.326±35 

3.435±25 

3.547±15 

3.662±35 

3. 78 ±50 

3. 930±35 

4.068±20 

5.865±15 

5.986±15 

6.387±25 

c 

1 o. 94 7±20 

3 1.320±10 
XC 

X 

X 

X 

X 

8 2.265±25 

X 

18 4.246±25 

..!..2. 4.350±20 

20 4. 741±15 

21 4.904±4 b 

Unassigned proton peak: .!Q 2. 718±30 

25 6.538±4 b 

X 

X 

7 2.145±15 

X 4 

X 

X 

X 

1. 573±1 

energies 

21Na 

3. 545±2 

4.294±3 

4.468±5 

5.022±15 

5.386±10 

5. 758±35 

5.867±25 

5.979±15 

6. 094±35 

6.21 ±50 

6.341±20 

6. 500±20 

8.301±15 

8.417±15 

8.816±10 

8. 970±4 

aThe energies are calculated using a proton separation energy of 2.432 ± 0.002 MeV, 
which represents an average of values determined in Refs. 4 and 5. 

in 

bThese proton energies were used, in part, to determine the energy calibration (see 
discussion in text). 

cUnobserved, but energetically-allowed, proton decays within our experimental range 
are marked by X, while those outside our range (::5 700 keV) are shown by 
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HEAVY-ION DIRECT REACTIONS AT HIGH ENERGIES 

F. Puhlhofer,* F. Becchetti, B. G. Harvey, D. G. Kovar, J. Mahoney, 

B. Mayer, J.D. Sherman, and M.S. Zisman 

In a recent HILAC experiment, the yields of 
~n-beam ;t 1s from the direct reactions from 

ONe+ Z7Al as a function of bombarding energy 
were found to increase rapidly above EL"" 130 
Mev.1 This increase could be associated with 
an angular momentum limitation P. cr "" 351'1 on 
the formation of the compound nucleus. z 

In order to elucidate the processes involved, 
we have studied reactions induced byZONe+Z7Al, 
using the 88-inch cyclotron, magnetic spec­
trometer and focal-_plane detector system (see 
Section IV). The ZlTNe beam energies were 99 
and 150 MeV. These energies correspond to 
incident angular momenta below and above 
P. cr (- 351'1). Reaction products having ±10o/o of 
the incident ZONe momentum were detected. 
These can be considered qu25i-e las tic reaction 
products. Spectra for the ( Ne, 19F) reaction 
are shown in Fig. 1. We have labeled a number 
of states seen at both energies. One observes 
that: a) the same groups (Ex < 10 MeV) are ob­
served in both reactions, b) the states obsefged 
arez~nown single-particle levels in either F 
or Si, and c) there is an energy-dependent 
0-wjo.dow. A n~ber of other reactioo.s such 
as (~ 0 Ne, 19Ne), (:oNe, ZONe*), and (~ 0 Ne,1€o) 
were also observed and exhibited similar char­
acteristics. 

We have also measured the elastic scatter­
ing and find that the data can be fit by using the 
optical model with energy-independent param­
eters. The results are shown in Fig. Z. Using 
the optical-model parameters deduced, we have 
calculated angular distributions for transfer re­
actions by using .DWBA3 (Buttle-Goldfarb meth­
od). We find that DWBA correctly fits the 
shape and magnitude (to within factor Z) of the 
150-MeV data without parameter changes. A 
typical calculation is compared with data in 
Fig. 3. 

In Fig. 4 we summarize the results for 
ZONe +Z 7 Al. The top part of the figure compares 
the reaction cross section ( <TR) calculated (para­
bolic model, top solid line) and "measured" 
(optic~! model, open circles). When the mea­
sured (Kowalski et al.) complete-fusion cross 
sections are subtracted one obtains the direct 
+fission+? cross section (<TR - uxn> shownat 
the bottom of Fig. 4. Vertical bars indicate 
integrated "direct" reaction yields determined 
from )'-yields and direct measurement (present 
experiment). The remaining cross section 
(< 1b) is not yet accounted for and may include 

fission and/or very inelastic reactions 
{ t:.p/p >>±10o/o). 

Our analysis indicates that quasi-elastic 
reactions (t:.p/p ;S ±10o/o) exhibit similar char­
acteristics above and below P. cr and no new 
mechanisms need be invoked to explain the re­
sults. 
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Fig. 4. Top: A summary of measured and 
calculated (Refs. 1 and 2) total and partial re­
action cross sections. Bottom: Residual cross 
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the fission barrier is zero (Ref. 2). 

( XBL 732-181) 



87 

INELASTIC SCATTERING OF 16o FROM 208pb 

F. D. Becchetti, D. G. Kovar, B. G. Harvey, J.IV!ahoney, 

B. Mayer,* and F. G. Piihlhofert 

The inelastic scattering of 
16~ from 

208
Pb 

has been studied at an incident 1 0 energy of 
104 MeV at the 88- in<:_h c~clotron.+ The angular 
distributions to the 3 , 5 , and 2 levels fit 
2.62-, 3.30-, and 4.10-MeV excitation in 0 8Pb 
show interference patterns characteristic of 
those expected from the destructive interfer­
ence of Coulomb and nuclear excitation. 1 The 
results have been analyzed using DWBA. The 
phase, 0!, of the nuclear excitation form factor, 1 

is determined (Fig. 1) to be 0! = 30±15•, in good 
agreement with the collective model (0! = 20° ). 
Values of the transition probabilities deduced 
from the potential deformation parameters are 
found to be smaller by a factor of -2 than the 
electromagnetic transition probabilities mea­
sured in (e, e 1 ) or Coulomb excitation. This 
can be attributed to projectile size effects. 

The results of this experiment have been ac­
cepted for publication in Phys. Rev. C (Decem­
ber 1972). 
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j-DEPENDENCE OF HEAVY-ION INDUCED REACTIONS 

D. G. Kovar, F. D. Becchetti, B. G. Harvey, F. Piihlhofer,* 

J. Mahoney, D. W. Miller,t and M.S. Zisman 

A study has been made of heavy-ion induced 
single-proton stripping reactions using differ­
ent targets and projectivles to examine the re­
action mechanism. T~e experiment were per­
formed with 78-MeV 1 C and 104-MeV 16o ion 
beams on the magnetic spectrometer system 
at the 88-inch cyclo4ron. 

6
Jsotopicallm enriched 

targets ( ~99o/o) of 5 Fe, Ni, and 2 8 Pb were 

used. The reaction products were detected by 
a multiwire proportional counter and plastic 
scintillator system 1 which provided informa­
tion on position (Bp), dE/ dx, arid time of flight 
(tof), sufficient for unambigious identification. 

The spectra obtained for the reactions 
(12c, 11B) and (16o, 15N) on 62Ni and 208pb are 
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compared in Figs. 1 and 2. The measured an­
gular distributions peak at angles corre spend­
ing to a grazing collision at a radius 
~ 1. 7(A1i 5 + A1f3) fm but are otherwise feature­
less ana near:ty independent of the final state 
populated. Several features can be noted, how­
ever, from a comparison of the relative cross 
sections of the final states populated in the two 
reactions. First, in all cases the cross sec­
tions to the states with j =.£+ 1/2(=j::J in the 
final nucleus are larger than those to states 
with j=£-1/Z(=j<). This is shown graphically 
in Fig. 3 where the peak cross-section ratio 
O"j / O"j < for both reactions are plotted. The 
h>states are populated 2-4 times more strongly 
than the j < states in both reactions. Second, 
the same final states are found to be populated 
by different relative intensities in the two re­
actions, depending on the j of the final state. 
This is shown in f.ig. 4 where the peak cross­
section ratio u(1 0, 15N)/u(12c, HB) for the 
same final state is plotte2 ~er sus .£ for the six 
single-particle states in ° Bi. One observes 
that the h states are topulated 1.5 to 3.0 times 
more strongly; In the ( 6o, 15N) reaction com­
pared to the ( 1 C. 11B) reaction than are the j 
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states. Similar results are found in the reac­
tions on the other targets. DWBA calculations 
indicate that the results cannot be explained by 
Q-effects, which are known to be important in 
heavy-ion reactions. However, the results can 
be understood, at least qualitatively, by exam­
ining the selection rules. 

In the DWBA theory which h~s been extended 
to include heavy-ion transfer 2 - reactions, 
several rules which follow from this theory are 
as follows: 

1£ 1-.£21 ~L~.£1H2 

lj1-j21 ~ L ~ j 1 + j2 ( 1) 

.£1H2 +L =even, 
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where 1 1 j1 and .£2jz are the orbital and total 
angular momentum of the transferred nucleon in 
the projectile and resid'tal n~cleus, respectively. 
One finds that for the (1 0, 1 N) reaction, where 
a p 1;

2 
proton is transferred from the projectile, 

only-'one L value is allowed with L=£2±1 for 
j2=.£2±1/2. In contrast, the (12c,11B) reaction, 
which involves ap3/2 proton transfer from 12c, 
usually proceeds by two L values :L=.£2+1 and 
L=12-1 for either L=.£2±1/2. In a light-ion reac­
tion .£1 =0, j1 =1/2 so that only L=.£2 is allowed. 
Thus, nucleon transfer between heavy ions con­
tains an inherent dependence on the value of 
jz. which appears explicitly in the selection 

rules. This is in contrast to the j -dependence 
observed in light-ion reactions which arises 
from the spin orbit part of the projectile-nu­
cleus potential and is a small effect except 
for polarization phenomena. 

These selection rules are important be cause 
of the strong L dependence of the cross section. 
In the reactions considered here, DWBA pre­
dicts aL+2 "" 10aL for a given n1.£1j1 and n2.£2j2. 
This strong L dependence then leads to a marked 
j-dependence in the magnitude of the transfer 
cross section because of the selection rules. To 
isolate this effect, we have compared cross­
section r~tio~ 5(Fi~s.1~ and 4). The· cross-section 
ratio a( 1 0, N)ja( C, 11B), for example, is 
expected to be proportional to the ratio ofDWBA 

I , aLs; t.e., 

a(160 , 15N) 

a( 12c. 11 B) 
(2) 

where A and Bare statistical and coupling co­
efficients (A, B""1). The j-dependence of the 
cross-section ratios exhibited in Figs. 3 and4 
can be explained, at least qualitatively, by the 
fact that O'L+2 > O'L· The quantitative agreement 
is not so good, however, since the DWBA5 pre­
dicts that the cross sections to the h and j < 
states should differ by factors of 10, whereas 
experimentally we observe factors of 2-4. Ex­
pressed in terms of relative ~~ctrof60P\CS fac-
tors (Sj =S2 ), we find for the Ph( 0, N) 
209Bi reaction that the spectroscopic factors, 
which should fall close to unity, fall into two 
di~tinft groups with Sj<::::: 3Sj>, whereas for the 
(1 C, B) reaction, S.< :::::1/2 ~>. Sirgilar re­
gults were found for t!de reactions on "'Fe and 

2Ni. These discrepancies are believed to 
arise from the neglect of recoil effects which 
are discussed in more detail in another report. 
In any event it is apparent that a better under­
standing of the reaction mecl].anism is needed 
before one can use DWBA reliably to extract 
spectroscopic factors from heavy-ion induced 
reactions. Despite the uncertainties in DWBA, 
however, the j-dependence observed in the pre­
sent experiments indicates that nucleon trans­
fers between heavy ions can provide spectro­
scopic information complementary to that ob­
tain using light ions. 

Footnotes and References 
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···The results of this work have- been published 
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tPresent address: Universitat Marburg, 
Marburg, Germany. 

tPresent address: Indiana University, 
Bloomington, Indiana 4 7401. 



90 

1. B. G. Harvey, J. Mahoney, F. G. PUhlhofer, 
F. S. Golding, D. A. Landis, J-C Faivre, D. G. 
Kovar, M. S. Zisman, J. R. Meriwether, S. W. 
Cosper, and D.· L. Hendrie, Nucl. Instr. 
Methods 104, 21 (1972). 

2. P. J. A. Buttle and L. J. B. Goldfard, 
Nucl. Phys. A176, 299 (1971), and references 
cited therein.---

3. D. Trautman and K. Alder, Helv. Phys. 
Acta 43, 363 (1970). 

4. F. Schmittroth, W. Tobocman, and A. 
Golestaneh, Phys. Rev. C J., 377 (1970). 

5. The DWBA form factors were calculated by 
using the program RDRC (W. Tobocman, un­
published). The DWBA cross sections were 
calculated by using the program DWUCK (P. D. 
Kunz, unpublished). 

EVIDENCE OF RECOIL EFFECTS IN HEAVY-ION TRANSFER REACTIONS 

D. G. Kovar, B. G. Harvey, F. D. Becchetti, J. Mahoney, 

and M.S. Nagarajan 

Extraction of nuclear structure information 
from heavy-ion transfer reactions has been 
limited by uncertainties in the applicability of 
DWBA. 1 In particular, most DWBA codes use 
the no-recoil approximation, 2 whose validity 
in many reactions il questionable. 1, 3 We pre­
sent dat~BBre on 1 0- and 12c-induced reac-
tions on Pb at high bombarding energies. 
Analysis of the data shows that no-recoilDWBA 
is inadequate for these reactions. Evidence is 
presented that demonstrates that one must in­
clude recoil effects and that their importance 
can be predicted in the framework of a simple 
first- order recoil treatment. 

Thllingle-proton stripp~ng rgactions 
( 12c, B) at 78 MeV and ( 0, 1 N) at 104 MeV 
and 140 MeV were studied by using the magnetic 
spectrometer system at ~e 8~ 5inch cyclotron. 
Typical spectra for the ( 0, N) reactions are 
shown in Fig. 1, where t~8 well-known proton 
single particle states in 9Bi are seen to dom­
inate the excitation spectrum. The cross-section 
j-dependence noted previously4 (see preceding 
paper), favoring the j =i. + 1/2 states in the final 
nucleus, be comes less pronounced as the bom­
barding energy is increased. The angular dis­
tributions for the 21J~sitions to the six single­
particle states in Bi for the three reactions 
are shown in Figs. 2 and 3.-

The angular distributions were fit by using 
the no-recoil DWBA theory. 2 Calculation~ were 
performed using finite-range fort;n_ factors and 
the distorted-wave code DWUCK with 140 par­
tial waves. Optical-model parameters from 
elastic scattering and bound state parameters 
from the literature were used in the calcula­
tions. The fits to the angular distributions are 
shown in Figs. 2 and 3. The DWBA cross sec­
tions have the correct shape, but are shifted 
back in angle for states at higher excitation, 

whereas the data are not. The spectroscopic 
factors obtained are listed in Table I together 
with the results of light-ion reactions. The spec­
troscopic factors obtained in the (16o, 15N) reac­
tions for the j=i. -1/2(=j <)states in 209Bi are found 
to uniformly exceed those obtained for the j=i. +1/2 
(=b) states (by a factor of4 at 104MeV and a factor 
of 8 at 140 MeV). In contrast, the spectroscopic 
factors obtained from the (1 2c, 11B) reaction for 
the j< states are smaller than those deduced for 
the j> states by almost a factor of 2. The results 
of analysis with no-recoil DWBA are: 1) it is not 
possible to obtain consistent spectroscopic fac­
tors simultaneously for both the j< and j> states 
for either reaction, 2) the spectro

6
scopic fac­

tors for j< and j> states from the 1 0- and 12c_ 
induced reactions show opposite systematics, 
and 3) the dislgepancies in the spectroscopic 
factors in the 0 reactions show an energy de­
pendence, becoming greater with increasing 
bombarding energy. 

To determine whether these discrepancies 
are the result of recoil effects, we fit the angu­
lar distributions by using DWBA cross sections 
calculated in a formalism in which recoil is 
taken into account in first order. 7 Additional 
terms result which are added to the normal no­
recoil cross section. Hence the transfer cross 
section with first-order recoil effects included 
has the form: 

~=~(no recoil)+ K~(interference)+~ ~(recoil), 
( 1) 

where the recoil and interference terms are 
cross sections calculated in a standard no-recoil 
DWBA code, but with L transfers which are de­
termined from the recoil formalism. These are 
usually adjacent to the L transfer normally al­
lowed (see Table I). The coefficient K can be 
shown to have the form 
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(2) 

where Mp, Me are the masses of the trans­
ferred proton arld the projectile, ki is the wave 
number in the incident channel at the interaction 
distance, and x2 is the bound state dec':! r.~rw,­
eter in the final nucleus [i.e., X2 = (2m.l!.g'fi) ] , 
which contains a dependence on the binding en­
ergy EB. 

Cross sections were calculated as outlined 
above. The shapes of the predicted angular dis­
tributions were found to be very nearly the same 
as those obtained in the no-recoil calculations 
using the same optical model and bound state 
parameters. The spectroscopic factors are 

listed in Table I and are found to be in much bet­
ter agreement with those from light-ion reac­
tions. That the agreement is not better is not 
surprising since an approximation (which greatly 
simplified the recoil correction terms) was made7 
which is only valid for weakly bound states and is 
not exact for the states considered here. Never­
theless, the results we obtained indicate that the 
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Table I. 

No-recoil s2ectrosco2ic factor 
(160 , 15N) 

Recoil s2ectrosco2ic factors 
(160, (~e,d)a E nlj <12c. 11Bl 15) <12c. 11Bl 

X 

(MeV) L 104MeV 140MeV L 78MeV L 104MeV 140 MeV L 7BMeV 

0.00 1h9/2 4 4.14 8.53 4,6 0.64 4, (5)C 1.45 2.29 4, (5f, 6 0.77 1.00 

0.90 2f7/2 4 1.00b 1.00b 2,4 1.00b (3),4 1.00b 1.00b 2, (3),4 LOOb 1.12 

1.61 1i13/2 7 0.88 -0.84 5, 7 0.83 (6), 7 0.85 0.80 5, (6), 7 0.84 0.94 

2.84 2f5/2 2 4.96 7.06 2,4 0.53 2, (3) 1.33 1.72 2,(3),4 0.70 1.14 

3.12 3p3/2 2 1.05 0.70 0,2 1. 76 (1), 2 1.08 0.80 0, (1), 2 2.05 1.08 

3.64 3p1/2 0 4.32 8.07 2 0.64 \), (1) 0.82 1.40 ( 1), 2 0.94 0.7-0.9 

aWildenthal et al., Phys. Rev. Letters 19, 960 (1967). 
bNorrnalized to unity. -
cL-values in parenthesis are used in evaluating the recoil correction. 

largest part of the discrepancies in the spectro­
scopic factors can be removed by inclusion of 
first-order recoil effects. 

2oe Pb ('2C,"B)209Bi EL= 78 MeV 

The analysis of the single-Lproton stripping re­
actions induced by 12c and 1oo ions on Z08pb in­
dicates the inadequacy of the no- recoil approxima­
tion used in DWBA for reactions at energies far 
above the Coulomb barrier. The j-dependence of 
the spectroscopic factors as well as the energy 
dependence of the cross sections are as predicted 
by DWBA theory which includes recoil effects in 
first order. The importance of recoil effects are 
determined by the factor (M /Me )(k/x2) which 
suggests that recoil effects Rre ii4ost important 
for high bombarding energies and weakly bound 
states. The first-order treatment used here 
approximates the gradient of the distorted wave 
and the nuclear overlap integral by the use of 
the Buttle-Goldfarb approximation. To obtain 
more reliable spectroscopic factors we believe 
one must evaluate the recoil terms more ex­
actly. The re suits we have obtained here, how­
ever, suggest that for a large number of single­
nucleon transfer reactions it may be sufficient 
to consider recoil as a first-order effect and 
thus avoid the lengthy calculations involved in a 
full finite-range treatment. 3 

Fi~. 3. Angular distributions obtained in the 
(1 C, 11B) reaction leading to the six single­
particle states in 209Bi. The solid curves are 
the predicted DWBA cross sections. The 
dashed curves are the same DWBA cross sec­
tions but shifted in angle to fit the data points. 

(XBL 731-2090) 

;;:; 

' .Q 

E 

c 
0 

u 
Q) 

<f> 

<f> 
<f> 

~ 
u 

1.0 

0.1 

1.0 

'1 0.1 

1.0 

0.1 

'l 0.1 

0.1 

0.01 

0 Ex=O.OO MeV 
1h9 

/2 

\ 
Ex =0.90 MeV 

2f7 
~2 

" Ex= 1.61 MeV . " 
" 11 13 ' ' 72 . ' 

' +\ 
' + \ 

~~--...;: Ex=2.84 MeV 
I ', 2f5 / .. , ~2 

I •, 
I .. 
' ' \ I ' I \ 

Ex= 3.12 MeV 

' 

" 
3p3 ¥2 

-..., .. , 
' ~ ', 

/~··3.64 MeV 

I t' 3pl 

I ' ~ 
I ' 

120 140 

Bc.m (deg) 

1 
1 



93 

References 

1. K. R. Grieder, Nuclear Reactions Induced 
by Heavy Ions, edited by R. Bock and W. Hering 
(North-Holland, Amsterdam, 1970). 

2. P. J. A. Buttle and L. J. B. Goldfarb, 
Nucl. Phys. A176, 299 (1971). 

3. R. M. DeVries and K. I. Kubo, to be pub­
lished in Phys. Rev. Letters. 

4. D. G. Kovar, F. D. Becchetti, B. G. 
Harvey, F. G. PUhlhofer, J. Mahoney, D. W. 
Miller, and M. S. Zisman, Phys. Rev. Letters 
~. 1023 (1972). 

5. Using code of W. Tobocman, unpublished. 

6. P. D. Kunz, unpublished. 

7. M. S. Nagarajan, Nucl. Phys. A196, 34 
( 1972). 

NUCLEON TRANSFER REACTIONS INDUCED BY 12c ON 208pb AND 

197 Au AT ANGLES MUCH SMALLER THAN THE GRAZING ANGLE 

W. von Oertzen, F. D. Becchetti, D. G. Kovar, B. G. Harvey, 

D. L. Hendrie, H. Homeyer, and J. Mahoney 

In studies of nucleon transfer reactions by 
Kaufmann and Wolfgang (1961)1 and in more 
recent experiments performed at Or say, 2 a 
rise in the intensity of reaction products attrib­
uted to few-nucleon transfer has been observed 
at very small angles. Simultaneously, the 
usual maximum of the cross section at the 
grazing angle was always observed. The Or say 
group, who used solid state detectors interpret­
ed the rise at small angles as being due to tran­
sitions with rather negative Q-values, whereas 
the intensity at the grazing angle was found 
mainly to be due to the transitions leading to the 
low-lying states. 

Using the magnetic spectrometer at the 88-
inch cyclotron, we tyave meas~red the yields of 
the products HB, 1 B, 11c, 1 C at 10• lab in 
reifctions induced by 78- MeV 12c on 208pb and 
19 Au. For each setting of the ma¥netic field, 
background measurements ~~ing a 2 c target 
were performed since the 2 Pb had a carbon 
backin~ and the Au target had 12c contamination 
from 1 C buildup. The spectra were taken over 
a range of 0-30 MeV excitation and the back­
ground from 12c contamination was then sub­
tr.acted. 

The main yield observed at magnetic field 
settings corresponding to 10-30 MeV excitation 
in the heavy residual nuclei was found to be 
due to the 12C contaminant. After subtraction 
of the background, typical cross sections for 
the reactions (12c, 11C) and (12c, 10B), 
(12c, 11B) and (12c, 13C) on Pb and Au of 
0.02 mb/sr.MeV±50o/o were obtained at 10• 
lab. These cross sections are at leastafactbrof 
10 smaller than those reported in Ref. 2 and 
for similar reactions induced by 12c and 
14N on Ag. 
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HEAVY-ION INDUCED SINGLE NUCLEON TRANSFER REACTIONS 

IN THE Zr-Mo REGION 

M.S. Zisman,* F. D. Becchetti, B. G. Harvey, D. Kovar, J. Mahoney, and J.D. Sherman 

16 15 16 15 . The ( 0 N) a.nd ( 0, O) reactions on 
targets of 9<L 91, 94 zr, 92Mo, and 93Nb have 
been investigated with a 104-MeV 160(4+) beam 
from the Berkeley 88-inch cyclotron. The 
(1bo, 17o) reaction (leading to the ground state 
of the final nucleus) was also observed. Spec-

tra for the (12c, 11B) reaction on 90 Zr and 
92Mo were also obtained. Outgoing heavy ions 
were detected in the focal plane of a magnetic 
spectrometer with a Borkowski-Kopp type 
position-sensitive proportional counter backed 
by a plastic scintillation (see Section IV). The 
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10 ,---------------------------~ (16o, 15N) and (16o, 15o) data indicate a pref­
erence for high angular momentum transfer 
similar to (but less pronounced than) that shown 
by the (a, t) and (a, 3He) reactions on the same 
targets (see Figs. 1 and 2). Contrary to a sug­
gestion by Nickles et al. , no strong e vide nee 
for a multi-step excitation of core-excited 
states is apparent from the present data. 
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STUDY OF THE TWO-PROTON TRANSFER REACTIONS: 
zoaPb(12c.10sel210p0 AND zoaPb(16o:14c1210p0 

F. D. Becchetti, D. G. Kovar, B. G. Harvey, D. L. Hendrie, H. Homeyer, 

J. Mahoney, and W. von Oertzen 

We have studied the rea._ctions: 
20 ~b( 12c 10 Be) 

2 1°Po, EL = 78 MeV, and z.OtsPb(16o, 14q2f0po, 
E L = 104 and 140 MeV at the 88-inch cyclotron, 
using the magnetic spectrometer and focal plane 
counter (see Section IV). The energy resolution 
was 120-200 keV FWHM. 

The low-lying levels in 210 Po of the form 
[ TT h9j2 6a TT £j] J have been studied preziously 
via smgle-proton transfers on 20 9Bi. 1, Other 
levels have been studied from the decay of near­
by nuclei. 3 Most of the expected two-proton 
configuration levels have not been observed, 
however. 

. 16 14 12 10 In F1g. 1 we compare ( 0, C) and ( C, Be) 
spectra (taken near the grazing angle) with the 
position of known [h9/.2 0 £j] J levels. The fol­
lowing features are observed: a) many levels in 
addition to known levels are populate1~ and are 
the stronge.ft in the spectra, b) the ( C, 10Be) 
and (16o, 1 C) reactions populate the same lev­
els but w!th different inten2\lde s in some cases. 
c) The 0 ground state ot + P~ is po~ulated 
more strongly th~ the 2 , 4 , 6 , or 8 mem­
bers of the (h9j 2) multiplet. 

Angular distributions are shown in Fig. 2. 
Transitions to known states sometimes show a 
slight L-dependence, the high spin states having 
a less pronounced peaking. 

The data are being analyzed with DWBA 
theory. The form factor is calculated by using 
the Moshinsky-Talmi expansion of the motion of 
the two nucleons into relative and center-of..:rnass 
(c.m.) coordinates about the proje~tile and tar­
get. The form factor has the form 

where G1 and G2 are projectile and target struc­
ture factors, 012 is a spatial overlap, and 
U12(R) describes the c.m. motion of the trans­
ferred nucleon pair. The form factor (V re­
sembles that used in light-ion reactions such 
as (t, p) etc., except projectile structure fac­
tors are included explicitly. The coherent 
sum indicated in (1) is over all the intermediate 
configurations of the two nucleons .which connect 
the initial and final states. Collectivity in the 
target, projectile, or both can greatly enhance 
cross sections since the terms in (1) can add 
constructively. 

12 10 16 14 If we assume ( C, Be) and ( 0, C) are 
(P3/2)2 and (P1/2)2 transfers, respectively, then 
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0 Bi(a, t) and 209 Bi(T, d) and assumed to be of 
the form [h

9
/ 2 GUj)J. (XBL 731-2013) 
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one finds from ( 1); d) the two protons are trans­
ferred in relative iS and ZS states, e) the struc­
ture factors for (1 2 c, 1°Be) and (1bo, 14c) are 
very similar, and f) aligned configurations are 
favored, i.e., [£1j1 ® £zjz]J with J=O or jf+jz. 

DWBA calculations 6 have been performed 
(without recoil), a~sf'?f.2ing various configura-
tions for levels in Po. A typical calculation 
is compared with experimental data in Fig. 2. 
The calculations miss the peak in a(e) by ab~ut 
zoo, an effect similar to that seen in (16o, 1 -'N). 
In Fig. 3 we compare peak cross S.fctions fo~ 
{12c, 10Be) populating tpe lowest~<&· s. ), 2 , 
and unresolved 4 +6 +8 levels in 1 Po (see 
Fig. 1) wit~DWBA calculations, assuming both 
pure (h9/z) configuratio!fs and various shell-
:r¥>del wave fun.ftions. 7 ' The enhancemept of 
0 (g. s.) and 2 states is due to the (f7 /-?) , 
(p3; 2>2 , and (f5; 2 >2 admixtures in the C'J.Opo 
wave functions. 

Among the p?lsible two-proton configura­
tions, the (hjz) 6+ and (f?jzf5/Z)6+ levels 
are calculated to ~e pocfulated str~nge st (by a 
factor ...Z) in the ( 1 C, 1 Be) and (1 0, 14c) re­
actions studied here. The best candidates for 
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suming pure or mixed configurations. The lat­
ter are taken from Ref. 7 (KR) and Ref. 8 
(KH-I~. The calculations are normalized to the 
4+6+8 summed cross section as indicated. 

( XBL 732-180) 

these levels are those observed at 3. 7 and 5.0 
MeV, respectively (see Fig. 1). These levels 
are close in energy (±300 keV) to t~ose predicted 
inthe shell-model '2alcy0ations.7, The high 
selectivity of the ( 1 C, Be) and (160, 14 C) re­
actions (which is due to the large S- state com­
ponents in the di-nucleon wave functions) sug­
gests that these reactions will be very useful 
probes of two- proton wave functions. 
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SYSTEMATICS OF THE (a, 2a) REACTION 

J. D. Sherman and D. L. Hendrie 

. 40 44 The fu st (a, Za) results on the Ca and Ca 
targets have been reported. 1 The primary pur­
pose of that work was to investi~ate the concept 
of ~~hanced alpha-clustering in Oca compared 
to Ca. 2 Since this early work, the {a, Za) ex­
periment at Ea= 90 MeV has been improved and 
expanded. The purpose has gGen to study a 
range of nuclei from 12 c to Zn in order to in­
vestigate sy~tematics of cluster or four-particle 
correlations in these nuclei. Further, it is 
Pf.ssible to compare (a, Za) results with the 
( He, 7Be) "a" pickup reaction, which has recent­
ly been reviewed. 4 

Most measurements have been made in a 
symmetric coplanar geometry, and Table I sum­
marizes the targets and angles studied. Suffi­
cient data were accumulated to construct partial 
angular correlations; note that the "quasi-elastic 
angle" is always included. Energy and momen­
tum correlations have also been extracted for all 
ground state transitions and some excite{}. states. 
Asymmetric angle data on the 12c and 1 0 nuclei 
have also been obtained, with the intent of using 
this data on studying an impulse approximation 
reaction model. 

Table I 

Target Angle 8 = < 81 '!:: - 82) 

12c 28", 35", 41", 42", 47° 

160 28", 35", 41", 42", 47" 

24M . g 28", 35" , 41°, 47" 

26Mg 28", 35", 41°, 47" 

28Si 28", 35", 41", 4 7" 

3{)Si 28", 35", 41", 47" 

40Ca 28", 32", 42°, 47° 

44Ca 28", 42° 47° 

66Zn z 8°, 35° 43° 

The experiments used a 90-MeV momentum­
analyzed beam fr.om the 88-inch cyclotron. The 
~-E particle telescopes acted as particle dis­
criminato3s; i.e., Z#2 particles are rejected. 
The (a,a, He) Q-values are quite negative com­
pared to the (a, 2a) Q- values; hence, the 3He 
particles are not a problem in the coincidence 

data. Three parameter data-two summed energy 
signals and a timing signal-are stored event-by­
event in a PDP-5 computer and periodically 
dumped onto magnetic tape. Energy resolutions 
as measured by the summed energies of both al­
phas when the residual nucleus is left in a known 
sharp state are typically 250-300 keV (FWHM). 
Projections of kinematic bands onto the summed 
energy axis for selected spectra are given in 
Figs. 1-4. In order to get best energy resolu­
tions in these spectra, we have applied a kine­
matic correction to the band lying in the T3+T4 
vs T3 plane. 

Figure 1 is the 16o(a, 2a)
12

c reaction. The 

transition to the 
12 T~4.43) MeV level is markedly 

weaker than to the C(O.OO) state. The strength 
ratio of the 4.44-MeV state to the ground state 
increases as 8 (=81=-82) moves forward, but 
the ratio is < 1 for all observed angle pairs (cf. 
Table I). This is in apparent dis'I,greementwith 
tr,o- b9dy r~actions, since the (d, Li) 5 and the 
( He, Be) results as well as shell-model cal­
culations 7 indicate that the parentage of 16o is 
largely 12 c(4.44)+a. 

Figure 2 illustrates the 
26

Mg(a, 2a)
22

Ne T3+T4 
(total energy) projection. The ground state is 
most strongly populated. This feature is charac­
teristic of all the targets studied. A compara­
tively large population of levels in the 5- to 7 -MeV 
region of '22Ne is seen to occur. Levels in this 
excitation region were also observed in the 
18o(?Li, t)22Ne reaction. 8 All targets heavier 
than 12c and 16owere bothered by carbon and 
oxygen contamination; the resulting 8Be and 
12C levels in the 22Ne spectrum are so labeled. 

Figure 3 and 4 ~how the T3+T4 projecti~ns 
for the 40ca and 4 Ca target nuclei. The Oca 
tar~et is exceptional among the heavier targets 
~1 0) be cause of the large population of excited 

Ar states, com par able to the g.f,rund state 
transition at some angles. The Ca(a, 2a)40 Ar 
spectrum is dominated by the ground st~0e tran-
sition, r,hich approximately equals the Ca 
(a, 2a)3 Ar(O.O) in excitation strength.

36
How­

ever, transitions to excited states in t<f are 
far stronger than similar transitionf in Ar. 
The tentative earlier {a, Za) results in these 
nuclei are substantiated with the improved data. 

Figure 5 shows the momentum correlations 
for the ground state transitions presented for all 
targets. The quoted symmetric angle is the 
quasi-elastic angle. The broad distribution of 
points with peaking at recoil momentum (q) equal 
to zero is characteristic of an L =0 quasi-elastic 



100 

"' §50 
0 
(.) 

0 
250 

" ,;:: 
" 

16 0 {a, 2a) 12C 

8.1•-82. 42" 
T3 + T4 projection 

"' .,. 
<i 
I 

.i 
I 

300 350 400 

Channel number 

0.00 

450 500 

F~g. 1. S~med energy projection of the 
1 O(a, 2a) C reaction. (XBL 729-4023) 

IOOrT------,------,-----,---,--,------, 

"' 
~50 
0 
u 

" J: 

26 Mg (a, 2a ) 22 Ne 

81·-82•28" 

T3 + T4 projection 

Channel number 

0.00 

Fig. 2i
2 

Summed energy projection of 
26

Mg 
(a, 2a) Ne reaction. 

IOU 
4 °Ca (a, 2al 36Ar 

81• -82. 28" 
T 3 + T 4 projection 

Q; 

"' ;if +-c: 50 " :::1 
0 " (.) 

0~ 
0 

"' 
~ci .-.,. -u 
I!! .,. I 

N-u 
0 
<::? ... 

"' .,. 
I 

400 

Channel number 

450 500 

98 

f~g. 3. Summed energy projection of 
40

ca(a,2a) 
Ar reaction. (XBL 729-4028) 

100 

"' c: 50 
:::1 
0 
(.) 

0 

44 Ca (a, 2a) 40Ar 

81·-82•42" 

T 3 t T 4 projection 

250 300 450 500 

Channel number 

Fig. 4. SUinmed energy projection of 

44 Ca(a, 2a) 40Ar reaction. (XBL 729-4029) 

0.10 • 8Be(O.OO f Mg(O.OO) + 
! 42°-t H t 41°-41" 
,+ + t t 0.01 

t 
t f 

fit 0.01 

t t 010[ 
12 C(0.00) 

,,+ + + 420-420 0.001 

t t 
I .. :,[0.00) I t + t 0.01 

~ QO'[ 
t f t 420- 42" 

. 41"-41"1 tf f + ij 

,. + + 
"'-;:: 0.01 '!t t' 

0.001 

~AdO<JOI 1 
"' 

001 
t 42°-42° 

' t f t £> 22Ne(0.00) E + + 41°-41° ttttt ttH + 
0.01 tft f +tf 0.00 

t 0.01 tNi(O.OO) 
f 43°-43° 

t tl!tf j!!!t 
24 + ++ Mg(O.OO) .001 

41°-41° j 0.01 ff f ft 
tf ft 

1.0 0.00 1.0 1.0 o.o 1.0 

qrec ( fmf' 

Fig. 5. Moment= correlations for ground state 
transitions taken at the quasi-elastic angle. 

(XBL 731-2094) 

mechanism. Note that this be~vior is present 
even for the heaviest nucleus, Zn. 

Figure 6 displays the symmetric angular 
correlations for the ground state transitions 
over the range given in Table I. The angular 
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correlations are similar, with a maximum at 
81 =- 82 = 35•. The main features seem to be 
explained within an impulse approximation 
model in which free a-a scatter~g data are 
used. In particular the fall of O" (8) at lq,rge 
and small angle pairs (at least for the 1 60 
target) follows the free a-a scattering [0" Q'(E,8)] 
when O"aa(E, 8) is interpolated by the re l~ti ve a-a 
energy in the final state. 9 The impulse approx­
imation calculation for the (a, 2a) reaction is de­
scribed in another article. 

Figure 7 is a plot of the triple differential 
cross section taken at the angular correlation 
maximum (35•). The abscissa is a quantity 
proportional to the area of a ring where the 
ring width is parametrized as 

It is assumed that the cross section is propor­
tional fo the are.a, and Fig. 7 indicates a linear 
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relation from 12 c to 30Si. J'he leadiJJ..g term in 
a b}J}.~mial expansion of A 2/ - (A-4)21 .,-goes as 
A- I , as does the surface-to-volume ratio. 
The (a, 2a) cross /fctions

3
seem to decrease 

linearly with A- 1 'tfc to 0~i where a leveling 
off in the data from 3 Si to 6zn is observed. 
These results might be interpreted as showing 
that, as (S/V) decreases or equivalently as the 
mass increases, the absorption processes are 
assuming a more dominant role, and thereby 
decreases the (a, 2a) cross section. Further 
analysis of the data will include impulse 
approximation calculations described elsewhere 
in this report. 
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TEST OF THE INDEPENDENCE POSTULATE IN THE BOHR THEORY 

OF COMPOUND-NUCLEUS DECAY: 50cr* SYSTEM* 

M. K. Got and S. S. Markowitz 

E.rg:itation functions for the produltion og 
4By 

and 
2
cr from incident ions 3He, a, 0, 1 0, 

and 2 Ne involving the compound system 50 cr~" 
have been measured. Test of the independence 
postulate was performed in a Ghoshal type of 
experiment. Effects of the nuclear Coulomb 
barrier and high reaction Q value upon the two­
nucleon evaporation excitation functions were 
noted. 

For all the reaction pairs, the 
48v produc­

tion is more than a factor of 10 bigger than the 
corresponding 48cr cross section. This phe­
nomenon can be explained by the effect of odd­
even nucleon number of the product nucleus. 

Simple calculations of the angular momentum 
and rotational energy of the compound nucleus 
were performed. The energy shift of the exci­
tation function can be explained by the effect of 
angular momentum. The reactions involved 
were found to be generally consistent with the 
compound- nucleus mode 1. 

I. Introduction 

One of the important theories concerning nu­
clear reactions in the intermediate energy re­
gion ( <10 MeV per incident nucleon) is the com­
pound-nucleus model. 1 In this model, the de­
cay of the compound nucleus is independent of 
its mode of formation. Since the work by 
Ghoshal2 in which the decay of the 64 Zn* com­
pound nucleus formed with protons was com­
pared with thaj formed with a particles, many 
investigations - 7 have been performed along 
the same line. Inmost cases, the independence 
postulate is upheld roughly. More recently, 
when comparing the reaction excitation func­
tions, care has been taken to match not onlythe 
excitation energy of the comrgOl~nd nucleus, but 
also its angular momentum. ' However, very 
few investigations have compared heavy-ion­
induced reactions with those induced by light pro­
jectiles (such as p, n. 3He, a). It is felt thatthe 
independence postulate· can be subjected to a more 
severe test when comparing reactions involving 
vastly different reactants. 

In this work, the compound nucleus 
5

°Cr"" is 
formed by different entrance channels, and the 
decay of this compound nucleus is observed 
through products from pn and 2n em.issions. The 
reactions are given below. 

3
He + 47Ti 

4
He + 46Ti 

> [50Cr*] 
-{

8
Cr+2n 

160 + 34s 

180 + 32s 48V+pn 

22Ne + 28Si 

In all the reactions studied, the excitation 
energy of the compound nucleus is less than 60 
MeV. 

II. Experimental Procedures 

A stacked-foil method was used. Target 
foils and aluminum degrader foils were inter­
spaced in a target holder and bombarded with 
appropriate ~on beam from particle acceler­
ators. For He and alpha bombardments, the 
Berkeley 88-inch cyclotron was used, whereas 
the Berkeley Heavy Ion Linear Accelerator was 
used for the source of heavy ions. The beam 
intensity was measured to within ±1o/o with a 
Faraday cup co~nected4to an integrating elec­
trometer. The He or He beam was magnet­
ically analyzed, so that the incident energy is 
known accurately. For the heavy-ion beams, 
the full energy (10.4±0.2 MeV/nucleon) was used. 
The energy at various positions in the stack was 
determined w1h conventional range-energy 
curves. For He and 4 He, the tables of 
Williamson et al. 10 were used, while for the 
heavy ions the range-energy curves were calcu­
lated with a computer code by Steward. 11 

The targets used were prepared by vacuum 
evaporation of natural materials or enriched 
isotopes obtained from Oak Ridge National Lab­
oratory. The backing and recoil catcher for 
the targets is thin Al foil ( 1.6 mg/ cm2 ). To pre­
vent sublimation of loss of sulfur materialduring 
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bombardment, a thin ( -100 f.Lg/ cm2) aluminum 
layer was evaporated on top of the sulfur deposit 
to serve' as a protective shield and heat conduc­
tor. 

Gamma spectroscopy was used to identify and 
measure the radioactivity produced. Two Ge(Li) 
semiconductor '{-ray detectors were employed. 
The active volumes are 7 and 14 cm3 with res­
olutions respectively of 2.5 and 1.4 keV (full 
width at half maximum) for the 122-keV 5? Co'{ 
ray. The '{-ray spectra from the 1024-channel 
analyzer were recorded in 7-in. -reel magnetic 
tapes. Gamma spectra photopeak analyses were 
handled by the CDC 6600 computer with the code 
SAMPO. 12 Energy and efficiency calibration of 
the '{-ray detection systems were facilita1ed with 
a set of eight absolute '{-ray standards. 1 

The radioactivities of 
48

cr and 48v were de­
termined with the 116-keV (98o/o) and the 938-keV 
(100o/o) gamma rays, respectively. Graphical 
analysis of the decay curves is adequate to ob­
tain the decay rates at the end of bombardment. 
The decay rates were converted to absolute 
cross sections by making appropriate correc­
tions for beam intensities, saturation effects 
during bombardment, and detector efficiencies. 

III. Experimental Results 

Excitation functions for the various reac­
tions are given in Fig. 1. The contributions 
to the cross sections from other isotopes in 
the target are very small by isotopic abundance 
arguments and experiments involving targets 
enriched in4~e suspected isotopes. Contribu-
tion of the V activity from the decay of the 
48cr has been substracted. 

In all the five cases, the cross sections 
(x,pn) are about 13 times that of (x, 2n); here 
x stands for any of the five projectiles. The 
same enhancement of proton emission cross 
section ha,f y5en observed by several au-
thors. 2• 1 ' The greater emission probabil-
ity can be explained by the difference in the 
level ~1Jnsity of the product nuclei. Tyg nu-
cleus Vis odd-odd, and is expected to 
have many more levels available, at equal ex­
citation energies, than the 48cr, an even-even 
nucleus. Since there are more channels av~il­
able for the compound nucleus to decay to 4 V, 
enhancement of proton evaporation results. 

The excitation functions for the 4He reac­
tions agree reasonably with those obtained by 
Raleigh. 17 

Fig. 1 (b) See caption for Fig. 1 (a). 
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Fig. 1 (a) Experir_urntal excitation functions for 
the production of V and 48cr from various 
charg~~ particles involving the compound nu-
cleus Cr'". The solid lines are drawn only to 
aid the eyes and have no theoretical significance. 
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IV. Calculations and Discussion 

A. Comparison of Excitation Functions 

In the classical test of the independence pos­
tulate, the excitation functions from different 
reactions involving the same compound nucleus 
forming the same product are compared in a 
plot where the excitation energy is one of the 
axes. 

Before performing such a comparison, we 
wish to point out that some nuclear reactions 
are strongly suppressed by the Coulomb bar­
rier and should not be compared with others 
not sg suppressed. The excitation enefW.Y oJz 
the 5 Cr'~ compound nucleus from the 0+ S 
reaction near the Coulomb barrier is about 45 
MeV. The excitation function for two-nucleon 
evaporation is expected to have peaked and be­
come small. The shape of the excitation func­
tion observed is possibly due to the increasing 
penetration of the Coulomb barrier and the de­
creasing probability for two-nucleon evapora­
tion as excitation energy is increased. Figure 
2 shows a comparison of the ex1i~ati<:3~ functions 
for 2~lnd pn evaporation from 0+ S and 
180+ S reactions. 

8 
The corresponding cross sections for the 

1 0-induced reactions is a factor of 10 less 
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Fig. 2. Comparls on of the excitation functions 
from 18o- and 1 0-induced reactions. The dif­
ference in magnitude of these cross sections 
can be attributed to Coulomb barrier effect. 

(XBL 7010-6868) 

than the 160-induced reactions, and the peaks 
of the 18o excitation functions are displaced 
about 9 MeV toward higher excitation energies. 
The discrepancy should not be taken as evidence 
against the independence postulate, because 
this effect is mainly due to the Coulomb bar­
rier. 

Because the 
22

Ne excitation functions stud­
ied are also strongly suppressed by the Cou­
lomb barrier, we wish to compare the cross 
sections of the other three reacting pa~rs. 
Figur~ 3 shows the comparison of the He, u, 
and 1 0-induced two-nucleon emission excita­
tion functions. 

In the classical test of the independence pos­
tulate, the comparison must be made after the 
cross sections have been normalized with re­
spect to the total re~ction cross sections .. How­
ever, the 3 He and 1 0 excitation functions are 
near the Coulomb barrier, and the calculation 
of total reaction.cross section in this region by 
the optical mode118 is very sensitive to the 
parameters used. Furthermore, as of now, 
there are no experimentally determined optical 
parameters available for the reaction studied. 
The following procedure is used to facilitate the 

comparison. The magnitude of the cross sec­
tions for the (3He, pn) and (16o, pn) reactions 
were arbitrarily increased so that they are 
a bout equal to the ( u, pn) excitation funcbion at 
the peak position. The (3He, 2n) and (1 0, 2n) 
cross sections were also increased the same 
percentage as the respective pn excitation func­
tions. The result is shown in Fig. 4. 

It is interest~2g to coll).JBare the excitation 
functions from Ne and 0 reactions, All 
these cross sections are severely suppressed 
by the Coulomb barrier, and presumably arise 
from the evaporation of high-energy neutrons 
and protons. Figure 5 shows such a compar­
ison. 

The (
18

o, 2n) and (
18

o, pn) excitation func­
tions have the same shape and the same mag­
nitude2~s th~g:orresponding excitrgion functions 
from Ne+ Si. However, the 0 cross sec­
tions are shifted about 5.5 MeV toward higher 
excitation energy. This shift in energy can be 
explained by angular momentum effects, dis­
cussed in detail in LBL-1230. 
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Fig. 3. Three-way comparison of the 2n and 
~n eva~oration exgitation fu~cti~ns from 

He+ 4 Ti, 4He+ 4 Ti, and 1 0+ 4s reactions. 
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The calculated angular momentum for the 
various reactant pairs is presented in Fig. 6. 
At the peak position of the (o::, pn) and o::, 2n) ex­
citation functions the bombarding energy is 
about 31 MeV. The (J(J+1)) value is 130 and 
thg rotational energy is 6.4 MeV. For the 
(1 0, 2n) and (16o, pn) excitation functions, the 
rotational energy at the peak is 7.'\~eV. The 
expected energy shift between the 0- and a­
induced reactions will therefore be 1 MeV. The 
observed shift is about 2 MeV. This discrep­
ancy may be caus~d by the Coulomb barrier 
acting on the low-energy edge of the 16o exci­
tation functions. 

For the 
22

Ne-induced reactions, the rota­
tional energy at the peak of the two -nucleon 
evaporation excitation functions is about 2.0 
MeV, and the 180-induced reactions' Er is 5.9 
MeV. The expected displacement is about 3.9 
MeV. The observed shift is 5.5 MeV. 

Although the calc-ulated energy shifts do not 
agree perfectly with the observed ones, these 
approximate calculations do allow qualitative 
understanding of the effect of angular momen­
tum upon the de-excitation of the compound nu­
cleus. Better agreement can be achieved if 
the moment of inertia of the rotating compound 
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Fig. 6. Calculated aver~&e angular momentum 
quantum number for the Cr* compound nucleus 
as a function of bombarding energy for various 
reactant pairs. (XBL 7012-7479) 
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nucleus is taken to be 7 kir, where k is a param­
eter, and Ir is the moment of inertia of a rigid 
sphere. For more accurate and realistic cal­
culations, the treatment involves the detailed 
calculation of the-y-ray de-excitation and spin 
distribution 19 of the decaying compound nucleus. 

For*the compound-nucleus reaction 
a+A-C -b+B, according to the independence 
postulate, the cross section can be formulated 
as 

a(a, b) = ac(a) P(C, b) (1) 

where ac(a) is the cross sectio_p for the forma­
tion of the compound nucleus C'" from the en­
trance channel a+A; P(C, b) is the probability 
that the compound nucleus decays through the 
exit channel b+B. P(C, b) depends only on the 
exit channel and the compound nucleus. 

Furthermore, for reactions involving differ­
ent exit channels, we have 

a(a, b) 
a(a, d) 

aC(a) P(C, b) 

ac(a) P(C, d) 
P(C, b) 
P(C,d)' 

(2) 

where a(a, d) designates the reaction cross 
section for the reaction a+A-C':'__. d+D. Be­
cause P(C, b) and P(C, d) do not depend on the 
entrance channel, the ratio of cross sections 
from ~O£erent entrance channels should be 
equal, or, 

a(a, b) 
a(a, d) 

P(C, b) 
P(C,d) 

a(a', b) 
a( a' , d)' (3) 

where a(a' b) i~ the cross section for the reac­
tion a' +A'-+ c···__. b+B; similarly for a(a' , d). 

Figure 7 shows the ratios of pn cross sec­
tions to the 2n eros s sections for all the reac­
tant pairs studied. Although the ratios lie 
mainly between 12 and 18, it is obvious that 
Eq. (3) is not strictly upheld. For a more 

21 quantitative comparison, effects of isosp~2· 
Coulomb barrier, and-y-ray competition on 
the decay of the compound nucleus must be 
taken into account. 

Footnotes and References 

* Condensed from LBL 1230; Phys. Rev. C, 
in press. 

t Submitted in partial fulfillment of the Ph.D. 
requirements at the Department of Chemistry, 
University of California, Berkeley, Thesis of 
M. K. Go, UCRL-20483, May 1971. Present 
address: Western Regional Laboratory, USDA, 
Albany, California. 

1. N. Bohr, Nature 137, 344 (1936). 

Ratio of <T(X,pn) reactions from 5°Cr* 
"'(X,2n) 

30r--r~~,--,--,--,--,--,-,,-,--,---, 

28 

26 

24 

22 

20 

18 

16 

~ 10% I 
At ratio =18 

14 

12L-~~,-~~~~-L,-~-L~7-~~~~ 
30 34 38 42 46 50 

Excitation energy (MeV) 

Fig. 1·o Ratio of a(x, pn) to a(x, 2n) reaction 
from Cr'~. The lines are to guide the eye. 
A 10% error bar is shown. (XBL 728-3942) 

2. S. N. Ghoshal, Phys. Rev. 80, 939 (1950). 

3. W. John, Jr., Phys. Rev. 103, 704(1956). 

4. C. M. Stearns, Ph. D. thesis, NY0-10387 
(1962). 

5. S. Tanaka, M. Furukawa, S. Iwata, M. 
Yagi, H. Amana, and T. Mikumo, J. Phys. 
Soc. Japang, 2125(1960). 

6. K. C. Chen and J. M. Miller, Phys. Rev. 
134, B1269 (1964). 

7. C. F. Smith, Jr., LawrenceRadiation Lab­
oratory Report UCRL-11862, 1965 (unpublished). 

8. J. M. D' Auria, M. J. Fluss, G. Herzog, 
L. Kowalski, J. M. Miller, and R. C. Reedy, 
Phys. Rev. 174, 1409 (1968). 

9. M. J. Fluss, J. M. Miller, J. M. D' Auria, 
N. Dudey, B. M. Foreman, Jr., L. Kowalski, 
and R. C. Reedy, Phys. Rev. 187, 1449 (1969). 

10. C. F. Williamson, J.P. Boujot, andJ. 
Picard, Commissariat a' 1 Energie Atomique 
Report CEA-R3042 (1966). 

11. P. G. Steward, Lawrence Radiation Lab­
oratory Report UCRL-18127, 1968 (unpublished). 

12. J. T. Routti and S. Prussin, NucL In..:tr. 
Methods J.J:., 125 (1969). 

13. Obtained from International Atomic Energy 
Agency, Vienna, Austria. 



14. S. S. Markowitz, J. M. Miller, and G. 
Friedlander, Phys. Rev. _2§, 1197 (1955). 

106 

15. N. T. Porile, Phys. Rev. 315, 939 (1959}. 

16. H. HurwitzandH. A. Bethe, Phys. Rev. 
~. 898 (1951). 

17. D. 0. Raleigh, Ph. D. thesis, Columbia 
University, 1960 (unpublished). 

18. For example, E. H. Auerbach, Brook­
haven National Laboratory Report BNL- 6562, 
1964 (unpublished). 

19. J. R. Grover and J. Gilat, Phys. Rev. 
157, 802 (1967). 

20. G. Friedlander, J. W. Kennedy, and J. M. 
Miller, Nuclear and Radiochemistry, 2nd ed. 
(Wiley, New York, 1966), p. 342. 

21. C. C. Lu, J. R. Huizenga, C. J. Stephan, 
andA. J. Gorski, Nucl. Phys. A164, 225(1971). 

22. S. M. Ferguson, H. Ejiri, and I. Halpern, 
Nucl. Phys. A188, 1 (1972). 

STUDY OF ELEMENTARY PARTICLE EFFECTS IN SIMPLE 

HIGH-ENERGY NUCLEAR REACTIONS 

N. P. Jacob, Jr., and S. S. Markowitz 

The study of simple nuclear reactions in­
duced by high-energy projectile (~ 0.1 GeV), 
such as protons and in particular 1r mesons, is 
a feasible approach for investigating how colli­
sions between particles in nuclear matter can 
be correlated to collisiofs between the same 
particles in free space. Because the pre dom-
inant mechanism for high-energy reactions of 
the form (p, Zp), (p, pn), and ( Tr, rrn) involves a 
single collision between the projectile and a 
surface nucleon in the target, followed by the 
unhindered escape of both collision partners, 
one would anticipate that changes observed in 
the experimental excitation functions for this 
particular class of reactions would reflect sim­
ilar changes in the well-known elementary par­
ticle scattering cross sections. 

Because the p-p free-particle excitation func­
tion exhibits a marked increase in cross section, 
from about 25mb at 0.3 GeV to 50 mb at 0.9 GeV, 
and then a gradual decrease at higher energies, 
as illustrated in Fig. 1, we have concentrated 
the initial stage of this res.flfrch on measuring 
the cross sections for the Ti(p, 2p) 47sc reac­
tion from 0.3 to 6 GeV to slfe if a similar change 
occurs. Thin targets of 4 TiOz, which have 
been carefully prepared by vacuum evaporation 
of target material onto thin aluminum, are ac­
tivated in either the LBL 184-inch synchrocyclo­
tron or the Bevatron, and the desired product is 
assayed by monitoring the gamma-ray spectrum 
with a high-resolution Ge(Li) detector. A signi­
ficant rise of about ZOo/0 , "from 23.0±0.2 mb at 
0.3 GeV to 28.4±1.1 mb at 0.8 GeV does indeed 
occur for the above-mentioned reaction. Due to 
the proton momentum in the nucleus, this rise 
is not as pronounced as the rise in the free­
particle cross sections between the same ener­
gies. 
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Fig. 1. The total p-p free-particle cross 
section versus incident proton energy, taken 
from Ref. 10. (XBL 732-2285) 

In addition, we have formulated a simple 
classical 11 knock-on11 theory similar to that of 
Das et al. 2 that has predicted the magnitude of 
cross sections to within 10%, as well as the 
shape of the excitation functions for (p, Zp) re­
actions that ha'3e- ~een the subject of previous 
investigations. In this treatment, we have 
assumed the average effective momentum trans­
fer in the initial collision to be equal to twice 
the Fermi momentum PF and hav5 used the 
theory of Clements and Winsberg to calculate 
the values of collision cross sections in nuclear 
matter. The only parameter r , then, is ad­
justed to give the best possible

0 
agreement with 

experiment. The result~for (pb Zp) react\o.fi 
above 0.2 GeV on 2 5Mg, Fe, 8zn, and Ce 
are shown in Figs. 2 to 5. Although the calcu­
lation predicts a maximum cross section 
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shifted to lower energies in comparison to the 
experimental curves, the results constitute 
better agreement with experiment than has been 
achieved by the more sophisticated Monte Carlo 
treatments fQr simple nuclear reactions. 7,8 
Results on 4~Ti are forthcoming. 
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Fig. 2. The calculate~ and experimental 
eros s sections for the 5Mg(p, 2p) 24Na reac-
tion (r0 = 1.20 F). (XBL 732-2286) 
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Fig. 3. The cal§'tlated and experimental cross 
sections for the Fe(p, 2p) Mn reaction 
(r0 = 1.42 F). (XBL 732-2287) 
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Fig. 4. The calculated and experimental cross 
sections for the 68 Zn(p, 2p) 6 7 Cu reaction 
(r

0 
=1.15F). (XBL 732-2288) 

A project on simple pion-induced nuclear 
reactions that will use the intense pion beams 
at LAMPF (Los Alamos Meson Physics Facility) 
has been accepted. This research will investi­
gate the relationship between pion-nucleon free­
particle cross sections and similar cross sec­
tions within nuclear matter that was introduced 
previously. 9 . 
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Fig. 5. The calculated and experimental cross 
sections for the 14lce(p, 2p)14"1La reaction 
(r0 = 1.15 F). (XBL 732-2289) 
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NEW ISOTOPES PRODUCED IN THE REACTION OF 

HIGH-ENERGY PROTONS ON ut 

R. Klapisch, C. Thibault, A.M. Poskanzer, 

R. Prieels, C. Rigaud, and E. Roeckl 

With an on-line mass spectrometer we have 
discovered, by means of the reaction of 24-GeV 
protons on uranium, the very neutron-rich iso­
tope 32Na and measured its half-life. We have 
also P32duced in the same 2_ea~~ig>n the new iso-
topes Na, 48- 50K, and 2 7 • Fr and found 
evidence for shell effects in the cross sections 
of the new sodium isotopes. 

Light nuclei with a large excess of neutrons 
can be produced in the reaction of high-energy 
protons on heavy targets, 1 • 2 or in complex 
transfer from heavy-ion induced reactions. 3 
In the case of high-energy reactions it was 
showq that the on-line mass spectrometric tech­
nique can sort out selectively the isotopes of 
alkali elements and supply information on their 
half-lives. This work has been further extended 
with the construction of an improved instrument, 
and this report contains the first results obtain­
ed. 

The technique has been described in detail 
elsewhere. 4 In brief, the energetic recoils 
from the reaction are caught in heated graphite 
foils from which th.fY d1fus~ out very quickly. 
The alkali ions (Li , Na , K ) produced by sur­
face ionization are then mass analyzed in a 
Nier -type mass spectrometer. The detection 
of ions is achieved by an electron multiplier 
capable of counting single ions. 

To increase the production of rare nuclei, 
the effe;ttive target thickness was increased to 
2 g/ em of U. The mass spectrometer is a 
magnetic sector (90•, r = 35 em). It has a wide 
gap to accept ions from the long target (50 mm) 
and is slightly inhomogeneous (n = 0.23) to en­
sure high transm~ssion by means of z focusing. 

The experiment was performed with 24-GeV 
protons in the "neutrino" fast-ejected beam of 
the CERN proton sy;~chrotron. Short (2.1 IJ.Sec) 
and intense (1.5X101 protons) bursts were di­
rected on our 6-mm-diam target every 10 sec. 
The detector was installed in a shielded enclo­
sure lined with a thin sheet (0. 7 mm) of cad­
mium. A combination of electrostatic quadru­
pole lenses was used to refocus the ions after 
the exit slit of the spectrometer through a beam 
pipe traversing the shielding wall (40 em iron, 
80 em concrete) onto the detector. This was 
extremely effective in reducing the magnitude of 
the background and shortening its decay time. 

The sensitivity is increased further by mod­
ulating the ion beam of the mass spectrometer 
and detecting the resulting peaks in the ion­
counting rate. The peak counting rates de­
crease after each beam burst both because of 
radioactive decay and because of diffusion out 
of the target. The diffusion rate is calibrated 
with long-lived isotopes, and the resulting half­
lives are given in Table I for the new isotope 
32Na and other short-lived Na isotopes. 

Table L Half-life measurements (msec). 

1070± 30 
295± 10 

35. 7± 1 
48.6± 2 

55±3 
17. 7± 1 
14.5± 3 

20± 15 

A search was made for 
33

Na using the same 
procedure d'Jring a 3-hr experiment with a 
total of 7X1 0 5 protons. Two peaks of 33Na 
were found with 86±15 and 61±15 counts, re­
spectively, after a background of 76± 9 had been 
substracted. This thus establishes the particle 
stability of 33Na even though the data are not 
adequate to deduce the half-life. The stability 
of 33Na was indeed expected because of the ex­
istence of 3 2Na and the extra stability due to 
the neutron pairing energy. 

Following the s,t_xne procegure as for 
32

Na, 
the isotopes 48 K, ':IK, and ~ K were found. 
However, their half-lives were not short com­
pared with the diffusion time, and hence could 
not be determined. We also obsefz!fd the new 
neutron-rich isotopes l 27Fr and Fr pro-
duced in the spallation of the uranium target. 

The cross sections for formation of all the 
sodium and potassium isotopes in this high­
energy reaction are shown in Fig. 1. The 
error bars on 33Na represent the two extreme 
values for the half-life of 33Na (5 and 35 msec) 
that could be compatible with the least- squares 
fit to our data. It can be seen that the cross 
sections show a more or 1ess regular decrease 
of a constant factor until 1Na, closing the 



N =20 neutron shell, and 4 7 K, closing the N =28 
neutron shell. 

48 50 
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Fig. 1. Cross section for production of isotopes 
of sodium and potassium in the reaction of 24-GeV 
protons o~ uranium~ Notice the abrupt

8
decreases 

between 3 Na and 3 Na, and 47K and 4 K, after 
the closure of the N=20 and 28 shells, respect-
ively. (XBL 732-2290) 

31 32 4 7 48 
The decreases at Na- Na and K- K 

are, respectively, factors of 3.5 and 5 greater 
than the average decreases. These dramatic 
breaks seem to be associated with shell effects, 
and one can expect that the continued decrease 
in cross sections for other isotopes in the 
same shells will be moderate. This conclusion 
is not substantially: affected by the uncertainties 
in the half-life of 33Na and gives strong support 
to the experimental possibility of detecting by 
the same technique nuclei that are still richer 
in neutrons. 
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ON-LINE MASS SPECTROMETRIC MEASUREMENT OF THE 

MASSES OF NEUTRON-RICH SODIUM ISOTOPES* 

R. Klapisch, R. Prieels, C. Thibault, A.M. Poskanzer, 

C. Rigaud, and E. Roeckl 

Using an on-line mass spectrometer, we 
have measured directly, t~ 1~5ccuracy of 150 
to 500 keV, the masses of - Na produced in 
the reaction of 24-GeV protons on uranium. 

In most of the experiments 1 - 3 where light 
nuclei with a large excess of neutrons have been 
produced only the existence (i.e., particle sta­
bility) of the more exotic nuclei is known. This 
information is of particular value if the calcu­
lated limits of nuclear stability can be tested 
this way. A few experiments also give other 
ground state characteristics such as half-lives4 
or masses. 5 

"'" Mass calculations are the basis on which the 
stability of very-neutron-rich nuclei are pre­
dicted. Since all these calculations derive their 
parameters from a region of nuclei with mea­
sured masses near the valley of beta stability, 
it can be expected that very distant extrapola­
tions can lead to sizable errors. That this is 
the case is seen by comparing among them­
selzeg the prediction of different mass formu-
las.' One is led to observe that for Tz ~ 3 
the predictions can differ by several MeV. 
Hence, the measurement of masses of nuclei 
far from stability can lead to a very severe test 
of the validity of mass formulas even when the 
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measurements have an accuracy of only 200-500 
keV. Measurementg to this accuracy for sodium 
isotopes (about 10- ) can be obtained with a spec­
trometer with a resolving power of only 500 
(FWHM) by measuring the centroid of the peaks 
to an accuracy of 1/2% of their widths. The pur­
pose of this paper is to report the first on-line 
mass spectrometric mass measurements by dem­
onstrating the technique for the isotopes of sodi­
um produced in the reaction of 24-GeV protons 
on uranium at the CERN proton synchrotron. 

On-line mass spectrometry had already been 
used to identify new isotopes and measure their 
half-lives, 4 and an extensive description is 
available elsewhere. 2 For this discussion it is 
appropriate to think of the instrument as an or­
dinary mass spectrometer with a special sur­
face io·nization ion source that is loaded with 
short-lived nuclei (T 1/2 < < 1 sec) at regular 
time intervals by the Interaction of intense pro­
ton bursts with a target of uranium. 

The measurement of masses rests on the 
same theorem that is used in high-~esolutifn 
mass measurements: 7 Two ions A and B of 
masses MA and MB follow the same trajectory 
in the spectrometer if the magnetic field config­
uration remains constant and all electrostatic · 
potentials are changed to satisfy the ratio 

(1) 

To measure the ratio of two masses with our 
instrument it is thus necessary to keep the field 
fixed and measure the accelerating potentials 
VA and VB corresponding to ions that follow the 
same trajectories to the exit slit of the spec­
trometer. To meet this condition, a calibrated 
triangular modulation is applied to the de accel­
erating potential U in order to sweep. the ions 
past the slit. From the peak in counting rate 
and the known modulation, an increment v is 
determined, so that one has 

VA= UA+vA and VB= UB+ vB. 

During alternate pulses of the synchrotron 
(i.e., every 10 seconds) data are recorded on 
masses A and B. UA and UB come from two 
physically distinct, highly regulated (2·10-5) 
power supplies and are switched by a system of 
relays. The de potentials (6 to 10 kV) are mea­
sured each beam burst through a dividil(,g bridge 
with a digital voltmeter accurate to 10- . To 
determine the increments v, the centroids of 
the peaks (both means and medians) are calcu­
lated during the experiment with a PDP -15 com­
puter. 

In order to account for systematic errors 
Eq. (1) was modified by introducing the param­
eter 6 such that MA/MB = (VB+6)/(VA+O). The 
parameter 6 probably accounts for many causes 
of systematic errors. Some of these are ob­
vious, like the constant 3-volt de heating of the 
surface ionization source, which is not changed 
when jumping from mass A to mass B. There 
are, of course, other causes of systematic er­
rors that still remain unknown to us because the 
method is so new. It was thus felt indispensable 
to calibrate the instrument by measuring 6 on 
pairs of known masses in actual experimental 
conditions. A systgmatic study of Na isotopes 
with known masses showed 6 values of the or­
der of 8 V. While this value in itself is not un­
reasonable, its long-term variation during the 
time of the experiment was relatively large 
[a( 6) = 2.4 VJ and thus it was decided to measure 
6 at least twice just before and just after each 
unknown mass measurement with two known 
masses differing by the same mass number juml. 
For example, a measurement of M( 25Na)/¥.(2 Na) 
would be calibrated before and after by M(2"'Na)/ 
M(26Na). 

The results of the mass determinations are 
presented in Table I9 with their errors deter­
mined from the errors in the voltage measure­
ments and the uncertainty in the quantity delta. 
The errors in the voltage measurements come 
primarily from the counting statistics that de­
termine the centroids of the peaks. For the 
delta measurements, which had good counting 
statistics, it appeared that the major error 
came from the error in the digital voltmeter 
measurements. However, this error was over­
estimated because of the effect of the voltage 
modulation. Thus the delta errors only were 
determined from the agreement of replicates 
and came to about one volt. A chi-square value 
was calculated for the deviations of the 36 inde­
pendent mass measurements represented in 
Table I from the four means, and came to 26 for 
32 degrees of freedom. The reproducibility of 
the mass measurements therefore agrees with 
what one would expect from our calculated er­
rors. It is also worth pointing out that our ac­
curacy seems at present limited by counting 
statistics, rather than by systematic errors. 

We can deduce neutron separation energies 
from our measurements and compare them with 
the ca~~ulated v~0ues. It is apparent from Table 
II for Na and Na that the calculated odd­
even effect is significantly greater than the ex­
perimental one. It would be of obvious interest 
to improve these mffS measurements and to ex­
tend them to 31 Na, Li, and other isotopes. 
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Table I. Atomic mass excesses (M-A) in keV. The numbers in parentheses are 
the number of measurements. 

~ Ref::: 
mass 27 

25Na -9356 -5775±635 
(2) 

26 
Na -6854± 30a -5881±145 

(4) 

27Na -5880±140 

28Na -1260±170 

29Na 2730±210 

Best value -5880±140 

aSee Ref. 9 

28 

-1014± 200 
(9) 

-1619±475 
(1) 

-2249±460 
(2) 

-1260± 170 

29 

3105±495 
(4) 

2665± 260 
(6) 

2576±480 
(2) 

2730±210 

30 

8195± 685 
(3) 

7686± 1360 
(1) 

8712±690 
(2) 

8370±460 

Table II. Comparison with calculations. 

(M-A), MeV 

T G. et al. 
Isotope z Experimental revised 

27Na 5/2 -5.88± 0.14 -5.98 

28Na 3 -1.26±0.17 -1.55 

29Na 7/2 2. 73± 0.21 0.86 

30Na 4 8.37±0.46 6.89 

Footnote and References 

':'work performed at the Centre de Spectrom­
~trie Nucl~aire et de Spectrom~trie de Masse, 
91 Orsay, France, where one of the authors 
(AMP) was a Guggenheim Fellow for 1970-71. 

1. A. M. Poskanzer, G. W. Butler, and E. 
K. Hyde, Phys. Rev. C 3, 882 (1971) and refer-
ences therein. -

2. C. Thibault-Philippe, thesis, Orday (1971) 
and references -therein. 

3. A. G. Artukh, V. V. Avdeichikov, G. F. 
Gridnev, V. L. Mikheev, V. V. Volkov, and 
J. Wilizynski, Nucl. Phys. A176, 284 (1971). 

En (MeV) 

G. et al. G. at al. 
1969 Experimental revised 

-6.65 7.10±0.14 7.10 

-3.38 3.45± 0.22 3.64 

-2.14 4.08± 0.27 5.66 

2.72 2.43±0.51 2.04 

4. R. Klapisch, C. Thibault, A. M. Poskanzer, 
R. Prieels, C. Rigaud, and E. Roeckl, Phys. 
Rev. Letters~. 1254 (1972). 

5. A. G. Artukh, G. F. Gridnev, V. L. 
Mikheev, V. V. Volkov, and J. Wilizynski, 
Nucl. Phys. A192, 170 (1972). 

6. R. Klapisch and C. Thibault, in Proceed­
ings of the 4th International Conference on 
Atomic Masses and Related Constant§', Tedding­
ton, 1971 (to be published). 

7. See for example the discussion by W. H. 
Johnson, Jr. in Proceedings of the International 
Conference on the Properties of Nuclei Far from 
the Region of Beta-stability, CERN 70-30 (1970), 
p. 307. 



8. When not otherwise indicated, masses are 
taken from A. H. Wapstra and N. B. Gove, 
Nuclear Data Tables .2_, 267(1971). 

9. G. C. Ball, W. G. Davies, J. S. Forster, 
and J. C. Hardy, Phys. Rev. Letters 28, 1069 
and 1497 (1972). 

112 

10. G. T. Garvey, W. J. Gerace, R. L. Jaffe, 
I. Talmi, I. Kelson, Rev. Mod. Phys. _±!, 51 
(1969). 

11. C. Thibault and R. Klapisch, Phys. Rev. 
c.£, 1509 (1972). 

SEARCH FOR SUPERHEAVY ELEMENTS PRODUCED BY 

SECONDARY REACTIONS IN URANIUM* 

L. Westgaard, B. R. Erdal, P. G. Hansen, E. Kugler, G. Sletten, S. Sundell, J. Camplan, 

R. Klapisch, R. Meunier, A.M. Poskanzer, C. Stephan, and J. Tys 

It wa·s pointed out by Hyde 1 that when ura­
nium is bombarded with GeV -energy protons, 
the flux of energetic neutron-rich fragments 
might give rise to observable yields of super­
heavy elements through build-up reactions in 
the target. 

The main features of the experiment can be 
summarized as follows: (a) natural uranium 
was chosen as the target material in order to 
maximize the yield of neutron-rich fragments 
and to have a target for the secondary reaction 
as heavy as possible; (b) the volatile fraction 
of the reaction products was separated from 
the molten target matrix by vacuum distillation 
and collected in a cold trap, since according to 
theoretical predictions eka-Hg (Z=112) and eka­
Pb (Z=114), if present, were expected to be 
contained in the volatile fraction; (c) the con­
tents of the cold trap were introduced into an 
electromagnetic isotope separator tuned to the 
mass region of interest; and (d) the collectors 
from the isotope separation were viewed by 
charged-particle track detectors to search for 
spontaneous fission activity. 

The irradiations with 24-GeV protons were 
performed at the CERN proton synchrotron: an 
internal irradiation of a few hours with a mul­
tiple-traversal target to search for short-lived 
products, and a long irradiation in an external 
beam line. The internal target was made up of 
two U foils, sandwiched between Al monitor 
foils. The target for the external beam con­
sisted of aU-rod of about one proton interac­
tion length canned in stainless steel under a He 
atmosphere. This target was bombarded inter­
mittently over a period of 23 days. 

The only track that was observed in the 
quartz was not accompanied by a track at 180• 
in the matching plate. The event is therefore 
not likely to have been a binary fission decay. 
Thus, the experiment gives no evidence for 
production of super heavy elements. As a way 
of summarizing this result the upper limit of 
the overall cross section for the production of 

a superheavy element decaying only by BJ?Jon-
2 taneous fission was calculated to 2X10- em , 

assuming a half-life of one month. The limit 
was not quite as low for longer or shorter half­
lives. 

To interpret this result one must consider 
separately the primary and secondary sections 
that contribute to the process. By extrapo­
lation of experimental data one can arrive at 
a value for the flux of heavy fragments with 
enough energy to induce the secondary re­
action. This procedure contains large uncer­
tainties, however, because even though the 
energy spectra for

1 
the Ar fragments exhibit 

high-energy tails, this does not seem to be the 
case for Cu fragments 2 There is additional 
experimental evidence~' 4 that heavy fragments 
with sufficiently high energy do not exist. 
Nevertheless, an atte~pt ~ts been made for the 
secondary reaction 23 U( Ca, 4n) 29°112178· 
This represents one of several possible reac­
tions leading to products in the superheavy­
element region. With the upper limit for a one­
month half-life, one gets an upper limit of 5mb 
for the cross section of the heavy-ion secondary 
reaction. One is led to conclude that the type of 
secondary reaction considered is not prom­
ising for the production of superheavy elements. 
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CONCERNING THE MECHANISM OF HEAVY-ION TRANSFER REACTIONS 

N. K. Glendenning and R. J. Ascuitto* 

Although by now many experiments involving 
the transfer of one or several nucleons between 
heavy ions have been carried out, there re­
main unsettled questions concerned with the 
mechanism of these reactions. Do second-order 
processes involving the inelastic excitation of 
the target or residual nucleus play an important 
role in the reaction? To date such theoretical 
analyses as have been carried out assume that 
they do not. The distorted wave Born approx­
imation (DWBA) has been used to compute the 
direct transfer contribution, and there is no 
strong disagreement with experiment to suggest 
that this approach is inadequate. However, 
from our earlier work on reactions induced by 
light nuclides, such as (p, t) and (d, p), we do 
know that the higher-order processes mentioned 
above are sometimes very important. 1 The fact 
that in Coulomb excitation experiments, collec­
tive states are produced with probability ap­
proaching unity suggests to us that they ought to 
be important in heavy-ion reactions also. 

Here we re!1ort a schematic calculation of 
the reaction 1 0sn(18o, 1bo) 122sn at 100 MeV, 
designed to estimate the role of higher-order 
processes, comprising all the transitions shown 
in Fig. 1. In the usual DWBA treatment only a 
single transition is computed, namely that from 
the target ground state to the residual state of 
the product nucleus. Our method of doing this 
type of calculation is the so-called source term 
method which we have developed in earlier pub­
lications. 2 

Fig. 1. Various routes that can excite the o+ 
and 2+ state in 122sn in the reaction 
120sn(18o, 16o)122sn which are incl~ded in 
the calculation. The usual DWBA treats only 
the direct transition from the ground state to 
each product state. (XBL 733 -2453) 

We describe briefly the nature of the struc­
ture of the nuclei which is relevant to this re­
action. The gro'fbd state of 18o is treated as 
an inert core of 0 plus two neutrons which 
may occupy the S1/2• d3/2 and dS/2 orbitals in 
a Woods- Saxon potential which binds them at 
approximately the energies observed in 17o. 
Tje interaction matrix elements between pairs 
of neutrons in each of these configurations is 
assumed to be of the pairing force type of such 
a strength that the binding energy of the last 
~o neutrons is correct. We assume that the 

0 projectile does not itself become excited 
in the reaction. Two states of each tin nucle_fs 
are included, the ground and the collective 2 
state. The former is described as a BCS vac­
uum state, and the latter as a collective two­
quasiparticle state. The form factor for the 
transfer of two nucleons based on these nu­
clear descriptions is computed using the finite 
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Fig. 2. Differential cross sections are shown by 
dashed line corresponding to direct transitions 
and by solid line corresponding to all processes 
illustrated in Fig. 1. (XBL 733-249) 
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Woods-Sagon potential that binds the two neu­
trons in 1 0. However, recoil effects are ne­
glected. We do not believe that this neglect can 
effect our estimate of the importance of higher­
order processes compared to the direct transi­
tion, although in a detailed comparison with ex­
periment it may well be important to include 
recoil effects. 

In Fig. 2 the results of the calculations can 
be seen. The dashed lines correspond to the 
direct transiti~n fro~ the ground state of the 
target to the 0 and 2 states of the final nu­
cleus, respectively, and corresponds to the 
usual DWBA aside from the effect of virtual in­
elastic excitations. These distributions have 
the characteristic maximum at an angle cor­
responding to a grazing collision in a classical 
picture (about 25•) and fall off at forward angle 
due to the small overlap of bound states for ions 
which do not approach each other closely while 
they fall off at large angle due to absorption of 
the projectile into more complicated reactions 
in intimate collisions. The solid lines include 
all the higher-order processes illustrated in 
Fig. 1 and produce two marked results for the 
excited state. First the magnitude of the cross 
section is decreased at the grazing angle, and 
the fall-off at small angle characteristic of the 
direct process is filled in. The ground state 

transition in contrast receives a much smaller 
contribution from the higher-order processes. 

There remains much to be done in clarifying 
the details of the reaction mechanism. We can 
conclude from this work, so far, that the usual 
first-order treatment of heavy-ion transfer re­
actions is often inadequate and that the higher­
order processes involving the excitation of the 
target or residual nucleus are for some states 
more important than the direct transition. 
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ON SUB-COULOMB TRANSFER REACTIONS 

M.A. Nagarajan 

The motivation for the study of transfer 
reactions at energies well below the Coulomb 
barrier was provided by Breit, Hull, and 
Gluckstern 1 who pointed out that one could 
use a classical description of the relative 
motion of the particles. The calculations of 
Breit and Ebel2 have been very successful in 
explaining the results of the experiments of 
Mcintyre et al. 3 Buttle and Goldfard4 had pro­
posed a DWBA th~ory of transfer reactions, 
where one could approximate the distorted wave 
by a Coulomb wave function. They, however, 
found a number of cases where there existed 
large discrepancies between the post and prior 
versions of the theory. They suggested thatthe 
discrepancy was due to a neglect of recoil, and 
included recoil effects approximately by mod­
ifying the initial and final momenta. This ap­
proximate method of including recoil is equiv­
alent to assuming that the transfer of the nu­
cleon takes place along the vector joining the 
two nuclei at their distance of closest approach, 
and also partly ignores the effect of Coulomb 
distortion. 

An improved treatment of recoil has been 
attempted by the author by calculating the gradi-

ent of the Coulomb wave functions exactly and 
approximating the Coulomb integrals in the tran­
sition amplitude in a manner that has been illus­
trated by Goldfarb and Buttle. 5 Calculations 
are being done to compare our results with 
those of other authors who have utilized Gold­
farb' s approximation. 
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RECOIL EFFECTS IN SINGLE-NUCLEON-TRANSFER HEAVY-ION REACTIONS 

M.A. Nagarajan 

During recent years, there have been a large 
number of experiments which have studied sin­
gle and multinucleon transfer between a heavy 
ions and a target-nucleus. Attempts have been 
made to extract spectroscopic factors from the 
experimental cross section by using the dis­
torted wave Born approximation theories pro­
posed by Buttle and Goldfarb1 and Tobocman 
et al. 3 The results indicate that the existing 
DWBA theories are incapable of explaining the 
magnitudes of the cross section. 

The above theories make an approximation of 
neglecting the mass of the transferred nucleon, 
m, in comparison with the mass of the cores, M, 
involved in the reaction. The neglect of these 
terms of the order of m/M in the radius vectors 
allows for a considerable simplification in the 
evaluation of the distorted wave amplitude. The 
above approximation, often referred to as a no­
recoil approximation, predicts a parity selec­
tion rule on the angular momentum of the form 
factor thereby reducing the multiplicity of angu­
lar momenta which could otherwise have been 
transferred between the initial and final dis-
tor ted waves. 

3 It was suggested by the author that the dis-
crepancy between the experiment and theory 
could be due to the neglect of terms of the order 
m/M in the DWBA theories. Even though the 
ratio m/M is small compared with unity, the 
fact that the reaction is confined to a region 
around the surface of the .target nucleus implies 
that an angular momentum of the order of (m/M) 
K R, where K is a local momentum at the dis­
tance of closest approach and R is a nuclear 
radius, is being neglected. At projectile ener­
gies well above the Coulomb barrier, the single 
nucleon being transferred could carry orbital 
angular momenta of the order of one or two units. 
The transfer amplitude is known to be a very sen­
sitive function of the angular momentum trans­
fer, and a recoil correction of one or two units 
of angular momentum would thus cause a drastic 

change in its magnitude. The recoil correction 
was calculated-by the author in collaboration 
with Kovar, Beccf8etti, an't Harvey;~ for the pro­
ton transfer on 20 Pb by 1 0 and 1 C ions, and 
it was found that the recoil effects do reprod'!;ce 
the j -dependence observed in these reactions 
as well as the energy dependence of the gross 
section. Recent calculations of Devries tend 
to further emphasize the importance of includ­
ing recoil effects in high-energy heavy-ion re­
actions. 

Due to the fact that the spectroscopic factors 
are very sensitive to the magnitude and phase of 
the recoil amplitude, an exact expression for 
the first-order recoil amplitude has been ob­
tained by the author. The expectations are that, 
due to the properties of the nuclear overlap in­
tegrals, a first-order recoil correction would 
be adequate for most of the single-nucleon 
transfer reactions. Attempts are being made 
to incorporate these into the existing DWBA 
program. 
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PARTICLE-WAVE AMBIGUITIES IN THE INTERPRETATION 

OF HEAVY-ION REACTIONS 

P. J. Siemens* and F. D. Becchetti 

Most direct heavy-ion reactions are charac­
terized by a simple angular distribution which 
is peaked about an angle 8 • 1 The observed 
dependence of egr on the Jftergy and charge of 

the incident ion leads to the interpretation of 
these reactions as "grazing reactions," in 
which the projectile and target move on class­
ical trajectories such that the ions' surfaces 
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just touch,2 The reaction is limited to such 
trajectories by two effects: if the ions pass 
farther from each other, the interactions be­
tween them are weaker and less likely to induce 
the reaction, while if the ions approach each 
other too closely, competition from other pro­
cesses, such as compound-nucleus formation, 
reduces the direct cross section. Alternatively, 
the "grazing reactions" may be thought of as 
being limited to a narrow range of a¥ular mo­
mentum of the projectile and target. 

One finds, however, that the parameters ob­
tained by using various models often differ sub­
stantially and cannot be simply related. This 
means the physical meaning of such parameters 
is very uncertain. In this work we present an 
explanation for some of these apparent ambi­
guities and give an illustration using DWBA. 

Limits of the classical (particle) and diffrac­
tive (wave) theories are derived and found to 
predict angular distributions whose widths (in 
angle e. g. ) vary directly and inversely with the 
width of the interaction region in r-space, re­
spectively. Thus, many ambiguities arise in 
the interpretation of angular distributions. 

We illustrate the ambiguities noted above in 
Figs. 1 and 2. 

2os Pb C60, 160 ) 

E0 = 104 MeV 
Q=O MeV 
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Fig. 1. The variation of the width (FWHM) of 
the DWBA angular distribution vs the width 
(FWHM) and peak (r = R) of the form factor (see 
Fig. 2). A. is the projectile wavelength (r = oo). 
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Fig. 2. DWBA calculations for a "quasi-
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ar = 0. 5 fm. The quantity lf3L I is proportional 
to the square of the DWBA transition amplitude. 
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In Fig. 1 w:ng;how Ghe fssults of DWBA cal­
culations for 2 Pb( 1 0, 0). We have used a 
purely absorptive optical potential of Woods­
Saxon shape with W = -15 MeV, Rr = 11 fm, and 
ar = 0.5 fm. The absence of a real potential al­
lows one to use the classical relations between 
1, e, r for Coulomb trajectories, but otherwise 
does not alter the qualitative results deduced 
from calculations. The form factor was taken 
to be a derivative of a Woods-Saxon shape (see 
Figure 2) with a variable width and peak radius 
(~R). Plotted in Fig. 1 is the FWHM of the 
calculated a(8)vs the FWHM of the form factor 
for two values of R. One finds two solutions 
which give the same width for a(8): FWHM 
(r) >A. (classical limit), and FWHM (r) < < A. 
(diffraction limit), where A. is the wavelength of 
the projectile. 

In Fig. 2 we show DWBA calculations ob­
tained with two very different form factors 
which, however, give similaMsfape~- for a(e ). 
Also shown is the quantity lf3L I a: T} T 1 vs 1, 
where L is the angular momentum transfer 
(L = M = 0). The decrease in lf3t;r 12 for small 
1 values is due to the decrease of lf3t;rl 2 arising 
from the absorptive potential, W(r), r- Rr 
Ur=RI = 30). Similarly, the shape of a( e) at 
large angles is sensitive to the optical potential 
(which was not adjusted). At forward angles the 
calculations are nearly identical, even though 
the asymptotic parts of the form factors are 
quite different. 

Results similar to those shown in Figs. 1 
and 2 were obtained for angular momentum (L), 
energy (Q), and mass transfers typical ofmany 
heavy-ion reactions. 

117 

We conclude from this study that: 
(a) Classical and diffraction models can give 

similar shapes for heavy-ion reaction angular 
distributions, but often this will require very 
different parameters. 

(b) DWBA calculations exhibit similar ambi­
guities in that the shape of a(8) does not unique­
ly determine the shape of the form factor even 
in the asymptotic region r _,.co. 

Of course, if one calculates the form factor 
from some nuclear model and obtains the dis­
torting potentials from other sources (e. g., an 
optical-model analysis of elastic scattering) 
then one~ priori determines which behavior, 
classical or diffractive (particle or wave), will 
dominate (if either). Lacking such a prescrip­
tion, however, can result in an ambiguous and 
unphysical determination of parameters. 
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NEUTRON TRANSFER IN REACTIONS BETWEEN SUPERCONDUCTING NUCLEI 

M. Kleber* 

The scattering of two heavy ions is charac­
terized by the strong Coulomb interaction be­
tween target and projectile. This fact is re­
flected in the Sommerfeld number (Coulomb 
parameter) TJ being large compared to unity: 

2 
TJ = Z 1 Z 2 e /fl v = ka > > 1. ( 1 ) 

z 1 and Z2 stand for the charges of the two ions, 
v is the initial velocity of their relative motion, 
and k denotes the corresponding wave number. 
The distance 2a is the classical distance of 
closest approach in a head-on collision. When­
ever TJ > > 1 then the relativi motion of the two 
heavy ions can be described in terms of class­
ical (fl ..... 0) orbits. For bombarding energies 
below the Coulomb barrier the relative motion 
is to a good approximation a Rutherford trajec-

tory. If the bombarding energy is larger than 
the Coulomb barrier, one has to take into ac­
count the strong nuclear absorption in the over­
lap region between projectile and target. Treat­
ing t~e nuclear core as an "opaque" sphere, one 
finds for energies above the Coulomb barrier 
that the differential cross section for elastic 
scattering shows a diffraction pattern of Fresnel 
type. 

Transfer reactions take place mainly at bom­
barding energies near the Coulomb barrier, or 
more precisely they are confined to the region 
where projectile and target touch each other. 
For distances larger than the touching distance 
the tunneling matrix elements become very 
small, whereas for distances smaller than the 
touching distance the transfer is reduced be-
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cause of the many open channels in the overlap 
region. A very useful classical model has been 
developed by Brink. 3 The model treats the 
coupling between the kinematics of the transfer 
and the nuclear degrees of freedom. Of partic­
ular interest are theoretical predictions for 
optimum Q values, for the transfer of a~ular 
momentum, and for the effect of recoil. An­
other important problem is the investigation 5of 
Coulomb excitation during the transfer of par­
ticles. 

The coupling of two superconducting nuclei 
just below the Coulomb barrier is weak. The 
situation is similar to the coupling of two super­
conducting metals separated by a thin oxide 
layer. This device is known as a Josephson 
junction. The scattering of two superconducting 
nuclei differs in two ways: 

1. the coupling of the two nuclei occurs only 
during a short period; 

2. the two nuclei are finite systems. 

One can show6 that there is an oscillatory trans­
fer of nucleon pairs if its oscillation period is 
smaller than the reaction time tr and if the chem­
ical potentials of the two nuclei are not very dif­
ferent. The last condition is not a severe lim­
itation. The reaction time for the scattering is 
approximately 

t :::: a/v. r 
(2) 

The corresponding energy Er = 1i/tr lies inmost 
cases between 2 and 4 MeV. It is approximately 
equal to the energy Et of the oscillatory transfer 
which is essentially the derivative of the chem­
ical potential f.L with respect to the neutron num­
ber N: 

(3) 

This means that about one oscillation could be 
detected assuming that Coulomb excitation does 
not destroy the effect. It seems to be that in 
direct nuclear rea.ctions an oscillatory transfer7 

is confined to a very small number of os cilia­
tions whereas, for example, the differential 
cross section for resonant electron capture in 
proton-hydrogen collisions8 shows a large 
number of oscillations for fixed energy and 
variable angle or variable energy and fixed 
angle. 

A calculation of the transfer of neutrons in 
· reactions betwe9n superconducting nuclei has 
been performed in·the framework of perturba­
tion theory assuming Rutherford trajectories 
for the relative motion between the two nuclei. 
The BCS Hamiltonian of the coupled system is 
constructed in terms of commuting field oper­
ators. We use this Hamiltonian and calculate 

the transition probabilities PT for the transfer. 
Within the semi!=lassical approximation the dif­
ferential transfer cross section is given by 

(~ 
d T 

(4) 

We confine ourselves to bombarding eneagies 
below the Coulomb barrier and replace (rln)e.l' 
by the Rutherford cross section. Our caicula­
tion does not consider interference between 
Coulomb excitation and transfer. In Fig. 1 we 
show the differential cross sections for the 
total one-g,eutron transfer in the reaction 
200Hg( 19 Hg, 195Hg)201Hg and for the trl~~fer 
of two neutrons into the ground states of Hg 
and 202Hg at Ec. m. = 560 MeV. The .Coulomb 
barrier is about Ecb = 562 MeV. The quantity 
F is the sum of the probabilities for all pro­
cesses which are allowed within perturbation 
theory. F depends on ec. m., and its deviation 
from unity indicates the limitation of perturba­
tion theory. In Fig. 2 the energy dependence of 
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Fig. 1. Differential cross sections, for the 
total single-neutron (sn) transfer 200Hg 
(196Hg :f95Hg)201Hg and fo~ the f96'und ~,tte 
two-ne~tron (tn) transfer 2 0Hg( Hg, 1 Hg) 
202Hg at Ec.m. = 560 MeV. The deviation ofF 
from unity is .a measure for the failure of per­
turbation theory. (XBL 7211-4403) 
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Ec.m. [Mev]-

Fig. 2. Differential cross section at it. m. = 120• 
as a function of the bombarding energy E m . 
The symbols sn and tn are defined as in ~i"g. i. 

(XBL 7211-4404) 

the differential eros s sections is plotted for 
Be. m. = 120•. Again perturbation theory is 
limited to F"' 1. 

The two-neutron transfer shows an interest­
ing interference pattern because of the fact that 
the imaginary parts of the amplitudes for double 

single-neutron transfer and for pair transfer 
are opposite in sign. The shallow minimum be­
longs to the node of the imaginary part. Per­
turbation theory fails to describe the details of 
the second rise. This could be an indication 
for the existence of a non-perturbative effect as 
discussed above. 
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A REACTION MODEL FOR THE (a, 2a) REACTION 

J.D. Sherman, D. L. Hendrie, and A. Giorni 

The systematics of the (a, 2a) reaction has 
recently been investigated. 1 Theories relating 
to knock-out reaction mechanisms and nuclear 
structure information derived from such reac­
tions has been reviewed. 2 The purpose of this 
article is to briefly describe a reaction calcu­
lation which provides more realistic treatment 
of the scattered particles than does the plane 
wave impulse approximation (PWIA). 2 .·. 

The transition amplitude f~r! quasi-elastic 
knock-out reaction factorizes • into the prod­
uct of two integrals in the PWIA: 

·--lS•r 
e (1) ..... s ..... fq ·p (-V( lr ll dp e ljJNLM p), 

where 

q = recoil momentum of the residual nucleus, 

p = relative coordinate of the bound alpha and 
-+ the binding core, 
s = momentum transferred by the projectile 
-+ to the bound alpha, 
r = relative coordinate between the two alpha 

particles. 
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The interaction potential V( rr I) is closely relat­
ed to free a- a scattering, and in the impulse 
approximation the first integral of ( 1) is re­
placed by the free (a-a) scattering cross section, 
including the appropriate kinematical quantities. 
In the PWIA the second integral is seen to be the 
Fourier transform of the -::oordinate space wave 
function, lJNLM(p). 

The distorted wave impulse approximation 
replaces the quantity eiq ·fi'" by the product of 
three distorted waves. 4 A somewhat simpler 
version of the model which has had utility in 
describing the (p, 2p) reaction 5 is to use para­
metrized distorted waves6 in place of the par­
tial wave expansions extracted from optical­
model calculations. The Fourier transform 
integral given in (1) has the form in DWIA: 

- s *(-) <j>NLM(q) = l(J (k _..p) "·'~(-) (k p) 
4 4' '+'3 3, 

(2) 

where the notation 1 + 2--. 3+4+5 is used in the 
reaction description. Partile 1 is the incident 
a, and 3 and 4 represent the outgoing a' s. The 
incident distorted wave is 

(+) (--k -) i(f31+i-y1)k1· p 
l/!1 1'p = N1e (3) 

The parameters f3 and -y can, in principle, 
be derived 7 from the rear and imaginary parts 
of the relevant optical-model potentials, but in 
practice they are empirically determined. 
When f31=f33 =f34=1 and 1'1 =-y3 =-y4 =0, the plane 
wave theory is recovered. The focus term 6 
required in nucleon scattering is not included 
in the present calculation, as focus effects 
were negligible in (a, a') scattering. The wavg 
function l!JNLM(p) is calculated in a finite well, 
assuming an S=O, T=O particle bound to the 
core with N = 2 and L = 0. 

Figure 1 shows the fit to the 
16

o(a, 2a)
12c 

(g. s.) angular correlation, where A is the scat­
tering angle common to both outgoing alphas. 
A family of f3 and -y values have been found 
which give equally good fits. One set is shown 
by the solid line in the figure. The dashed 
lines indicate results for ± 1 o changes in e, cor­
responding to experimental angular resolution. 
The calculations are arbitrarily normalized to 
the 35° data point. The dropping cross section 
at forward and backward angles is largely due 
to the interpolated free (a-a) scattering cross 
section. The correspondence between the cal­
culation and the data provides partial evidence 
for the validity of the quasi-elastic model. The 
c'flcul\tion is now being extended to include 
0 --. 2 transitions; preliminary indications are 
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Fig. 1. Comparison of experimgntal anguzar 
correlation extracted from the 1 0( a, 2a) 1 C 
(0.0) reaction with theoretical result. 
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that fitting this additional data may help elim­
inate the present ambiguity in the f3, -y param­
eters. There are some hopes that this will 
then remove the present arbitrariness in the 
normalization. 
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THE 90zr(p, p')90zr* REACTION AT 40 MeVt 

F. Petrovich 

Diffefential cross s~ctions for the fxcitation 
of the 2 + (2.18 MeV), 5 (2.i-2 MeV), 4 (3.08 
MeVd, 6 (3.45 MeV), and 8 (3.60 MeV) levels 
in 9 Zr have been measured using 40-MeV pro­
tons from the Michigan State University sector­
focused cyclotron. These excitations are of 
considerable interest to physicists working to 
understand inelastic proton scattering in ami­
croscopic model. The primary factor here is 
the wide range of multipolarity covered by these 
transitions. The data also contains interesting 
information on the behavior of core polariza­
tion as a function of multi pole. 

Theoretical calculations have been made for 
comparison with the experimental data. It has 
been assumed that the ground state of 90zr is 
given by 

I + I 2+ I 2+ 0 (g.s.)) = 0.8 (2p1/ 2 ) 0) +0.6 (i&:J/ 2 ) 0 ), 

+ + + + that the 2 , 4 , 6 , and 8 states are due to the 
g(/-/2 configuration, an<!_ that the 5- state has the 
structure !(g9; 2 p 1; 2)5 ) . Three particle-one 
hole admixtures have been included in these 
wave functions, using first-order perturbation 
theory. Two coupling interactions have been 
considered. The first was a "realistic" central 
G-matrix interaction. 1 The second was a cen­
tral interaction which gives a reason~Ble repro­
duction of the low-lying spectrum of Zr in a 
simple shell-model calculation us~ng a 
g9/2 - p 1 ; 2 model space. Harvey has sug­
gested tliat this might be a reasonable means of 
estimating higher- order core polarization ef­
fects. The real part of the interaction between 
the incident proton and the 9°zr target was also 
taken t~ be a "realistic" central G-matrix inter­
action. The imaginary component of this inter­
action was obtained by using a prescription due 
to Satchler. 4 The main features of these cal­
culations are that they contain no free param­
eters and that the bound-state coupling interac­
tion is consistent with the real part of the pro­
jectile-target interaction. 

Fig. 1. Re~ult~ of+ mi.froscop~c calculations 
for lowest 2 , 4 , 6 , 8 , and 5 states in 90zr 
for Ep = 40 Mev.· The dashed curves are re­
sults 1ncluding only real component in pro­
jected-target interaction. The solid curves 
are results with both real and imaginary com-
ponents. (XBL 729-4075) 
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The theoretical calculations are compared 
with the data in Fig. 1. The agreement be­
tween the theoretical results and the exper­
imental data is quite good. The contributions 
from the imaginary part of the interaction are 
seen to be important. These have been omitted 
in most microscopic model calculations. The 
factor E: gives a measure of the importance of 
core pofarization. It is analogous to the effec­
tive charge employed in discussions of y­
transitions. Contributions from core polariza­
tion decrease smoothly with increasing multi­
polarity, but they are not negligible, even for 
the excitation of the 8 + state. 

The theoretical wave functions indicate that 
polarization of core neutrons and core proton 
was of comp-frable importance for the excita­
tion of the 2 state. As the multipolarity of the 
transitions increased, however, the polariza­
tion of core neutrons becomes dominant. The 
spin-orbit component of the projectile -target 
interaction provides a test of this result. The 
spin-orbit force acts primarily in triplet-odd 
states, so it is quite important in the excita­
tion of target protons and fairly weak in ex­
citing target neutrons in inelastic proton scat­
tering. 5 In addition it gives rise to cross 
sections which peak at larger angles than do 
the cross sections arisin~ from the central 
parts of the interaction. Thus, in (p, p) tran-

sitions of high multipolarity where the spin­
orbit force is important, proton and neutron 
excitations are characterized by different shape 
contributions to the cross section. Calculations 
with the two-body spin-orbit force included,sup­
ported the result that neutron polarization was 
dominant in the excitation of the high- spin 
states. 
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CORE POLARIZATION IN INELASTIC PROTON 

SCATTERING FROM 209Bi AT 61 MeV* 

F. Petrovich 

Differential cross sections for the excita­
tion of the 0. 90- and 1.61- MeV le9els and the 
group of states at 2.62 MeV in ZO Bi have been 
measured using 61.2-MeV protons from the Oak 
Ridge Isochronous Cyclotron. The ground, 0.90-
MeV, .and 1.6.1-Me":' levels are the 1h9 ; 2, 2f7/Z• 
and 1113 ; 2 smgle-proton proton state~, 1 re­
spectively, while the multiplet of states at 2.62 
MeV is obtai~1ed by cm¥llJng the 1htJ/Z proton to 
the lowest 3 state of Pb core. The main 
purpose of the experiment was to study core 
polarization effects in the excitation of the 
single -particle states. AdmixBures built on 
positive parity states of the ZO Pb core are ex­
pected to be important in the 1h9/2-+ Zf?j~ 
transition. The negative parity states of 8pb 
enter in the case of the 1h9j2-+ 1 i 13; 2 transi­
tion. Admixture of the l1h9jZX r; 1372) state 
into the 1 i13/2 single-particle state is of par­
ticular importance in this transition. 3-7 

The cross section for the 2.62-MeV multiplet 
was found to be essentially identical with the 

cross section for exciting the 3- (2.62-MeV) 
level in 208pb by 61.2-MeV protons8 -in agree­
ment with the expectation that the multiplet has 
the structure l1h9jzX3-; J). The angular dis­
tribution for the 1.61-MeV 1evel was observed to 
have an L =3 shape nearly the same as that for 
the 2.62-MeV multiplet, but the cross section 
was 19 times smaller. The L =3 shape is con­
sistent with the fact that the 1 i 13/ 2 state cop.­
tains an appreciable admixture o i1h9/ZX3 ; 
13/2). The shape of the cross section for the 
0. 90- MeV level indicates that L=4 and L=6 trans­
fer are important in this transition. This is 
interesting because this transition is known to go 
by L = 2 in Coulomb excitation. 4, 5 

The data for the two single-particle excita­
tions has been analyzed using a microscopic 
model for the (p, p' ) reaction. 9 Several de­
scriptions of core polarization were considered. 
In the cc:se of the 1h9/2-+ 2f7/2 transition itwas 
found that the importance of core polarization 
decreased only slowly as the positive paritymul-



123 

tipoles increased from L=2 through 8. An ap­
preciable fraction of the core strength was found 
to be concentrated in the states formed by cout 
pVngthe 1 h942 and 2f7/2 levels to the fust 2, 
4 6 and 8 states in 208Pb. The theoret­
ic~! cr'oss section is compared with the data in 
Fig. 1. The importance of the L=4, 6, and mul­
tipoles in the cross section is evident. 

Calculations for the 1 h9j2-+ 1 i 1 3/2 transi­
tion indicate that there is an 8o/o admiXture of 
the 13/2 member of the 2.62-MeV multiplet in 
the 1 i13{,2 state. In arriving at this value we 
have inc uded the effect of mixing between the 
1 h9j2 and 11 i13j2X3-; 9/2) states and con­
tribution from h1gh-lying L=3 core excitation. 
These three effects contribute to the transition 
amplitude in the ratio 10.6: 2.3: 3.0, respectively. 
The theoretical cross section is compared with 
the data in Fig. 2. 

The 8o/o admixture is in accord with the re­
sults of one-nucleon transfer studies. 1 The 
present experimental data is also in agreement 

4 with the Coulomb excitation data of Hertel et al., 
but does not agree with the Coulomb excitation 
results of Broglia et al. 5 which indicate a much 
smaller admi.fture. The (d, d') experiment of 
Ungrin et al. suggests an admixture interme­
diate to those implied by the two Coulomb ex­
citation experiments. 
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Fig. 1. Microscopic model result for 0.90-
MeV excitation at 61.2 MeV. The LSJ= 202 
valence (D) and valence-plus-core (D+C) con­
tributions are shown, as well as the complete 
S=O cross section which includes LSJ = 202, 
404, 606, and 808 contributions. The total re­
sult includes the effect of "spin-flip" multipoles. 
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CROSS-SECTION CALCULATIONS FOR HEAVY-ION REACTIONS 

J. Alonso 

This work consists of an extension of the 
program written by Sikkeland et al. 1 • 2 for 
cross-section calculations for the production 
of transuranic elements. Many ideas incorpo­
rated into this extension we3e 

4
worked on by the 

author and John Rasmussen ' both here and 
at Yale University over the last two years. 

The original version of the program first 
calculates the total reaction cross section, 
making use of the Hill- Wheeler parabolic ap­
proximation 5 for penetration of the potential 
barrier by the projectile. Assuming that all 
of the reaction strength goes into compound nu­
cleus formation, the nuclear excitation energy 
is then dissipated by neutron boil-off, calculated 
by the Jackson statistical model, 6 with the prob­
ability of fission of the compound system being 
estimated after each successive boil-off. 

The program was remarkably successful for 
predicti;Pg cross sections in the transuranic re­
gion, 1 • and has been utilized extensively in the 
heavy-element research program at the HILAC 
for many years. 

Although successful in the transuranium re­
gion, the results obtained for calculations out­
side this region are not realistic. Thus one is 
forced to examine the model employed, and at­
tempt to make it conform more to physical real­
ity. Several aspects of the original program 
are ready targets for upgrading. 1) Nuclear 
deformations are not taken into account. It is 
expected that the shape of the total reaction 
cross section will depend fairly sensitively on 
nuclear shapes, especially near the Coulomb 
barrier. 3 2) Other possible reactions can rob 
strength from the compound nucleus channel, 
and 3) only neutron evaporations are included, 
whereas it is known that for many reactions, 
products including an alpha boil-off have higher 
yields than pure xn products. 

Deformation has been introduced by a shaRe 
parametrization of the Wood-Saxon potential,3, 4 
and thus absorption coefficients are calculated 
over a whole range of angles. 

The inclusion of other reaction channels can 
be summarized by reference to Fig. 1. As the 
two particles come within the range of nuclear 
forces, first the probability of a transfer reac­
tion occurring is calculated (based on the Breit­
Ebel semiclassical tunneling formalism, 7 with 
several parameters adjusted to match exper­
imental data). If fission occurs during this pro­
cess (Coulomb fission is included here), the re­
sult goes into the fission channel. If no fission 

occurs, the probability of barrier penetration 
is calculated, for both transfer and non-transfer 
cases. If the classical turning radius of the 
projectile is within the nucleus, (Fig. 2a) the 
probability of forming a compound nucleus is 
estimated by the density of states available in 
the well. This is a relaxation of the usual as­
sumption of a black sticky nucleus. The com­
pound nuclei which survive prompt fission are 
then allowed to de-excite by particle boil-off, 
with fission competition calculated at each 
stage. 
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Fig. 3. Calculated total re<lz~1!on cr~ss sections 
for spherical and deformed U + 1 C ions. 
Data points are fission cross sections measured 
by Viola and Sikkeland (Ref. 10). Parameters 
used in calculations are: 
r

0 
= 1.25, 

d = 0.50, 

V = 70 (not sensitive). 
0 

(XBL 733-2457) 

To date, particles other than neutrons are 
not considered, but in the near future we ex­
pect to include the code of Winn, Gutbrod, and 
Blann8 which considers all modes of evapora­
tion. 

Our formalism is thus capable of predicting 
gross cross sections for many classes of events. 
To date, most of the testing and parameter eval­
uation have been carried out for fusion reactions. 
For these cases, we have found that transfer and 
prompt fission are relatively minor contribu­
tions. 

We are then left with the basic result that the 
main influence on the fusion eros s section is 
the barrier penetration factor. In the usual 
parabolic approximation, the cross section is 
calculated by carrying out a sum over many 
partial waves, each one an average over all 
orien~ations of the nuclear deformation axis. 
Wong at Oak Ridge has recently shown that by 
:making several -realistic approximations a 
closed-form expression can be obtained for the 
cross section, involving no sum over £ partial 
waves. His formulas have been checked against 
rigorous calculations, and have proved quite ac­
curate, with a saving of a factor of over 100 in 
computation time. 

A detailed comparison is in progress between 
calculated total reaction cross sections ang ex­
perimental results of Viola and Sikkeland1 of 
fission cross sections of 238u with heavy ions. 
The most interesting effect to date is shown in 
Fig. 3, demonstrating that although we kn2~8 
238u is deformed, calculations assuming U 
to be spherical yield a closer agreement with 
experiment. This effect is puzzling, indicating 
that somehow the heavy ion is not feeling the 
nuclear deformation. Further experiments to 
test whether or not the Coulomb barrier is sen­
sitive to nuclear deformations are clearly in 
order. 
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FISSION HALF-LIVES FOR HEAVY EVEN-EVEN NUCLEI 

P. Meller and J. Randrup 

The calculation of fission half-lives is 
essential for the understanding of the synthesis 
of heavy nuclei. However, previous calcula- ' 
tions have not been able to reproduce the known 
half-lives better than to within a factor of 
typically 106. In recent years more refined 
calculations have been made of the fission po­
tential barriers, and, as will be shown, it is 
possible to determine the liquid-drop. param­
eters so that the second barrier heights agree 
with experiment. This second barrier has a 
dominating influence on the fission half-lives. 
With such potential barriers available, it 
seems worthwhile to utilize the by now rather 
rich experimental half-life data to obtain some 
semi-empirical information on the fission 
inertias. We hope by this approach to de­
velop a more reliable pre scription for pre­
dieting the fission half-lives and, further, to 
gain insight into the dynamical nature of the 
heavy nuclei. 

The theoretical fission-barrier extrema 
used for this purpose below are basically 
those obtained in Ref. 1, but two corrections 
have been made. First, we have corrected 
the first barrier peak for the effect of the'{ 
degree of freedom, according to the results 
obtained by Larsson. 2 Second, we have modi­
fied the liquid-drop parameters relative to 
those suggested by Myers and Swiatecki3 
(used in Ref. 1). 

Pauli and Ledez:berger4 have suggested that 
the increase of the theoretical second barrier 
peak as a function of N (for fixed Z) found by 
them and also by Moller, 1 and which is in 
contrast to the experimentally encountered be­
havior, might be due to a too-small value for 
the surface energy symmetry constant K 
suggested by Myers and Swiatecki. Thiss 
suggested value of Ks is rather uncertain as 
it has not been independently fitted to data but 
was assumed ~ priori equal to the volume en­
ergy symmetry cons-tant. Pauli and 
Ledergerber4 have suggested a method for 
determining the surface symmetry constant 
K S and the ratio 2 a2/ c3 by fitting theoretical 
barriers to experimental values at the second 
barrier peak. Using their notation we write 

where 

2a2 2 
-- (1-K I), and c3 =0.720MeV. 

c
3 

s 

Figure 1 shows the !;, '::l that will bring the theo­
retical barriers into agreement with the ex­
perimental values given by Bjornholm and 
Lynn, 5 for 11 even-even actinide nuclei, and 
in case the pairing strength G is independent 
of distortion. A zero-point energy of 0. 5 MeV 
was added at the potential-energy minimum 
while no correction was added for the second 
saddle point. The error bars correspond to 
an uncertainty of ±0. 5 MeV in the barrier 
heights. The straight line represents a least­
squares fit of 2a2/ c3 {1- Ks I2 ) to the experi­
mental s' s, giving the result 

In the alternative case of a pairing strength 
proportional to the nuclear surface, one ob­
tains instead 

Ks = 4.02 , 2azlc3 = 57.99-

Although the resulting barriers fit experi­
ments well, one should point out that the above 
values forKs and 2a2/c3 yield erroneous 
ground state masses. To determine a con­
sistent set of liquid-drop parameters are­
newed simultaneous fit to barriers and masses' 
must be made. An alternative, a little fur­
ther ahead, is the use of the more refined 
droplet model developed by Myers and 
Swiatecki. 6 The above fit of second barrier 
heights seems to indicate strongly a larger 
value than previously assumed for the sur­
face- symmetry term. One should note the 
importance of this fact for the problem of the 
possible synthesis of heavy elements along 
the r -process path. 
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Fig. 1. 11 Experimental" I; determined for 
G = const from·eleven experimental values 
of the second barrier height. The full line is 
a least-squares fit of the expression 
2a2/c3 (1-Ks I2) to these data. (XBL 733-2428) 

As stated in.the introduction, with the im­
proved knowledge of the potential-energy sur­
face we now proceed to study the problem of 
the observed spontaneous-fission half-lives. 
The potential-energy surface is a multidimen­
sional surface, but we have chosen to collect 
all variables into one coordinate s, denoting 
a fission-path coordinate in terms of a path 
passing through the minima and saddle points 
of the energy surface. 

Provided one knows the potential energy 
V ( s) along this fission path, as well as the 
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inertia B(s), associated with motion along 
this path, the fission half-lives may be ob­
tained by ordinary WKB theory: 

-28.04 (1 K) t 1; 2 = 10 + e years, 

where K is the action along the path 

K 
2 
f1 

(max 

l ds 

s . 
m1n 

.j 2B(s)[V(s)-E vib] 

In this first, simple -minded approach, 
the fission coordinate s is simply taken to 
correspond to the projection of the path onto 
the axis of spheroidal deformation. Further­
more, the wiggly potential felt by the fission­
ing system is assumed to be a smooth function 
passing through the four stationary points 
(I, A, II, and B) and a fifth point beyond the 
second saddle. Appropriate polynomials are 
thus splined through these points. For the 
first part of the path this is probably a fairly 
safe approach; however, the dynamical path 
is rather uncertain beyond the second saddle. 
The fifth point chosen here ( E2 = 1. 0, E4 
= 0.14) lies approximately on the liquid-drop 
fission path, and appears to account pretty 
well for certain systematic trends in the half­
lives. Hopefully, systematic errors inherent 
in the present approach may to some extent be 
compensated for by a renormalization of the 
associated effective inertia B(s). 

Because of the singular character of E2 
for large distortions, this coordinate is prob­
ably not the best for studying the fission 
process. A more suitable fission coordinate, 
having appealing asymptotic properties, is the 
center-of-mass distance between the two 
11 fragments. 11 Assuming equal fragments (and 
purely ellipsoidal shapes) the corresponding 
transformation of the potentials is simple. 
In terms of this coordinate the effective inertia 
should not have a too drastic variation. Hence 
it seems worthwhile, for a first orientation, 
to use simply a constant as the trial form of 
the inertia. Figure 2 shows the results of 
such an approach. Twenty-five even-even 
actinide nuclei have been used as a test 
sample, and that (constant) inertia which mini­
mizes the average order -of-magnitude devia­
tion has been determined. It is seen that with 
a constant inertia of around 3AM/4 one is 
able to reproduce the experimental ground 
state half-lives to within one order of magni­
tude on the average, which is surprisingly 
good. Furthermore, the main trends of the 
half-lives for the heavier nuclei are correct. 
Thus this method seems the most promising 
one available for predicting the half-lives of 
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Fig. 2. Experimental ground state half-lives 
for the chosen test sample of nuclei. Broken 
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unobserved nuclei in this region, and in par­
ticular we focus our attention to certain iso­
topes of the element 106. 
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Finally, it should be mentioned that one 
can not immediately from this material ex­
tract the structure of the true fission inertia. 
The inertia derived from the fit to the ground 
state half-lives does not fit the relatively 
short isomer half-lives; instead they require 
a considerably smaller inertia to be used 
throughout the second barrier. Furthermore, 
calculations seem to bear out that these 
lighter nuclei make large excursions into 
other dimensions of the distortion space when 
passing through the first barrier. Hence the 
effective inertia should be correspondingly 
larger when projection is made onto one degree 
of freedom. This multidimensionality of the 
fission path probably explains the large devia­
tions for the lighter nuclei (especially U), and 
we shall attempt to include this problem in 
the forthcoming more detailed treatment. 
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GEOMETRIC PROPERTIES OF LEPTODERMOUS* DISTRIBUTIONS 

WITH APPLICATIONS TO NUCLEit 

W. D. Myers 

A scheme for characterizing the geometric 
properties of nuclear density distributions and 
potential wells originated by the author (a 
suggestion of a similar sort is also to be found 
in Ref. 1) and substantially elaborated by 
SU:ssmann2 has been employed in an analysis of 
various experimental results. 

The study concerns the geometrical quanti­
ties: 

C, the "central radius," 
R, the "equivalent sharp radius, 11 

Q, the "equivalent r. m. s. radius, 11 

b, the "surface width, 11 

(1) 

whose detailed definitions are to be found in 
Ref. 3. Figure 1 serves to illustrate these 
quantities. They are related to each other by 
the expressions 

where 

C = R[ 1 - f3 
2 

+ · · · ] , 
5 2 

Q = R[ 1 + z f3 + ... ] ' 

f3 = b/R 

(2) 

is the expansion parameter. For nuclei b:::: 1 
fm, consequently f3<<1 for most nuclei and the 
simple expressions given in Eqs. (2) are ex­
pected to be quite accurate. 
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Fig. 1. The normalized, spherically symmetric, 
leptodermous distribution f(r) and the correspond­
ing surface distribution function g(r) are plotted 
against the radial distance r. The values of Ri /2 
and ti 0 _ 90 are given for this distribution in addi­
tion to the values of C, R, Q, and b whose use is 
advocated here. Sharp density distributions hav­
ing the same volume integrals as f(r) and radii 
equal to C, R, and Q have also been drawn iri.for 
the purpose of demonstrating the geometrical 
importance of R. (XBL 72i0-4i23) 

If nuclei are considered to be incompress­
ible, only the q}!antity R is expected to be pro­
portional to Ai(3. Attempts to describe Q or 
C values in terms of a constant times Ail 3 tend 
to create confusion. Figure 2 shows the result 
when the ratios of Q values (from fl-mesic 
atoms) and C values (from elezj'3on scattering) 
to Ail 3 are plotted against A- for nuclei 
throughout the periodic table. Neither of these 
ratios is a constant, but they both lie on the 
dot-dashed lines corresponding to the predic­
tions of Eqs. (2) with 

R = 1.i28 Ai/ 3fm, 
(3) 

b = i fm. 

The values of the ratiq of R (calculated from the 
Q and C values) to Ai(3 are plotted as squares 
in Fig. 2; they scatter about the constant value 
1.i28 fm. This constant~ which provides a pro­
portionality between A i/ and the equivalent 
sharp radius of the proton distribution, is not 
equal to r 0 , the radius constant of symmetric 
uniform infinite nuclear matter. These num­
bers differ because nuclei are not strictly in­
compressible and because there is a neutron 
skin on neutron-rich nuclei. The connection 
between them is provided by the droplet model 
which is discussed in some detail in Ref. 3. 

Relationships like those in Eq s. ( 2) can be 
obtained to show the connection between the 
geometric properties of one leptodermous dis­
tribution and another which is obtained from it 
by folding in a short-range function. The fol~ 
lowing relationships: 

c 2 = ci (i-!3~ + .. · ), 

R 2 = Ri, (4) 

5 2 0 2 =Q1(i+2i3c + '"), 

hold when 131.. and 13
2 

are small, where the quan­
tity i3c is delined by 

1 2 
i3c = 3 ( r ) folding /Ri. 

function 

These relationships were employed in a 
study of nuclear density distributions and opti­
cal model potential wells. One of the conclu­
sions of this work was that the optical model 
wells cannot be obtained by folding a simple 
Gauss1an lnteraction into the density distri­
bution. The experimental values of Rp and 
Rv differ, and in Eqs. (4) above we see that 
they must be the same if the two distributions 
are to be related by a folding. 
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points are also plotted and are seen to scatter 
about the solid horizontal line at i·{J~ fm. The 
corre/:fonding predictions for Q/ A and 
C/ Ai are given as dot-dashed lines. 
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the upper part of the figure. Short vertical bars 
on Pn and p z indicate the location of the equiv­
alent sharp radii Rn and Rz. The long verti­
cal line indicates the location of the equivalent 
sharp radius of the total density Rfl. This 
same line indicates the location of the equivalent 
sharp radius of the potential (obtained by folding 
a non- saturating force into the density) plotted 
in the lower part of the figure as a dashed line. 
The lower dashed line is the potential itself and 
the upper dashed ·line is the same curve normal­
ized to the solid line which represents the poten­
tial obtained when saturating interaction is used. 
A shorter vertical line indicates the location of 
the equivalent sharp radius of this latter poten­
tial and shows that it lies substantially outside 
that of the non- saturating potential. 

(XBL 7210-4156) 

Of course there is no physical reason to ex­
pect that the densities and potentials should be 
related in such a simple w~y. This is espe­
cially true since the almost incompressible 
nature of nuclear matter depends on the satura­
tion of the nuclear force. When a more reason­
able force of this kind (one which includes sat­
uration) is employed, there is no longer any dif­
ficulty in relating the nuclear density distribu­
tions and potential wells. Figure 3 shows how 
a potential well generated by folding a satur­
ating interaction into the density (solid line) lies 
outside a similar well (dashed line) generated 
without saturation. 

This work has shown that if the geometrical 
relationships between various nuclear properties 
are treated correctly a number of problems aris­
ing in nuclear physics can be easily resolved. 
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FiT OF THE INTERACTION PARAMETERS OF A 
THOMAS-FERMI MODEL FOR NUCLEI 

H. von Groote* 

The two-particle interaction used in the 
Thomas-Fermi (TF) model described by Myers 
and Swiatecki1 

V(r,p) C exp(-r/a)[ 1 -( /b)2] 
£, u r/a P ' 

where 

contains the four parameters Cl_, Cu (interac­
tion strengths for like and unlike particles), a 
(Yukawa range), and b(critical momentum) or 
T (equal to b 2;2M, the critical energy), which are 
closely related to the four liquid-drop param­
eters a 1 (volume energy), a2(surface energy), 
J (symmetry energy),· and r 0 (radius constant). 
These force parameters were determined by a 
least-squares fit to the experimentally known 
masses of nine odd-mass nuclei scattered over 
the periodic table (denoted by circles in Fig.1). 
These masses were corrected for shell effects 
as calculated by Seeger2 and a Wigner term 
30MeV· [(N-Z)/A] (Ref. 3). For convenience the 
related parameters a2, J, r 0 , and a were the 
ones actually fitted. The fit gave the following 
results: C1_ = 353.686 MeV, Cu = 516.526 MeV, 
T = 89.210 MeV, and a = 0.55724 fm and an 
r.m. s. deviation of 0.834 MeV. As a test the 
masses of 69 additional nuclei (A =35,45, · · ·, 
255 with three isobars for each A) were then 
calculated with these parameters and compared 
with the corrected experimental masses. The 
deviations are shown in Fig.1 and display a 
good agreement between the theoretical and ex-
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Fig. 1. Deviations of the calculated masses 
from the corrected experimental ones plotted 
versus the neutron number. Isobars are con­
nected. Circles denote the nuclei used in the 
fit. (XBL 733-2458) 

perimental masses, the rms deviation for 
all 78 masses being 1.09 MeV. However, 
there still remain some shell effects and for 
A> 200 the calculated valley of j3-stability bends 
away from the N=Z line more strongly than the 
experimental one. 

The droplet-model coefficients 1 resulting 
from these TF-parameters are: 

ro = 1.1594 fm, a1 = 16.103 MeV, a2 = 18.01 MeV, 
a 3 = 7.8 MeV, 

J =33.99MeV, Q=28.5MeV, K=306MeV, 
L =107 MeV, M = 4 MeV, 
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Fig. 2. Moments Rk plotted versus k for the 
Fermi distribution of Ref. 6 and the TF distri­
bution calculated with the parameter set which 
reproduces the masses best. (XBL 733-2459) 
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all of which lie within the expected ranges. 4 
The radius constant r 0 agrees especially well 
with the Vtalue 1.16 fm derived from electron 
scattering and transition energies of muonic 
atoms. 5 

132 

This 4-parameter TF-model is capable of 
reproducing the nuclear masses throughout the 
periodiC table as well as the radius constant r

0
• 

A further investigation of the charge distribu­
tion, however, shows deficiencies of the TF 
model which seem to be due to the fact that the 
calculated density distributions lack an outward 
tail. Figure 2 shows the moments 

k+3 k, 1/k 
Rk = [ - 3- ( r >] , 0 ,;: k, 

of the TF-charge distribution for 
208

Pb
6 
com­

pared with the moments Ford and Wills ob­
tained by fitting a Fermi distribution to the 
transition energies. While both lines have the 
same intercept R , their slopes differ consider­
ably, and further~ore, the 10-90 surface thick­
ness t is 2.24 fm with the Fermi distribution 
and t = 1.56 fm in the TF case. It can be shown 
that there is no parameter set which simultan-

·eously reproduces the three quantities Ra, slope, 

and t, even if one is willing to tolerate a poor 
fit to the masses. 
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MODIFIED DEFINITION OF THE SURFACE ENERGY IN 

THE LIQUID-DROP FORMULA 

H. J. Krappe* and R. Nixt 

The usual liquid-drop expression for nuclear 
deformation energies has the undersirable fea­
ture that: 

1) for strongly necked-in configurations the 
energy is very sensitive to the unphysical fine 
details of the parametrization of the shape in 
the neck region, 

2) the contour lines of the energy surface 
have discontinuous derivatives at the scission 
line whereas in reality the transition should be 
smooth; that affects especially the predicted 
Coulomb barrier heights in heavy-ion reactions. 

The common reason for these shortcomings 
is the assumption of an infinitely sharp nuclear 
surface in the idealized liquid-drop model. In 
order to allowfora diffuseness of the surface 
of range a, we propose to substitute the sur­
face energy term in the Bethe-Weizsa.cker for­
mula by the integral 

v s 3 E=---
3 

d r 
4na 

(/r-r'l) exp--3 , a 
dr /r-r'/ ( 1) 

a 

to be taken over the volume of the nucleus. The 
range a and strength V of the Yukawa force are 
free parameters, which have to be fitted tore­
produce empirical fission barrier heights and 
Coulomb barriers in heavy-ion reactions. As 
the range a is supposed to be small compared 
with the nuclear radius, formula (1) allows a 
leptodermous type of expansion which yields a 
volume, a surface, and higher-order terms. 
In our studies of deformation effects the nu­
clear volume is kept constant. By suitably fit­
ting the parameters V and a, the surface and 
higher contributions are supposed to describe 
closely the corresponding terms in a self­
consistent Thomas -Fermi treatment of the 
smooth part o'" ~he deformation energy surface. 

For a sphere of radius R
0 

formula (1) yields 

4rr 3 2 3 2 - 2Ro/a 
E=-V(3R0 -2rrR0a+2na -2na(R0 +a) e ), 

(2) 
where the exponential term is negligible for 
heavy nuclei and a<1 fm. There is no curva­
ture term in (2). If the surface term in the 2; 3 
Bethe-Weizsacker formula is defined as csA , 



then comparison with the second term in 
gives the relation 

(2) 

with R 0 = r A
1

/ 3 . One can show that there is 
also no cu~vature term for almost spherical 
configurations: If the shape is given by 

R=R[1+\f3 y (Sl)--41 \ if3 12] 
o ~ ~v ~v rr ~ ~v 

~;>2 ~;>2 
v v 

to second order in f3 the nuclear part of defor­
mation energy is given by 

E(f3 ) -
~ 

E l E(O) =-s 
4rr 

~;.2 
v 

(3) 

where Es is the surface energy of the sphere 
and the restoring force c~ is 
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( 
R \4 1 rz~ 2 J .!_ r 2R 2 r .!_ 

C~=- -f) S dxP~(x)exp-r;z-(1-xy 2 ·La 2°(1-x~ 2 

-1 (4) 

+ [1 + ~ [ :
0 

_ 1 + ( ~ +1 J e- 2Rof a] . 

An expansion in powers of A 113 yields 

E c {f ~1 2/3 3 a 2: -4 s c =-ss ~(~+1)- A:. --4 (~-1)~(~+1)(~+2)(-) 
rr ~ rr L r 0 

~ 
4 ) ( -2Ro/a / ~l 

+ 0 a4 A -2/3 + 0 \e A2 3)f , 

0 / 

which has the well known limit (Es/87r)[~(~+~)-2] 
for a_,. 0, i. e. , the usual definition of the sur­
face energy term. For large multipole order ~· 
c~ becomes independent of~ because the first 
term in (4) vanishes. 

Of special interest is the case~= 2, v = 0. If 
one adds the Coulomb energy to (3), the total 
quadrupole deformation energy liE is 

E 2 [ 2 ( -2R0 /a)1l 
oE = 4 : [3 20 2-2x-9 ~ 2 +0 \e ~ 

0 

with x = E /2E . The critical value of x for 
which the ~~~~eus sin this model loses stability 
against fission is 

2 a 

R2 
0 

instead of the usual value 1. 

As an interesting application of (1) we can 
write down the nuclear part of the interaction 
energy of two spherical nuclei of radii R1 and 
R2 and center-of-mass distanceD;> R1 + R2: 

( · 2 [R (R ~ R 1] E. = -4 ~) C __! cosh __! - sinh-
1nt r s a a a 

0 I 

[R2 (R2j (R~] -D/a 
X a cosh aj- sinh --aj eD/a 

Another configuration for which (1) can be 
integrated analytically is the spherical bubble 
nucleus with inner radius R 1 and outer radius 
R2: 

To make use of formula (1) for more general 
deformations it is essential to reduce the six­
dimensional integral to a numerically tractable 
size. It is in fact possible to reduce it to a 
double surface integral which further reduces to 
a three-dimensional integral (with a non-singular 
integrand) for axially symmetric shapes. The 
computation time for the new surface energy is 
therefore comparable with the time necessary to 
evaluate the Coulomb energy. As a result of a 
numerical calculation we show in Figs. 1 and 2 
the fission barrier height (in units of Es) and the 
deformation of the saddle point, respectively, as 
a function of a/r0 and the fissility x (nuclei along 
the valley of [3-stability, Myers-Swiatecki liquid­
drop parameters). For a diffuseness range 
larger than 0. 5 fm the barrier heights are dras­
tically reduced and the saddle-point shapes look 
more compact compared with the usual zero­
range case. These figures are only meant to 
show general trends. The liquid-drop param­
eters including V and a have still to be refitted 
carefully. 
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HYDRODYNAMIC ANALYSIS OF THE COALESCENCE AND 

BREAKUP' OF VISCOUS NUCLEAR LIQUID DROPS 

C. T. Alonso 

For several decades a great deal of atten­
tion has been directed to such static properties 
of the nuclear liquid-drop model as the poten­
tial barriers for fusion and fission. While an 
enormous amount of information has been 
gathered from these studies, a complete pic­
ture is lacking owing to an almost total neglect 
of the dynamics of the problem. 

Recent developments in computer methods 
for programming complex fluid dynamics have 
now made such dynamic studies feasible. 1 We 
are currently creating computer simulations of 
the collision, fusion,- and subsequent fission of 
charged incompressible liquid drops with sur­
face tension and other classical liquid param­
eters scaled to typical nuclear values. A nu­
clear viscosity coefficient is included as one of 
these parameters. 

During the past year the question of nuclear 
viscosity has begun to attract increasing atten­
tion, especially with respect to its possible role 
in the interaction of heavy nuclei. On the one 
hand, if a nuclear core is a pure superfluid (as 
in liquid 4He) its viscosity is zero, but on· the 
other hand if th~ nuclear core more closely re­
sembles liquid He, its viscosity at low temper­
atures can be very large. Since the pairing 
interaction in nuclei is relatively weak, it is 
expected that the superfluid component in a real 
nucleus might be quite small and that viscosity, 
which heretofore has not been included in any 
model calculations, might be more important 
than was previously thought. 

Our model uses the marker-and-cell method 
developed by Harlow and Amsden at Los Alamos 
for a solution of the Navier-Stokes equation de-
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CYCLE= 0 

T= 2.70000E-04 CYCLE= 27 

T= 6.30000E-04 CYCLE= 53 

T= 7.90000E-04 CYCLE= 79 

scribing the hydrodynamics of a fluid moving 
with a low Mach number. 1 Using this method, 
we are able to trace the trajectory of a fluid 
element during the collision process. The com­
puter program generates a film strip of the in­
teraction as well as a printout of the various 
dynamic parameters such as shape, velocity, 
and pressure as a function of time. Figure 1 
shows, more for illustration than for its appli­
cability to nuclei, a preliminary set of frames 
describing the collision of two spherical drop­
lets with a low coefficient of surface tension 
and a low charge density. In the frames at the 
left the viscosity was 1.0 (in relative units), 
while in the frames at the right the viscosity was 
0.2. Differences in the rate of shape formation 
for the two viscosities are apparent. 

Ta 0. CYCLE= 0 

T= 2.70000E-04 CYCLE= 27 

T= 5.30000E-04 CYCLE= 53 

T= 7.90000E-04 CYCLE= 79 

Fig. 1. Collision of two droplets. The verti­
cal sequence to the right has a vis­
cosity of 0.2 in relative units, while 
that to the left has a viscosity of 1.0. 

(XBL 733-2462) 

Comprehensive studies of the effect of vis­
cosity are in progress but are not yet com­
pleted. At present our model utilizes a purely 
classical liquid, but we are currently develop­
ing ways of inserting quantum-mechanical 
properties as well as compressible surface 
properties. 
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HARTREE-FOCK CALCULATIONS OF THE ANGULAR SHAPES OF NEUTRON 

AND PROTON DISTRIBUTIONS IN DEFORMED NUCLEI 

N. K. Glendenning, D. Vautherin,* and M. Veneroni* 

The first determination of details of the ' 
shape of nuclei beyond the quadrupole compo­
nent were made by an analysis of alpha scat­
tering on selected rare earth nuclei. 1 These 
analyses yielded values of PA. in the parametri­
zation of the shape according to 

More recently Coulomb excitation experiments 
have yielded measurements of the 4-pole elec­
tric moment for several of the same nuclei. 2 

Unfortunately, among the groups reporting such 
measurements there are disagreements. Sev­
eral groups report Coulomb excitation mea­
surements in agreement with the alpha scatter­
ing experiments, while several others report 
significantly larger values. 

The two types of experiments do not in fact 
measure quite the same quantity. The alpha 
particles feel the nuclear field of both pro­
tons and neutrons, while the Coulomb excita­
tion measurements concern the charge distri­
bution. Moreover, the finite size of the alpha 
particle was not unfolded from the alpha mea­
surements, and there is no known prescription 
having a sound basis, for unfolding the alpha 
size. Notwithstanding these reservations, 
there is a suggestion that the angular shape of 
neutron and proton distributions in deformed 
nuclei may be different. The difference could 
arise because of the Coulomb repulsion amongst 
protons, not experienced by neutrons, and be­
cause neutrons and protons fill quite different 
shells. On the other hand the neutron-proton 
interaction will tend to encourage equal distri­
butions. 

We have begun some Hartree-Fock calcula­
tions in order to get an indication of how the 
various effects balance out with respect to 
neutron and proton angular shapes. The con­
tour corresponding to half the value of the av-

erage central density of neutrons and protons 
was adopted as a definition of the angular 
shape. For the two nuclei investigated so far, 
we find that the distributions of neutrons and 
protons have significantly different values of 
f34, as listed in Table I. This result has not 
been anticipated to our knowledge, and should 
encourage a resolution of the disagreements 
among the experimental groups. 

Table I. Deformation parameters of neutron 
and proton distributions as calculated for 16~r 
and 1 76Yb. 

~:< 

n 
p 

0.283 
0.288 

0.298 
0.301 
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RADIUS SCALING FOR DEFORMED NUCLEI 

D. L. Hendrie 

It has been well established that permanently 
deformed nuclei often have shapes that are 
more complicated than simple spheroidal def­
ormation. These shapes were first accurately 
measured in the nuclear potential by scattering 

of alpha particles with energies well above 
the Coulomb barrier and for the rare earth 
nuclei. 1 A systematic trend of hexadecapole 
deformation was discovered. Since then these 
basic results have been confirmed by a num-



ber of other experiments using other projectiles 
and energies, 2-8 have been extended to other 
regions of the periodic table, 9,10 and have 
been described theoretically. 11 The experi­
ments can be classified into two major cate­
gories, those that measure the shape of the 
nuclear potential1-3, 8, 9 and those that mea­
sure the charge deformation. 4-8, 10 

A simple and usual way of characterizing 
these deformations is to describe an appropri­
ate nuclear radius in a multipole expansion 

R = RO (1 + I32Y20 + 134Y40 + I36Y60 + ... ) 

(1) 

where the Y LO 1 s are spherical harmonics and 
the 13L' s are the experimentally determined 
deformation parameters. 

A puzzling aspect has appeared in what 
seems to be a systematic discrepancy be­
tween the nuclear and Coulomb experiments, 
in that the Coulomb work shows a trend to 
larger values of the l34 deformation parameter. 
This would, of course, be of basic importance, 
if verified. A long- standing problem in the 
comparison has been due to the different radii 
that characterize the two type of experiments. 
The Coulomb radius has been accurately mea­
sured ):>y electron scattering to be about 
1.1A1f3 fm for a suitably diffuse radial charge 
distribution, where the optical potential of 
Ref. 1, for example, was 1.44A1/3 fm, where 
A is the atomic mass of the target nucleus. 
Since the transition amplitudes depend sensi­
tively on the radius, scaling of the measured 
l3 1 s with their corresponding radii must be 
done with care. Traditionally, this scaling 
has been accomplished by using a suggestion 
of Blair that the product BLRO is a constant. 
This note will show, using a very simple model 
for the nuclear interaction, the origin of the 
simple scaling law, and also that significant 
higher-order effects occur which serve to re­
duce the discrepancy between the nuclear and 
Coulomb results for 134· A sharp-edged 
spherical alpha particle is assumed to interact 
with a sharp-edged deformed nucleus only at 
the edges. However, from this picture we can 
extract purely geometric terms that would be 
common to any more realistic calculation. 

From Fig. 1, let R(B) describe the edge of 
a deformed target nucleus, !:>. be the radius 
and r(B) describe the locus of the center of 
an alpha particle which just touches the nu­
clear surface. We define 

r(B) = r 0 (1 + I32Y2o(B) + I34Y 40 (8) + I36Y 6o(B)+· · ·] 

(2) 
and 

R(B) R
0 

( 1 t E(B)] , (3) 

137 

z 

X 

Fig. 1. Construction of new surface r(B), 
from an original surface R (B) just touched by 
an alpha particle of radius !:>.. (XBL 733 -2463) 

where 

E(B) = 132oy2o(B)+ 134oy4o(6') + 136oY6o(e). (4 ) 

We wish to compare the values of ro, 132• 134• 136 
etc. with the values of R 0 , 1320• 1340• 136o· 

From the construction of Fig. 1, we have 
the angle a defined as the angular difference 
between the direction of R(Bo) and the normal 
to the surface at e0 . From the differential 
geometry we obtain 

tan a 

We expand R(B) 

so that 

R' (8
0

) 

R(Bo) 

E 1 
( e

0
) 

1+ E (8
0

) 

R(Bo> + dR I f:>.e + ... 
de e 

0 

E(B) - E1 (B) (!:>.B)+ · • ·, 

(5) 

(6a) 

E1 
( e > = E1 (e) - E1 

I (e) (!:>.e) + . . . (6b) 
0 

From the trigonometric relationships, we 
obtain 
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and 

sin(L\.8)/ L\. = sin a/r(8) . (8) 

We also define the small dimensionless par­
amter T) by 

For convenience we define p = 1 + E (8) + 6 + T)(8). (11) 

p(8) = r(8)/R0 and 6 = L>/R0 
(9) Now from Eqs. 5 and 6 we obtain, to second 

order in the small parameters E and E' , 

so that Eq. 7 is rewritten 
a ::::: tan a ::::: sin a = - E 1 (8) 

p2 =[1+E(8
0

)] 
2

+ 6
2

+Z6[1+E0 (e0)] cosa. 

(10) 

From Eqs. 8 and 12 we obtain 

L> e ::::: sin (Ll. e) ::::: -
1
: 6 E' ( e) . 

1st Order 
1/3 

r
0 

= 1.1 A Fm 

2nd Order 

r
0 

= 1.11 A 1/ 3Fm 

Ref. 6 
1/3 

r
0 

= 1.1 A Fm 

Ref. 11 

1/3 
r

0 
= 1.1A fm 

Table II. List of deformation parameters. 

~20 0.205 0.225 0.235 0.230 0.230 0.230 0.205 0.190 

0.060 -0.060 ~40 0.040 0.045 0.030 0 -0.040 -0.045 

~60 -0.010 -0.015 -0.015 -0.015 0 -0.005 0 0 

~2 0.268 0.295 0.308 0.301 0.301 0.301 0.268 0.249 

0.059 0.040 0 -0.052 -0.059 -0.079 -0.079 

-0.020 -0.020 -0.020 0 -0.006 0 0 

~2 0.255 0.279 0.294 0.294 0.302 0.302 0.273 0.253 

~4 0.061 0.070 0.053 0.014 -0.041 -0.046 -0.069 -0.070 

~6 -0.006 -0.010 -0.013 0.018 -0.007 -0.014 -0.009 -0.009 

~2 0.286 0.315 0.330 0.350 

~4 o. 068 o. 066 o. 030 -0.048 

B
4 

0.076 0.083 0.063 0.024 -0.021 -0.032 -0.033 -0.047 

(12) 

(13) 



Now using Eqs. 6, 10, 11, 12, and 13, to 
lowest order we have 

TJ(8) = i 1!6 E' ( 8)2 

Substituting Eq. 14 into Eq. 11, we have 

(14) 

p(8) = 1 + 6 (8)+ i 
1
: 6 E' (8)2 (15) 

Finally, to obtain the values of 13 , we multi­
ply both sides by Y LO and integrlte over the 
sphere 

1 6 
_1_ J y 00 E' ( 8)2dr], r 0 = R 0 [ 1 + 6 + 2 1+6 /4TI 

(16a) 

13L = RO/r 0 [ 13LO +.!. 
1:6 J YLO 

2 
2 E' (e) dr]. 

(16b) 

We define the constants C~. to yield the fol-
lowing: lJ 

6 
r 0 = R 0 [ 1 + 6 + 1+6 

0 
!: c .. 13· 13· ], 
ij lJ 10 JO 

13L=Rofro[I3Lo+ 1:6 ~ ct 13iol3jo] 
lJ 

(17a) 

(17b) 

A tabulation of the ct' s is given in Table I. 
By neglecting the second-order terms, we 
hav~ immediately 'the scaling law proposed by 
Bla1r. These corrections only include effects 
of the angular integrations; they are inde­
pendent of and in addition to diffuseness etc. 
included in the radial integrals. 

We use these result~ to scale the results 
of Ref. 1 (R 0 = 1.44A1/3fm) to an appropriate 
Coulomb radius (r0 = 1.1A1/3 fm). Table II 
shows the original measurements and the re­
sults after both first- and second-order 
scaling. Also shown for comparison are the 
corresponding results of Ref. 6. The agree­
ment between the 134' s is improved by the in­
clusion of the second-order term, but the 
l32's agree less well. It is still probably pre­
mature to draw inferences from comparisons 
such. as this however, since the spreads in 
published Coulomb excitation values are far 
greater than the apparent discrepancies with 
the particle results. The comparison of the 
particle results for l34 and 136 with the theo­
retical predictions of Ref. 11, however, is 
significantly improved. The extreme sensi­
tivity of 136 to the second-order terms suggests 
that even better treatment may be necessary. 
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Table I. c~. 
lJ 

~ 22 24 26 44 46 66 

0 0.067 0 0 0.275 0 0.471 

2 0.270 2.418 0 1.393 6.680 3.131 

4 -0.484 0.492 3.340 0.685 o. 747 2.028 

6 0 -1.908 0.963 -0.071 1.267 1.202 
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THE NUCLEAR SKIN THICKNESS TREATED AS A STRUTINSKY VARIABLE 

H. H. von Groote,* W. D. Myers, P. Mofler, S. G. Nilsson,t J. R. Nix,:j: 

J. Randrup, W. J. Swiatecki, and C. F. Tsang 

The Strutinsky shell correction method has 
been widely used in the calculations of potential 
energy surfaces. 1, 2 In these calculations the 
nuclear angular shape parameters have been 
considered basic variables spanning the en­
ergy surface. One may generalize this method 
also to allow for the fact that the nucleus may 
adjust also its radial shape as a function of 
nucleon numbers. 

As a basic radial shape parameter one may 
consider the surface diffuseness tn and t 
defined as the radial distance between 90o/f 
and 10% density for neutrons and protons re­
spectively. This diffuseness parameter t re­
lates to the parameter a for a Fermi density 
distribution as 

t = (4 ln 3) a z 4.40 a (1) 

The shell correction energies are calculated 
as usual2 as 

E sh = L e (t , t ) -
v v n p 

(2) 

employing the Strutinsky shell averaging func­
tion in the evaluation of the second term. 

In different regions of neutron and proton 
numbers, the shell correction term may favor 
large or small diffuseness, providing a driving 
force toward increasing or decreasing diffuse­
ness parameters. The total energy of the nu­
cleus is the summation of the shell correction 
energy and a smooth "liquid-drop" background 
of averaged nuclear behavior. This smooth 
liquid-drop energy has a minimum of energy 
at tp and tn of about 2. 6 fm and provides a 
restoring force against deviations from these 
values. In our calculations this background 
energy has been derived from a Thomas­
Fermi calculation described in some detail 
elsewhere in this Annual Report. 3 

The shell energies of Eq. (2) have been 
calculated as functions of the skin diffuseness 
parameter employing two nuclear single-par­
ticle potentials. The first of these is the 
11 folded Yukawa potential" constructed by 
Nix. 4 This potential comes very close to a 
Wood -Saxon potential in its radial- shape de­
pendence. The second single -particle po­
tential used is the modified-oscillator potenti­
al as developed by the Lund-Berkeley- Warsaw 
group. 5 Recently we are also studying for 
comparison the more conventional Wood-Saxon 
potential, using the distortion expansion de­
veloped by Glendenning. 6 

Tables I and II are based on the 11 folded­
Yukawa" potential. We give in these tables 
the derivative of the shell plus pairing en­
ergies at tn = tp = 2.6 fm. These derivative 
indicate by their signs whether the shell cor­
rection term for these particular neutron and 
proton numbers prefers a larger (oscillator­
like) or smaller (square-well-like) skin dif­
fuseness. Figure 1 is based on the modified 
oscillator potential. In this figure the spheri­
cal-case single -neutron energy levels are 
plotted as a function of the diffuseness param­
eter fl. of the modified-oscillator model. This 
parameter reflects essentially the inverse 
value of t. The diagram assumes a spin­
orbit strength valid in the mass A z 16 - 100 
region. 

p 1/2 

2.5 p3/2 

2.0 0 I Kn= Kp=0.081 

Neutron level order 

1.5 s 1/2 

-0.2 0 0.2 0.4 0.6 0.8 1.0 
p. 

Fig. 1. Spherical single -neutron energy 
levels for the modified harmonic oscillator 
model as functions of the £2 strength param-
eter fl· (XBL 7210-4231) 



16 24 40 48 
The elements 0, Mg, Ca, Ca, 

56Ni, and 90zr are represented by solid dots 
whose position in terms of fl. has been de­
termined from an optimal fit in fl. of observed 
single-particle levels in neighboring odd-A 
nuclei. In addition, in parenthesis, t values 
are given as obtained from electron-scattering 
experiments. 7 The trend brought out in 
Tables I and II is verified in this diagram. 
Thus if we draw a smooth line through the dots 
to represent the "average empirical" values 
of fl. as a function of N, then 40ca should dev­
iate from this line in the "oscillator-like" di­
rection and similarly 56Ni, in the " square­
well" direction. 

Table I. The derivative of the proton shell 
plus pairing energy. 

z dE a dE A -2/3 Trend towards a-
da da 

20 -2.11 -0.18 Osc. 

28 +6.08 +0.41 Sq. 

40 -2.58 -0.13 Osc. 

50 +6.49 +0.32 Sq. 

82 -5.90 -0.17 Osc. 

106 +7.24 +0.17 Sq. 

114 +8.82 +0.20 Sq. 

124 -15.1 -0.33 Osc. 

Table II. The derivative of the neutron shell 
plus pairing energy. 

N 
dE a dE A-2/3 Trend towards a-
da da 

20 -0.85 -0.07 Osc. 

28 +4.57 +0.34 Sq. 

40 -3.15 -0.16 Osc. 

50 +7.06 +0.35 Sq. 

82 

126 -1.84 -0.05 Osc. 

164 15.2 +0.36 Sq. 

184 -17.3 -0.39 Osc. 

The quantitative results of the calculations 
where both the shell correction and the back­
ground energies are included is given from 
Table III. 
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It is found that the restoring force provided 
by the background energy has the effect of 
coupling the neutron and proton diffuseness 
coefficients so that they largely follow each 
other (a symmetry energy effect). Also, the 
stabilizing effect of the restoring force on the 
distortion is strong so that very small changes 
in the final diffuseness are obtained theoreti­
cally; in fact, the changes never exceed 5 "/0 • 

The associated energy gains are also very 
small and rarely in excess of 0.5 MeV for the 
few selected cases studied. 

Table III. 

b. a b. a Energy gain 
b.E 

Nuclide (%) (%) (MeV) 

40 
20Ca 1.9 1.5 -0.03 

48 
20Ca -0.4 -2.7 -0.06 

56N. 
28 

1 -3.5 -4.2 -0.20 

90 
40Zr -3.6 -2.7 -0.16 

90 
50Sn -0.4 -2.3 -0.07 

204Pb 
82 

1.1 0.2 -0.03 

206Pb 
82 

1.2 0.4 -0.03 

208Pb 
82 

1.4 0.9 -0.05 

270106 -3.9 -4.7 -0.50 

298114 -0.2 2.0 -0.18 

308124 3.8 3.7 -0.61 
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A CONSISTENT TEST OF THE STRUTINSKY-NILSSON METHOD 

W. H. Bassichis,* C. F. Tsang, D. R. Tuerpe,t and L. Wilets:j: 

The Strutinsky-Nilsson
1 

procedure for ob­
taining energy-deformation surfaces for nu­
clei consists of the following steps: 

A. Nature supplies single -particle energies, 
en, at the ground state deformation and the 
total binding energy. 

B. The parameters of the Nilsson potential 
are adjusted to optimally reproduce these en, 
and the potential thus obtained generates 
single-particle energies, en(Q), as a function 
of deformation, Q. 

C. The smoothly varying part of the sum of 
the en(Q) up to the Fermi level, as a function 
of deformation, is extracted using the 
Strutinsky averaging procedure and the re­
mainder is interpreted as the shell correction. 

D. The smoothly varying part of the energy 
is obtained from a liquid-drop model (LDM) 
which is fit to total binding energies of all 
nuclei. 

E. The energy deformation surface, ob­
tained by adding the shell corrections to the 
LDM energy as a function of deformation, is 
compared to the 11 experimental" energy de­
formation surface by considering fission half­
lives, etc. 

A simple consi$tent global test, the re­
sults of which are reported here, involves the 
replacement of nature by the constrained 
Hartree-Fock (CHF) results both for the en­
ergy deformation surface and the single -par­
ticle energies to be fit, on the average, by 
"Nilsson" en· Thus the extent to which the 
CHF results correspond to experimental data 
is irrelevent, be cause the entire procedure, 
steps A-E, is carried out within the model. 
This comparison closely approximates what 
Strutinsky practitioners in fact do. 

The nucleus chosen for consideration was 
108Ru, which contains few enough particles 
so that CHF calculations may be carried out 
in a sufficiently large space in a reasonable 
amount of computer time and yet is heavy 

enough to exhibit the complexities of the fis­
sionable nuclei of interest. (The details of 
these calculations are given in Ref. 2.) Al­
though it is possible to impose constraints on 
higher -moment opera tors and thus obtain 
multidimensional energy surfaces, only the 
quadrupole was constrained. Thus it is 
assumed that the energy is minimized, at 
each quadrupole deformation, with respect to 
all other moments. The parameters of a 
Nilsson potential were then adjusted so as to 
fit, on the average, the CHF en at zero 
(quadrupole) deformation. The potential was_ 
then deformed in the usual manner so as to ob­
tain en (Q). This Nils son potential contained 
the usual two deformation parameters, e: 2 
and e:4 . For each e: 2 (or quadrupole moment) 
the following procedure was used to determine 
the appropriate value of e:4. There are two 
deformation-dependent energy terms in the 
LDM: the surface and the Coulomb terms. 
The Coulomb parameter was determined from 
the CHF r. m. s. proton radius and the surface 
parameter was adjusted to fit the CHF total 
energy, on the average, as a function of def­
ormation. The total energy was then calcu­
lated by adding to the LDM energy the shell 
corrections determined by the Strutinsky 
method. The value of e:4 was then chosen, at 
each quadrupole deformation, so as to mini­
mize the total energy. 

The average fit of single -particle orbitals 
at zero (quadrupole) deformation as well as a 
comparison of the orbitals at the CHF ground 
state deformation is given in Fig. 1. In order 
to eliminate size -difference effects the re­
sults of the two calculations were always com-

, pared at the same j3, the ratio of the quadrupole 
moment to the r. m. s. radius. (This is roughly 
equivalent to using an effective mass to re­
scale the nuclear size.) It is seen from 
Fig. 1 that the Nilsson e' s fit the CHF e' s at 
the ground state about as well as at zero clef­
formation. Thus the results to follow would 



be essentially unchanged if the Nilsson param­
eters ~were adjusted for an optimal fit at the 
ground state. In fact the e(Q) generated fol­
lowed the CHF e's remarkably well over the 
entire range of deformation considered. At 
each CHF local minimum, except for the ones 
at -2.0 and +2. 5 barns, the configuration as 
given by the Nils son calculation was the same 
as that of CHF. Between minima the level 
eros sings occurred at different deformations, 
but in general the two configurations differed 
by only one orbital. 

The smoothly varying part of the sum of 
the Nilsson e(Q) is obtained by the Strutinsky 
averaging procedure and the remainder is 
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Fig. 1. Nilsson levels fit to CHF e's at 
zero deformation. The parameters of the 
Nilsson potential were adjusted to give the 
average fit to the CHF e' s at zero deforma­
tion. The fit to the CHF e' s at the CHF 
ground state is seen to be of the same caliber. 
The levels shown are for protons. The neu­
tron fit is similar at both deformations. 

(XBL 733 -302) 
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identified with the shell correction. This is 
added to the energy of the LDM, the param­
eters of which are chosen according to the pro­
cedure defined above, to yield the total 
Strutinsky-Nilsson energy, shown as the mid­
dle curve (labeled ENil-Strl in Fig. 2, as a 
function of deformation. The broken line in­
dicates the LDM energy. It is not smooth as 

> 1048 
Q) 

~ 

1036 

4 

0~--~~r-~~~--~--~~~~-----~ 

-4 

-020-0.\0 

-4 -2 0 

E 
0.1 0 0.20 0.30 

2 4 6 8 

0 ( barns) 

0.40 0.50 

10 12 14 16 18 

Fig. 2. Top curve: The CHF E(Q). At each 
deformation the configuration which leads to 
the lowest energy is, of course, retained. 
The cusps correspond to the intersections of 
the energies of two configurations and would 
be smoothed by the inclusion of pairing. The 
scallop on the left end is dotted to indicate 
that the most optimal deformation basis has 
not been used in this case and the energy may 
.be slightly overestimated (by less than 0.5 
MeV). Middle curve: The total Strutinsky­
Nilsson energy. The shell corrections were 
extracted from the Nilsson e(Q) and added to 
a LDM energy (broken'line). The parameters 
of the LDM were fit to the CHF results. 

Lowest curve: The diffe renee be­
tween the CHF and the Strutinsky-Nilsson 
energy, apart from a constant 1158.7 MeV. 
If the Strutinsky hypothesis were entirely 
valid this difference would be zero (or a 
smoothly varying function of deformation if 
our LDM parameters are poorly determined). 
The deviations, of the order of 30o/o, indicate 
the degree to which the method is unreliable. 

(XBL 728-3951) 



a function of E2, because even though its value 
in the two-dimensional E2 -E4 space is smooth, 
the projection of a path in this space onto the 
E2 axis need not·be smooth. The CHF energy, 
as a function of deformation, is shown as the 
top curve (labeled EHFl· According to the 
Strutinsky hypothesis all of the fluctuating 
part of the energy is contained in the sum of 
the Nilsson e(Q). Thus the test of the method 
consists of examining the difference between 
the two total energies. This should, if the 
hypothesis were correct, .be a smooth curve 
representing the difference between the LDM 
energy and the smoothly varying part of the 
CHF energy. This difference is shown in the 
lowest curve in Fig. 2. The deviations from 
a smooth curve represent the degree to which 
the hypothesis is violated. It should be noted 
that the fitting procedure for the LDM will 
minimize the magnitude of the overall devia­
tions. Even with such a bias, however, the 
shell corrections are seen to be unreliable 
by- 2 MeV, or about 30o/o on the average. 

Thus the result of this preliminary test 
indicates a strong warning (caveat emptor!) 
to those who might take the calculations based 
on the Strutinsky-Nilsson procedure on their 
face value. We have applied the procedure in 
a consistent way to a fairly heavy nucleus, 
108Ru. Although the Nilsson model does 
rather well in tracking the single -particle en­
ergies as a function of deformation, when fit 
at one deformation, the assumption that the 
sum of these eigen-energies contains all of 
the fluctuating part of E(Q) seems to b~un­
justified. An uncertainty of at least 30o/o 
would have to be borne in mind in any applica­
tion of the procedure. For example, in the 
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prediction of the fission barrier of a super­
heavy nucleus (which is due almost completely 
to shell effects), an uncertainty of 2 or 3 MeV 
out of the predicted - 10 MeV implies an un­
certainty of the fission half-life of a factor 
1o1o. 

Finally it should be noted that pairing ef­
fects have been consistently ignored here. 
Inclusion of a pairing force would just smooth 
out the cusps in E(Q) which occur when the con­
figuration changes. These effects will be in­
cluded in the fundamental test of the method, 
now in progress. 
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EFFECTIVE MOMENT OPERATOR FOR MAGNETIC MOMENTS 

AND M1 TRANSITIONS IN THE Pb REGION* 

F. Petrovich 

It is well known that experimental magnetic 
moments and M1 transition rates exhibit devi­
ations from the theoretical single -particle 
values. Several effects are responsible for 
these deviations. Most important is the ef­
fect of configuration admixtures resulting 
from the interaction of the shell-model valence 
nucleons with the core nucleons, i.e. , core 
polarization. 1 • 2 Other contributions can 
·come from mesonic currents3 and Brueckner 
correlations. 4 

As a result of recent experimental activity, 
there is presently a substantial amount of data 
available on magnetic moments and M1 trans­
itions in the Pb region. 5 This has ~rompted 
several recent theoretical studies, -9 all of 

which succeed in providing a qualitative 
account of the experimental data, but fail to 
account completely for the observed devia­
tions. In addition, an attempt to parametrize 
the data in terms of an effective moment op­
erator proved to be only partially successful. 10 

The magnetic moment operator is given by 

i):'(q) = g.l! (q)T + gs (q)s, 

where g.l! (p) = 1, g (p) = 5.58, g.l! (n) = 0, 
gs(n) = - 3.82, all i~ nuclear magnetons. 
effective operator has the form 

i):'eff(q) = j:l(q) + oj:l(q) 

(1) 

and 
The 

(Za) 



(2b) 

where p is a vector with z-component 

.2 -] 1 
Pz = [ 1 y 2 X s 0 . (3) 

In the simplest of models 6¥_e is associated 
with mesonic currents and Brueckner corre­
lations while Go and G2 are associated with 
core polarization. There are six parameters 
in Eq. (2). In Ref. 10, two were eliminated 
with the aid of the iso-vector asumption, i.e., 
G· (p) = - G· (n), and the other four were ad­
jd"sted to fiE the data. A reasonable fit to the 
magnetic moments was achieved, but the re­
tardation of the M1 transition rates was se­
verely overestimated. It is significant that 
magnetic moments are sensitive to Go-G2 
while M1 transitions are sensitive to Go -fG2. 
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By introducing an explicit model for the 
core and treating core polarization in first 
order with a zero-range coupling interaction, 
it is possible to obtain closed expressions 
for Go and G 2 . Schematically the result is 

G. :::: 
1 

A 
E I, (4) 

where A is a measure of the strength of the 
coupling interaction, E is a measure of the 
energy of the core admixtures, and I is a fac­
tor which expresses the quality of the overlap 
between the radial wave functions of the 
valence nucleons and core n-ucleons. The 
variation in I is roughly 1-2 in arbitrary units. 
The essential point is that the effective-mo­
ment operator should be state dependent. 

Table I. Summary of magnetic moments and M1 transition rates obtained in 
calculations with zero- range inter action. Approximation 1 and 2 refer to 
calculations made with uncorrelated and correlated intermediate states, 
respectively. 

Magnetic moments 

Approximation 2b 
Maier 

Approximation 1a et al. 10 

State ~-'-exp Go 
J-L Go G2 f-l. f-l. 

209Bi(1h9/2) 4.08 -3.82 4.06 -3.78 -4.26 4.10 3. 98 

209Bi(2£7/2) 4.41 (65) -2.08 5.16 -2.07 -2.33 5.15 4.65 

209B.(1 . ) 
1 113/2 7.9 -3.42 7.90 -3.41 -3.84 7.87 7. 98 

207 
Tl (3s 1; 2 J . 1.63 -2.12 i. 73 -2.12 -2.38 i. 73 1.08 

207 
Pb(3p1; 2 J 0.59 1.64 0.60 1.61 1. 74 0.56 0.63 

207Pb(2f ) 
5/2 

0.65(5) i. 95 o. 78 1. 91 2.06 0. 74 0.49 

207 
Pb(3p3/ 2 ) -1.09 1.64 -1.23 1.61 1. 74 -1.23 -0.44 

207Pb(1i:13/2) -0.98 3.22 -0.98 3.16 3.40 -0.96 -0.91 

M1 Transitions 

Transition B(M1)exp G 0 B(M 1 ) G 0 G2 B(M1) B(M1) 

0.32±0.08 1.68 0.24 1.63 1.75 0.26 0.001 

0.25±0.06 2.15 0.12 2.01 2.15 0.16 0.001 

aTheseresultsareobtainedwithA1 =221MeV·fm
3

, A1 -49MeV·fm
3

, 
PP pn 

6 gl (p) = 0.08 nm, and 6gl (n) = - 0.06 nm. 

bThese results are obtained with A
1 

= 255 MeV· fm
3

, A 1 - 94 MeV· fm
3

, 
p pn 

6 gl(p) = 0.08 nm, and 6 gl (n) = -0.06 nm. 



With this approach there are still four 
parameters: the two og£ and the proton­
proton (Appl and proton-neutron (Apnl coupling 
interactions. Results obtained by using two 
different models for the core are compared 
with the data and the results of Ref. 10 in 
Table I. The fit is quite good and the imp or­
tance of the state dependence is evident. The 
values of 6 g£ required to fit the data were 
in reasonable agreement with previous theo­
retical estimates, but the required strength 
of the coupling interaction was found to be 
1. 4 - 2. 3 times the strength of current real is­
tic interactions. 6-9 
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SELF-CONSISTENT QUASIPARTICLE-PHONON COUPLING AND 

APPLICATIONS TO THE RARE EARTH NUCLEI 

J. D. lmmele and G. L. Struble* 

Using a Green's function formalism, the 
quasiparticle self-energy in a finite Fermi 
system has been described1 in terms of the 
coupling of even- and odd-mass nuclear eigen­
modes. The self-energy includes the usual 
QPC core polarization diagram (Fig. ia), a 
11 backwards" exchange diagram with ground 
state correlations (Fig. ib), a diagram which 
corrects for exclusion principle violations in 
the propagation of the quasiparticle and the 
microscopic phonon (Fig. 1c), and also cer­
tain two-phonon diagrams (Fig. 1d). Inter­
mediate lines in the self-energy are described 
self-consistently, thereby including multiple 
phonon core excitations (Fig. 1 e). It is shown 
that the dynamical equation for the self-energy 
may be solved by matrix diagonalization rather 
than the usual dispersion relation. Renormal­
alized phonons are calculated by taking into 
account the splitting of the quasiparticle 
strength by QPC in the solution of the Bethe­
Salpater equation. The quasiparticle self­
energy and the phonon are calculated self­
consistently. 

The theory has been used to calculate en­
ergy levels, transition probabilities, and 
one -nucleon transfer cross sections for even­
and odd-mass nuclei in the rare earth region. 
Our calculations have verified the prominent 

role of the Pauli principle in nuclear structure 
schematics, as well as the importance of 
other higher-order contributions to the self­
energy. The significant results for the even 
nuclei were that the higher-order contributions 
to the self-energy (exclusion principle dia­
gram Fig. ic and two-phonon diagrams 
Fig. id, e) did not renormalize the phonon. 
This was expected from the theory. Also the 
backwards correlations (Fig. 1b) made a sub­
stantial contribution around 166Er, both re­
clueing the pairing field and bringing the trend 
of 2+ energies into better agreement with ex­
periment. In the odd-mass rare earth iso­
topes, we found exclusion principle violations 
to have substantial effects on the energy level 
spectra-in all cases pushing the energies of 
the eigenstates upward. This phenomenon 
naturally explains the absence of certain 
phonon states from experimental spectra. The 
two-phonon contributions implicit in the self­
consistency and higher -order coupling terms 
(Fig. 1e, d) were also responsible for major 
energy level shifts, e. g. , the consistent 
pushing down of the 1/2 [ 510] and 3/2 [ 512] 
levels in odd-neutron isotopes. For the same 
reasons, an intruder 1/2 [ 550] was computed 
at low excitation energy in the Eu and Tb iso­
topes. It was also found that the diagram of 



Fig. 1c was responsible (at least in part) for 
the K0 ±2 splittings experimentally observed 
in 165Ho and 167Er. 

a 

a 

(a) (b) (c) (d) (e) 

Fig. 1. Examples of diagrams included in 
self-energy. (XBL 733 -2464) 
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The consequences of QPC for transition 
probabilities were also explored. Typically, 
for low-energy states, the single-particle 
B(E2) strength and the collective B(E2) are 
in phase. Nevertheless, the incoherent states 
can be observed experimentally, and the 
single -particle and collective contributions 
should interfere destructively, thereby sub­
stantially reducing the expected B(E2). It 
was also found that Pauli principle corrections 
can reduce the transition probabilities of a 
phonon state by as much as 40o/o. 
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ON THE NATURE OF o+ EXCITATIONS IN 

THE EVEN ACTINIDE NUCLEI 

J. D. lmmele and G. L. Struble* 

The second 0+ states (denoted 0~) in the 
even actinide nuclei have usually been de­
scribed as beta vibrations. However, this 
description has proved to be inadequate since 
Maher et al. 1 studied the (p, t) reaction on a 
series of even actinide targets and found that 
all the ot states were populated with between 
10 and 24o/o of the transition strength to the 
ground state. Since the beta-band is incoherent 
with respect to two-nucleon transfer, and since 
the intensity with which the pairing vibration 
is populated depends on the details of the 
single -particle structure near the Fermi sur­
face, Maher et al. suggested these states ex­
hibited a new type of collectivity. Later a 
survel of (t, p) reactions on these same iso­
topes failed to excite the states with more 
than 2 or 3o/o of the transition strength to the 
ground state. The authors of Refs. 3 and 4 
use schematic models and offer three different 
mechanisms for producing the required collec­
tivity. In order to clarify the situation we are 
reporting calculations based on the theory of 
finite Fermi systems which includes in a 
natural fashion both non-constant pairing 
forces and spin dependence in the (ph) chan-
nel. Although the ot energies which we cal­
culate agree relatively well with experiment, 
the two-neutron transfer data is reproduced 
only for 228Th. In addition, the calculations 
predict a pair vibration with large pickup and 
stripping ratios for N = 142 nuclei. For most 
of the nuclei, however, the (p, t) ratios are 
much lower than experiment, contrary to the 
predictions of Refs. 3 and 4. 

Our result for 
228

Th is similar to that of 
Ref. 3. The effect of non-constant pairing 
matrix elements on the correlation functions 
C::. for 228Th is strikingly seen in Table I. The 
prolate and oblate orbitals become largely un­
coupled because pairing matrix elements be­
tween oblate and prolate orbitals are reduced 
on the average by more than a factor of 4. 
Further, because the oblate orbitals are 
beneath the Fermi surface, there is little 
pairing among them. Thus their correlation 
functions are small. This also has a pro­
nounced effect on the nature of the ot state in 
228Th, for which the dominant amplitudes, 
z+, are also displayed in Table I. This ot 
state is formed predominantly from oblate 
pairs beneath the Fermi surface, because they 
are uncoupled from the prolate superfluid 
pairs due to the small magnitude of oblate­
prolate matrix elements in both the (pp) and 
(ph) channels. It is seen that this state is 
correlated rather than being merely two-holes 
as suggested in Ref. 3. It has a high (p, t) 
cross section because the oblate pairs have 
large spectroscopic amplitudes, as evidenced 
by the values of S given in Table I. The state 
is not populated in the (t, p) reaction because 
the oblate orbitals are occupied-in the ground 
state of 226Th. The (ph) interaction, which 
has not been included in most calculations, is 
also important in 228Th. Its inclusion mixes 
proton components into the wave function which 
enhance the B(E2) value from 0.073 s. p. u. to 
1.15 s. p. u. However, this ot state is pre­
dominantly a second fluid pairing vibration, 
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Table I. 
228Th pairing matrix elements, pair correlation functions (Ll.), 

RPA amplitudes (X), and two-neutron pair spectroscopic amplitudes (S). 

1/2[501) 3/2[501) 5/2[503) 13/2[606) 1/2[770) 

Ll. 0.466 0.465 0.502 0.466 0.828 

+ 
zf3f3 -0.706 -0.177 -0.335 -0.226 0.172 

sf3f3 0.21 0.208 0.162 0.058 0.049 

that is, a pairing vibration in the oblate or­
bitals and a pairing rotation in the prolate 
orbitals. Unfortunately, RPA is unable to 
account for the pairing rotation. As a result, 
the average number of particles in this ot 
state is 226. The main shortcoming of tlie 
non-constant pairing model is its failure to ex­
plain the two-nucleon transfer cross sections 
in nuclei with A> 228 in a natural fashion. 
The oblate orbitals are sufficiently far from 
the Fermi surface that they do not influence 
the character of any ot state. 

We see no evidence for the type of enhance­
ments calculated by Abdulvagabova et al. 4 The 
coherent strength involving quasiparticle pairs 
in Nilsson orbitals with quadrupole moments 
of the same sign is concentrated on our spuri­
ous state. Thus, while our calculations for 
the heavier actinides have the proper down­
sloping orbitals close to the Fermi surface, 
little (p, t) or (t, p) strength was observed to 
any o! state. Our B(E2)' s are also an order 
of magnitude less than those given in Ref. 4. 

We feel that the nature of the collectivity in 
the ot states in the actinides cannot be under­
stood in terms of correlated (pp) and/or (ph) 
excitations built on the ground state. The 
actual explanation must account not only for 
the large lEO and E2 transition probabilities, 
and the striking dependence of the systematics 
on the proton number, but also for the differing 
(p, t) and (t, p) strengths. This latter asym­
metry between holes and particles suggests 
that the explanation is rooted in the description 
of the self-consistent fields. In this context 
it is interesting to note that in both the rare 
earth and actinide isotopes, regions of large 
R(p, t) and small R(t, p) coincide with rapid 
changes in deformation. 5 These changes in 
deformation occur because the Nilsson or­
bitals above the Fermi surface are on the 
average more downsloping than those below, 
so that the addition of two particles causes an 
increase in deformation. These same level 
systematics suggest that (ph)-excited states 
will have a slightly greater E 2 and E 4 def­
ormation than the ground state. This means 
that the ground state of an N and an excited 
state of an N -2 nucleus will be more strongly 
connected by a (p, t) reaction relative to 

1/2[640) 3/2[642) 3/2[761) 3/2[631) 5/2[752) 5/2[633) 

0.867 0.857 0.848 0. 756 0.840 o. 775 

0.14 0.119 0.222 0.021 0.240 0.05 

0.092 0.096 0.047 0.098 0.044 0.079 

two-nucleon pick-up ground state transitions, 
because the latter will be somewhat inhibited 
by the change in deformation, while the trans­
ition to the N -2 * state is enhanced by a non­
negligible admixture of the unexcited BCS 
configuration with deformation corresponding 
to that of the N nucleus. A similar argument 
explains why the (t, p) reactions to the ot 
states are very weak. These arguments are 
graphically presented in Fig. 1. There is 
quantitative support for this explanation in 
the recent work of Takemasa et al. 6 who 
show that just such deformation changes in 
the rare earth region reduce the (p, tJ ground 
state to ground state transitions in 1 2sm, 
156Gd, 162Dy, 166Er by 29, 13.7, 7.7, and 
0.16o/o. These percentages should be com­
pared with the R(p, t)' s of 25, 12, 13, and 2% 
observed experimentally for these same nu­
clei. Such deformation changes become neg­
ligible as one approaches the Cf isotopes in 
the actinide region and the Er rare earth iso­
topes. This is consistent with recent experi­
mental data which show the R(p, t) is large 
below 166Er. 

N-2 N N+2 

(I' p) 

____ (t,p) 

Og.s. 
N-2 N N+2 

f3z • !34 

Fig. 1. Relative two-nucleon transfer cross 
section due to chan~ing deformation. The 
(p, t) reactions to 0 1 states are enhanced, while 
the (t, p) are retarded relative to the ground­
state -to- ground -state transitions. 

(XBL 733-2465) 
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EFFECT OF ANGULAR MOMENTUM ON THE SHELL STRUCTURE 

AND PAIRING CORRELATION OF EXCITED NUCLEI 

L. G. Moretto and·T. Clements 

In a previous paper
1 

the complete formal­
ism describing the statistical properties of 
a shell-model nucleus with pairing residual 
interaction and angular momentum has been 
derived. In the same paper, an application 
of this formalism was made to the uniform 
model, where a nucleus is described by means 
of a single -particle spectrum uniform both in 
level spacing and spins. 

In the present paper calculations based 
upon the general formalism will be presented 
for actual shell-model nuclei, and the inter­
action between angular momentum, pairing 
correlation, excitation energy, and shell 
structure will be discussed. 

First, the statistical expressions will be 
reported. The logarithm of the grand parti­
tion function is: 

r.l = - (3L ( Ek- A.-Ek) + L ln. {1+exp( -(3(Ek -y~)~ 

+ L ln {1+exp[ -(3(Ek +y~)]} = f3~
2 

. 

In this expression Ek and mk are the single­
particle energies and spin projections; (3, a.=(3A., 
and f.L=(3-yare the Lagrange multipliersused to 
fix the energy, particle number, and angular 
momentum projection respectively; G is the 
pairing strength; b. is the gap parameter; 
the quasiparticle energz Ek is given by 
Ek = [ ( Ek- A.)2 + t:,.2] 1; . The quantities (3, 
A., y, and b. are defined by the following 
equations: 

1 1 
The gap equation: L 2E [tanh 2 (3(Ek -y~) 

k 

The particle equation: 

{ 

€k- A. 1 . 
N = L 1- 2Ek (tanh 2 (3(Ek -ymk) 

+tanh f (3(Ek +y~)]} 
The angular momentum equation: 

The energy equation: 

{ 

Ek-A. 1 
E = L Ek 1- 2Ek [tanh z (3(Ek- -y~) 

+tanh f (3(Ek +y~)} - b.~ 

The entropy is given by: 

S = L ln {1 + exp[ -(3(Ek- -y~)]} 

+ L ln {1 + exp[ -(3(Ek +ymk) 1} 
Ek-y~ 
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The level density is given by: 

_ exp S 
p(E, Ni, M) - (2rr)n/2D1/2 

where N. is the number of particles of each 
compone:dt, n is equal to the number of 
Lagrange multipliers and D = det I a 2o/aaiaa.,, 
where ai and aj stand for the Lagrange J 
multipliers. THe various thermodynamical 
quantities can now be evaluated for actual 
nuclei. Initially only one component at the 
time will be considered. 

At T = 0 the dependence of the gap param­
eter b.. upon angular momentum in the case 
of the uniform moyzl is given by 
b.. = 6 0 [ 1 -I/Icr] 1 , . where Icr = mgb.. 0 , m 
is the average ,single-particle spin projection, 
and g is the cj.ensity of the double -degenerate 
single -particle levels. 

In Fig. 1 the neutr~n and proton gap param­
eters for the nucleus iiPt are presented as 
a function of angular momentum (notice that 
the angular momentum is that of each com­
ponent separately). The calculations have 
been performed on the basis of the Nils son 
model. It can be observed that qualitatively 
the gap parameters do decrease as the angu­
lar momentum increases. However, the de­
tailed behavior shows strong single -particle 
effects, visible especially in the proton com­
ponent. As the temperature increases, the 
pairing correlation decreases and eventually 
vanishes. In Fig. 2 the critical temperature 
as a function of angular momentum is shown 
for the neutron and proton components of the 
same nucleus. The anomolous behavior of the 
critical temperature near the critical angular 
momentum, consisting in the double valuedness 
of the function, is due to the thermally assisted 
pairing correlation. Such an effect, explained 
in a previous paper, 1 consists of a decreased 
blocking effect of the quasi-particles associ­
ated with an increase in temperature. The 
overall dependence of the gap parameter b.. 
upon temperature and angular momentum can 
be seen in Figs. 3 and 4. In these isometric 
projections the gap parameter b.. is pre­
sented as a surface: the intersection of such 
a surface with the b.., I plane gives the T = 0 
dependence of b.. on I; the intersection of 
the same surface with the b.., T plane gives 
the I = 0 dependence of b.. on T and the inter­
action with the I, T plane gives the dependence 
of the critical temperature T on I. This 
representation then summarizes all of the 
pairing relationships discussed above. 

The entropies of the neutron and proton 
components calculated for various tempera­
tures are shown as a function of angular mo­
mentum in Figs. 5 and 6. As a general guide, 

to understand such pictures one should recall 
that, for the uniform model without pairing 
interaction, the entropy does not depend upon 
angular momentum but only upon temperature. 

0 

1.0 

0.8 

<] 

0. 
0 

(!:) 

protons 

194pt 
78 

Fig. 1. Neutron and proton gap parameters 
as a function of the angular momentum. The 
double-valuedness which appears in the pro­
ton component is associated with configura­
tions with different pairing correlation but 
with the same energy. (XBL 731-2066) 

0 

0.4 

2 

194pf 
78 

4 6 8 
I protons (1;) 

Fig. 2. Dependence of the neutron and proton 
critical temperatures upon angular momentum. 

(XBL 731-2067) 



N, l=116, 78 NEUTRONS 

I INlERVOL= 4 H8RR 

O(L TR l INTERVRL= .05914 MEU 

Fig. 3. Neutron gap parameter as a function 
of temperature and angular momentum. 

(XBL 731-31) 

No2=116o78 PROTONS 

I INTERUI=IL= 4 H81=1R 

OEL HI T INTERURL= .05860 MEV 

DELTR ItHERUI=IL= .40 MEU 

Fig. 4. Proton gap parameter as a function 
of temperature and angular momentum. · 

(XBL 731-30) 
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EHTROPV liS I AT CONSTANT T NEUTRONS 

2S.Oor---------~H~,z~·-1~1~6~·~7~9--~T9~0~T,~D~T-=~·~04=5~•~·0=4~5----------, 

I"' ANGULAR MOMENTUM tt-18ARJ 

Fig. 5. Entropy of the neutron component 
as a function of angular momentum for vari-
ous temperatures. (XBL 731-29) 

EHTRGP¥· VS I IH CDHSlRHl l PROTONS 
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18.00 24 .oo 30.00 
Jz: RH&ULI=IR MOMENTUM IHBI=IRJ 

Fig. 6. Entropy of the proton component as 
a function of angular momentum for various 
temperatures. (XBL 731-28) 
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Fig. 7. Level density denominator for the 
neutron component as a function of angular 
momentum for different temperatures. 
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Fig. 8. Level density denominator for the 
proton component as a function of angular 
momentum for different temperatures. 

(XBL 731-35) 
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LltiES OF C:OI'ISTJ)ttl ENTROPY 
No Z= 116o 78 SBDToOS= :Z.SOo 2.50 .. 0,-------------=======~ 
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Fi~. 9. Entropy of the entire nucleus 
1 ~ 3Pt as a function of angular momentum and 
temperature. In the figure the neutron and 
proton critical temperatures are also shown 
as a function of angular momentum. 

(XBL 731-32) 
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f'lo Zc 116o 78 ssor.os= :z.so. :z.so 
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Fig. 10. Entropy of the entire nucleus 
1 ~!Pt 

as a function of angular momentum and 
energy. The line corresponding to zero 
entropy corresponds to the yrast line. The 
critical energy curves for neutrons and pro-
tons are also shown. (XBL 731-33) 



The discontinuities associated with the dis­
appearance of the pairing correlation are best 
seen in the level density denominator, which 
is a monotonic function of the specific heat. 
In Figs. 7 and 8 the square root of the deter­
minant in the level density denominator is 
plotted versus angular momentum for various 
temperatures. The discontinuities are seen 
as sharp drops in the function which occur at 
progressively lower angular momenta as the 
temperature increases. 

The combination of the two components of 
the nucleus, neutrons and protons, can be 
performed by summing the state functions at 
the same value of 13 and;:(' In Fig. 9 the 
entropy of the nucleus 11gPt is plotted versus 
temperature and angular momentum. In the 
same picture, the critical temperatures versus 
total angular momentum for neutrons and pro-
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tons are plotted. It is interesting to notice 
that, while at low angular momentum the 
critical temperature is larger for neutrons 
than for protons, at larger angular momentum 
the opposite is true. In Fig 10 the entropy 
versus angular momentum and excitation en­
ergy is presented. The zero entropy line, 
which also corresponds to the zero tempera­
ture line, represents the yrast function, 
namely the locus of the lowest energy states 
at fixed angular momentum. In the same 
picture the critical energy curves are pre­
sented both for neutrons and protons. 
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STUDY OF EXCITED NUCLEI WITH 8-FORCE RESIDUAL INTERACTION 

TREATED ON THE BASIS OF THE PAIRING APPROXIMATION 

L. G. Moretto and S. K. Kataria 

The short-range residual interaction in 
nuclei is usually accounted for by means of 
the pairing Hamiltonian 

+ + + 
H =!; Ekakak - !; Gkk' ak' a a ak' (1) 

kk' k' k 

where Ek are the single particle energies, 
at and ak are the creation and annihilation 
operators, and Gkk' are the residual inter­
action matrix elements. A commonly used 
approximation consists of assuming that all 
the pairing matrix elements are constant and 
equal to a quantity G called the pairing strength. 
In order to avoid divergences and to obtain 
reasonable results, the approximation re­
quires a truncated shell-model space and a 
renormalization of the pairing strength G 
which now depends upon the dimensionality of 
the problem. This approximation has been 
previously used in the evaluation of the thermo­
dynamical functions of excited nuclei. 1-3 

In order to avoid the shortcoming illustrated 
above, the Hamiltonian (Eq. 1) without any 
further approximation has been used to gen­
erate a complete statistical descrption of an 
excited nucleus. The single-particle energy 
eigenvalues and eigenfunctions have been ob­
tained from the Nilsson shell model, and the 
matrix elements G,kl have been obtained by 
means of a volume ~force residual interaction 

Gkk' = G0 Jt\1~ 4i o(r-r') t\Jk,t\Jkdr dr' (2) 

The strength G 0 of the residual interaction 
has been adjusted to reproduce the experi­
mental even-odd mass differences. 

The logarithm of the grand partition func­
tion can be derived from the Hamiltonian 
(Eq. 1):1 

(3) 

where 13 is the inverse of the temperature, 
A is the chemical potential, 

2 2 1/2 
Ek = [ (Ek- A) + L:.k] , and L:.k is related 

to the X k' s by the relation L:.k = !; Gkk' X k' 
k' 

The quantities L:.k are related to the other 
physical parameters of the problem by the re-
lation 1 

1 tanh213Ek' 
L:.k = Z !; Gkk' L:.k' E (4 ) 

k' k' 

which is called the gap equation. 



By means of (3) in the saddle point approxi­
mation it is possible to calculate the constants 
of motion, like the particle number, 

Ek- A. 1 
N = ~ (1- -- tanh-f3E ) 

k Ek 2 k 
(5) 

and the total energy: 

(6) 
The entropy is given by 

(7) 
The level density is 

expS 
p(E, N) = n/2 1/2 ' 

(2TI) D 
(8) 

where D = det I a 
2

r2/8aiaa.l' Cl'i being the 

Lagrange multipliers introJuced into the 
problem. 

In order to obtain the strength of the 6-
force residual interaction and to check at the 
same time whether the dependence of the 
even-odd mass differences is reproduced, 
the zero temperature form of the gap equation 
(Eq. 4) and of the particle equation (Eq. 5) have 
been solved for .6-k and A. by means of an 
iteration method, for various nuclei through­
o.ut the periodic table. Convergence in the 
values of .6-k was achieved when the number 
of levels used in the computation was about 
100. In Fig. 1 the gap parameter .6-k cor­
responding to the level closest to the Fermi 
surface is plotted as a function of Z. It can 
be observed that while strong shell effects 
are present, the overall .6. dependence re­
flects, at least qualitati/vely, the experimental 
dependence .6. =.12 A-1 2. 

The dependence of the gap parameters on 
temperature is shown for selected levels in 
Fig. 2. It is interesting to notice that, while 
the various .6-k have different values at or 
close to zero temperature, they all vanish at 
the same temperature T c' which is called 
the critical temperature of the system. At 
this temperature the system undergoes a 
second-order phase transition which appears 
in the specific heat of the nucleus in the form 
of a discontinuity. 

In Fig. 3 the entropy of the system is 
plotted versus the excitation energy. Such 
a function shows a substantially different en­
ergy dependence below and above the critical 
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Fig 1. Proton gap parameter .6-p at the 
Fermi surface as a function of atomic number. 
The calculation has been performed along the 
line of ~-~tability. The smooth dependence 
.6.= kA-1;2 with k = 11 and k = 12 is also 
shown. (XBL 731-2068) 

T(MeV) 

Fig. 2. Proton j;ap parameters for various 
levels as a function of temperature. Each 
function is displayed at a value E corre­
sponding to the energy of the level in units of 
1iw

0 
. (XBL 731-2064) 

temperature. Below the critical temperature 
the dependence is nearly linear, while above 
the critical temperature the parabolic de­
pendence typical of the unpaired nucleus is ob­
served. 

All the calculations performed so far refer 
to a single component (protons) of a spherical 



24 

20 

Fig. 3. Entropy of the proton component as 
a function of excitation energy. 

(XBL 731-2063) 
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nucleus. The generalization to two components 
is immediate and the possibility of extending 
the calculation to deformed nuclei is being 
considered. It is hoped that the introduction 
of the residual interaction in the level density 
calculation in the form of the reasonable re­
alistic o -force will provide a reliable method 
of studying the moderately excited nuclei. 
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PAIRING FLUCTUATIONS IN EXCITED NUCLEI AND THE 

ABSENCE OF A SECOND-ORDER PHASE TRANSITION 

L. G. Moretto 

The statistical fluctuations in the nuclear 
gap parameter are studied. The difference 
between the aver<j.ge and most probable gap 
parameter is discussed and the absence of a 
sharp second order phase transition is shown. 

The standard theory of pairing as applied 
to excited systems is based on the grand 
partition function expO obtained from the BCS 
Hamiltonian. 1-5 The function !.1 is given by 
the expression 

!.1 =- f3!: (e:k- A.-Ek) + 2!: ln [ 1+exp(-f3Ek)] -f3t:.
2 
/G, 

where Ek=[( k-A.) 2 +t:.
2

]
1

/
2

, f3=1/T is 
the inverse of the statistical temperature, A. 
is the chemical potential, and G is the 
pairing strength. The gap parameter ll., 
which is a measure of the pairing correlation, 
is defined by the gap equation: 

1 1 2 
!: ~ tanh Z f3 Ek G . 

k 
Such an equation predicts the existence of a 
critical temperature Tc at which ll. vanishes. 
Following this formalism at the critical 
temperature the system undergoes a second­
order phase transition reverting back to a 
system of uncorrelated fermions. In the 
microcanonical ensemble, the gap equation 
is obtained by minimizing the energy at fixed 
quasi-particle occupation numbers. Similarly, 
in the canonical ensemble, the gap parameter 

can be determined by minimizing the free en­
ergy at fixed temperature. In fact, the gap 
equation can be also written as 

ao/at:.l T = o. 

Thus, the gap parameter values obtained 
from the gap equation are to be understood 
as most probable values. In the case of a 
system with a large number of particles, the 
use of the most probable value of ll. is com­
pletely justified. In this case, the fluctuations 
are very small, the probability distribution 
in the gap parameter approaches a delta func­
tion, and the most probable value coincides 
with the average values. However, nuclei 
are composed of a small number of particles, 
and the fluctuations are expected to be very 
large indeed. The presence of fluctuations 
in the gap parameter is responsible for a dif­
ference between the most probable and the 
average value due to high-order moments in 
the probability distribution. It will be shown 
that because of the presence of such fluctua­
tions, it is not quite proper in the case of a 
nucleus to employ the most probable value of 
ll.. In fact, the second-order phase transition 
and the associated discontinuity in the specific 
heat, which are present when the most prob­
able value is used, disappear altogether when 
the average value is used. 



The isothermal probability distribution 
6 

for the quantity !:::. is given by 

P(f:::.) a exp { n (f3,!:::. ~ . 

This expression assumes strong coupling be­
tween the !:::. degree of freedom and all the 
intrinsic degrees of freedom, and disregards 
quantal effects. In Fig. 1 a set of probability 
functions corresponding to different tempera­
tures is plotted. The calculations have been 
performed for a uniform model. The density 
of the doubly degenerate single-particle levels 
g is equal to 7 Mev-1 and the zero tempera­
ture gap parameter is equal to 1 MeV. 

Gop parameter !'> (MeV) 

Fig. 1. Probability distributions for the gap 
parameter !:::. at different temperatures. The 
value of !:::. at the maximum corresponds to 
the solution of the gap equation. The critical 
temperature is T = 0.57. (XBL 724-2698) 

At very low temperatures, the probability 
curve is symmetrical and Gaussian-like. The 
maximum of the distribution occurs at a value 
of !:::. corresponding to the solution of the gap 
equation. Because of the symmetry of the 
distribution, the average value and the most 
probable value coincide. As the temperature 
increases, the distribution curves become 
broader and tend to become asymmetrical. 
While the maximum of the distribution still 
corresponds to the solution of the gap equation, 
the average value becomes distinctly different 
from the most probable value. At the critical 
temperature, the distribution has a maximum 
at !:::. = 0. Thus, the standard theory predicts 
the disappearance of the pairing correlations. 
A discontinuity in the specific heat of the sys­
tem indicates a second-order phase transition: 
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0o~~--o~.2~~~o~.4~~~0~.6~~~~~--~--~ 

T (MeV) 

Fig. 2. The average gap parameter (thick 
line) and the most probable gap parameter as 
a function of temperature. (XBL 724-2697) 

/ 
/ 

/ 
/ 

/ 

/ 
/ 

/ 

/ 
/ 

/ 

Fig. 3. The excitation energy as a function 
of temperature. The thick and thin line cor­
respond to the use of the average and the most 
probable gap parameter respectively. The 
dashed line corresponds to the unpaired sys-
tern. (XBL 724-2696) 



However, at the critical temperature, the 
average gap parameter is larger than zero, 
indicating that for small systems there is no 
discontinuity and phase transition. Only in 
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the limit of an infinitely sharp distribution, 
typical of a macroscopic system, the average· 
and most probable values do coincide and the 
discontinuity is present. For temperatures 
above the critical temperature, the most prob­
able value of b.. remains zero, while the 
average value remains rather large and de­
creases slowly with increasing temperature. 
This can be seen in Fig. 2, where the most 
probable and the average gap parameter are 
plotted as a function of temperature. 

It may be interesting to evaluate the ther­
modynamical quantities on the basis of the 
average instead of the most probable gap 
parameter. The total energy of the system is 
given by: 

1.0 

Fig. 4. The entropy as a function of temper­
ature. The. thick and thin line correspond to 
the use of the average and the most probable 
gap parameter respectively. The dashed line 
corresponds to the unpaired system. 

(XBL 724-2700) 

. 5 
In the standard theory the last term is absent. 
In fact, because of the gap equation, this term 
is zero for the most probable gap parameter 
and non-zero for the average gap parameter. 
The temperature dependence of the excitation 
energy is shown in Fig. 3. The thick line 
corresponds to the use of the average value 
of t:..; the thin line corresponds to the use of 
the most probable value of t:..; the dashed 
parabola corresponds to the behavior of the 
system in absence of pairing At very low 
temperature, the two curves are very close. 
At the critical temperature, the standard 
theory predicts a kink which is nicely avoided 
by the present theory. The entropy of the sys­
tern can be calculated from the expression 

S = !:2 - f3 E + f3 A. N. 

In Fig. 4 the entropy is presented as a func­
tion of temperature. As in the previous 
figure, the thick line corresponds to the 
present theory, the thin line corresponds to 
the standard theory, and the dashed line cor­
responds to the unpaired system. Again, the 
present theory avoids the critical temperature 
kink, typical of the standard theory. The most 

~%of s -----. 5 2 
f 7 I 2 4.9 

4 92% f27/2 -- 2.0 

·2 
I 13/2-- 0.4 

> 3 
(!) 

~ 
92% i213/2-- 0.2 

2 2 9.5 w p 3/2 

2 
fs;2--3.7 81% 2 

p 3/2 
2.8 

66%f 25/2-- 2.3 
0 2 - 4.8 p 1/2 

-I 66% p2
1/2 -- 16.0 

Fig. 5. The specific heat as a function of 
temperature. The thick and thin line cor­
respond to the use of the average and the 
most probable gap parameter respectively. 

(XBL 724-2699) 



dramatic changes are seen in the behavior of 
the specific heat as a function of temperature. 
In the case of the average gap parameter, 
the specific heat has been calculated by nu­
merical differentiation of the energy as a 
function of temperature. This quantity is 
presented in Fig. 5. The discontinuity seen 
in the standard theory prediction at. the criti­
cal temperature is characteristic of the 
second-order phase transitions. The present 
theory does not show any discontinuity. How­
ever, it is quite remarkable to notice that the 
specific heat does go through a maximum and 
a m1n1mum. The lambdoid appearance of this 
curve tells that, close to the critical tempera­
ture, the nucleus undergoes a qualitative 
change, although this change is not so sharp 
as in the case of a second-order phase transi­
tion. 
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PAIRING EFFECTS IN CORIOLIS-MIXED BANDS 

( 

C. T. Alonso and J. 0. Rasmussen 

The continuing explosion in experimental 
·information about energy levels in odd-mass 
nuclei has provided a much more rigorous 
test of nuclear Coriolis theory, with the re­
sult that some discrepancies have arisen be­
tween theory and experiment. The major dif­
ficulties are an unexpected attenuation factor 
on the off-diagonal matrix elements (which 
may have been explained by Pyatov1) and a 
tendency for the BCS pairing theory to over­
state. itself, often by bunching levels too , 
closely together. This trouble with pairing 
is connected with further discrepancies in 
levels near the Fermi surface, which often 
require an attenuation of the matrix elements 
crossing the Fermi surface. 2 

The problems near the Fermi surface sug­
gested to us that the traditional pairing con­
stants A (chemical potential) and b. (gap pa­
rameter) should in fact have some functional 
dependence on n (z -projection of particle 
angular momentum), especially in the vicinity 
of the Fermi surface. 

Closely associated with A is the number of 
particles comprising the Fermi gas, since A 
is essentially a Lagrange multiplier that en­
sures that the average number of particles is 
N. Statistical deviations in N, which have 
heretofore been largely ignored, are rather 
important in nuclear ensembles, where N is 
typically of the order of 100 or less. 

We treat these fluctuations inN by parti­
tioning the nucleons between the high-j and 
all other orbitals, c·onsidering the nucleus 
as a mixture of two Fermi gases. We can 
then consider fluctuations in the high-j N by 
taking into account scattering of nucleons from 
the high-j orbital gas into or out of the other 
gas. We describe this scattering by expanding 
the ordinary Coriolis matrix into the "super­
matrix" illustrated in Fig. 1. Each diagonal 
block of the supermatrix is an ordinary 
Coriolis matrix corresponding to the present 
number of nucleons in the high-j gas. The 
chemical potential is adjusted according to the 
change in nucleon number N. These blocks 
are then connected by matrix elements of the 
order of the pairing force G. The supermatrix 
shown in Fig. 1 considers two possible N-state: 
the usual N -matrix at the lower right and the 
scattered N ± 2 matrix at the upper left. 

In Fig. 2 we show the Nils son levels for the 
i 13/2+ bands in 173Hf. These positive -parity 
orbitals comprise the high-j gas, and the re­
maining opposite -parity orbitals make up the 
other gas. The odd nucleon lies along a para­
bolic potential as shown. Possible pair scat­
tering events into or out of the high-j gas are 
indicated by arrows. Notice the difference 
between particle states (odd particle in 
n :: 9/2 to 13/2) and hole states (1/2 to 7/2) in 
terms of the pair scattering probability. Be­
cause pairs in the particle states can scatter 



more easily than in the hole states, we expect 
a basic difference in b. between particle states 
and hole states since b. is connected with pair 
mobility. In our supermatrix this results in 
the scattered hole states having less energy 
than the normal hole states, while the scat­
tered particle states gain energy (see lower 
diagram in Fig. 1 ). Thus the particle states 
and hole states are now connected only in sec­
ond order by G, and the attenuation of matrix 
elements over the Fermi surface observed by 
Stephens2 occurs naturally. 

Note also in Fig. 2 that at the Fermi sur­
face (!J = 7/2) the odd nucleon.blocks the scat­
tering of the last pair so that we expect 
blocking to diminish b. in the vicinity of the 
Fermi surface. 

We applied this expanded supermatrix to 
all of the known i 13/2+ bands in the odd Hf 
isotopes (171 to 179). 4 Standard Coriolis fits 
of these bands yield an accuracy of about 10 
keV. Our supermatrix fits improved the 
average accuracy to 1 to 2 keV for all bands. 
Even in the case of 1 77Hf, where two bands 
are known, we were able to get a good fit of 
all the levels by using purely theoretical band 
head energies from Nilsson and Chin Fu 
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9/2.{624) ----o-

7/2-{5141~r<:---
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~~F~~~~~ ==9:.:¥:= 

5/2.(6421 -----G:)---

512-15231 -----a:)---

Fig. 1. Illustration of a "supermatrix" 
describing the scattering of one pair out of 
the high-j orbital gas. (XBL 733-301) 
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Tsang. 3 However we should qualify our suc­
cess by noting that in all such many-parameter 
fits there remains a question of uniqueness. 

The output parameters of our fits indicated 
the expected difference in b. between particle 
and hole states, as well as the drop in b. 
particle. 

We are currently using these semiempirical 
results to derive expressions for the pairing 
matrix elements as a function of fJ by including 
blocking and pair-scattering in the BCS 
equations. We will also include a variation 
of the pair breakup and recombination proposed 
by Pyatov1 in an effort to eliminate the need 
for an off-diagonal matrix element attenuation. 
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Fig. 2. Nilsson levels in the region of the 
i 13/2+ orbitals in 173Hf. (XBL 733 -300) 
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NUCLEAR ROTATIONAL ENERGIES IN DEFORMED EVEN-EVEN NUCLEI 

J. 0. Rasmussen* and C. W. Mat 

In extending our earlier work
1 

on the gen­
eralized multidimensional stretch model, we 
have adapted the semiclassical stretching­
molecule model of Diamond, Stephens, and 
Swiatecki2 to allow for stretch in pairing di­
mensions .as well as in the quadrupole dis­
tortion dimension. We shall not here report 
on our model studies in their most general 
form, including stretch in three dimensions 
with fourth-order cranking corrections in the 
kinetic energy term. Instead, we restrict 
ourselves to the simplified treatment of the 
well-deformed (N ~ 96) rare earth nuclei, 
for which it is experimentally known that 
quadrupole deformation stretching is negli­
gible. Thus, Coriolis Anti Pairing (CAP)' 
should be primarily responsible for the in­
creasing moment-of-inertia. 

In order to treat Coriolis Anti Pairing as 
a classical· stretch we introduce (see Ref. 1) 
pairing coordinates ~and v which generate 
a wave .function of BC.,i:i form~ The ratio 
(v/G) is essentially the number of Nilsson 
orbitals participating in the pairing correlation, 
with G the usual pairing-force matrix ele­
ment. If v = 0, we have a sharp Fermi sur­
face with no pairing correlation, and if v = ~, 
we have the BCS ground state. 

We have carried out cranking model mo­
ment-of-inertia calculations for a range of v 
values for several deformed nuclei, using 
the sophisticated wave functions including 
hexadecapole deformation and mixing among 
many oscillator shells in the manner of the 
1969 work of Nilsson and collaborators. 3 A 
striking result of our calculations is the near 
exponential dependence of the moments -of­
inertia on parameters vp and vn. There are 
large deviations of moments-of-inertia from 
the rigid body values [ = (2/5)MR2(1 + 6)] for 

no pa1r1ng correlation v = vn = 0, as shown 
in Table I. It has been proved that the rigid­
body value should be obtained at equilibrium 
deformation with no spin-orbit.potential and 
a pure anisotropic harmonic oscillator poten­
tial. Evidently, the spin-orbit potential and 
anharmonicity of the well cause large devia­
tions, positive at the beginning of the deformed 
region and going negative with increasing mass, 
corresponding to the filling of the highest-j 
orbitals. 

We proceed with the two-dimensional 
pairing modification of the Diamond -Stephens­
Swiatecki stretch mode. 2 Whereas their 
energy expression was 

E = ~ I(I+1) + _21 C(f3-f3o)2, 
6Bf3

2 

we write an analogous equation in the 
pairing coordinates v p and vn: 

E= 
1i2 

2J( ) I(I+1 ) + VPBCS(vp) vp,vn 

(2) 

two 

(3) 

The kinetic energy term makes use of the ex­
ponential form found by cranking as follows: 
The experimental moment-of-inertia at ground 
(E2t/31i 2 ) and the zero-pairing cranking mo­
ments of Table I fix the moment-of-inertia 
function 

J(v , v ) 
p n 

with 

J(O) exp(-y v ) + J(O) exp(-y v ) 
p pp n nn 

(4a) 

Table I. Cranking moments of inertia with no pairing. 

2J(O) 2 (MeV- 1 ) 2J(O) 2 (O) 
2J . 'd/1i2 z N A p/1i n/1i 

2 Jtotal/1i 2 
ng1 

66 96 162 60.22 102.68 162.90 145 

68 100 168 40.98 76.39 117.37 155 

70 102 172 40.65 82.38 123.03 160 

72 106 178 38.05 76.30 114.35 170 

74 108 182 22.03 55.73 77.76 175 
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Table II. Ground band transition energies EI - EI_ 2 (keV). 

This calculation Extended VMI 2 
Nucleus I 1-parameter 2 -parameter 3 -parameter X Experimental 

162D 
66 y 

2 80.73 80.70 80.660 80.660 

4 181.41 185.16 185.005 185.005 

6 26,8. 59 282.72 282.865 282.864 

8 339.71 370.96 372.9 372.6 

10 395.56 448.78 455.4 453.7 

12 438.24 516.09 530.9 526.2 

14 470.03 573.44 600.5 

621.67 

168E 
68 r 2 79.81 79.80 79.7994 79.7998 

4 180.59 184.50 184.283 184.281 

6 269.70 285.27 284.634 284.646 

8 344.30 380.40 379.545 379.536 

10 404.14 468.67 468.5 

12 450.38 549.37 551.7 

14 484.58 622.20 

16 508.16 687.10 

18 522.01 744.15 

172Yb 
70 

2 78.74 78.73 78.74 78.74 

4 177.89 181.57 181.52 181.52 

6 264.97 279.57 279.74 279.74 

8 337.25 370.72 372.2 371.9 

10 394.61 453.74 458.9 444.9 

12 438.37 528.00 540.2 498.0 

14 4 70.18 593.38 616.9 

16 491.49 650.01 689.9 

18 503.23 698.12 

178Hf 
72 

2 93.21 93.20 93.118 93.181 

4 208.02 213.63 213.503 213.444 

6 304.06 325.62 325.533 325.562 

8 378.37 426.12 426.377 426.371 

10 432.16 513.60 515.2 

12 468.31 587.69 592.7 

14 489.74 648.69 

16 498.64 697.04 

.18 496.23 732.70 

182w 
74 

2 100.09 100.09 100.104 100.102 

4 225.61 229.34 229.323 229.317 
6 334.84 349.29 350.69 351.02 
8 424.19 456.65 464.1 464.0 

10 493.60 549.80 571.5 567.6 
12 544.73 628.41 676.4 



J(O) exp(-y!::,. )+J(O)e~p(-y f::. ) 
p p p n n n 

(4b) 

fixing the arbitrary factor 11 adjusting the 
cranking model calculations y$..c) and. 'Y;c) to 
the val~ef fitting Eq. f4~). That is, 
'Yp = 1l'Ypc and 'Y = 1l'Y .;{ . The quantities 
.ti:p and Ll.n are tRe experimental odd-even 
mass differences. We have used the tabulated 
values of Nemirovsky and Adamchuk. 4 The 
number -projected BCS energy that plays the 
role of potential energy is calculated in the 
continuous model [ cf. Eq. (4. 20) of Ref. 1] . 
The Berkeley minimum search routine 
MINSER was used to find the minimum of the 
energy function (3) for successive even value~:< 
of spin. 

The values of pairing force strength were 
taken from Nilsson et al. , 3 and our cutoff 
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1.1. was chosen as 0.8 1iw to correspond approxi-
mately to theirs. 

0 

The effective orbital densities Pp and p 
were then determined by demanding that n 
Belyaev' s continuous modelS limit of the gap 
equation be satisfied for experimental odd­
even mass differences !::,. : 

-1 ..!:!:.. 1 = Gp sinh !::,. • (5) 

These calculations were carried out for 
five well-deformed nuclei: 1g~Dy, 19~Er, 
1~oYb, 1HHf, and 1~~w. The one a8Justable 
parameter for fitting the bands essentially 
forces agreement of the 2+ energy._ Table II 
lists theoretical and experimental transition 
energies. Compare this calculation, headed 
"one -parameter", and the experimental values 
in the last column. It i$ evident that in all 
cases the one-parameter calculation gives too 
soft rotors. We are forced to conclude that 
the cranking-model zero-pairing moments-of­
inertia are too large for some reason. If we 
had used the ordinary BCS energy without the 
number-projection correction, the discre­
pancy would be worse. Likewise, inclusion 
of fourth-order cranking corrections would 
make agreement worse. 

Let us introduce a second fitting parameter, 
a factor reducing the zero-pairing moments­
of-inertia. By adjustment of this parameter 
we force the fit of the 4 - 2 transition energy. 
The column headed "two-parameter" gives 
these results. Indeed-, our two-parameter 
model calculations are generally (except for 
182w) in better agreement with experiment 
at higher spins than are the three-parameter 
extended VMI (variable moment-of-inertia) 
model x 2 fits of Jagare et al. 6 

Table III. Pairing parameters 
for increasing spin. 

Spin 
Gap parameters 

Nucleus I f::. . (I) 
p 

162D 
66 y 

168E 
68 r 

0 

6 

12 

18 

0 

6 

12 

18 

0 

6 

12 

18 

0 

6 

12 

18 

0 

6 

12 

18 

0.879 

0.826 

0.815 

0.596 

0.933 

0.902 

0.832 

0.751 

o. 785 

0. 750 

0.676 

0.597 

0.969 

0.932 

0.864 

0.812 

o. 585 

0.543 

0.467 

0.410 

(MeV) 
!::,. n (I) 

o. 989 

o. 917 

0. 760 

0.564 

o. 774 

0. 715 

0.576 

0.385 

0.800 

0. 736 

0.587 

0.386 

0. 753 

0.666 

0.474 

0.220 

o. 734 

0.645 

0.448 

0.183 

The factors reducing the zero-paumg mo­
ments -of-inertia for the five nuclei are, re­
spectively, 0.61, 0.60, 0.62, 0.625, and 0.76. 
Now these moments-of-inertia at zero pairing 
should be the effective values for quite high 
angular momentum (I:::: 20). Thus, the lowest­
order cranking formula may not be adequate, 
but we may hope that the cranking problem 
without pairing might be more tractable at 
high angular momentum than the problem 
with pairing. 

Table III lists pairing gap values for our 
two-parameter calculations. 

We note that in no case has there been a 
pairing collapse. In the case of the one-



parameter calculation for 178ru, a back­
bending reversal occurs for the highest-spin 
transitions. Here, though, pairing collapse 
has not yet occurred, though the £:::. value has 
dropped to 0.107 MeV at spin 18. n 
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Our finding that the straightforward cranking 
calculations give too soft rotors represents 
the same difficulty earlier encountered by 
Marshalek 7 and by us 1 in different approaches. 
It is important to understand better why the 
moment-of-inertia depends less strongly on 
the pairing correlation than the cranking model 
predicts. In part it may be due to systemat­
ically larger diagonal than off-diagonal pairing 
matrix elements (cf. Ref. 8). 

The quality of our two-parameter fits and 
those of Draper's EXP modelS are strong in­
dications that the moment-of-inertia depend­
ence on pairing is essentially exponential. 

We plan to extend the model to the shape­
stretching nuclei at the edges of the deformed 
region. 

Footnotes and References 

* Nuclear Chemistry Division, Lawrence 
Berkeley Laboratory, on leave from Yale 
University. 

t Department of Physics, Indiana University, 
Bloomington, Indiana. 

1. C. W. Ma and J. 0. Rasmussen, Phys. 
Rev. C ~. 798 (1970). 

2. R. M. Diamond, F. S. Stephens, and 
W. J. Swiatecki, Phys. Letters J._!, 315 
(1964). 

3. S. G. Nilsson, C F. Tsang, 
A. Sobiczewski, Z. Szymanski, S. Wycech, 
C. Gustafson, I. Lamm, P. Moller, and 
B. Nilsson, Nucl. Phys. A13:i, 1 (1969). 

4. P. E Nemirovsky and Yu. V. Adamchuk, 
Nucl. Phys. 22_, 551 (1962). 

5. S. T. Belyaev, Kgl. Danske Videnskap 
Selskab, Mat. -Fys. Medd. ~· No. 11 (1959). 

6. S. Jagare, A. Johnson, S. A. Hjorth, 
H. Ryde, Z. Szymanski, and 0. Saethre, 
preprint (1972) .. 

7. E R. Marshalek, Phys. Rev. 139, B770 
(1965); 158, 993 (1967). 

8. J. E. Draper, Phys. Letters, 41B, 105 
(1972). 

NUCLEAR ROTATIONAL ENERGY EXPANSIONS 

FOR DEFORMED ODD-MASS NUCLEI 

J. 0. Rasmussen,* J. Alonso, W. Ribbe,t I. Rezanka:t: and R. 1\ieedham:t: 

As the accuracy and extent of gamma en­
ergy measurements on rotational bands have 
improved, more detailed tests of rotational 
energies have become possible. The leading 
·order I(I + 1) dependence must be corrected 
by terms of higher power in the angular mo­
mentum. Perturbation theory on the Coriolis 
band mixing problem suggests the following 
general expansion: 

E(I, K) = E
0 

+AI(!+ 1) + BI
2

(I+ 1)
2 

+ CI
3

(I+ 1)
3 + · · · 

+ (- )I+K (I+ K) [AZK + BzK I(I+ 1) + ... ]. 
(I- K) 

(1) 

Note that this expansion applies also to 
K = 1/2, but the usual decoupling parameter 
a equals AzK/ A. Dzhelepov et al. 1 have 
made a comprehensive survey and analysis of 
properties of K = 1/2 bands including extensive 
4-parameter energy fits. 

In the course of analysis of 
165

Tm level 
studies made at the Yale Heavy Ion Accelera­
tor we have applied expansion (1) to fit bands 
of K = 1/2 and 7/2 in this nucleus and 
neighboring odd-proton nuclei. We developed 
a least-squares computer program that could 
be used in an interactive manner with the BRF 
system of the LBL computer center. Level 
weighting was assigned on the basis of energy 
uncertainty of the level. Special difficulties 
with the signature -dependent terms (those 
with alternating sign -ii+K) arise at high spin, 
and these difficulties call for special care in 
comparing and interpreting band fits. Reason­
able least-squares fits for lower levels can 
be obtained, but often the divergence rapidly 
sets in for higher spins than those fitted. If 
the higher levels are included in the fit, the 
fit becomes poor for the lower levels. The 
constants of Eq. (1) thus depend both on how 
many terms were used in the expansion and 
on how many levels were included in the fit. 

Figures 1 and 2 illustrate these difficulties 
with four and five paramet~r fits through 



14 

15/2 

13 
17/2 

w 
;_ ~12 

w 

11o!:----~I:-;\0:-;:;0:---;:o-20;!;,0,_-----:3;-;:0!;-;0:---~;::--' 

212
- 1/2 

Fig. 1. Rotational band energy difference 
plot for 7/2+[404] band in 165Tm. The solid 
line connects experimental points and the 
crosses and circles represent Eq. (1) weighted 
least-squares fits through the I= 19/2 level 
with 5 and 4 parameters, respectively (see 
Table I). Experimental energies are mainly 
from work of Gizon et al. 5 (XBL 733-2466) 
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Fig. 2. Same as Fig. 1 except fits are carried 
through I = 29/2 level. (XBL 733 -2467) 

19/2 and 29/2 leve-ls of 165Tm, respectively. 
Table I shows the change in the constants for 
these cases. 

While the coeffi-cients of the leading terms 
A and B are relatively constant in the fits of 
Table I, the coefficient A2K is very unstable, 
with even the sign uncertain. Clearly if one 
is to cross-compare constants for various 
nuclei, the fits must be made with the same 
number of coefficients and levels. 

In Table II we give the coefficients deter- · 
mined in 7-level, 4-parameter (A, B, C, A

7
) 

fits for 7/2+[ 404] bands and 9-level, 5-param­
eter (A, B, C, A7, B7) fits for 7/2-[523] 
bands in several nuclei. 

We note that B and C are of opposite sign 
for the two bands. In an earlier paper on 
161Ho, Alonso et al. 1 discussed the B and A7 
parameters in terms of perturbation theory 
of the Coriolis interaction. The positive B 
in the 7/2- band was attributed to the dom­
inance of fourth-order Coriolis interaction 
among the high-j h11 /2 Nilsson states. The 
negative sign of B, characteristic of the even­
even core, is exhibited in the 7 /2+[ 404] bands, 
where the specific Coriolis band mixing ef­
fects are smaller. See also discussion by 
Hamamoto and Udagawa2 and by Hjorth, Ryde, 
and Skanberg. 3 

Similarly, the large positive values of A 7 
for the 7/2- band arise in seventh order of the 
Coriolis interaction among the h11/2 orbitals. 
The small A 7 values of varying sign in the 
7/2+ bands probably reflect the smaller 
Coriolis matrix elements and a cancellation of 
effects within the g7/2 and d5j2 orbital family. 

The fact that A is al~ays smaller for the 
7/2- bands than for 7/2 bands is a conse­
quence of the large second-order Coriolis 
interaction among h 11 ; 2 orbitals, which re­
normalizes the moment-of-inertia. 

Finally, we would make some remarks on 
the difficulties with the power series ex­
pansion (1). The form of the power series 
can be derived from perturbation treatment 
of the Coriolis interaction. That is, it is 
most valid for spins sufficiently low that all 
Coriolis band-mixing matrix elements are 
smaller than the energy separation of the 
bands. 

This inequality fails first at modest spin values 
for the h11j2 7/2- case either for the 1/2-
and 3/2- bands or for the 7/2- band and its 
nearest neighbor 5/2- or 9/2- band, and the 
expansion breaks down. 

To get simple analytic expressions for the 
energy we need to have the strong inequality 
(2) in one or the other direction. 

When inequality (2) is not satisfied, the best 
alternative is the numerical matrix diagonali­
zation of the Coriolis interaction. Unfortun­
ately, there are so many parameters, such 
as band-head energies and attenuation factors 
for Co~iolis matrix elements, that unless 



165 

data on higher band positions and spectroscopic 
factors are know {see work of Kleinheinz 
et al. 4) the parameter sets from one-band 
energy fits are far from unique. 

One simple limiting case with Coriolis 
matrix elements larger than band separation 
does occur experimentally for i 13 ; 2 orbitals 
in odd-neutron rare earths. These cases are 
most readily recognized in a plot of ll.I == 2 

transition energies vs I as Fig. 3. The inter­
cepts of normal bands are at Ii :: 1/2. The 
intercepts of the special cases with inequality 
{2) reversed have larger intercepts. 

We take in zero order two bands K and 
K + 1 completely degenerate, with K > 1/2. 
With the Coriolis interaction included, there 
are simple 2 X 2 matrices with equal diagonal 
elements to be diagonalized for each I value. 

Table I. Expansion coefficients for 7/2+[ 404] band in 165Tm. 

Levels 7 7 12 12 9 fitted 
Coefficient Parameter-+ 4 5 4 5 3 {keV)power 

A 15.13±0.02 15.17±0.00 15.09±0.07 15.16±0.03 14. 73±0.05 

B X10
2 

-1. 74±0.041 -1.85±0.01 -1. 70±0.07 -1. 79±0.04 -1.13±0.03 

c X10 5 2.52±0.24 3.31±0.05 2.44±0.21 2. 76±0.11 

A2K X10 7 
1.16±0.14 -3.01±0.20 5.59±8. 95 2.06±0.36 0.331±0.447 

B2K X10 9 5.09±0.24 -1.02±0.18 

Table II 

A B c A7 B7 

Nucleus {keV) {keV X 102 ) {keV X 10 5 ) {keV X 10 7 ) {keV X 10 9 ) 

7/2+[404] bands 

161Ho 13. 73±0.02 -1.64±0.04 3.26±0.22 0. 76±0.13 

165Tm 15.13±0.02 -1. 74±0.04 2.52±0.24 1.16±0.14 

167Tm 13.48±0.02 -1.31±0.03 0.93±0.20 -0. 96±0.12 

171Lu 13. 98±0.00 -1. 07± .01 1.60± .05 0.21± .03 

177Lu 13. 79±0.00 -0.683±0.002 0.19±0.01 -0.029±0.006 

177Ta 15.10±0.03 -1.34±0.06 0.85±0.39 -0.58±0.22 

7/2-[523] bands 

161Ho 10.95±0.02 0.45±0.04 -2.86±0.18 8. 79±0.69 -5.37±0.56 

165Tm 9.80±0.09 1.66±0.14 -6.83±0.63 11.3±2.4 -7. 96±1. 96 

167Tm 9. 95±0.06 0. 71±0.09 -3. 51±0.43 4.18±1.63 -2.91±1.32 
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The energies are given by 

X J I(I+ 1) - K(K+ 1) (3) 

For I > > K we see that a term linear in I 
has been introduced, and we can write approxi­
mately 

(4a) 

where 

* I I± < K + 11 j+ I K) (4b) 

The minus sign applies to the lower branch. 
For the high-j orbitals, where j is approxi-

The ratio of intercepts in plots of the type of 
Fig. 3 should thus be 3.13:5.13, and this is 
only somewhat larger than what is observed 
for 91-neutron 155Gd. The ratio is somewhat 
smaller in 93-neutron 161Er, where the 
assumptions of degenerate K = 1/2 and 3/2+ 
bands with all other i13/2 bands neglected 
would be less valid. 

500 

400 

EVEN-EVEN NUCLEI 
GROUND BANDS EVEN-PARITY BANDS 

ODD-N NUCLEI 
VARIOUS BANDS 

mately a good quantum number, the intrinsic .: 
matrix element should be 

(K + 1 lj+ I K) ::::: ,Jj(j + 1) - K(K+ 1). 

The geometrical significance of this value is 
as j.l, the fluctuating component of the odd­
particle angular momentum perpendicular to 
the nuclear symmetry axis. The energy ex­
pression (4) bears close analogy to those 
from aligned coupling schemes where the core 
angular momentum adds in stretched coupling 
to the odd-particle j vector. Here the per­
pendicular component j 1 is involved, not j. 

For degenerate K = 1/2 and K = 3/2 orbitals 
with j a good guantum number, the decoupling 
term for K = 1/2 somewhat complicates the 
solutions. The energies are 

E = ~~ G(I+ 1) 

_ (- /- j ]. 1 ± ) 17 f f2 ~ 16 (f + f) + 
+ 2 

(5) 

with I= I+ 1/2 and j = j + 1/2. In the large-!, 
large -j limit this becomes 

E =~~ {I(I+ 1)+ i JI[- (-)I-j± m]}. 
(6) 

Equation (6) can be recast in the form of Eq. 
(4a) but now Eq. (4b) .is modified, depending 
on the signature (-)I-]. For the lower branch 

I* JI /TI; 1 
(j + 1/2), I - j, even (

7
) 

~ - Jf7 4 1 
(j + 1/2), I - j, odd . 

2 4 6 8 10 12 14 16 2 4 6 8 10 12 14 2 4 6 8 10 12 14 16 

I 

Fig. 3. Plots of cross -over ( .6.I = - 2) 
transition energies vs initial state spin for 
various rotational bands. Note the small 
(Ii = 1/2) intercepts for most bands and the 
larger intercepts for the odd-n i13/2 bands 
on.the right. (XBL 731-15) 
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Fig. 4. A plot of the systematics of inter­
cept values for odd -n even parity bands of the 
deformed rare earths. Note the two value·s of 
intercepts plotted for 155Gd and 161Er, with 
the significance of two intercepts discussed 
in text. (XBL 731-16) 



In Fig. 4 we plot the intercept values for 
the odd-n i13j2 cases. According to Eq. (4b) 
the intercept equals the intrinsic Coriolis 
matrix element between the two low-lying 
mixed bands. The usual special attenuation 
factor of about one half, only part of which is 
accounted for by the pairing factor, is evi­
dently operative. The low points 167Er and 
169yb are for cases where the even-parity 
band is at ground and the two-band degeneracy 
condition is not fulfilled. 

Finally, we easily generalize the two-band 
mixing expression (3) to the case of two-band 
(K =f 1/2) mixing with zero -order separation 
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of bands by energy EK - EK+i (where the 
EK may be quasi-particle energies). The 
resulting 2 X 2 matrices are easily diagonalized 
to give 

{ 
(E -E )

2 
( 2) 

2 

± K 4K+1 +4 ~J (K+1IjtiK)2 

X [I(I+ 1) - K(K+ 1)~1 /2 . (8) 

When EK = EK+i' Eq. (8) reduces to Eq. (3). 
When the band energy difference term is large 
compared to the Coriolis, Eq. (8) reduces to 
the perturbation theory expansion. Hopefully, 
such intermediate cases as 167Er and 169yb 
may be fitted by the above 3 -parameter ex­
pression (parameters 1i2/2J, EK- EKt1• and 
(K + 1 I jt I K ) 2). The influence of higher 

bands might be treated in perturbation theory. 

Inclusion of the K = 1/2 band will complicate 
the expressions, but they will still be expres­
sible as roots of a quadratic equation. The 
exfansion of Eq. (8) in powers of 
(1i /2J)2/fK- E~+1)2 shows the origin of the 
positive I (I + 1) term often appearing when 
the odd-particle is in a high-j orbital. 
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MICROSCOPIC CALCULATIONS OF THE VARIABLE 

MOMENT-OF-INERTIA MODEL 

C. W. Ma and C. F. Tsang 

The variable-moment-of-inertia model, 1 

which has been very successful in describing 
the low-spin as well as the high-spin nuclear 
rotational energies E, can be expressed as 
follows: 

E = i C (J - J o )2 + I(~~1) ' 

aE IT= o, 
(1) 

where J is the moment-of-inertia of the nu­
::leus anJ C is called the force constant; both 
:>f them can be determined experimentally by 
fitting to the energy levels. 

We report here a calculation which tried to 
calculate microscopically the parameter J 
and C First, the nucleons are considere& 
to move in a deformed potential with pairing 
interaction acting between them. The pairing 
strength and the detailed shape of the deformed 
potential are taken to be similar to those in 
the work of Nils son et al. , 2 except that we 
have now readjusted several neutron levels 
around neutron number N = 104 and 108 in 
order to reproduce better the experimental 
levels.· Next, based on the cranking model 
of Inglis, 3 the moment-of-inertia J

0 
can be 

evaluated by the Belyaev formula. 4 The re­
sults are plotted in Fig. 1. 



The force constant C can also be expressed 
microscopically as 

C-
1 

= 2:; d. (:~~ )
2

• (2) 
1 1 1 

where Xi (i = 1 - 5) are variables associated 
respectively with the P2 deformation, the P 4 
deformation, the proton pairing, the neutron 
pairing, and the fourth-order cranking; and 
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Ci are the corresponding force constants. In 
the present calculations, the fixed-particle­
number corrections have been included in 
evaluating the pairing force constant. We have 
also applied the Strutinsky6, 2 method to take 
into account the shell-correction effect in 
evaluating the P2 and P4 shape force constant. 
The final results of C are given in Fig. 2. 

In general, the microscopic calculation is 
able to reproduce very well the general trends 
of J

0 
and C versus the mass number A. The 

values of J
0 

and C are generally reproduced 
with 70o/o to 80 o/o accuracy. We consider this 
to be satisfactory. The biggest discrepancy 
of the values of C occurs at neutron number 
N = 90, which deserves more careful attention. 
Our calculations also show that the cont:ribu­
tions of the P 2 and P 4 deformation to the force 
constant C are in general negligible. 
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Fig. 1. Calculated values of the moment-of­
inertia parameter, J

0 
for the rare earth 

nuclei compared with experimental results. 
(XBL 733-299) 
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Fig. 2. Calculated values of the force con­
stant for the rare earth nuclei compared 
with experimental results. (XBL 733-298) 
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X-RAY PHOTOELECTRON SPECTROSCOPY OF 

FLUORINATED BENZENES* 

D. W. Davis, D. A. Shirley, and T. D. Thomas 

In this paper we report the results of an ex­
perimental study of the chemically induced 
shifts in the binding energies of carbon and flu­
orine 1 s electrons in fluorine- substituted ben­
zenes. The 1 s binding energy of each atom is 
rather directly sensitive to the local electro­
static potential. An electrostatic potential 
model is used, together with CNDO wave func­
tions, to predict shifts. We describe also a 
"point charge" model that allows the interpre­
tation of chemical shifts in binding energy in· 
terms of an experimental population analysis 
for each molecule. This model is used to esti­
mate atomic charges for the fluorine-substi­
tuted benzenes. ·Trends are discussed and com­
pared with expectations based on chemicalprop­
erties. 

Experimental Section 

Binding energies were measured by x-ray 
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Fig. 1. X-ray photoelectron spectra of fluoro­
benzenes, obtained with Mg_ Ka. radiation. 

(XBL 733-309) 

/ 

photoemission, using Mg Ka.1 2 radiation 
(1253.6 eV) and electrons were analyzed in the 
Berkeley iron-free spectrometer. 1 The sam­
ples were all studied as gases at pressure in 
the 10-2 Torr range. Pressures were mon­
itored by a MacLeod gauge. The pressure sen­
sitivity of peak positions was found to be negli­
gible, in contraft to the results reported by 
Siegbahn, etal. Our experimental pressures 
were much lower than theirs (which ranged up 
to 1 Torr), while our counting rates were typ­
ically somewhat higher. The peak-to-back 
ground ratios in the spectra ranged from as 
hight as 15/1 in the best cases down to less 
than 1/1 for the worst cases (weaker peak of a 

Table I. C(1s) and F(1s) Binding Energy Shifts 

~--llEs(C 1s)b--~ 

Lower Higher 
Compound £ 8 peak, Es peak, 

X eV eV 

c,H, 
-c.-ft,F 
I.4-C,H,F, 
I,3-C,H,F, 
1,2-C,H,F, 
1,3,5-C,HaFa 
1 ,2,3,4-C6H,F, 
1,2,3,5-C,H,F, 
1 ,2,4,5-C6F2H 4 

C,HF, 
C 6F 6 

(0.00) 
0. 39 (3)• 
0.76(4) 
0. 70 (5) 
0.72(4) 
0.56 (13) 
0.96 (10) 
0.86 (12) 
1.12 (10) 
]_ 32 (17) 

2.43 (4) 
2.74(6) 
2.92 (6) 
2.87 (6) 
3.02 (9) 
3.20 (10) 
3.05 (12) 
3.20 (10) 
3.38 (14) 
3-57 (9) 

llEs(F 1s)', 
eV 

-1.38 (5) 
-1.08 (5) 
-1.08(5) 
:__ 1.01 (5) 
-0.87 (8) 
-0.68 (10) 
-0.45 (6) 
-0.48 (10) 
-0.31 (15) 

(0.00) 

a Error i_n last place given parenthetically. b llEs(C 1s, X)= Es­
(C Is, X) - Es(C Is, C,H,). 'ilEs(F Is, X)= Es(F Is, X) - Es­
(F Is, C,F,). 

~ 1.5 
Cs H&-n Fn 

4 3 2 

NUMBER OF FWORINES, n 

Fig. 2. Fluorine is binding-energy shifts of 
fluorobenzenes relative to c 6F 6, plotted against 
number of fluorines. (XBL 733-310) 
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doublet, in the presence of a reference gas); 
for most cases the ratio was 5/1 or greater. 

Considerable care was taken to measure 
binding energy shifts with the highest accuracy 
feasible within the constraints of this study. 
In order to achieve this goal it was necessary 
to monitor all measurements with a standard 
reference gas. Both fluoroform and fluoroben­
zene were used as references. 

~ .. -

a 

-
I 

0 I 2 3 4 56 

NUMBER OF FLU081NES, n 

Fig. 3. Carbon 1s binding energies of fluoro­
benzenes relative to that of benzene, plotted 
against number of fluorines. Th'e upper points 
refer to carbons to which fluorines are bonded; 
the lower points refer to carbons to which hy-
drogens are bonded. (XBL 733-311) 

-1.~,.------.------.,----., 

~ .. 
' ~ ::r: 
~ -1.0 

~ 
~ 
I 

""' -0.5 
I~ 

J 
"'" 
~ I 

0 0.5 1.0 

Ea (CF, X) -E8 (CF, C6 H5 F), eV 

Fig. 4. Shift of CH 1 s 
ative to that of C6HF5) 
compounds c 6H 6 _nFn. 

binding energies (rei­
for the complementary 

(XBL 7 33 -313) 

A CNDO Potential Model 

An electrostatic potential model based on 
SCF wave functions and Koopmans' theorem 
has been found to predict quantitatively chem­
ical shifts in spme small molecules .3, 4 It 
would be desirable to apply this model to larger 
molecules if one could avoid the expense of cal­
culatin_g ab initio wave functions, and the 
CND0/2 approximation was explored to this end. 
While requiring little computer time, CND0/2 
has been successful in predicting the propertie~ 
of molecules composed of first-row elements. 

20.---r----.----.---~ 

Y-o 

-..1 

~ 
~ 0 -10 -20 

TOTAL BINDING ENERGY SHIFT 
I'fX),eV 

Fig. 5. The ordinate is the shift in total binding 
energy of carbon is electrons relative to those 
in benzene for the compound C6HnF6-n· The 
abscissa is the shift in total binding energy of 
carbon is electrons relative to those in C6F6 
for the complementary compound c 6H6 _nF n· 

(XBL 733-312) 

5.01- I o :E/n 

• :E'/n 

3"
0o 2 4 6 

-

NUMBER OF SUBSTITU£NTS, n 

Fig. 6. Shift in the total binding energy of car­
bon 1 s. electrons per substituted ligand, plotted 
vs number of ligands. The open circles refer 
to substitution of fluorines for hydrogens on 
benzene; the closed circles refer to substitution 
of hydrogens for fluorines on c

6
F 

6
. 

/ 
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Theory and experiment are compared in 
Table IV. The numerical results of both of the 
approaches are quite close, and agreementwith 
experiment is comparable to that obtq.ined from 
ground state ab initio calculations. i ' 4• 7 This 
agreement is further illustrated in Fig. 7, 
where we have plotted the experimental shifts 
vs. those predicted by the first of the two 
CND0/2 methods. 

(XBL 733-314) 
Fig. 7. Experimental shifts for binding ener­
gies of is electrons plotted against the shifts 
calculated by-the first of the two CND0/2 meth­
ods described in the text. (XBL 733 -3i5) 

An Atomic Charge Analysis 

In this section we discuss the derivation of 
an "atomic charge" analysis and its application 
to the fluorine-substituted benzenes. We seek. 
both to test the model and (if possible) to de­
rive information about charge distributions in 
these molecules. 

Let us consider a molecule with n inequiv­
alent atoms. If all n is electron- binding ener­
gies are known, they may be referred to suit­
able standard binding energies to yield a set of 
binding-energy shifts 6Ei(i = i, 2, · · ·, n). These 
shifts carry information about the electronic 
charge distribution. 

Assigning charge qi to atom j, and denoting 
by Rij the internuclear distance between atoms 
i and j, we may write 

\ (a E. Ia q.) oq. = (aE./aq.) oq. L 1 J J 111 
j 

2 
(e /R .. )oq. 

lJ J 
(3) 

as the incremental change in the binding energy 
of a core electron in atom. i accompanying a re­
distribution of charge in the molecule described 
by the set of numbers { 6qi}. Note that qj is 
thus the charge on atom j in units of lei. If we 
choose the binding-energy reference state as 
qj = 0 for all j (i.e., hypothetical neutral atoms 
within the molecule) and invoke the essential 
constancy of (aEifaqi) as qi is varied, Eq. 3 be­
comes 

aEi = kiqi + L 
j =i 

2 
(e /R .. )q .. 

lJ J 
(4) 

Equations similar to this are well known in x­
ray photoelectron spectroscopy. 8 

Equation 4 is a linear equation in n unknowns 
{ qj}. There are n such equations, one for the 
sh1ft 6Ei op. each atom i. It is convenient to 
write these equations in matrix form 

6 = Aq. (5) 

Here 6 and q are n-dimensional vectors whose 
components are the ordered sets { 6Ei} and { qi}, 
respectively. The n X n matrix A has elements 

A .. = k. = (a E./a q.), 
ll l l l 

A .. = ~ e
2
/R .. fori ,.fj. 

lJ lJ 

j i 

(6) 

The off-diagonal elements Aij are easily worked 
out from a knowledge .of the molecular geometry. 
Diagonal elements can be evaluated as discussed 
below. The important point here is that the en­
tire matrix A can be obtained from Coulomb' s 
law plus free-atom wave functions, with nd ref­
erence whatever to molecular orb1tal models. 
Thus we may combine the matrix A, calculated 
essentially from first principles, with a com­
plete set of n experimentally determined shifts 
6 to solve for the n charges.q, thereby obtain­
ing an empirical population following the eval­
uation of Aii = ki for the elements carbon and 
fluorine. If the electron population of the val­
ence oq, corresponding to an increase of charge 
in the valence shell by the fraction 6q of one 
chatge unit 1e1; then the binding energy of a is 
el'ectron would be ,changed by an amount 

2 -i 
oE::::: oV = e ( r ) og,. {7) 

-i --- -i where ( r ) is the ex_pectation value of r for 
the valence electron."! Comparison with the 
"diagonal" terms in Eq. 3 and 4 yields 

2 -i 
ki = e ( ri ) . (8) 
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In this analysis we use a single value of ki for 
each element. The s and p valence orbitals on 
the same atom have slightly different values of 
( r-1/. However, we prefer to avoid any arbi­
tranness that might result from the introduc­
tion of additional parameters (e.g., to describe 
hybridization). This is certainly justified, be­
cause the derived charges are actually not very 
sensitive to the exact value of k used. The lin­
ear equations were solved for the nine mol­
ecules studied containing C, F, and H, using a 
program named ACHARGE. This program also 
inverts the coefficient matrix, to test the sensi­
tivity of derived charges to errors in the shifts. 
This sensitivity was surprisingly small, typ­
ically 0.1 I e 1/eV. Thus errors of~ 0.1 eV in 
shifts lead to uncertainties of only -0.01 in qi. 
Results are given in Table VII, together with 
atomic charges obtained from the CND0/2.cal­
culations described previously. 

Discussion of the Atomic Charge V-alues 

The agreement displayed in Table VII be­
t)Veen the charges obtained from ACHARGE and 
those calculated by CND0/2 is extremely good 
for most cases. Not only are the numerical 
values very close, but several trends are re­
vealed by both sets of charges. The good agree­
ment arises largely from similarities between 
the the two approaches. 

The dipole moment of fluorobenzene is nor­
mally attributed to polarization of the C -F bond, 
while its tendency to accept electrophilic sub­
stituents in the ortho and para positions is attri­
buted to resonance tautomers such as 

6- and 

Polarizations of the C-F bond are clearly ev­
ident in the charge values in Table VII. The 
difference q(CF) -q(F) ra,nges from about 0.3 to 

Table II. Splitting of the C(ls) Peaks in Fluorobenzene 

Run Splitting, 
no. eV 

lOB 2.036 (76) 
15 B 2.013 (57) 
170 2.122(79) 
19 D 1.994 (71) 
21 D 1. 966 (107) 
23 D 2.112 (68) 
25 D 2.017 (69) 
Weighted av 2.040 (30) 

0.45. There is a clear trend in the (average) 
fluorine charge, from about -0.20 in fluoro­
benzene to about -0.15 in C6F6. 

No such trend is evident in the carbon charges, 
because of the dominant effects associated with 
the ortho, meta, and para positions. These ef­
fects are indicated in Table VIII. The ortho, 
meta, and para charges for the CH carbons in 
fluorobenzene give this effect directly. It may 
be found also in the CF carbon in fluorobenzene. 
The effect is evident in both bases (and the 
CND0/2 charges also show it). The photoelec­
tron data with the ACHARGE analysis appear to 
show a negative charge of about -0.04 on the or­
tho carbon, and, with less certainty, a very 
small positive charge on the meta carbon. The 
para carbon appears to be essentially neutral. 

Table III. The Ortho, Meta, and ':'ara Shifts 

E(CF Is)- E(CH Is)-
E(CF Is, E(CH Is, 
CsH,F), CsHB,), 

Molecule eV Molecule eV 

o-C,H,F, 0.44 (6) o-C6H2F,• -0.36 (JO)b 
m-C,H,F, 0.49(6) m-C6H,F, -0.46 (12) 
p-C,H,F, 0. 31 (6) p-C,H,F, -0.20 (10) 

• Here ortho, meta, and para refer to the hydrogen positions. 
• The error in the C,H,F energy is not included, since we wish to 
compare these three shifts. 

- The ortho, meta, and para effects are pres­
ent in the multiply substituted fluorobenzenes. 
This is most readily apparent in 1,3-difluoro­
benzene and 1,3,5-trifluo.robenzene, for which 
the additional tautomeric forms reinforce one 
another. In 1,3-difluorobenzene, for example, 
the carbon in position 2 is ortho to both fluo­
rines and should therefore carry a large neg­
ative charge. It does; for ~his case q(C)= -0.09. 
This effect should be even larger in 1,3,5-tri­
fluorobenzene, because carbons in the 2,4, and 
6 positions are each ortho to two fluorines and 
para to another. The ACiiARGE result, 
q(CH) = -0.13, confirms this expectation. Fur­
thermqre, for this molecule the CF carbons 
have the largest positive charge observed in 
this study. This is also expected because each 
is meta to two fluorines. 

A number of other systematic trends can be 
observed among the charges in Table VII. They 
all appear to .be in accord-with what is expected 
on chemical grounds. We conclude that the 
ACHARGE analysis yields charges that are use­
ful in understanding chemical properties. With 
further refinement, and especially in combina­
tion with higher resolution spectra, the 
ACHARGE analysis of photoelectron data may 
permit prediction of the reactivities of new 

, compounds. 

'· 
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Table IV. Carbon and Auorine 1s Electron Binding Energy Shifts in eV• 

Compound 

6 
&F 

~. 
¢ 

F 

I ~F' 
FvCX.F' 

~ 
F 

F' 

. .J?:: 
F• 

Nucleus 

c, 
c. .• 
c •.• 
c. 
F 
c, .• 
c •.• 
c •.• 
F 
c,,, 
c. 
c •.• 
c. 
F 

c, .• 
c. .•.•.• 
F 

c, .•.• 
c. .•.• 

.F 

c,,, 
c •.•. 
c •.• 
F,,, 
F,,, 

c, .• 
c. 
c. 
.c •.• 
F,,, 
F, 
F, 

c,,, 
c •.• 
F 

c,,, 
c •.• 
c. 
c. 
F, .• 
F,,, 
Fa 

c 
F 

Calcd 
(point charge) 

2.25 

0.17} 
0.42 0.26 
0.10 

2.48 

g:~~}o.n 
-0.03 

2.66 

0.33} 
0.27 0.43 
0.84 
0.36 

2.36 
0.61 
0.16 

3.08 
0.42 
0.71 

~:m3.20 
1.43 

g:~~}o. 75 

3.40} 
2.96 3.27 
3.31 
1.23 

0.80} 
0.66 0.71· 
0.58. 

3.15 
1.51 
0.62 

3.62} 
3.44 3. 57 
3.71 
1. 71 
1.09) 
1.05} 1.11 
1.28) 

3.94 
1.52 

Calcd, 
diagonal plus 
p-p' elements 

2.79 
0.16) 
0.52}0.29 
0.11) 

. 2.98 

g:~:}o.81 
-0.08 

3.30 

0.29} 
0.26 0.46 
1.04 
0.37 

2.91 
0.68 
0.18 

3.82 
0.40 
0.74 

tm3.81, 

1.63 

g:~n0.70 
4.09} 
3.48 3.92 
4.02 
1.32 
o.m. 
0.61 }0.69 
0.61) 

3.77 
1.66 
0.61 

4.34} 
4.06 4.24 
4.39 
1.90 
1.04) 
1.04/1.07 

. 1.21) 

4.64 
1.48 

ExptJb 

2.43 (4) 

0.39 q> 

2.87 (6) 

0.72{4) 
0. 37 {10) 
2.92 (6) 

0.70 (5) 

0.30 {10) 

2. 74 (6) 
0.76 (4) 
0.30(10) 

3.02 (9) 
0.56 (13) 
0.51(13) 

3.20 {10) 

0.96 (10) 

0. 70 {15) .. 

3.05(12) 

0.86 {12) 

0.93 (11) 

3.20(10) 
1.12 (10) 
0.90(15) 

3.38 (14) 

1. 32 (17) 

1.07 (10) 

3. 57 (9) 
1.38 (5) 

• Carbon shifts relative to benzene; fluorine shifts relative to fluorobenzene. b Error in last place given parenthetically. 

I 
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Table V. Dipole Moments 

Fluorobenzene 
1, 2-Difluorobenzene 
I, 3-Difluorobenzene 

Exptl CND0/2 

1.57• 
2. 4()1> 
1.58' 

l. 52 
3.07 
1:50 

a Reference 1 0 b Reference 11 ' Reference 12 

Table VII. Derived Atomic Charges 

q q 
Compo una Atom• (ACHARGE) (CND0/2) 

c,· 23b 24 
F c. .• -4 -5 

6 Ca.6 1 3 
c, 0 -I 
F -19 -20 
H. 0 0 
c,,, 19 19 

FbF 
c •.• -3 -3 

'2 c •.• 1 1 
6 3 F -17 -18. 5 

H. 0 1 
c, .• 25 26 
c. -9 -12 

FUF c •.• -4.5 -7 
' 3 c. 2 5 6 

F -18 -20 
H. 0.5 2 

F 

¢ c,,, 23 22 
c. .•.•.• -3 -3 
F -:-18 -20 

F 
H 1 2 

F c •.•.• 27 28.5 

£i c •.•.• -13 -14 
F -18 -19 

F F H 4 4 

Table VI. Fluorine Shifts Relative to a Hypothetical 
Neutral Standard State 

oE(F 1s), oE(F 1s), 
Compound eV Compound eV 

C,H,F -3.81 I ,2,3,4-C6H2F 4 --;-3.11 
p-C6H4F, -3.51 1,2,3,5-C,H,F4 -2.88 
m-CsH4F, -3.51 I ,2,4,5-C,H,F 4 -2.91 
o-C6H4F, -3.44 C6HF, -2.74 
1,3,5-C,HsFa -3.30 c,H, -2.43 

Compound 
q q 

Atom (ACHARGE) (CND0/2) 

FX:XF 
Ct.,,4,s 18 19 

5 ' c •.• -7 -8 
• 3 F -15 -18 F _ F 

H 2 5 
c,,, 19 19 F c. .• 14 15 

¢:' c •.• -6 -3 
Ft., -17 -18 

F F,,, -16 -16 
F H +4.5 -3 

c,,, 19 23 . 
c. 12 11 

F c •.• -10 -12 

h:F 
c, 25 27 
F,,, -12 -17 

F . F F, -15 -17 
Fs -16 -19 
H 1 5 
c,,, 19 21 
c,,, 14 13 

F c, 14 17 

*' c. -9 -10 
F,,, -15 -17 

F F F,,, -15 -16 
F Fa -15 -16 

H 4.5 6 
c,F, c 14 15.5 

F -14 -15.:; 

a Here H denotes average of all hydrogen charges. b Charges are given in units of 10- 'ie 1. 

Table VIII. Ortho, Meta, and Piua Alternation in Atomic Charges 

-----Cn carbons in fluorobenzene----~ 

Position 

Ortho 
Meta 
Para 

------Charge (units of iel>~ 
_From From 

ACHARGE CND0/2 

-0.05 
+0.02 

0.00 

-0.05 
+0.02 
-0.02 

(Charge on CF carbon in diflucrobenzenes) 
~--minus (charge on CF carbon in fluorobenzene)---~ 

D.q from D.q from 
Molecule ACHARGE CND0/2 

o-Difluorobenzene 
m-Difluorobenzene 
p-Difluorobenzene 

-0.04 
+0.01 

0.00 

-0.05 
+0.03 
-0.01 
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X-RAY PHOTOEMISSION SPECTRA OF CRYSTALLINE AND 

AMORPHOUS Si AND Ge VALENCE BANDS* 

L. Ley,t S. P. Kowalczyk, R. A. Pollak, and D. A. Shirley 

The valence-band densities of states p (E) of 
the crystalline modifications of Si and Ge are of 
current and continuing interest because relative­
ly little experimental information is as yet avail­
able concerning the mor.e tightly bound valence 
electrons. In addition, a considerable amount 
of recent activity has been directed toward elu­
cidating the electronic structure in the amor­
phous forms. 3 Thorpe and Weaire4 have dis­
cussed three alternative models for the densi­
ties of states of amorphous Si and Ge, and 
J oannopoulos and Cohen5 have recently given 
quantitative predictions for p (E). In this re­
port the first high-resolution x-ray photoelec­
tron (XPS) spectra for the densities of states of 
crystalline and amorphous Si and Ge are ob­
tained and compared with theory. 

The crystalline samples were cleaved in a 
dry inert atmosphere from 20-0 em n-type sil­
icon and intrinsic Ge single crystals immedi­
ately before introduction into a Hewlett Packard 
HP5950A photoelectron spectrometer with mo­
nochromatic Al Ka x rays. 

To prepare amorphous specimens, Si and Ge 
films were evaporated onto clean gold surfaces 
at room temperature in the spectrometer sample 
preparation chamber. Surface contaminations 

by oxygen or carbon were negligible in all cases. 

The valence band spectra l' (E), corrected 
foi inelastically scattered electrons are shown 
in Fig. 1. 

Several band- structure calculations have 
predicted p (E) for crystalline Si and Ge. These 
calculation show very good agreement among 
themselves. They yield three characteristic 
peaks in p (E). We shall label these peaks ac­
cording to the symmetry points x 4 , L1, and 
L2', in order of -increasing binding energy. 
Of course the peaks do not arise entirely from 
bands at these symmetry points. This notation 
is used only for identification. To facilitate 
comparison with experiment we have plotted 
(Fig. 2~ for Si and Ge both p (E) as calculat­
ed1c, and a broadened version that is consis­
tent with the experimental resolution. 

The agreement between theoretical and ex­
perimental peak positions and shapes is strik­
ing for crystalline Si and Ge. Table I lists the 
energies of the characteristic features, the the­
oretical densities of states p (E), and the cor­
rected XPS spectra, which we denote as l' (E). 
The marginal ability to locate the feature W 2 
gives an indication of the resolving power of our 
spectrometer. As Table I shows, l' (E) provides 
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very strong confirmation of all three theoretical 
methods for calculating p (E). The relative in_­
tensities of the p-like X4 and the s-likeL1+L~ 
peaks in I' (E) vary markedly between Si and Ge 
and in neither case agree with p (E). This is 
not unexpected, since l' (E) resembles p (E) 
weighted with the photoemission cross section 
a. 

The results for amorphous Si and Ge are sig­
nificantly different from the respective crystal­
line modifications. From the l' (E) spectra 
(Fig. 1) we note the following observations: -(1) 
The gross variation of intensity with respect ,to 
energy is similar for the amorphous and crys­
talline materials in both elements. ( 2) The 
"X4" peak remains essentially intact from crys­
talline to amorphous material. (3) The L 1 and 
L2' peaks merge into a single broad peak of in­
termediate energy. (4) I' (E) shows a distinct 
minimum between the "X4" peak and the broad­
er peak in the amorphous materials. (5) The 
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Fig. 1. Point plots, corrected spectra I' (E); 
lower curves, calculated (Refs. 1c, 2b, and 5) 
densities of states p (E) for the valence bands 
of crystalline and amorphous (ST-12) Si and 
Ge; middle curves, broadened p (E) spectra 
for crystalline Si and Ge. (XBL 727-3392a) 

centroid of the "X4'i peak shifts toward EF in 
each case, by 0.4 eV in Si and 0.5 eV in Ge. (6) 
The amorphous Ge spectra were in good agree­
ment for samples prepared by evaporation and 
by Ar+ ion bombardment (1000 eV, 10 fJ.A for 1 
hr). 

Observations (1) -(3) are in agreement wi~ 
the Si L2 3 (SXS) results of Wiech and Zopf. 
Observation (2) is expected because X4 arises 
from localized p-like bonding orbitals, which 
are relatively insensitive to long-range order. 
Observation (5) "is in qualitative a~reement,with 
ear_lier uv-photoemission work. 3 Pierce and 
Spicer3c have recently emphasized the sensitiv­
ity of uv photoemission spectra to the method of 
sample preparation, but observation (6) indi­
cates that I' (E) for amorphous Ge was repro­
ducible even though the method of sample pr·ep­
aration was varied. 

/ 
Obser;vations (3) -(5) are the ones that allow 

a distinc"tion to be made among different theore­
tical models for amorphous ·semiconductors. 

Thorpe and Weaire4 have recently discussed 
three theoretical models for amorphous Si and 
Ge. The Brust model 7 yields a p (E) spectrum 
which is a broadened version of the densities of 
states for the crystalline case. Thorpe and 
Weaire indicated that the Penn model-might ap­
ply to amorphous semiconductors. ·The p (E) 
curve for the Penn model shows no minimum, 
but rather a (broadened) logarithmic divergence 
near EF and a free-electron p (E) below. Our 
data exclude both of these shapes for p (E), 
thereby ruling out these two models as being 
applicable to amorphous Si and Ge. Our spec­
tra definitely require a model that predicts 
large changes inthe s-like L1 and L2' peaks 
but not in the p-like X4 peak on going from the 
crystalline to the amorphous state. Thorpe and 
Weaire described a model that distinguished be­
tween the effects of local and long-range inter­
actions. They sketched a curve for p (E) that is 
in good agreement with our amorphous Si and Ge 
spectra, especially observations (2)-(4). 

A more quantitative comparison with theory 
is provided by the recent empiri£_al-pseudopo-

5 tential calculations of J oannopoulos and Cohen 
on several forms of Ge. Their p (E) results 
for Ge (ST -12), after smoothing to eliminate 
sharp·features associated with long-range order, 
show very good agreement with our l' (E) curye. 
Their p (E) curves are shown in Fig. 1. · As they 
pointed out, Ge (ST-12) shows short-range dis­
order, but the peak near EF still arises from 
p-like bonding orbitals. Theil: model predicts 
the shift of this peak toward EF [observation 
(5)]. The crucial feature of the ST-12 struc­
ture is the presence of five- and seven-mem­
bered rings. This feature causes the two lower­
energy peaks in 11 (E) to merge. 
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TABLE I. Energies of characteristic features In the valence-band spec­
tra of Sl and Ge. The theoretical entries are taken from density of states 
calculations after appropriate broadening. 

Crystalline silicon 

Ex:eerimenta Theoryb 

I' (E) EPM 
(eV) (Cohen C) 

(eV) 

2.2 2.6 

3.6 4.0 

4.4 5.1 

6.6 7.1 

7.8 8.2 

9.2 10.0 

14.7 13.0 

Crystalline germanium 

Ex:eerimenta Theoryb 

I' (E) EPM OPW 
(eV) (Cohenf) (Hermang) 

(eV) (eV) 

2.4 2.3 2.7 

3.6 3.4 3.8 

4.9 4.4 4.9 

7.2 6.9 7.3 

8.6 8.5 8.6 

10.3 9. 7 10.2 

13.0 12.4 12.7 

• Positions relative to gold Fermi level. 
bPositlons relative to the top of the valence bands. 
c See Ref. lc. · 
dsee Ref. lb. 
e The valley betWeen W 2 and L 1 is arbitrarily called V. 
f See Ref. 2b. 
8see Ref. 2a. 

SCOPW 
(Stukel d) 

(eV) 

2.5 

3.1 

4.5 

6.9 

8.2 

9.6 

11.8 

SCOP;f. 
(Stukel ) 

(eV) 

2.6 

3.6 

4.9 

6.8 

7.8 

9.4 

11.7 
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HIGH-RESOLUTION XPS SPECTRA OF lr, Pt, AND Au 

VALENCE BANDS* 

S. P. Kowalczyk, L. Ley,t R. A. Pollak, :j: and D. A. Shirley 

X-ray photoelectron spectroscory (XPS) 
spectra [hereafter denoted by I(E) of the va­
lence bands of several sixth-r2w elements -
have been reported earlier. 1 • Those spectra 
were obtained from heated metal foils at re­
solutions of - 1 e V, in the presence of hydro­
gen gas. Although trends in I(E) for the fcc 
metals Ir, Pt, and Au were suggestive of band 
filling, detailed interpretation was precluded 
both by experimental limitations and by a lack 
of appropriate theoretical densities of states, 
p(E), with which to compare I(E). Several 
relativistic p(E) calculations on Au have re­
cently become available. Two of them3, 4 
compare verywell with the hif5h-resolution 
(- 0.6 eV) XPS spectrum of Au . The results 
of a high-resolution and high-vacuum study of 
I(E) for argon ion scrubbed Ir, Pt, and Au 
single crystals that confirms the band-filling 
model for these elements are reported. 

The raw spectra I(E) are shown in Fig. 1, 
together with I'(E), the spectra after correc­
tion for inelastic scattering. The similarity 
of I'(E) for these three elements is striking,· . 
and its variation from Ir to Pt to Au confirms 
band-structure expectations. To permit dis­
cussion of these I'(E) within the framwork of 
theoretical p(E) predictions, we have truncat­
ed the p(E) for Au, as calculated by Connolly 
and Johnson2, to correspond to occupancies of 
9 and 10 electrons in the 5d6s bands, thus 
simulating Ir and Pt, resl?ectively. The results 
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Fig. 1. Left panels and left ordinate: experi­
mental XPS spectra of 5d6s bands of Ir, Pt, 
and Au. Upper curve in each case shows raw 
spectrum I(E); lower curve is the corrected 
spectrum I'(E). Data were all taken digitally. 
They are shown as points only for the leading 
edges ofthe 5d bands, where data density per­
mits. Right panels and right ordinate: theo­
retical densities of states obtained by broaden­
ing Connolly and Johnson's p(E) results. For 
Ir and Pt this p(E) was truncated and the 
energy scale expanded.' (XBL 727 -3550) 



were broadeged to simulate the experimental 
resolution1• , and the energy scales were ex­
panded by 1.35 for Ir and 1.20 for Pt, to 
roughlymatch the experimental bandwidths. 
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The resulting very approximate p(E)' s are also 
shown in Fig. 1. 

Proceeding from Ir to Pt to Au, the band­
filling phenomenon is quite evident. Four 
features, numbered in Fig. 1, are present in 
all three cases. These are: (1) A shoulder at 
6.8 eV in Ir, 6.1 eV in Pt, and 7.0 eV in Au. 
(2) A peak at 3.85 eV in Ir, 4.3 5 eV in Pt,,and 
6.1 eV in Au. (3) A minimum at 3.0 eV in Ir, 
3.3 eV in Pt, and 5.0 eV in Au. This feature 
is present in the calculated p(E) for Au only 
if spin-orbit interaction is included. It may 
be less pronounced in Ir and Pt because for 
these lighter elements the ratio of lattice 
interactions to spin-orbit interactions is 
larger. (4) Another peak component at 1.45 
eV in Ir, 1.7 5 eV in Pt, and 3.5 5 eV in Au. 
The quoted energies are known to ±0.1 eV. 

A fifth feature - a second component of 
the second peak -appears at0.8 eV in Pt and 
at 2.65 eV in Au. This part of p(E) is at least 
partially ·unoccupied in Ir. The dip between 
feature 4 and 5 is very shallow, especially in 
Au. In Au the 5d bands have become filled and 
dropped below EF; as expected. The width of 
the occupied 5d bands as measured between 
the outermost inversion points of I'(E) de­
creases systematically from 7.4 eV (Ir) to 
7.1 eV (Pt) to 5.4 eV (Au). This is also ex­
pected. In auxiliary studies on liquid Hg (Z = 80) 
we found that the 5d states have assumed the 
character of a spin-orbit split core doublet, 
at 7.7 and 9.5 eV. 

In summary,' these high-resolution XPS 1 

spectra support the band-filling concept in 
considerable detail. It would be of interest 
to compare these I'(E) spectra with p(E) re­
sults from a systematic theoretical study of 
these three adjacent isostructural elements. 

One of us (L. L.) greatly appreciates a 
grant from the Max Kade Foundation. We 
thank Professor G. A. Somorjai for providing 
us with single crystals of Ir, Pt, and Au. 
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X-RAY PHOTOEMISSION VALENCE BAND SPECTRA AND 

THEORETICAL VALENCE BAND DENSITIES OF STATES 

FOR Ge, GaAs, AND ZnSe 

R. A. Pollak, L. Ley,* S. P. Kowalczyk, D. A. Shirley, 

J.D. Joannopoulos,+ D. J. Chadi,+ and M. L. Cohen+ 

Much theoretical and experimental effort 
has been devoted to the study of the band 
structures of tetrahedrally coordinated semi­
conductors because of their numerous applica­
tions. Most earlier measurements (optical 
spectroscopy, transport properties, etc.) 
have been useful in yielding information con­
cerning electronic properties near the Fermi 
energy. Only recently have there been any 
experimental data (e. g., soft x-ray spectro­
scopy) which yield information about the 
density of states in regions near the bottom of 

the valence band. 

We report here the first high.,.resolution 
XPS (X-ray Photoemission Spectroscopy) 
spectra for all valence bands in the isoelec­
tronic series Ge, GaAs, and ZnSe. These 
experimental results are compared with 
theoretical valence band density-or''>-states 
calculations using the EPM1 (Empirical 
Pseudopotential Method). Since the lattice 
constants and ion cores are essentially con­
stant for the series, the band spacings are -
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Fig. 1. XPS-spectra, band structures, and densities of states forGe, GaAs, and ZnSe. 
The top row I(E) shows the uncorrected experimental spectra. At the bottom are shown 
the corresponding band structures E(k) and densities of states p(E) _as derived from 
EPM calculations. The broadened theoretical densities of states p' (E) in the second 
row facilitate comparison with experiment. (XBL 727 -3597) 

used to obtain information about the increas­
ing ionicity from purely covalent Ge to the 
more ionic ZnSe. The experimental results 
also yield information about the asymmetric 
part of the pseudopotential. 

In Fig. 1 are shown the experimental and 
-theoretical densities of states for Ge, GaAs, 

and ZnSe, and the corresponding theoretical 
band structures. The theoretical valence­
band densities of states were obtained from 
band-structure -calculations forGe, 3 GaAs, 4 
ZnSe 5 using the EPM. A broadened theoreti­
cal density of states is also provided to facili­
tate comparison with experiment. The ex­
perimental curves have not been c-orrected 
for energy losses. This tends to exaggerate 
the intensities of the peaks at the bottom of 
the valence -band. In Table I we list the ener­
gies of the various peaks from the theoretical 
density of states and from the XPS spectra. 

For Ge there is good agreement between 
theory and experiment in regard to the energy 
positioning and the widths of the peaks, as was 
reported earlier. 2 In the XPS spectrum the 
3d states of Ge fall at 29.0 eV, which is 18.7 eV 

/ 

lower than the first peak shown in· Fig. 1. In 
GaAs we again find good agreement between 
theory and experiment. The first peak on the 
left in the XPS spectrum (Fig. 1) comes from 
the 3d states of Ga. The lowest s-like valence 
hand has shifted to a lower energy and has be­
come dissociated from the next peak. This 
shift to a lower energy occurs because of the 
localization of electrons in the first band a­
round the strong As potential, and can be re­
lated to the antisymmetric form factors. The 
"antisymmetric gap" (between the lowest s­
like valence band and the second valence band) 
may provide some measure of the ionicities 
of these compounds. It is s·urprising that the 
EPM agrees so well with experiment for this 
lowest valence band. This band does not make 
any contribution to optical transitions in the 
2.8- to 6-eV range, which were used to deter­
mine4 the pseudopotential form factors. 
Futhermore these states are far from EF and 
the energy dependence of the pseudopotential 
has not been taken explicitly into account. 

The largest differences between the e_xperi­
mental and theoretical spectra are found in 
ZnSe. Here the XPS spectrum shows that the 

/ 



Ta61e I. Energies of characteristic features in the valence band spectra of Ge, GaAs, and ZnSe. The 
theoretical entries are taken from the density of states calculations after' appropriate broadening. 

Ge GaAs I ZnSe 

Expt. a Theory 
b Expt. a b 

Theory Expt. a Theory 
b 

(eV) (eV) (eV) (eV) (eV) (eV) 

x4 2.4 2.4 2.4 2.4 3.0 3.0 

w2 3.6 3.5 3.9 3.4 

v6 4.9 4.5 5.1 4.6 5.2 4.6 

L1 7.2 7.0 6.8 6.5 6.3 5.3 

w1 8.6 8.6 8.9 

L1 
2 10.3 9.8 11.5 11.2 13.8 15.6 

r1 . 13.0 12.5 13.8 12.9 14.5 16.4 

-
aPositions realtive to gold Fermi level. 

bThe positions .are normalized to the experimental values of x 4. 

cThe valley between W 2 and 'L1 is arbitrarily called V. 

~ 
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00 
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Zn 3d-states lie higher in energy than the s­
like states at the bottom of the valence band, 
and the "antisymmetric gap" has become 
larger. The agreement between theory and 
experiment is less satisfying than for Ge and 
GaAs. The widths of the theoretical peaks are 
smaller than the corresponding experimental 
widths and the theoretical energy gap between 
the first two valence bands is larger than the 
experimental ene'l:gy gap. It appears that the 
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· explicit 'energy dependence of the pseudopoten­
tial form factors cannot be neglected for ZnSe. 
It is interesting to note that ·tht introduction of 
an explicit energy dependence to lowest order, 
by using an effective mass, gives better a­
greement with experiment for the two peaks at 
the top of the valence band but leaves the anti­
symmetric gap almost unchanged. OPW 
calculations7 for several II-VI compounds give 
band structures and density of states curves 
very similar to EPM results. 

\ 
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X-RAY PHOTOEMISSION CROSS-SECTION MODULATION IN DIAMOND, 

SILICON, GERMANIUM, METHANE, SILANE, AND GERMANE* 

R. G. Cavell,t S. P. Kowalczyk, L. Ley,+ R. A. Pollak, 

. B. Mills, D. A. Shirley, and W. Perry 

The allotropic form of carbon, diamond, is 
the prototype for Group IV crystals of the dia­
·mond structure. Many calculations of the 

1 
energy-band structure have been carried out, 
yielding results that vary more widely than is 
the case for its congeners, silicon and german­
ium. Thus, it i"s especially desirable to de­
termine the positions of the diamond energy 
bands experimentally. We report here the 
total valence band density-of-states spectrum 
of a cleaved single crystal of-diamond. The 
spectrum was obtained by using x-ray photo­
emission spectroscopy (XPS) which has recent­
ly been employed to yield total valence -band 
spectra for silicon and germanium. 2 The 
diamond spectrum is compared with theory 
and with the XPS.molecular orbital spectra of 
CH4 , SiH4 , and GeH

4
. 

The valence-band spectrum I'(E) after 
correction for inelastic losses is shown in 
Fig. 1. There are three peaks in I'(E) as 
was the case for Si and Ge, 2 which are also 

shown in Fig. 1 for comparison. The wider 
spacing of I'(E) for diamond is consistent 
with theoretical expectations 1 and is due to 
the smaller lattice constant in diamond. With 
two atoms per unit cell and four electrons per 
atom, diamond has four doubly occupied va­
lence bands, as indicated in Fig. 2. These 

bands produce three peaks in the density of 
states, p(E), with the top two bands forming 
a single peak. Lab ling the I 1 (E) peaks as I, 
II, and III (Fig. 2), we identify most of peak 
I with band 1, peak·II with band 2, and peak 
III with bands 3 and 4. 

Comparison of Figs. 1 and 2 reveals that 
cross-section modulation is very important 
in diamond, Si, and Ge. The valence-electron 
wave functions are of course eigenfunctions of 
linear momentum rather than angular mo­
mentUm because of the lattice periodicity. 
Expansion into atomic orbitals therefore ex­
tends over the whole Hilbert space that is 
orthogonal to the ion cores. However -
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Fig. 1. (a) Corrected valence band spectra I' (E) for diamond, Si, and Ge. (b) Molecular orbitals 
for CH4 , SiH4 , and GeH4 . The Kcr3 4 satellites in these spectra are accounted far in the l~ast-
squares computer fit. ' (XBL 7211-4391) 

.especially near the nucleus - the largest 
contributions to this expansion come from the 
ns and np orbitals, where n is the principal 
quantum number of the valence electr.ons in 
C, Si, and Ge respectively. In this sense 
band 1 is mostly s -like and bands 3 and 4 are 
mostly p-like. Band 2 is a mixture of s- and 
p-like functions. The variation in the peak 
area ratio (I+ II)/III should therefore cor­
respond to a similar variation in the atomic­
orbital cross-section ratio £'(s)/U(p), as 
noted earlier for Si and Ge. 

To investigate this point more quatitatively 
we obtained XPS spectra of the valence re­
gions of the gaseo'+s compounds methane (CH4), 
silane (SiH4)• and germane (GeH4 ) in the 
Berkeley iron-free spectrometer, using a Mg 
Kcr1 2 x-ray source. In all three cases the 
spectr-a (Fig. 1) exhibit two peaks which cor­
respond to the ( s -like) A 1 level and the ( p­
like) T 2 level. 

An LCAO calculation for the three molecules 
yields the parentages of the two levels in 
terms of the atomic s and p orbitals. From 
these parentages and the measured pe.ak in­
tensities we deduced the ratios U(ns)/U(np). 
These ratios show a dramatic change from C 
to Ge, thus accounting for the intensity varia­
tion of peaks I, II, and III in the valence band 
spectra of the elements. In fact the atomic 
ratios show more variation because the va­
lence bands in the solids do not have pure s 
or p character. Even in the tight binding 
approach the states which make up p(E) are 
mixtures of the s and p basis functions for 
every value of E. This mixture alone tends 
to equalize the cross section over the valence 
region. Thus eros s -section modulation can 
slightly shift the apparent positions of charac­
teristic features from p(E) to I'(E). 

At r, the center of the Brillouin zone, 
bands 2-4 all have p character. Since they all 

I 
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Fig. 2. Comparison of the calculated density 
of states (Ref. 3) with I'(E) for diamond. The 
broken line gives the cross -section modulation 
as obtained by dividing I'(E) into p(E). 
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-
approach rz5 with zero slope, the density-of­
states falls rather sharply at this energy -
the top of the valence bands. Thus, in prin­
ciple, E(rz 5 ) could be determined rather ac­
curately, w'ithour ambiguity due to s, p mix­
ing or unfavorable structure in p(E). By 
extrapolating down from the steepest part of 
the Peak III, we obtained E(rz 5 ) = 1.8 ± 0.3 eV 
relative to EF(Au), the Ferm1 energy of an 
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evaporated layer of gold. 

The peaks in I'(E) should fall at maxima in 
p(E) with small shifts between the two sets of 
maxima arising from instrumentalbroadening 
of unsymmetrical peaks and from s/p mixing. 
The overall increase of s character with 
energy below EF tends to bias I'(E) downward 
in energy relative to p(E). With these factors 
considered, we assign the positions of peak I 
and II as 17.9+0.2 ev·and· 13.2±0.1 eV below,__ 

/EF(Au) respectively. 

The upper portion of Fig. 2 compares the 
calculated p(E) of Painter, Ellis, and Lubinsky3 

with our I'(E). Their band structure is sli.own 
in the lower portion of Fig. 2. Since p(E) and 
I' (E) show excellent agreement in the po-sitions 
of all characteristic features, it is valid to de­
duce the variation of <J(E) over the valence 
region, as indicated by the broken line in 
Fig. 2 This line exhibits the smooth decrease 
from the bottom of the valence band to its top, 
as expected from the discussion given .above. 
Thus the relative intensities in photoelectron 
spectra can provide a valuable tool in explor­
ing the atomic origin of different regions in the 
valence bands of solids. 
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NEW MULTIPLET STRUCTURE IN PHOTOEMISSION FROM MnF2t 

S. P. Kowalczyk, L. Ley,* R. A. Pollak,+ 

F. R. McFeely, and D. A. Shirley 

Early XPS studies 1 ' 2 of multiplet splitting 
in transition metal ions established the effect 
but left some basic questions unanswered. In 
particular, for the 3s doublet in the XPS spec­
tra of Mn2+ and Fe3+ compounds, neither the 
intensity ratio ( 2:1 rather than the multiplet 
ratio 7: 5) nor the magnitude of the splitting was 
completely understood. Recent studies_i~which 
multiplet splitting ha~ ~een correlated with the 
initial-state spin, S, ' or used to derive in­
formation about covalency, 5, 6 have emphasized 
the urgency of acquiring a truly quantitative 
understanding of the essential phenomenon. 

The simplest descri.ftiotlzof zhe
6
2s ;tnd63s

5 XPS spectra from Mn2 (1s 2s 2p 3s 3p 3d ; 
6s) is obtained by coupling each s hole state to 
the valence shell. Two final states may be 
reached by one-electron photoemission from 
either the 2s or the 3s shell. These final states 
have 7s and 5s symmetry in each case. In the 
7s states the remaining 2s or 3s electron is 
coupled parallel to the d-shell spinS= 5/2, 
while in the 5s states the two spins are anti­
parallel. For either the 2s or the 3s case the 
photoemission spectral line intensities should 
be the multiplet ratio 7 S: 5s = 7: 5 in this approx­
imation, while the two components should be 
split by ( W' 5) G 2( sd)z according to Van Vleck' s 
theorem. Here G (sd) is the appropriate sd 
Slater exchange integral. 

More careful consideration leads to several 
modifications of the above model. These have 
been covered in detail recently by Freeman, 
Bag_ys, and Mallow. 9 First, estimates of the 
5s- S splitting based on ground-state UHF cal­
culations may give fortuitously good agreement 
with experiment because two effects of opposite 
sign have been omitted. A more realistic hole­
state calculation increases the splitting, both 
because it properly couples final-state spins 
and because it properly couples final-state 
spins and because it allows th9 orbitals to re­
lax properly in the hole state. Electron cor­
relation, howeve5, tends to reduce the split­
ting because the S state' s energy is lowered 
more than that of the 7s state. This is true be­
cause s and 3d electrons of like spin (in the 7s 
state) are already relatively well correlated 
owing to the use Df antisymmetrized wave func­
tions in HF or UHF theory to satisfy the Pauli 
principle. Correlation of the motion of the 
antiparallel s and 3d pairs in the 5s states thus 
improves these states' energies more. Press­
ing this line of reasoning further, one might 

intuitively expect better agreement between the 
Hartree-Fock splittings and experiment when 
the one-electron hole states and the magnetic 
shell have different principal quantum numbers. 
This follows because an increase in radial sep­
aration of the s and d or s and f pairs would 
diminish the importance of correlation between 
anti-parallel electrons on the multiplet splitting. 
Thus in rare earths the Hartree-Fock estimates 
of splitting should be more ac~urate for the 5s 
than the 4s shell (as observed ) while the 2s 
splitting would be predicted more accurately 
than the 3s splitting in the 3d ions (see below). 
Freeman et al. 9 have reached the same conclu­
sion, using configuration- interaction arguments. 

Going beyond Hartree-Fock estimates, 
Sasaki and Bagus 7 made configuration-interac­
tion calculations on the Mn3+ (3s13p6( 3d5; 0S)) 
states. They found Z':at 5s states formed from 
the configuration 3s 3p4 3d6 were very impor­
tant. They were able to make three predictions 
that could be experimentally tested. First, the 
7 S- 5s splitting was reduced to 4. 7 eV (or to 7.8 
eV if semi-internal correlations were also con­
sidered), in reasonable agreement with the ex­
perimental value of 6.62 eV (see Table I). Sec­
ond, the intensity ratio of these two peaks is 
correctly predicted as 2.2:1, thereby clearing 
up a vexing anomaly. 

The third prediction, which is tested for the 
first time is that 5s satellite peaks should ap­
pear in the spectrum. These satellites may be 
understood by writing the seven (or more if 
semi-internal correlations are considered) 
eigenstates of 5s symmetry as 

7 

I 1 6 5 \ ci1 3s 3p 3d ) + L c .. I <~>J· >, lJ 
j = 2 

where i=1,2 ... 7, and lc!>j) represents the j!h 
admixed configuration. Since the inten~ityo:of a 
3s-photoemission line from the (3s 23p 3d""';6S) 
ground state is pro~ortional, for one- electron 
transition, to ICij I (neglecting small devi­
ations from unity of the overlap between the ini­
tial and final state passive electron), it follows 
that the intensity lost from the main 5s line, 
vis. 1 -IC1112, must appear at eigenenergies 
Ei of the states 141) . In this way Sasaki and 
Bagus predicted peaks at- 25 eV and- 43 eV 
relative to the 7s peak position, with the first, 



more intense, peak arising from two neighbor­
ing eigenstates. Our spectra (Fig.1) confirm 
this prediction very nicely. We identify these 
satellites with the observed peaks at 20.7 and 
3 7.8 eV below the 7 S peak. Furthermore, the 
ratio of the intensity of the septet peak to the 
sum of the intensities of the quintet peaks, 
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13 

12 
1.3±0.2, compares well with the value 1.4 ex- "' 
pected from multiplicity considerations. A de- § 
tailed comparison-is made in Table-I-.---------0 --

The 2s line (Fig. 2) shows doublet structure, 
as expected. Both the splitting and the relative 
intensity are in very good agreement with the 
predictions of multiplet hole theory (Table I): 
thus the 2s hole state 7s_ Ss splitting is not 
strongly reduced by correlation and the 7 S: 5s 
ratio is very nearly the multiplicity ratio. 
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The hole structure for Mn3+ (ZS or 38) final 

states is now quantitatively understood; theory 
and experiment show good agreement in split­
ting, relative intensity, and satellite structure. 
The complexity of the 3s spectrum precludes 
the quantitative validity of simplistic correla­
tions of 3s splitting with total spin or- covalent 
character (at least without further analysis), 
although qualitative trends of this nature have 
already been observed. 

Fig. 1. The manganese 3s spectrum with the 
energy scale referenced to the Au 4hj2 
(84.00± 0.01 eV) peak. The right ordinate refers 
to the complete spectrum and the left ordinate 
refers to the expanded portion of the spectrum. 

(XBL 7210-4224) 

Table I. Summary of the Mn 3s and 2s photoelectron results and comparison with theoretical predictions . 

Manganese 3s final state 

Experiment 

* Theory 1. Freeman, Bagus, and 

Mallow (MHT) 9 

2. Sasaki and Bagus 

(CI) 7 

3. Sasaki and Bagus 

(ci) I 

Manganese 2s final state 

Experiment 

Theory Freeman, Bag us , and 

Mallow (MHT) 9 

7 s 

o.oo 

o.oo 

o.oo 

o.oo 

Binding Energies (eV) 
. 

5s(1) 58(2) 

6.62±0.01 20. 7±0.1 

14.3 

4. 71 22.53} 
23.75 

7.83 25.19} 
27.58 

7 s 

o.oo 

o.oo 

Intensity Ratios 
t 

58( 3) 78/58(1) 58(1)/58(2)* 5s(2)/ 5S(3)* 5s(1)( 5s(2' )* 

37.8±0.7 2.3±0,1 2.1±0.1 2.5±0~1 

1.4 

43.06 2.87 1.58 3.58 

2.2 4.1 4.48 

5s 7 S/5S 

5.85±0,05 1.4±0.1 

6.10 1.4 

58(2' ); 5s(2")* 

4.00 

4.47 

*The binding energies are given relative to the 7s peak and are the result of analytically least squares fitting the experimental spectrwn with 

Lorent:z.ian lineshapes. The Mn 3s results are the average of two runs on different single crystals. 

t'I'he intensity ratios for the !.fn 3s peaks were arrived at by measuring the areas of the peaks with a planimeter. The Mn 2s ratios were result 

of areas derived from a lee.st squares fit to Lorentzian peak shape. 

*5s(2) refers to the total intensity due to two neighboring theoretical eigenstates (which could not be experimentally resolved), while 
5
s(2') 

and 5s(2") refer to respectively the intensity due to the first and the second of the two neighboring eigenstates. 

* Theory l·is a multiplet hole theory - optimized orbital calculation. Theories 2 and 3 are configuration-interaction calculations. Theory 2 

takes only internal correlations into account, while theory 3 also includes semi-internal correlations. 
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Fig. 2. The manganese 2s spectrum with the 
energy scale referenced to the Au 4f7 ; 2 
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EVIDENCE FOR COVALENT BONDING IN CRYSTALLINE AND 

AMORPHOUS As, Sb, AND Bi FROM VALENCE BAND 

PHOTOELECTRON SPECTRA 

L. Ley,* R. A. Pollak, S. P. Kowalczyk, R. McFeely, and D. A. Shirley 

Weaire and Thorpe have used the concept of 
topological disorder in attempting to under­
stand the properties of amorphous semiconduc­
tors. 1 They used model Hamiltonians of the 
tight binding type to calculate the density of 
states in crystals of the diamond structure,and 
obtained the characteristic splitting in the low­
est, "s-like" peaks in the valence bands by 
using these Hamiltonians. They emphasized 
the importance of six-membered rings in the 
diamond structure, and suggested that a ran­
dom-network amorphous structure, with both 
fivefold and sixfold rings, would not exhibit 
well-resolved splitting in the s-like peak. 

The form of Weaire and Thorpe's one-band 
Hamiltonian may be interpreted as implying 

splitting in the s-like peak in a broader context 
than the diamond lattice, and loss of this split­
ting in the amorphous state. XPS spectra on 
crystalline and amorphous As, Sb, and Bi show 
exactly this behavior. 

Monocrystalline samples of As, Sb, and Bi 
were cleaved in a dry N2 atmosphere immedi­
ately prior to insertion into the Hewlett-Packard 
5950A ESCA spectrometer. Small amounts of 
oxygen on the Sb and Bi samples were easily re­
moved by gentle (200 eV, 10 flamp) argon-ion 
bombardment. 

The uncorrected photoelectron spectra I(E) 
of the valence- band regions of crystalline As, 
Sb, and Bi are shown on the left side of Fig.1 



190 

Table I. Energies of characteristic features in the XPS spectra of crystalline As, Sb, and Bi. 

As Sb 

Bottom of VB 16.1 ± 0.3 eV Bottom of VB 

1 

2 

3 

3' 

EF 

B-As (cleaved) 

6 

4-___ ... i·--· 

2 

2 
I 

'·.-~·· 

13.26 ± 0.10 --

10;64±0.08 

3.53±0.06 

2.51±0.13 

13' 
I 

o.o 

As (amorphous) 

--1--

2 

3' 

3 

4 

4' 

EF 

Fig. 1. Uncorrected (dots) and corrected (line) 
photoelectron spectra of the crystalline and 
amorphous semimetals. (XBL 729-4052) 

together with spectra l' (E), which are corrected 
for inelastic secondary processes in the elec­
tron spectrum. 

Also shown in Fig. 1 are the measured I(E) 
and I' (E) for amorphous samples of As, Sb, and 
BL Amorphous As was prepared in the spec­
trometer by flash evaporation of a thin film on­
to a gold substrate at room temperature. The 
amorphous Sb and Bi samples were prepared 

Bi 

11.7 ± 0.3 eV Bottom of VB 13.4 ± 0.2 eV 

10.45 ± 0.08 ____ - . ___ 1 __ 11.~1_:!: 0.1_0 

8.78±0.06 2 10.36 ± 0.08 

3.68 ± 0.20 3 3.45 ± 0.05 

2.63±0.09 4 1.30±0.06 

1.87 ± 0.08 EF 0.0 

0.82 ± 0.06 

0.0 

by argon- bombarding single crystal surfaces 
for about 30 minutes with 10 f-Lamp of 900 eV 
Ar+ ions. Earlier experience2 with Si and Ge 
yielded essentially identical "amorphous" spec­
tra for evaporated films and argon-bombarded 
crystals. 

The overall similarity of the XPS spectra 
in Fig.1 reflect~ tr,e similarities of electronic 
configuration (s p ) and, for the crystalline 
samples of crystal structure (A 7 in each case) 
in these Group V elements. There are two 
atoms per unit cell in the A 7 structure, with 
ten electrons filling five valence bands. 
Theoretical band-structure calculations show 
two reasonably well-separated s-like bands 
several eV below the Fermi level EF, and 
three p-like bands near EF. We assign the 
lower peak (labeled 1-2 in Fig.1) to the former 
and the upper peak (3-4 in Fig.1) to the latter. 

Moving down from As to Bi, changes in the 
structure of the p-like peak arise dominantly 
from relativistic effects rather than from 
crystal-field in Sb. The splitting increases to 
2.2 eV in Bi. It has been shown for 11Bi that 
this splitting can be identified with the effect of 
spin-orbit interaction on the p-like bands near 
the center of the Brillouin zone (I'). The rel­
ativistic Hartree-Fock-Slater free-atom value4 
of 2.16 eV for the 6p spin-orbit splitting in Bi 
corresponds closely to the observed splitting in 
the p-like band. The measured value for Sb of 
0. 76(8) eV compares equally well with the cal­
culated 5p free -atom value of 0. 71 eV. 

Turning now to the s-like bands, we observe 
for the first time a pronounced splitting of the 
s-peak (1-2 in Fig.1) in the densities of states 
of all three Group V semimetals As, Sb, and Bi. 
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Fig. 2. Plot of the s-band splitting versus the 
nearest-neighbor distance for covalently bonded 
elements. (XBL 7210-4340) 

Table II. Comparison of the observed s-band 
splitting with. the calculated separation of these 
bands at Points T 1 and Tz in the Brillouin zone. 

As 

Exp. TB 

2.62±0.08eV 2.90eV 

Exp. 

1.67 ± 0.06 eV 

Exp. 

1.18±0.08 eV 

Sb 

Bi 

EPM 

1. 78 

EPM SCF OPW 

2.83 eV 3.27 eV 

EPM 

1. 71 

APW 

1.29 eV 

This splitting decreases from 2.62(8) eV in As 
to 1.67(6) eV in Sb to 1.18(8) eV in Bi (see Table 
II). A parallel decrease in width (FWHM) of 
this peak from 5.2(2) to 4.6(2) to 4.0(1) eV is 
also evident. 

The density-of-states results for amorphous 
As, Sb, and Bi are significantly different from 
those of the respective crystalline modifications. 
The s-bands do not exhibit double-peaked struc­
ture and there is much less structure in the p­
like bands in As and Sb, while the spin-orbit 
splitting in Bi is essentially the same. In all 
three cases the maximum in the density of 
states is shifted toward the Fermi energy by a 
few tenths of an electron volt. This shift gives 
for the amorphous state under study a direct 
measure of the deviation of the sample from its 
ground equilibrium state. The replacement of 
peaks 1 and 2 in the crystalline samples by a 
single peak in the amorphous spectra is caused 
by a redistribution in the density of states rather 
than simply by broadening of the two peaks. 
This is especially true in Sb and Bi. As evidence 
for this we note that the total widths of the s-band 
peaks as well as the valley between the s- and 
p-bands remain essentially the same in going 
from the crystalline to the amorphous material. 

The startling agreement between these ob­
servations and those made earlier2 for the pro­
totypical covalent crystals Si and Ge suggests 
an interpretation of the semimetal spectra along 
similar lines. The distortions which lead from 
the diamond fcc lattice to the A 7 lattice of As, 
Sb, and Bi obviously do not destroy the main 
features in the density of states. It has been 
pointed out that the existence of sixfold rings in 
the diamond structure is crucial for the preser­
vation of well-separated s-bands (peaks 1 and 2) 
in the density of valence band states which cor­
respond to the bonding and anti- bonding s -levels 
of covalently bonded atoms.1,5 In As, Sb, and 
Bi the lattice is composed of layers normal to 
the trigonal axis. There are three weak bonds 
per atom between layers, and within a layer 
there are three stronger bonds which produce a 
two-dimensional array of distorted hexagonal 
rings. 6 We therefore interpret the XPS spec­
tra of As, Sb, and Bias extending the gener­
ality of the "odd-even" ring effect on the val­
ence bands. Apparently s-peak splitting is 
present in these covalently-bonded A7-lattice 
crystals because of the even-numbered rings, 
while the odd-numbered rings that presumably 
are present in the amorphous materials pre­
clude resolution of these peaks into two simple 
components. 

Finally, the observed splitting in the valence 
band s peaks of the covalent Groups IV and V 
elements C(diamond), Si, Ge, As, Sb, and Bi 
are related in a very simple way. When plotted 
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against nearest-neighbor distance d, these split­
tings follow a universal curve given by 

t:.E(~V) = 8.0- 2.2Xd (}..), 

as shown in Fig. 2. That t:.E should follow such 
a simple equation is somewhat surprising, be­
cause differences in coordination and hybridiza­
tion might be expected to play a larger role. 
Apparently the effect of overlap, which of course 
decreases strongly with distance, is dominant. 
With further study it may be feasible to give a 
detailed explanation for the variation of t:.E. 
Meanwhile the observed t:.E versus d relation 
can serve as a covalent reference point in es­
tablishing an experimental ionicity scale based 
on valence-band spectra. 
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HIGH-RESOLUTION X-RAY PHOTOEMISSION SPECTRA 

OF PbS, PbSe, AND PbTe VALENCE BANDS 

F. R. McFeely, S. P. Kowalczyk, L. Ley, *R. A. Pollak, and D. A. Shirley 

The "lead salts," PbS, PbSe, and PbTe, 
have in recent years been the object of 
consi<:lerable experimental and theoretical 
study. In this work, x-ray photoemission 
spectroscopy (XPS) has been used to determine 
the valence-band density of states for each of 
the lead salts. Derived quantities are com­
pared with several theoretical band structure 
calculations, which are critically examined in 
light of these results. 

The sample used for these experiments 
were high-purity single crystals. In order to 
minimize contamination of the samples by ad­
sorption of hydrocarbons and/or oxygen, the 
crystals were cleaved under dry nitrogen in 
a glove bag and placed in a Hewlett-Packard 
5950A electron spectrometer at 5 X 1o-9 Torr 
without exposure to the atmosphere. In-situ 
monitoring of the carbon and oxygen 1 s levels 
indicated that the samples were not significant­
ly contaminated. 

The spectra I(E) for each of the three lead 
salts are shown in Fig. 1. There is striking 
similarity in the valence -band spectra of the 
three salts. The positions of the core -like 
Pb 5d5/2 peaks for these salts vary within a 

range of 0.2 eV and the values of the spin-or­
bit splitting in the Pb Sd peaks are identical 
to within experimental error (0.02 eV). The 
spectra show in each case a strong broad peak, 
which we call peak 1, centered at about 2-2.5 

i eV below EF, and exhibiting quite prominent 
· structure on the low -binding -energy side. 

This structure is evident only as a shoulder in 
PbTe, but in progressing through PbSe to PbS 
it becomes a well-defined extra peak which we 
label 1 1

• Between the ( 1-1 1
) peak and the Pb 

Sd lines there are two less intense peaks 
labeled 2 and 3 in Fig. 1. The absolute bind­
ing energies of these peaks show no monotonic 
trend with the atomic number of the Group VI 
element. Peaks 2 and 3 have the highest bind­
ing energies in PbSe. However, the energy 
difference between peaks 2 and 3 increases 
monotonically in going from the telluride to 
the sulfide. The 3-2 splitting is 3.5 eV in the 
telluride, 4.3 eV in the selenide, and 4.4 in 
the sulfide. 

These IV-VI compounds have a total of ten 
valence electrons per Pb atom, which must 
occupy five valence bands. In light of many 
recent band structure calculations, the (1-1 1

) 

peak structure of the photoelectron spectra in 
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Fig. 1. Raw valence band spectra of the lead 
salts; the strong double peaks at -20 eV are 
the lead 5d3/2 and 5d 5/2 levels; the tellu­
rium 4d are at about 40 eV binding energy. 

(XBL 7210-4157) 

all three lead salts may be unequivocally 
identified with three p-like bands. At the r 
point, two of these bands are degenerate and 
ha_ve rg symmetry, while the third band has 
r6 symmetry. Calculatioil.j of the _fand 
structure by the g:PM, 1 ' 2 • OPW, and re­
lativistic APW5, methods give qualitative 
agreement on this point. 

While there is reasonable agreement on the 
positions of the three p-like bands and the cor­
responding maxima in the densities of states, 
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agreement among theoretical predictions of 
the two lower-lying peaks (2 and 3) is much 
poorer. Clearly these peaks can only repre­
sent the two s -like (rb) bands arising from 
the 6s level of Pb and the highest s-level of 
the Group VI atom. The assignment of the 
spectra therefore appears to be completely 
.straightforward. The 1-1' complex arises 
from the top three "p-like" bands and peaks 
2 and 3 each arise from an "s -like 11 band. 

In comparing the spectra with theoretical 
calculations, the one -electron transition mo­
del7 and Koopmans' theorem8were used. It 
must be emphasized that disagreement be­
tween theory and experiment could result from 
the inapplicability of either of these assump­
tions. 

In light of our spectra it appears that only 
the relativistic KKR band structure of Overhof 
and Rossler9 is qualitiatively wrong. Rela­
tivistic APW calculations put all the bands in 
about the right places bands in about the right 
places but exhibit some disagreement in the 
positions of the s-like bands. 

Tung and Cohen2 and Tsang and Cohen3 

have calculated the band structures for PbTe 
and for PbSe and PbS respectively, using the 
Empirical Pseudopotential Method (EPM). In 
these calculations spin-orbit interaction was 
included but other relativistic effects were not. 
In addition to band structures, the resulting 
densities -of-states curves were calculated. 

The results of these calculations, shown 
in Fig. 2, match the experimental results for 
the p-like peak(s). Particularly striking is 
the way in which the calculation shows the 

.< 

;.-~.:.;.:··\ 
t 

Pb Te PbSe PbS 

Energy lev I 

Fig. 2. EPM densities of states5, 6 compared 
with the shape of the (1-1 1

) peaks in the valence 
bands of the lead salts (relative energy scale). 

(XBL 7210-4158) 
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Table I. Calculations of Herman et al. 
4 

compared with experiment. 

PbS 

OPW Expt. 

Peak 1 2.6 2.5 

Peak 2 6.6 8.4 

Peak 3 14.0 12.8 

orgin of the 1' peak out of the 1 peak in pro­
gressing from PbTe to PbS. The position in­
dicated for the highest s -band (not shown) is 
also reasonable though not exactly correct. 

The major disagreement of this calculation 
with experiment lies in the predicted energy 
of the lowest s-peak (not shown in the density 
of states curve). This level is predicted to 
lie at 17 eV in PbTe, 24.5 in PbSe, and 27.5 
in PbS. This discrepancy is not unexpected, 
because a local pseudopotential was used. In 
the case of ZnSe, 10 a local pseudopotential 
was shown to be inadequate for the lowest 
bands. Thus the nonlocal nature of the pseudo­
potential should be considered when calculating 
these bands. 

'·The most successful band structure calcu­
lation was undertaken by Herman et al. 4 In 
this calculation the OPW method, with rela­
tivistic effects included directly in the Hamil­
tonian, was used to calculate the energy levels 
at certain symmetry points in the Brillouin 
zone. A pseudopotential technique was then 
used to connect the regions between the sym­
metry points. The resulting band structures 
were not fitted to. any experimental data. The 
results for PbTe, PbSe, and PbS are shown in 
Table I. While the predicted binding energy 
for Peak 2 in PbS and PbSe is lower than 
observed (as in the case in all the band struc­
tures), the results for PbTe agrees very well 
with experiment. 

It is evident from the agreement shown in 
Fig. 2 and Table I that the EPM and OPW band 
structures are of high quality. We therefore 
attempted to correlate the features in our 
spectra with the energies of various symmetry 
points in the band structures. The agreement 
even at this level was encouraging, the most 
striking correlation being the evolution of the 
1' peak in PbSe and PbS owing to the lowering 

PbSe PbTe 

OPW Expt. OPW Expt. 

-2.6 2.2 -2.0 2.3 

7.4 8.6 7.4 8.4 

14.0 12.9 11.5 11.7 

in energy of the high density of states region 
near L, as shown in both the EPM and OPW 
band structures. 
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NEAR-EQUIVALENCE OF THE QUANTUM MECHANICAL POTENTIAL 

MODEL AND THE THERMOCHEMICAL MODEL OF ESCA SHIFTS 

D. A. Shirley 

Shifts in core-electron binding energies 
(ESCA shifts) are closely connected to charge 
distributions in molecules, and are therefore 
of considerable value in elucidating chemical 
structures. Because of this fundamental con­
nection, ESCA shifts can be correlated with 
almost any chemical parameter that varies 
systematically through a series of molecules. 
It is sometimes useful to compare two or more 
types of correlation in detail. In this work 
we demonstrate the near -equivalence of the 
potential model and the thermochemical model, 
both of which have been eminently successful 
in predicting ESCA shifts. 

Variations in the electrostatic potential 
experienced by core electrons play a major 
role in ESCA shifts. The potential model has 
seen early and extensive application in ex­
plaining these shifts. Baschi and Schwartz2 
independently discussed

6 
the basic of the model. 

Jolly and co-workers3- introduced a "ther­
mochemical model" which allows the predic­
tion of ESCA shifts from thermodynamic data 
on molecules and ions in their ground states. 
The model was derived by combining a series 
of reactions for each compound. All the re­
actions except one were empirical: therefore 
their energies could be added rigorously. 
This one reaction was a hypothetical "core­
exchange" reaction, which was necessary to 
get rid of the core electron hole in each com­
pound. It would have the form 

* + [ 2 5+ [ (6 C is, M ] + 7N is ] - 7N 

(
6 

C 1 s] 5+, ~E = 0 M . (i) 

Here a charge 5+ core, consisting of a carbon 
nucleus plus a single is electron in the excited 
is hole state M'~ produced by photoemission 
of a C is electron from the molecule M is 
replaced by another core of the same charge, 
i.e., a N5+ ion in its ground state. This ex­
change of equivalent cores yields a hydrogenic 
C 5+ core plus the molecule -ion M in its + 
ground state. If M* is the hole state of CH4 
formed by ejection of a Cis electron from 
met~ane, for example, then M would be the 
NH4 ion in its ground state. 

We can calculate the energy OM of the core­
exchange reactions from the total ene.::_gies of 
each of the four species involved: E(M), E(M'~). 

2 
E(C is, 5+), and E(N is , 5+). Let us con-
sider E(M) first. It is convenient to express 
this energy in terms of Hartree-Fock integrals. 
Interactions between any two particles in or­
bitals outside the N 1s 2 core will be negligib­
ly affected by core exchange. Because they 
will ultimately cancel out in evaluating OM, 
these integrals will be noted collectively as 
"(other integrals)" rather than being displayed 
explicitly. We can write, in standard Hartree­
Fock notation, 

E(M) 

-2f 
frts 

2 e: 0 (N is, M) + J(N is, N is)M 

[2J(N is, i) - K(N is, ij 

I -1 I Zm ( N 1s(1) rim N is(i)) 

+ (other integrals). (2) 

Writing similar expressions for the other 
three species in Eq. (2), are combining, we 
obtain 

~E = 2e:o (N is, M)- 2e:o(N is) 

+ e: 
0

(C is) - e: 0 (C is, M'~) 

+ J(N is, N is)M - J(N is, N is) 



+ L is, i) - K(N is, i)] 

i/N is 
(or. C is) 

{ Z[ZJ(N 

- [2J(C is, i) - K(C is, i)] 

+2Zc < q:,i(i) 

~2ZN ( 4>i(i) 

-2 ( N is 
-i 

rim 

+(Cis I r~!, I 

II 

III 

(3) 

Here we have used the fact that the "other 
integrals" cancel between M and M'~. By 
straightforward arguments terms I and III 
can be shown to be negligible. Using the good 
approximations 

J (N is, i) ::::: J(C is, i), 

K(N is, i) ::::: K(C is, i), 

term II reduces to a residue 

l~l [ 
R L 2J(N is, i)- K(N is,i) 

i/N is 
(or C is) 

-2 ( q:,i(i) lr~~ l<t>i(i) >] (4) 

This expression for R is equivalent to the 
difference between two sums considered by 
Schwartz. In demonstrating the near-equi­
valence of these two sums, and especially of 
their variation from one compound to another, 
Schwartz performed the crucial step in es­
tablishing the validity of the potential model 
of core-level binding-energy shifts. By show­
ing that R is the most important contributor 
to OM, we have now derived the result that 
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the thermochemical model and the potential 
model represent the same level of approxima­
tion, w1th the vahd1ty of both hingmg on the 
near-constancy of a residue of the form given 
by Eq. (4) from one compound to another. 

We can use Schwartz's numerical results to 
estimate the approximate size of 0 for a typi­
cal core -exchange reaction. Using his inte­
grals for methane, we find 

i=loc 

-2 ( L.(i) I i/ri J L.(i) >] 
l n l 

0.2228 a. u. 

6.0 eV. 

This should be a resonable estimate of R, and 
thus of 0, for the corresponding core -ex­
change reaction. Thus 0 is too large to be 
neglected. However, the same combination 
of integrals for CH3F gives an estimate of 
0 ""5.9 eV for this molecule, indicating the 
constancy of 0 from one molecule to another. 
Thus the thermochemical model is valid in its 
"weak" form 0 :::::constant, but not in the 
"strong" form 0 :::::0. 

The following conclusions follow from this 
discussion: 

1. Given identical geometries in the initial 
molecules M and the comparison ion M, the 
thermochemical model has essentially the 
same validity as the potential model, with each 
depending on the invariance of a residue R 
of the form given in Eq. ( 4). 

2. The thermochemical model has the 
conceptual advantage of dealing with final 
states, wherein the passive orbitals are re­
laxed. The potential model as originally con­
ceived deals with initial states only, although 
it can be extended to account for relaxation. 

3. The thermochemical model can ·be 
generalized. For cases in which thermochem­
ical data are unreliable or unavaliable, or in 
which the molecular geometries of the ground­
state molecule M and the comparison ion M 
differ, total internal energies from Hartree­
Fock calculations on M (with bond distances 
and angles constrained to be those on M) can 
be used in place of thermochemical data. It 
might also be desirable! to use the equivalent­
cores concept, together with Hartree-Fock 
ground-state energies of equivalent ions M 
in their ground states to calculate core-level 
binding-energy shifts for cases in which hole­
state calculations were .in doubt because hole 



states are not protected by the Variation 
Principle. 
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A RELAXATION CORRECTION TO CORE-LEVEL BINDING­

ENERGY SHIFTS IN SMALL MOLECULES* 

D. W. Davis and D. A. Shirley 

Core level binding -energy shifts in mole­
cules are given by energy differences between 
initial and final states in photoemission pro­
cesses, although they are usually interpreted 
in terms of initial-state properties alone. This 
approach would yield correct shifts if the pas­
sive molecular orbitals remained "frozen" 
during photoemission, or if they relaxed by the 
same amount (in total energy) for all molecules. 
Differential relaxation from one molecule to 
the next will alter the shifts. It is therefore 
useful to correct for this effect. It has been 
shown that ab initio is hole-state calcula-
tions can bedone directly on molecules, 8 and 
explicit relations describing relaxat~on in 
the f1nal state have also been given. Hedin 
and Johansson9 derived an expression for the 
binding energy of a core orbital. In our no­
tation their result is 

-EB(is) ""E(is) + i ( is / VR /is) . (i) 

Here VR is a relaxation potential energy a­
rising from the diffe renee between the Hartree­
Fock potential Vk of the passive orbitals in 
the final (is- hole) state and the initial state. 
Specifically, 

VR (2) 

Hedin and Johansson rearran¥ed Eq. (i) to 
prove a result that Liberman 0 had discovered 
earlier, 

-E_s(is) i [ E(is) + E(is)*], (3) 

where E(is)':' is the orbital energy of a is 
electron in the hole state. Let us write each 
orbital energy as the sum of the interaction 
energy of the is electron with its own nucleus, 
plus a "potential-energy" term that includes 
interactions of the is electron with other 
electrons and other nuclei: 

E(is) ( is/h/1s) + ( 1s/V/1s ). (4) 

Combining Eqs. (3) and (4), taking differences 
(as between two compounds), and noting that 
the differences in the first terms of Eq. (4) 
are negligibly small, 2 we have 

.6.EB(1s) ""-ib. ( 1s / (V + V*) /1s) . (5) 

From the work of Basch 1 and Schwartz 2 it is 
clear that it is sufficient to evaluate the elec­
trostatic potential cj> at the host nucleus. Thus 
for shifts in carbon 1s binding energies, 

where the relation ecj> = -V, appropriate for 
an electron, has been used, and the asterisk 
denotes a hole in the carbon 1s shell. The 
relaxation correction is of course contained 
in the second potential term, cj>(C':'). 

In CNDO theory there is no way to calculate 



<j>(C*) directly, because this theory does not 
include is orbitals in second-row elements, 
let alone provide for calculations on states 
in which these orbitals are only singly occu­
pied. It is possible, using CNDO theory, to 
estimate shifts in <j>(C'~), however. We Fay 
invoke the idea of "equivalent cores". i 
Since is electrons shield out essentially one 
complete nuclear charge, the attraction ex­
erted on valence orbitals by the ''core'' con­
sisting of a nitrogen nucleus plus a doubly­
occupied is shell is essentially equal to that 
exerted by a carbon nucleus plus a singly­
occupied is shell. For purposes of estimat­
ing shifts in th_e potential at the nucleus aris­
ing from "relaxed" valence orbitals we may 
therefore simply substitute <j>(N) for <j>(C'~) in 
Eq. (6), obtaining 

~EB(Cis) = (e/2) ~ [ <j>(C) + <j>(N)] . (7) 

Since photoemission is a very fast process, 
the same initial-state molecular geometry is 
used to calculate <j>(N) and <j>(C), i.e., valence 
electrons have time to relax, but nuclei do 
not. We may therefore obtain an estimate of 
~EB(Cis) by carrying out two CNDO calcula­
tions for each molecule, one on the ground 
state and one on an isoelectronic state with 
the same molecular geometry but with nitro­
gen substituted for carbon. 

By using this approach we have estimated 
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35 carbon is, 9 nitrogen is, and iO oxygen is 
shifts in a number of small molecules contain­
ing up to i2 atoms. The results are com­
pared with experiment in Figs. i-3. Experi­
mental values were taken from several sources 
sources. 3- 5 , 6, 7 ,i2, i3 Only gas-phase shifts 
were used. 

Table I 

The relaxation correction given here ap­
pears to give improvement over the already 
reasonably good agreement between theoreti­
cal and experimental shifts that can be obtain­
ed with the CNDO potential model. 

To be theoretically acceptable, this method 
for correcting binding energies must not only 
give improved values of binding-energy shifts, 
but the relaxation correction to EB itserr-­
should also be approximately of the right mag­
nitude. By arguments similar to those yield­
ing Eq. (7), we have derived from Eq. (i) the 
relation 

-EB (Cis) z E(Cis) + (e/2) [ <j>(C) - <j>(N)] (8) 

for carbon is shifts, and similar relations 
for shifts in other -elements. The second 
term on the right is the relaxation energy, 
VR· In Table II values of VR obtained from 
the model presented here are compared with 
differences between ab initio hole -state and 
orbital-energy results for .several molecules. 
The good agreement both supports the validi­
ty of this approach and indicates its possible 
usefulness in estimating binding energies 
from orbital energies. 

Finally, some physical insight into the 
origins of differential molecular relaxation 
can be obtained by studying the charges as­
signed the host atom in the CNDO scheme be­
fore and after photoemission. Table III gives 
the initial charge q and the changes ~q for 
selected carbon cases from Fig. i plus all the 
nitrogen and oxygen shifts shown in Figs. 2 
and 3; let us consider the carbon charges. 
When a C is electron is ejected, the remain­
ing electronic charge in the molecule collapses 

Quality of theoretical fits to 1s binding energies 

Intercept ~eV) a) Standard deViation (eV) 

Case 
CNDO potential relaxation CNDO potential relaxation 

model only correction added model only correction added 

thirty-five 
0.22 -0.18 1.06 0.84 

C 1s shifts 
fifteen C 1s 
shifts in 0.59 0.19 0.35 0.41 
fluoroalkanes 
nine N 1s 

1.16 1.18 2.35 1.30 
shifts 
ten 0 1s 

2.12 0.70 0.84 1.15 
shifts 

a) All shifts are referred to the hydrides CH4 , NH3 , and H20. A straight line of unit slope was fitted to the data, as in figs. 1-3. 
This intercept is the theo_retical value of the line at an ~xperimental shift of zero. 
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Table II 
Comparison of VR with ab initio results (energies in eV) 

Molecule -E(ls) 

CH4 305.2b,c) 

CO(Cls) 310.7 b) 
CO(Ols) 563.5b> 
NH3 423.5 c) 
H20 560.1 c) 

a) From hole-state calculations. 
b) Ref. [14]; c) ref. [15] ;d) ref. [ 8 ]. 

29l.Od) 

405.7d) 
539.4d) 

14.2 
14.4 e) 
12.3 e) 
21.4 e) 
17.8 
20.7 
20.2e) 

e) Obtained from a configuration interaction calculation by Hillier et al. [14]. 

Table III 

_Molecule q ll.q VR ~ba) ~B(R)a) 

Carbon 1s shifts 
CH4 -0.05 -0.04 15.89 
CH3F 0.18 -0.08 15.92 2.99 2.96 
CH2F2 0.40 -0.10 15.73 5.82 5.98 
CHF 3 0.61 -0.10 15.38 8.54 9.05 
CF4 0.81 -0.08 14.91 11.13 12.11 
HCN 0.03 0.18 14.40 0.31 1.80 
co 0.04 0.54 12.41 0.67 4.65 
C02 0.54 0.16 12.86 6.57 9.60 

Nitrogen 1 s shifts 
N2 0.0 0.38 16.67 2.32 4.66 
NO 0.0 0.0 15.73 3.11 6.39 
N02 0.39 -0.08 20.39 9.96 8.58 
CH3N02 0.50 -0.02 20.00 11.32 10.33 
HCN -0.10 0.41 18.50 1.07 1.59 
NH2NH2 -0.13 0.10 19.98 1.08 0.12 
CH3NH2 -0.19 0.14 19.75 0.37, - 0.38 
NF 3 0.36 0.08 19.32 10.20 9.89 
ONF3 0.70 -0.12 20.63 16.08 14.47 

Oxygen Is shifts 
co -0.04 0.29 21.46 4.83 4.00 
NO 0.0 0.38 20.35 6.28 6.56 
C02 -0.27 0.38 22.01 2.96 1.58 
N02 -0.20 0.45 20.35 3.93 4.21 
CH3N02 -0.33 0.36 23.14 0.89 - 1.62 

Hc''',P 
"o*H 

-0.24 0.31 22.36 4.06 2.33 

O* 
Hc' -0.30 0.30 23.30 0.84 - 1.83 

'-oH 
NNO -0.28 0.43 22.02 2.53 1.09 
CH30H -0.25 0.30 22.18 2.25 0.70 
C2H40 -0.21 0.32 22.82 2.43 - 0.24 

a) All shifts referred to the hydrides CH4, NH3, and H20. 

VR (this work) 

15.9 
11.9 
21.5 
19.v 

20.6 

~B(expt)a) Ref. 

2.80 [4] 
5.55 (8] 
8.30 [4] 

11.00 (4] 
2.60 [4] 
5.40 [4] 
6.84 (4] 

4.35 (4] 
5.15 b) 
7.35 b) 
6.58 [15] 
1.25 [4] 
0.50 [14] 

- 0.45 [14] 
8.85 [14] 

11.45 [14] 

2.94 [4] 
4.14 b) 
1.44 [4] 
2.41 b) 

- 0.51 [15] 

0.67 [4] 

- 0.95 (4] 

1.54 (4] 
- 0.80 [4] 
- 1.05 [4] 

b) Ref. ( 5] , except that binding energies were taken as weighted averages over the multiple peaks in paramagnetic molecules. 
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Fig. 1. Carbon is binding-energy shifts, 
theoretical versus experimental for a series 
of gaseous molecules. Filled circles, which 
go with lower ordinate scale, represent initial­
state CNDO potential-model calculations. 
Open cirlces, and upper ordinate scale, in­
clude relaxation correction. Scales refer to 
a methane standard. Lines represent best 
least-squares fits under the constraint of unit 
slope. Selected molecules are labeled. 

(XBL 723-2627) 

toward the positive hole to minimize the total 
energy [only very fast ( < io-5 sec) adiabatic 
processes are of interest here, because these 
processes alone shift the full-energy photo­
electron lines]. In methane and the fluoro­
methanes this leads to essentially complete 
charge compensation; in fact, the ·valence 
electron "population" assigned to the carbon 
atom in the hole-state ion is actually slightly 
larger than in the molecular initial state. 
That a large fraction of this compensation 
should occur in these molecules is not sur­
prising, because there are four single bonds 

from which the positive hole can draw 
electrons without creating strong centers 
of positive charge elesewhere. By con­
trast, a very different situation obtains in 
the multiple-bonded small molecules CO, 
HCN, and C02 . 

14 

12 

z 
~4 
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0 

-I 
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14 

12 

10 

8 

6 

~~~~~~2~~-4~~~6--~~a~~~~o~~o 

LlE8 (N Is, expt.) (eVl 

Fig. 2. Nitrogen is binding-energy shifts 
for a series of gaseous molecules molecules, 
using NH3 as reference. Format is the same 
as in Fig. 1. (XBL 723-2628) 

In the extreme case of CO, for example, 
the valence shell population assigned to· 
carbon in the hole state is only about 0.5 
larger than in the initial state. Further 
electronic charge could only come from 
the single oxygen atom, and this would 
require too much charge separation. Thus 
the relaxation energy of CO is expected to 
be smaller than that of methane. 
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THE EVOLUTION OF CORE STATES FROM ENERGY BANDS IN THE 

4d5s5p REGION FROM Pd TO Xe t 

R. A. Pollak, S. P. Kowalczyk, L. Ley,* and D. A. Shirley 

Most discussions of band structure in metals 
are predicted .on the assumption that the tightly 
bound electrons can be regarded as belonging 
to separate ion cores, while those that are more 
loosely bound occupy valence bands. In pas sing 
beyond the end of a transition series one would 
expect the d bands to become narrower, fall be­
low the Fermi energy EF, and evolve into core 
levels. It is not always clear, however, just 
which atomic levels can be safely treated as 
core states and which ones must be explicitly 
included as part of the band structure. In this 
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Fig. 1. X -ray photoelectron spectra of the 
valence band region for Pd through Te. 

(XBL 725-3060) 

letter we report x-ray photoelectron spectros­
copy (XPS)1 experiments addressed to this ques­
tion for the 4d5s5p elements Pd (2=46) through 
I (2=53). By following the 4d3/2- 4d5/2 spin­
orbit splitting from I down through Cd to Ag one 
can unambiguously trace the onse.t of band­
structure broadening. We also report the first 
observation by XPS of structure in the sp bands. 
This structure exhibits systematic changes be- · 
tween Cd and Te. 

Doublet structure in the 4d shell is evident 
from Ag through I. The energy splitting t:.E 
between the two components of the doublet is 
plotted in Fig. 2a. Also plotted is a theoretical 
splitting which was estimated by normalizing 
orbital energy differences taken from free-atom 
relativistic Hartree-Fock~Slater calculations2 
to t:.E(Sb). That the free-atom values of spin­
orbit splitting are appropriate in metals is con­
firmed by the good agreement of this normal­
ized curve with the experimental splitting in 
gaseous xenon, 3 also shown in Fig. 2a. The 
free-atom values are lowered 0.1 eV by this 
normalization. The trend from Sn to I is in 
excellent agreement with the theoretical curve. 
The intensity ratio of the two components is in 
each case close to 1.3, in only fair agreement 
with the value 1.5 expected for a d3/2• d5j2 
doublet on the basis of multiplicity alone. For 
the heavier elements Sn to I the 4d electrons 
can be assigned to the ion cores with confidence. 
The splitting in indium may be just slightly 
larger than the free -atom spin- orbit splitting. 
For Cd the experimental splitting t:.E = 0.99 eV 
greatly exceeds the predicted spin-orbit split­
ting of 0. 73 eV, and is in fact even larger than 
the observed splitting in indium. We conclude 
that band structure affects the 4d shell in Cd, 
at 11 eV below EF, and is perhaps perceptible 
even for the 4d shell of In at EF - 1 7 eV. 

The spin-orbit splitting energy t:.E is a uni­
quely reliable parameter for detecting the onset 
of lattice effects because it is independent of 
component linewidth, which can be affected by 
lifetime broadening.· Nevertheless, the total 
"4d bandwidth" can also be used to study broad­
ening by the lattice. In Fig. 2b the 4d band­
width (FWHM) is plotted against 2. The band­
width drops monotonically with increasing 2 
across the 4d transition series from 6 eV in 
Mo (not shown) to 3.4 eV in Ag, going through 
a minimum at In and increasing thereafter be­
cause of spin-orbit splitting. The width in Cd 
is greater than in In, showing again that band 
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Table I. SUIIIIIIary of experimental data. 

Ag Cd In Sn Sb Te I Xe 

Binding· energy ll.46(9)a 17.64(9) 24.76(9) 33.44(9) 41.80(9) 4d312 (eV) 

Binding energy 10.47(9) 16.74(9) 23.68(9) 32.14(9) 40. 31(9) 4d512 (eV) 

FWHM 4d3/2 = FWHM 4d5/ 2 0.81(18) 0.78(15) 0.83(8) 0.76(18) 0.94(2) 

4d Splitting (eV) 1.6(1) 0.990(46) 0.899(10) 1.075(34) 1.254(42) 1.51(1) 1. 76(16) l.97b 

HFS free atom 4d splittings 
0.59 0.73 0.88 1.06 1.25 1.48 normalized to Sb 1.72 1.98 

Binding energy 5s (eV) 2.2( 5) 4.1(4) 7.0(5) 9.1(2) 11.5(2) 

FWHM 5s (eV) 5.0(7) 4.0(5) 5.8(5) 4.0(5) 5.3(5) -

Binding energy 5p (eV) 0.75(13) 1.25(27) 2.35(25) J 4.0(2) 
1.13( 5) 

FWHM 5p (eV) 2.0(2) 

4s/4p rel. areas 1.85 

n/m 2.00 

aErrors in last place given in parenthesis. 

bRef. 3. 

structure effects are present in Cd metal. 

In the past, XPS studies of valence bands in 
transition-series metals have yielded little in­
formation about sand p bands.1,4,5,6 This was 
a consequence of their small cross section for 
photoemission, the presence of Ka1,2 lines,and 
bremsstrahlung in the exciting radiation. With 
these unwanted components removed by mono­
chromatization it was possible to observe for 
the first time a considerable amount of struc­
ture in the 5s5p bands of Cd, In, Sn, Sb, and Te. 
A detailed analysis of the spectra must await 
more intensive measurements and further den­
sity of states calculations, but the systematic 
variation of the 5s5p spectra from Cd to Te 
(Fig. 1) suggests a preliminary interpretation 
in terms of a transition from band structure 
to atomic core-level character for the 5s band 
with a simultaneous filling of the 5p band. Three 
systematic effects occur between Cd and Te. 
First, the s-p valence band which shows struc­
ture even in Cd resolves into two peaks in Sn 
and Sb and three in Te. Second, the higher 
binding-energy peak which we designate as 5s, 
falls monotonically below EF as Z increases. 

3.5(5) 3.9(2) 12.3(2) 
2.1(2) 

0.7 0.63 0.5 

1 0.66 0.5 

We designate the lower binding-energy bands in 
In, Sn, Sb, and Teas 5p. Finally, the exper­
imental area ratio ( 5s/5p) in In to Te agrees 
well with the occupation number ratio (n/m) for 
the respective free-atom ground state config­
urations 5sn5pm (Table I). 

We interpret this behavior in terms of the 
evolution of core-like 5s and 5p shells. Figure 
2c illustrates the approach of the 5s and 5p 
bands toward the core s and p levels of Xe. 
The bars in Fig. 2c represent the widths (FWHM) 
of the 5s and 5p bands. In Cd through Te all 
bands are considerably broader than the corre­
sponding levels in Xe. It should also be noted 
that the 5p splitting in Te is dominated by band 
structure effects, yielding a splitting much lar­
ger (2.9 eV) than the spin-orbit splitting in Xe 
(1.3 eV). Thus the systematic trend toward 
core-like levels aids assignment of the peaks, 
although solid-state interactions are clearly 
present in Cd to Te. 

One of us (L. L.) greatly appreciates a grant 
from the Max-Kade Foundation. We thank 
Professor G. Somorjai for giving us single crys­
tal Ag, In, and Sn. 
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Fig. 2. a) Comparison of the experimental 4d 
level splitting with free-atom HFS calculations; 
the Cd-point D refers to the experimental value 
for Cd atoms sputtered onto a Au( 111) surface. 
b) The experimental 4d-bandwidths. c) Posi­
tions of the 5s- and 5p- bands relative to the 
Fermi level; the vertical bars represent the 
bandwidths at half maximum. The Xe-values in 
a) and c) are taken from Ref. 3. 

(XBL 725-3059) 
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THE EFFECT OF ATOMIC AND EXTRA-ATOMIC 

RELAXATION ON ATOMIC BINDING ENERGIES* 

D. A. Shirley 

Siegbahn et al. 1 • 
2 

have given a rather 
complete of experimental electron binding en­
ergies for the chemical elements, to a preci­
sion of 1 eV or better. There exist as yet rel­
atively few theoretical values with which these 
results may be compared. This V report de­
scribes a method-for estimating atomic core­
electron binding energies from Hartree-Fock 
orbital energies plus a relaxation- energy cor­
rection that employs integrals calculated from 
atomic ground state properties. The results 
appear to be as accurate as those obtained from 
hole-state calculations, especially for heavy 

atoms. Comparison of experimental core-level 
binding energies of elements with various the­
oretical estimates leads to the conclusion that 
extra-atomic relaxation amounts to several 
electron volts when measurements are made on 
molecules or condensed phases. Thus, except 
for the noble gases, any comparisons of avail­
able experimental binding energies of core elec­
trons with atomic calculations should include 
corrections for extra-atomic relaxation. 

The binding energy EB(i) of the _!!:h orbital 
may be related to its orbital energy E(i) by 
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where the relaxation energy ER (i) has been 
given by Hedin and J oharls son3 as 
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with VR representing a "polarization potential." 
This potential requires certain difficult-to­
obtain hole-state Coulomb and exchange inte­
grals for its evaluation. By recognizing that 
inner orbitals shield outer orbitals almost 
completely, we have been able to approximate 
the necessary integrals by corresponding inte­
grals in the next higher element, i. e., 

-* F k(n£, n' £'; Z(n£) ) :::: F k(n£, n' £1
; Z + 1), 

Gk(nl',n' l''; Z(nl');~):::: Gk(nl',n' l''; 2+1). 

-'~ Here Z(nl') denotes the n£ hole state in element 

Z. Using this approximation, one can show 
that 

(n£/VR/n£) = L (~~·:~~ {f(H')6[F
0 

(n£, n' £' )] 

£' 
n'>n 

where 

6.F
0 

(n1, n' 1 1 ) = F
0 

(n1, n' 1' ; Z+i)- ~ (n1, n' 1' ;Z) 

and 

Here N(n' 1 1 ) is the occupation number of the 
n' £' subshell in the parent atom. The factors 
g(H') and f(U') are given in Table I. 

Table I. The f and g Coefficients in Eq. (9}. 

R.' f(R.i') go(U') gl ( R-1') g2(U') g3(U') g4(U.') g5(f.R. I) g6(H') 

0 2 1 

1 6 1 

2 10 1 

3 14 1 

0 2 1/3 

1 6 1 2/5 

2 10 2/3 3/7 

3 14 3/5 4/9 

0 2 1/5 

1 6 2/5 9/35 

2 10 2/7 2/7 

3 14 3/5 4/15 10/33 

0 2 1/7 

1 6 9/35 4/21 

2 10 3/7 4/21 25/77 

3 14 1 4/15 2/11 100/429 
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The above approach was used to estimate 
relaxation energies for the noble gases Ne, Ar, 
Kr, and Xe, for which both usable orbital en­
ergies and experimental binding energies are 
available. Slater integrals were taken from 
the tables given by Mann. 4 Table II gives the 
relaxation energies (ER), the binding energies 
estimated on the theory given above (E~), the 
experimental binding energies (EB),1, and, 
where available, the binding energies obtained 

from hole-stat~ calculations (E~).S The agree­
ment of both EB and E!I with one another and 
with experiment is :ncellent if most cases. 
The agreement of EB with EB shows that the 
"equivalent-core" potential model given here 
yields an excellent estimate of the relaxation 
energy. Of the 27 measured binding e~rgies 
in Table II, 16 are within 2 eV of the EB pre­
dictions, and 21 are within 4 eV. 

Table II. Noble Gas Core-Electron Binding Energies ( eV). 

Orbital E(a) 
R 

~(b) 
B 

~(c) ~d) 

Ne ls 25.6 870 868,4 870.2 

Ar ls 37 3209 3203 3205.9 

Ar 2s 10.5 327 325.5 326.3 

Ar 2pl/2 11 250 251 250.6 

Ar 2P3/2 11 248 248 248 • .5 

Kr ls 59 14358 14351 14326 

Kr 2s 32 1933 1926 1924.6 

Kr 2p
112 

32 1735 1730 1730.9 

Kr 2p3/2 32 1681 1676 1678.4 

Kr 3s 7 296 297 292.8 

Kr 3Pl/2 7 225 226 222.2 

Kr 3P3/2 7 217 218 214.4 

Kr 3d3/2 7 93 94 94.9 

Kr 3d5/2 7 92 93 93.7 

Xe ls 72 34689 34684 34561 

Xe 2s 44 5472 5462 5453.2 

Xe 2Pl/2 
44 5115 5107.2 

Xe 2P3)2 44 4789 4787.4 

Xe 3s 18 1150 1148.7 

Xe 3Pl/2 18 1005 1002.1 

Xe 3P3/2 18 941 940.6 

Xe 3d3/2 19 687 689.0 

Xe 3d5/2 19 674 676.4 

Xe 4s 4.8 224 213.2 

Xe 4Pl/2 4.8 170 

Xe 4P3/2 4.8 157 145.5 

Xe 4d3/2 4.8 68.3 69.5 

Xe 4d5/2 4.8 66.2 67.5 
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Turning now to binding energies in solid 
elements, let us consider carbon specifically. 
The Cis binding energy in atomic carbon can 
be estimated in three ways. All give values 
in the range 297-300 eV. The measured bind­
ing C(is) energy in graphite is 284 eV. After 
correction for the work function, this becomes 
EB(C is, graphite)= 288 eV relative to the vac­
uum level. A discrepancy of about iO eV thus 
clearly exists for carbon. Similar consider­
ations lead to discrepancies of about this size 
for the other second-row elements, as Fig. i 
indicates. We attribute this discrepancy to 
extra-atomic relaxation accompanying photo­
emission in the solid state. 

Relaxation during photoemission may be 
understood as the natural consequence of min­
imizing the emitting system' s Coulombic en­
ergy. In a free atom, the passive orbitals re­
lax adiabatically, and the relaxation energy can 
be estimated as discussed above. If the atom 
were a classical system, and charge were con­
tinuous, it would be natural to describe this 
relaxation in terms of the outward diffusion of 

c N 0 F Ne 
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Fig. 1. The binding-energy discrepancy for is 
orbitals of second-row elements in solids. 
Filled circles represent EM (atomic) - EB(expt.). 
Only the neon point is a gas -phase result. Tri­
angles and squares show excess binding ener­
gies (over the experimental values in solids)for 
gaseous diatomics and hydrides, respectively. 

(XLB 726-3i29) 

a quantity of charge of value + e, suddenly in­
troduced near the center of the atom, in order 
to reduce the Coulombic repulsion energy. 
This picture facilitates an understanding of 
extranuclear relaxation molecules and solids. 
In a solid sample the positive charge can mi­
grate farther than the nearest ligand during 
photoemission, thereby further reducing tlie 
core-electron binding energy. This effect ac­
counts for the reduction of EB(C is, graphite) 
below EB(C is, CH4), for example. Similar 
results should obtain for other solids. 

Having once established the importance of 
extra-atomic relaxation in relation to core­
level binding-energy measurements on con­
densed phases, we note that this phenomenon 
may be the key factor in understanding several 
previously unexplained observations. For ex­
ample, core electron binding energies of noble 
gases embedded in metallic foilsi were in most 
cases 2-5 eV higher than those of the same or­
bitals studies with gas -phase samples. 2 Shifts 
of about 3 eV have also been observed in mol­
ecules between the gas and solid phase. Thus 
Siegbahn et al. 2 found that the N is binding en­
ergies of aminobenzene and nitrobenzene are, 
respectively, 3.i eV and 2.4 eV higher in the 
solid phase. This shift can be tentatively at­
tributed to "extramolecular relaxation" due to 
polarization of neighboring molecules in the 
solid. 

Extra-atomic relaxation has broad impli­
cations for all atomic binding energies obtained 
from data taken on solids. Because the relax­
ation is a property of the hole state rather than 
of the photoelectric process per se, it affects 
binding energies obtained from x-ray data, such 
as those tabulated by Bearden and Burr. 6 It 
will be of interest both to estimate the correc­
tions that must be applied to calculated free­
atom binding energies before they can be com­
pared to experiment and to measure binding 
energies in free atoms of more elements . 
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THE ONSET OF RELATIVISTIC EFFECTS IN THE DENSITY OF 

STATES OF THE 6s6p ELEMENTS Tl, Pb, AND Bit 

L. Ley, R. A. Pollak, S. P. Kowalczyk, and D. A. Shirley 

Rela.t"ivistic effects, e. g. spin-orbit split­
ting, have to be taken into account in electronic 
level calculations for even the lightest atoms. 
For the valence and conduction electrons, how­
ever, crystal-field interactions are usually 
stronger by several orders of magnitude. 
Therefore spin-orbit splitting may well be 
treated as a small perturbation in band struc­
ture calculations. 

This is certainly not the case for the ele­
ments Tl, Pb, and Bi, with atomic numbers 81, 
82, and 83. Relativistic band structure calcu­
lations 1-3 show that spin orbit interactions re­
sult in band splittings that are comparable to 
crystal-field splittings. Experiments show 
that spin-orbit splitting in the valence-p-elec­
trons of Pb and Bi prevails in the presence of 
crystal-field splitting. 

Figure 1 shows the XPS- spectra of the 
valence region of Tl, Pb, and Bi obtained with 
monochromatic Al Ka x-rays in a Hewlett­
Packard HP 59 50 A spectrometer. The valence· 
bands extend to 7 eV below EF in Tl, to about 
12 eV in Pb, and to 13.5 eV in Bi. Included in 
these spectra are the high-intensity 5d peaks 
at energies which are listed in Table I. 

The single broad peak at the bottom of the 
valence band represents electrons with mainly 
6s -like character. The shift of this peak to 
higher binding energy as one goes from Tl to 
Bi can be explained by the in::reasing depth of 
the atomic potential with increasing atomic 
number. In Bi the 6s state is already very 
nearly a core level. 

In Tl the p-like electrons are concen­
trated in one narrow peak near EF. By con­
trast, Pb and Bi show two peaks at the top of 
the valence band which are split apart by 1.8 
eV in Pb and 2.2 eV in Bi. The calculated spin­
orbit splittings obtained at certain symmetry 
points in the Brillouin zone are 0.3 eV for Tl 
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Fig. 1. High-resolution XPS spectra of 
thallium, lead, and bismuth. The 5d3/2 -
5d5 ; 2 doublet is the strongest feature in 
each spectrum. Characteristic energy-loss 
maxima appear to the left in each case, 
with the losses in thallium showing up as 
two well-resolved peaks. The broad peak 
to the right of the 5d doublet is the 6s band, 
and the narrower, spin-orbit split 6p bands 
fall near the Fermi energy •. 

(XBL 726-985A) 
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Table I. Valence-band binding energies. 

Tl 

Bind. Energ. 5d3/2 14.53(5) eV 

Bind. Energ. 5d5/2 12.30(5) 

d-spli tting 2.23(2) 

Free atom d-splitting 
(I!FS theory, Ref. 5) 2,44 

6s-band 4.90(25) 

6p-band 0,80(12) 

6p-splitting 

Free atom 6p splitting 
(HFS theory) Ref. (5) 

(Ref. 1), 1 .4 eV for Pb (Ref. 2), and 2 eV for Bi 
(Ref. 3). The excellent agreement between 
these figures and the experimental values 
strongly supports our interpretation of these 
bands as being split by spin-orbit interactions 
rather than by the crystal field. In this con­
nection it is of interest to note (Table I) that 
even free-atom HFS-calculations4 reproduce 
the 6p- band splitting quite well. 

In this discussion we have neglected the 
differences in crystal structure among these 
three elements. This is somewhat justified by 
the fact that the rhombohedral Bi lattice can be 
regarded as a slightly distorted cubic lattice, 
as compared with the ·cubic lattice of Pb. Of­
course the lattice symmetries were taken into 
account in the band- structure calculations .1-3 

Two other relativistic effects-the Darwin 
and mass-velocity terms-should also be con­
sidered. These terms should have the effect 
of lowering the energies of the s bands. Com­
parison of the positions of the s- bands in Tl, 
Pb, and Bi with those of In, Sn, and Sb 5 
shows a relative depression of the s-band en­
ergies in the heavier elements. We interpret 
this as a probable indication of these other 
relativistic effects. Loucks 1 relativistic APW 
calculation on Pb (Ref. 2) located the 6s band 

Pb Bi 

20.32(5) eV 26.94(7) eV 

17.70(5) 23.90(7) 

2.62(2) 3.04(2) 

2.83 3.26 

7.68(20) 9.95(18) 

{2.33(8) 
0.53(5) 

{ 3.34(12) 
1.18(12) 

1.80( 5) 2,16(8) 

2.16 

lower relative to the 6p band than did an inter­
polatedOPW calculation of Ander son and Gold. 6 
Since the former used a relativistic Hamilton­
ian, it is probable that part of the difference 
is a consequence of the 6s bands being lowered 
somewhat by the Darwin and mass-velocity 
terms. 
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RELAXATION EFFECTS ON AUGER ENERGIES* 

D. A. Shirley 

In the course of a systematic study of the 
theory of Auger electron energies, it has be­
come clear that an important effect-outer­
shell relaxation in the final state -has been gen­
erally neglected until now. The use of three-
or four-parameter semiempirical theories to 
fit existing data has obscured the significance 
of outer- shell relaxation, because these the­
ories were flexible enought to give good fits. 
However, the agreement deteriorates drasti­
cally if one attempts to use calculated, rather 
than empirically adjusted, Slater integrals. 
In this report a new theoretical approach that 
includes relaxation is derived. It relates 
Auger energies to measured one-electron 
binding energies plus to-electron integrals 
from Hartree-Fock calculations in the ground 
states of neutral atoms. One adjustable param­
eter is required if the integrals employed are 
based on nonrelativistic wave functions; none is 
required if the wave functions are relativistic. 
Comparison of the predictions of this theory 
with experimental KLiLI Auger energies of 
the elements shows generally excellent agree­
ment with experiment. 

For brevity let us consider the KLILI 
Auger transition explicitly. In an element of 
atomic number Z this process may be denoted 
by 

(1) 

where the atom is assumed to have its full 
complement of electrons excepting__!:h_9se de­
noted by the "hole-state" notation K, LI, etc. 
An approximate estimate of the kinetic energy 
of the outgoing electron is given by 

i.e., by a combination of one-electron binding 
energies. In deriving Eq. (2) one implicity 
considers Eq. (1) to be obtained as a combina­
tion of the processes 

(3a) 

- + -Z __,. Z(LI) + e , (3b) 

Z(LI) + __,. Z(LI 
2

) 2 + + e , (3c) 

and the energy of step (3c) is assumed to be 
identical to th,at of (3b) in the derivation of Eq. 
(2), a very poor assumption. 

To improve on Eq. (2), Asaad and Burhop1 

noted that step (3c) differs from step (3b) inane 
important way: when the second electron is 
ejected from the LI shell, there is no electron 
remaining in this shell. The binding energy 
will therefore be increased by the two-electron 
interaction energy. Thus Eq. (2} becomes, ac­
cording to Asaad and Burhop, 

. 0 
E(KLILI) = EB(K)- 2EB(LI)- F (2s, 2s). 

(4) 

By adjusting the value of F 0 
, which was de­

scribed by four adjustable parameters; theory 
could be made to fit experiment. More re­
cently, accurate values of F 0 have become 
available. 2 If these are used, the calculated 
KLILI energies disagree seriously with exper­
iment, showing that Eq. (4) is not really viable. 

The reason for this is rather simple. 
Equation (4) does not properly take into account 
the effect of relaxation in the passive outer or­
bitals. Dynamic relaxation effects (i.e., the 
binding-energy contribution arising from accel­
eration of the outgoing electron by adiabatic 
collapse of occupied outer orbitals toward the 
hole during the emission process} are automat­
ically accounted for by the use of empirical 
binding energies in Eq. (4}. However, there is 
also a static effect. The dynamic relazation of 
the outer orbitals during ejection of the first 
electron from the LI subshell creates a more 
repulsive environment for the second LI elec­
tron, raising its orbital energy by an amount 
R. Thus the binding energy of step (3c) is low­
ered by R, and Eq. (4} is replaced by 

0 
E(KLILI) =EB(K)- 2EB(LI) +R- F (2s, 2s}. 

(5} 

The energy R may be estimated by using 
an "equivalent cores" approach that has proved 
successful recently in calculating the effects of 
relaxation on atomic binding energies. The es­
sence of this approach is that a one- electron 
outer orbital of an atom of element Z whichhas 
a hole in an inner orbial may be rather accu­
rately represented by the corresponding outer 
orbital of a neutral atom of element Z + 1. It 
follows that 

F
0

[2s,n.f; Z(ZS}]:::: F
0

(2s,n.f; Z+1}} 

(6) 

d[2s, n.f; Z(2s}]:::: G.f(2s, n.f; Z +1} • 
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Table I. Predicted and Experimental E(KLILI) Energies of the Elements (in eV). 

z 

10 

11 

:C2 

13 
14 

15 
16 

17 
18 

19 
20 

21 
22 

23 
24 

25 
26 

27 
28 

29 
30 

31 
32 

33 
34 

35 
36 
3"1 

38 

39 
40 

41 
42 

43 
44 

45 
46 

47 
48 

49 
50 

51 
52 

53 
54 

55 

R 

6 
8 

10 
12 

14 

16 
18 

20 
22 

25 
28 

31 

33 
36 

39 
42 

45 

48 

51 

54 

57 
58 
60 
61 

62 

63 

65 

67 
68 

70 

72 

73 

75 
76 

78 
80 

81 

83 

85 

85 
86 

87 
88 

88 

89 

90 

This Work 

751 
922 

1101 

1296 

1511 

1739 
1980 
2247 

2524 

2814 

3121 

3451 

3793 
4163 
4552 

4953 

5373 
5806 

6265 

6734 

7216 

7713 
8218 

8749 

9283 

9839 
10411 

10994 

11593 
12211 

12849 

13501 
14176 
14862 

15570 
16294 

17034 

17793 
18563 

19347 
20149 

20968 
21806 

22659 

23516 
24415 

E(KLILI) 

Experiment a 

748.0(4) 
922.8(4) 

1101.3{4) 

4159(6) 

6735(6)b 

7220(4). 

8212(6) 

8742(10) 

9860(10) 

11584.4(16) 

12851.8(15) 

14176.1(13) 

17740(60) 

19352(1) 

21787(10) 

22652.(10) 

aFrom Ref. 3~ Errors ~n last pla~e appear parenthetically. 

z 

56 

57 
58 

59 
60 
61 

62 

63 
64 

65 
66 
67 
68 

69 

70 

11 

72 

73 
74 

75 
76 

77 

78 

79 
80 

81 
82 

83 
84 

85 
86 

87 
88 

89 

90 

91 
92 

93 
94 

95 
96 

97 
98 

99 
100 

R 

92 

93 

95 
96 

98 

99 
101 

103 
104 

105 
107 

109 
110 

112 

113 

115 

117 

118 
120 

121 
122 

123 
124 

126 

127 

129 
130 

132 

133 
135 
136 

137 
138 

139 
140 

141 

142 

143 
144 

145 
146 

147 
148 

149 

150 

This Work 

25320 

26239 

27190 
28161 

29153 
30160 

3l188 

32238 

33305 
34393 
35502 
36632 

37781 

38953 
40146 

41359 
42588 

43832 

45097 

46387 
47694 

49026 

50382 

51761 

53160 

54567 
56007 

57468 

58939 
60450 
62006 

63552 

65134 
66754 

68379 
70056 

71748 

73486 

75257 
. 77116 

78928 
80660 

83352 
85294 
87286 

E(KLILI) 

Experiment a 

25251(6) 

31175(20)b 
32224( 20) b 

34430(50) 
35496(6)b 

38958(25) 
40149(4) 
41351(10)b 

45080(40) 

46400(25) 

50370(100)b 
5l780(20)b 

53141(25)b 

54510(100) 

57467(30)b 

58920( 50) 

7l738(20)b 

T3555(~5o)b 
75180(15) 

bin cases for which· two or more experimental values are available. Either an average was taken or a single value chosen. 
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Predicted KLILI Auger energies of the 
elements are set out in Table I, together with 
experimental values, where available. The 3 
agreement between predicted and experimental 
values of E(KLILI) is generally excellent. It 
is even slightly better than that of the published 
semiempirical values. Thus the necessity for 
considering the static relaxation energy R has 
been demomstrated, and a recipe has been giv­
en for calculating R with reasonable accuracy. 
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SYSTEMATICS OF ISOMER SHIFTS IN TRANSITION METAL HOSTS 

G. Kaindl* and D. Salomon 

Recently, large isomer shifts of the 
6.2-keV gamma rays of 181Ta in transition 
metal hosts have been observed, 1:-3 revealing 
systematic features when plotted versus the 
number of valence electrons (N) of the host 
metals. Similar systematics had previously 
been reported for isomer shifts of the 14.4-
keV gamma rays of 57Fe. 4 In the present 
paper a corresponding study for dilute im­
purities of 197 Au and 99Ru is presented, em­
ploying the well-known Mossbauer resonances 
at 77 and 90 keV. 

The experiments reported here were per­
formed with sources of 197pt and 99Rh(Ru), 
respectively, melted as dilute impuritieSin­
to the various host metals with the help of an 

100 _._.~_...-t--"-_,.... ...•..• 

v 

Ru 

'0 
~ 
c: 
.2 90 <f) 

<f) 

.E 
100 .. 

<f) ... c: 
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Q) 
> 

w 
0 95 
"' 0::: 

100 

95 Pt 
197Au: 77keV 

-9 -6 -3 0 3 
v (mm/s) 

Fig. 1. Mossbauer abso~tion spectra of the 
77 -keV gamma rays of 19 Au, measured at 
4.2 K with sources of dilute impurities of 
197Pt in V, Ru, W, and Pt, using a single-
line gold metal absorber. (XBL 727-3566) 

argon-arc furnace. With this technique the 
impurity concentration could be kept smaller 
than 0.2 at. o/o in the 99Ru case. The 
Mossbauer transmission experiments were 
performed with both sources and absorbers 
at 4.2 K, usin~ single-line absorbers of gold 
metal (50 mg/'cm2) and 99Ru metal 
(26 mg/cm2), respectively. 

Some typical single-line spectra obtained 
with the 77 -keV gamma rays of 197 Au are 
presented in Fig. 1, while Fig. 2 shows ab­
sor_Rtion spectra of the 90-keV gamma rays 
of 99Ru. In the two cases the total ranges of 
observed isomer shifts exceed the experi­
mental line widths by: factors of -4 (for 
197Au) and - 3 (for 99Ru), respectively. 

97 

100 
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~ 
c 

.Q 
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"' c 
l: 

100 
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I 

Fig. 2. Mossbauer absorption spectra of the 
90-keV gamma rays of 99Ru, obtained with a 
single-line ruthenium metal absorber, and 
sources of dilute impurities of 99Rh in Ru, V, 
Ir, and Cu, both at 4.2 K. (XBL 727-3569) 



The present isomer shift results, together 
with previously published data on 57Fe (Ref. 4) 
are plotted in Fig. 3 versus the number of 
valence electrons of the host metals. With 
the used sign convention a more positive iso­
mer shift corresponds to a larger transition 
energy. For all three gamma resonances, 
values for the changes of the mean-squared 
nuclear charge radii are well established. 5-7 
From the signs for l:. ( r 2 ) it follows that in 

-0.2 

0.2 

0.4 

0.2 

0 

! -0.2 
... 
LJ.. 
I 
VI -0.4 
ll: 
w 
l: 
0 
~ -0.6 

6 

4 

2 

0 

Nb 

T~ 
w 

57Fe: 14keV 

Cr 
Au 

99
Ru: 90keV 

Mn 

197
Au:77keV 

Pt 

Au 

5 7 9 11 

NUMBER OF OUTER ELECTRONS 

Fig. 3. Systematics of isomer shifts of 
Mos sbauer gamma rays of 57 Fe (14.4 keV), 
197Au (77 keV), and 9':1Ru (90 keV) for dilute 
impurities of the Mossbauer elements in 
transition metal hosts. (XBL 733-330) 
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the 57Fe case the total electron density at the 
nucleus ( [lJ! 0 [2) decreases with increasing 
isomer shift, while it increases in the 197Au 
and 99Ru cases. From the results presented 
in Fig. 3 we may then ocnlcude that [lJ! [2 
generally increases from 5d via 4d to 3& host 
metals in a vertical column of the periodic 
table. Exceptions from this rule are observed 
only for the homologues of Fe, where drastic 
structure changes occur. This increase in 
[lJ!0 J2 from 5d to homologous 4d and 3d hosts 
corresponds to an effective d-+ s electron 
transfer in the electronic charge on the im­
purity atom. Such effects have been discussed 
theoretically by da Silva et al. , using a 
pseudopotential approach. 8 

The variation of [lJ!o J
2 

within ad-series 
of transition metal hosts, on the other hand, 
exhibits certain differences between impurities 
of 57 Fe, 197 Au, and 99Ru. This behaviour of 
[lJ! J2 should reflect changes in the band s true­
tuie as well as differences in the atomic 
volumes of the host metals. While band struc­
ture effects should cause a decrease in [lJ!. J2 
with increasing N, atomic volume effects B.re 
expected to lead to a maximum in [lJ! J2 at 
N , 7, since the atomic volumes rea'bh a 
minimum there. The differences of the varia­
tion of [lJ! J2 with N suggest that the relative 
weight of f:,oth effects is strongly dependent on 
the impurity atoms. 

The authors would like to thank Prof. 
D. A. Shirley for support of this work and for 
valuable discussions. 
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HIGH-RESOLUTION STUDY OF ISOMER SHIFTS 

OF THE 6.2-keV GAMMA RAYS OF 181Ta 

G. Kaindl,* D. Salomon, and G. Wortmannt 

This paper reports on the study of isomer 
shifts of the 6.2-keV gamma rays of 181Ta for 
~ilute impurities of tantalum in 3d, 4d, and 5d 
transition metal hosts and for several tanta­
lum compounds. The observed isomer shifts 
cover a total range of 110 mm/sec, corre­
sponding to 17 000 times twice the natural 
line width of the 6.2-keV gamma resonance, 
or 1600 times the minimum experimental 
line width obtained up to now. 

The experiments devide into source and ab­
sorber experiments. In the former ones the 
hyperfine splitting of the Mos sbauer gamma 
rays emitted from dilute impurities of 181Ta 
in transition metal hosts was investigated by 
using a single-line tantalum metal absorber. 
In the latter cases Mossbauer spectra were 
measured for absorbers of tantalum com­
pounds by using a single-line source of 181w 
diffused into tungsten metal. More details 
of the experimental technique have been pre-
sented elsewhere. 1 . 

Some representative single -line spectra 
for metallic sources are shown in Fig. 1. 
The pronounced asymmetry of the line shapes 
results from an interference between photo­
electric absorption and Mossbauer absorption 
followed by internal conversion. 2-4 Accord­
ingly, the absorption spectra were least­
squares fitted with dispersion-modified 
Lorentzian lines, using a value of 2£ =- 0.30 
(in the definition of Ref. 3) for the amplitude 
of the dispersion term. 5-7 

The isomer shift results for dilute im­
purities of 181Ta in transition metal hosts, 
with both sources and absorbers at room 
temperature, are summarized in Table I. 
The isomer shifts are defined in such a way 
that a more positive value corresponds to a 
larger transition energy. 

Mossbauer spectra have also been mea­
sured at room temperature for the alkali tan­
talates LiTa03 (Ref. 9), NaTa03 (Ref. 9), and 
KTa03 (Refs. 10 and 11), and for TaC (Ref. 11). 

The single-line spectra obtained for TaC and 
KTa03, with both compounds having cubic 
structure, are presented in Fig. 2. Table II 
summarizes all of the isomer shift results 
obtained up to now for compounds of tantalum. 
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Fig. 1. Single -line absorption spectra of the 
6.2 -keV gamma rays, obtained with a tantal­
lum metal absorber and sources of 181w dif­
fused into various cubic transition metal hosts. 
The solid lines represent the results of 
least-squares fits of dispersion modified 
Lorentzian lines to the data. (XBL 727-3567) 



216 

Table I. Summary of isomer shift results for 
sources of 181 W diffused into various transition 
metal hosts, relative to a tantalum metal ab­
sorber, with both sources and absorbers at 
room temperature. 

Source 
lattice 

v 

Ni 

Nb 

Mo 

Ru 

Rh 

Pd 

Hf 

Ta 

w 

Re 

Os 

Ir 

Pt 

IS 
(mm/s) 

-33.2 ±0.5 

-39.5 ±0.2a 

-15.26 ±0.10 

-22.60 ±0.10 

-27.50 ±0.30 

W(FWHM) 
(mm/s) 

5.0 ±1.0 

0.50 ±0.08 

0.19 ±0.06 

0.13 ±0.04 

1.3 ±0.2 

-28.80 ±0.25 3.4 ±0.5 

-27.80 ±0.25 1.3 ±0.3 

- 0.60 ±0.30 1.6 ±0.4 

- 0.075±0.004 0.184±0.006 

- 0.860±0.008 0.069±0.001 

-14.00 ±0.10 0.60 ±0.04 

- 2.35 ±0.04 1.8 ±0.2 

- 1.84 ±0.04 1. 60 ±0.14 

+ 2.66 ±0.04 0.30 ±0.08 

Effect 
(o/o) 

0.1 

1.6 

1.5 

3.0 

0.7 

0.3 

0.3 

0.2 

2.4 

20 

1.3 

0."8 

0.5 

1.5 

aExtrapolated to room temperature from the 
temperature dependence of the line pos·ition, 
measured for the 181W(Ni)-source in the 
temperature range 685 to1003 K. 8 
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Fig. 2. Mossbauer absorption spectra for 
TaC and KTa03, recorded with a source of 
181W(W). (XBL 727-3563) 

Table II. Compilation of isomer shift results 
for several tantalum compounds, relative 
to a tantalum metal absorber at room temper-
ature. 9-11 

lS W(FWHM) Effect 
Compound (mm/s) (mm/s) (o/o) 

LiTa03 -24.04±0.30 1.6±0.2 0.9 

NaTa03 
-13.26±0.30 1.0±0.2 0.9 

KTa0 3 - 8.11±0.15 1.5±0.2 0.3 

TaC +70.8 ±0.5 2.4±0.4 0.2 

The isomer shifts for dilute impurities of 
181Ta in transition metal hosts exhibit sys­
tematic features when plotted versus the num­
ber of electrons in the valence shell of the 
elements, as shown in Fig. 3. The data can 
be arranged in three groups corresponding to 
3d, 4d, and 5d host metals. Without excep­
tion, the transition energy decreases when 
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Number of outer electrons 

Fig. 3. Systematics of isomer shifts of the 
6.2-keV gamma rays for dilute impurities of 
181Ta in transition metal hosts. 

(XBL 725-2957) 



Table III. (a) Isomer shift differences between homolofous 4d and 5d transition metal hosts, measured with 
gamma resonances of impurities of 181Ta (6.2 keV), 19 Au (77 keV), 193rr (73 keV), 99Ru (90 keV), and 57Fe 
(14.4 keV). (b) Ratios of D.IS(181Ta) to those of the other gamma resonances (X), measured for the same 
pair of most metals. 

4d - 5d host metal pairs 

Nb- Ta Mo-W Ru- Os Rh - Ir Pd- Pt References 
(a) 

181Ta -15.18 ±0.11 -21.64 ±0.11 -25.15 ±0.35 -26.96 ±0.30 -30.46 ±0.30 This work 

197 Au 0.28 ±0.03 o. 75 ±0.05 0.91 ±0.05 1.00 ±0.07 1.04 ±0.04 13,14,15 

193Ir 0.27 ±0.04 0.37 ±0.08 0.43 ±0.02 0.62 ±0.02 0.65 ±0.03 14,15 
D. IS 

99Ru 0.055±0.011 0.092±0.010 0.109±0.005 0.121±0.009 0.123±0.014 13,14,15 
(mm/s) 

57 Fe - 0.25 ±0.05 - 0.23 ±0.05 - 0.08 ±0.05 - 0.14 ±0.02 - 0.18 ±0.02 12 

(b) 

X=197 Au - 54±6 - 29± 2 - 28± 2 - 27± 2 - 29± 2 

D.IS( 
181

Ta) 
X=193Ir - 57±10 - 59±14 - 58± 3 - 44± 2 - 47± 3 

D.IS(X) X= 99 Ru -276±57 -235±27 -231± 14 -223±19 -248±31 

X= 
57

Fe 61±13 96±22 314±200 197±32 174±20 

N 
~ 

-J 



proceeding from a 5d to a 4d and further to a 
3d host metal in the same column of the peri­
odic table. 

A similar systematic behavior has been 
observed for isomer shifts of Mossbauer gam­
ma rays of 57Fe (14.4 keY), 12 99Ru (90 keY), 
197Au (77 keY), and 193Ir (73 keV). 13-15 In 
all of these cases estimates for the changes 
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of the mean-squared nuclear crarge radii 
D. ( r 2 ) are well established, 1 so that informa­
tion on the systematic behavior of electronic 
densities at impurity nuclei may be derived. 
This in turn can be used to estimate D. ( r2) 
for the present gamma resonance. 

As we have seen in the preceding contri­
bution13 the electron density at the nucleus of 
the impurity atom as a rule increases when 
going from a 5d via a 4d to a 3d host metal in 
a vertical column of the periodic table. 

Table III summarizes the experimental 
isomer shift differences between homologus 
4d and 5d transition metal hosts (D..IS) for 
gamma resonances of 197Au, 193Ir, 99Ru, 
57Fe, and 181Ta. We will compare only iso­
mer shift differences between those transition 
metal hosts, since for them effects of differ­
ences in the atomic volumes of the host metals 
are expected to be small. The reason is that 

the atomic volumes of homologous 4d and 5d 
host metals are almost equal. In the lower 
part of the table, the ratios of D..IS for 181Ta 
to those measured for other gamma resonances 
(X) between the same pair of host metals are 
listed. With a few exceptions these ratios are 
remarkably constant within the limits of error 
for a given pair of gamma resonances. This 
means that the differences of electron densities 
measured for two transition metal impurities 
for various homologous 4d-5d host metal pairs 
are approximately proportional to each other. 
If the proportionality factors can be estimated, 
the ratios of isomer shift differences listed i~ 
Table IV may be used to obtain ratios of D. ( r ) 
for the pertinent gamma resonances, using the 
following relation 

Here the indices 1 and 2 refer to two separate 
gamma resonances with energies E1 and E2 
in elements with atomic numbers z1 and z2 , 
respectively. The proportionality factor C1, 2 
describes the ratio of electron density dif­
ferences at impurity element 1 to those at 
impurity element 2 for homologous 4d-5d host 
metal pairs. 

Table IV. Derivation of D. (r
2

) for the 6.2-keV gamma resonance from systematics of 
isomer shifts in transition metal hosts. For explanations see text. 

c181 
2 

Gamma reso- D..IS( 181 Ta) D. (r ) Ta 2 2 
nance X D..IS(X) Ta,X 2 D..(r)x D. (r )Ta 

D. (r ) X 

(10- 3 £m2 ) (10 - 3 fm2 ) 

197 Au, 77 keY - 30 0.45 -5.81 9a -52.3 

193Ir, 73 keV - 49 0.44 -9.98 4.6b -45.9 

99Ru, 90 keY -236 4.5 -2.18 25c -54.5 

57F e, 14.4 keY 154 11.5 2.05 -25d -51.2 

Average: -51 

aRe£. 21. 

bRef. 16. 

eRe£. 22. 

dRef. 23. 



Under the assumption that the effective 
d-+ s electron transfer, which obviously takes 
place in the electronic charge on the impurity 
atom when placing it from a 5d transition 
metal host into its 4d homologue, is of the 
same magnitude for different transition metal 
impurities, values for C1, 2 have been esti­
mated by using the results of relativistic free­
ion Dirac-Fock calculation for Ru, Ta, and 
Au (Ref. 18), and those of non-relativistic 
Hartree -Fock calculations for Fe (Ref. 19) 
and Ir (Ref. 20 ). 

Table IV summarizes the da2a employed 
for deriving estimates for ll. ( r ) . In 
column 2 the weighted mean of the individual 
ratios ll.IS(181Ta)/ ll.IS(X), given in Table III, 
are listed for the four gamma resonances 
relative to the 181Ta resonance. From them 
the values for ll. ( r 2 ) Ta• listed in column 6, 
were obtained, using the C181Ta, X factors 

of column 3 and the values for ll. ( r2) X &iven 
in column 5. As a final result for ll. \ r2) Ta 
we take the mean value of the four estimates: 

( 2) -2 ll. r =- 5.1X10 fm
2

. 

The error in ll. ( r
2

) can only be estimated, 
especially since it is directl2 correlated with 
the uncertainties of the ll. ( r )v. values from 
which it was derived. We thi~k, however, 
that an upper limit of 30"/o is appropriate. 

This is one of the largest changes of the 
nuclear charge radius found for Mos sbauer 
transitions. In combination with the small 
natural width of the 6.2-~eV gamma rays, the 
large magnitude of ll. ( r ) forms the basis 
for the extreme resolving power of this 
Mossbauer resonance. 
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as continuous support of this work. We are 
also indebted to Drs. N. K. Krakorian, J. J. 
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TEMPERATURE SHIFTS OF THE ENERGY 

OF THE 6.2-keV GAMMA RAYS OF 181Ta 

G. Kaindl* and D. Salomon 

The effects of temperature on the energy 
of Mossbauer gamma rays have been studied 
up to now ig detail only for 57Fe (Refs. 1-4) 
and 119sn. For both these Mossbauer reso­
nances the observed variations with tempera­
ture were found to be mainly caused by the 
second-order Doppler (SOD) effect (thermal 
redshift). 6 Accordingly, information on the 
variation of the total electron density at the 
nucleus with temperature could be derived 
only after dominant corrections for the ther­
mal redshift had been made;5, 7 therefore, 
this procedure may have introduced large 
systematic errors, limiting the accuracy of 
the derived results. 

The case of the 6.2-keV gamma resonance 
of 181Ta is quite different, as will be re­
ported in this paper. Recently this Mossbauer 
resonance has been applied extensively to hi§h­
resolution studies of hyperfine interactions, 
and its especially high resolving power in the 
field of isomer shifts has been recognized. 8, 9 
We have now found that the enerTS of the 6.2-
keV gamma rays, emitted from iTa as a 
dilute impurity in transition metals, exhibits 
a strong temperature dependence far beyond 
the expected SOD shift. The results underline 
the exceptional sensitivity of the 6.2-keV gam­
ma resonance and open new possibilities in 
solid state apprications of isomer shift studies. 

The host metals investigated in this study 
are Ta, W, Ir, Pt, Nb, Mo, Pd, and Ni. 
Sources of 181 W diffused into these metals 
were studied at temperatures up to 1000°K, 
using a single-line Ta metal absorber at room 
temperature <~ 4 mg/ cm2 thick). Details of 
the experimental technique have been presented 
elsewhere. 10 

Figure 1 shows the experimental variations 
with temperature of the line positions for five 
of the sources. It is striking that in the case 
of the nickel host the transition energy in­
creases with temperature with a slope which 
is 32 times larger, and of opposite sign, than 

the one expected from the SOD shift alone. 
While the slopes of the temperature shifts for 
W, Ta, and Pt hosts are of the same sign as 
the SOD shift, they are up to 8 times larger. 
Within the accuracy of the present experiments 
the data can be described by a linear relation­
ship between the lineshift Sand the source 
temperature T. The solid lines are the results 
of a least-squares fit of straight lines to the 
data. 
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Fig. 1. Temperature def.endence of line po­
sitions for sources of 18 W diffused into Ni, 
Nb, W, Ta, and Pt. For comparison, the 
SOD shift, expected for a Debye solid in the 
limit of high temperatures, is also shown. 
All curves are plotted on the same scale. 
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We may write for the experimentally ob­
served temperature variation of the line po­
sition S 



(
as) = (assoD \ + (asrs ) 
aT P aT )p aT v 

( 
asrs \ (a lnV) 

+ a lnV )T ~ p. 
(1) 

The first term accounts for the temperature 
variation of the SOD shift which is given for 
a Debye solid in the limit of high temperatures 
by -2k/2Mc in cm/s, amounting to 
-2.30 ·10-4 mm/s per degree. for the present 
gamma transition. The second term repre­
sents the explicit temperature dependence of 
the isomer shift at constant volume due to 
temperature-induced changes of the total elec­
tron density at the nucleus. The third term 
describes the volume dependence of the iso­
mer shift caused by thermal expansion of the 
lattice. 

Table I summarizes the experimental data, 
with the lineshifts S for both source and ab­
sorber at room temperature listed in column 
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2, and the experimental results for the iso­
baric temperature variation of the transition 
energy, (aS/aT)p, presented in column 3. The 
values for the isobaric temperature dependence 
of the isomer shift, (aSrs/aT)p· In view of the 
fact that these corrections are small com­
pared to the total temperature shifts, and 
that the measurements were carried out in 

the temperature range 300 to 1000 •K, where 
the high-temperature Debye model should ap­
proximately hold, this procedure should be 
satisfactory within the present accuracy. Also 
presented are representative values for the 
thermal expansion coefficients, (a lnV /aT)p 
(column 5). 

Until now temperature shifts of the 6. 2-
keV gamma rays have been reported only for 
a W host by ~aylor et al., 11 and their results 
agree well with the present measurements. 
In the case of 57Fe, temperature shifts of the 
energy of the 14.4-keV gamma rays have been 
measured for dilute impurities of 57Fe in 3d, 
4d, and 5d transition metals. 3,4 Even though 
these shifts arise mainly from the SOD effect, 
the derived values for (aSrs/aT)p exhibit 
charac'teristics similar to the present case. 7 

A separation of (aSrs/aT)p into the ex­
plicitly temperature -dependent part and the 
volume-dependent part of Eq. (1) cannot be 
carried out quantitatively with the present 
results alone. The necessary additional in­
formation could be obtained from high-pres­
sure isomer-shift studies, which would di­
rectly provide values for (aS1s/a lnV)T· 

For a qualitative discussion we use a value 
of t::. (r2) ::::-5X1o-2 fm2 for the change of 
the mean-squared nuclear charge radius, as 
recently derived from isomer shift studies in 
transition metal hosts. 9 Since the electron 

Table I. Summary of experimental results and derived quantities for dilute impurities of 

181Ta in transition metal hosts. 

Host s (aS/aT)p (aS1S/aT)p (a lnV /aT)p 

-4 I -1 -1 (10 - 4 I -1 -1 -5 -1 
metal (mm/s) (10 .mm s · deg ) mm s · deg ) (10 deg ) 

Ni -39.5 ±0.2a 73.2±3.5 75. 5±3. 5 5.2 

Nb -15.3 ±0.1 9. 2±1. 0 11.5±1.0 2.5 

Mo -22.5 ±0.1 3.6±0.6 5. 9±0. 5 1.7 

Pd -27.6 ±0.3 -16. 7±7.0 -16.7±7.0 3.5 

Ta - 0.075±0.004 - 8.0±0. 5 - 5. 7±0.5 2.0 

w - 0.86 ±0.01 - 7.1±0.2 - 4.8±0.2 1.4 

Ir - 1.84 ±0.04 -10. 7±3.3 - 8.4±3.3 2.0 

Pt + 2.66 ±0.04 -17.6±0. 9 -15. 3±0. 9 2.9 

aExtrapolated to room temperature from the temperature dependence of the line position, mea­
sured in the range 685 to 1003 K 



density at the nucleus, llj;0 12 , should de­
crease with increasing volume, we expect 
positive values for ( aSu:;/a lnV)T in all cases, 
even though their magnTiudes might exhibit 
large variations, as observed in the case of 
57Fe. There, isomer shifts have been mea­
sured as a function of pres sure for impurities 
of 57Fe in a series of 3d, 4d, and 5d trans­
ition metal hosts, 12 and ( aSrs/a lnV)T was 
found to increase with decreasing isomer 
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shift (or increasinf llj; 0 12), as expected from 
a scaling of Jy; I ), as expected from a 
scaling of 0 llj; 

0 
12 with volume. We may 

expect a similar behavior of (aSrs/a lnV)T in 
the 181Ta case. This means that the negative 
values of ( asrs/aT)p. observed for the Pd, 
Ta, W, Ir, and Pt hosts, originate from an 
overcompensation of the positive volume shifts 
by negative contributions due to an explicit 
temperature dependence of the isomer shift. 

Since llj; 1
2 

is found to increase from 5d 
to 4d and to 1>.3d hosts in a vertical column of 
the periodic system, 9 it is expected that 
(aS1s/a lnV)I is larger for 3d than for 5d 
hosts. The arge positive value of (aS1s/aT)p 
observed for the nickel host may then be ex­
plained by a dominant contribution due to ther­
mal expansion, especially since the thermal 
expansion coefficient is so large for this 
metal. For an order-of-magnitude estimate 
of (8Srs/aT)y we take for the· conduction elec­
tron contribution to llj; [2:::: 3.0X1o26 cm-3, 
as estimated from the 0 results of Dirac-Fock 
calculations for free-ion configurations of Ta 
(Ref. 13) and from band structure calculations 
for tantalum metal. 14 With the simple volume 
scaling assumption 

we then estimate for (aS1s/a lnV)T(a lnV /aT)p 
a value of - 32X 10-4 rom/sec per degree, 
resulting in (aS1s/aT)y:::: - 27X1o-4 rom/sec 
per degree for tantalum metal. 

Wz may conclude from this estimate that 
llj; I increases in tantalum metal explicitly 

wi~h temperature by - 5X1o21 cm-3 per de­
gree, which corresponds to a d- s electron 
transfer with increasing temperature of ap­
proximately 10-5 electrons per degree. Such 
effects have been discussed theoretically in 
connection with the temperature dependence 
of the Knight shift, and have been interpreted 
as arising from an effective decrease in the 
strength of the lattic potential caused by lattice 
vibrations. 15 In this way, the energy bands 
become more free-electron like, leading to 
an increase in the s character of the wave 
functions. This effect should exhibit a strong 
dependence on the electronic structure of the 
metals. It is to be expected that, as soon as 

pressure data will be avilable for the 181Ta 
gamma resonance, the present results will 
provide a very detailed insight into these 
subtle effects. 

The authors would like to thank Prof. 
D. A. Shirley for his constant interest in this 
work. They are also indebted to Prof. L. M. 
Falicov for valuable discussions. 
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STUDY OF ELECTRIC-QUADRUPOLE HYPERFINE INTERACTIONS 

WITH THE 6.2-keV GAMMA RESONANCE OF 181Ta 

G. Kaindl* and D. Salomon 

Recently, the electric quadrupole hyper­
fine splitting of the 6.2-keV gamma rays of 
181Ta has been observed for the first time, 
using a source of 181 W diffused into single­
crystal rhenium metal. 1 From the com­
pletely resolved spectra the ratio of the elec­
tric quadrupole moments, the electric quadru­
pole interaction of 181Ta in rhenium metal, 
and the isomer shift relative to Ta metal were 
derived. As a consequence of the small 
natural width of the 6. 2 -keY gamma rays and 
the large electric quadrupole moments of the 
181Ta nucleus in both nuclear states, this 
Mossbauer resonance offers unusual resolu­
tion for the study of electric quadrupole in­
teractions. 
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Fig. 1. Mossbauer absorption spectra for 
sources of 181 W(Re) (single-crystal, ob­
served perpendicular to the [ 0001] axis) 
(a), 181 W(Os) (polycrystalline) (b), and 
181W(Ru) (single-crystal, observed perpendic­
ular tothe [ 0001] -axis) (c), all three analyzed 
with a single-line tantalum metal absorber. 
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this work:· we have studied the electric 
quadrupole interaction of 181Ta as an im­
purity atom in Re, Os, Hf, and Ru metal, 
and in LiTa03 and NaTa03. All experiments 
were performed with both sources and ab­
sorbers at room temperature in the same way 
as described previously. 1 

Some typical velocity spectra are presented 
1in Fig. 1: in (a) for a single-crystal 181W(Re) 
source; in (c) for a single-crystal 181w(~ 
source, in both cases with direction of ob­
servation perpendicular to the [0001] direc­
tion; 1 and in (b) for a polycrystalline 181w(Os) 
source. For the assignment of individual 
transitions to the observed lines we refer to 
Ref. 1. 

The absorption spectra obtained for ab­
sorbers of LiTa03 and NaTa03 are presented 
in Fig. 2. In both cases the absorber prep­
aration technique was found to result in a 
highly preferred orientation of the axis of the 
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Fig. 2. Hyperfine splitting of the 6.2-keV 
gamma rays in LiTa03 and NaTa03 at room 
temperature. The centers of the spectra are 
indicated by arrows. (XBL 733-2561) 



electric field gradient (EFG) perpendicular to 
the absorber planes. Therefore the spectra 
of Fig. 2 were measured with the absorber 
planes tilted by 45• relative to the gamma-ray 
direction, in order to get an appreciable in­
tensity in the ±1/2 -+ ± 1/2 component, which 
is necessary for a determination of the sign 
of the EFG. 

From least- squares fits of a superposition 
of dispersion-modified Lorentzian lines2 to 
the data, values for the electric quadrupole 
interaction of the 181Ta ground state, 
e2qQ(7/2) and for the isomer shift of the 
6.2-keV gamma rays were obtained. In all 
cases, the EFG was assumed to be axially 
symmetric. The amplitude of the dispersion 
term, 2€ =- 0.30±0.01 (Ref. 2), and- for all 
spectra besides the one for the rhenium host­
the ratio of electric quadrupole moments 
Q(9/2)/Q(7/2) = 1.133±0.010 (Ref. 1), were 
kept constant during the fit procedure. 

The experimental re suits are summarized 
in Table I. The values for eq, given in 
column 3, were obtained with 0(7/2)=+3.9±0.4 
barns (Ref. 3) for the electric quadrupole mo­
ment of the ground state of 181Ta, and the 
errors of eq are mainly due to the ~10o/oun­

certainty in Q(7/2). For all the studied cases 
the sign of eq was also determined. 
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Presently, no satisfactory theory exists for 
electric field gradients in hexagonal transition 
metals. Our result shows that a simple "point­
ion and uniform background model"4 alone is 
not sufficient, since the electric field gradients 
calculated with its help are positive for all the 
studied metals, while the experimental values 
are negative for Re, Os, and Ru. Such a model 

considers only the lattice contribution ql tt to 
the electric field gradient. Obviously, t~e local 
contributions, casued by a non-cubic arrange­
ment to localized charge around the central 
atom, as well as by a non-uniform distribution 
of conduction electrons within the central cell, 
play an essential role. The latter effect has 
been discussed by Watson et al., 5 who pre­
dicted an "overshielding effect", caused by the 
conduction electrons, especially in cases with 
a high density of states at the Fermi energy. 
According to them this local conduction electron 
contribution should be linearly related to the 
lattice field gradient, qloc = r. qlatt• so that 
we may write for the total electric field gradient 

· q = qlatt [(1 - Yoo) + r(1 - Ra)J, where Yoo and 
RQ are the lattice and atomic Sternheimer 
factors, respecitvely. With Yoo"" - 60 (Ref. 6) 
and RQ"" - 0.2 (Ref. 7) for Ta, and using qlatt 
values calculated with Ref. 4, we may derive 
overshielding factors r of -160, -85, and -75 
for Ta in Re, Os, and Ru, respectively. These 
values are not too different from those predicted 
for the pure metals: r "" - 100 for Re and 
r "" - 55 for Os. 5 

On the other hand, the electric field gradient 
for 181Ta(Hf) is positive and even bigger than 
qlatt(1- Y00 ), and its temperature dependence 
measured by TDPAC of the 5/2+ state at 482 keV 
of 181Ta (Ref. 8), is well described by the 
anisotropic variation of the lattice parameters 

·with temperature. This means that in this case 
the lattice contribution may play an essential 
role. In order to clarify the situation further, 
a study of the temperature dependence of the 
EFG for these host metals is under way. 

The authors would like to thank Professor 
D. A. Shirley for his constant interest. 

Table I. Summary of experimental results, obtained for the 
electric quadrupole interaction of the ground state of 181Ta, 
e2qQ(7/2), the electric field gradient eq at the Ta nucleus, 
the isomer shift (IS) relative to Ta metal, and the total ex­
perimental line width W. 

2 
Host e qQ(7/2) 

metal: (10- 6 eV) 

Re -2.15±0.02 

Os -2.35±0.04 

Hf +1.83±0. 10 

Ru -1.56±0.04 

Compound: 

LiTa03 +2. 75±0.06 

NaTao3 -1.02±0.07 

eq 

(10
17 

V /cm
2

) 

-5.5±0.5 

-6.0±0.7 

+4. 7±0. 7 

-4.0±0.5 

+7.05±0.80 

-2.61±0.45 

IS w 
(mm/s) (mm/s) 

-14.0±0.1 0.60±0.04 

- 2.9±0.2 1.8 ±0.2 

- 0.6±0.3 1.6 ±0.4 

-27.6±0.3 1.3 ±0.2 

-24.0±0.3 1.6 ±0.2 

-13.3±0.3 1.0 ±0.2 



Footnotes and References 

* Present address: Plysik-Department E15, 
Technische Universitat Miinchen, D-8046 
Garching, Germany. 

1. G. Kaindf, D. Saloman and G. Wortmann, 
Phys. Rev. Letters 28, 952 (1972), and 
G. Kaindl and D. Salomon, Nuclear Chemistry 
Division Annual Report for 1971, LBL- 666, 
p. 199. 

2. C. Sauer, E. Matthias, and R. L. 
1\tiossbauer, Phys. Rev. Letters 21, 961 
(1968). G. Kaindl and D. Salomon,-Phys. 
Letters 32B, 364 (1970). 

3. L. Lindgren, Arkiv Fysik 29, 553 (1965). 

225 

4. F. W. De Wette, Phys. Rev. 123, 103 
(1961). 

5. R. E. Watson, A. C. Gossard, andY. 
Yafet, Phys. Rev. 140, A375 (1965). 

6. F. D. Feiock and W. R. Johnson, Phys. 
Rev. 187, 39 (1969). 

7. R. Sternheimer, private communication, 
(1972). 

8. R. M. Lieder, N. Buttler, K. Killing, K. 
Beck, and E. Bodenstedt, in Hyperfine 
Interactions in Excited Nuclei. edited by G. 
Goldring and R. Kalish (Gordon and Breach, 
New York, 1971), p. 449. 

MAGNETIC HYPERFINE INTERACTION OF 181Ta IN NICKEL 

G. Kaindl* and D. Salomon 

As we have seen in the preceding contribu­
tions, the 6.2-keV gamma resonance of 181Ta 
has been used successfully for studyinf elec­
tric quadrupole hyperfine interactions and 
isomer shifts. 2 Up to now, however, the 
magnetic splitting of the 6.2 keV gamma rays 
has only been observed in externally applied 
magnetic fields. 3 This paper reports on the 
first application of this gamma resonance to 
the study of magnetic hyperfine interactions. 

Using a single-line Ta metal absorber 
(4 mg/cm2 thick) and a 181w(Ni) source, 
Mossbauer spectra were measured with both 
the source heated above the Curie point of 
nickel and at room temperature. The source 
was prepared by diffusing the 181 W activity 
for a period of 20 hours at -1o-8 Torr and a 
temperature of -1350°C into a single-crystal 
disk of nickel metal, cut perpendicular to the 
[ 111] direction. For the room-temperature 
measurement, the sinusoidally moved source 
was magnetized in longitudinal direction by an 
external polarizing field of 1. 7 kOe produced 
by a small permanent magnet. The stray 
field at the absorber, which was kept at room 
temperature for both measurements, was negli­
gibly small ( < 1 Oe). 

The results of the measurements are pre­
sented in Fig. 1. With the source heated above 
the Curie point, a single -line spectrum is ob­
served (Fig. 1a), while at room temperature 
the emission line is widely split by magnetic 
hyperfine interaction (Fig. 1b). In longitudinal 
direction, the total spectrum resulting from 
the 9/2- 7/2 Ei transition consists of 16 com-

ponents with Ll.m = ± 1. Due to the small size 
of the resonance effect in the split spectrum, 
however, the velocity range had to be chosen 
so small that only the three outermost ab­
sorption lines were observed. 
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Fig. 1. Absorption spectra obtained with a 
Ta metal absorber at room temperature and 
a 181 W(Ni) source at 412°C (a) and at 25"C 
(b), respectively. At the top of Fig. 1b in­
dividual transitions are assigned to the ob­
served hyperfine components. 

(XBL 726-3385) 
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Table I. Summary of experimental results. 

Single -line 

Magn. split 

T 
< •c) 

412{5) 

25{1) 

W/2 
{mm/s) 

0.20{1) 

1.2{3) 

The results of the least-squares fit analysis 
of both spectra are given in Table I. A dis­
persion term {with 2£ = -0.30)3 was fitted to 
spectrum {a). The split spectrum was analyzed 
with a superposition of dispersion-modified 
Lorentzians using g{7/2)· f.LN· Heff as the only 
parameter to determine the line positions. 
To this end, the g-factor ratio g{9/2)/g{7/2) 
= 1. 7 8±0. 02 {Ref. 3) and the isomer shift at 
room temperature, IS= - 39.8±0.2 rom/sec, 
were kept constant during the fit. The latter 
value was linearly extrapolated from a mea­
surement of the temperature dependence of 
the isomer shift for 181Ta{Ni) in the tempera­
ture range from 412 to 730 •c. 4 

From the size of the magnetic splitting in 
the ground state, given in Table I, and taking 
into account the external polarizing field, a 
value of H = {-)89.6±1 kOe can be derived for 
the induced hyperfine field at room tempera­
ture. Previously a value of H = - 98±2 kOe 
has been measured by spin-echo NMR at 
4.2• K. 5 We may therefore derive for the re­
duced hyperfine field at room temperature a 
value of H{298)/H{4.2) = 0.91±0.02, which is 
in good agreement with the results of a recent 
TDPAC study of the temperature dependence 
of H for 181 Ta{Ni). 6 

The authors would like to thank Prof. D. A. 
Shirley for his constant interest and support 
of this work. 

IS 
{mm/s) 

-36.96{5) 

g{7/2}f.LNHeff 

{mm/s·) 

8.93{5) 

Total 
effect 

{%) 

1.6{3) 

0.25{5) 
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MtiSSBAUER STUDY OF PENTAVALENT GOLD COMPOUNDS* 

K. Leary, G. Kaindl,t and N. Bartlett 

Aurous and auric compounds have been the 
subject of extensive investigations by nuclear 
gamma-resonance spectroscopy. 1-3 The 
77-keV M1 transition from the first excited 
state of 197 Au with spin I = 1/2 to the I = 3/2 
ground state is very well suited for this type 
of investigation. 

Recently pentavalent gold compounds have 
been prepared for the first time in the form 

of [AuF6]- salts. 4 This paper reports on a 
Mossbauer study of these compounds: the ob­
tained results for isomer shift and electric 
quadrupole interaction confirm the pentavalent 
state of gold as well as the proposed molecular 
structure. 

[Xe2F11] +[AuF6]- was prepared from 
stoichiometric amounts of XeF 2 and AuF 3 at 
4oo•c and - 1000-psi F2 pressure in a Monel 
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bomb. [XeF 5 ] -t-[AuF6]- was obtained from 
[Xe2F1tl +[AuF6]- by heating it to 11o•c 
under vacuum, followed by a sublimation 
purification process. CsAuF6 finally was 
prepared by heatin~ an equimolar mixture of 
CsF and [Xe~F11 ] [AuF6]- under dry nitro­
gen to 11o•c m a Monel crucible. All com­
pounds were characterized by their mutual 
x-ray powder patterns, their Raman spectra, 
and by analysis for Xe. More details of the 
preparation technique are given in Ref. 4. 

The standard Mossbauer transmission ex­
periments were performed with both source 
and absorber cooled to 4.2•K, using a sinusoidal 
velocity spectrometer and a Ge(Li)-diode for 
recording the 77-keV gamma rays. The 197pt 
source was prepared by irradiating - 3 mg 
platinum metal enriched to 65% in an inte­
grated thermal neutron flux of- 3X 1019 
nlcm2. 

Figure 1 shows as an example the 
Mossbauer absorption spectrum of 
[ Xe2F 1 tJ +[AuF 6]-. The solid line is the re­
sult of a least-squares fit of a Lorentzian line 
to the data. Almost identical spectra were ob­
tained for [XeFs] +[AuF6]- and Cs AuF6. For 
completeness the M8ssbauer spectrum was also 
measured for AuF 3 . Since this compound was 
prepared in pure form as a starting material 
for the synthesis of the pentavalent compounds. 
Due to quadrupole interaction its spectrum con­
sists of two Lorentzian lines, separated by 
QS = 2. 71±0.02 mmlsec, in agreement with the 
result of Ref. 1. 

The results are summarized in Table I. In 
all cases the absorbers had a thickness of 
-50 mglcm2 of gold. The experimental line 
widths, when compared with twice the natural 
width of the Mossbauer gamma rays, 
Wo = 21iiT = 1.88±0.02 mmlsec, 5 demonstrate 
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Fig; 1. Mossbauer absorption spectrum of 
[Xe2F11J +[AuF6]- recorded with a metallic 
197Pt source, both at 4. 2 •K. 

(XBL 726-6405) 

the absence of electric quadrupole interaction 
at the gold site in the pentavalent compounds. 
This is in agreement with the rroposed octa­
hedral structure of the [AuF6 - complex. 4 

The isomer shifts of the pentavalent com­
pounds, listed in column 4 of Table I, are al­
most identical with each other, supporting the 
existence of identical [AuF 6] - complexes in 
all of the studied pentavalent compounds. A 
graphical representation of the present isomer. 
shift results together with those of auric and 
aurous compounds with halogen ligands, taken 
from Ref. 1-3, is given in Fig. 2. With the 
only exception of AuF3 the isomer shifts ar­
range themselves into three separate groups 
corresponding to monovalent, trivalent, and 
pentavalent gold compounds, with approxi­
mately identical distances between neighbouring 

Table I. Compilation of experimental results: €=resonance 
effect, W = total experimental line width (FWHM); 
IS = isomer shift relative to the platinum metal source; 

2 I I 2 112 ·. QS = e qQ(3 2) .Z (1 +'I') 13) = electnc quadrupole 
splitting of the ground state. 

€ w IS QS 
Compound (o/o) (mmls) (mmls) (mmls) 

Xe 2F 11AuF
6 2.9 1. 98±0.02 2.28±0.01 

XeF 5AuF
6 

4.0 2.10±0.06 2.31±0.02 

CsAuF6 2.8 2.02±0.06 2.39±0.02 

AuF
3 

4.6 2.00±0.02 -1.06±0.02 2. 71±0.02 
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Fig. 2. Graphical representation of isomer 
shifts for aurous, auric, and pentavalent gold 
compounds with halogen ligands. 
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groups. This is remarkable in view of the dif­
ferent molecular structures of these compounds. 

The increase in isomer shift with increasing 
formal oxidation state is in agreement with a 
positive value for ,6. ( r 2 ) (Ref. 6) and an in­
crease of the total electron density at the nu­
cleus, expected on the basis of d-electron 
shielding arguments. 2 The present isomer 
shift results thus confirm the pentavalency of 
gold in the studied compounds. 

The authors would like to thank Prof. D. A. 
Shirley for helpful discussions and support of 
this work. 
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ISOMER SHIFTS OF THE 84.3-keV GAMMA RAYS OF 170yb 

G. Kaindl* and P. B. Russelt 

This paper reports on Mossbauer isomer 
shifts of the 84.3-keV gamma rays of 170yb 
in various ytterbium compounds. Since the 
total range of observed isomer shifts amounts 
to not more than -_13o/o of the experimental 
line width, single-line absorbers, preferably 
with cubic structure, were exclusively in­
vestigated in order to prevent systematic er­
ors. The isomer shifts were found to arrange 
themselves in three separate groups corre­
sponding to divalent, trivalent, and metallic 

compounds. In addition, the small dispersion 
terms in the shape of M8ssbauer absorption 
lines, recently also observed for E2 gamma 
transitions, 1 were investigated. 

The Mossbauer absorption experiments 
were performed in transmission geometry 
with a sinusoidal velocity drive and both source 
and absorber cooled to liquid helium tempera­
ture. 170Tm (T 1; 2 = 170 d) in TmA12 , acti­
vated by thermal neutron irradiation, was used 



as a single-line source. Several cubic di­
valent ytterbium compounds were prepared in 
sealed molybdenum crucibles in a way as de­
scribed by Catalano. 2 

Figure 1 shows a few typical Mossbauer 
spectra. The isomer shift between divalent 
compounds YbF2 and YbTe and the trivalent 
compound Yb2S3 is clearly exhibited. The 
data were least-squares fitted both with a 
symmetrical and a dispersion-modified 
Lorentz ian line; in the latter case the ampli­
tude of the dispersion term, 2s, 3 was used as 
an adjustable parameter. 
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Fig. 1. Mo'ssbauer absor_ption spectra of the 
84-keV gamma rays of 1 7o-yb for various 
ytterbium compounds. The solid lines are the 
results of a least-squares fit of a symmetrical 
Lorentzian line to the data. (XBL 733-332) 
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A summary of the experimental results is 
presented in Table I. In column 4 the fit re­
sults for 2s are listed; they agree with each 
other within the limits of error. Their 
weighted mean, 2s = - 0.030±0.004, is in good 
agreement with the value reported in Ref. 1, 
2s = - o.o34o±o.oo76. 

The isomer shifts obtained for 2s = 0 are 
listed in column 2, while those resulting from 
fits with constant 2s = - 0.030 are presented 
in column 3. The neglect of the dispersion 
effect in the data analysis obviously changes 
the isomer shifts by approximately s · W, where 
W represents the ·experimental line width. 1 
This means that even though a neglect of the 
dispersion term leads to apparent shifts, rela­
tive isomer shift differences between different 
absorbers will not be affected within the present 
accuracy. This rule, however, may not hold 
if drastic differences in the thickness of the 
absorbers should occur. 4 In column 7 previ­
ously published isomer shift values for the 
studied compounds are listed; they should be 
compared with our results obtained for 
2s = 0 (column 2). 

Figure 2 presents a graphical representa­
tion of the present isomer shift results. Since 
the total electron density at the nucleus 
( llJi

0 
12 ) is expected to be smaller for divalent 

than for trivalent ytterbium compounds due to 
the shielding effect. of the additional 4f electron, 
the change of the mean-squared nuclear charge 
radius, D. ( r 2 ) , is found to be positive for the 
84.3-keV gamma transition. The isomer 
shifts obtained for Yb2S3 and YbCl3 agree with 
each other, and also with those published for 
the same and for other trivalent ytterbium com­
pounds, especially YbCl3· 6H20, Yb2(S04)3 
X 8H20, and YbOOH. 5-8 

The smallest 14! I 2 
is found for YbF2 , 

while the divalent 4ono-chalcogenides YbS, 
YbSe, and YbTe exhibit somewhat larger 
14! 12. This is very similar to the results of 
isg,mer shift studies with the 22.5 -keV gamma 
rays of 149Sm in compounds of samarium. 9 
In addition llJi 12 is found to increase from 
YbTe to YbSe

0
and YbS, in qualitative agree­

ment with the situation found for the equivalent 
europium compounds. 10 

Even though the ytterbium ion is divalent 
in the metal, the isomer shift found for it falls 
between the divalent and trivalent regions. 
This is a consequence of the direct contribution 
of the conduction electrons to 14! I 2. From the 
present results we derive for th~ ratio, 

- llJ! 1
2 

(Yb
2

+)) = 0.64 ± 0.15, 
0 
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Table I. 
170 

Summary of results for the 84. 3-keV gamma resonance of Yb, 
obtained with a source of 1 70TmA12 . 

IS a ISb W/2d ISe 
Absorber (mm/s) (mm/s) 2sc (mm/s) (mm/s) 

YbF
2 

-0.251( 6) -0.296( 6) -0.033( 5) 1.40{3) 

Yb2S
3 0.111(13) 0.067(13) -0.024( 7) 1.45{3) 0.10(4/ 

YbC13 0.091(21) 0.047(21) -0.032(14) 1.61{5) 0.09{4)g 

YbS -0.181( 8) -0.227( 8) -0.035(10) 1.45{2) 

YbSe -0.178(10) -0.223(10) -0.028(11) 1.39{2) 

YbTe -0.203( 7) -0.247( 7) -0.031(10) 1.47{3) 

YbB6 -0.266( 
I 

-0.220( 9) 9) -0.029(14) 1.42{2) 

YbA1
2 

-0.028(10) -0.075(10) -0.024( 8) 47(4) {-0.08{2)g 
1. 0.00{7)h 

Yb metal -0.021(38) -0.065(38) -0.033 (10) 1.60(2) 

YbC 2 
-0.030( 7) -0.076( 7) -0.029(12) 

~rom a least-squares fit with a symmetrical Lorentzian line 
(2s = o). 

bFrom a least-squares fit with a dispersion-modified Lorentzian 
line with constant amplitude of the dispersion term (2s = - 0.03). 

cFrom a fit with 2s as a free parameter. 

dLine widths are uncorrected for finite absorber thickness. 

ePublished isomer shift values for 2s = 0. 

£Ref. 5. 

gRef. 6. 

hValue has been adapted from published value, which was referred 
against YbA12 . 7 
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Fig. 2. Graphical representation of present 
isomer shift results with the 84.3-keV gamma 
rays of 1 70yb for various absorber materials 
relative to a 170TmA12 source, with 2s =- 0.03. 

(XBL 733-333) 

which is in good agreement with a previously 
published value of 0. 75±0.12. 11 

The authors would like to thank Prof. D. A. 
Shirley for support of this work and for his 
constant interest. They are also indebted to 
the late Prof. B. B. Cunningham for his 
teachings in the chemistry of the lanthanides. 
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CHANGE OF THE NUCLEAR CHARGE RADIUS 

IN EVEN-EVEN YTTERBIUM ISOTOPES 

G. Kaindl,* P. B. Russel, t and S. S. Hanna t 

+ + Mos sbauer isomer shifts of 2 -+ 0 ground 
state rotational transitions in even-even 
ytterbium isotopes 1 70yb, 1 72yb, 1 74yb, and 
1 76yb were investigated. From the experi­
mental results absolute values for the changes 
of the mean-squared nuclear charge radii, 
A ( r2 (, as well as ratios of them, could be 
derived. Although these ytterbium isotopes 
are among the best examples of rotational 
nuclei with virtually constant deformation 
over the series, the present results reveal 
drastic differences in A (r2). For 1 70yb and 
1 72yb the nuclear charge distribution is found 
to expand upon rotation excitatiog while it is 
found to shrink for 174yb and 17 Yb. This 
fin structure of A (r2) is explained by a re­
cent microscopic theory of Meyer and Speth. 1 

For the experiments described here, two 
methods of populating the Mossbauer levels 
of interest were employed. While the 84.3-keV 
gamma level of 170yb was populated by 13-de­
cay from 170Tm (T1/2 = 130 d), using a source 
of 170Tm in TmAl2 {see preceding contribution), 
the Mossbauer sources for the other gamma 
resonances (172Yb: 78.7 keV; 174Yb: 76.5 keV; 

GOLD 
SHIELDS 

1/4" 
1cm 

SCALE 

Fig. 1. Detailed schematic of the series 
arrangement of two targets and two catchers 
used to increase the gamma-ray yield in 
Mos sbauer effect experiments using the method 
of Coulomb excitation and recoil implantation 
through vacuum. (XBL 733-334) 

' 

1 76Yb: 82.1 keV) were produced by Coulomb 
excitation in conjunct~on with recoil implanta­
tion through vacuum. A detailed schematic 
of the arrangement of targets, catchers, and 
Mos sbauer absorbers is presented in Fig. 1. 
A beam of 65-MeV 35cl ions from the Stanford 
FN tandem Van de Graaf accelerator was fo­
cused on a thin metallic Yb target 
(- 2.5 mg/cm2 thick), highly enriched in the 
isotope of interest. The Coulomb-excited re­
coil nuclei were implanted through vacuum 
into an aluminum catcher at a temperature of 
- 13•K, which served as a source for the con­
ventional Mossbauer transmission experi­
ments. For improved counting rates a series 
arrangement of two targets and two catchers 
was used. In addition the system allowed the 
use of two separate Mossbauer absorbers, 
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Fig. 2. Mossbauer absoH~ion spectra of the 
82.1-keV gamma rays of Yb for YbF2 and 
Yb2S3. The solid lines are the results of a 
least-squares fit of a dispersion-modified 
Lorentz ian line (2£ = - 0. 03) to the data. 

(XBL 733-335) 
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Table I. Derivation of experimental values for !::. ( r
2

) and ratios of 
!::. ( r2) of even-even ytterbium isotopes. The isomer shifts t::.ISA and 

are those obtained from least-squares fits with 2s = - 0.03. t::.IS170 

a b 2 
!::.ISA t::.IS170 

!::. (r2) A/t::. (r2)170 
c t::.(r ) A 

Isotope A (mm/s) (mm/s) (10-3 fm2 ) 

170 0.362(14) 0.362(14) (1.0) 1.20(40) 

172 0.114(23) 0.312(12) 0.341(82) 0.41(20) 

174 -0.135(17) 0.334(29) -0.366(71) -0.44(19) 

176 -0.052(14) 0.358(14) -0.141(43) -0.17(10) 

aisomer shift between Yb2S3 and YbF2 measured with the Mossbauer 
resonance of isotope A. 

bisomer shift measured with the 84.3-keV gamma rays of 170Yb be­
tween the identical absorber pair as in (a). 

cDerived from the isomer shifts given in columns 2 and 3. 

moved simultaneously with a common drive 
system, which were positioned at 180° to each 
other and cooled to- 10-12°K. The experi­
mental technique has been described in more 
detail elsewhere. 3 

Isomer shifts were measured between 
single -line absorbers of YbF 2 and Yb2S3. 
The absorbers used for the accelerator ex­
periments were highly enriched (-70-90o/o) 
in the isotopes of interest, and additionally 
contained 3-5o/o 170yb to allow a measure­
ment of the isomer shift of the 84.3 -keY gamma 
rays for test purposes. Some typical 
Mossbauer spectra are shown in Fig. 2 for 
176Yb. 

The experimental results are summarized 
in Table I. While the isomer shifts of the 
84.3-keV gamma rays of 170yb found for dif­
ferent YbF2 absorbers always agreed with 
each other within statistics, those determined 
for the various Yb2S3 compounds exhibited 
variations slightly outside of statistics. 
Therefore in all cases the differences in iso­
mer shift between Yb0S3 and YbF2 were also 
measured with the 17 Yb gamma resonance 
(column 3 of Table I), and these results of 
!::.ISyo were used to derive the ratios of 
!::. ( r /A/!::. ( r 2 ) 170 listed in column 4. In the 
last column, absolute values for !::. ( r2) A are 
presented. They were obtained by using an 
electron density difference between Yb3:r and 
Yb2+ (represented by Yb2S3 and YbF2 , re­
spectively) of t::.l l[J 12 = + (4.0:!:1.2)X1026 
cm-3. 4 o 

Figure 3 presents a comparison of the pres­
ent results with previous experimental data;5-7 

absolute values of !::. ( r 2 ) hav~ been recalcu­
lated by using the same t::.l4! I as in the pres­
ent work. While there is g8od agreement for 
1 70yb and 1 72yb, a discrepancy exists in the 
case of 174Yb. 
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Fig. 3. Comparison of ex12erimental and 
theoretical values for !::. ( r ) (b) and ratios 
of !::. ( r2) (a) in the even-even ytterbium 
isotopes. (XBL 733-336) 
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The observation of changes of the mean­
squared nuclear charge radius upon rotational 
excitation demonstrates the existence of non­
adiabatic effects on the intrinsic nuclear struc- · 
ture caused by nuclear rotation. The centri­
fugal stretching model, in a semiclassical 
way, predicts values for f:::. ( r 2) which are 
positive and too large by approximately one 
order of magnitude. 3 • 7 

Two microsco_pic theories exist, however, 
which fredict f:::. \ r 2 ) for rotational transi­
tions. • 8 Their predictions, based on calcu­
lations within the self-consistent cranking 
model, are also plotted in Fig. 3. Marshalek1 s 
theory8 results in f:::. ( r2) values which are all 
positive for the even-even Yb isotopes and too 
large by factors of 3 to 20. This probably is 
a conse'quence of an overestimation of the 
centrifugal stretching effect. On the. other 
hand, the theory of Meyer and Speth1 ;f,redicts 
the right order of magnitude for f:::. ( r ) and 
even accounts for the minimum in f:::. ( r 2 ) ob­
served at A == 174. According to this theory, 
changes of ( r 2 ) in 2+- o+ rotational transi­
tions of well-deformed nuclei are mainly de­
termined by the redistribution of only a few 
nucleons near the diffuse Fermi edge. Upon 
rotational excitation the decrease in pairing 
force tends to depopulate levels just above the 
diffuse Fermi energy in favor or levels below. 
The change in nuclear radius is then mainly 
determined by the fact that ndar the proton 
Fermi edge of rare earth nuclei, N == 4 levels 
are mixed with N == 5 levels which have com­
paratively larger radii. Depending on the de­
tailed balance of the redistribution process, 
positive as well as negative values of f:::. ( r 2 ) 
are therefore possible. 

The authors would like to thank Prof. D. A. 
Shirley for valuable discussions and support 
of this work. 
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MAGNETIC MOMENT OF THE 6.9-HOUR ISOMER OF 93Mo 

G. Kaindl,* F. Bacon, t and D. A. Shirley 

The 6. 9-hour isomer of 93Mo decays via a 
cascade of 263-, 685-, and 1477-keV gamma 
rays to the ground state of 93Mo. A spin 
sequence of 21/z+- 13/z+- 9/2+ ...... s;z+ has 
been postulated. 1 This paper reports on a 
measurement of the magnetic moment of the 
isomeric state by thermal equilibrium nuclear· 
orientation technique (NO) and nuclear mag­
netic resonance on oriented nuclei (NMR-ON). 
In addition the spin of the isomeric state was 
confirmed, as well as spins and gamma multi­
polarities of the gamma cascade. 1 

9
3
mMo was produced in practicallr, pure 

radioactive form via the 93Nb(d, 2n)9 mMo 
reaction, using natural niobium targets 

(-15 mg/cm2 thick) and 13-MeV deuterons. 
Samples containing 0.6 at.% 93Mo(Nb) in an 
iron matrix were prepared by repeatedly 
melting a small chip of the radioactive Nb 
metal with 99.999o/o pure iron; for the NO ex-' 
periments a matched amount of 60co activity, 
to be used for thermometry, was added. Thin 
foils (- 10 000 A thick), produced by cold 
rolling and annealing, were attached to the Cu 
fin of an adiabatic demagnetization apparatus. 
Gamma-ray spectra were taken at o• and 90 • 
relative to the external polarizing field with 
high-resolution coaxial Ge(Li)-diodes for the 
NO experiments, and with Nai(Tl) detectors 
for the NMR-ON experiments. For the 
NMR-ON experiments an rf field was applied 
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perpendicular to the polarizing field. 

Figure 1 shows the results of a single de­
magnetization run for the anisotropy of the 
263-, 1477-, and 685-keV gamma rays of 
93mMo (Fe). During the warming up of the 
sample over a time of 7 hours, spectra were 
taken continuously for periods of 15 minutes. 
The temperature of the sample was determined 
from the anisotropy of 60co gamma lines. 

1.4 

1.2 

263 keV 1477keV 

,0.4 
8•0" 

0.2 

0~o~-.5~o~~~~f-~--~~~--~~oo~~~--~--~--~oo 
liT(~) 

Fig. 1. Temperature dependence of the ani­
sotropies W( e) of the 263-, 1477-, and 
685-keV gamma rays emitted from a source 
of 93mMo(Fe) parallel (e = oo ) and perpendic­
ular (e = 90° ) to the external polarizing field 
Hext= 4 kOe. (XBL 726-3387) 

For each of the three gamma rays the oo 
and 90° anisotropy curves were simultaneously 
least-squares fitted with 

W(e) = 1 + L Bk uk Fk Qk Pk(cos e), 
k=2,4 

using suitable solid-angle correction factors 
Qk for each case. 3 The hyperfine interaction 
of the isom_eric state, tJ.Heff• and an amplitude 
factor were used as free parameters. The 
individual results for fl.Heff• presented in 
Table I, agree very well with each other with­
in the limits of error; their mean value is 

-18 
tJ.Heff = (12.08±0.20) X10 erg. 

In a separate experiment nuclear magnetic 
resonance of 93mMo in iron was observed by 
the effects of an external rf field on the anisot­
ropy of nuclear ~amma rays emitted from 
oriented nuclei. · The rf frequency was mod­
ulated with 100 Hz over a bandwidth of - 2 
MHz, and the rf amplitude was kept constant 
at- 0.5 mOe. Figure 2 shows the results of 
this experiment. The observed effect is rather 

Table I. Results of a simultaneous fit of the 
0° and 90° anisotropy curves. 

Gamma line 
fLHeff 
-18 (keV) (10 erg) 

263 12.24±0.19 

1477 12.11±0.39 

685 11.89±0.36 

Average: 12.08±0.20 

Counts ( x 105 ) 

Fig. 2. Frequency dependence of the anisot­
ropy of the sum of the 263-, 1477-, and 
685-keV gamma rays, observed in direction 
of the polarizing field Hext = 1 kOe. The 
time span between neighboring points was 2 
minutes. (XBL 728-3689) 

small, since the temperature of the sample 
was only 1/T ~ 50 o K- 1 at the time the reso­
nance curve was recorded. From a least­
squares fit of a Gaussian line with linear back­
ground to the data a resonance frequency of 

v = 170.5 ± 0.4 MHz res 

was obtained. 

With the previously assigned value for the 



spin of the isomeric state, I= 21/2, this re­
sult agrees well with that of the NO experi­
ment. Taking into account the different ex­
ternal polarizing fields, as well as the hyper­
fine field of Mo in iron at 4.2•K, Hhf=-256±5 
kOe, 5 we obtain for the ratio 
(-yHhf)NO/ (-yHhf)]'-l"MR a value of 1. 03 ± 0. 02 
for a spin of 21j2, while spins of 19/2 and 23 
23/2 would result in values of 1.14± 0.02, 
respectively. Thus the spin assignment of 
Ref. 1 is confirmed in a direct way by the 
present results. The same method had previ­
ously been used to determine the spins of 
isomeric states in 195Pt(ref. 6) and 200Au. 7 

With I = 21/2 and Hh£ = - 256 5 kOe, a 
value of 

fl. (21/2) = 9.21 ± 0.20 n. m. 

is obtained for the magnetic moment of the 
isomeric state. This value supports the in­
terpretation of the 6. 9-hr isomeric state as 
a three-particle state with shell-model con­
figuration [TT(g 912 -g7; 2 l; v d5j2l 21/2. + 
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NUCLEAR QUADRUPOLE ALIGNMENT OF 180mHf AND 175Hf IN 

HAFNIUM METAL 

G. Kaindl,* F. Bacon,t A. J. Soinski, and D. A. Shirley 

Thermal equilibrium nuclear orientation 
in ferromagnetic host metals has been applied 
extensively in the past to the study of magnetic 
hyperfine interactions. 1 The degree of nu­
clear orientation is usually determined from 
the· anisotropy of nuclear radiations, especi­
ally of gamma r~ys. On the other hand, until 
now nuclear quadrupole alignment has been 
observed via nuclear radiations only in para­
magnetic salts. 2, 3 We report the first radia­
tive detection of nuclear quadrupole alignment 
in the electric field gradient (EFG) of a hexa­
gonal metal. 

1 7 5Hf d 180mHf 1 . . d · an nuc e1 were or1ente 1n 
a single crystal of hafnium metal at tempera­
tures down to 3 mK. From the temperature 
dependence of gamma-ray anisotropies, values 
for the electric quadrupole interaction (EQI) 
energies were obtained. For magnetic hyper­
fine (hf) interactions only the magnitude of the 
hf interaction energies can be obtained; how­
ever, for electric hf interactions the sign of 
the interaction energies can also be obtained 

if the signs of the angular distribution param­
eters of the relevant nuclear radiations are 
known to within a sign. 

In each experiment a single-crystal disk 
of hafnium metal was contact-cooled by the 
adiabatic demagnetization of cerium mag-

; nesium nitrate. These disks were produced 
from a single crystal of 99.99"/o Hf metal by 
spark cutting perpendicular to the [ 0001] di­
rection and electropolishing to varip~€ thick­
nesses down to 180 micron. The · · Hf 
(t1/2 = 70 d) and 180mHf (t1 ; 2 = 5. 5 hr) activ-

, ities were produced by irradiating these disks 
·with fast neutrons which were generated by 
45-MeV deuterons from the LBL 88-inch cyclo-
tron on a beryllium target. Only the two de­
sired activities were appreciably produced. 

60 The Hf metal disk and a hexagonal CoCo 
single crystal which served as a thermometer 
were soft soldered to the Cu fin of an adiabatic 
demagnetization apparatus. A high-resolution 
coaxial Ge (Li) diode at 0 • with respect to the 
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common [ 0001] direction of both crystals 
was used to record spectra continuously over 
15-minute intervals during the warming up of 
the samples following adiabatic demagnetiza­
tion. 

The results of the analysis for the tempera­
ture dependence of gamma ray anisotropies 
are ptes e.J].ted in Fig. 1 for the 343 -keV gamma 
ray of 175Hf and in Fig. 2 for the 443-keV 
gamma ray of 180mHf. The data points are 

0.15 
175Hf 

343 keV, 8 = o• 
-0.10 

0.05 

0 50 100 150 200 

I (K"'] 
T 

Fig. 1. Temperature dependence of the 
anisotropy of the 343-keV gamma rays of 
1 75Hf emitted from a single crystal of 
hafnium metal parallel to the hexagonal C-

250 

axis. (XBL 728-3733) 

0.3.---------.----------.---------.----~ 

I 
T 

Fig. 2. Temperature dependence of the 
anisotropy of the 443-keV gamma rays of 
180mHf emitted from a hafnium metal single 
crystal parallel to the [ 0001] direction. 

(XBL 728-3732) 

the results of two independent experiments 
with separate Hf single crystals with different 
thicknesses ( 180 f.l and 560 f.l) and dif­
ferent strong activities. Also two different 
soldering techniques were used, one using 
regular soldering with Bi/Cd eutectic alloy of 
aNi-plated Hf disk, and the other using ulta­
sonic soldering with In metal of an unplated 
Hf disk. The fact that the results of the·dif­
ferent runs agree justifies the assumption 
that the temperature measured by the 60coCo 
single crystal was identical to the lattice 
temperature of the Hf sample. 

The solid curves in the figures are the re­
sults of a least-squares fit of the data with the 
anisotropy function 

W(8) = 1 + L Bk uk Fk Qk Pk(cos9), 

k=2,4 

usillj suitable solid angle correction factors 
Qk. Only in the 180mHf case, however, is 
the decay schemeS known well enough to per­
mit an unambiguous calculation of the reorien­
tation parameters uk and the angular distribu­
tion parameters Fk. 

From a least-squares fit of the anisotropy 
curve of the 443 -keV gamma ray of 180mHf 
a value of 

2 -18 e qQ(8-) = t (6.61 ± 0.42) X 10 erg 

results for the EQI of the 8- isomeric state. 
Using eq = t (9.5±0.4)X1o17 V/cm2 (Ref. 6) 
for the EFG in hafnium metal, we derive 

Q(8-) = t 4.3(5) barns 

for the electric quadrupole moment of the 8 
two-quasiparticle state. This corresponds 
to an intrinsic quadrupole moment of 
Q

0 
= 6.2 {7) b. 

The 343-keV level of 1 75Lu is P.<m.ulated 
both directly by the beta decay of 1 75Hf and by 
an 89-keV mixed transition from the 433-keV 
level. Although the relative sizes of the vari­
ous [3-decay matrix elements of th11~o rel-
evant first-forbidden decays from Hf to 
1 75Lu are unknoWn, the smallness of the log 
ft values 7 indicates that the ~J = 2 components 
are small and were therefore neglected in cal­
culating U2 and U4. The uncertainties in our 
derived value~ reflect the fact that both Gamov­
Teller and Fr ~·mi electron capture decay are 
permitted to the 343-keV level of 155Lu. The 
magnitude of the mixing ratio for the 343-keV 
transition is known to be 0.26(3). 8 Our data 
require that this ~ing ratio and the quadru­
pole moment of 1 Hf have opposite signs; as­
suming that the quadrupole moment is positive, 
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we report o;43 = -0.27(3). For the EQI ener­
g~ of the 17 Hf ground state we obtain 
e qQ(5/2) = (4.05±0.50) X1o-18 erg, from which 
we derive Q(5/2) = 2.66(35)b or Q0 = 7 .45(97) b 
for the intrinsic quadrupole moment. 
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NUCLEAR MAGNETIC RESONANCE ON ORIENTED \101mRh 

G. Kaindl,* F. Bacon, t H.- E. Mahnke,* and D. A. Shirley 

This paper reports on thermal equilibrium 
nuclear orientation (NO) of the 4.5 d isomer 
of 101Rh in ferromagnetic nickel. As are­
sult, spin and magnetic moment of the iso­
meric state, as well as the mixing ratios of 
the 306.7- and 544.5-keV gamma transitions 
of 101Ru, following the EC decay of the iso­
meric state, were obtained. 

The 
101

mRh activity was synthesized by the 
Ru(d, 2n)101mRh reaction with 25-MeV deu­
terons on a natural ruthenium metal target 
(99.999% pure), and subsequent chemical 
separation, using the standard ruthenium­
rhodium separation method1 with only minor 
modifications. Dilute alloys were prepared 
by electroplating the carrier-free activity on 
a high-purity nickel foil (99.999%) and subse­
quent melting in hydrogen atmosphere. From 
these in ingots thin foils ( -10 000 A thick) 
were produced by cold-rolling and annealing. 
For the purpose of cooling into the millidegree 
region they were attached with Bi/Cd solder 
to the copper fin of an adiabatic demagnetiza­
tion apparatus, 2 using CMN as a cooling salt. 
The experimental technique .for the NO and 
NMR-ON experiments was the same as de­
scribed in the preceding contributions. 3 

The temperature dependences of the anisot­
tropies of the 306. 7-keV and the weak 544.5-
keV gamma rays were measured for 101mRh 
in nickel at temperatures down to 1/T=270°K-1. 
The results, presented in Figs. 1 and 2, show 

that both gamma rays exhibit large positive 
anisotropies. The data were fitted with the 

1.8r----,-----,---,---,---',------r---, 

1.6 

14 

06 

0 50 

IOimRh (1'-!j) 

306.7 keV 

100 150 200 
liT (K-1) 

+ 

250 

Fig. 1. Temperature dependence of the 
anisotropies of the 306. 7-keV gamma rays 
emitted from a source of 101mRh (Ni) parallel 
(8 = o•) and perpendicular (8 = 90° )to the di­
rectl.on of the external polarizing field, 
Hext = 4 kOe. (XBL 725-3087) 
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Fig. 2. Anisotropy curve for the 544.5-keV 
gamma rays, emitted from a source of 
i01Rh (Ni) at e = o• (Hext = 4 kOe). 

(XBL 728-3686) 

theoretical anisotropy function, assuming 
I = 9/2 for the spin of the isomeric state and 
I = 7/2 for the spins of both the 544.5 -keY and 
the 306. 7-keV levels of 101Ru. Only the mag­
netic hyperfine interaction of the isomeric 
state, f1.(9/2). Heff' and the E2/M1 mixing 
ratios of the two gamma transitions were used 
as adaptable parameters. 

In addition NMR was observed on the iso­
meric state in ferromagnetic nickel at a 
temperature of - 5 mK via the effects of an 
externally applied rf field on the anisotropy 
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of the 306. 7-keV gamma rays, emitted at an 
angle of 0° relative to the external polarizing 
field. Figure 3 shows the results of two indivi­
dual runs with different modulation bandwidths 
of the rf field. As expected, the experi­
mental line width of the resonance curve de­
creases with decreasing bandwidth. From a 
least-squares fit of the data with a Gaussian 
curve with linear background, the resonance 
frequency was obtained as 

v res = Z06. 2 ± 0.4 MHz. 

Table I summarizes the results for the mag­
netic hyperfine interaction. The quoted values 
are the weighted means of the individual re­
sults. Both measurements can be brought 
into agreement onl)'" if the spin of the isomeric 
state is equal to 9/2, in agreement with the 
assignment of Ref. 4. In the present case 
this method of spin determination is quite 
sensitive, due to the small value of the spin. 5 
For I = 9/2 we obtain for the ratio 
(yHhf)No/(yHhf)NMR a value of 1.02±0.03. 

For a derivation of a value of the magnetic 
moment of 101mRh a value for the hyperfine 
field at rhodium impurities in nickel at 

101m Rh(Ni) -

j 

(a) 

12.7 

(b) 

f'\ I/ 
1\ i 
\~ 

205 
Frequency ( MHz) 

210 215 

Fig. 3. NMR-ON spectrum of the 306. 7-keV 
gamma rays, emitted from a 101mRh (Ni) 
source at e = o· relative to the externalpo­
larizing field of 1 kOe. The rf frequency was 
changed in steps of 1 MHz (0. 5 MNz) and modu­
lated over a bandwidth of 2 MHz (1 MHz) in 
spectrum a (b). (XBL 725-3088) 

Table I. Summary of experimental results for 
the magnetic hyperfine interaction of 

101mRh in nickel. 

1Heif Resonance 

-18 frequency 
Host Method (10 erg) (MHz) 

Nickel NO 6.2 ±0.2 

Nickel NMR-ON (6.147±0.012) 206.2±0.4 
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T < 1 K 0 is needed. This field has been mea­
sured until now only at 77•K and higher temp­
eratures, 6·-8 and it was found that the tempera­
ture dependence of the reduced field follows 
closely that of the reduced bulk magnetization 
of nickel.8 Since the bulk magnetization changes 
less than 1% between 77•K and T-+ 0, we can 
safely use the value at 77•K, Hhf = 222 ± 3 
kOe. 8 This results in 

i.J.(9/2+) = (+) 5.51 ± 0.09 n. m., 

corresponding to a g-factor of g(9/2+) 
= 1.22 ± 0.02 for the tr: g9/2 state of 101Rh. 

We may compare now the present result 
with the known g-factors of tr: g9/2 states of 
neighboring nuclei; this has been above in 
Table II. It is evident that the absolute size 
of g(g/2) decreases with an increasing number 
of protons in the 1 g9/2 proton shell. 

Table II. The g-factors of proton states of the 
1 g

9
; 2 shell. 

Nuclear State g(9/2+) Reference 

93 Nb ground state i-3707±0.0001 9 41 

99 
43 Tc ground state 1.2625±0.0001 9 

101Rh 
45 

103Rh 
45 

157 keV 

93 keV 

1.22 

1.38 

±0.02 This work 

±0.20 8 

The large positive anisotropy observed for 
the 544.5-keV gamma rays confirms the spin 
assignment I= 7/2 for the 544.5-keV level11 
and rules out a spin of I = 5/2. 12 From 
least-squares fits of the anisotropy curves 
values for the E2/M1 mixing ratios 6 of the 
two gamma transitions were obtained13 

6 (544. 5 keV) 

6 (306. 7 keV) 

0.98±0.10, 

0.10±0.01. 

These values for the mixing ratios may be 
compared with B(E2 t) values as derived from 
Coulomb excitation experiments on 101Ru. 12 
In qualitative agreement with the present re­
sults the B(E2 t) value for the 544.5-keV level 
was found to be 0.140±0.010, while that of the 
·306. 7-keV state was only 0.007± 0.002, both 
in units of e2 X 10-48 cm4. 12 

The authors would like to thank Mrs. 
Winifred Heppler for performing the chemical 
separations. 
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MAGNETIC MOMENTS OF THE 12· STATES IN 196, 198, 200Au 

F. Bacon,* G. Kaindl, t H.- E. Mahnke,* and D. A. Shirley 

The magnetic moment of the h9{2 prot~m 
outside the 208pb core is quite we 1 known 
from 209Bi and 210po. The large deviation 
from the single -particle value could only 
partially be explained by spin polarization, 
while the remainder was attributed fo an 
anomalous orbital magnetism Ag1 . In this 
context, it seemed desirable to determine the 
magnetic moment of the spin orbit partner 
h 11; 2 proton (hole). 

The nuclei closest to 208Pb with h 11; 2 
components are the Au isotopes; in the even­
mass Au isotopes the coupling of an h11/.2 
proton_ hol~ to an_ i13 ; 2 neut~on hole leaO.s to 
low-ly1ng 1somer1c states w1th I = 12. 

Using thermal equilibrium nuclear orienta­
tion techniques, we have measured the mag­
netic moment of the 12- states in 196Au 
(Ref. 2) and 200Au. With NMR on oriented 
200mAu(Ni) a more precise value of the g­
factor could be obtained. 3 In 198Au we have 
found a new isomer which is very likely the 
corresponding 12- state to the neighboring 
196Au and 200Au. 

Since the 196 Au and 200m Au results have 
already been published, experimental data 
will be presented here only for 198mAu. The 
198Au activity was produced by the 
196Pt(a,pn)198Au and 198pt(a,2n)198mAu re­
actions, using 35-MeV a particles and 18-MeV 
deuterons, respectively. In the gamma ray 
spectrum three new gamma lines at energies 
of 181, 203, and 214 keV could be attributed 
to the decay of 198mAu, with a half-life of 
T 1; 2 = 49 ± 2 hours. 

In the nuclear orientation experiments the 
temperature dependence of the anisotropy of 
the 203- and 214-keV gamma lines was mea­
sured for sources of :f98mAu(Fe) and 
198mAu(Ni), using the activityproduced by 
the (a, pn)reaction. After the gold activity 
had been separated carrier-free from the 
platinum target by the standard ethyl-acetate 
separation procedure and electroplated on 
iron and nickel foils, respectively, the usual 
experimental technique described previously 
was applied. 4 

Figure 1 shows the results for the tempera­
ture dependence of the anisotropy of the 214-
keV gamma rays of 198mAu(Fe). From a 
simultaneous least-squares fit of these anisot­
ropy curves with the theoretical anisotropy 

li =90° 

li=o· 

198mAu (~) 

214 keV 

Fig. 1. Temperature dependence of the 
anisotropy of the 214-keV gamma rays of 
198mAu(Fe), emitted parallel (8 = o•) and 
perpendicular (9 = 90•) to the external polar-
izing field of 4 kOe. · (XBL 722-2485) 

function,. a value of 

-18 
fJ.• Heff = (29.2 ± 1.6)X 10 erg 

was obtained for the magnetic hyperfine in­
teraction of 198mAu in iron. From it a value 
for the magnetic moment was derived, using 
the hyperfine field determined for the 2-
ground state of 198Au. As in the cases of 
l96mAu and 200mAu a 2.5o/o correction for 
hyperfine anomaly was applied. 2, 3 

Table I summarizes the magnetic moments 
for the isomeric states of the three isotopes. 
From the measured moment of 200mAu, 
where the experimental error can be neglected 
in comparison with the estimated error for the 
applied correction, we can deduce the proton 
contribution. Taking the neutron part as 
l}oli_13l2\ =- 0.8±0.2 n.m. (from 195pt and 
195, i '15, 197, 199Hg), we obtain fJ.(hii/2) 
= 6.9±0.3 n.m., i.e. g(hii/2) = 1.25±0.06, 
which is in good agreement Wlth fJ.(h11j2)core 
= 6. 7 n. m. calculated with the spin-polariza­
tion procedure of Arima and Horie. 



Table I. Magnetic moments of the 12 
isomeric states in even-mass gold isotopes. 
The values corrected for hyperfine anomaly, 

1-Lcorr' are listed in the last column. 

Ti/2 tJ. 1-Lcorr 
A [ h] Method (n.m.) (n. m.) 

196 9.7 NO 5.24±0.20 5.35±0.20 

198 49 NO 5.40 ± 0.34 5. 55± 0.34 

200 18.7 NMR/ON 5.90 ± 0.04 6.10±0.20 

The authors would like to thank Mrs. 
Winifred Heppler for performing the chemical 
separations. 

Footnotes and References 

*Present address: Department of Chemistry, 
Morehouse College, Atlanta, Georgia 30314. 

242 

tMiller-Fellow 1969-1971. Present address: 
Physik-Department E15, Technische Univer­
sitat MUn.chen, D-8046 Garching, Germany. 

:!:Present address: Hahn-Meitner Institut fUr 
Kernforschung, Abt. Kernphysik, D-1000 
Berlin, Germany. 

1. S. Nagamiya and T. Yamazaki, Phys. Rev. 
C_!, 1961 (1971). 

2. F. Bacon, G. Kaindl, H. -E. Mahnke, and 
D. A. Shirley, Phys. Letters 37B, 181 (1971). 

3. F. Bacon, G. Kaindl, H. -E. Mahnke, and 
D. A. Shirley, Bull. Am. Phys. Soc. 17, 
658 (1972); Nuclear Chemistry Division 
Annual Report for 1971, LBL-666, p. 209; 
submitted to Phys. Rev. C. 

4,.. See previous contributions on 93mMo and 
fuimRh. 

NUCLEAR QUADRUPOLE INTERACTION STUDIES 

BY PERTURBED ANGULAR CORRECTIONS* 

H. Haas and D. A. Shirley 

A' comprehensive study was made of the 
applicability of gamma- ray angular correla­
tions to the determination of quadrupole in­
teractions in metals and insulating solids. 
Dynamic effects were studied in solutions and 
gases. A total of 14 gamma-ray cascades 
were employed. Several nuclear spins were 
confirmed (Fig. 1), and the quadrupole mo­
ments of ten excited nuclear states were de­
termined or estimated from the data (Table I). 
Quadrupole coupling constants were determined 
for excited states of the following nuclei in 
metallic host lattices of the same element: 
44sc, 99Ru, Hied, 117cd, 117In, 187Re, 
199Hg. Coupling constants were also mea­
sured for the following isotope (lattice) com­
binations: 99Ru(Zn, Cd, Sn, Sb), 100Rh(Zn, 
Ru, Cu5Zn8 , Pd2Al, PdPb2 ), 111cd(In, Hg, 
Tl, CdSb, Cd3Ag, Zn, Ga, In, Sn, Sb, Bi, 
Auin, InBi, In2 Bi), 115In(Cd), 117rn(Cd, Sn), 
131I(Te), 181Ta(HfB2 , HfSi2 ), 204Pb(Cd, In, 
Sn, As, Sb, Bi, Hg, Tl, PdPb2l· Systematic 
variations of e2qQ with host-lattice structure 
was observed (Fig. 2), and host and solute 
properties were found to be separable to some 
extent for non-transition metals. 

Th 1 . 111Cd 115I 117In 199H e nuc e1 , n, , g, 

and 204pb were used to determine a total of 
50 quadrupole coupling constants in insulators, 
including 20 with nonzero asymmetry param­
eters, which give oscillatory but aperiodic 
correlation functions. It was strikingly (and 
exhaustively) demonstrated that good deter­
minations of quadrupole coupling constants 
could be made following isomeric transitions 
(with no elemental transmutation) and beta 
decay (with elemental transmutation). How­
ever, in no case was it possible to derive a 
coupling constant from a gamma-ray cascade 
preceded directly by electron-capture decay, 
presumably because the sudden creation of a 
K-hole and the Auger and "shake-off" events 
that follow destroy the chemical integrity of 
the species under study. Figure 3 shows 
typical time-spectra for the three cases. 

Relaxation times were determined for a 
number of liquid samples. Studies of 
dimethyl-111mcd in various buffer gases 
showed that the spin memory was lost in one 
collision with heavy molecules, but that light 
molecules required several collisions, as 
shown in Fig. 4. 
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Fig. 1. Spin dependence of the perturbation 
function with axially symmetric field gradient. 
Data and theoretical curves are shown for 
each case. {XBL 726-3150) 
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Fig. 2. Quadrupole coupling constants for 
111Cd {24 7 keV) in several non-cubic metals 
compared to 'those of some other nuclei. 
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Fig. 3. Typical perturbations observed in 
insulators for isomeric state decay, j3-decay, 
and EC decay. {XBL 724-747) 



Table I. Quadrupole Moments from PAC Studies. 

Lattice Nucleus eQq(MHz) Reference eQq(MHz) Q-Ratio Ref.-Q(b) IQI (bl 

44Ti ~ 44 
Sc(68 keV) 1.90±0.10 

45 Sc(g.s.) 2.02±0,03 0.94±0,05 0.22±0.01 0.21±0,02 

99Rh ££ 99Ru(90 keV) 25.4±0.6 117In(659 keV) 143±3 [0.18] 0.58±0.06 [0.10] 

lOOPd ~ 100Rh(75 keV) 11.4±0.2 111cd(247 keV) 123±2 [0.093] [0.50] [0.05] 

111In Cd 111Cd( 247 keV) 125±2 117 In( 659 keV) 143±3 [0.87] 0.58±0.06 [0.50] 

N 

115Cd 115In(829 keV) 149±6 117In(659 keV) 143±3 1.04±0.05 0.58±0,06 o.6o±o.o8 
II>-
II>-

l.'..7 c d .!.!!. 117 In( 659 keV) 21.0±0.5 115In(g.s.) 30.0±0.1 0.70±0.02 0.83±0,06 0.58±0.06 

131 
Te 

131
I(l797 kevl 409±30 129I(28 keV) 373±6(n=o.8) 1,10±0,10 0.68±0.05 0.74±0,08 

187w Re 187Re(206 keV) 376±5(300°K) 187Re(g.s.) 256.2±1,0(4.2°K) 1.47±0,02 2.24±0.50 3.3±0.7 

19~gC12 199Hg(l58 keV) 1290±80 201Hg(g,s.) 708±2 1.82±0,12 0.50±0.05 0.91±0.12 

204~ .!is. f 04Pb(l274 keV) 129 199Hg(l58 keV) 210±20 [0,61] 0.91±0.12 [0,56] 
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Fig. 4. Effect of different gases on the relax­
ation time in Cd (CH3 )z· The theoretical 
curve is for the case of strong collisions. 

(XBL 726-3148) 
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Footnote 

*condensed from LBL-1284. To be published, 
Journal of Chemical Physics. See also the 
review article by D. A. Shirley and H. Haas, 
Ann. Rev. Phys. Chem. 23, 385 (1972). 
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PROPERTIES OF 2- AND 3-PHOTON DECAY 

R. W. Schmieder 

There exist certain metastable atomic 
states from which all single -photon and all 
even-parity multiphoton (e. g. , 2E1) decay 
modes are forbidden. Such states can decay 
only by odd parity multiphoton modes like 
E1M1 and 3E1. These processes may be of 
interest in connection with stellar or inter­
stellar environments where collisional de­
excitation would be sufficiently low to per­
mit the spontaneous decay. We have ana­
lytically examined the symmetry prop-
erties of the relevant matrix elements in order 

to determine the general properties of these 
modes. For instance, it was found that for a 
J = 0- J = 0 transition the 3E1 transition prob­
ability is zero whenever any two photons have 
the same energy, thus determining roughly 
the emission spectrum. In the absence of 
other Z -dependent effects such as spin-orbit 
mixing, the 3E1 rate scales with atomic num­
ber as z8. In most atoms, the 3E1 and E1M1 
modes compete, and a detailednumerical cal­
culation may be necessary to determine 
whether one mode is dominant. 

ALIGNMENT OF SOME TRIPLET AND SINGLET D STATES OF HELIUM 

J. Yellin, T. Hadeishi, and M. C. Michel 

The beam-foil interaction process is known 
to lead to an alignment of excited atomic 
states. 1 Alignment has been reported for a 
number of atomic as well as ionic2 states; 
however, there appears to be as yet no syste­
matic study of the dependence of alignment on 
principle quantum number, angular momentum 
state, and spin state. Such a study is of in­
terest both for an understanding of the beam­
foil interaction process and for the perform­
ance of experiments based on alignment, e. g. , 
level-crossing and radiofrequency spectros­
copy. The present investigation was under­
taken as part of a program to utilize the align­
ment induced in the beam-foil scattering 
process for the measurement of atomic con­
stants. 3 We report here on the ali~nment of 
then 3n1, 2 3 and n 1n2 states of He for 
principle qu.'antum numbers n = 3, 4, 5, and 6. 
These measurements were done for incident 
energies of 40 kV. Carbon foils of 6.0 and 
6. 7 f-!.g/ cm2 density were used. 

The polarization is defined by Eq. (1): 

1T = 
I 1 - Ill 

I1 +Ill ' 
(1) 

where I 1 is the intensity of light with polari­
zation vector perpendicular to the beam axis 
and I 11 is the intensity of light with polariza­
tion vector parallel to the beam axis. A di­
rect measurement of the polarization fraction is 
susceptible to serious error resulting from re­
flection polarization in the detector optical 
system, and it is for this reason that we 
chose to make the measurements by observing 
the "quantum-beat" and zero-field level­
crossing signal (Hanle effect). 

The intensity fluctuation or quantum beat 
for an aligned singlet D state is given by 

I(w,t)o: e-"Vt [1 +A cos 2(wt-8)], (2) 

where w = g f-1. H/n, e is the angle which the 
polarizer mlk.e

0
s with the beam axis, and A 

is the alignment, and "V is the reciprocal 
lifetime in radians/ sec of the 1D2 state. In 
Eq. (2), t is the time following excitation in 
the foil at which the observation is made and 
hence t = J./v, where J. is the foil-detector 
separation and v the beam velocity. The de­
tector is assumed to view a short region of 
the beam path, t:..J., such that t:..J./v << 1/"V­
Thus by observing the intensity fluctuation the 
polarization fraction can be determined. If 
the detector slit width is finite or, what is 
equivalent, if observation is made for many 
overlapping detector -foil separations, then the 
signal is 

Jt2 1 ( -"Vt2 
S(w) = I(w, t)dt o:- ~ e 

t1 

- cos 2(wt
2

-e)] 

X [ 
2~ sin 2(wt1 -e) - cos 2(wt1 - e~}, (3) 



where t 1 = i. . / and t 2 = i. / . If the 
1. . rm.ndvf max v 1m1ts are carne rom 0 to oo we have, 

S(w) o:: 
Ay/4 

( 
2~ sin 2e + cos 2~. (! y + w2 

Thus, if observation is made of the polariza­
tion parallel to the beam axis (e = o• ) or per­
pendicular to the beam axis (e = 90•) we see 
that A= ±[s(O)- s(eo)]/s(oo), respectively. 
In other words the relative amplitude of the 
Hanle or zero-field level-crossing signal gives 
the polarization fraction. This result is inde­
Eendent of the observation limits, t1, t2. For the 
Si, 2, 3 state additional modulation terms 

occur, corresponding to the fact that there 
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Fig. 2. Alignment signal for the 5 3D1, 2, 3 
state of 4He. (a) 11 quantum beat" signal. 
The detector viewed a 7 mm portion of the 
beam 7 em downstream from the foil. Thus 
this is not a pure beat signal but really a de­
layed Hanle signal with the observation time 
extending from 51.2 to 56.6 nsec. (b) Zero­
field level-crossing (Hanle) signal. The ob­
servation extended from zero foil-detector 
separation to 7 em foil-detector separation, 
corresponding to about one lifetime of obser­
vation. Note the modulations in the wings. 
The polarizer axis was perpendicular to the 
beam axis, hence the inverted signal. 

(XBL 7212-7484) 
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are three gJ factors and, in addition, modula­
tions due to mixing of fine structure and 
Zeeman frequencies occur, but the latter do 
not contribute to the zero-field level-crossing 
signals. The interpretation of the 3n signals 
is otherwise the same as for the in states. 
In beam-foil experiments it is not usually 
practical to extend the limits of observation 
to many lifetimes, but this does not affect the 
results. Considerations of magnetic field 
uniformity impose a severe limit on the maxi­
mum detector-foil separation, which in the 
present experiment was 7 em, corresponding 
to an upper limit of 59 nsec. Curve-fitting was 
used to determine the .polarization fraction when 
inspection did not suffice. The measurements 
reported here also yield lifetime information 
for the states studied;4 however, we are 
presently concerned only with the alignment . 

Details of the experimental technique have 
been described elsewhere. 4 A schematic of 
the apparatus is shown in Fig. 1. 

Table I summarizes the polarization fraction 
measurements, and inFig.2 we show a typical 
beat and Hanle signal for the 5 3n1, 2, 3 state. 
Counting errors in all cases contributed an 

uncertainty of< 1/2o/o to the polarization frac­
tion. The polarization fraction varied by 
- 1.5% from foil to foil and from day to day, 
and this is reflected in the errors. This vari­
ation we believe to be due to the condition of 
the foil. We have observed structural varia­
tions between some foil batches and this plus 
contamination of the foil in preparation, 
handling, or in the vacuum system of the ap­
paratus may be responsible for the variations. 

Table I. Measured percentage polarization for 
the singlet and tripletD states. ·X. is the wav!!­
length of the·transition observed; n~ 2 3-2-'.Pz 1 0 1 1 , , ' , 
and n n 2 - 2 P 1 . 

-n 

3 

4 

5 

6 

12.0 ± 2 4922 

9.4±1.4 4388 

4.3±2a 4144 

5876 

2.9± 2 4473 

4.0±2 40?6 

5.0±2 3820 

aThese values were based on the quantum 
beat signal only. 
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TIME RESOLVED HANLE EFFECT IN THE 33P2,1,o STATE OF 4He 

J. Yellin, T. Hadeishi, and M. C. Michel 

We have observed the Hanle effect in the 
33p st~te of 4He by the beam-foil method. 
40-kV He+ ion beams from the Berkeley mass 
separator were incident on a thin carbon foil 
and polarization of the 3889 A line emitted by 
neutral He atoms emerging from the foil was 
studied as a function of the intensity of a mag­
netic field perpendicular to the beam axis. A 
polarization of -15o/o was observed in the 33P 
state. The Hanle effect was studied by inte­
grating piecewise the light emitted from small 
segments of the He beam downstream from the 
foil. Time delays were introduced into the ob­
servation, and the phenomenon of line-nar­
rowing! resulting from delayed observation 
was demonstrated experimentally. The life­
time of the 3 3P state was determined to be 
87±5 nsec, in excellent agreement with pre­
vious measurements. 2 The results are shown 
in Fig. 1. • 

Fig. 1. Hanel effect in the 3
3
Pz 1 0 state of 

4He. The upper two curves are' ~ithout de­
lay. Delay is introduced into the lower three 
curves by beginning the observation downstream 
from the foil. (XBL 7211-7429) 
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LIFETIME AND ALIGNMENT OF THE 51D2 STATE OF 4He BY 

BEAM·FOIL LEVEL CROSSING 

J. Yellin, T. Hadeishi, and M. C. Michel 

The beam-foil method has the useful prop­
erty that the atoms (ions) are excited at a 

precisely known position. This fact has been 
exploited to measure atomic (ionic) lifetimes 



by observing the exponential decay of excited 
states. 1-5 The method suffers from a serious 
drawback in that the measurements are sensi­
tive to cascading from highly excited states 
that feed the state under observation. In the 
experiment reported here we have used an­
other useful property of the beam-foil inter­
action process to measure the lifetime of the 
s1n2 of 4He. The atoms emerge from the foil 
in a partially aligned state so that application 
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of a magnetic field perpendicular to the beam 
axis results in the creation of a coherent super­
position of states with magnetic quantum num­
bers +mr, -mr. This leads to the quantum 
beat phenomenon which has been exploited in 
the measurement of g factors and alignment6 
and to the Hanle effect which has been used 
to measure lifetimes. 7 In the present investi­
gation we have used the zero-field level­
crossing method (Hanle effect) to measure 
both the lifetime and alignment of the s1n2 
state of 4He. Previously, alignment was de­
termined from quantum beat experiments, 
while lifetimes were determined from the 
Hanle effect. The purpose of the present mea­
surement is to compare the lifetime as deter­
mined by the technique reported here with 
lifetimes based on conventional beam-foil and 
level-crossing methods. The lifetime of the 
s1n 2 state was previously measured by both 
the conventional beam-foilS and level-crossing 

2,8 

2.5l-~:-::---l.--::l=:::-....1.---:~-...__-';-;~--"--' 

-6.42 -3.13 +0.16 +3.46 
CHANNEL NUMBER 

+6.75 
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Fig. f.- Zero-field level-crossing signal for 
the 5 D 2 state of He. The circles are ex­
perimental points and the x1s are the calcu­
lated points from a least- squares fit. The 
slope of the curve is due to foil aging and was 
corrected for in the curve fit, 

(XBL 731-2) 

methods. 9 It is of interest to compare these 
measurements since level crossing is inher­
ently less sensitive to cascading. 

The intensity of the s1n 2 -2 1P 1 (4388-A) 
transition when the observation is made 
through alinear polarizer whose axis is par­
allel to the beam axis is given by 

I(w, t) = Ae -'It (1 + B/ A cos 2wt), (1) 

where 'I is the reciprocal lifetime in rad/sec, 
B/ A is the alignment, and w = gJl1 0 H;1i. H is 
the magnetic field intensity and t is the time 
following excitation at which the observation 
is made. This relation holds for an infinitesi­
mal detector slit width. When a finite seg­
ment of the beam is viewed, the signal ob-
served is 

S(w) 

P. 
·max/v 

1 I(w, P./v)d(P./v), 

P. • I m1n v 

(2) 

where P.max - P. in is the segment of beam 
intercepted by tWe solid angle of the detector, 
v is the beam velocity, and t = P./v is the time 
following excitation. In our experiment 
P.max - P.min = 7 mm, but by changing the foil­
detector separation and summing up contribu­
tions from many overlapping 7 mm segments, 
the integration path was effectively increased 
to 7 em, corresponding to 59 nsec of observa­
tion time or about one lifetime. Details of the 
experiment have been de scribed elsewhere .11. 12 

The result is shown in Fig. 1 along with a 
least-squares fit of the data to Eq. (2). The 
lifetime is summarized in Table I along with 
previous measurements and is seen to be in 
better agreement with conventional !eve 1 
crossing than with the conventional beam-foil 
determination. A source of uncertainty in the 
type of experiment reported here is the veloc­
ity of the atoms, since the foil thickness is 
known to at best 5o/o and, furthermore, there is 
an uncertainty in the calculated energy loss. 

Tfble I. Comparison of the lifetime of the 
5 D 2 state of He as determined by conventional 
beam foil (BF), level crossing (LC), and level 
crossing combined with beam foil (BF-LC). _ 

Lifetime (nse c) of s1n
2 

state of He 

BF LC BF-LC 

66±4 49±5 52±6 



Initially we gsed the theoretical velocity 
v = 1.30X 10 em/sec calculated from the en­
ergy loss, and then adjusted the velocity to 
obtain the best fit. The best fit was obtained 
for a velocity 1o/o lower than that calculated. 
In addition to the lifetime we also determined · 
the polarization of the s1Dz state resulting 
from the beam-foil interaction at 40 kV. The 
polarization was found to be 12o/o. 

In conclusion the beam-foil level-crossing 
method combines the best features of the 
beam-foil and level-crossing technique. On 
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the one hand, beam foil offers a universal 
means of producing coherently excited states, 
bypassing the technical difficulties of electron 
excitation in magnetic fields; on the other hand, 
level crossing in inherently more accurate for 
lifetime determinations. Fur the rinore, the 
polarization induced in the beam-foil interac­
tion process can be determined simultaneously 
with the lifetimes. The method is being ex­
tended to high-field level crossing. 12 
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ENERGY LEVELS OF Es I AND II 

J. G. Conway and E. F. Worden* 

New observation of the spectrum of 
einsteinium has resulted in a more extended 
line list. We now have a list of 290 lines in 
the wavelength region of 2600 to 6900 A. Ten 
lines ¥'lve been assigned as transitions into 
the Sf 7s 2 4I0 

15; 2 ground state of Es I on 
the basis of line reversal and hyperfine struc­
ture. The next odd level is 4I13/.2 at 
8759.25 cm-1. The lowest even level is the 
6I15 jz of the Sf11 7s7p configuration at 
17802.89 cm-1. The lowest level of the 
Sf106d 7s2 configuration is 6r17/2 at 
19367.93 cm-1. A total of 15 ines are classi­
fied as transitions between Es I spectrum 
levels. Twenty-three lines are assigned as 
transitions to the two know lowest levels of 
Es II. Table I contains the energy levels of 
Es I and Table II the energy levels of Es II. 

* Lawrence Livermore Laboratory. 

Configuration 

£10d 8 2 

£11
sp 

£10d 5 2 

Table I. Levels of Es I. 

Obse:yed 
em 

Designation 

0.00 

8759.25 

17802.89 

19209.15 

19367.93 

28118.71 

28372..83 

13/2 28 446.74 

28578.71 

28 689.61 

29159.28 

29 204.70 

31 886.18 

Level 

Predicted 
cm-1 

o.o 

19 000±2000 

19 000±2000 
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Table II Known levels of Es II. 

Configuration Designation J Level 

8 o.oo 

7 938.66 

7 27 751.12 

- -·- -- -------
8 28178.80 

32 632.50 

32 897.77 

8 34452.20 

7 34 641.82 

7 36 090.35 

8 36692.15 

7 36 807.69 

9 36 907.71 

8 38042.68 

38 321.25 

SPECTRUM AND ENERGY LEVELS OF DOUBLY IONIZED SCANDIUM (Sc Ill)* 

C. H. H. Van Deurzen,t J. G. Conway, and S. P. Davist 

The Sc2+ ion has a ground state [ Ar] 3d 
2n3 ; 2 and is isoelectronic with K I. The 
analysis of the lower levels b~ Gibbs and 
White, 1 as revised by Smith, and the pre­
diction of seven new levels by Russell and 
Lang3 (RL) has been confirmed and extended. 
Several lines observed by others have also 
been confirmed. 4, 5 

To excite and separate the spectra of Sc I, 
II, and III, a vacuum sliding spark was used 
similar to the one in use at the National 
Bureau of Standards and the Johns Hopkins 
University. 6-9 It consists essentially of two 
6 mm diameter by 25 mm cylindrical elec­
trodes of 99. 711/o pure scandium metal, sep­
arated 6 mm by a hollow (3-mm inside diam­
eter) quartz spacer through which the spark 
passes. The ele·ctrodes are water cooled and 
the source is operated in a vacuum of about 
5X1o-6 mm of Hg. Separation of the spectra 

was achieved by varying the circuit parameters 
L and R, which varied the peak current from 
10 A (L and R maximum, ScI predominates) 
to 500 A (L and R minimum, Sc III predom­
inates). Lines belonging to a given stage of 
ionization were identified by observing their 
common intensity behavior with current. Ex­
cellent separation of the Sc I, II, and III spec­
tra was achieved by careful control of the ex­
citation circuit parameters. The spectrum of 
Sc III has been measured by using the vacuum 
sliding spark at 250 A peak current. In all, 
93 lines in the region 550 to 9400 A are listed, 
which give rise to 23 new levels. The ioniza­
tion energy of Sc III is revised to 
199677.37±0.1 cm-1, based on the ng series, 
and series formulae were used to predict· 
some of the newly found levels to within 
0.25 cm-1. Figure 1 is the energy level dia­
gram of Sc III. 
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Fig. 1. Energy-level diagram for Sc III. 
The figures give the approximate wavelength 
of the leading line in each multiplet. The 
dotted lines are the next predicted levels. 
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Footnotes and References 

* Condensed from LBL-1217. A preliminary 
report of this work was given at the 1972 
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Spring meeting of the Optical Society of 
America [ J. Opt. Soc. Am. 62, 714 (1972)]. 
The final version accepted forPublication in 
the J. Opt. Soc. Am.~. 158 (1973); also as 
LBL~1217. 

t Department of Physics and Lawrence 
Berkeley Laboratory, University of California, 
Berkeley. 
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SPECTRUM OF THORIUM IV 

J. G. Conway, G. V. Shalimoff, and C. H. H. Van Deurzen 

Very pronounced separation of ionization 
states of thorium has been obtained with an 
improved sliding-spark source. Lines be­
lieved to be Th IV have been obserV:ed in ad­
dition to the known classified Th IV lines. 

The spectrum of'ionized thorium was photo­
graphed in the 3000 to 8000 A region with a 
3 -meter Jarrell-Ash spectrograph. Excita­
tion was made at intervals from 50 to 600 A 

peak current. The Th IV spectrum lines are 
quite pronounced at 300 A peak current and 
are easily detected from thorium spectra ob­
tained at lower currents. The Th IV lines 
were measured and a line list compiled for 
this wavelength region. 

Similar spectra will be photographed in the 
vacuum ultraviolet region with a McPherson 
3 -meter vacuum spectrograph. 
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ZERO-FIELD SPLITTINGS OF Gd3+ and Cm3+ IN Ce02 AND Tho2t 

_w. Kolbe, N. Edelstein, C. B. Finch,* M. M. Abraham* 

In previous investigations of Gd3+ cubic 
EPR spectra in tfe fluorite -type crystals 
Ce03 and ThOz, it was pointed out that al­
though the cubic crystal field in CeOz 
(a = 5.4 A) was expected to be larger on the 
basis of a simple point charge model, the 
actual splitting observed for Gd3+ in CeOz 
was smaller than that observed for the more 
expanded ThOz lattice (a = 5. 6 A). The vari­
ous mechanisms by which the eightfold de­
generacy of the S ground state for this 4f7 

ion (8S7jz) is lowered are not understood. 
Hence, 1t is not certain why the splitting of the 
Gd3+ ground state in CeOz is smaller than in 
ThOz. In this investigation, we report the 

r8 - r6 splitting of cm3+ (the 5f7 actinide 
analog of Gd3+) in CeOz

3 
and by comparison 

with earlier data on Cm + and Gd3+ in other 
fluorite -type hosts.! point out th_at_th,e cubic ___ _ 
splittings of the 5f 1 ion, unlike the 4f7 case, 
do follow qualitatively the predictions of the 
point charge modeL 

The EPR spectra of Cm3+ in both CeO 
and ThOz were observed previously at X -l,and 
frequencies (- 10 GHz), establishing the 
ground doublet as a r 6 doublet in a cubic 
crystal field. 2 In both crystals, a single line 
was observed whose position did not vary with 
crystal orientation. Observation of this reso-

Table I. r8 - r6 splitting of S-state ions in 
cubic crystal field at 4.2 • K. 

Ceo2 

Th02 

CaF2 

SrF2 

BaF2 

SrC12 

Lattice constant 
(AJ 

5.41 

5.60 

5.46 

5.80 

6.20 

6.98 

Gd3 + 
-1 

(em ) 

0.0653 ±0.0004a 

0.06645±0.00008c 

0.0578 ±0.0001e 

0. 0501 ±O.OOOZg 

0.0448 ±O.OOOZh 

0.01979±0.00004i 

Cm 3+ 

(em -1) 

17.8 ±0.3b 

15.5 ±0.3d 

13.4 ±0.5f 

11.2 ±0.4d 

5.13±0.05d 

aM. M. Abraham, L. A. Boatner, C. B. Finch, E. J. 
Lee, and R. A. Weeks, J. Phys. Chern. Solids 28, 81 
(1967). 

bThis work. 

eM. M. Abraham, E. J. Lee, and R. A Weeks, J. 
Phys. Chern. Solids 26, 1249 (1965). 

dw. Kolbe, N. Edelstein, C. B. Finch, and M. M. 
Abraham, J. Chern. Phys. 56, 5432 (1972). 

eM. M. Abraham, L. A. Boatner, E. J. Lee, and 
R. A. Weeks, in Proc. of the Sixth Rare Earth Con­
ference, 89 (1967), Gatlinburg, Tennessee. 

fN. Edelstein and W. Easley, J. Chern. Phys. 48, 
2110 (1968). 

gL. A. Boatner and M. M. Abraham, unpublished. 
h 0 

L. A. Boatner, R. W. Reynolds, and M. M. Abraham, 
J. Chern. Phys. 52, 1248 (1970). 
i M. M. Abraham, L.A. Boatner, E. J. Lee, Phys. 
Letters 25A, 230 (1967). 



nance at a high frequency (and thus a higher 
magnetic field) enables the rg - r6 zero-field 
splitting to be determined from measurements 
of the g-value anisotropy of the r6 ground 
state caused by Zeeman mixing of the rg ex­
cited state. Such splittings have been re­
ported previously3 for several fluorite-type 
crystals, including Th02, using Ka-band fre­
quencies (- 35 GHz). Utilizing the same 
techniques as before, 3 we have determined_ 
the rg - r6 splitting of Ce02 : Cm3+ to be 
17.8±0.3 cm-1 at 4.2°K. 

We have observed that for the non-S-state 
ions, Pu3+ and Am4+ (5f5), the crystal field 
of Ce02 is indeed larger than ThOz. 4, 5 In 
fact, the inte¥-:retation of the experimental g 
values for Pu + indicate that the entire series 
of fluorite-type crystals can be arranged as 
Ce02, Th02, CaF2 , SrF2, BaF2 , and SrC1 2 
in descending order of cubic crystal field 
strengths. 4-b 

In Table I, the r - r 6 splittings are com­
piled for Gd3+ and CSm3+ m these fluorite-
type lattices. On the basis of the point charge 
model, the magnitude of the crystalline elec­
tric field should depend upon the distance of 
the neighboring charges from the impurity 
ion. In particular, decrea-sing the distance of 
the nearest neighbors should increase the 
magnitude of the field. It can be seen from 
Table I that as the lattice constant decreases 
from 7 A for SrCl2 to 5.46 A in CaF2, the 
splittings for both cm3+ and Gd3+ increase. 
Changing the nearest neighbor from the mono­
valent halogen to the divalent oxygen increases 
the crystal field further, and the splittings ob­
served for both Gd3+ and Cm3+ are corre­
spondingl! larger. However, the analogy be­
tween Gd + and Cm3+ breaks down in the oxide 
crystals. The ground state of Gd3+ is approx­
imately 97o/o fure s state while that of cm3+ 
is only 79o/o, and the mechanisms proposed 
for S-state crystal-field splittings all depend 
to some extent upon the non-S-state admix­
tures from excited levels into the ground state. 
The Cm3+ splitting is dominated by inter­
mediate coupling effects because of the large 
spin-orbit coupling constant. 
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For the 4f7 ions, no particular contribu­
tion to the splitting is dominant, so the de­
pendence upon the crystal field strength does 
not necessarily follow the qualitative predic­
tions of the point charge model. 
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ELECTRONIC STRUCTURE OF SIMPLE INORGANIC MOLECULES 

H. F. Schaefer Ill 

Perhaps the most important aspect of the 
work of the Berkeley electronic structure 
group during the year 1972 involved the ex­
tension of ab initio methods to molecules con­
taining veryheavy atoms. An extensive 
series of calculations on xenon fluorides is 

under way, and simpler calculations have 
been completed for lead monoxide. For the 
sake of completeness, we note that three re­
lated papers1-3 discussed in the Nuclear 
Chemistry Annual Report for 1971 have now 
been published. 
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Fig. 1. Orbital energies as a function of 
bond angle for ZnFz. The molecular orbitals 
shown correspond fairly closely to Zn 3d 
atomic orbitals. (XBL 723 -Z6Z3) 

Walsh Diagram for Zinc Difluoride 
4 

An ab initio self-consistent-field study of 
the electronic structure of ZnFz has been 
carried out using an extended basis set. The 
resulting Walsh diagram (Figs. 1 and Z) and 
molecular orbitals are discussed, and several 
calculated molecular properties reported. 

Linear Symmetric H4 (Ref. 5) 

Nonempirical calculatio.ps have been car­
ried out for the lowest 1!: state of H4 . A 
contracted Gaussian basisgset of two s and one 
p functions centered on each atom was used. 
Self-consistent field (SCF), SCF plus all singly 
and doubly excited configurations, and full 
configuration interaction (Z17Z configurations) 
calculations were carried out. The results 
may be pertinent both to the Hz+Dz reaction 
and the problem of the linear antiferromagnetic 
chain. It is predicted that two Hz molecules 
may approach to within 1.6 bohr with an energy 
only 43 kcal above that of the separated mole­
cules. A van der Waals attraction of zz•K is 
predicted at Hz-Hz center-of-mass separa­
tion 7.1 bohr. Equidistant H4 is predicted to 
have lowest energy at 1.67 bohr, lying 7.1 eV 
below the exact energy of four H atoms but 
44 kcal above two Hz molecules. The elec­
tronic structure of linear equidistant H4 is 
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Fig. Z. Six highest orbital energies of ZnFz 
as a function of bond angle. In the simplest 
picture, these orbitals correspond to the 
orbitals of the two F- ions. (XBL 723-Z6Z4) 

discussed as a function of H-H separation and 
no evidence of a Mott transition is found. 

The Long-Range 
Intermolecular Potential of Hz -Hz (Ref. 6) 

In an analysis of forces between two inter­
acting molecules one considers various contri­
butions to the intermolecular potential: 
(1) electrostatic interaction between the 
permanent multi poles of the molecules; 
(Z) induction energy due to a permanent 
multipole on one molecule and the polariza­
bility of the other; (3) dispersion attraction 
due to the polarizabilities of the molecules; 
and (4) 11 overlap energy, 11 which includes 
charge cloud repulsion and charge transfer 
interactions. The Hz-Hz system is the sim­
plest (neutral) intermolecular complex where 
each of these terms contributes to the energy. 

The majority of theoretical analyses of 
intermolecular potentials use a classical or 
semiclassical approach to calculate contri­
butions (1), (Z), and (3) and quantum-mechan­
ical methods to compute the contribution of 
(4) to the potential. Reasonable success has 
been achieved in predicting the short-range 
potential (4) for small systems. No one, how­
ever, has compared terms (1) and (Z) calcu­
lated quantum mechanically with values pre-



dieted from the classical multipole model at 
separations where the short-range repulsion 
should vanish. We have analyzed accurate 
SCF-MO calculations for the Hz-Hz interac­
tion at large internuclear separations for a 
variety of geometrical configurations. 

We conclude that the classical point 
quadrupole model is an excellent representa­
tion of the non-dispersion part of the inter­
molecular potential at distances greater than 
10 a. u. Perturbation theory has justified the 
use of classical forms for the electrostatic 
and induction energies at large R, and the 
numerical results presented here support 
these arguments. 

7 ~+ and 
7

rr States of Manganese Hydride
7 

Z56 

tested for H- and MnH. Predicted spectro­
.scopic constants (with experimental values in 
parentheses) for the 7~ + ground state are 
De= 1.57 eV (Z.4±0.3), we= 1549 cm-1(1548), 
re = 1. 789 A (1. 72Z), and Be = 5.3Z cm-1 
(5.68). And for the 7rr state, Te = Z1870 cm- 1 

(17700), we= 1708 cm-1, re = 1.703 A, and 
Be= 5.88 cm-1 (6.43). The electronic struc­
ture of the two states is discussed with re­
spect to the contributions of the different 
molecular orbitals to the electric dipole mo­
ment and population analysis (see Table I). 

·Although the population analysis predicts the 
· 7~+ state to be more ionic than the 7rr state, 
the dipole moments are computed to be 1. 6 
and 4.1 debyes, both +MnH-. The small di­
pole moment of the 7~ + state is seen to be 
due to a large -MnH+ contribution from the 
nonbondinf, 8 a orbital (which is replaced by 

Ab initio self-consistent-field calculations 
havebeen carried out close to the Hartree­
Fock limit for the high-spin 7~ +and 7rr elec­
tronic states of MnH. Five different hydrogen­
centered basis sets of Slater functions are 

4'11" in the IT state). The manganese atom 
3d5 configuration survives essentially un­
changed in both states of MnH, and it is sug­
gested that the electronic structure of other 
transition metal hydrides may be quite similar, 
involving a single ionic bonding a orbital. 

Table I. Mulliken population analyses for the valence 
SCF orbitals of manganese hydride. 

s p d f s p 

7 ~ +State 
(R = 3.35 
bohrs) 

6a O.OZ3 0. 009 0. 958 0.000 0.010 0.000 

7a 0.315 0.156 0.068 o.ooz 1.444 0.016 

8a 0.598 0.378 o.ooz 0.000 O.OZ1 o.ooz 

3'11" 0.001 1. 998 0.000 0.001 

1cS z.ooo 0.000 

7rr State 
(R = 3.Z5 
bohrs) 

6a 0.048 0.005 0.937 0.000 0.009 0.000 

7a 0.509 0.113 0.096 o.ooz i.Z67 0.014 

"3'11" 0.001 1.998 0.000 0.001 

4'11" 1.007 0.001 o.ooo -0.007 

15 z.ooo 0.000 



Molecular Properties of the 
Triatomic Difluorides 

BeF
2

, BF
2

, CF
2

, NF
2

, and OF
2 

{Ref. 8) 
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Nonempirical calculations have been car­
ried out for the electronic ground states of 
BeF2. BF2, CF2, NF2, and OF2 . A con­
tracted Gaussian basis set of double zeta plus 
polarization quality was employed. For each 
molecule the following molecular properties 
were computed: dipole moment, quadrupole 
moment, octupole moment, second and third· 
moments of the electronic charge distribution, 
diamagnetic susceptibility, diamagnetic 
shielding, and electric field gradient. In 
addition the electronic structures are discussed 
in terms of orbital energies and population 
analyses. For OF2, comparison is made with 
experiment. The calculated and experimental 
values are fl. = 0.45 debyes {0.30), Bxx = 0.61 

E •t. 'o} 0 + He• 

X 10-26 esu. cm2 {2.1±1.1), Byy = 0.41 
{-1.6± 1.4), Oxx = 7.2X10-16 cm2 {6.9), 
Oyy = 25.1 (25.2), Ozz = 3.1 (3.0), x~ = -119.4 
X 10-6 erg/G2 mole {-119.7), xd = -43.5 
{-42.0), and X~z = -136.9 {-136.ff. The agree­
ment is generally seen to be quite good, and 
it is hoped that the predicted but experimentally 
undetermined properties for the other mole­
cules are equally reliable. 

Potential Energy Curves 
and Inelastic Cross Sections 
for Low-Energy Collisionof 

o+ and H {Ref. 9) 

Potential curves corresponding to all the 
valence states of Heo+ have been calculated 
with a minimum basis set and full configura-

3p 

10 
eV 

0 

:: } o• + He 

---------------45 

2 3 4 5 
R ( bohrs) 

Fig. 3. Potential curves arising from the 
valence states of He and o+, and He+ and 0, 
shifted vertically so as to match the known 
atomic energy levels at infinite separation. 
The dashed curves are the results of more 
accurate calculations, using first-order wave 
functions and an extended basis set. · 

{XBL 7210-4234) 

Table II. Ab initio and.experimental spectroscopic constants for PbO and CO. 

D e{eV) r {A) -1 -1 -1 -1 
e we(cm ) Be{cm ) wexe{cm ) ae{cm ) 

1!:+ 206Pb 160 

Theoretical -1.00 1. 868a 868 0.3256 2.83 0.00180 

Experimental +3.91 1.922 721 0.3075 3.53 0.00192 

1!: + 12c160 

Theoretical +4.61 1.177 2245 1. 775 7.2 0.0131 

Experimental +11.22 1.128 2170 1. 931 13.3 0.0175 

aThree additional calculations near the predicted minimum yield a refined value of 
r = 1.871 A. 

e 



tion interaction. These results are seen in 
Fig. 3. The principal inelastic process in 
low-energy collisions of ground state He and 
o+ is seen to be the 4s- GD excitation of o+, 
the transition arising from a spin-orbit inter­
action at a crossing of the lowest 4~ and 2rr 
states of Heo+. Much more· accurate calcula­
tions were thus carried out for these two 
states, as well as a semiclassical calculation 
of the cross section for He + o+(4S) ..... He 
+ o+(2D). The cross section has no activation 
energy other than its energetic threshold 
(3.3 eV) and rises to a maximum of 
-8.6 X1o-3 A_2 at -6 eV. There is a residual 
oscillatory structure in the energy dependence 
of the cross section, and it is shown how ex­
perimental observation of this could be used 
to obtain precise information concerning the 
relevant potential curves. 

Use of Nonrelativistic Wave Functions for the 
Prediction of Properties of Molecules 

Containing Atoms of High Z: 
PbO as a Test Case. (Ref. 10) 

Using a minimum basis set of Slater func­
tions, nonrelativistic self-consistent-field 
calculations have been carried out for the lead 
monoxide molecule. The purnose of the calcu­
lations was to provide an indirect test ofthe im­
portance of relativistic effects in molecules 
containing atoms with atomic number as high 
as 82. The predicted spectroscopic constants 
(see Table II) of PbO are in about as good 
agreement with experiment as were the results 
from comparable calculations on the obviously 
nonrelativistic molecule CO. The electronic 
structures of the two molecules are briefly 
compared in terms of Mulliken population 
analyses. 
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ELECTRONIC STRUCTURE OF SIMPLE ORGANIC MOLECULES 

H. F. Schaefer Ill 

Although~ priori electronic structure cal­
culations have been feasible for organic mole­
cules for several years, 1 1972 can be con­
sidered a banner year, in that many organic 
chemists became convinced for the first time 
of the relevance of theory to many of their own 
problems. One manifestation of this new re­
lationship was a meeting between theoreticians 
and organic chemists in Paris entitled 
"Computation of Reaction Paths and Reaction 
Mechanisms." Having attended this meeting 

I 
and presented an invited paper, I was sur­
prised to find how rapidly the gulf between 
organic and theoretical chemistry is disap­
pearing. The present article reviews the 
1972 work of the Berkeley electronic struc­
ture group on simple organic molecules. 
Note that our paper, discussed in last year's 
Nuclear Chemistry Annual Report, on the 
geometry of methylene was only recently pub­
lished. 2 
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Bending Frequency of the C3 Molecule 

Ab initio calculations have been carried 
outto determine a potential curve for the 
bending motion of c 3 . The work was in part 
motivated by the disagreement between theo­
retical and experimental values of the entropy 
of C3. Three basis sets were used, with 
(4s2p), (4s2p1d), and (4s3p1d) centered on 
each carbon atom. Both self-consistent-field 
(SCF) and configuration interaction (CI) (656 
configurations) calculations were carried out 
with the smallest basis. The CI wave func­
tions were obtained by a method which may 
be viewed as an extension of the pseudonatural 
orbital technique of Edmiston and Krauss. 
Using the smallest basis, both SCF and CI 
calculations yield "normal" bending fre­
quencies, - 320 cm-1. It is concluded that 
electron correlation has little effect on the 
bending frequency. The larger (4s2p1d) and 
(4s3p1d) basis SCF calculations yield much 
smaller bending frequencies, the latter being 
69 cm-1, in good agreement with the unusally 
low experimental value of Gaus set, Herzberg, 
Lagerqvist, and Rosen. The bending potential 
is predicted to be quite anharmonic, as may 
be seen in Fig. 1. These results are dis­
cussed qualitatively in terms of a Walsh dia­
gram and the importance of d orbitals by 
symmetry considerations. 

Bending potential for C 3 

100 

0 

100 120 140 160 180 160 140 120 100 

Bond angle { deg) 

Fig. 1. Minimum energy path for the bending 
motion of C3. The figure is a result of the 
(4s3p1d) SCF calculations. (XBL 712-2001) 

Multiconfiguration Wave Functions for the 
Lowest (mr*) Excited States of Ethylene4-

Rigorous quantum mechanical calculations 
haye been carried out for the T(3B1ul and 
V( B1u) states of ethylene in a planar nuclear 
configuration. A "double zeta" gaussian 
basis, augmented by diffuse functions, was 
used. A wide variety of configuration inter­
action wave functions (including as many as 
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1605 configurations), optimized by the itera­
tive natural orbital method, were computed. 
The calculations are summarized in Table I 
and predict the 1B1u state to lie 3.8-4.1 eV 
above the 3B1u state. The spatial extent of 
the triplet st'2te is that of a normal valence 
state with (x ) ::::: 12 bohr. 2 The singlet state, 
on the other hand, is found to be tuite diffuse 
or Rydberg-like, (x2 ) ::::: 35 bohr ; electron 
correlation was found to decrease (x2) by 
30o/o from the Hartree-Fock value (52 bohr2). 
This result is not consistent with simple 
notions concerning 1T-electron theory. 

Sign of the Dipole Moment and Other 
Properties 6f Methylsilane5 

Nonempirical electronic structure calcu­
lations have been carried out on CH3SiH3 in 
its staggered form. A flexible basis set of 
contracted Gaussian functions was used. The 
present self-consistent-field calculations pre­
diet the electric dipole moment to be 0. 58 D, 
+C Si-. This result is in good agreement 
with the experimental magnitude, 0. 73 D, but 
disagrees with simple electronegativity argu­
ments concerning the polarity of carbon-sili­
con bonds. However, Shoemaker and Flygare 
have recently argued on the basis of molecular 
Zeeman experiments that the sign of the di­
pole moment should be +C Si-. The predicted 
sign of the molecular quadrupole moment 
agrees with experiment, but the quantitative 
agreement in magnitude is poor. The ab 
initio sign of the dipole moment is not con­
sistent with atomic charges obtained from a 
Mulliken population analysis of the wave func­
tion. The electronic structure of CH3SiH3 
is discussed and several other molecular 
properties are reported. Table II summarizes 
the results. 

Singlet-Triplet Energy Separation, 
Walsh-Mulliken Diagrams, and Single_! 
d-Polarization Effects in Methylene6 

The singlet-triplet (
1 

A 1-
3

B1) energy 
separation in methylene has been computed 
by correlated ab initio wave functions of the 
highest accuracy yet reported, The type of 
configuration interaction wave function used 
is indicated in Table III. Results from these 
wave functions plus additional small corrections 
lead to a prediction of 11.0 ± 2 kcal/mol for the 
singlet-triplet energy difference. Other in­
dependent theoretical estimates also lend sup­
port to a value in this range. This relatively 
small separation arises primarily from the 
differential lowering effect produced by basis 
functions of d symmetry. Walsh-Mulliken 
(orbital energy us bond angle) diagrams are 
constructed and shown to be qualitatively valid 
representations for this molecule. Their 
topology is also the same for both the 1A1 and 
3B1 states. Interpretation of these diagrams 
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Table I. Summary of ab initio calculations on the T( 3Biul and V( 1 B1ul states of ethylene. 
Ground state (planar) geometry. 

T(3B1u) 
z 

Number of Energy Second mom~nts (bohr ) 
Orbitals correlated configurations (hartrees) (xZ) (y ) (zZ) 

None 1 -77.8847 11.9 9.Z 10.7 

1b3u1bZg 36 -77.8919 11.8 9.0 10.7 

z 
663 1Z.O 9.Z 10.8 3a 1b3 1hz -77.90ZO g u g 

z z z 
1605 -77.9600 1Z.Z 9.3 10.9 1hz 3a ib3 1b3 1hz u g g u g 

z z z z z 
1050 -78.0181 1Z.1 9.3 10.8 Za Zb 1 1hz 3a 1b3 ib3 1hz g u u g g u g 

V(1B1u) 
Singlet-triplet splitting Second moments (bohrl Number of Energy 

Orbitals correlated configurations (hartrees) E(V)-E(T) (xz) (yz) (zz) 
(eV) 

None 1 -77.7363 4.04 51.8 Zi.O 48.9 

1b3u1bzg 36 -77.74ZZ 4.06 49.1 19.9 46.4 

40 -77. 74Z4 48.Z 19.6 45.5 

z 49Z -77.7610 3.84 41.1 17.4 38.Z 3a 1b3 1hz g u g 
z z z 1394 -77.818Z 3.86 35.4 15.8 3Z.8 1bz 3a 1b3 1b3 1hz u g g u g 

z z z z z 1018 -77.8716 3.98 38.3 16.8 35.7 Za Zb 1 ibz 3a 1b3 1b3 1hz g u u g g u g 

Table II. Some SCF Properties of CH3SiH3 as a function of basis set. 

Basis set 

1 z 3 
C(4s,Zp) C(4s, Zp, 1d) C(4s, Zp, 1d) 
Si(7s, 4p) Si(7s, 4p, id) Si(7s,4p,1d) 

Property H(Zs) H(Zs) H(Zs, ip) 

Total energy -330.ZZ769 -330.Z8191 -330.Z99Z9 
(hartrees) 

Dipole moment, 0.50 0.56 0.58 (0.73) 
D, +C Si-

Quadrupole moment, -0.68 -0.63 -0. 6Z( -6. 31±0.46) 
1o-Z6 esu-cmz or 11.74±0.46) 

Atomic populations 
H(bonded to C) 0.811 0.8ZO o. 881 
c 6.847 6. 781 6.607 
Si 13.Z49 13.Z86 13.138 
H(bonded to Si) 1.156 1.158 1.Z04 
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Table III. 
1 a 

Configurations included in the approximate "first-order" wave functions for A 1 CH2 . 

Excitation 

1st 2 2 2 2 
ref- 1a1 2a

1 
1b

2 
3a

1 
erence 2a1 - 4a1 con-
figu- 1b2 - 2b2 
ration 3a1 - 4a1 

2 2 2 
2b 2 2a1 - 1b

1 , 4a
1 , 

2 
2a1 1b2 - 4a1 2b2 

2 2 
2a1 3a1 - 1b1 , 4a1 , 2b 

2 2 2 
2b 

2 
1b

2 
- 1b1 , 4a1 , 

2 
1b2 3a1 - 4a1 2b~ 2 2 
3a1 - 4a1 , 2b2 
2a1 - ma1 
1b2 - mb2 
3a1 - ma1 

2 
2a1 - 1b1 mb1 2 
2a1 - 4a1 ma1 2 
2a1 -+ 2b

2 
mb

2 
2a1 1b2 - 1b1 ma

2 
2a

1 
1b

2 
-+ 4a

1 
mb

2 
2a.1 1b2 ... 2b2 ma

1 
2a1 3a1 - 1b1 mb

1 
2a1 3a1 -+ 4a

1 
ma

1 
2a1 3a1 - 2b2 mb

2 2 
1b2 - 1b1 mb1 2 
1b2 - 4a1 ma1 2 
1b2 - 2b2 mb2 
1b

2 
3a1 -+ 1b

1 
ma

2 
1b2 3a1 - 4a1 mb2 
1b

2 
3a1 -+- 2b

2 
ma

1 2 
3a1 - 1b1 mb 1 2 
3a1 - 4a1 ma1 2 
3 a 1 - 2b2 rn..b2 

a 

No. 
1 

of A
1 

eigenfunctions per 
orbital occupancy 

1 

1 

1 

1 

1 

2 

2 1 

2 1 

2 

1 

1 

1 

1 

1 

1 

1 

2 

2 

2 

2 

2 

2 

1 

1 

1 

2 

2 

2 

2 

2 

2 

2d 
ref-
erence 2a - 4a 
con- 1 1 

figu- 1 b2 - 2b2 
ration 

Excitation 

1 
No. of A

1 
eigenfunctions per 
orbital occupancy 

1 

1 

1 

1 

2 

1 

1 

1 

2 

2 

2 

2 

1 

1 

2 

2 



leads to a simple physical picture of the or­
bital distortions in the 1A1 state generated by 
the d-polarization functions. It is demon­
strated that methylene insertion and addition 
reactions are facilitated by d polarization. 
An argument as to why methylene insertion is 
not observed in carbon-carbon single bonds is 
also given. 
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POTENTIAL ENERGY SURFACES FOR SIMPLE CHEMICAL REACTIONS 

C. F. Bender,* D. H. Liskow, S. V. O'Neil, P. K. Pearson, 

H. F. Schaefer Ill, and D. R. Yarkony 

The purpose of this article is to summarize 
theoretical work carried out at Berkeley 
during the past year on potential energy sur­
faces for simple chemical reactions. For an 
introduction to the study of electronic struc­
ture by ab initio methods, the reader is re­
£erred elSewhere. 1 The year 1972 was a 
particularly exciting one for us, as we were 
able to obtain, from quantum mechanical first 
principles only, a potential surface of" chem­
ical accuracy" for the F + Hz- HF + H re­
action. Prior to this work, the H 3 system 
was the largest for which comparable results 
had been obtained. 

Refined Potential Energy Surface for 
F + H 2 - HF + FZ 

Our first calculations on FH2 employed a 
double zeta basis set, 4s 2p on fluorine and 
2s on each hydrogen. For general geometry 
(Cs symmetry), the first-order wave function 
included 214 configurations, and orbitals were 
optimized by the iterative natural orbital pro­
cedure. The barrier height was calculated to 
be 34.3 kcal (SCF) and 5. 7 kcal (CI), both 
greater than the experimental activation en­
ergy, 1. 7 kcal/mol. Similarly the exother­
micity was predicted to be -0.6 kcal (SCF) 
and 20.4 kcal (CI), both less than experiment, 
31. 8 kcal. It was possible to conclude that, 

within the double zeta basis, the SCF approxi­
mation gives a very poor description of the 
surface, while the CI surface is at best qualita­
tively reasonable. A large number of calcula­
tions were performed for nonlinear FHz to 
examine the anisotropy of the surface. The 
simplest conclusion drawn was that, in agree­
ment with the London-Eyring-Polanyi-Sato 
(LEPS) model, the minimum energy path oc­
curs for collinear geometry. 

Since a more accurate surface was clearly 
needed, our second step was to add polariza­
tion functions (d functions on F, p functions 
on H) to the basis. This enlargement of the 
basis has the effect of roughly doubling the 
number of configurations in the first-order 
wave function. The most important character­
istics of the potential surface obtained in this 
way are seen in Table I, and a contour map 
of the collinear surface is given in Fig. 1. 
Table I suggests that the potential surface ob­
tained may approach quantitative accuracy. 

One point which is not susceptible to ex­
perimental verification is the saddle point 
geometry. In this regard, note the surprising­
ly large difference between the SCF and CI 
saddle point geometries. In general, of 
course, one expects SCF geometries to be 
quite adequate. Here, however, the inclusion 



Table I . Characteristics of the refined jlOtential 
energy surface for F + Hz .... HF + H. 

SCF CI Experiment 

Barrier height (kcal/mol) 29.3 1.66 

Exothermicity (kcal/mol) 13.2 34.4 31.8 

Saddle point geometry (A) 

F-H 1.18 1.54 

H-H 0.836 o. 767 

aExperimental activation energy. 

2 

2 

Fig. 1. Ab Initio contour map for the 
collinearF + Hz potential energy surface. 

(XBL 723-Z656) 

of correlation effects alters the surface so 
radically (the SCF surface has a very large 
barrier, the CI surface almost no barrier at 
all) that the saddle point is shifted far into the 
entry channel. After completion of the calcu­
lations, we learned of some related work by 
James Muckerman of Brookhaven on the 
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F +Hz dynamics. By carrying out classical 
trajectories on five different semiempirical 
surfaces and comparing with Polanyi' s infrared 
chemiluminescence results, Muckerman 
attempted to deduce some of the characteristics 
of the true potential surface. Interestingly 
enough, Muckerman' s "best" empirical sur­
face places the saddle point in uncanny (to 
within 0. 005 A) agreement with our ab initio 
prediction. - ---

It is worth pointing out two other uses which 
have been made of our surface. Don Truhlar 
of Minnesota has compared our ab initio min­
imum energy path with that obtained by 

Johnston's Bond-Energy-Bond-Order (BEBO) 
method. The two reaction coordinates agree 
to with O.OZ A, suggesting the BEBO method 
may be more reliable than could have been 
anticipated. Finally, Hofhacker at Munich 
has used the curvature of our surface to ob­
tain good agreement with experiment for cer­
tain features of the dynamics ofF + Hz. 

Theoretical Reaction Coordinate for the 
Methyl Isocyanide Isomerization3 --

Ab initio self-consistent-field calculations 
havebeen carried out to approximately de­
termine the minimum energy path for the 
CH3NC -+ CH3CN reaction. The coordinate 
system used is seen in Fig. Z. A set of four 
s and two p functions on C and N and two s 
functions on H was used. The predicted 

H"' ~ N rv c ................ . 
H~/ e 
H/ C 

Fig. Z. Coordinate system used to describe 
the methyl isocyanide isomerization. 

(XBL 727-3556) 

exothermicity was 17.4 kcal/mol, in reason­
able agreement with Benson's empirical esti­
mate of 15 kcal. The calculated barrier 
height was 58.8 kcal compared to Rabinovitch' s 
experimental value of 38.4 kcal. The differ­
ence is ascribed to an expectation that electron 
correlation will be greater for the transition 
state than for either CH3NC or CH3CN. The. 
calculations differ from the extended Huckel 
treatment of Van Dine and Hoffmann in that 
we predict the CH3 group to remain pyramidal 
(HCX angle 106• ) at the saddle point. The 
planar CH3 structure lies 14 kcal higher in 
energy. The question of changes in" charge" 
on the methyl carbon is investigated in detail. 
Mulliken atomic populations suggest that the 
charge on the methyl carbon at the transition 
state is intermediate between CH3NC and 
CH3CN. This is completely consistent with 
the conclusions of Casanova, Werner, a'nd 
Schuster. However, it is suggested that sev­
eral other properties (including the potential 
at each nucleus, the 1 s electron binding ener­
gies, and the electric field gradients) give a 
more reliable picture of the changes in elec­
tronic structure. These properties suggest· 
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that at the transition state there is somewhat 
more charge on the methyl carbon than in 
either the product or reactant. The unfavored 
transition state, in which the CH3 group is 
forced to be planar, has a large amount of 
charge on the methyl carbon, resulting in an 
electronic structure approaching [CH3l [CN-]. 

Additional Features of the 
4 

CH3NC-. CH
3

CN Surface 

We have examined an additional 75 points 
on the potential surface for the 
CH3NC -. CH3CN isomerization. Due to in­
terest in the possible non-RRKM behavior of 
CH3NC, the magnitude of the barrier to ro­
tation of the methyl group is examined as a 
function of the reaction coordinate. The 
transition state or saddle point geometry is 
determined by minimizing the potential energy 
with respect to five geometrical parameters 
and maximizing the respect to a sixth. The 
geometries of CH3NC and CH3CN are also 
predicted (see Table II) and found to agree 
closely with experiment. Finally, it is estab­
lished that, contrary to semiempirical re­
sults, the present theoretical approach does 
not predict the existence of a relative mini­
mum in the reaction coordinate. 

Relation between Electronic Structure and the 
Chemiluminescence Arising from Collisions 

between Alkaline Earth Atoms and 

Halogen Molecules 5 

The chemiluminescence ascribed by Jonah 
and Zare to radiative association of Ba and 
Cl2 has been examined in light of the electronic 

structure of the ground and excited states of 
alkaline earth dihalides. A simple discussion 
is first given in terms of the possible curve 
crossings and avoided crossings. (See Fig. 3) 
In addition ab initio self-consistent-field cal­
culations are reported for CaF2, using an ex­
tended basis set. The 1 B2 excited state, from 
which the molecule may radiate to the ground 
state, is predicted to have an equilibrium 
bond angle of 54° and bond distance of 4.06 
bohrs. The vertical excitation energy to the 
1B2 equilibrium geometry is 1.3 eV. These 
results appear consistent with the model 
proposed by Jonah and Zare. In addition, a 
variety of properties (dipole moments, field 
gradients, etc.) of CaF2 are reported. 

; 16 ., 
,_ 8 
~ ., 
c ., 

0 
0 

~ -8 

16 
4 8 12 16 

R ( Bo-C1 2l bohrs 

Fig. 3. Empirical potential curves for the 
perpendicular approach of a Ba atom to a 
Cl2 molecule. The state symmetries in­
dicated refer to c

2v geometry.(XBL 726-3153) 

Table II. Geometries and energies of three points on the 
minimum-energy path for CH3-. CH3 CN. 

Parameter 
CH3NC 

Saddle point 
CH3 CN 

e 180° (180°) 100.8° o· (o•) 

~ o· 

HCX angle 11o.o· (109.1) 106.2° 11o.o• (109.5°) 

R(CH) 1.o81A (1.101) L074A 1.o82A (1.102) 

R(CX) 1. 967 A (1. 962) 1.822A 2.o86A (2.081) 
. 
R(CN) 1.167A (1.166) i.198A 1.146A (1.157) 

E(hartrees) -131.85166 -131.75546 -131.87927 

E(kcal/mol) 0.0 60.4 (38.4) -17.3 (14. 7 -16.8) 



The H + F 2 - HF + F Reaction. 

An Ab Initio Potential Energy Surface 
6 

Rigorous quantum mechanical calculations 
have been carried out to predict the 

Table III. Natural orbital occupation numbers 
for three points on the H + F2 - HF + F 

1a' 

2a' 

3a' 

4a' 

5a' 

6a' 

7a' 

Sa' 

9a' 

10a' 

11a' 

12a' 

13a' 

14a' 

15a' 

16a' 

17a' 

18a' 

1a" 

2a" 

3a" 

4a" 

potential energy surface. 

Reactants 
H + F 2 

2.0000 

2.0000 

2.0000 

2.0000 

1.9977 

1.9905 

1.8358 

1.0000 

0.1730 

0.0052 

0.0019 

0.0004 

a 

a 

a 

a 

a 

a 

1.9977 

1.9905 

0.0052 

0.0019 

Saddle point 
H-F--F 

2.0000 

2.0000 

2.0000 

2.0000 

1. 9977 

1.9905 

1.8358 

1.0000 

0.1730 

0.0052 

0.0019 

0.0004 

a 

a 

a 

a 

a 

a 

1. 9977 

1. 9905 

0.0052 

0.0019 

Products 
HF + F 

2.0000 

2.0000 

1.9999 

1. 9996 

1.9995 

1. 9945 

1.9752 

1.0002 

0.0253 

0.0051 

0.0004 

o. 0003 

0.0002 

a 

a 

a 

a 

a 

1. 9995 

1. 9946 

0.0051 

0.0003 

a -5 Occupation number less than 5X 10 . 
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H + F2 -+ HF + F potential energy surface. 
A double zeta basis set was used and open­
shell self-consistent-field (SCF) calculations 
were carried out. In addition, electron corre­
lation was explicitly treated using first-order 
wave functions, made up of 553 2A' configura­
tions. Orbitals were optimized by the itera­
tive natural orbital method. From the SCF 
calculations the barrier height and exothermi­
city are predicted to be 12.2 and 132.4 
kcal/mol, respectively. The configuration 
interaction (CI) values are 1.0 and 88.3 kcal, 
in much better agreement with the experi­
mental values, 1.2 and 102.5 kcal. The 
saddle point is predicted from the CI calcula­
tions to occur for a linear geometry, 
R(H-F) :::: 2.05 'A. This corresponds to an 
H-F separation more than twice as great as 
in the HF molecule but an F-F separation is 
only slightly (0.03 A) longer than in the iso­
lated F 2 molecule. A substantial number of 
calculations were carried out for nonlinear 
HF2 to determine the anisotropy of the sur­
face. Finally, a brief description is given of 
electronic structure changes during the re­
action. (See Table III). 
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K. Leary,* A. Zalkin and N. Bartlett* 

Recently we reported 1 the novel oxidation 
state (+5) of gold. We have now+solve~ the 
crystal structure of the Xe2F11 AuF6 salt: 
F17AuXe2, M = 782.5, orthorhombic, a= 9.115(6), 
b = 8.542(25), c = 15.726(20)A, v = 1Z24A.3, 
i =4, De =4.24g cm-3, space group Pnma. 
Structural analysis employing three-dimen­
sional Mo Ka - x ray data from four different 
crystals has proceeded routinely to a final con­
ventional R factor of 0.035 for 862 independent 
reflections for which I~ 3 u (I). 

The anion is essenti'tlly octahedral. This is 
in keeping with the t 2 configuration of Au(V) 

--g_ 
and is as anticipated from the vibr~tional spec­
troscopic1 and Mossbauer studies. 

Fig. 1. + -Xe 2 F 11 AuF 
6 

cluster. 
(XBL 7210-7119) 

The cation consists of two approximately 
square- based pyramidal XeF 5 gr~ps linked by 
a common fluorine atom (F7). ThiB---hxidging F 
atom subtends approximately the same angle 
( -146°) to each of the axial XeF bonds, as do 
the F _ftoms which make close approach to the 
XeF 5 ion in its salts. Furthermore, the ap­
proach of the angle Xe(1)-F(7)-Xe(2)[ 169.2(2) 0

] 

to linfa:r:_ity, ilfdicates that the canonical form 
XeF5 F XeF5 is a major one in the resonance 
hybrid description of the cation. 

Although each XeF 5 group in the complex 
cation departs significantly from the ideal c4v 
symmetry of the XeF5 + cation,3 each is still­
characterized by F axial- Xe-F equatorial angles 
of -so•. 
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THE CRYSTAL STRUCTURES OF [XeF] + [RuF6]· 
AND [XeF5J + [RuF6]· t 

N. Bartlett,* M. Gennis,* D. D. Gibler, B. K. Morrell* and A. Zalkin 

An investigation of the products of the inter­
action of xenon and fluorine with platinum penta­
fluoride, undertaken by Bartlett and Stewart1 to 
help clarify the earlier studies, by Bartlett and 
Jha, 2 of the Xe/PtF6 and Xe/RhF6 systems, re­
vealed that xenon(II) and xenon(VI) fluoride com­
plexes with PtF 5 could be prepared.· Curiously, 
Xe(IV) complexes were not observed. In a sub­
sequent investigation, 3 Bartlett and Sladky con­
firmed that XeF 4 does not form complexes with 
the known noble-metal pentafluorides, and they 
were able to exploit their finding to provide a 
chemical purification of xenon tetrafluoride. 

Since x-ray crystallographic studies 
4 

had 
shown the 1:1 XeF6 complex with PtF5 to be the + -
salt ~eF5 PtF6 , the absence of a salt 
XeF3 PtF6- implied that XeF6 is a superior 
fluoride ion donor to XeF 4· On the other hand, 
the vibrational spectroscopic studies5 of the 
XeF2 · MF5 complexes indicated that the~ were,_ 
at least approximately, the salts [ FXe] [ MJ!b] . 
On this basis, XeF 4 was seen to be inferior as 
a fluoride ion donor to both XeF2 and XeF6. 

+ -Crystal structure support for the FXe MF6 
salt formulation was clearly desirable to con­
firm this peculiar fluoride-ion donor behavior 
of the binary xenon fluorides, However, the 
FXeMF 6 compounds were also of interest to us 
because the compounds FXePtF6 and FXeRhF6 
are formed when xenon interacts with the ap­
propriate hexafluoride in excess:2, 5 

Xe + 2MF
6 

.... FXe MF
6
+ MF

5
. 

The ruthenium compound, FXeRuF6 was 
chosen as the representative of the FXeMF6 
class, since the x-ray scattering factor for Ru 
is less dominant than the Ir or Pt factors and 
the RuF 5 complex is more readily prepared and 
handled than its RhF 5 relative. +To providf for 
a direct comparison of the XeF and XfF 5 _ 
species, the crystal structure of XeF5 RuF6 
was also carried out. A secondary purpose of 
the latter study was to improve the description 
of the XeF5 + ion, since the precision

4
of the 

XeF 5 +PtF 6- structure determination was rath­
er low. 

The 1:1 XeFz-RuF5 complex was made by 
fusion, at 120°, of the components, which were 
prepared as previously described. 5 Crystals 
of the compound were grown by slow solidifica­
tion of minute quantities of the fused material 

contained in closed quartz x-ray capillaries. 
An electrically heated tube, with a smooth tem­
perature gradient from 100 to 120° along its 
length, provided for the crystal development. 
The 1:1 XeF6-RuF5 complex was prepared by 
fluorinating a sample of the 1:1 XeF2-RuF5 
complex with excess gaseous fluorine (460 Torr) 
at 350° overnight. The material melts at 152~ 
Crystals were grown in quartz x-ray capillaries 
by sublimation under reduced pressure. 

XeRuF7 (mol wt 365.36) is monoclinic with 
a= 7.991, b = 11.086, c = 7.250, (all ±0.006).A, 
- - - 0 3 
~ = 90.68± 0.05°, '!. = 642.2A , ~ = 4, and 
d = 3.78 g cm-3. Single-crystal precession 
~otographs indicated the space group to be 

~~1/~. 

XeRuF11 is orthorhombic witp~ = 16.771,
0 

b = 8.206, c = 5.617 (all ±0.010)A. V = 773.03A3, 
~ = 4,ic = 3.79 q cm-3, Single-crystal preces­
sion and Weisenberg photographs indicated 
space groups ~~lEo'!.. or~~~~· The structure 
was successfully refined in Pnma. 

A Picker automatic four-circle diffractom­
eter, equipped with a fine-focus Mo anode tube, 
was used for data collection. Intensities were 
measured using the e-2e scan technique. The 
x-ray were. monochromatized with a graphite 
crystal. 

XeRuF7. The crystal used was an irreg­
ularly shaped oval tablet,- 0.3X0.2X0.1 mm. 
Two unique data sets, the -h, k, P. and the h, k, 
P., were collected for ze::=; 60°. A totalof4137 
intensity data were recorded which were av­
eraged to yield a data set of 188 7 independent 
reflections. No absorption correction was 
made. 

XeRuF1f. A tablet of dimensions 0.15 X 
0.10 X0.06 mm was selected for the data collec­
tion. Intensity data were collected for the sets 
of reflections: -h, k, P. and h, -k, P., for 2e:::;55°­
No decomposition was noted during the period of 
data collection. A total of 2948 intensity data 
were recorded, which were averaged to give a 
set of 960 independent reflections. No absorp­
tion correction was made. 

XeRuF7. The positions of the heavy atoms 
were determined from a three-dimensional 
Patterson synthesis. A difference Fourier 
phased by the heavy atom revealed the fluorine 
atoms. A full matrix refinement with all atoms 
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anisotropic gave R = 0.09. The poorest agree­
ment occurred with the low-angle high-intensity 
reflections, and since absorption and extinction 
corrections could not be reliably made, the 
lower-angle data (sin ejx. ~ 0.20) was given zero 
weight in the final least-squares refinements. 
This resulted in R = 0.07, R2 = 0.08 and a stand­
ard deviation for an observation of unit weight 
of 1.28. The number of non-zero-weighted data 
in this refinement was 1044. 

XeRuF11. Since x-ray powder patterns and 
Raman spectra indicated F 11 XeRu to be iso­
structural with the platinum compound, initial 
atomic parameters were taken from the plat­
inum structure. 4 The full-matrix refinement 
with all atoms anisotropic gave a conventional 
R factor of 0.062. At this point limiting the re~ 
finement to the 556 reflections where I:;. 3a(I), 
reduced R to 0.042, R2 = 0.078 and a standard 
deviation for an observation of unit weight=1.08. 

XeRuF7. The crystal structure consists of 
an ordered arrangement of discrete FXeFRuF5 
units, Fig. 1, the closest contact between units 
being 2.90(27) A, which is a contact between 
fluorine atoms F(7) and F(1) bound to ruthenium 
and xenon respectively. The closest contacts 
between a xenon of one formula unit and fluorine 
atoms in neighboring units exceed 3.1A. The 
arrangement of the structural units in the lat­
tice is illustrated in Fig. 2. 

XeRuF 11. The structural analysis shows 
each xenon atom to be close coordinated by five 
fluorine atoms in an approximately square pyra­
midal arrangement. Each ruthenium atom is 
surrounded by six fluorine atoms in a distinct, 
approximately octahedral, RuF 6 group. The 
important interatomic distances and the group 

Fig. 1. The XeF+RuF 
6

- structural unit (dis­
tances in Angstr6'ms and standard deviations 
in parentheses). (XBL 725-3040) 

Fig. 2. Stereoscopic view to show packing of 
the XeFRuF6 units in the crystal lattice. 

(XBL 725-6298) 

geometries and dispositions are illustrated in 
Fig. 3, and the group arrangements in the crys­
tal lattice may be seen from the stereoscopic 
view given in Fig. 4. 

Comparison of the two structures reveals 
that the RuF6 group is more distorted inXeRuF7 
than in XeRuF11· The average Ru-F distance 
in the former is 1.81A, and the longest bond 
( 1. 91N is as so cia ted with the fluorine atom, F(2), 
which makes a close approach (2.19N to the 
xenon atom. The shortest bond [ Ru-F(3)] is 
trans to RuF (2). It appears that the RuF 6 dis­
tortion in XeRuF7 is due primarily to the inter­
action of that group with the Xe-F group. In 
the XeRuF11 case, the average Ru-F distances 
in the RuF6 group is 1.85A and the greatest de­
viations from this value are only ±0.03A. The 

Fig. 3. The XeF 5 +and Ru~.f- structural units 
and the coordination of XeFs (distances in 
Angstroms and standard deviations in paren-
theses). (XBL 725-3039) 
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Fig. 4. Stereoscopic view showing the arrange­
ment of XeF5+ and RuF6- units in. the crystal 
lattice. (XBL 725-6299) 

separation of a RuF 6 group from a xenon atom 
in the XeRuF11 case [closest contact Xe ..• F(4) 
= 2.55A]. 

The structuri- of XeR':F 11 should be formu­
lated as [ XeF5] [ RuF6] . Such a formulation 
is compatible with the bond lengths in the RuF6-
group. The close similarity in shape of the 
XeF5 species with that of IF5 and TeF5-, sup­
ports its formulation as a cation. The angle 
F(axial) -Xe -F (equatorial) is - 80• for_ all three 
isoelectronic species. The bond length short­
ening in the sequence TeF5-, IF5, XeF5 'f may 
be attributed to the increasf in the nuclear 
charge Te-- Xe. T~e XeF5 species also occurs 
in the s~lts [ XeF 5] [A sF 6] - and [ XeF 5] 2 + 
[PdF6] . +Crystalline XeF6 maybe formulated 
as [ X-FF 5] F-. 6 It should be noted that the 
XeF 5 species occurring in those structures are 
similar in shape to that seen in [ XeF5]"1:RuF6r, 
but the coordination of the cation is often dif­
ferent. 

Although thi- rather _short cation-an~on con-_ 
tacts in [ XeFJ [ RuF6] and in [ XeF 5] [ RuF6] 
could be interpreted as evidence of some cova­
lency, we believe that the ionic formulations, 
with due allowance for the polarizing influence 
and symmetry of the cation, provide simpte 
and sufficient explanations. 
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THE CRYSTAL STRUCTURE OF RHODIUM PENTAFLUORIDEt 

B. K. Morrell,* A. Zalkin, A. Tressaud, * and N. Bartlett* 

Of the Group VIII transition metals, the penta­
fluorides of Ru, Os, Rh, Ir, and Pt have been 
made. Attempts to prepare PdF 5 have failed so 
far. Only the crystal structures of RuF 5 and 
OsF5 have been reported, and x-ray powder 
photography has shown alloftheplatinum-metal 
pentafluorides to be isomorphous. Evidently 
these pentafluorides constituted a class which is 
structurally distinct from the pentafluorides of 
Tc and Re on the one hand and those of Nb, Mo, 
Ta, and W on the other hand. Although the 
close resemblance of the x-ray powder photo­
graphs of the pentafluorides of Rh, Ir, and Pt 
suggested close structural similarities, the iso­
structural relationship to those of Ru and Os 
remained to be proved. Furthermore, neither 
the RuF5 nor the OsF5 structure has been de­
termined with high precision. Although more 
difficult to handle than IrF5 ~nd PtF5, RhF5 

offered the possibility of highest precision as a 
consequence of its lower absorption coefficient 
and the lower ratio of the metal to fluorine scat­
tering factors. 

Crystals were grown by vacuum sublimation 
in a quartz tube, the parent sample being at-
100•. A ruby-red crystal grown in this way, 
approximately 0.130 X0.11 X0.07mm was wedged 
in a 0.3-mm-diameter quartz x-ray capillary, 
which was sealed under dry nitrogen. RhF5 is 
monoclinic with a = 12.3376(13), b = 9.9173{8), 
5:. = 5.5173(6)A, and Q. = 100.42(2)~ ~ = 663.85A.3, 
~ = 8, ic= 3.95 g cm-3. As usual with dense 
reactive fluorides, the number of fluorine atoms 
in the unit cell was esti~ated by a¥lying 
Zachariason' s criterion of -18A per F atom. 
This indicated z = 8. Single-crystal precession 
photographs indicated the systematic absences 
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characteristics of space group P21/a. A Picker 
automatic four-circle diffractometer, equipped 
with a fine-focus Mo anode tube, was used for 
data collection. Data were collected by the 8-28 
scan technique. Three standard reflections were 
monitored and showed no decay in intensity dur­
ing the course of data collection. All reflections 
of the form± h k 1 were measured out to a 28 
angle of 60°. A total of 2124 intensity data were 
collected and averaged to yieldadata setoff945 
unique reflections, of which 1775 were greater 
than background. An omega· scan of the crystal 
showed a peak width at half height of -0.1 •. The 
absorption coefficient is!!:= 50.02, and flr z 0.5. 
No absorption correction was made. 

A three-dimensional Patterson synthesis was 
used to locate the two rhodium atoms of the 
asymmetric unit. A Fourier synthesis, phased 
by the Rh positions, revealed ten more peaks 
which were assigned as F atoms. With isotropic 
thermal parameters the structure refined to a 
conventional R of 0.067. Refining all atoms 
anisotropicaliY, limiting the refinement to the 
1207 for which I> 3~(I) reduced the R to 0.033, 
and applying an extinction correction to correct 
for discrepancies of high-intensity reflections 
in a final R value of 0.029; R was 0.054 for all 
1945 data.- The standard de~'"iation of an obser­
vation of unit weight was 1.09. ·The final 
weighted R2 was 0.037. 

Crystals of rhodium pentafluoride consist of 
close-packed tetrameric units. The tetramer 
is illustrated in Figs. 1 and 2. The packing of 

Fig. 1. The RhF 
5 

tetramer. 
(XBL 728-6758) 
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Stereoscopic view of the RhF_'i tetra­
(XBL Tl8-6789) 

the tetramer s is shown in Fig. 3. The F atom 
arrangement in the structure approximates to 
a hexagonal close-packed arrangement as de­
scribed2 by Mitchell and Hollowayfor OsF5 and 
RuF5 . The closest interatomic distances be­
tween tetramers are consistent with van der 
Waals interactions. The crystal structure of 
RhF5 establishes that it is isostructural with 
RuF53 and OsF5 2 . Unfortunately, the RuF5 
and OsF5 structures are not of high precision 
and the clear differentiation of the non-bridging 
M-F interatomic distances from the bridging 
seen in RhF 5 is not apparent in the OsF 5 and 
RuF 5 results. The shapes of the tetrameric 
units of RuF5 and OsF5 are, however, essen­
tially the same as found for RhF5, andthe.same 
bond length and bond angle pattern seen in 
[ RhF5]4 probably pertains in them too. 

Fig. 3. The packing of RhF 
5 

tetramer s and 
the unit cell. 

(XBL 734-448) 

Although single crystals of IrF5 have beeri 
obtained by us, none was of suitable size and 
shape to yield an accurate structure, and when 
it became clear that the structure would be no 
more precise than that reported for RuF5, the 
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analysis was abandoned. Nevertheless, the 
precession and Weissenberg photographic data 
have established the space group P 21/a and 
indicate a close structural relationship to the 
other platinum-metal pentafluorides. We, 
therefore, believe that these pentafluorides will 
all show essentially the same tetrameric unit as 
detailed for RhF 5 in Fig. 1. 

It remains to be seen whether AuF5, PdF5, 
and MnF 5 can be obtained as crystalline solids. 
There is no certainty that these pentafluorides 
would be fluorine- bridged polymers and not 
monomers (like AsF5 and PF5), but if bridging 
does occur, the RhF5 type structure appears to 
be the most likely one to be adopted. 
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STRUCTURAL STUDIES OF TRIFLUOROSULFUR (IV)-yl, [SF3] +, 

SALTS INCLUDING THE CRYSTAL STRUCTURE OF [SF3] +[BF41-t 

D. D. Gibler,* C. J. Adams,* M. Fischer,* A. Zalkin, and N. Bartlett 

Many of the non-metal fluorides interact 
with strong fluoride ion acceptors, such as BF3 
and the metal pentafluorides, to form adducts. 
Work in these laboratories has indicated that 
adducts of the xenon and iodine fluorides may 
be ade~uately formulated a~ salts, e.g., 
[XeF) [RuF6) -, [Xe2F3) [AsF11) -, [XeF5)+ 
[RuF6)-, (IF4)+[SbF6)-, [IF6]f[AsF6)-. 
A simple example, which appeared to belong to 
this class, was the 1:1 SF 4'" BF3 adduct, first 
reported (along with other SF 4• SeF 4 , and TeF 4 
adducts) by Bartlett and Robinson.1 Bartlett 
and Robinson had initially proposed that the 
compound mi~ht be a Lewis adduct, but their 
later finding, that the SF 4' SbF5 adduct pos­
sesses a primitive cubic lattice, led them to 
favor a salt formulation, involving the SF3 +ion, 
for all of the SF4 adducts. Muetterties and his 
co-workers, 3 while admitting the validity of an 
ionic formulation, also allowed, on the basis of 
solution-nmr studies, that the SF 4• BF3 adduct 
could be a fluorine-bridged dimer or polymer. 
More recently from vibrational spectroscopic 
studies, Gillespie and'his co-workers conclud­
ed that the SF 4 adducts wi_J:h BF3, A sF 5• and 
SbF5 were essentially SF3 salts; however, they 
interpreted deviations of the observed spectra 
from the idealized behavior in terms of fluorine 
bridging between the oppositely charged spe­
cies. Fluorine bridging between the oppositely 
charged ions is indicated in .the structures of 
the SeF 4 adducts SeF 4 · NbF 5 and SeF 4 · 2NbF 5 
reported by Edwards and his co-workers. 5 
Although the structures are suggestive of salt 
formulati<_?ns ([ SeF3] +[NbF6r and [ SeF3] + 
[ Nb2F11] respectively), each cation has three 

anion contacts at < 2.5A. These short fluorine­
bridge contacts may indicate some covalency 
(multicenter bonding), as Edwards and his co­
workers have suggested. Indeed, Bartlett and 
Robinson had argued that fluorine bridging 
might be more important in the SeF 4 adducts 
than in those of SF 4, since SeF 4 is superior to 
SF 4 as a fluoride ion acceptor; also, the higher 
fusion temperatures of the SF 4 compared with 
their SeF 4 relatives suggested greater ionicity 
in the SF 4 compounds. Calvert and his co­
workers6, from single-crystal studies of 
SF 4 · BF3, suggested that the SF 4 · BF3 struc­
ture might be the anti NH4I03 structure al­
though they did not undertake a complete anal­
ysis. 

The adduct SF 4 · BF3 was prepared by con­
densation of SF4 (excess) and BF3 in a monel 
can provided with a teflon-gasketed lid. Crys­
tals were grown by sublimation, by establishing 
small temperature gradients in the capillaries 
at - 60•. Most of the crystals grown by this 
technique proved to be twinned when examined 
under the polarizing microscope. Even crys­
tals which appeared to be satisfactory under 
microscopic examination showed poor mosaic 
quality when examined on the x-ray diffrac­
tometer. The crystal was roughly rectilinear 
with dimensions 0.4X0.2 X0.2 mm. 

The SF 4' AsF5 adduct was also investigated 
and was prepared by co-condensing SF 4 (excess) 
and AsF5, in a monel can fitted with a teflon­
gasketed lid, warming to ambient temperature 
and removing excess SF 4 under vacuum. Single 



crystals were grown by sublimation in quartz 
capillaries. Two crystals were indexed and a 
complete set of intensity data was gathered on 
each. No obvious systematic discrepancies 
were observed between the two data sets. 

SF4·BF3 is orthorho;nbic with a
0
=9.599(3), 

b=5.755(3), c=8.974(3)A, V=495.8A3, z=4, 
ic = 2.34 g cm- 3; the space group is Pnma. 
The unit cell volume satisfies Zachariason' s 
criterion for close-packed fluoride lattices, 
since the effective volume per fluorine atom is 

0 7 17.7A. 
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SF4·AsF5 is orthorhombic with a =20.375(3), 
b=8.508(3), c=11.224(3)A, V=1945.7A3, z=12, 
d c = 2.84 g cm-3. The effective volume per 
fluoride ion is 18A 3. Single-crystal precession 
photographs were obtained from which system­
atic absences were observed to be consistent 
with the space groups Cmc21, C2cm,and Cmcm. 

Diffraction data were collected on a Picker 
automatic four- circle diffractometer equipped 
with a fine-focus Mo anode tube. Intensity data 
were collected by the fJ-2fJ scan technique with 
radiation monochromatized by a graphite crys­
tal. A complete set of -hk£ reflections was 
collected to a 2fJ of 65° as well as a portion of 
the h-k-£ set. An averaged set of 980 unique 
reflections was obtained from 1240 intensity 
measurements; of these, 700 were used in the 
least- squares refinement. 

A combination of Patterson and "direct" 
methods were used to determine the structure. 
Isotropic refinement gave R == 0.10 and incorpo­
ration of anisotropic temperature factors re­
duced R to 0.043 for the non-zero weighted data, 
and 0.063 for all the data. 

Although we were unsuccessful in determining 
a complete structure of the SF3 As F6 salt we 
were able to get some information about the struc­
ture. The data from SF3As F6 were averaged to 
give 1530 unique reflections, of which 487 were 
greater than 3.Q:. The paucity and poor quality of 
the data may be r.esponsible for our failure to 
solve this structure. Evidence for twinning and 
disorder also exists. The Patterson synthesis 
indicated that the space groups C2cm and 
Cmcm were unlikely. Space group Cmc21 were 
assumed. The sulfur and arsenic atoms, de­
rived from a solution of the Patterson map, re­
fined by least squares to yield a conventional 
R factor of 0.3 7. This arrangement is essen­
ITally that of a nickel arsenic lattice. Each 
sulfur atom is approximately at the center of a 
trigonal prismatic ·arrangement of arsenic 
atoms, and each arsenic atom is approximately 
at the center of an octahedron of sulfur atoms. 
Although subsequent Fourier and least- squares 
calculations, in which fluorine atoms were also 
included, yielded a small conventional g_ factor, 

the resulting structure was chemically unrea­
sonable. The _trigonal prismatic arl-angement 
of the [A sF 6] ions about the [ SF3] species 
suggests a disordering of the cation equivalent 
to inversion along the threefold axis. 

Raman spectra of the powdered adducts of 
SF 4 ·BF3 and SF 4' AsF5 were excited at 4880A, 
using a 100 mw C. R. L. argon-ion laser and 
were recorded with a Cary 83 spectrometer. 
The Raman spectrum of indene was used for 
calibration, and the accuracy of the reported 
frequencies is ±3 cm- 1 The Raman spectra 
which we obtained for solid SF 4 ·BF3 and 
SF 4 ·AsF5 and our assignments of the lines 
contained therein Fig. 1 are in essential agree­
ment with those reported by earlier workers, 4 
except that we .?{>serve an additional weak fea­
ture at 711 em in the spectrum of SF 4' AsF5. 
This new feature is attributable to a fundamen­
tal transition in the formally Raman-inactive 
mode v3 (t1 } of the AsF 6- anion. Using a sim­
ple valence '¥orce field and the geometry estab­
lished in this work, the fundamentals of SF! in 
SF4 BF3[v1(a1), 938 cm- 1 ; v2(a1}, 530 cm-1; 
v3(e}, 914 cm-1; v4(e}, 411 cm- 1 ] were an­
alyzed to yieldot3-

1
e following force c~~ftants: 2 

fr, 5.67 mdyn A ; fJ", 0.19 mdyn A ; fa/r , 
0.85 mdyn A - 1 ; fa• 1 r2, 0.12 mdyn.A_- 1 . 
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Fig. 1. T~e Raman spectra of [ SF3] [ BF 4] 
and [ SF3] [ AsF 6]- (XBL 734-444} 
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The atomic arr,angement in [ SF31 +[ BF 41-
is illustrated in Fig. 2. The sulfur atoms and 
the boron atoms lie in mirror planes. Each 
sulfur atom has three close neighbor fluorine 
atoms which define an SF3 group with ~ 3v 
symmetry (see Fig. 3). The BF4 group1sap­
proximately tetrahedral. Each sulfur atom is 
approximately equidistant from three fluorine 
atoms of three different BF 4 SJ>ecies, distances, 
of 2.624(2) (twice) and 2.593(3) 'A.. The entire 
arrangement appears to be simply dictated by 
the closest packing of SF3 and BF 4 species, 
with slight angle distortions in the latter being 
a consequence of close packing with the SF3 
group. It should be noted that this s~ruct~re is 
not the anti type of the reported NH4 I03 , as 
had been supposed by Calvert ~ ~· 6 <o.l 

Fl ~ -~~ · _,

5 

£1 

. F2 / 
~- -··. --. 

2.624(2) 

F5 

F3 

Fig. 2. The atomic arrangement in 
[SF 31 +[ BF

4
1 -. (XBL 7110- 4512) 

F1 

Fig. 3. The shape of the [SF 
3

1 + ion in 
[SF 31 +[ BF 

4
1-. (XBL 7110-4597) 

On chemical grounds we can formulate the 
sulfur species as SF3 + and the boron species 
as BF 4-. The sulfur atom of the SF3 group is 
the effective center of positive charge. Since 
fluorine atoms are highly electron attracting, 
they should be neutral if not sljghtly negative 
in net charge, even if the SF3 ion. On the F 
atom side of the SF3 ion it is therefore rea­
sonable to suppose that the positive charge 
would be more effectively screened than on the 
sulfur side. However, the non- bonding valence 
electron pair of sulfur will provide appreciable 
screening on the threefold axis, if it occupies 
a spacially directed orbital (e. g., and s p3 hy­
brid). Such steric activity of the 11 non- bonding 
pair 11 suits the arrangement observed in this 
structure, since the F ligands of the BF 4- make 
their close approach, to the sulfur atom, well 
off the C3 axis. The fluorine atom arrange­
ment about each sulfur atom is therefore that 
of a trigonally distorted octahedron, in which 
three are bound and three are electrostatically 
attracted. In B F 4- the B -F interatomic dis­
tances are not significantly different within the 
set, and are in excellent agreement with the 
mean values found if NaBF 4• KBF 4• and 
NH4BF4. The SF3 species is similar Jn 
shape to its isoelectronic relative PF3. The 
higher nuclear charge of the sulfur atom is 
responsible for the S-F interatomic distance 
being 0.07 A shorter than the P-F distance. 

The fuJI refin~ment of the crystal structure 
of [ SF31 [ BF 41 \nd the partial solution of the 
structure of [ SF31 [ AsF61- each show the an­
ion occupying a lattice site of symmetry lower 
than Td and~. respectively. The anionic vi­
brational frequencies of these two compounds 
lie close to those found for the anions in other 
salts or in solution, but the spectra clearly 
show 11 site effects, 11 viz., the splittingofdegen­
erate fundamentals [ v 2 (~g) of AsF 6-1 and th-e 
breakdown of gross selecfion rules so that 
v3(t1ul of AsF6 -isobservedintheRamanspec­
trum of [SF31+[AsF6F, as are v1(~1) and 
v2 (~) of BF 4- in the infrared spectrum of 
[ SF31-. 11 These effects are small, and cer-
tainly originate in unit-cell dynamics and in 
the slight deviation of the ions from structural 
regularity rather than in extensive interionic 
fluorine- bridging interactions, as proposed by 
Gillespie; 4 we note that comparable 11 site ef­
fects" are seen in the spectra of the alkali 
metal tetrafluoroborate. 9 Neither our crystal­
lographic nor spectroscopic studies of the SF 4 
adducts reveal the signally deformed anions 
evident in adducts of BrF3

10 with fluoride­
acceptors, which are possibly caused by fluo+ 
rine bridging to the strongly polarizing BrF2 
cati~n. The S-F stretching-force constantfor 
SF3 we find to be 5.67 mdyn A_- 1 for the S-F 
equatorial stretching force constant of SF4 and 
approximately twice the value of 2.8 mdyn A_- 1 

derived for the axial bonds in that molecule. 



Footnotes and References 

t Condensed from LBL-469; published in !nor g. 
Chem. !1_; 2325 (1972). 

':'Department of Chemistry, University of 
California, Berkeley. 

1. N. Bartlett and P. L. Robinson, Chem. 
and Indus. (London) 1351 (1956). 

2. N. Bartlett and P. L. Robinson, J. Chem. 
Soc. A. 3417 (1961). 

3. A. L. Oppeguard, W. L. Smith, E. L. 
Muetterties, and V. A. Engelhard, J. Am. 
Chem. Soc. g, 3835 (1960). 

4. M. Azeem, M. Brownstein, and R. J. 
Gillespie, Can. J. Chem. 4 7, 4159 ( 1 969). 

277 

5. A. J. Edwards and G. R. Jones, J. Chem. 
Soc. A. 1491 (1970). 

6. L. D. Calvert and J. R. Norton, Acta 
Cryst . .!2• 617 (1964). 

7. W. H. Zachariason, Acta Cryst. ~. 388 
(1949). 

8. Yonezo 1\tlorino, Kozo Kuchitsu, and Kohei 
Moritani, Inorg. Chem. _§, 867 (1969). 

9. J. Groubeau, and W. Bues, Z. anorg. 
u allgm. Chem. 268, 221 (1952; N. N. Green­
wood, J. Chem. Soc. 3811 (1959). 

10. K. 0. Christie and C. J. Schack, Inorg. 
Chem. 9, 2296 (1970); A. J. Edwards and 
G. R. Jones, Chem. Comm. 1304 (1967); 
J. Chem. Soc. A. 1467 (1969). 

A DIMERIC rr·CYCLOOCTATETRAENE DIANION COMPLEX OF 

CERIUM(III). THE CRYSTAL AND MOLECULAR STRUCTURE OF 

[Ce(C H ) Cl · 20C H ] t 
8 8 4 8 2 

K. 0. Hodgson* and K. N. Raymond* 

Although the chemistry of the rr-carbocyclic 
anion complexes is now extensive; there is a 
distinct absence of the structural data neces­
sary to form a solid foundation for explaining 
their bonding properties and spectra. Our in­
terest in the structures off transition series 
organometallic compounds has extended from 
the initial structural studies of the uranium 
cyclooctatetraene dianion complex, U(C3H 8) 2• 1 
and its thorium analog2 to the recently re­
ported cyclooctatetraene ~i~nion (COT 2-) com­
plexes of the lanthanides. ' 

Recent attempts by Mares, Hodgson, and 
Streitwieser to prepare a neutral complex con­
taining COT 2 - and cyclononatetraene anion re­
sulted in a new series of lanthanide complexes 
containing the cyclooctatetraene dianion. 4 This 
series was difficult to characterize due to fac­
ile loss of THF. A single-crystal x-ray dif­
fraction analysis was begun on the cerium 
member of this series and the structure deter­
mination and subsequent full elemental anal­
ysis showed that the true composition is 
[ Ce(C8H8)Cl·2THF) 2· 

Crystals suitable for x-ray studies were ob­
tained by controlled evaporation of a saturated 
THF solution of the complex under argon atmo­
sphere at room temperature. The air- and 

water-sensitive crystals were mounted in thin­
walled quartz capillaries with Kel-F Hurocar­
bon grease under an argon atmosphere. The 
·crystals conform to space group P21/ c· with 
a= 1 f.869(6), b = 12.621 (5), c = 13.497(7)A, and 
13 =122.91(3)•. The calculated density fo3 two 
dime ric molecules per cell is 1.66 g/ em and 
that observed by flotation is 1.69. 

A t~tal of 2626 reflections were measured 
with F > 3a(F2). These were corrected for 
absorption and used in the final refinement. 
The structure was solved by standard Patter­
son and difference Fourier techniques and re­
fined by full--matrix least-squares minimiza­
tion to an agreement factor on F of 3. 6/Jfo. 

A packing diagram of the crystal is shown 
in Fig. 1. The molecular geometry is shown 
in Fig. 2. Figures 3 and 4 give detailed views 
of the cyclooctatetraene dianion ring and the 
THF molecules, respectively. 

The crystal structure consists of discrete 
dimers which show no unusually short inter­
molecular non- bonded distances. There are 
two cerium atoms in the dimeric unit which 
are bridged asymmetrically by the two chlo­
ride ions with Ce-Cl bond lengths of 2.855(2) 



Fig. 1. A stereoscopic packing diagram of 
[ Ce(CgHg)Cl · 2(0C4H3)] 2 viewed normal to the 
x-y plane. One unit cell is outlined. The or­
igin is at the back lower left, the horizontal 
axis is a, and the vertical axis is b. The di­
meric ui;.its at 0 0 1, 0 1 0, 0 1 1,-and 1 1 1 
have been omitted. (XBL 734-540) 

Fig. 2. A stereoscopic diagram of the 
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[ Ce(CgHg) Cl. 2 (OC4Hg)] 2 complex. Thermal 
ellipsoids are drawn at the 40o/o probability 
contour. The numbering sequence in the COT 
ring on the right is counterclockwise, such that 
Cg is uppermost and C1 is in front of Cg. The 
THF ring #1 is in the right .foreground. Car­
bon atom numbering for both THF rings is 
clockwise and sequential, and begins at the 
oxygen atom. (XBL 734-449) 

and 2.935(2)A. The cyclooctatetraene dian­
ion ring is planar with eightfold molecular 
symmetry and an average C-C bond length of 
1.394( 4) A. It is symmetrically bonded to the 
cerium atom with an average Ce-C distance of 
2. 710(2) A. The Ce-O distances are equal and 
average 2.583(2)A. The two tetrahydrofuran 
(THF) oxygens and the five-membered THF 
rings differ in conformation; the first is in a 
skew or twist form (C 2 symmetry) and the 
second has the envelope conformation (CS sym­
metry). 

Fig. 3. The cyclooctatetraene dianion ring 
carbons viewed perpendicular to the plane of 
the ring are shown in the lower view. In the 
upper view the plane is rotated 65•. The num­
bering sequence increases sequentially in a 
clockwise direction from the upper right car­
bon atom, c1, in both rings. 

(XBL 734-446) 

02 

Fig. 4. Perspective drawings of the two tetra­
hydrofuran molecules. The THF ring carbon 
atoms are numbered sequentially, begin with 
c11 or c12 and proceed in a counterclockwise 
direction from the oxygen atom. 

(XBL 734-451) 
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ROTOMERIC CONFIGURATIONS OF A METHYL-SUBSTITUTED 

CYCLOOCTATETRAENE DIANION COMPLEX OF URANIUM(IV)_ 

THE CRYSTAL AND MOLECULAR STRUCTURE OF U[C8H4(CH3)4J2t 

K. 0. Hodgson* and K_ N_ Raymond* 

Following the initial synthesis 1 ' 2 <1fd
4 single-crystal structure determination ' 

of bis-(cyclooctatetraenyl)uranium(IV), "ura­
nocene, 11 there has been interest in the extent 
to which there is contribution to the bonding 
from the uranium Sf orbitals. Contact shift 
proton magnetic resonance is one technique 
which can be used to study the electronic in­
teractions in these complexes, if the molec­
ular structure of the complexes is well enough 
known so that the geometrically dependent con­
tributions to the chemical shift can be eval­
uated. The original nmr study of U(CgH8)2 
by Edelstein, La Mar, Mares, and Streitwie­
ser5 was interpreted using the molecular pa­
rameters of the single-crystal structure and 
indicated a large positive net contact shift that 
suggested some form of covalency. However, 
in the absence of data which would indicate the 
type of ligand molecular orbital ( () or rr) con­
taining the delocalized spin, no attempt could 
be made to evaluate the possible role of f or­
bitals in such covalency. Methyl substitution 
on the rr-carbocyclic ring provides a useful 
technique for char~cterizing the mechanism of 
spin delocalization in these ligands. For spin 
in the rr orbitals it is well known that an at­
tached ring proton and methyl group proton 
exhibit hyperfine coupling constants of com­
parable magnitude but of opposite sign; for 
spin in () orpitals the coupling constants are 
of the same sign with the ring methyl shift at­
tenuated 3-5 times the ring proton shift. In 
order to utilize this approach in the interpre-

. tation of the U(CgHg)2 spectrum, Streitwieser 
and co-workers prepared and studied the nmr 
spectrum of bis(1, 3, 5,€?-tetramethylcycloocta­
tetraenyl)uranium(IV). The derived contact 
shifts were of opposite signs for the methyl 
and ring protons and the result has been inter­
preted as being consistent with F-orbital par­
ticipation in the bonding of these complexes. 

There were three main reasons for interest 
in the structure of U(CgH4(CH4)4)2. The first 
reason was to compare the geometry with 
U(CgHg)2, 3, 4 and Th(CgHg)2· 4 The second 
reason was to determine which of the possible 
rotomeric conformations involving the relative 
orientations of the methyl groups and the di­
anion rings exist in the solid state, the object 
being to determine indirectly the ease of rota­
tion of one ring with respect to another around 
the molecular symmetry axis. The third rea­
son for interest was the opportunity to measure 
the relative planarity of the tetramethylcyclo­
octatetraenyl ligand. Any concave or convex 
distortion of the unsubstituted cyclooctatetra­
enyl dianion ring cannot be determined byx-ray 
diffraction studies because the substituent hy­
drogen atoms are not located with sufficient 
accuracy. Replacement of the ring substituent 
hydrogen atoms by a methyl group makes this 
measurement possible. 

Single crystals of the complex suitable for 
x-ray structural studies were prepared by slow 
sublimation under a definite temperature gra­
dient and argon pressure in a sealed tube. Pure 
U(TMCOT)2 (50 mg) obtained from a previous 
sublimation was placed in a small copper cru­
cible in a glass sublimation tuve. The air- and 
moisture-sensitive crystals were mounted with 
Corning high-vacuum silicon grease in thin­
walled quartz capillaries under argon atmo­
sphere. The large, burgundy-red plates have 
the followin~ crystal data: monoclinic space 
group, P21fc, cell constants a= 20.224(5), 
b = 12.066(3), c =17.467(6)A, and~ =101.57(2). 
For eight formula units per cell the calculated 
density is 1. 74 g/ cm3. The structure was re­
fined with full-matrix least-squares methods 
using 4341 independent reflections for which 
F2> 3(J(F2) to a standard unweighted R factor 
of 3.68o/o. There are two crystallographically 



independent 1r- carbocyclic sandwich molecules 
per unit cell. In both cases the uranium atom 
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is symmetrically bonded to two planar, methyl­
substituted cyclooctatetraenyl dianion rings. 
The packing of these two types of molecules in 
in the crystal is diagrammed in Fig. 1. The 
individual molecules are diagrammed in Fig. 2. 
The U -C bond lengths are equal and average 
2.658(6) A. The U -C bond lengths within the 
four aromatic rings are also equal and average 
1.409(7) A. The two rings in both molecules, 
when viewed down the molecular symmetry 
axis, are rotated 14" from a conformation in 
which the ring carbon atoms are eclipsed. How­
ever, the two molecules differ in the relation of 
the substituent methyl groups. On molecule A 
the methyl groups are approximately eclipsed, 
and in molecule B the methyl groups are approx­
imately staggered. All sixteen independent 
methyl groups are bent inward an average of 
4.1• from the planes of the dianion ring carbons 
toward the uranium atom. 

The general similarity of the crystal environ­
ment of types A and B leads immediately to the 
question of why two distinct rotomeric conform­
ers should exist. We believe the answer lies in 
a detailed consideration of the intermolecular 
methyl-methyl interactions in the crystal. The 
van der Waals contact distance for me.thylgroup_s 
is approximately 4.00 A. 7 There are many inter­
actions of methyl groups in this structure near, 
or much less, than this value. In many cases 
there is a kind of "interlocking gear" arrange­
ment for adjacent molecules in the crystal in 
which the teeth of the gears are the methyl 
groups. This links the orientations of the rings 
through a complex three-dimensional network. 
However, one feature does stand out: There 
are more, and stronger, one molecular methyl­
methyl contacts for type A than for type B. The 
intramolecular contacts for type A are much 
more severe than for type B. The distances be­
tween the eclipsed methyl groups range from 
3.73 to 3.80A and average 3.86A. For the cor­
responding distances in the nearly staggered 

Fig. 2. The two crystallographically indepen­
dent molecules, A and B, in the crystal struc­
ture of U(C3H4(CH3)4) 2· 

(XBL 734-455) 

conformation of type B the range is from 3.91 
to 4.20 A and the average is 4.04 A. Thus in 
type B the methyl groups for the two rings of 
the molecule are just at the contact distance 
while in type A they are nearly 0.3A less than 
this value, and in type A must be strongly re­
pelling one another. Apparently the greater 
intramolecular methyl-methyl contacts of mol­
ecule A are sufficient to force it into what must 
be a higher energy conformation. Any rotation 
away from the observed conformation relieves 
some intramolecular strain but at too great an 

Fig. 1. A stereoscopic packing diagram of 
U(C3H4(CH3)4) 2 viewed normal to the x-y 
plane. The origin is at the lower back left 
corner, the horizontal axis is a and the ver-
tical is b. (XBL 734-445) 



-expense in decreased intermolecular methyl­
methyl distances and resultant increase in en­
ergy. 

One very recent structure analysis shows 
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the same type of concave ring distortion as ob­
served in U(CgH4 (CH3)4 )2 . In the lo%-temper­
ature neutron diffraction study of Cr(h -C 6 H 6) 
(C0)3 Rees and Coppens have found that the 
benzene ring exhibits a convex distortion with 
the hydrogen atoms bent in 'Bn average of 1. 7" 
toward the chromium atom. Although substan­
tially smaller than the distortion observed in 
U(CgH4(CH 3l4l2, it appears that a convex dis­
tortion of carbocyclic rings in sandwich struc­
tures may be a general phenomenon. It is par­
ticularly interesting that the same effect should 
be observed in both a 3d and a Sf transition 
metal· compound. 

In U(CgH4(CH3)4)2 there is no question that 
in the case of both molecules A and B all of the 
methyl groups bend in toward the metal. Van 
der Waal!! 1 attraction cannot account for this 
convex bending in both types of molecuies. In 
fact, molecule A has intramolecular methyl­
methyl contact 0.3 A shorter than the sum of 
the Van der Waals' radii of two methyl groups. 
In spite of this short contact distance the methyl 
groups on molecule A are on an average bent in­
ward toward the uranium atom as much as those 
in molecule B. There are also no intermolec­
ular effects which would force all of the methyl 
groups to bend inward. 

Both intermolecular packing effects and in­
tramolecular Vander Waals' attraction thus 
unambiguously can be rule out as explanations 
for the inward bending of the methyl groups in 
molecules A and B, and explanations of this 
phenomenon must be found in the electronic 
structure of the molecules. One possible ex­
planation would involve the overlap of the p-rr 
orbitals on the cyclooctatetraene dianion ring 
with the uranium metal orbitals. Overlap of 
the metal Sf orbitals with the ligand molecular 
orbitals of cyclooctatetraene dianion has been 
shown to be of significane in these tvnesL of 
actinide organometallic complexes :z:, S, 0 The 
inward bending of the methyl substituents 
makes each carbon slightly pyramidal with the 
rr-orbital of the CgHg2- ring bent inwards to­
ward the uranium atom. This change provides 
greater directionality for overlap between the 
rr-orbitals and the metal orbitals. This slight 
bending would result in only a small loss in the 
conjugation energy of the aromatic system. 

A second explanation can be based on.stereo­
chemical effects of the rr electron density. In 
an uncoordinated C3Hg2- ring, the rr-cloud of 
electrons above and below the plane would be 
symmetricaL The approach and coordination 
of the highly charged metal ion would result in 

two effects: 1) slight polarization of the ligand 
electron density toward the metal and, more 
important, 2) the contraction in volume (but 
not in total electron charge) of the electron 
density on the side of the· ring adjacent to the 
metal ion. In the same way that non- bonded 
electron pairs in the Gillespie-Nyholm model 
are stereochemically more active than bonding 
electron pairs, 9 the electron density on the 
side of the dianion ring away from the metal 
atom would repel the methyl groups more than 
the electron density on the adjacent side of the 
ring, since the density on the side of the ring 
away from the metal electron density occupies 
a relatively larger volume of space. The re­
sult for the structure would be the observed in­
ward bend of the methyl groups as a result of 
the non- bonded interactions of these groups 
with the higher electron density in the rr-system 
on the side opposite the metal ion. The effect 
would be expected to be more important for the 
more highly charged actinide cations than for 
the +2 cations of the transition metals, and this 
is in agreement with the observations in substi­
tuted ferrocenes and, more important; with the 
Cr(h6-C6H6)(C0) 3 structure. 
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AN ION PAIR COMPLEX FORMED BETWEEN 

BIS(CYCLOOCTATETRAENYL) CERIUM(III) ANION AND 

AN ETHER·COORDINATED POTASSIUM CATION. THE 

CRYSTAL AND MOLECULAR STRUCTURE OF 

[K(CH30CH2CH2l20)] [Ce(C8H8)2J t 

K. 0. Hodgson* and K. N. Raymond* 

Streitwieser and co-workers have charac­
terized two homologous series of lanthanide(III) 
complexes with cyclooctatetraene dianion: 1-3 
[ Ln(C8H8 )Cl·2C4H80) 2 and K[ Ln(C8H8)z). The 
crystal and molecular structure determination 

·of the cerium member of the monocyclooctate­
traenyl chloride series established the chem­
ical composition as well as the structure of 
this 1r-carbocyclic complex. 4 The structural 
result also allowed an assignment of structure 
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for the other, homologous members of the se­
ries of complexes, containing two cyclooctate­
traene dianion ligands per metal, were sus­
pected to be isostructural with U(C8H8)z5based 
on striking similarities in the ir spectra of the 
uranium as compared to the lanthanide com­
plexes. 1, 3 To determine the molecular geom­
etry of the [ Ln(C8H8)z]- anion we have com­
pleted the single-crystal structure analysis of 
the cerium member of the bis- cyclooctatetra­
enyl series. 

0 1 2~ 
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Fig. 1. Sections from the electron density map (calculated with values ofF obs and 
phases of Fcalcd) for cyclooctatetraene dianion rings. These sections are in the 
planes of the cyclooctatetraene rings. Slight deviations in the contour maps from 
the crystallographic mirror symmetry are an artifact of the computation procedure. 
Ring # 1 is shown on the left and ring #2 is shown on the right. The mirror plane 
in both cases is horizontal at y=1/4 and relates the top and bottom halves of the 
sections. (XBL 734-447) 



Crystals were obtained from slow evapora­
tion of a saturated tetrahydrofuran (THF) solu­
tion of the complex under argon atmosphere at 
room temperature. As soon as the crystals 
were removed from the mother liquor, how­
ever, they rapidly decolored on the surface 
and became an amorphous powder. Since the 
crystals were probably losing coordinated sol­
vent we chose to recrystallize the complex 

Fig. 2. A perspective view of the contact ion 
pair, ( K(diglyme)] ( Ce(CgHg)2]. Thermal 
ellipsoids are drawn at the 50a{o probability 
contour scale. (XBL 734-454) 
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from the higher boiling coordinating ether sol­
vent, diglyme, CH30CH2CH20CH2CH20CH3. 
If a saturated solution of the complex in di­
glyme was prepared at the boiling point of the 
solvent (162•) under argon atmosphere and 
then allowed to cool, beautifully formed large 
green single crystals were obtained in sizes 
up to 1 mmX0.5 mm X0.5 mm. Several of the 
air- and moisture sensitive crystals were 
mounted in thin-walled quartz capillaries with 
Kel -F fluorocarbon grease under an argon 
atmosphere. The bright green plates have 
the following crystal data: orthorhombic space 
group Pnma, cell constants: a = 16.897(4), 
b = 14.014(5), c = 9.358(2) 'A, z = 4, 
p calcd = 1. 56 g/ cm3. 

X- ray diffraction intensity data were col­
lected by counter 2:-ethodsl A total of 2 789 
reflections with F > 3u(F ) was used in the 
final refinements. The structure was solved 
by Patterson and Fourier techniques. Final 
refinement was by full-matrix least-squares 
minimization to an agreement factor of 5. 9% · 
In the refin~ment process it was found that one 
of the CgHg - rings is well ordered with rel­
atively low thermal motion, while the second 
shows librational thermal motion about an axis 
normal to the plane of the ring. This is di­
agrammed in Fig. 1. 

The molecular structure consists of a dis­
crete [ Ce(C8H8)2]- anion combined in a con­
tact ion pair with the [ K(CH30CHzCH2)20] 
solvated cation. One side of the cation is 
coordinated by the complexing ether, diglyme. 
The opposite side is coordinated by one of the 
two cyclooctatetraenyl dianion rings in the 
structure. The Ce and K ions lie on a crystal­
lographic mirror plane such that the entire 
complex has crystallographically imposed mir­
ror symmetry. The average Ce-C bond length 
is 2. 742(8) 'A. The cyclooctatetraene dianion 
rings are planar with equal aromatic C-C bond 
distances. In one case the ring is bisected by 
the mirror plane through two C-C bonds, and 
in the other through two C atoms. The molec­
ular symmetry of the ( Ce(CgH g) 2r anion is 

Fig. 3. A stereoscopic packing diagram of [K(diglme)] [Ce(CgHg) 2 ]. The entire 
unit cell is shown. The horizontal axis is a and the vertical is c. The origin of 
the cell is the lower left front corner. - - (XBL 734-452) 



D 8d. The five independent K-C ~ond lengths 
between the K+ ion and the C8H8 - ring av­
erages 3.16(3)A, and the two independent K-0 
distances from the diglyme oxygens in the 
ether complexed cation are 2. 792(5) and 
2. 741(4l.A. 
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THE PREPARATION AND STRUCTURAL CHARACTERIZATION OF 

TRIS(BENSYLCYCLOPENTADIENIDE)CHLOROURANIUM(IV), 

U(C5H4CH2c6H5)3CI t 

J. Leong,* K. 0. Hodgson,* and K. N. Raymond* 

Of the few lanthanide and actinide organo­
metallic compounds which have been charac­
terized structurally the majority have been 
the recently prepared complexes of cycloocta­
tetraene dianion. 1-7 A complex of U(III) with 
benzene, U(C6H6)(AlCl4) 3 , is known in which 
the benzene is symmetrically Tr- bound to the 
uranium ion. 8 The remaining lanthanide or 
actinide Tr- sandwich compounds which have 
been the subjects of structural studies are 
complexes of cyclopentadienide anion, or the 
related indenide anion. 

The structures of two lanthanide(III) com­
plexes with cyclopentad~enide anion, 
tris (indenide) samarium and the dJsordered 
tris ( cyclopentadienide) samarium 1 have been 
reported. The structure determination of 
tris ( cyclopentadienide) chlorouranium(IV), 11 
U(C5H5)3Cl, was the first of an actinide(IV) 
Tr-sandwich complex. However, very little 
information can be derived from this struc­
ture since the carbon atom positions were 
not well determined. More recently the struc­
ture of tris(indenide)chlorouranium(IV), 
U(C9H7)3Cl has been reported and a substan­
tial difference was found in the C-C bond 
lengths for individual carbon atoms in the five­
membered ring of the indenyl anion. 12 Since 
it was not clear to what extent this asymme­
try was due to the electronic structure of the 
indenyl anion as opposed to bonding effects in 

the uranium coordination, we have determined 
the crystal and molecular structure of a cyclo­
pentadienide complex, U(C

5
H 4CH2C

6
H

5
)
3

Cl. 

In order to insure a well-ordered crystal, 
a substituted cyclopentadiene was chosen as a 
ligand. To minimize perturbation of the elec­
tronic structure of the cyclopentadienyl anion 
a saturated carbon substituent was desired, 
but one for which the side chain would pro­
mote ordered crystallization. The benzyl 
group was chosen for this purpose because of 
the crystallization energy usually released by 
the Tr stacking forces between aromatic rings. 

The compound was prepared in a manner 
similar to related materials. Characteriza­
tion was by elemental analysis, nmr spectra, 
mass spectra, and the final structure anal­
ysis. Crystals suitable for x-ray studies 
were obtained by controlled evaporation of a 
saturated cyclohexane-toluene solution of the 
complex under argon atmosphere at room 
temperature. The apparently oxygen-stable, 
but water-sensitive, crystals were mounted 
in thin-walled quartz capillaries with Kel-F 
fluorocarbon grease under an argon atmo­
sphere. Deep red trapezoidal prisms of 
U(C5H4CH2C6H5)3Cl have the following crys­
tal data: monoclinic space group P21/n, cell 
constants a= 11.133(2), b=16.275(3), 
c = 16.367(3l.A, f3 = 100.45(2)•, z = 4, 



p obs = 1.68, and p calc= 1.68 g/ cm3. The 
structure has been refined by full-matrix 
least-squares methods using 2[64 indepen­
dent reflections with F2> 3<T(F ) and a model 
which includes anisotropic thermal motion 
with fixed hydrogen positions to a standard 
unweighted R factor of 3.13o/o. 

The crystal structure consists of four dis­
crete molecules of U(C5H5CH2C6H5)3Cl per 
unit cell. A stereoscopic view of the unit 
cell is shown in Fig. 1. There are no un­
usually short intermolecular non- bonded dis­
tances (less than 4.1A). In particular, there 
is no evidence of stacking of the phenyl rings. 
This surprising result counters the reason 
for preparing this derivative and is apparent­
ly due to the fan configuration of these rings 
imposed by the coordination geometry. 

Fig. 1. A stereoscopic packing diagram of 
U(C5H4CH2C6H5)3Cl viewed normal to the 
y-z plane. The entire unit cell is shown. The 
horizontal axis is a and the vertical is c. 
The origin of the cell is the lower left rear 
corner. (XBL 734-453) 

A stereoscopic drawing of the molecule 
viewed approximately parallel to the uranium­
chlorine bond is shown in Fig. 2. A perspec­
tive drawing of the molecule viewed perpen­
dicular to the uranium-chlorine bond is shown 

·in Fig. 3. 

The molecular structure consists of aura­
mium atom symmetrically bonded to the car­
bon atoms of three planar aromatic cyclopen­
tadienide anions at an average distance of 
2. 733(1)A and to one chloride ion at 2.627(2)A 
in a distorted tetrahedral geometry with ap­
proximately C 3v coordination symmetry. The 
uranium atom is located 0.428A above the 
plane defined by the centers of the three cyclo­
pentadienide anions, in contrast to a distance 
of 0.824A expected for tetrahedral geometry. 
The average bond length in the three planar 
cyclopentadienide anions is 1.374(2) A. The 
average bond distance for the three planar 
benzene rings is 1.359(5) A. The average 
C-C-C bond angle about the methylene carbon 
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Fig. 2. A stereoscopic diagram of 
U(C5H4CH2C6H5)3 Cl viewed approximately 
parallel to the uranium-chlorine bond. Ther­
mal ellipsoids are drawn at the 40o/o probabil­
ity contour scale. An isotropic temperature 
factor of 5.0 e/J...3 has been assigned to meth­
ylene carbon atom, cb3o (located in lower left 
corner), since its anisotropic temperature 
factors are unusually large, (XBL 734-456) 

Fig. 3. The U(C 5H 4 CH2C 6H5) 3 CJ molecule 
viewed perpendicular to the uranium-chlorine 
bond. Thermal ellipsoids are drawn at the 
40o/o probability contour scale. Isotropic 
methylene carbon, Cb30 , is located to the 
right of the chlorine afom. (XBL 734-457) 

atoms of 118.2(40)• is an appreciable devi­
ation from tetrahedral geometry. 

This structure provides the first proof of 
the symmetrical pentahapto bonding in cyclo­
pentadienyl complexes of the actinides. Pre­
sumably the lanthanide complexes also show 
this geometry. The complicated bridging 
structure reported for Sm(C5H5)311 would ap­
pear to be anomalous, but the severe exper­
imental difficulties associated with that struc­
ture analysis leaves the issue open. 
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THE CRYSTAL STRUCTURE OF 

Q-FERROUS-TRIS(1, 10-PHENANTHROLINE) 

BIS(ANTIMONOUSE._- TARTRATE) OCTAHVDRATEt 

A. Zalkin, D. H. T!'lmpleton, and T. Ueki* 

Ferrous ion and 1, 10 -phenanthroline make 
octahedral complexes which exist in enantio­
mers that can be resolved by precipitation of 
the £-isomer with antimony d-tartrate. Pro­
fessor R. E. Powell of this University pro­
vided us crystals of this precipitate and sug­
gested that we determine the structure and ab­
solute configuration by x-ray diffraction to 
permit a check of methods of configuration 
determination by theoretical analysis of the 
optical~roperties. We show that the (-) -[Fe 
phen3) + which precipitates with i-tartrate 
is in the conformation of a left-handed propel­
ler, in agreement with the assigl_lment of 
McCaffery, Mason, and Norman on the basis 
of analysis of circular dichroism, thus provid­
ing a confirmation of the validity of that meth­
od. 

Another result of this study is that the anti­
mony tartrate, which has been formulated 
classically in tartar emetic and similar salts 
as "antimonyl tartrate," SbO(C4H4Q))-, or 
sometimes as H20 Sb(C4H206)-, exists in 
this crystal as a cyclic dimer of composition 
((C4H 206)Sb)

2 
2 -. In this complex Sb(III) has 

displaced hydrogen from the alcohol groups 
as well as the carboxyl groups and is com­
plexed only by tartrate. The same complex 
anion has been found by Kiosse, Golovastikov, 

and Belov2 in i· .e-(NH4)2Sb2(C4H206)2 ·4H20, 
by Kiosse, Golvastikov, Ablov, and Belov3 in 
i -(NH4)2 Sb2(C4H206l2· 3H20, and by 
Kamenar, Grdenic, and Prout'i in 
i• .f-K2Sb2(C4H206)2 ·3H20. 

The sample of £-ferrous tris(i, 10-phenan­
throline) bis (antimonous d- tartrate) octahyd­
rate consisted of crystalS of small deep-red 
needles. Afragment -0.1 mmindiameterand 
-0.3 mm long was glued to a pyrex fiber in 
air. Cell dimensions and intensities were 
measured with a manual quarter-circle 
Eulerian-cradle goniostat, using a scintilla­
tion counter and Zr filtered Mo Ka x-rays. 
Counts for 10 sec each were made of 1748 in­
dependent reflections, using a stationary­
counter stationary-crystal technique; these 
include all the reflections whose indices are 
positive and whose Bragg angles are less 
than 22.5•. Background was plotted as a func­
tion of 28. Eighty reflections were observed 
to be equal to or below background, and an 
additional 64 had intensities less than an esti­
mated standard deviation; in the least- squares 
refinements these data were assigned zero 
weights. No correction was made for absorp­
tion or extinction. 

In the course of some experiments using 



CuKa radiation, the cell dimensions were ob­
served to be very much affected by relative 
humidity. When the relative humidity, as 
read from a sirriple Abbeon Relative Humidity 
Indicator, read 30o/o the trigonal cell dimen­
sions were calculated to be a = 18.55· and 
c = 12.00A; at 46o/o they swelled to 18.61 and 
t2.04A. This behavior is somewhat similar 
to that we observed in collecting data for 
ferrichrome-A. 5 Had we had fluctuations to 
the limits of the two extremes in humidity re­
ported above, the error in the 28 angle at 45° 
with Mo x-rays is about 0.15; this does not 
produce a serious setting error, and in fact 
no problem was noticed during the manual col­
lection of the data. With copper radiation, 
setting errors are serious, for at a com par­
able sinBA value the error amounts to about 
0.6•. 

The cell dimensions are a= 18.58±0.02 
and c = 12.04± 0.02Aat -24"; the accuracy is 
limited by the humidity effect and these re­
ported values are estimated to have been mea­
sured when the relative humidity was between 
35 and 40o/o. The observed Laue symmetry of 
the reflections is 3ml. The .2_bserved setting 
of the symmetry I(hk.ll) = I(kh .. O, the known 
asymmetry of the molecules, and the observed 
absences where OOJI # 3n indicate the enantio­
morphic pair of space groups P3121 and P3221 
as the sole choices; anomalous dispersion ef­
fects established the space group to be P3221, 
(D~). Allowing for three formula units per 
un1t cell, the calculated x-ray density is 1. 77 
g/cc. 

HB 
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The positions of the iron and antimony 
atoms were readily determined from a three­
dimensional Patterson map. The rest of the 
structure was determined by Fourier and least­
squares methods. Hydrogen atoms did not 
show up very well on the difference Fourier 
maps, and eventually the parameters of all 
but the water hydrogens were included but 
constrained to their estimated positions with 
a fixed isotropic thermal parameter of 5.0 .A2. 
From the humidity effect it is evident that 
water is loosely bound in this crystal and most 
probably occurs in its sites with partial occu­
pancy. This conclusion is supported by the 
large temperature parameters of the water ox­
ygen atoms. Since there is no clear-cut or­
dered hydrogen bond pattern in the water sub­
structure, we could not estimate the hydrogen 
positions of the water molecules. The refine­
ment was arbitrarily started in space group 
P3121, but this was changed to P3221 in order 
that the configuration of the ~-tartrate would 
be the same as that reported by Bommel and 
Bijvoet.6 Thefinal_g factor on 1600 non-zero 
weighted data is 0.048; the weighted _g2 factor 
is 0.056; the standard deviation of an observa­
tion of unit weight is 1.0 7; and the R factor for 
all 1748 data, including the zero-weighted ones, 
is 0.057. A difference function based on the 
final set of parameters was calculated. The 
maximum peak height on this map was 0.8e/.A3. 
The largest peaks appear near the antimony 
atom. From the size of these peaks and their 
locations, it is evident that there is no anti­
monyl type oxygen in this compound. 

Fig. 1. Stereoscopic view of the (-)539Fe 
phen32+ ion. (XBL 713-582) 



A series of refinements made with the 
anomalous dispersion reversed resulted in R 
increasing from 0.048 to 0.052, and ,B-2 wenC 
from 0.056 to 0.062. This is in agreement 
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with the configuration for the d-tartrate deter­
mined by Bommel and BijvoeC6 An additional 
confirmation of the absolute configuration came 
from 528 data CuKa representing about 120 in­
dependent reflections measured with CuKa radi­
ation. The Fe and Sb were refined anisotrop­
ically; carbon, oxygen, and nitrogen were in­
cluded with isotropic thermal parameters but 
were not refined; hydrogen atoms were omitted. 
The set of 120 reflections refined toR= 0.06 
with the correct configuration; when the anom­
alous dispersion effect was reversed the R fac­
tor went to 0.10. 

The cation consists of an iron atom com­
plexed by three planar phenanthroline ligands 
to form a left-handed propeller-type structure; 
see Fig. 1. In keeping with recent nomencla­
ture proposals 7 ~his ion would be described as 
.L\.(-)539Fe phen3 +, phen phenanthroline. The 
ion itself lies on a crystallographic twofold 
axis, but its molecular symmetry is also very 
nearly threefold. The iron atom is coordinated 
to all six nitrogen atoms of the three phanan­
throline groups at an average distance of 
1.97±0.01.A. 

The anion consists of a dimer of antimony 
tartrate on a crystallographic two -fold axis. 
Figure 2 shows a stereoscopic view of this ion. 
Each antimony is coordinated to four oxygen 
atoms from the tartrate ligands, and there is 
no evidence in this study of any further coordi­
nation to the antimony, i.e., an antimonyl ox·­
ygen. The same complex has been reported 
with very similar shape in the studies cited 
above. 2 - 4 

The anion and cation pack in a way which is 
not simple to describe. A stereographic view 

0 
5 

Fig. 2. St~reoscopic view of the bis(antimony 
i-tartrate) - ion. (XBL 711-581) 

of the structure looking down the three-fold 
axis is shown in Fig 3. 

The water structure in this crystal is indi­
cated in Fig. 3; in this figure all contact dis­
tances less than 3.04A are indicated with a 
connection. The temperature factors of the 
water molecules are large, which probably 
represents incomplete occupancy and disorder. 
The observation that the cell dimensions change 
reversibly and radically with humidity is indi­
cative that water can readily enter and leave 
the crystal, and that these sites were partially 
occupied under the conditions of the experiment. 

Fig. 3. Stereoscopic packing diagram as 
viewed down the~ axis. (XBL 718-1267) 

01 

Fig. 4. Stereoscopic view showing the water 
oxygen structure. Atoms 0(7) through 0(10) 
represent water oxygen atoms; 0(1) and 0(4} 
represent tartrate oxygen atoms. 

(XBL 718-1268) 

Disorder in the water structure is evident in 
the close approach across twofold axes of 0(7) 
to another 0(7) and similarly 0(10) to 0(10); 
for if the close approaches are due to hydro­
gen bonding one must invoke disorder to de­
scribe the hydrogen atom positions. 
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INVESTIGATIONS OF ALKALINE-EARTH {j-DIKETONE COMPLEXES. 

I. THE CRYSTAL AND MOLECULAR STRUCTURE OF 

BIS(DIMETHYLFORMAMIDO)BIS (1, 3-DIPHENYL-1, 

3-PROPANEDIONATO)MAGNESIUMt 

F. J. Hollander,* D. H. Templeton, and A. Zalkin 

Alkaline-earth ions are known to make 
complexes with various diketones, but few 
crystal structures of the compounds have been 
reported. We became interested in these sub­
stances and have investigated several com­
plexes of 1, 3-diphenyl-1-1, 3-propanedione 
anion (DPP): 

(-) 

With Mg, Ca, and Sr as cations we obtained 
suitable crystals only when certain solvent 
molecules were involved in the coordination. 

The compound was synthesized by combining 
an aqueous solution of magnesium acetate and 
an ethanolic solution of 1, 3-diphenyl-1, 3-pro­
panedione (HDPP) in a strong NH3/NH4Cl, pH 
10, buffer. A pale yellow precipitate formed 

immediately, and after several hours was fil­
tered and dried in air. Evaporation of di­
methylformamide (DMF) solutions of the com­
pound yielded very good crystals. Weissen­
berg and precession photographs indicated a 
monoclinic unit cell with absences consistent 
with space groups Cc or C2/c. Solution of the 
structure confirmed C2/ c as the space group. 
The cell parameters andtheir standard qevi..: 
ations are a= 16.893(3) A, b = 12.853(2) A, 
c=16.927(3)A, r'1=117.085(5)•, at23•c. The 
density, ~ = 4, is ic = 1.10 g/cm3. Intensity 
data were collected -with a Picker/Nuclear 
four-circle diffractometer, using graphite mo­
nochromatized Cu Ka radiation and a e-2e scan 
technique. A total of 2433 unique reflections 
were measured; 614 reflections were smaller 
than their standard deviation. 

The structure was solved by "direct meth­
ods" followed by a series of Fourier and least­
squares calculations. Hydrogen atoms were 
located and refined with isotropic thermal 
parameters; all of the other atoms were given 
anisotropic thermal parameters. The final 
~1 was 0.067 for 1817 reflections. The final 
weighted ~2 was 0.065 and the standard devi­
ation of an observation of unit weight was 1.30. 

The structure is separated into well-defined 
complex groups with composition Mg(DPP)2 
(DMF)2, Fig. 1. The six oxygen atoms coor­
dinating the magnesium lie on the corners ofa 
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Fig. 1. Stereoscopic view of the complex, showing configuration and labeling. 
The two-fold crystallographic axis runs vertically in the plane of the drawing. 
Hydrogens have been omitted for clarity. Thermal ellipsoids are scaled to in-

. elude 50o/o probability. (XBL 722-136) 

slightly distorted octahedron. The distances 
from the magnesium to the oxygens in the DPP 
ligand are identical to within a standard devi­
ation, at 2.055(2) A and 2.057(3) A, while the 
Mg-0 distance to the DMF is slightly, but sig­
nificantly, longer at 2.095(3) A. Both of these 
distances fall well within the range for typical 
Mg-0 distances in the literature (2.0-2.15}..), 
with the Mg-O(DPP) distance being shorter 
than the Mg-O(DMF), as expected from elec­
trostatic interactions. 

The complexes themselves are packed in 
an interlocking manner shown in Fig. 2. The 
shortest inter -complex contacts between non­
hydrogen atoms is 3;39A. 

The octahedral coordination of Mg in 
Mg(DPP)2(DMF)2 is similar to that exhibited 
by other 13-diketone complexes of divalent 
metals, e.g. , diaquobis (acetylacetonato) -mag­
nesium, Mg(AA)2(H20) 2 (Mor~sin, 1967), 1 

Co(AA2(H20)2 (Bullen, 1959), and Ni(AA)2 
(H20) 2 (Montgomery and Lingafelter, 1963). 3 

In each case the divalent metal cation is octa­
hedrally coordinated by two 13-diketone ligands 
and two solvent molecules in a monomeric unit. 
The Mg(DPP) 2 complex differs from the other 
octahedral complexes in that the solvent mol­
ecules are cis to one another on the coordina­
tion octahedron (Fig. 1). 

Fig. 2. Stereoscopic view of the unit cell, showing packing of complexes. 
Labeled axes are positive from the origin. Hydrogens have been omitted 
for clarity. (XBL 722-280) 



Footnotes and References 

t Condensed from LBL-1266; submitted to 
Acta Crystallographica. 

~'Present address: Chemistry Department, 
University of Iowa, Iowa City, Iowa. 

291 

1. B. Morosin, Acta Cryst. 22, 316 (1967). 

2. G. J. Bullen, Acta Cryst. g, 703 (1959). 

3. H. Montgomery and E. C. Lingafelter, 
Acta Cryst. _!2, 1481 (1963). 

INVESTIGATIONS OF ALKALINE-EARTH !3-DIKETONE COMPLEXES. 

II. THE CRYSTAL AND MOLECULAR STRUCTURE OF 

BIS(1, 3-DIPHENYL-1, 3-PROPANEDIONATO)CALCIUM 

HEMIETHANOLATEt 

F. J. Hollander,* D. H. Templeton, and A. Zalkin 

Alkaline-earth metal cations form com­
plexes with the anion of 1, 3-diphenyl-1, 3-
propanedione: 

We succeeded in crystallizing the calcium 
complex only when ethanol was present. 

The complex was synthesized by mixing a 
solution of calcium acetate in aqueous ethanol 
with an ethanolic solution of 1, 3-diphenyl-1, 
3-propanedione (HDFP) and adding concen­
trated NH3/NH4Cl, pH 10, buffer. A lemon 
yellow precipitate appeared immediately upon 
addition of the buffer solution. The mixture 
was refluxed for one hour to allow the reaction 
to go to completion. The precipitate dissolved 
on heating but reappeared as the mixture was 
cooled. It was filtered and dried in air and 
stored in a desiccator over Drierite. Attempts 
to recrystallize the complex generally yielded 
a viscous orange oil. -However, well-formed 
clear yellow crystals were obtained by slow 
evaporation of a warm chloroform solution. 
The oil dissolved in many organic solvents, 
but formed a cloudy solid on addition of eth­
anol. The crystals were triclinic with cell 
dimensions~= 15.247(1) A, .!?_ = 13.555(1) A, 

c = 14.097(3) A, a= 74.64(1)•, 13 = 95.97(1)•, 
y = 113.59(1)•. For Z =4, the density is 1.32 
g/cm3. A crystal approximately 0.12 mm in 
radius was used for data collection, using 
monochromatized Cu Ka radiation and a e-2e 
scan technique. In the entire experiment 5824 
reflections were measured, including remea­
surements in connection with the decay correc­
tion. The standards showed a decrease of 
about 10o/o. The data were corrected accord­
ingly and processed to give 5294 unique reflec­
tions of which 4504 were obs.erved greater than 
their standard deviations. No correction was 
made for absorption (fl. = 23 em -1). 

The structure was solved using "direct 
methods." 

The assumption of the centric space group 
Pi is confirmed by the successful refinement 
Of the structure. Anisotropic refinement of 
the non-hydrogen atoms and isotropic refine­
ment of the hydrogens proceeded by least­
squares with three blocks to an R1 of 0.048. 
Availability of a larger computer allowed fur­
ther refinement in two blocks, the first con­
taining the two "inner" DPP molecules and the 
second containing the two "outer" DPP mol­
ecules and the ethanol. The final R1 was 0.040 
for 4503 reflections, and the weighted R2 was 
0.043. The standard deviation of an observa­
tion of unit weight was 1.14. 

The complex consists of clusters of compo­
sition (Ca2(DPP)4 (C2H50H) l2 around the sym­
metry at 0, 1/2, 1/2. There is only one such 
cluster per unit cell, and its neighbors are re­
lated to it by unit cell translations. There are 
no contact distances of less than 3.50A be­
tween non-hydrogen atoms in different clus­
ters. The two independent calcium atoms 
Ca(1) and Ca(2) are respectively six- and 
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Fig. 1. Stereoscopic view of the coordination around the Ca atoms. The 
center of symmetry at 0, 1/2, 1/2 is in the center of the cluster. Thermal 
ellipsoids have been scaled to include 50o/o probability. (XBL 723-543) 

seven-fold coordinated by the oxygens of the 
DPP ligands and the ethanol (Fig. 1). Each 
calcium shares two oxygens with each of two 
neighboring calcium atoms of the other kind so 
that four of them are linked around the center 
of symmetry. The bridging oxygens, 0(1) and 
0(2) of DPP(1), 0(3) and 0(4) of DPP(2), form 
a slightly distorted parallelopiped. Ca atoms 
cap each of four nearly rectangular faces, and 
DPP ligands project into the area above the 
two non-rectangular faces (Fig. 2). The Ca-0 

distances average 2.367 A with a standard devi­
ation of 0.026A calculated from the scatter of 
the measurements. The average compares 
well tq the sum of the crystal radii (Pauling, 
1960), 2.39A.. 

The bond distances and angles in the lig­
ands are normal for complexed DPP mol­
ecules. 2-4 The dike tone ring is spread, with 
0-C-C and C-C-C bond angles -125°, to give 
the ligand a bigger "bite," and the interior 

Fig. 2. Stereoscopic view of the complex cluster. Phenyl carbons not attached 
directly to the diketone and hydrogen atoms have been omitted for clarity. View 
direction and scaling of the thermal ellipsoids are the same as in Fig. 1. (XBL 724-663) 



angle in the phenyl ring at the juncture to the 
diketone is reduced from 120• to -118•. 

Footnotes and References 

tcondensed from LBL-1267; submitted to 
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University of Iowa, Iowa City, Iowa. 

293 

1. L. Pauling, The Nature of the Chemical 
Bond, 3rd ed. (Cornell University Press, 
Ithaca, New York, 1960). 

2. F. J. Hollander, D. T. Templeton, and A. 
Zalkin, (1973a); in press (Mg(DPP) 2). 

3. F. J. Hollander, D.T. Templeton, and A. 
Zalkin, (1973b); in press (Sr(DPP)

2
). 

4. A. Zalkin, D. T. Templeton, and D. G. 
Karraker, Inorg. Chern. ~(12), 2680 (1969). 

INVESTIGATIONS OF ALKALINE-EARTH /3-DIKETONE COMPLEXES. 

Ill. THE CRYSTAL AND MOLECULAR STRUCTURE OF 

BIS(1,3-DIPHENYL-1,3-PROPANEDIONATO)STRONTIUM 

HEMIACETONATEt 

F. J. Hollander,* D. H. Templeton, and A. Zalkin 
~ 

Alkaline-earth metal cations form com­
plexes with the anion of 1, 3-diphenyl-1, 3-
propanedione: 

0 0 
(-) 

This paper reports the structure of Sr(DPP)2 
hemiacetonate. The complex forms tetra­
meric polymers of the same general configura­
tion as those found for the DPP complex of cal­
cium. However, the solvent molecule included 
in the Sr complex is acetone, rather than the 
ethanol of the Ca complex and there are differ­
ences in the details of the polymer shape. 
Thus, despite the fact that the general form of 
th~ complexes are similar and the space group 
(Pi) the same, the structures are not isomor­
phous and the unit cells cannot be brought into 
congruence. 

The complex was synthesized by using a 
modification of the method of Hammond, 
Nonhebel, and Wu (1963). Strontium nitrate 
was dissolved in a small amount of water, and 

ethanol added until precipitation was just ob­
served. This solution was added to an ·eth­
anolic solution of 1, 3-diphenyl-1, 3-propane­
dione (HDPP), and a strong aqueous NH3/NH4 
Cl, pH 10, buffer was added to the mixture. 
A whitish precipitate [probably either Sr(N0.3) 2 
or HDPP] immediately formed, and the mix­
ture was refluxed for an hour with constant 
stirring. The precipitate dis solved, and upon 
cooling a very pale yellow crystanine precip­
itate appeared which was filtered and dried in 
air. Attempts to recrystallize the compound 
generally yielded a viscous oil, but finally a 
few crystals were obtained by very slow evap­
oration of an ethanol solution with a very small 
amount of acetone added to it. Of these few, 
only one was good enough for crystallographic 
study. This crystal, a thin plate of approx­
imate dimensions 0.03 X0.17 X0.32 rom was 
fixed to a glass fiber. Precession photographs 
indicated a triclinic unit c~ll. The cell pa;am­
eters are: a = 13. 759(10) A, b = 14.182(9) A, 
~ = 16.031(9)A, a= 107.57(3)'\ (3=90.36(3) 0

, 

-y = 113.07{3) 0 at 23• C, where the standard 
deviations are those estimated by leas.t squares; 
these parameters were used throughout the 
structure analysis. We estimate respectively 
0.0 5A, 0.01 .A, 0 .02A, 0 .03•, 0 .2•, and 0 .2• 
as standard deviations which reflect the vari­
ation of parameters during the experiment. 
The calculated density for ~ = 4 is 1.38 g/ cm3. 
Data were collected by using a f}-2() scan tech­
nique and graphite-monochromatized MoKa 
radiation. All reflections in the hemisphere 
of reciprocal space were collected for 2()< 30•; 
no reflection beyond this region were strong 
enough to be observed. Two reflections were 



monitored every 100 data. A degradation of 
these intensities of -16o/o was recorded and 
was adjusted accordingly. A total of 2371 re­
flections were measured; of these, 260 were 
measured with zero intensity; 684 were 
smaller than their standard deviation. An ab­
sorption correction was applied to the intensi­
ties, f.1 = 21.2 cm-1. The correction factors 
ranged from 1.07 to 1.41. 

294 

Two independent Sr atoms were located by 
the three-dimensional Patterson function and 
gave g_1 = 0.36. Alternate difference Fouriers 
and least-squares refinement revealed most of 
the non-hydrogen atoms of the complex. With 
only the Sr atoms given anisotropic thermal 
parameters, B-1 was 0.094. A difference 
Fourier showed a large triangular area of elec­
tron density with a peak at each corner and 
high density in the center, and attempts to re­
fine this residual density as a disordered eth­
anol were unsuccessful. We then realized 
that the triangular region of electron density 
could also be fitted by an acetone molecule, 
and doing so resulted in a final g_1 of 0.088, 
R2 of 0.072; standard deviation of observation 
Of unit weights was 1.47. The thermal param­
eters of all of the acetone atoms were in keep­
ing with those of the rest of the structure. No 
attempt was made to refine hydrogen atoms. 

The complex consists of clusters of compo­
sition (Sr2(DPP)4( CH3) 2CO) 2 around the center 
of symmetry at the origin. The clusters are 
related only by unit cell translations, and the 
only inter-cluster contact of less than 3.50A 
is 3.42A between two phenyl carbon atoms 
across the center of symmetry at 0, 1/2, 0. 
The Sr(1) and Sr(2) atoms are respectively 

seven- and six-coordinated by the oxygens of 
the DPP ligands and the acetone (Fig. 1). Each 
Sr atom shares two oxygen atoms with each of 
two neighboring Sr atoms, forming a cluster 
around the center of symmetry. The bridging 
oxygens, 0(1) and 0(2) of DPP(1) and 0(3) and 
0(4) of DPP(2), occupy the corners of a slight­
ly distorted parallelepiped, with four rectangu­
lar faces capped by Sr atoms and the two 
nonrectangular faces occupied by the DPP 
ligands (Fig. 2). The distances from Sr to 
the bridging oxygens average 2.55A with no 
significant difference between the two differ­
ently coordinated Sr atoms. The distances 
from the Sr atoms to the unshared oxygens 
average to 2.44A indicating the expected 
tighter bonding to the unshared li$ands, and 
the Sr(1) to 0(9) distance is 2.60A, in keeping 
with the fact that the acetone is uncharged and 
thus not as tightly bound as the negative DPP 
ligands. 

The primary Clifference between the Sr and 
Ca molecular conformation is the degree of 
distortion of the central parallelepiped of 0 
atoms (Fig. 1). The acute angle between the 
rectangular faces is 69• for the Ca and 83" 
for the Sr complex. The planes that make up 
the central parallelepiped are closer together 
in the Ca compound than they are in the Sr 
complex. These effects can be explained by 
the differences between the Ca-0 and Sr-0 
bond lengths, which are compatible with the 
difference in ionic radius between Ca and Sr 
(Ca-Oave = 2.37 A, Sr-Oave = 2.55A; 
rc = 0.99 A, r S = 1. 13 A). - a - r 

These results suggest that a combination 
of the bulk of the ligand and the length of the 

Fig. 1. Stereoscopic view of the coordination around the Sr atoms. The 
center of symmetry at 0, 0, 0 is indicated. Thermal ellipsoids have been 
scaled to include SO% probability. (XBL 724-7?3) 
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Fig. 2. Stereoscopic view of the complex cluster. Phenyl carbons except 
for those attached directly to the diketone have been omitted, and the acetone 
atoms have been given artificial thermal parameters for clarity. View di-
rection and scaling of the thermal ellipsoids are the same as in Fig. 1. (XBL 724-792) 

M-0 bond is the criterion for whether or not 
polymerization is favorable. With a short 
M-0 bond length, as with Mg or the divalent 
first-row transition metals, ligands with side 
groups as bulky as t- butyl (DPM) or phenyl 
(DPP) are forced too close to one another in 
the configurations necessary for polymeriza­
tion. When the M-0 distance increases, as 
for Ca, Sr, or Pr (III), then neighboring lig­
ands need not be so close together, and the 
advantage of sharing ligands to get greater 

coordination from the negative ions can be 
realized. 

Footnotes 

t Condensed from LBL-1268; submitted to 
Acta Crystallographica. 

'~ Present address: Chemistry Department, 
University of Iowa, Iowa City, Iowa. 

THE CRYSTAL AND MOLECULAR STRUCTURE OF 

1, 3-DIPHENYL-1, 3-PROPANEDIONE ENOL t 

F. J. Hollander,* D. H. Templeton, and A. Zalkin 

The crystal structure of 1, 3-diphenyl-1, 3-
propanedione (HDPP), .!z was solved as part of 
a study of complexes of its anion with alkaline­
earth metals 1 before we learned of another 

determination of the str~cture. 2 We report 
our results for comparison with the earlier 
work as an example of two accurate determina­
tions of the same structure. 

The HDPP was recrystallized from aqueous 
ethanol. The crystals are orthorhombic, space 
group Pbca. The cell dimensions are a = 
10.853(1)A, b = 24.441(1)A, and c =8.755(1)A 
at 23° C as determined by least squares on 
twelve well-centered reflections in good agree­
ment with the previous work [a = 10.857(2), 
.£ = 24.446(5), and _£ = 8.756(2)A]. Intensity 



data were collected on a crystal of dimensions 
0.19X0.23X0.12 mm, using monochromatized 
Cu Ka radiation and a e-2e scan technique on 
a Pkker automatic diffractometer. 1 724 
unique data were collected, of which 10 70 had 
!:_ > a(!:') and were included in least squares. 
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The structure was solved by direct methods. 
The structure was refined by least squares to 
a final R value of 0.027, with isotropic thermal 
parameters for hydrogen and anisotropic pa­
rameters for the other atoms. Details are 
given elsewhere. 1 

Our results are similar but not identical to 
those of Williams. 2 We used individual ther­
mal parameters for hydrogen atoms, which 
Williams did not, and reduced ~ 1 to 0.027, 
compared with Williams' R1 = 0.059. Consid­
eration of the distances and angles reveals no 
differences between the two structures that are 
much greater than the sum of the standard 
deviations for each. The hydrogen atom in the 
hydrogen bond, H(29), is found more nearly 

equidistant from the two oxygen atoms than in 
the earlier determination, and shifts of slightly 
less than one standard deviation in its coordi­
nates would make it exactly equidistant. The 
differences in the 0(16)-C(13)-C(14)-C(15}-
0(17) distances indicate a slight preference_ 
for the tautomer with H(29) on 0(1 7) as in the 
earlier study. 

Footnotes and References 

t Condensed from LBL-1273; submitted to 
Acta Cry·stallographica. 
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Present address: Chemistry Department, 
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THE CRYSTAL AND MOLECULAR STRUCTURE OF 

2-(N-NITROSOMETHYLAMINO) ACETAMIDEt 

L. K. Templeton, D. H. Templeton, and A. Zalkin 

Kenyon and Rowley1 found 2- (N-nitrosom­
ethylamino) acetamide as the hydrolysis prod­
uct of a secondary N-nitrosoamine. It cTystal­
lized as a mixture of needles and plates. On 
the basis of nmr spectra they concluded that 
the needles contained a mixture of the E and Z 
isomers:2 

~ /> 
N 0 N 0 
II II II II 

CH -N-CH -C-NH 
3 + 2 2 

CH
3

-N-CH2 -C-NH
2 

E z 

We report a crystal structure determination 
which confirms this result. We found a 50:50 
mixture of the isomers with conformation as 
shown in Fig. 1 . 

Colorless, needlelike crystals, synthesized 
by the reaction of sarcosinamide with nitrous 
acid, 1 were provided by Professor Kenyon of 
the University of California, Berkeley. A 
crystal of dimensions 0.066X0.042X0.111 mm 
was glued to the tip of a glass fiber in air. 

Fig. 1. Perspective drawing of theE and Z 
isomers. Thermal boundaries are at the 50o/o 
probability level. For this drawing the hydro­
gen atoms were given artificial thermal param-
eters of B = 0.5. (XBL 719-1339) 

Preliminary x-ray diffraction data were ob­
tained from oscillation and Weissenberg photo­
graphs taken with copper radiation. Accurate 
unit cell dimensions were determined from 



measurement of h 0 0; 0 k 0, 0 0 .R. reflec­
tions, using a Picker automatic diffractometer 
equipped with a full circle goniostat, graphite 
monochromator. Intensity data were collected 
with the same instrument by a e- 2(} scan tech­
nique. From monitoring three reflections it 
was found that there was a 30o/o decay in the 
intensities during the experiment, and the in­
tensities were adjusted on the assumption that 
all reflections decreased at the same rate. 
No correction for absorption was made; it is 
estimated to affect the intensities no more 
than 7o/o . All reflections in the hemisphere 
+ h, k, ± .R. were measured. Excluding sys­
tematic space group absences, there were 
2444 data which represent 1417 unique reflec­
tions, of which 1184 are greater than one 
standard deviation. 

The crystals are monoclinic with unit cell 
dimensions measured at room temperature 
(-24"C): a= 16.681±0.030, b=4.774±0.005, 
c = 14.318±0.015A, 13=92.95±0.2". Thereare 
eight molecules of C3H7N302 (four of each 
isomer) in the unit cell. The calculated den­
sity p = 1.367 g/cc agrees well with the ob­
served density p =1.36±0.02 g/cc measured by 
flotation in solutions of chloroform and hex­
ane. The extinction rules are characteristic 
of space group P21/n. 

The structure was solved from statistics. 
The phases of normalized structure factors E 
were calculated for 16 possible combinations 
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of signs of four reflections. One combination 
of signs was better than the rest, with a con­
sistency index of 0.80, compared with the next 
best value of 0.77. The Fourier synthesis of 
this best E set showed both the E and Z iso­
mers and yielded the coordinates of the 16 non­
hydrogen atoms (carbon, nitrogen, and oxygen) 
in the asymmetric unit. 

With anisotropic thermal parameters (for 
the 16 atoms) the full-matrix least- squares 
refinement reduced R1 to 0.089 for 1184 non­
zero reflections. All 14 hydrogens except for 
one in the methyl group of the E isomer showed 
well-defined peaks in a difference Fourier. 
With the addition of three positional param­
eters and an isotropic thermal temperature 
factor for each of the 14 hydrogens, refinement 
gave R1 = 0.044. 

Corresponding -bond distances in the two 
isomers (Fig.1) are equal within the exper­
imental accuracy except perhaps the N-N and 
N-0 distances; the latter differ respectively 
by three and two times the sumes of the stand­
ared deviation. The dimensions of the amide 
groups (corrected for thermal motion) are in 
excellent agreement with the corresponding 
bond lengths C-N = 1.338(7) and C-0 = 1.258(6) 
A reported by Denne and Smau3 for acetamide, 
and C-N = 1.334(4) and C-0 = 1.254(4) A re­
ported by Chieh, Subramanian, and Trotter. 4 
For the amide-methylene bond (uncorrected 
for thermal motion) our values C-C =1.513(4), 

Fig. 2. Projection of the unit cell looking down the b axis. Hydrogens are 
represented by the small circles. The dotted lines are hydrogen bonds. When 
the line is broken the bond is to the molecule above or below. The numbers 
identify the different oxygen atoms. (XBL 724-778A) 
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1.5184) A are close to C-C = 1.507(4) in malon­
amide. 4 The C-N bond lengths exhibit the par­
tial double- bond character typical of amides. 
The bond lengths in the vicinity of the nitroso 
groups agree within 0.03 A or better with cor­
responding bonds in gaseous nitrosodimethyl­
amine as determined by electron diffraction: 5 
N-0 = 1.235(2), N-N =1.344(2), and N-C =1.461 
(2) A. We have failed to find reports of accu­
rate determinations in the solid phase of struc­
tures of strictly analogous molecules. 

Each amide hydrogen atom is pointed to­
ward an oxygen atom at a reasonable distance 
for an N-H • · · 0 hydrogen bond. These bonds, 
as shown in Fig. 2, connect the amide of the Z 
molecule to nitro so oxygen atoms of each kind 
of molecule, The amide of the E molecule is 
connected to carbonyl oxygen atoms of each 
kind of molecule. These bonds connect the 
molecules in infinite layers parallel to band c. 
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(±)4a, 8a, 14{l-TRIMETHYL-18-NOR-5a, 13{l-ANDROST-9(11)-en-3, 

17-DIONE, A SYNTHETIC PRECURSER TO FUSIDIC ACIDt 

D. L. Ward, D. H. Templeton, and A. Zalkin 

Fusidic acid ha's been shown to be effective 
in combating infections caused by staphylo­
cocci. The total synthesis of the tetracyclic 
nucleus of fusidic acid has been accomplished 
by Dauben, et al. 1 yielding a (±) material 
whose NMRspectrum is essentially identical 
with that of the (+) material obtained from fusi­
dic acid. The crystal and molecular structure 
determination of the synthetic (±) material, 
4a., 8 a., 14~ -trimethyl-18 -nor- 5o., 13~ -androst-
9(11) -en-3, 1 7-dione, C21H3002, was under­
taken to establish its structure and stereo­
chemistry. The structural formula is shown 
in Fig. 1, 

A crystal of approximate dimensio~f 
0.30X0.16X0.13 mm(fJ-MoKa. =0.81 em ) was 
used. Weissenberg photographs revealed the 
diffraction conditions to be compatible with 
space groups C2/c and Cc. Diffraction data 
were measured at 24• C with an automatic dif­
fractometer using graphite monochromatized 
MoKa.radiation: Monoclinic, C2/c,a=19.562 
(6)A, .!?_=11.915(4)A, ~=15.623(4)A,-~=107.84 
(4)•, 24• C, c 21 H 30o 2, M = 314.47, Z = 8, 
Dx = 1.208 g• cm-3. Intensities for the hemi­
sphere with k po·sitive were collected for 
28< 40° using the 8-28 scan method. Assum­
ing 2/m symmetry, equivalent reflections were 
averaged to give 1622 unique reflections of 
which 49 5, with I< 3o-(I), were given zero 
weight. 

H 

Fig. 1. Structural Formula 
(XBL 7212-7483) 

The crystal structure was solved using the 
program MULTAN. 2 It was refined by full­
matrix least-squares to R1 = 0.0336 and R2 = 
0.0412; R1 = 0.0539 including zero-weighted 
data. Three additional cycles of full-matrix 
least- squares refinement using the polar com­
plex hydrogen scattering factors as described 
by Templeton, Olson, Zalkin and Templeton3 
let to R1 = 0.338, R2 =0.0409, R1 (including 
zero-weighted data) = 0.0 538. 
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The structure is closely related to that of 
fusidic acid reported as the methyl ester 3-p­
bromobenzoate by Cooper and Hodgkin. 4 A 
major differenc·e between the stereochemistry 
of the tetracyclic nucleus in the two structures 
is the 13j3-hydrogen in the present compound 
leading to a cis C/D junction; this is appar­
ently of no consequence in establishing a chem­
ical relationship between the two compounds 
as the configuration at C(13) can be inverted 
by the enol-keto equilibrium at C (1 7) during 
the anticipated synthesis of fusidic acid from 
the present compound. The observed bond 
lengths do not appear to differ significantly 

Fig. 2. Molecular Structure. The thermal 
ellipsoids were drawn at the 50o/o probability 
level and the hydrogens were given arbitrary 
temperature factors of 1.0 A 2. 

(XBL 7212-7482) 

from the typical values for steroid structures: 
Angle distortion in the 5-member D ring ap­
pears to be a real effect of strains in the mol­
ecule resulting from the > C = 0 entity at C( 1 7), 
the 9( 11) > C = C < bond, the cis C/D ring june­
tion, and the methyl groups substituted at C(8) 
and C(14). Similar effects were reported for 
fusidic acid. 4 

A drawing of the molecule is shown in 
Fig. 2. This particular view of the molecule 
emphasi es the distortion of the tetracyclic 
nucleus from the relatively planar form found 
when there are all trans ring junctions and 
when there is no unsaturation in or adjacent 
to the rings. 
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SCAVENGER EFFECTS IN THE RECOIL TRITIUM REACTIONS OF CYCLOHEXENE* 

D. C. Fee and S. S. Markowitz 

Many recoil tritium experiments have used 
scavengers to remove thermalized tritium at­
oms and radical intermediates from the system 
before such species can yield products which 
might be confused with high-energy tritium re­
actions. 1 The yield of products formed solely 
by high-energy (hot) reactions will remain un­
changed over a wide range of scavenger concen­
trations. The yield of products formed by both 
thermal and hot processes will decrease rap­
idly with the addition of scavenger until a pla­
teau is reached where the yield becomes rel­
atively insensitive to scavenger concentration. 
In this region all thermal reactions, except 
with the scavenger, have presumably been 
suppressed and the yield is due entirely to hot 
reactions. 2 

The comparative efficiency of sulfur diox­
ide and oxygen as radical scavengers has re­
cently been determined in the T+cyclohexene 
gas phase system. 3 Ethylene-t and butadiene 
are primarily high-energy products from the 
unimolecular decomposition of excited <;rclo­
hexene-t formed by direct substitution. The 
ethylene-t yield exhibited identical scavenger 
plateaus with sulfur dioxide and oxygen scav­
enging. The butadiene-t yield was unaffected 
by sulfur dioxide scavenging but increased by 
nearly SOo/o with oxygen scavenging. This anorn-

alous increase in the butadiene-t yield with ox­
ygen scavenging is similar to an anomalous in­
crease in the ethylene-t yield with Oz scaven­
ging that was reporte<!; by Urch and Welch in 
the T+ethane system. 

The anomalous ethylene-t increase in the 
T+ethane system was explained by Baker and 
Wolfgang. 6 Apparently, in the absence of Oz, 
radiation-produced H atoms were being scav­
enged by the ethylene-t formed by hot tritium 
reactions. This reduced the ethylene-t yield 
in unscavenged systems. When 0 2 is added, 
the radiation-produced H atoms were being scav­
enged by more efficient Oz and the ethylene-t 
yield increased from essentially zero to its 
"hot" value. 

We decided to determine how the butadiene-t 
yield from T+ cyclohexene reactions varied with 
scavenging by butadiene-d6 and by hydrogen sul­
fide. The pertinent rate constants are shown in 
Tables I and II. We use methyl radicals as rep­
resentative of all alkyl radicals; the rate con­
stants of other alkyl radicals are not known for 
all potential scavengers. Abstraction is there­
action whose product is Hz and CH4 when hydro­
gen atoms and methyl radicals are respectively 
one of the reactants. Addition is the reaction 
which removes H-atoms or methyl radicals 

Table I. Hydrogen atom reaction rate constants at zs• C. 

Reactant 

butadiene 

cyclohexene 

02 
ethylene 

trans- 2- butene 

aNot determined. 

bNot applicable. 

Addition 
[ 9 3 -1 -1 10 em mol sec J 

1500 Ref. (7) 

600 (8) 

300 (9) 

200 (7) 

180 (7) 

6 (11) 

Abstraction 
[ 9 3 -1 -1 10 em mol sec J 

22 (7) 

n.d.a 
b 

13 ( 7) 

21 (10) 

160 (7) 

0.6 (12) 
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Table II. Methyl radical reaction rate constants at 25• C. 

Addition Abstraction 
Reactant 

[ 
6 3 -1 -1 

10 em mol sec ] [ 
6 3 -1 -1 

10 ern mol sec ] 
--------
02 15000 Re£.(13,14) 

b 

soz 5 000 (13) 

H 2S 

butadiene 

ethylene 

trans- 2- butene 

cyclohexene 

n-butane 

aNot determined. 

bNot applicable. 

160 

1.2 

0.3 

n.d. 

from the system by forming a new radical (via 
radical addition to the double bond of the scav­
enger) or by forming a stable molecule such 
as CH3SOz. From these tables, two things 
are clear: 1) Butadiene-tis the most reac­
tive hydrocarbon in the Tt cyclohexene system. 
It could be selectively depleted not only by hy­
drogen atoms but by also by radiolysis -pro­
duced radicals. However, a "radical contribu­
tion" to the anomalous increase in the butadi­
ene -t yield in the oxygen- scavenged Ttcyclo­
hexene system can safely be neglected. Both 
Oz and SOz are orders of magnitude more re­
active with radicals than butadiene-t. 2) Buta­
diene-d6 is the most efficient of the four scav­
engers (Oz, SOz, HzS, C4D6) for removing H 
atoms. The effect of butadiene-d6 scavenging 
on the butadiene -t yield should be unambiguous. 

Figure 1 .shows that the butadiene-t yield 
increases with butadiene-d6 scavenging. The 

Fig. 1. The effects of o 2, SOz, H 2S, C4D6 and 
c 4D 6 plus 0 2, C 4D 6 plus SOz, C4D6 plus HzS 
on the butadiene-t yield from T+ cyclohexene 
reactions. Product yields are listed relative 
to the cyclohexene-t yield as 100. The Oz and 
SOz single scavenger points are from Ref. 3. 
The solid data points represent C4D6 plus an­
other scavenger used jointly. The abscissa in 
this case does not include the moles of C4D6. 
The zero scavenger data point and the 5 mole 
o/o scavenger data point have been connected 
with line for clarity. We do not imply that the 
variation of yield with added scavenger is lin­
ear in this region. (XBL 726-3101) 

(16) 

(16) 

(16) 

3 000 (15) 

n.d.a 

0.02 (16) 

0.2 (16) 

n.d. 

0.004 (1 7) 

scavenger plateau is identical to that obtained 
with Oz scavenging. This supports the hypo­
thesis that the butadiene-t yield is selectively 
depleted by radiolysis -produced H atoms in 
the absence of Oz. The butadiene-t yield de-

moles scavenger 

moles scavenger + moles (j) 
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creases with H2S scavenging. H2S is a source 
of H atoms through radiolysis. 18 Table I shows 
that H2S is inefficient as an H atom scavenger. 
The increase in H atom concentration with no 
increase in the ability to scavenge H atoms 
(relative to butadiene -t) would further reduce 
the butadiene-t yield. 

The hypothesis that butadiene-tis selec­
tively depleted by reactions with H atoms from 
the radiolysis of H2S and/ or cyclohexene is 
supported by the dual scavenger data in Fig.1. 
The solid data points show the effect on the 
butadiene -t yield when two scavengers are used 
simultaneously. All samples were scavenged 
by butadiene-d6· The butadiene-d6/(cyclo­
hexene + butadiene-d6) ratio was constant at 
0.15. Varying amounts of H2S, 0 2, or S02 
were added as indicated. The butadiene-t 
yield is the same for each of the combinations 
of scavengers and is slightly higher than for 
02 or butadiene-d6 used solely. 

Therefore we conclude that the "hot" buta­
diene-t value from T + cyclohexene reactions 
can only be determined with 02 or butadiene-dt, 
scavenging. 
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PHOTOLYSIS OF AQUEOUS N-ACETYLALANINE AT 2288A 

M. E. Jayko, H. A. Sokol, and W. M. Garrison 

Our studies of the "{-radiolysis of simple 
peptide s such as the N -acylamino acids in con­
centrated aqueous solution have provided ev­
idence that excited-molecule reactions are in­
volved in the observed radiolytic degradation 
of the peptide main-chain. 1 Recent informa- --

tion suggests that excited states of solute spe­
cies in concentrated aqueous systems are pro­
duced through a charge transfer mechanism. 2 
In the case of the N-acylamino acids such re­
action would be of the form 



H 0++ RCONHCHRCOOH 
2 -----> 

303 

(1) 

(RCONHCHRCOOH)+ + H
2
0, (2) 

e + (RCONHCHRCOOH)+ > 

(RCONHCHRCOOH)'~, (3) 

(RCONHCHRCOOH) ~, > products. 

(4) 

These considerations suggest that peptide main­
chain chemistry may also be induced photo­
chemically. Accordingly we have examined 
the photo-induced reactions of the simple pep­
tide N -acetylalanine in oxygen-free solution, 
using the cadmium 2288A line. Observed 
reaction products and quantum yields, ~. are 
summarized in Table I. The major findings 
can be interpreted in terms of the stoichio­
metries 

RCONHCHRCOOH--->RCONHCH2R+ C02, 

(5) 

H 20 + RCONHCHRCOOH > 

RCONHCH(OH)R + HCOOH, (6) 

Table I. Photolysis of N-acetylalanine (0.3 M) 
at 2288A. 

Product 

carbon dioxide 
ammonia (amide) 
acetaldehyde 
formic acid 
pyruvic acid 
propionic acid 

Quantum yield ( <P) 

0.15 
0.08 
0.06 
0.05 

<0.001 
<0.001 

The decarboxylation reaction (5) which occurs 
with <P = 0.15 is characteristic of compounds 
containing the C-COOH linkage and does not in­
volve specific peptide chemistry. On the other 
hand, reaction (6) which is observed with 
q; = 0.06 yields the dehydropeptide, RCONHCH 
(OH)R. This species is labile and decomposes 
to the corresponding amide and aldehyde prod­
ucts 

RCONHCH(OH)R -. --> RCONH2 + RCHO. (7) 

In accord with the formulation given in Eqs. ( 6) 
and (7), we find <P HCOOH "" <PRCHO as shown 
in Table I. More extensive studies of the role 
of dehydropeptide production in the photolysis 
of simple peptides in aqueous sy.stems are in 
progress. 
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RADIATION-INDUCED REACTIONS OF AMINO ACIDS AND PEPTIDES* 

W. M. Garrison 

During the past few years there has been a 
very marked increase in the amount of work 
being done on the radiation chemistry of bio­
organic compounds both in aqueous solution 
and in the solid state. Our work in this area 
has been confined to those simpler compounds 
that represent well-defined physico-chemical 
systems. In the present paper we review the 
specific role of ionic, free-radical, and ex­
cited-molecule reactions involved in the-y-

radiolysis of the simpler a.-amino acids, N­
acylamino acids, and oligopeptide derivatives 
in dilute solution, in concentrated solution, 
and in the solid state. 

Footnote 

~'condensed from UCRL-20440; published in 
Radiation Res. Rev. i• 305 (1972). 



304 

RADIATION CHEMISTRY OF GLYCYLGLYCINE IN OXYGEN-FREE SYSTEMS* 

W. M. Garrison, H. A. Sokol, and W. Bennett-Corniea 

Radiation-induced reactions of the a-amino 
acids in the uncombined form have been studied 
quite extensively both in aqueous solution and in 
the solid state.f Similar attention has been giv­
en to the radiation chemistry of certain peptide 
forms of these amino acids such as the N-acyl 
and polyai:nino acid derivatives. 1, 2 However, 
no systematic and detailed radiation-chemical 
study of the peptide series 

NH2 CHRCO(NHCHR CO) TJ NHCHRCOOH 

has been made over a range of molecular weight. 

We have undertaken such a study and in the 
present paper we examine the -y-ray induced re­
actions of the simplest member of this series, 
viz., glycylglycine ( TJ =0). Work described here 
is confined to oxygen-free systems. The radi­
ation chemistry of glycylglycine in oxygenated 
solution has been described in an earlier paper .3 

Yields of products formed in the -y-radiolysis 
of glycylglycine in dilute solution, in concen­
trated solution, and in the solid state are sum­
marized in Table I. 

Table I. Product yields (G values) in the-y­
radiolysis of glycylglycine in oxygen-free sys­
tems. 

Product 

Ammonia, total c 
Ammonia, free 
Acetylglycine 
Acetic acid, free 
Glyoxylic acid 
Formaldehyde 
Aspartic Acid 
Diaminosuccinic acid 
Glycolic acid 
Succinic acid 

Aqueous a 

0.05M 

3.3 
2.8 

1.0M 

5.2 
3.8 
2.9 0.9 

<0.1 
0.52 

<0.10 
1.1 
0.8 

<0.1 
<0.1 

<0.1 
0.76 
0.22 
0.30 
1.7 
0.5 

<0.1 

aDose, 1.4 X1o 19 eV/g solution. 

bDose, 2.1 X10 20 eV/g solid. 

Solidb 

5.4 
3.5 
3.3 

<0.1 
1.0 
0.30 
0.1 
Present 
0.4 

<0.1 

cFree ammonia plus "amide" ammonia, 

Major experimental findings in the aqueous 
systems can be intE2{preted in terms of the radi­
ation-induced step 

followed by removal of the hydrated electron, 
eaq• and the OH radical via 

--->NH
3 

+ NH;cH
2

CONHCHCOO-, 

(1) 

(2) 

(3) 

where reaction (2) represents the source of free 
<~;mmonia. Subseq':_ent rem<tval of the r.adicals_ 
CH2CONHCH2COO and NH3CH2CONHCHCOO 
formed in steps (2) and (3) respectively involve 

NH;cH
2

CONHCH
2

COO-+CH
2

CONHCH
2

COO-­

NH;cH2CONHCHCOO-+CH3CONHCH2COO­
(4) 

NH;cH
2

CONHCHCOO-

I 
CH

2 
CONHCH

2 
COO 

2NH;cH2CONHCHCOO---> 

NH;cH2CONH~HCOO­
NH~ CH

2 
CONHCHCOO-, 

(5) 

(6) 

2NH;CONHCHCOO--->NH;cH2CONHCH2COO 

+ NH;CH2CON=CHC00-

(7) 

Removal of CH2CONHCH2COO via reaction (4) 
yields the observed acetylglycine product. Re­
actions (5) and (6) represent the paths for for­
mation of aspartic acid and diaminosuccinic 
acid as measured after hydrolysis of the irradi-
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ated solution. The disproportionation reaction 
(7) .1:eads to formation_ of the dehydropeptide 
NH4CHzCON=CHCOO , which species is labile 
and yields amide and glyoxylic acid on mild hy­
drolysis: 

H 20 + NH;CH
2

CON=CHCOO- --> 

NH;cH
2

CONHCH(OH)COO-, 

NH;CH
2

CONHCH(OH)COO- --> 

NH; CH2 CONH2 + CHOCOO-

(8) 

(9) 

The data for 0.0 5 M glycylglycine are in quan­
titative accord with the above mechanism and 
the reported yields for the "{-ray-induced step 
(1). 

On increasing the glycylglycine concentration 
from 0.05 M to 1 M, we find that the yield of 
free ammonia increases from 2.8 to 3.8. This 
increase is accompanied by a corresponding in­
crease in the combined yields of acetylglycine 
and aspartic acid, which products are derived 
from the CH

2 
CONHCH

2 
COO- radical. The 

evidence is that the yield of the reductive de­
amination reaction (2) increases with increasing 
glycylglycine concentration in qualitative accord 
with the spur-diffusion model. 5 

We note also that the re.lative yields of final 
products derived from the CH2CONHCH2coo­
radical, i.e., acetylglycine and aspartic acid, 
are markedly dependent on glycylglycine con­
centration. For example, in 0.05 M solutions, 
the acetylglycine and aspartic acidare produced 
in essentially equal yield. However, in the 1 
M solution, the acetylglycine yield is almost 
an order of magnitude greater than the aspartic 
yield. This is consistent with the formulations 
of reactions (4) and (5) as written. At the 
higher solute concentrations the radical-mole­
cule reaction (4) is favored over the radical­
radical reaction (5). 

As shown in Table I, we find that acetylgly­
cine and ammonia are also formed as major 
products in the radiolysis of glycylglycine in 
the solid state. In fact, the specific yields of 
these products from solid glycylglycine and 
from the concentrated glycylglycine solutionare 
remarkably similar. We have pointed out else­
where1 • 2 that such a result would be expected 
if electrons formed in the polar glycylglycine 
solid escape the positive charge and subse-

quently react through reductive deamination via 
the analog of reaction(2); i.e., 

NH;cH
2

CONHCH2COO- ~> (10) 

NH; CH
2 

CONHCHCOO- + H+ + e ~, 

e~ + NH;cH2CONHCH2COO- --> NH3 

+ CH
2

CONHCH
2
COO-. 

(11) 

The peptide radicals of the type formed in 
reaction (10) correspond to the long-lived radical 
species observed in irradiated glycylglycine at 
room temperature. 6 The CHzCONHCH2COO­
radicals formed in reaction ( 11) are removed 
through the equivalent of the hydrogen-abstrac­
tion reaction (4) to yield acetylglycine and ad­
ditional peptide radicals. On dis solution of the 
irradiated solid in oxygen-free water, the long­
lived peptide radicals formed in steps (10) and 
(4) are removed, primarily through dimeriza­
tion via step (6) to yield the diaminosuccinic 
acid derivative. 

The stoichiometry of reactions (10), (11), and 
(4) provide a basis for estimating the yield for 
ion-pair production in solid glycylglycine; i.e., 
G(I. P.):::: G(NH3)f:::: G(CH3CONHCH2COOH):::: 3.5. 
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FURTHER STUDIES ON THE METASTABLE DISSOCIATION OF THE 

CH+ ION PRODUCED BY ELECTRON IMPACT* 

A. S. Newton and A. F. Sciamanna 

Basic studies on the formation and disso­
ciation ch..fracteristics of the metastable states 
of the CH and CD+ ions respectively were de­
scribed in the 1971 LBL Nuclear Chemistry 
Annual Report, 1 Owing to questions by the ref­
eree of this paper, further work has been done 
to clarify the appearance potential, A. P ., ff 
the +unimolecular dissociating states of CH or 
CD as contrasted to the A.P.for theunimolec­
ular process combined with a small amount of 
collision- induced dissociation in previous deter­
minations. 

CH+ ions are formed by electron impact on 
acetylene. Any molecule containing the CH 
group can be used, ~ut acetylene gives the 
highest yields of CH ions in the metastable 
state, In order to eliminate collision-induced 
dissociations of CH+ ions from the ionization 
efficiency curve for the appearance of the prod­
ucts of the metastable dissociation, 

c+ + H 

c+ + D 

(M/q)'~ 11.077 

* (M/q) 10.286, 

the curve must be determined at zero pressure 
of gas in the mass spectrometer. Since this is 

8 eV 

0 31 

Inlet Pressure iii_ JLm 

30 

29 

28 

27 

26 

Fig. \· Peak-sensitivity vs pressure of 
(M/q) = 10.286 in the mass spectrum of C2D2 
at various ioniz~ng electron energies. Energy 
standard: 22Ne appearance potential. 

(XBL 724-656) 

impossible, an extrapolation procedure was 
used. At each electron energy, the peak sensi­
tivity (intensity/pressure) of the metastable 
ion peak from C2Dz was determined as a func­
tion of pressure. The curve for each electron 
energy was then extrapolated to the zero pres­
sure intercept. Plotting the intercepts against 
electron energy then yields an ionization effi­
ciency curve at zero pres sure, This curve is 
characteristic of the unimolecular dissociation 
process only. 

The sensitivity vs pressure curves at various 
electron energies are shown in Fig. 1. At an 
electron energy of 26 eV, the curve extrapolates 
to zero sensitivity at zero pressure, but at 27·ev 
and above, positive intercepts characteristic of 
the unimolecular process are observed. In Fig. 
2 the ionization efficiency curve is plotted, The 

!! 
·c: 
::> 

~ 

~ 
:0 
~ 

-~ 

?:-
~ 
'iii 
c:: ., 

V) 

... 
0 ., 

l Q. 

22 24 26 28 30 32 34 

Electron Energy in eV (corrected) 

Fig. 2. Ioni~ation-efficiency curve for produc­
tion of (M/q) ··= 10.286 in the mass spectrum of 
C2D2. Curve A: An X- Y recording of ion in­
tensity vs electron energy at an inlet pressure 
of 150 flm, Points are from peak sensitivity vs 
pressure curves (Fig.1) at an inlet pressure of 
150 flm· Curve B: Zero pressure intercepts of 
peak sensitivity-pressure plots from Fig.1. 

(XBL 724-655) 
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present results at zero pressure (curve A) are 
compared to previous results at 150 f.lm inlet 
system pressure(- 1.4X10-4 f.lm ion source 
pressure and -1.4X1Q-6 f.lm analyzer tube pres­
sure), curve B, solid curve. Also plotted on 
curve B (open circles) are the normalized 150 
f.lm intercepts from Fig. 1. The agreement is 
sat~sfactory and it is evident that the A. P. of 
CD (m) from CzDz is 26.0 ± 0.5 eV. These 
curves show the excitation cross section to in­
crease slowly for the first few volts above the 
A.P. and risf faster above 29eV. The disso­
ciation of CD (m) was found to be accompanied 
by the release of 1.4± 0.4 eV of kin1-tic energy. 
The dissociation limit of CzDz to C (2P1;z 
t H (2S) +CD (X 2 rr., v =0) is 24.78 eV, assum­
ing no kinetic energy release in the inital fast 
dissociation of CzDz. The 1.'\ eV of kinetic en­
ergy in the dissociation of CD (m) gives a cal­
culated A. P. of the metastable ion of 26.2 eV, 
in good agreement with the observed value. 

15 

lt·, 3n, sn 35 
c•1 2 01 • H 1251 

.. 
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c•l 2PI• H( 251 25 .. 

20 

Fig. 3. Potential energy curves of the CH+ ion 
as calculated by Lorquet et al. (Ref. 2). The 
energy scale on the right refers to the energy 
above the ground state of CzHz with CH frag­
ment formed in v = 0 of the X 2II ground state 
and with no release of initial kinetic energy. 

(XBL 723-563) 

In Fig. 3 are shown the calculated potential· 
energy curves of states in the CH+ system.2,3 
The A. P. and kinetic energy release for the 
metastable CH+ (or en+) ion are consistent 
with the metastability arising from predisso­
ciation of the b 3z- state of CH+ with the repul­
sive c 32:+ state. The ~ros~ing is forbidden 
by the selection rule

3
2: -f 2: . The b 3z state 

can radiate to the a II state by an allowed 
transition, and two bands of this sytem have 
been observed. 4 No radiative lifet~me d~ta are 
available, but correlation of many ~ -.... II 
transitions corrected to this energy range in­
dicate that a radiative lifetime of 0.4 to 1.0 
f.LSec is not unreasonable. Therefore the 0.4-
IJ.Sec half-life for the metastable dissociation 
observed may be the partial half-life deter­
mined by competition of dissociative and radi­
ative processes. 

Because the initial ex~itation with electrons 
is the excitation of CzH2 , ~o conclusions re­
garding higher states of CH which may be 
metastable (as has been postulated to be the 
case by Lorquet, eta1.3) is possible. The for­
mation of possible excited states of the CH 
fragment, possible kinetic ene~gy release in 
the fast fragmentation of CzHZ , and a lac~ of 
knowledge of higher excited states of CzHz and 
their fragmentation patterns make questionable 
any conclusions derived from the shape of the 
excitation curve for the metastable ion. 
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GROUP SEPARATIONS FOR SUPERHEAVY ELEMENTS 

J. V. Kratz,* J. 0. Liljenzin,t R. J. Silva,+ and G. T. Seaborg 

Many calculations 
1 

have been performed 
on the ground state electron configurations of 
gaseous atoms of the Superheavy Elements 
(SHE), their oxidation potentials, and other 
properties. However, there is only a loose 
connection between those properties and the 
chemistry of a given element in aqueous solu­
tions. This is due to the fact that in solution 
important processes such as solvation and 
complex formation take place, properties 
that have not been predicted on the basis of 
calculations at the present time. 

A survey of the chemistry of the lighter 
homologs of the SHEs 107 through 116 in 
aqueous solutions shows a strong tendency of 
these elements towards complex formati2n

3 with halide ions: The stability constants ' 
of halide complexes increase within a given 
column of the periodic system with increasing 
element number, and the ligand dependence is 
F- < < Cl < Br- < r-. According to Ahrland4 
this sequence is typical for the so-called 
" soft" acceptor ions whereas "hard" accep­
tors, such as lanthanide and actinide ions, 
form stronger fluoride complexes than do­
ride, bromide, or iodid complexes 
(F- > > Cl- > Br- > r-). In Fig. 1 the sta­
bility constants for the first halide complexes 
in subgroup Ila are plotted versus element 
number. Similar tendencies hold for the com­
plex stabilities in groups VIla, VIlla, Ia, and 
for the heavy homologs in groups III, IV, V, 
and VI; thus we would expect extremely strong 
bromide or iodide complexes for the SHEs 
(see Table I). For practical reasons the use 
of hydriodic acid solutions is disadvantageous 
because noble metal ions may be reduced by 
iodide. Therefore we expect hydrobromic 
acid to be the best medium for a conversion 
of SHE ions into anionic complexes and to 
keep hard metal ions, e. g., trivalent trans­
plutonium element ions, uncomplexed. 

Separations of anionic species from cations 
can be achieved by i) cation exchange, 
ii) solvent extraction by ali~hatic amines (as 
suggested by E. P. Horwitz ), or iii) by 
anion exchange. We have investigated these 
three systems, using radioactive tracers of 
Zn, Ru, Ag, Cd, In, Sn, Sb, Os, Ir, Pt, Au, 
Hg, Tl, Pb, Bi, Po. In addition 238u was 
used in amounts up to 60 mg to study the de­
contamination ffg~ large amounts of target 
material, and Eu served as a tracer for 
lanthanide and actinide elements. 

i) Cation exchange separation. Columns 
of Dowex 50 X 8 (- 400 mesh) (3X 140 mm) 
were transferred to the hydrogen-form with 
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M2+ + x- = Mx+ in H2o at 25•c 
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Fig. 1. Stability constants for the first 
halide complex MX+ for elements of sub­
groups Ila and extrapolation to element 112. 
Data are taken from Refs. 2 and 3. 

(XBL 734-2716) 

Table I. Predicted log K1 values for halide 
complexes of elements 111 through 114. 

Ligand 111 III 112II 113III 114II 

F- - -3 1.2±0.5 3.5±0.5 -1±1 

Cl - 18a 16±3 13±2 -1.1 

Br - 20a 22±6 24±6 -2 

I - 24a 40±16 34±10b -3 

~ixed constants: M(OH)4+H+tx-~M(OH)3x­+ H 20. 

bMay be unstable against reduction to 113
1
!. 

dilute hydrobromic acid, containing a small 
amount of bromine. Os, Ir, Pt, Au, Hg, Tl, 
Bi, and Po are eluted by 4 column volumes of 
0.1 M HBr/Br2 , whereas uo22+ and Eu3+ are 



strongly absorbed on the resin. About 30 "/o 
of NpOz and 95"/o of Mo are eluted by this 
solution. To elute Pb together with the re­
maining parts of Np and Mo it is necessary to 
wash with 6 column volumes of 0.65 M HBr. 
A 1/2-mil-thick U-foil (24.1 mg/cm2) of 
1/2-inch diameter (30.5 mg of U).uses about 
1/7 of the capacity of such a column. The 
first detectable amount of U is not eluted be­
fore 8 column volumes of 0. 65 M HBr. The 
separation is illustrated in Fig. 2. This 
separation has been tested by processing a 
U -target irradiated with 40Ar ions. 

0 10 

Pt 

50 0.1 M HBr/Br2 

Au 

0.1 M HBr/Br2 

HBr/Br2 

0.1 M HBr/Br2 

Pb 

0.65 M HBr/Br2 

8 10 
Column volumes 

Fig. 2. Some examples of the elution of 
homologs of the SHEs with 0.1 M HBr/Br2 
or 0.65 M HBr/Br2 from a Dowex 50X8 
column.-Elution rate one drop per 5 
seconds, 70 •c. (XBL 734-2717) 
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Fig. 3. Examples for the behavior of 
homologs of the SHEs in the group separation, 
using a 3X50 mm column of 1 wt"/o Aliquot 
336 (TCMA· Cl) on Zip ax (24 f.Ll· Elution 
rate one drop per 5 seconds, 70 •c. This 
column was kindly supplied by E. P. Horwitz, 
ANL. (XLB 734-2718) 

ii) Solvent extraction. Various aliphatic 
amines have been tested in extraction chro­
matographic columns by using hydrophobic 
Bioglass, Celite, or Zipax as the inert sup­
port. Sufficiently strong absorpt~on of the Os 
through Po complexes (except Pb +) on the 
column is achieved with tertiary amines or 
quaternary ammonium salts such as Tri-iso­
octylamine (TiOA) or Tri-caprylyl-methyl­
ammonium chloride (TCMA. Cl), respectively. 
As some elements, e. g. , Au and Tl are dif­
ficult to back-extract into the aqueous phase, 
the amines have to be applied in rather low 



concentrations (typical 0.05 M solution in 
aromatic diluent), and feeding of the column 
should be performed in dilute hydrochloric 
acid rather than in hydrobromic acid solutions. 
uo~+and Eu3+ are not extracted under these 
conditions. After feeding the column in 0.01 
M HC1/Cl2 and washing with 5 column volumes 
of the same solution to ensure complete elu­
tion of the uranium, the elements Os through 
Po are stripped quantitatively within 4 column 
volumes of 10M HN03 , as shown in Fig. 3. 
The losses of Os, Ir, and Pt in the feeding 
and washing cycle are caused by reduction of 
these elements by the organic phase. 

iii) Anion exchange. Strong basic anion 
exchange resins such as Dowex 1 show ex­
tremely high KD values (-106)6 for some of 
the noble metal complexes. Desorption of all 
the elements from these resins by one single 
solution was found to be impossible. For 
example, Au which cannot be desorbed by any 
aqueous solution, is eluted with 1 M HI in 
acetone; Pt must be eluted with large amounts 
of strong perchloric acid, while other ele­
ments (Tl, Hg, Bi, Po) must be eluted with 
nitric acid solutions. Thus, anion exchange 
resins were judged to be less suitable for 
group separations of SHEs than the above­
mentioned materials. 
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ANION EXCHANGE RESIN SELECTIVITY AS A FUNCTION OF RESIN 

COMPOSITION, REVISITED* 

J. Bucher, R. M. Diamond, and B. Chu 

It has long been known that the selectivity 
coefficient or equilibrium quotient 

K =[B)[A] 
B/A [A) [B) 

for the (univalent) ion exchange reaction 

A+B:;:A+B (2) 

(where the superscript bar denotes the resin 
phase) generally depends upon the resin com­
position. The data available are mostly for 
cation exchange,· and they show that with mod­
erate to high cross-linked resins the value of 
KB/A usualjy remains constant or decreases 
slightly as XB, the mole fraction of Bin the 

resin phase, increases. 1-5 The decrease 
usually is more marked, the higher the cross 
linking. 

There are a number of exceptions to this 
general behavior, one of the most dramatic 
sets being three univalent anion-exchange 
systems studied by Gregor et al. 6 using a 
strong-base resin, Dowex 2-X8. With per­
chlorate, thiocyanate, and trichloroacetate 
ions vs. chloride, they found a steep increase 
in KB/,Cl with XB, of the order of a factor of 
102. Other anions, such as I-, Br-, N03, 
I03, CH3COz. and F-, showed the usual pat­
tern of a slight decrease. To explain the be­
havior of Cl04, SCN-, and Cl3CO,i, the 
authors postufated that 1) selectivity was 



due to ion-pair formation between the resin 
group and the counter ion, and 2) these par­
ticular anions caused an enhancement of the 
likelihood of another ion pair occurring in the 
vicinity of one already formed, a clustering 
of the ion pairs. Since we did not think that 
electrostatic ion pairing occurs to any signifi­
cant extent between the large trimethylbenzyl­
ammonium cations of the resin and the C104, 
SCN- and Cl3 COz counter ions, 7 and since 
if it 'did occur we might expect the resulting 
decrease in local charge density to cause the 
opposite effect, namely a hindrance to nearby 
ion pairing, we decided to repeat these mea­
surements. 

II.!_Fig. 1 are plotted the values of KB/Cl 
vs. Xc1 found in the present study for 
Re04-Cl-, Cl3COz-Cl-. and CH3 CO~-Cl- ex­
changes. In all three systems the vcilues of 
KBfCl ~emain constant or increase slightly 
with Xcl· This agrees with what was found 
for the CH3CO--Cl- system in Ref. 6, but 
disagrees completely with the 100 -fold de­
crease for Cl04 and Cl3 COz found there. We 
do not know the reason for the disagreement, 
but our Re04 -Cl- data are in agree:nent _with 
a detailed study of the similar Cl04 -Cl sys­
tem published by Freeman. 8 We believe 
these results are correct, and so interpret­
able without recourse to a new type of clus­
tered ion pairing. 
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Indeed, there have been a number of ex­
planations for the usual type of be-
havior; 1, 5, 9-12 most have in common the 
idea that some form of resin heterogeneity is 
the ultimate origin. That is, micro-regions 
in the resin phase differ from each other for 
one or more of a number of physical or chemi­
cal reasons. 13, 14 For example, in the orig­
inal polymerization of the styrenedivinyl­
benzene mixture, it is likely that micro­
regions in the resulting beads differ in their 
cross linking and pore-size distribution, as 
well as the degree of entanglement of the 
matrix. The reactions used to create the 
ionic exchange groups can further alter the 
microstructure in a non-uniform way by the 
addition of methylene bridges and by the num­
ber and placement of the resin-ion sites on 
the polymer matrix. As a result, the charge 
density and water content may vary in the 
resin on a micro-scale. So there are a 
variety of ways in which micro-regions in the 
resin may differ, and there is evidence of 
varying degrees of confidence that all these 
ways do occur. As a result, the different 
micro-regions may have differing selectivities 
for ions (this does not require ion pairing in 
the resin, but is more likely related to the 
availability of water in these regions to hy­
drate the ions and to reduce the electrostatic 
free energy of the charged resin matrix). 
Naturally, those sites that most favor the 
favored ion, say B, will be occupied first by 
it, and only as XB increases will the other 
less favorable sites be exchanged. Thus, the 
value of KBf A will gr~dually fall to an aver­
age over all sites as XB -+ 1. 

More specific explanations are possible, 
and we would like to mention one which is 
compatible with the idea of resin hetero­
geneity. Since we believe selectivity is de­
termined mostly by the differences in hydra­
tion of the two ions in the two phases, 7 we 
must consider how the availability of water 
for ion hydration changes with a change in 
resin composition. As the resin equivalent 
fraction of the ion least in need of hydration 
increases, the amount of water in the resin 
phase decreases, but the availability of water 
for hydrating ions increases. As a result, 
the resin phase becomes slightly more favor­
able to that ion most in need of hydration, and 
so the latter ion's distribution into the resin 
may increase, causing KB/ A to fall with in­
creasing XB. 

Fig. 1. Plot of the equilibrium q~otient, 
KB/Cl' vs. resin mole fraction, XCl' 
for 1) Dowex 1-X10 Re04 -Cl-; 2) Dowex 
1-X8Cl3COz-Cl, 3) Dowex1-X10 
CH3COz-Cl systems. (XBL 7211-4365) 
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ANION STABILIZATION IN THE EXTRACTION OF HAuCI4, HRe04, HCI04, 

HI and HBr BY TRIBUTYL PHOSPHATE IN CCI4 AND BENZENE 

J. J. Bucher and R. M. Diamond 

In a previous two-part study
1 

of HReO!!, 
HC104 extraction by dilute solutions of tn­
butyl phosphate (TBP) in various diluents, 
stepwise complexing, namely a 2TBP· acid 
and a 3TBP· acid complex, was found. This 
behavior, within the range of TBP concentra­
tions employed, was particularly evident in 
iso-octane (a relatively inert hydrocarbon) 
and in CCl4 (a halogenated diluent capable of 
moderate dispersion force interactions). 
CC14 was better able to stabilize the 2:1 com­
plex than could iso-octane. In each diluent 
system the TBP and additional waters were 
thought to be bonded to the three positive sites 
of the H 3o+ ion. 

In another diluent, 1, 2-dichloroethane (a 
high-dielectric-constant solvent) which per­
mitted dissociation of the extracted ions, 
only a 3 TBP complex was observed. In this 
diluent, interaction with the anion is lost and 
so the hydronium (or more likely, the parti­
ally hydrated hydronium) cation is required 
to obtain its solvation more completely from 
the TBP. 

In the present study the extraction of a 
stronger acid, HAuCl4, and of weaker acids, 

HBr and HI, by TBP in some of the previ­
ously studied diluents is presented. It is ex­
pected that for the HAU:Cl4-TBP-diluent sys­
tems, a greater range of 3:1 TBP:acid com­
plex should be realized since the anion, 
Aucq, is even less basic than either Re04 
or Cl04. Conversely, with the somewhat 
more basic anions, I- and Br-, it is expected, 
if anion stabilization is a contributing factor, 
that a greater range of 2:1 TBP:acid complex 
would be realized. 

The extraction of HX by TBP solutions in 
low-dielectric-constant media where the ex­
tracted species are ion-paired is written: 

+ -
H t X + xH2o + nTBP (or g) 

+ = H . nTBP. xH20 ... x- (org)' (1) 

If the assumption is made that the ratio of 
activity coefficients YHXIYTBP is a con­
stant in the dilute organic-phase solutions 
employed, (previously demonstrated to be 
reasonable) then 
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+ -] [H .nTBP.xH20 ···X Ka = ______ ___:::__ ____ ....;o_r_.g._ (2) 
n 

[ TBP] n (H
2
0)x (H+X-) 

org 

where K~ is the mixed equilibrium quotient 
and brackets indicate concentrations. Since 
in each of the diluents considered herein the 
TBP-HRe04 and TBP-HC104 species showed 
only ion-pair formation, it is only of interest 
to determine the value of n, the TBP coordin­
ation number. As indicated by Eq. (2), the 
slopes of log-log plots of extracted acid 
([HX]Q) vs. TBP concentration at a constant 
aHX y1eld directly the value of n. Such plots 
are shown in Figs. 1 and 2 for TBP-CCl4 
and TBP-benzene systems. Also included in 
these plots are the previously determined 
data for HRe04, HCl04, as reference. 

Part II of Fig. 1 illustrates the stepwise 
complexing for TBP-HRe04-CC14 , with the 
dashed lines indicating resolution of the raw 
data into components having either slope two 
(n = 2) or three (n = 3). In part I of this same 
figure, lines a and c show the extraction 
for TBP-HAuC14 -CC14 and a line of slope 
three (n = 3) holds even down at TBP concen­
tration where the HRe04 system shows a slope 
of 2. For TBP-HI-CC1

4 
(line b, Fig. 1) only 

a slope two (n = 2) line 1s observed. Similarly, 
for the HBr data shown in Part III, all lines 
are drawn with a slope two (n = 2). 

The TBP-HAuCl4, HRe04 , HC104 -ben­
zene systems are shown in Fig. 2. Lines a 
and b are for HCl04 and HRe04 and are 
drawn with slopes two (n = 2). Curve c is 
for HAuCl4, and can be resolved into com­
ponents with n = 2 and n = 3. Since benzene 
is a somewhat better solvating diluent than 
CCl4 the order observed is reasonable. Ben­
zene molecules can help stabilize the ex­
tracted (partially hydrated) hydronium cation 

Fig. 1. Variation of acid content of the 
organic phase with TBP concentration in 
CCl4 for aqueous HX. Part I: aqueous 
HAuCl4 in 1.0 M HCl: line a, 
HAuCl4 = 0. 50 M; line c, HAuCl4 = 0.0010 M. 
Line b, • , is for aqueous HI= 2.04 M. 
Part II: aqueous HRe04 concentrations of 
2. 91 M (curve d) and 1.60 M (curve e). 
Part III: aqueous HBr concentrations of 
6.4 M (line f), 5.0 M (line g), 3. 9 M (line h), 
3.2 M (line i), and0.97 M (line j).-The slope 
of lines a and c in Part I is three, while 
line b is drawn with slope two. In Part II, 
the dashed lines are drawn with either slope 
two or three ( V). All lines in PartJII are 
drawn with slope two and, • denotes ti-
trated points, with all other circled points 
being measured by tracer Br-. (XBL 734-2719) 
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via their ;r-electrons and for HRe04, HC104 
only two molecules of TBP need be coordi­
nated, along with the associated Re04, or 
Cl04, anion. For the HAuC14 -benzene system, 
presumably the same degree of diluent stabi­
lization is present, but the less basic anion, 
AuC14, is less effective than Re04 or C104_ 
in furnishing some of the solvation needs of 

100 the hydronium cation. As a consequence, a 
third TBP is coordinated at the higher TBP 

D 
ICJI 

Fig. 2. Variation of acid content of the 
organic phase with TBP concentration for 
aqueous HCl04 concentration of 4.07 M (line 
a) and .for 1. 60 M HClO 4 (line b), and varia­
tion of distribution ratio, D, with TBP in 
benzene for 1.2X 1o-3 HAuC14 in 3.00 M HCl 
(curve c). Lines 1 and 2 are drawn with slope 
two, while the dashed lines of curve 3 are 
drawn with either slope two or three (V'). 

(XBL 734-2720) 

concentrations. 

CC14 is less able than benzene to stabilize 
the extraction complexes. Instead of observing 
stepwise complexing in the HAuCl4 -CC14 
system, only the 3:1 complex is observed and 
only with the more basic ReO;j: anion are the 
two components observed in tlie CCl4 system. 
The additional stabilization afforded by the 
still more basic r- and Br- anions produces 
only 2:1 TBP:acid complexes for these acids 
in the available TBP concentration range. 

We conclude that anion stabilization of the 
extracted hydronium-TBP complex is a 
contributing factor in the extraction of acids 
by TBP, but that this influence is dependent 
upon the diluent and anion employed in a rea­
sonably understandable manner. 
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MUL TICOLUMN RADIO-GAS-CHROMATOGRAPHIC ANALYSIS OF 

RECOIL TRITIUM REACTION PRODUCTS* 

D. C. Fee and S. S. Markowitz 

Gas chromatography has been widely 
applied in the separation and analysis of 
multicomponent systems. If the components 
are radioactive, the effluent from a chro­
matographic column may be mixed with a 
counting gas and the radioactivity measured 
as the mixture flows through an internal pro­
portional counter. 1 This immediate radio­
assay is called radio-gas-chromatography. 
The radio-gas -chromatographic analysis of 
tritium-labeled hydrocarbons is of particular 
interest to us. We are studying the reactions 
of recoil tritium atoms. 1 • 2 

There were several~ priori considerations 
for the design of a general radio-gas-chro­
matographic analysis system for the products 
of recoil tritium reactions: 1) The com­
ponents of the hydrocarbon mixture differ 

widely in boiling point and physico-chemical 
properties1-3 2) The sample injection volume 
is large; namely, the whole sample. 4 
3) The flow rate through the detector is con­
stant. 5 4) All peaks are monitored with the 
same detector (beta proportional counter).3 
This system uses four columns in series and 
has the capability for 1) sto~ flow, 6 
2) recycle, 7 3) center cut, 4) stepwise 
pressure programming, 9 and 5) stepwise 
temperature programming applications. 10 

Pressure regulation of the helium carrier 
gas began at the commercially available tank 
with a standard two-stage regulator. This 
regulator maintained a pressure of 100 psi 
in the ballast tank. The ballast tank was a 
common input to five single-stage regulators 
used for pressure programming. These 
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single-stage regulators each exhausted through 
a check valve (on/ off) into a common manifold. 
The preset pres sure maintained a helium flow 
rate through the counter of 30 cc/min. This 
manifold was the beginning of the arrangement 
of columns and 4-way valves shown in Fig. 1 

is given in Table I. Table I also lists the 
column abbreviations. The techniques used 
in the analysis shown in Fig. 2 in the order of 
their appearance are: 

The flow downstream from the manifold 
was through 1/16 -in. -o. d. stainless steel 
tubing. The stainless steel tubing and 4 -way 
valves were operated at 25° C. Following the 
buffer the helium flow stream was mixed with 
propane in a standard 1/4-inch Swagelock Tee. 
The combined helium and propane flow passed 
through the counter, through a soap bubble 
flow meter, and was then exhausted into a 
hood. The combined flow rate was maintained 
at 83 cc/min, giving the desired 1.8/1.0 pro­
pane-to-helium mixture. 5 The propane pres­
sure was not changed during an analysis. 

A typical analysis of the products of re­
coil tritium reactions with methylcyclohexene 
is shown in Fig. 2. The sequence of oper­
ations used to obtain this radio-chromatogram 

Fig. 1. Schematic diagram of the chromato­
graphic flow stream. See Table I for def-
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Fig. 2. Typical radio-gas chromatogram of 
the products or recoil tritium reactions with 
methylcyclohexene. The sample was a 1720 
Pyrex capsule (14 nl internal volume) 
to which 8. 5 em Hg 3 -methylcyclohexene, 
2.6 em of 4-methylcyclohexene, 1.5 em 
butadiene-d6, and 30 em of 3He had been added 
(pressure corrected to 135°C). The irradia­
tion was for 24 hr at a temperature of 135 oc 
at a flux of 3.9X108n cm-2 sec-1 in the 
Hohlraum of the Berkeley Campus Nuclear 
Reactor. (XBL 731-2146) 
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(1) Stop flow. At 30 min, C product 
peaks are just about to emerge ~rom the 
DBTCP column. C4 and lighter product peaks 
have already emerged and are in the DMS 
and PCA columns. At 30 min, the C5 to C7 
product peaks are "stored" in the DBTCP 
column for future analysis when flow in the 
DBTCP column is stopped. At 38 min, C3 
product peaks are just about to emerge from 
the DMS column. c 2 and lighter product 
peaks have already emerged and are in the 
PCA column. At 38 min, the C3 to C4 
product peaks are "stored" in the DMS 
column for future analysis. 
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At 165 min, flow is restarted in the DMS 
column. Storage for a little over two hours 
has affected the peak shape. For example, 
the FWHM (full width half maximum) of a 
trans-2-butene mass peak increased by 10o/o 
because of peak storage. At 380 min, flow 
is similarly restarted in the DBTCP column. 
The FWHM of a cyclohexene mass peak in­
creased by 15o/o because of peak storage in 
the DBTCP column for nearly six hours. 

(2) Stepwise pressure programming. A 
constant helium flow rate through the detec­
tor was maintained when the DBTCP column 

Table I. Sequence of operations. 

Time 
(min) 

-1 

0 

10 

30 

38 

90 

98 

160 

162 

165 

250 

265 

300 

370 

375 

380 

400 

Manifold 
pressure 

(psi) 

34.4 

34.2 

28.0 

32.0 

34.2 

36.2 

aSee Fig. 1. 

Arrangement 
of valvesa 

123 456 7 

BBA AAB B 

BBA AAB A 

BBA AAB A 

BBB AAB B 

ABB AAB B 

AAB AAB B 

AAB AAA B 

AAB ABB B 

AAB AAA B 

AAB BAA B 

Column order 
in flow streamb 

DBTCP, DMS, PCA-78 

Comment 

Break capsule (injector at 135" C) 

Inject sample; timing interval: 
0. 5 min/ channel 

Injector bypassed 

DMS, PCA-78 DBTCP bypassed 

PCA-78 DMS bypassed 

Flow check:. 83 cc/min 

PCA-8 Temp. change -78 to 8"C for PCA 

Flow check: 83 cc/min 

PCA-78 Temp. change -8 to -78"C for PCA 

PCA-78, DMS Flow restarted in DM.S 

PCA-7 8, DMS, AgN03 
PCA-78, AgN03' DMS 

PCA-78, DMS, AgN03 

Change timing interval to 
1. 5 min/ channel,flow check: 83 cc/min 

AgN0
3 

center cut of butadienes 

End center cut 

Flow check: 83 cc/min 

Order switched 

PCA-78, DMS, AgN0
3

, DBTCP Flow rest"arted in DBTCP 

Flow check: 83 cc/min 

bPCA = 50-ft column of 10% propylene carbonate on 60/70 mesh activated alumina. 
DMS = 50-ft column of 25% 2,4-dimethyl sulfolane on 30/60 mesh Chromosorb P; 

opera ted at 2 5 • C. 
DBTCP == 4. 5-ft column of 22o/o di-n-butyltetrachlorophthalate of 30/60 mesh Chromosorb P; 

operated at 25 •c. 
AgN03 = 25-ft column of saturated silver nitrate/ethylene glycol on 30/60 mesh Chromosorb P; 

operated at 25"C. 
Buffer == 25-ft column of 60/80 mesh glass beads; operated at 25 •c; used to minimize flow 

perturbations due to column-switching and temperature-programming. 



and the DMS column were removed from the 
flow stream by decreasing the manifold pres­
sure at 30 and 38 min, respectively. Similar 
use of the pressure "presettings" is made at 
later times in the analysis when columns are 
added to or removed from the flow stream. 

(3) Stepwise temperature programming. 
At 98 min, the operating temperature of the 
PCA column is changed from -78 to -8°C. 
This shortens the elution time of the ethyl­
lene-t peak by 400 min. 

(4) Center cut. It is known from calibra­
tion data that the unresolved butadiene -t and 
butadiene-d5t peaks would have emerged 
from the DMS column and been counted at 
275 to 290 min. The center cut of these peaks 
is mad·e by placing the AgN03 column down­
stream from the DMS column during that 
interval. 

(5) Recycle. The inherent recycle capa­
bility of this system is displayed in the per­
mutations of the column order at 265, 300, 
and 375 min. A careful analysis of Fig. 1 
will reveal a nested series of recycle loops. 
The recycle capability is used here to allow 
separation of the butadiene-t and butadiene­
d5t peaks to proceed simultaneously with the 
counting of peaks emerging from the DMS and 
DBTCP columns. The recycling of the 
butadiene -t and butadiene -d5t peaks through 
the DBTCP column is unnecessary for the 
sake of resolution. However, this recycling 
is advantageous because after 380 min the 
analysis is automatic. 

In summary, we have developed a multi­
column gas -chromatographic analytical sys­
tem that has general applicability beyond the 
presently demonstrated recoil tritium deter­
minations. 
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GAS CHROMATOGRAPHY IN ENVIRONMENTAL STUDIES 

A. S. Newton, A. F. Sciamanna, and M. Evett 

Gas Chromatography of 
Halogenated Compounds 

Some of the most insidious environmental 
pollutants are halogenated compounds which 
are not readily biodegraded. Examples are 
the chlorinated pesticides, DDT, Lindane, 
Chlordane, heptachlor, dieldrin, etc. , and 
the polychlorinated biphenyls (PCB' s) which 
have been used in electrical transformers, 
as plasticizers in various plastics, and mis­
cellaneous uses where high-boiling inert com­
pounds are useful. In order to be able to 

study such compounds, an electron capture 
detector was fabricated and added to the 
Loenco Model 70 gas chromatograph. By 
multiple stream- splitting, this instrument 
can simultaneously record peaks on flame 
ionization, thermal conductivity, and electron 
capture detectors. The electron capture de­
tector was fabricated with 10 mCi of 63Ni. 

In order to operate all three detectors 
simultaneously, the column, a 2-meter glass 
column, 6 -mm o. d. packed with 3 "/o OV -1 on 
80-100 mesh H. P. Chromosorb W A/W, 



HMDS treated, was operated with helium 
carrier gas at a flow rate of 60 ml/min. A 
10"/o split of the effluent was passed through 
the electron capture detector where it was 
diluted with 40 ml/min of dry N2 gas. 
After optimization of the operating param­
eters, a sensitivity of- 120 divisions/ng 
DDE [ 1, 1-dichloro-2, 2-bis(p-chlorophenyl) 
ethylene] was achiev~d. With injection of 
5 f.Ll samples, the detectable limit is 
0.001 ppm. Levels of 0.01 ppm were mea­
sured with better than 5"/o reproducibility. 
The linearity of response of this detector, 
as is true with all E. C. detectors, is approxi­
mately a factor of 100, i.e., from 0.005 to 
0. 5 ng injected. This is illustrated in Fig. 1. 
This detector was used to check the DDE and 
PCB content of mussels collected from a con­
taminated area (San Pedro) and a clean area 
(Bodega) of the California coast. The San 
Pedro mussels were high in DDE. 
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Fig. 1. Linearity with concentration of peak 
intensity for DDE. 63Ni electron capture de­
tector. 5-JJ.l sample of each concentration 
injected onto a 2-meter 3o/o OV-1 on 
Chromosorb W, AW, HMDS glass column. 
Temp. = 170"C, He carrier gas. 

(XBL 734-459) 

Gas Chromatography of 
Mercury Compounds 

In the identification and measurement of 
specific mercury compounds in environmental 
studies, gas chromatography of benzene ex­
tracts of the sample are analyzed. (Westoo 1 s 
method1 or some modification is usually used 
for extraction.) The usual detector is an elec­
tron capture detector, but this suffers from 
poisoning by mercury. 2 Backe and Lisk3 
describe a method utilizing excitation of the 
mercury compound in a helium plasma to 
excite the emission of 2537 -A light, isolation 
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of this line with a monochromater, and mea­
surement of the light intensity with a photo­
multiplier. 

A GLC system for studying mercury com­
pounds has been set up. It consists of an 
isothermally operated column with the outlet · 
leading to a quartz tube. Argon carrier gas 
is used. This is excited with a Burdick· 
Model MW200 Microwave Diathermy source. 
This unit gives approximately 100 watts full 
power output at the excitation cavity. The 
light emitted is focused onto the slit of a 
Bausch and Lomb Model 33-86-25 Mono­
chromator with a uv grating first-order 
blazed at 250 nm. Entrance and exit slit­
widths of 0.28 and 0.16 mm respectively were 
used, giving- 56"/o light transmission with a 
1-nm bandwidth. The light output is mea­
sured with a Kiethley Model 410 micro­
micro ammeter. The input of this amplifier 
was modified with a bucking circuit to zero 
the light from the argon plasma (argon ex­
hibits a continuum in the region of 253 7 A) 
which is transmitted by the monochromator. 
This light is referred to as the plasma cur­
rent. A 10-mV recorder is used to record 
the signal from the excitation of mercury 
compounds. A bypass system in which the 
argon can be passed over a gold foil contami­
nated with a trace of mercury and directly 
into the quartz tube in the excitation chamber 
is used to align the optics and maximize the 
signal due to mercury. 

Lisk
3 

used He carrier gas but this suffers 
from the necessity of operating the column 
exit at low pressures in order to maintain the 
plasma. This modification was tried but dis­
carded when it was found that the sensitivity 
for mercury compounds was only half that 
with an argon plasma operated at atmospheric 
pressure. SimilarJ¥r it was reported by 
D'Silva and Fassel that with x-ray excitation 
of mercury, a mixture of 1 "/o N2 in argon 
gave increased sensitivity. With microwave 
excitation the addition of 1 "/o N2 decreased 
the sensitivity for CH3HgCl detection by 42 "/o • 

Lisk3 observed that the maximum sensitiv­
ity using argon is obtained by using a 1. 5 mm 
quartz tube for excitation. This was con­
firmed as shown in Table I. 

The plasma current (light from the argon 
continuum) is about 4X 1o-7 A, with a noise 
level of approximately 8X 10-10 A. The dark 
current of the photoelectron multiplier is 
approximately 1X 10-10 A. The 2537-A 
signal from CH3HgCl is - 1.2X10-7 A/ng. 
At the 1 ng level, the signal to noise ratio is 

125. A detection limit for mercury is 
- 0.01 ng of CH3HgCl. 
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Table I. Effect of ID of quartz tube on sensitivity. 

i. d. 
Tube (mm) 

Plasma current 
(X1o-7 A) 

Hg sensitivity 
(div/ng Hg as CH

3
HgCl) 

A 1.5 5.0 

B 1.5 4.6 

c 1.5 5.0 

D 1.9 5.8 

E 1.0 4.4 

Several columns have been tried for sep­
aration of CH3HgCl. The best results have 
been with a 2-meter glass column (6 mmo.d.) 
packed with a mixture of 3 o/o Car bow ax 
20M-TPA and 3o/o PMPE (6 ring) on 60-70 
mesh Gas Chrom Q,AW,DMCS. With this 
column at 173 •c and an argon flow rate of 
60 ml/min, the emergence time for 
CH3HgCl is 6. 8 min with a half width of 
- 0.5 min. As the column aged the half width 
increased. The useful life of the column is 
at least 2 months at this temperature. The 
injection septum must be changed daily. 

PLASMA CURRENT, AMPS x 10-7 
(1,1 ~ (,11 (ft 

"' 0 

... 
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~ 
::0 ., 

"' 0 

.... 
0 

Ql 
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~ ~ ~ ~ 
0 0 0 0 

SENSITIVITY, Oiv. Min.tnv CH
3

HvCI 

Fig. 2. Effect of rf power applied to dis­
charge on the plasma current from argon and 
the peak sensitivity of CH3HgCl. 1-mm-dia­
meter quartz discha:rge tube. (XBL-734-458) 

0 - plasma current 
/:::, - peak sensitivity response of 

CH3HgCl. 

61.3 

64.4 

58.6 

50.4 

42.6 

The sensitivity for mercury is not a strong 
function of the microwave power. As shown 
in Fig. 2, the sensitivity for mercury de­
creases - 10o/o with increasing microwave 
power from 30 to 80o/o, while the plasma cur­
rent increases by 30 o/o with this increase in 
power. Operation at 40 or 50o/o power gives 
reproducible results with a stable plasma. 
The operation is not sensitive to the solvent. 
Solutions in isooctane, benzene, or ethanol 
give good results and the solvent peak (which 
extinguishes the discharge) is well separated 
from the methyl mercury peak. With water 
solutions, tailing of the water peak makes the 
system less reproducible, and sometimes the 
methyl mercury peak appears as a double 
peak. This is not understood, but the effect 
is corrected by changing the injection septum. 
The same anomaly has appeared in the analy­
sis of water solutions of dimethyl mercury, 
using a Porapak P column and with either the 
argon plasma detection system or with a 
thermal conductivity detector (with more con­
centrated samples). The anomaly does not 
appear when dimethyl mercury is dissolved 
in alcohol or a low-boiling hydrocarbon sol­
vent. 
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DETERMINATION OF METHYL MERCURY WITH ANODIC STRIPPING 

R. G. Clem 

A paper published over 20 years ago de­
scribed the polarograP.hic behavior of organa­
mercuric compounds. 1 It was determined 
that methyl mercury was reduced in two one­
electron steps at the DME (dropping mercury 
electrode) and that it was possible to differ­
entiate between organic and inorganic mercury 
ions. Inorganic mercury is reduced near 0.0 
vs. SCE (saturated calomel electrode) a po­
tential in excess of -1.0 Vis required to re­
duce methyl mercury to the metal. On the 
basis of this information it seemed reason­
able that the anodic stripping technique could 
also be made discriminate between organic 
and inorganic mercury through the proper se­
lection of the potential employin~ a paraffin­
impregnated graphite electrode. 

Preliminary work has indicated the feasi­
bility of developing a stripping method for 
methyl mercury over the range of from 0.2 
to 2:: 100 ppb in a pH 4. 7 acetate buffer. A 
potential of -1.3 V vs. SCE is employed to 
accumulate the methyl-mercuric-related 
mercury over a period of 7-10 min after 
which an anodic-going potential ramp is ef­
fected. The stripping peak is located at 
+0.150 V vs. SCE. If it is desired to deter­
mine the inorganic mercury ion content of the 
sample, an accumulation potential of -0.40 V 
vs. SCE is employed. The stripping peak for 
this component is, of course, also located at 
+0.150 V vs. SCE. 

The addition of copper to the sample seems 
to be an essential feature. At -1.3 V vs. SCE, 

copper is coreduced with the methyl mercu.ry. 
Its presence appears to very strongly catalyze 
the reduction of the methyl mercury, for in 
its absence the sensitivity attainable is less by 
more than a factor of 10. 

The original workers suggested that the 
methyl mercury was reduced first to dimethyl 
dimercury on the first reduction step and that 
this compound was responsible for the second 
one-electron step, whichmight involve free 
radicals. What role copper plays in the re­
duction of the methyl mercury is not clear, 
but its presence is definitely required to ob­
tain high sensitivities. 

The original data also points to the feasi­
bility of developing a controlled-potential 
coulometric method for methyl-mercuric ions. 
Analytical methods for this substance are in­
direct and usually require the measurement 
of the anion portion of the salt such as chloride 
ion. Since the methyl-mercuric ion is electro­
chemically active, and the potential for the 
first one-electron step is not prohibitively 
negative, development of a direct method for 
this ion should not be difficult. 
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COMPUTER RESOLUTION OF POLAROGRAPHIC BACKGROUND CURRENTS 

R. G. Clem and G. Litton 

An intrinsic problem has always existed in 
the measurement of polarographic diffusion 
current heights. The graphical method com­
monly used consists of making a linear ex­
trapolation through the background preceding 
the wave and through the diffusion current 
plateau. The diffusion current height is then 
measured through the Et/2 potential as the 
difference between the two extrapolated cur­
rent levels. This approach works well when 
dealing with fairly large diffusion currents; 
however, this measurement method becomes 
ever less attractive as the diffusion height be­
comes ever ·smaller. This difficulty arises 
because, when examined in detail, neither 

the diffusion current plateau nor the back­
ground current preceding it is truly a linear 
function. Such a problem is readily solved 
by use of computer-generated curves and 
least-squares minimization routines. 

The routines developed to deal with polaro­
graphic data are in a large user-interactive 
program, called POLAR, written for the 
CDC 6600 and require the use of a teletype 
and a VISTA console. The number of data 
points employed before and after the wave can 
be changed and the polynomial degree varied 
as needed. The input to these routines may 
be an input tape containing raw data or from 
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the MSS (mass storage system). The data 
produced as a result of the processing-dif­
fusion current heights -are plotted against 
concentration to generate a calibration curve. 
Any number of analyses of 11 unknowns" can 
then be processed. Alternatively, the routines 
may be used to analyze an unknown sample by 
the method of standard additions. 

The utility and desirability of this new pro­
gram is illustrated by the data given in Table 
I. The deviation of the results from that 
added is generally less than 0.04 f.Lg/mliter 
for Cd and Pb. Ni is reduced at fairly nega­
tive potentials and its presence on the mer­
cury drop substantially lowers the hydrogen 
overvoltage characteristics of mercury. Even 
so, the deviation of the results from the 
amount· added is usually less than 0.1 
f.Lg/mliter. 

This effort permits the accurate analysis 
of electroactive substances at levels above 
that directly amenable to anodic stripping and 
at levels below those easily reached with 
coulometry. 

Element 

Ni 

Cd 

Pb 

Table I. 

Added Found Deviation 
(f.Lg/mliter) (f.Lg/mliter) (f.Lg/ mlite r) 

2. 706 2. 703 -0.00 

5.413 5.357 -0.06 

8.120 8.253 +0.13 

10.830 10.750 -0.08 

0.6687 0.6947 +0.03 

1.337 1.298 -0.04 

2.006 2.009 +0.00 

2.675 2.684 +0.01 

0.6907 0.6820 -0.01 

1.373 1.369 -0.00 

2.045 2.083 -0.04 

2. 709 2.684 -0.03 

SOME PRELIMINARY STUDIES ON THE CHEMISTRY OF DILUTE 

SOLUTIONS OF DIMETHYL MERCURY 

A. S. Newton and A. F. Sciamanna 

The Solubility of Dimethyl Mercury in Water 

The only datum found for the solubility of 
dimethyl mercury in water was one measure­
ment by Barbara Hardin Beck. 1 She found the 
solubility at 45°C to be 0.0087 Min distilled 
water and 0.0054 Min 1.25 M KBr solution. 

Measurements of the solubility at 25 and 
o•c showed that the rate of solution is quite 
slow. Three days was required to reach sat­
uration. Analyses were made of the water 
solution by gas chromatography, using a 
Porapak P column operated at 189°C with a 
thermal conductivity detector. The solubility 
at o•c was 0.0140±0.0002 M and at 25°C was 
0.0123±0.0002 M. The compound has a nega­
tive solubility Zoefficient, as expected for a 
volatile compound. 

The Rate of Evaporation of Dimethyl Mercury 
from Water Solutions 

One of the postulates made to explain the 
occurrence of mercury in unpolluted lakes and 
waters of Sweden is due to Jensen and 
Jernelov. 2 It is suggested that in contaminated 
waters, biological action produces both methyl 
and dimethyl mercury. The dimethyl mercury 

evaporates from neutral or alkaline waters. 
Either methyl mercury of dimethyl mercury 
is postulated to be brought down in otherwise 
uncontaminated areas by rain. Central to this 
postulate is the necessity for dimethyl mercury 
to preferentially evaporate from water solution. 

A solution of dimethyl mercury in water in 
an open flat container was exposed to a draft 
of air across the surface. The air velocity 
was 75 lineal feet/minute (a 0.85 MPH wind 
velocity). After an initial period of about 
1. 5 hr during which the dimethyl mercury con­
centration decreased with a half period of 
- 1.6 hr, an exponential decrease was ob­
served and the dimethyl mercury was removed 
from solution with a half period of 1 hr. In 
3 hr 7011/o of the dimethyl mercury was lost 
with the loss of less than 7o/o of the water. It 
is concluded that if dimethyl mercury is 
formed by biological action in lakes and 
streams,it will be rapidly lost to the atmo­
sphere, as has been postulated. 

The Reaction of Dimethyl Mercury with Acids 

Many studies of the reaction of dimethyl 
mercury with acids have been made both for 



I) as a preparative method of methyl mercury 
salts, 3 

and II) as a medium for studying the mechan­
ism of the reaction. 2, 4, 5 The later studies 
have been made at higher temperatures, 40 to 
6o•c, while preparative methods were at high 
acid concentrations and high temperatures. 

As a first check, the production of CH4 by 
hydrolysis of (CH3)zHg at low concentrations 
(initial cone. = 0.013 M) was confirmed. The 
solution was reacted with 2 M HCl. The gas 
evolved as measured by mass spectrometric 
measurements was pure methane, and the 
stoichiometry of the reaction was confirmed. 
One molecule of (CH3)zHg yielded one molecule 
of CH4 within the experimental error of± 1 o/o. 

Preliminary measurements have been made 
of the rate of reaction in dilute solution 
[- 1 X 1Q-4 M (CH3 )zHg]. In 1Q-3 M HCl, the 
hydrolysis rate was extremely slow and an 
initial apparent first-order half-life of - 1800 
hr was observed. In 0.1 M HCl, the rate is 
much faster and an initialapparent first-order 
half-life of- 10 hr was observed. In 1 M HCl 
the initial reaction was too fast to measure. 

These results indicate that the postulate of 
the translocation of mercury by hydrolysis of 
dimethyl mercury in lakes and streams is 
probably incorrect in this regard, since even 
at pH = 3 (and few waters reach this acidity) 
the reaction is much too slow. A more plaus­
ible suggestion6 is the reaction on acidic par­
ticulates in air, e. g. , HzS04 or SOz absorbed 
on particulate matter in air. The methyl mer­
cury produced can then be washed from the air 
by rain. This suggested mechanism has not 
been confirmed. 

The Reaction of Mercuric Salts with 
Dimethyl Mercury 

The reaction HgXz + (CH3 )zHg- 2 CH3HgX 
has been used as a pr~parative method for 
alkyl mercuric salts. No measurements are 
available on the rate or the equilibrium con­
stant for the reaction. 
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A few experiments have been made at low 
concentrations of dimethyl mercury. A solu­
tion 7.8X1o-5 Min (CH3 )2Hg and 1.2X1o-4 M 
in HgClz was made by mixing solutions at 
zs•c. Within 15 min nodimethyl mercury was 
detectable and a quantitative amount of methyl 
mercuric chloride was formed. It is apparent 
that the reaction is fast and that the equilibrium 
is strongly in favor of methyl mercuric chlo­
ride. It is also apparent that measurement of 
the rate constant for the reaction will require 
the development of special techniques. 

The rapid rate of this reaction also brings 
into question those results (6, 7) in which di­
methyl mercury is stated to be a product of the 
methylation of mercuric salts. If dimethyl 
mercury is formed, it should be rapidly con­
verted to methyl mercury in the presence of 
excess mercuric salt. 
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A SURVEY OF METHYL MERCURY IN FOOD FISH OF THE 

SAN FRANCISCO BAY AREA 

M. Evett, A. F. Sciamanna, and A. S. Newton 

The disastrous results (e.g., 52 deaths) of 
human poisoning by methyl mercury from sea 
food at Minamata and Niigata, Japan, have 

caused concern about man's intake of this 
deadly toxin.1 Although similar incidents have 
not occurred outside of Japan, high levels of 



mercury have been detected in fish in Sweden, 
Canada, and the United States. Sweden has 
set a limit of 1.0 parts per million (ppm) mer­
cury in commert:;ially marketed fish, while 
the United States and Canada have set a limit 
of 0.5 ppm. Apparently, common foods other 
than fish and shellfish make only a small con­
tribution to the mercury intake of Americans .2 

It has been estimated that a 70 -kg man 
would need to eat about 4 kg/week of fish con­
taining 0.5 ppm tnethyl mercury to maintain 
a blood level which would cause toxic symp­
toms (0.2 ppm). Although the average fish 
consumption in the United States is only about 
120 g/person/week, the margin is not large 
since the long-term effects of subtoxic levels 
of methyl mercury are not known. 1 
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Although fish are the important source of 
methyl mercury in our diet, little has pub­
lished on the levels of mercury in American 
food fish. Large-mouth bass in a Mississippi 
reservoir were found to contain about 0.2 ppm 
mercury. 3 Lake trout from Lake Cayuga, 
Ithaca, New York, contained 0.2 to 0.6 ppm 
mercury, and the mercury content increased 
with age. 4 Various fish from the Saskatchewan 
River system, which is polluted by municipal 
and industrial sources (including a chlor-
alkali plant), contain 0.2 to 8. 9 ppm mercury, 
while fish from lakes in the area without known 
sources of pollution contain 0.1 to 1.1 ppm. 5 

Four species of benthopelagic fish from the 
Atlantic contained 0.3 to 0.8 ppm mercury, 
while another species contained about a tenth 
of that; benthopelagic fish are not used for 
human consumption. 6 Although the Food and 
Drug Administration's regulations are re- -
sulting in large amounts of data for the mer­
cury in tuna, none of this information has 
been published. However, a few specimens 
of fresh and canned tuna contained 0.1 to 0. 5 
ppm mercur/, and fresh swordfish had 0.2 
to 1.3 ppm. 

In order to estimate the human intake of 
methyl mercury fr"om fish other than tuna and 
swordfish, we have measured the methyl mer­
cury content of the dorsal muscle of several 
fish of commercial importance. Most of the 
specimens were obtained the day after they 
were caught by a trawler operating about 40 
miles off San Francisco. In addition, we ob­
tained a crab caught commercially in the gulf 
off San Francisco and mackerel caught off 
Mexico; striped bass (a noncommercial 
species) and king salmon were obtained from 
sport fishermen. 

Because it is the dominant form of mer­
cury in fish and because it presents a greater 
hazard to humans than inorganic mercury, we 
chose to analyze specifically for methyl mer-

cury. In our early determinations we used a 
slightly modified version of the West66 method 
to extract the methyl mercury from the fish. 8 
However, most of the results reported here 
were obtained by using a method which is 
based upon that developed by Tony Cortez of 
the National Canners Association. Briefly, 
this method begins with two extractions with 
acetone to remove water and lipids from the 
ground tissue, followed by acidification with 
hydrochloric acid to free the methyl mercury 
from the protein. Benzene is then added to 
extract methyl mercuric chloride. 

The benzene extracts were analyzed in the 
gas chromatograph with a plasma discharge 
detector which we have described in another 
section of this annual report. The methyl 
mercuric chloride content of the benzene ex­
tracts was calculated from the recorder 
traces by comparison with the traces of 
standard solutions of methyl mercuric chloride. 

The results are listed in Table I. Because 
we have attempted to examine a large number 
of species (few of the important West Coast 
species have been emitted), no species has 
been examined in detail. For the most part 
the intraspecific variations were as large as 
the interspecific variations. 

A few of the species which we have ex­
amined have been analyzed for mercury by 
neutron activation at Battelle Northwest 
Laboratory. 9 Five specimens of rex sole 
contained 0.02 to 0.07 ppm mercury, while a 
sixth had 0.25 ppm. Five English ("lemon") 
sole had 0.03 to 0.19 ppm, and two Dungeness 
crabs contained 0.10 ppm. In general their 
specimens were smaller and contained less 
mercury than those which we have analyzed. 

We conclude that although the food fish 
which we have examined contain somewhat 
less methyl mercury than tuna and swordfish, 
these species will be a major source of this 
toxin for those who eat them regularly. 

In order to corroborate the validity of our 
methods, we have analyzed a swordfish sample 
by our version of the West6'6 method, by the 
Cortez method, and by the Zeeman effect 
atomic absorption method of R. D. McLaughlin 
and T. Hadeishi of this laboratory. We have 
also compared the Cortez method with the x­
ray fluoresence measurements of R. D. 
Giauque of this laboratory on three fish 
samples which have been distributed to ninety 
laboratories by the Environmental Protection 
Agency. The results are given in Table II. 

We have used our methods to examine the 
methyl mercury content of the livers of sea 
lions which whelp on the Channel Islands in 
the Los Angeles Basin. These samples were 
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Table I. Methyl mercury in the muscle of some Pacific Coast fishes. 

Rockfishes 
Channel (Sebastolobus alascanus) 

Bocaccio (Sebastodes paucispinis) 

Chillipepper (S. goodei) 

Big-eyed (S. zacentrus) 

Sole 
--:Dover (Microstomus pacificus) 

Rex (Glytocephalus zachirus) 

English (Parophrys vetulus) 

Petrale (Eopsetta jordani) 

Others 
---nuilgeness crab (Cancer magister) 

Sablefish (Anoplopoma fimbria) 

Pacific mackerel (Pneumatophorus diego) 

Monterey Spanish mackerel (Scomberomorus concolor) 

King salmon (Oncorhyncus tshawytscha) 

Striped bass (Roccus saxatilis) 

* Total length. 

Standard length (em) 

40 
34.6 

42 

36.2 

36 

29.2 
24 

27.7 
30 

35 
28.5 

16 

35 

23 

46.5 

63.5 
49 

* 

Table II. Intercalibration of methods. Ppm mercury in standard fish samples. 

Sample 

LBL Swordfish 

EPA Round robin fish 72Cl222 
72Cl223 
72Cl224 

Modlf~ea 
Westoc 

0.84 ± 0.02 

Cortez 

0.87 ± 

2.16 ± 
5.76 ± 
7.27 ± 

0.03 

0.02 
0.02 
0.21 

Method 
X-ray 
fluorescence 

2.4 ± 0.6 
7·3 ± 0.7 
7·6 ± 0.7 

Hg as CH HgCl 
(ppm wet ~eight) 

0.49 
0.18 

0.11 

0.29 

0.10 

0.12 
0.052 

o.o88 
0.051 

0.096 
0.074 

0.096 

0.048 

0.11 

0.019 

0.027 

0.46 
0.16 

Zeeman effect 
atomic absorption 

0.80 ± 0.11 



obtained from R. L. DeLong and W. Gilmartin 
of the Naval Undersea Research and Develop­
ment Center, who are trying to determine the 
cause of a high incidence of premature births. 
Methyl mercury is one of many suspects in 
this problem because a land-locked seal in 
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Finland contained more than 100 ppm methyl 
mercury in its liver. The results of our 
analyses are given in Table III. These speci­
mens contained much less methyl mercury 
than that from Finland. 

Table III. Methyl mercury content as ppm mercury in the livers of sea lion mother-pup pairs. 

Mother Premature pup 

0.58 0.076 
1.26 0.18 
0.98 0.11 
0.82 0.42 
0.90 0.05 
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LOGICAL APPROACHES TO THE SELECTION OF SEPARATION PROCESSES 

R. W. Thompson* and C. J. King 

This project has developed and tested 
logical methods for the selection and se­
quencing of separation processes for splitting 
multi-component feed mixtures into a number 
of specified products. The synthesis of sep­
aration sequences is carried out by using the 
digital computer, with relatively detailed 
simultations of sizing and cost factors for the 
various candidate separation processes. 
Algorithmic and heuristic procedures have 
both been used. Several real separation prob­
lems have been used as test examples. The 
project was completed in 1972 and is reported 
in two publications.1, 2 

As an example of the sort of problem 
cons ide red, Fig. 1 shows a process synthe­
sized for the separation of a mixture of rare 
earths by solvent extraction. The table in 
the figure gives the sequence of units in the 
process, light and heavy key components in 
each separator, the type of separator, and 
costs associated with the individual units. 
Table I shows the feed mixture postulated and 
the various solvents (mass separating agents) 
considered. Table II is a list of separators 
considered as candidates for the process, and 
Table III shows the distribution coefficients 
for different solute-solvent systems. Table 
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19 0 0 0 0 0 0 15 0 5 

TCTAL $ JJOJ38 

Fig. 1. Example solvent extraction process 
for the separation of rare earths. 

IV shows the specifications for which com­
ponents should be in which product. 

The number of possible combinations of 
different separators which may be used to 
carry out the specified separation is extreme­
ly large, and the chief thrust of the research 
has been to identify and develop efficient logic 
which will lead rapidly to one of the most de­
sirable process configurations. The com­
ponents of the final logic program are shown 
in Fig. 2. 

There is a considerable saving in search 
requirements if infeasible and/ or quite un­
attractive sequences can be identified at an 
early point in the logic. The initial step in 

(XBL 726-1180) 

the logic is to identify a feasible product set 
for meeting the specifications; this may re­
quire splitting and recombining one or more 
of the specified products. Candidate sep­
arators at various points are now stored in 
the form of a product separability matrix. A 
Check routine is implemented to perform an 
early identification of separators which will 
involve extreme flow ratios of solvents or 
which will involve miscible solvent phases and 
thereby not be feasible. The Product Sep­
arability Matrix is updated accordingly. 

A heuristic, or rule -of -thumb, is then 
used to generate a process sequence, starting 
with the feed mixture and introducing sep­
arators until the specified products have been 
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Table I. Component numbering. 

Component Symbol No. Feed mol fraction 

Feed: 

Lanthanum 
Cerium 
Praseodymium 
Neodymium 
Samarium 
Europium 
Gadolinium 
Terbium 
Dysprosium 
Water 

Mass- separating agents: 

La 
Ce 
Pr 
Nd 
sm. 
Eu 
Gd 
Tb 
Dy 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

TBP vs. 0.266 M HN03 11 
TBP vs. 2.9 M HN03 12 
TBP vs. 12.5MHN03 13 
D2EHPA (0. 75 Min toluene) vs. 0.5 M HN03 14 
0.266 M HN03 vs. TBP 15 
2. 9 M HN03 vs. TBP 16 
12.5 M HN03 vs. TBP 17 
0.5 M HN03 vs. D2EHPA 18 

0.00614 
0.01175 
0.0015 
0.00488 
0.00053 
0.000025 
0.000125 
0.000025 
0.000025 
o. 975 

Table II. Potential separators. 

No. Separator Feed phase Second phase 

1 Distillation 
2 Solvent extraction 0.266 M HN03 TBP 
3 Solvent extraction 2.9 M HN03 TBP 
4 Solvent extraction 12.5 M HN03 TBP 
5 Solvent extraction 0.5 MHN03 0. 75 M D2EHPA 

in toluene 
6 Solvent extraction TBP 0.266 M HN03 
7 Solvent extraction TBP 2.9 M HN0 3 
8 Solvent extraction TBP 12.5 M HN03 
9 Solvent extraction 0. 75 M D2EHPA 0.5 M HN03 

achieved. A successful heuristic in many in­
stances has been that of picking as the next 
separator that one from among the candidates 
which has the lowest predicted cost. This 
heuristic does fail upon occasion though, such 
as when quite large flows can build up at the 
later stages of solvent extraction processes, 
such as that in Fig. 1. 

Sizing and costing are performed on the 
process generated, and the estimated costs 
of the various candidate separators are up­
dated on the basis of the information gained 

in toluene 

(a learning procedure). The logic then re­
cycles and generates another sequence, con­
tinuing until the synthesis procedure stabi­
lizes upon some one cheapest-indicated pro­
cess. 

Test cases considered have included sol­
vent extraction schemes using a variety of 
solvents giving different component orderings 
(see Table III), and hydrocarbon separations 
involving distillation, extractive distillation, 
absorption, stripping, and solvent extraction. 
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Table III. Distribution coefficients of rare earths. 

Into tributyl EhosEhate (TBP) 

Rare earth 0.226 M HN03 2.9 M HN03 12.5.M HN0 3 
D D D 

c c c 

La 0.02 0.15 0.092 

Ce 0.023 0.24 0.184 

Pr 0.026 0.29 0.291 

Nd 0.03 0.35 0.36 

Pm 0.033 0.40 0.622 

Sm 0.036 0.45 1.22 

Eu 0.04 0.51 2.01 

Gd 0.039 0.52 2.84 

Td 0.024 0.50 6.21 

Dy 0.018 0.45 8.99 

D concentration in solvent 
c concentration in water 

Table IV. Multicomponent product 
set-example No. 4. 

Index 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 

= 

= 
= 
= 

Components 

1 
3 
6 
5 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 

2 
4 
7 

Evaluation and 
Updating of 
Chosen Units 

(SYNT) 

Into D2EHPA 

0.5_MHC1 

D 
c 

0.0001 

0.0025 

0.0056 

0.01 

0.32 

0.063 

0.16 

0.316 

1.41 

3.16 

Feasible 
Product Set 

(PROD) 

Footnote and References Fig. 2. General strategy. 
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MASS AND HEAT TRANSFER BETWEEN PHASES; INFLUENCES OF INTERFACIAL 

INSTABILITY AND HIGH RATES OF MASS TRANSFER 

I. F. Davenport* and C. J. King 

This project is examining factors which 
complicate and augment interphase mass and 
heat transfer processes, with particular ref­
erence to extractors, absorbers, direct fluid­
fluid contact heat exchangers, and enclosed 
vessels of fluid undergoing heat exchange with 
the environment through natural convection. 
Previous work has successfully predicted and 
analyzed high-flux effects and has demon­
strated the importance of interfacial convec­
tion generated by gradients in density and/or 
surface tension. 

Measurements of the surface tension of 
solutions of sulfur dioxide in water were made 
to elucidate previous experiments which ap­
peared to indicate a strong effect of surface 
rigidity or surface contamination upon the 
initiation of convection. These measurements 
indicated that the effect was most likely one 
of adverse surface tension gradient forces 
resisting density-driven convection rather 
than a result of rigidity. 1 

In a broad study, carefully constructed 
devices were used to observe the onset of 
convection in a one -dimensional heat flow 
situation, involving either cooling from above 
by a thermoelectric cooler or a spray cooler, 
or heating from below with an electrical 
heater. The results of these studies are ex­
tensive and are presented elsewhere. 2, 3 Ex­
periments were carried out to ·ascertain the 
effects of changing from fixed to free sur­
faces, of Prandtl number, of fluid depth, of 
fluid width, of external vibration level, and of 
the shape of the surface temperature history. 
The results were used to test various predic­
tions of existing theories -the quasi-steady­
state (QSA) theory and the amplification 
theory. Both theories were found lacking, 
and an improved mechanistic explanation was 
therefore conceived and confirmed qualita­
tively with the data. Significant conclusions 
will be outlined here. 

1) The effects of different surface-tempera­
ture histories and different fluid depths are 
satisfactorily correlated by a unique value of 
Ra1 , a Rayleigh broup based upon the effec­
tive thermal boundary layer depth. Figure 1 
shows the depth effect for a fixed surface, 
contrasted with the predictions of Currie from 
QSA theory. 

2) External vibration promotes instability, 
in directional accord with the prediction of 
both previous theories. 

3) For a low-vibration situation, decreasing 
the Prandtl number of the fluid increases the 

Rayleigh number for instability. The asymp­
totic Ra-Pr function ali ties, as shown in 
Fig. 2 for the fixed-surface case, are in 
agreement with amplification theory, but 
correspond to very different amplification 
factors required for observable convection. 
QSA theory predicts independence of Prandtl 
number. 

GOO Or~---------.--------,---------,-------~ 

1700 

1000 

100 

32----

20 0.001 

.. 

0.01 10 

Fig. 1. Experimental values of Ra1 as a 
function of the depth factor (at/H2) for the 
fixed-surface case, with linear decay of sur­
face temperature. 

e n-Butanol, Pr = 43, 
£ Silicone oil 50 cs, Pr = 465, 
0 Silicone oil 1000 cs, Pr = 8500, 
X Methanol, Pr = 7.6. (XBL 726-3166) 

2QPOO.-,------,-------,------,------, 

1o,oooP-t, 
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' ' ' ~ 1000 '-t 
' 

1 
1 Ra 1=3502 ''- - - _t- - - L -~- - - -I 

IOOL-~-----.k-----~~----~-----~~ 10 100 1000 10,000 
Pr 

Fig. 2. Experimental values of Ra for a 
linear surface temperature decay af a fixed 
surface as a function of Pr showing the two 
experimentally fitted asymptotes. 

(XBL 726-3165) 
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4) In the absence of surface waves and ex­
ternal vibration the conditions for instability 
in deep pools are the same for fixed and free 
surfaces, as illustrated in Fig. 3. This re­
sult is in conflict with both QSA and amplifica­
tion theories and strongly suggests that the 
point of incipient convection is at the bulk­
fluid edge of the thermal boundary layer. 

5) In the absence of surface waves, menis­
cuses, and gradients in surface temperature 
or composition, there is no surface-tension 
influence upon free-surface convection initia­
tion in deep and shallow pools, even for 
Marangoni numbers more than three orders 
of magnitude above those predicted for insta­
bility by the QSA analysis. This relates to the 
absence of any effect of surface rigidity, and 
again indicates that the point of instability 
does not initially interact with the surface. 
Previous reported instances of surface -ten­
sion-driven instability in deep-pool situations 
may be attributed to surface waves and/or 
meniscuses. 

6) Conclusions 4) and 5) differ from the 
reported observations of time-independent 
convection studies where destabilizing surface 
tension forces and free surface shear condi­
tions have affected the conditions for density­
driven convection initiation. The explanation 
for this should lie in the manner by which the 
destabilizing effect interacts with the unstable 
field in the fluid. 

2 
In another phase of this study the 

knowledge obtained from the studies of convec­
tion initiation was used to interpret the transi­
tions which occur in natural convection heat­
transfer coefficients at higher Rayleigh num­
bers. A successful interpretation is made in 
terms of the frequency of generation of ther­
mals at the inner-fluid edge of the thermal 
boundary layer. 

Footnote and References 

'~ Present address: Assistant Professor of 
Chemical Engineering, Massachusetts 
Institute of Technology, Cambridge, 
Massachusetts 02139. 

1. I. F. Davenport and C. J. King, 
Marangoni Stabilization of Density-Driven 
Convection, LBL-608, January 1972. 

3.01.-------....------..,------, 

I.Of-

O.IO~--------L'---__..jl'------' 
10 40 100 200 

tc (sec) 

Fig. 3. Experimental conditions of onset of 
convection in n-decane (Pr = 13) for a linear 
surface -temperature decay in a deep pool, 
using the thermoelectric cooler. 

X Fixed-surface data, 
e Free-surface data, 

Free-surface predictions of Mahler (1970) 
assuming same amplification factor as 
for fixed-surface results. 
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QUANTITATIVE NEUTRON ACTIVATION ANALYSIS 

OF HUMAN TISSUES 

T. Budinger, B. Moyer, H. V. Michel, F. Asaro, and I. Perlman 

The present study was a trial program to 
determine the experimental conditions, the 
range of elements and chemical compositions 
which could be measured, with precision in a 
large-scale p:.:ogram using neutron activation 
analysis techniques. Budinger et al. have al­
ready presented1 the qualitative study of the 
elements which can be detected by this tech­
nique. 

In this study we have quantitatively analyzed 
for 20 elements and set upper limits for an ad­
ditional 2 7 elements in human liver, kidney, 
spleen, heart, and lung tis sue. 

Sample Preparation. Irradiation. and 
Gamma Analysis 

The tissues were frozen in liquid nitrogen 
and lypholized overnight. The wet samples 
lost about 80o/o of their weight in this process. 
Each sample of dried tissue (-100mg) was 
weighed and pressed into a 1-cm diameter X 
1.5-mm pill. Using techniques similar to 
those developed for pottery analysis, five pills 
were heat-sealed in polyethylene and radially 
placed in a high-density polyethylene capsule 
along with a standard-pottery2 pill, an Alfoil, 
and CaC03 and KCl standards. The capsule 

Table I. Elemental abundances in human tissues based on lypholized weight. a 

Element Liver Kidney Spleen Heart Lung 

(in ppm or o/o of lypholized tissue) 

Potassium( o/o) 
b 

.98± .13 1.41± .13 1.37± .12 .49± .10 1.10:!: .10 
Phosphorous ("/of .91 b .68 .96 . 77 .48 
Chlorine("/J .69± .01 1.13± .04 1.02± .04 .65± .03 .98± .04 

Sodium(o/o) .424± .oosb 1.01± .01 .493± .007 .459± .007 .677± .008 

Iron(o/o) .262±.007 .062± .006 .250± .009 .038± .004 .130±.010 
Zinc 34.8± 8 198±8 78±8 112±8 83±8 
Bromine 143±2 77±2 182± 2 107± 2 187± 2 
Rubidium 32±4 7± 5 32±4 26± 5 27± 10 

Cadmiumc 7 .3± 2.2 255±4 1.8± 2.6 4.6± 2.3 12.0±214 
Molybdenum 2.5± .s .6± .6 .8± .6 .7± .5 1.0± .5 
Seleniumc 2.4± .5 7 .3± 1.1 . 7±. 7 1.6± .6 7.1± .9 
Cobalt .23±.02 .10± .02 
Cesium .18 ± .04 .21± .06 .33± .04 .18± .05 .36± .09 
Thorium .01 ± .03 .05± .03 .09± .03 .03± .03 .47± .05 
Scandium .065± .006 .084± .008 .093± .006 .062± .006 .143± .013 

Tantalum .130± .002 .016± .002 .425± .004 .296± .004 .073± .004 

Mercuryc .05± .09 3.0± .1 .24± .10 - .01± .09 - .03± .09 

Antimony .037± .018 .025± .040 .007± .014 - .04± .02 .88± .10 
Samarium .004± .004 .025± .004 .034± .004 .022± .004 .065± .004 
Hafnium .00± .04 .03± .06 .04± .05 .01± .05 .54± .11 

aTo obtain abundaqces based on wet weight, divide all abundances and errors by 5. 

bThese values are more precise because of a special higher flux irradiation. 

cThese elements have poor calibration standards. These abundances are tentative, 
and P was determined from bremsstrahlung radiation. Some Hg may be lost in 
the preparation and irradiation procedures. 



was irradiated while being rotated in the 
TRIGA reactor of the Department of Nuclear 
Engineering, University of California, Berke­
ley, for 20 min at 11 kW power(- 4 X1011 
n/cm2/sec), Within 8-10 min after the end 
of the bombardment the first sample was 
placed on the detector and each was analyzed 
for 1 min. This spectrum was used to deter­
mine the Al, Mg, Ca, V, and Cl. After ap­
proximately 2 hr of decay these samples were 
again analyzed for 10 min each to determine 
the Na, Mn, Dy, Ba, Sr, Ga, and In. New 
samples were made for the long irradiation. 
It was necessary to mix 100 mg of pure pow­
dered Si to 100 mg of tis sue in order to main-

332 

tain the sample integrity during the 8-hr irra­
diation at 1000 kW(-3X1013n/cm2/sec). These 
pills were pressed as before, wrapped inpure 
Al foil, and placed radially in an Al capsule 
along with standard pottery. After 5 - 6 days 
cooling, the samples were analyzed on a high­
resolution detector (0.077keV/channel). The 
samples were allowed to cool for another 3 
weeks before analyzing for the longer -lived 
isotopes with gamma energies up to -1.7 MeV 
(- 1 keV /channel). Finally the samples were. 
again analyzed on the high-resolution detector 
to obtain better values for some of the longer­
lived isotopes. 

Table II. Limits on elemental abundances in selected human 
tissues based on lypholized weight. a 

Element Liver Kidney Spleen Heart Lung 

(in ppm or "/o of lypholized tissue) 

Mg(o/a) 
b 

1.9 .6 .6 .95 .21b 
Ca("/o) .13 b .9 .9 .5 .8 
Al(o/al .01,4 .16 .24 .46 .79 
Sr 158 397 142 201 113 
Ti 139 365 266 224 350 
Ba 40 43 77 40 63 
Sn 16 36 18 18 40 
Ga 12 40 17 18 26 
Ni 7 18 9 9 23 
v 5.1 b 26 9 18 14 
Cr 4.9 9.7 
Nd 4.5 3.0 4.9 1.4 1.7 
Mn 4e 
As 2.6 2.6 4.5 2.7 3.6 
La 1.6 .9 1.3 1.2 1.6 
In 1.6 4.2 2.0 3.9 .6 
Ce 1.1 1.3 .8 .6 2.0 
w .8 1.0 .8 1.0 1.2 
Ag .4 .6 .5 .4 .5 
Dy .2P .3 .3 .2 .3 
Yb .19 .26 .39 .27 .25 
u .06 .06 .06 .08 05 
Au .031 .014 .035 .035 .14c 
Lu .03 .06 .06 .05 .07 
Tb .024 .039 .023 .008 .003 
Eu .011 .017 .031 .022 .059 
rrd .0025 .0035 .0027 .0029 .003 

aTo obtain limits based on wet weight, divide all values by 5. 

bThese values are more precise because of a special higher 
flux irradiation. 

cMay be due to contamination. 

diridium had no calibration standard; values are only approximate. 

e . . d 56F ( ) 56M . L1m1t ue to e n, p n reaction. 



Results 

Table I lists the values for 20 elements 
seen in the five tissues. The values for Co 
and Cr in spleen·, heart, and lung are not 
shown because of possible sample contamina­
tion. 

Upper limits for 27 additional elements 
are shown in Table II, the limit being the 
value plus 2a. 

Separate analyses were made on three 
samples of the liver tissue. The average val­
ues for 13 elements are shown in Table III. 
The average counting error and the root­
mean-square error of the three measure­
ments are shown. The errors in the K, Na, 
Rb, and Ta values are mainly due to counting 
statistics, whereas the rms errors for Br, 
Cs, Cl, Fe, Sc, and Zn values are 2-5 times 
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larger and indicate the variations in the sam­
ple preparation techniques or within the liver 
itself. Further measurements on representa­
tive selected portions of the liver would be 
necessary to distinguish between these effects. 

Conclusion 

It is feasible to make large-scale precise 
neutron activation elemental abundance mea­
surements on human tis sues. Initial exper­
iments should probably be concentrated on 
determination of the variation of composition 
within particular organs. This could be fol­
lowed by large-scale analysis on many sub­
jects and a selected number of organs to cast 
some additional light on the etiological rela­
tionship between elemental abundances and 
human health. 

Table III. 

Element (?lo or EEm) Average Average error rms error 

Potassium(o/o) 1.02 
Chlorine(o/~ 0.70 
Sodium(o/o) 0.431 
Iron(o/o) 0.262 
Zinc 348 
Bromine 135 
Rubidium 32 
Cadmium 8.4 
Selenium 1.8 
Cesium 0.18 
Tantalum 0.13 
Scandium 0.065 
Samarium 0.014 
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ARCHAEOLOGICAL IMPLICATIONS OF COMPOSITION 

VARIATIONS IN OBSIDIAN SOURCES* 

H. R. Bowman, F. Asaro, and I. Perlman 

The chemical compositions of obsidian ar­
tifacts have been used by a number of investi­
gators to "fingerprint" them and thereby lo­
cate the sour_ces of some of man' s early im-

plements. 1-3 Although obsidian artifacts are 
found widely, the possible sources of volcanic 
glass are comparatively few. The evidence is 
good that obsidian was an article of commerce, 



and there is some incentive in establishing 
specific trade patterns or to deduce what other 
circumstances resulted in the appearance of 
artifacts away from obsidian sources. 

It is implicit in this chemical approach to 
provenience studies that one determines the 
composition of obsidian from specific sources. 
A group of samples from one place will, of 
course, show some dispersion introduced by 
error of measurement even if the obsidian 
flow is very homogeneous. Beyond this, the 
source material may be intrinsically inhomo­
geneous. In such a case, provenience of arti­
facts can still be established if differences in 
composition between different sources are suf­
ficiently great. 

The present co=unication is based largely 
upon a geochemical study published elsewhere4 
and stresses two points which are pertinent to 
archaeological problems: (1) An obsidianflow 
or source can show considerable variation in 
composition. (2) In the case studied, the co­
herence in variation of the elements is extra­
ordinary, so much so that the judgment ofpro­
venience is just as definitive as it would be if 
the flow were extremely homogeneous. 
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Fig. 1. The chemical variation diagrams for 
scandium, manganese, cobalt, uranium, 
cesium, and thorium plotted against total iron 
content for obsidian and dacite from the Borax 
Lake source area. (XBL 725-2856) 
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Analytical data presented here pertain to a 
small volcanic flow at Borax Lake in Lake 
County, Northern California. It has been de­
scribed 5 as a thin layer of dacite ( 15-25 ft) 
overlain by a thicker layer of obsidian (40- 50 
ft). The procedure employed was neutron ac­
tivation analysis as described in some detail 
in an earlier publication. 6 This system of 
analysis emphasizes the trace elements and, 
in all, some 40 elements are determined, in­
cluding a considerable number for which the 
precision is high. 

Figure 1 shows the variation of six of the 
the trace elements relative to iron and em­
braces the whole range of obsidians and dac­
ites. 
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Fig. 2. The comparison of the elemental com­
position of obsidian implements (excavated at 
Borax Lake, Calif.) with the chemically vari­
able obsidian from the same area. The two 
lines for each element are the rms deviations 
obtained from the analysis of obsidian and 
dacite samples from the source area. 

(XBL 724-2854) 



The data of Fig. 1 are displayed in Fig. 2 
with some modifications in format. The 
range is confined to those specimens which 
can be classed as obsidian and the zones, each 
defined by a pair of lines, represent ± 0 to the 
least-squares-fit line (not shown). Statistic­
ally, two out of three data points would lie 
within the zone shown. If one wishes to know 
whether an artifact was made from Borax Lake 
obsidian one simply enters the data points on 
this diagram. Selecting, say, 21 elements 
chosen to display a variety of chemical be­
havior about 14 of these should lie within the 
zones.' This analysis provides extremely fine 
discrimination between different flows even 
where there is a large range in composition, 
provided it is proved that the variations are 
coherent as found here. 

The data points displayed in Fig. 2 were ob­
tained from the analysis of five obsidian arti­
facts found at Borax Lake. 7 Considering that 
these were found at a site with a ready source 
of obsidian, there was hardly any question of 
their provenience, consequently our interest 
in these was of a more microscopic nature. 
It is seen from Fig. 2 that all five have com­
positions near one extreme of the range, cor­
responding to the most silicic material, but 
artifacts made from any local material should 
fit as well. In terms of sampling locus, ob­
sidian of this composition was obtained at one 
end of the flow locally termed "the gravel pit" 
in deference to alluvial deposits of small rocks 
in this area. 

There is some evidence that inhabitants of 
this site used obsidian covering a wider range 
of compositions than that encountered in the 
five specimens ana]! zed by us. Stevenson, 
Stross, and Heizer analyzed a considerable 
number of artifacts from Borax Lake, using 
the x-ray fluorescence technique and found a 
variation in composition. We shall only be 
concerned with their iron and manganese data, 
because only with these do we have possible 
intercomparisons. They presented their data 
in arbitrary units so that comparisons cannot 
be made directly. However, they also an­
alyzed obsidian from another flow (Mt. Konocti) 
found by us to be sufficiently uniform in com­
position that conversion of their arbitrary units 
to absolute numbers was possible. In our mea­
surements of 37 randomly-selected pieces of 
obsidian from Mt. Konocti the rms deviations 
for iron and manganese were respectively 5o/o 
and 6o/0 of the mean values. 

One group of seven Borax Lake artifacts 2 

proved to have an iron content of 0.65±0.05o/o, 
which agrees well with the five artifacts an­
alyzed by us (see Fig. 2). Another group 
showed Fe= 1.04± 0.07o/o. The corresponding 
manganese values for these two groups are 
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118± 15 and 186± 24 ppm respectively. These 
two groups are significantly different from 
each other and both will be found to fit well on 
the Mn vs Fe plot in Fig. 2. 

Of interest to the archaeologist is the ques­
tion of whether the Borax Lake compositional 
picture is singular or should one expect to en­
counter this situation elsewhere and com­
monly. There can be no unequivocal answer 
at this point, but we are inclined to the view 
that this picture may be common but will vary 
in degree. A sampling from a fairly large 
flow in Napa County, California, showed the 
obsidian to be fantastically homogeneous; at 
Mt. Konocti (like Borax Lake, in Lake County) 
a variational pattern was seen, but of lower 
order than that from Borax Lake. Where the 
variation in composition is small, all arti­
facts from that source will show essentially 
the same composition; where variations are 
severe, artifacts from the same source could 
prove difficult to interpret unless th~ pattern 
of source obsidians has been determ1ned. 
Finally, it is possible that one area may have 
different flows which have different geochem­
ical histories. We have some fragmentary 
experimental evidence from the M~dici~e Lake 
region in the far north-east of Cahforn1a that 
we are confronted with just such a situation. 
The geological complexi~ of this regi?n of 
volcanism is well known and, even w1thout 
our experimental results, should serv~ as a 
warning of what might be encountered m pro­
venience studies. 

Finally, some further identification might 
be provided for the particular artifacts from 
Borax Lake that were analyzed. All of these 
were fluted points typologically attributed to 
an early culture dating back some 10,000 

9 years. 7 Results from hydration-layer dating 
were not unequivocal but were ·nevertheless 
consistent with this date, and even earlier, 
for occupation at Borax Lake. 
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THE ORIGIN OF THE "PALESTINIAN" BICHROME WARE* 

M. Artzy, F. Asaro, and I. Perlman 

Introduction 

During the decade bridging the year 1930, 
a repertory of bichrome potter! appeared 
from excavations in Palestine, Cyprus2 and 
coastal Syria. 3 The Bichrome Ware, as the 
pottery was called, was dated to the Late 
Bronze I Period, but may have appeared ear­
lier. Major notice was called to this ware in 
the publication by Petrie in 1931 of his exca­
vations at Tell el- 1 Ajjul, and since then they 
have been the object of detailed study. The 
complex arguments concerning their evolu­
tionary associations will be summarized else­
where but, for the moment, we only point out 
that the pottery has been considered indig­
enous to Palestine or Syria. 

The detailed studies of the Bichrome Styl~ 
by William Heurtley4 and by Claire Epstein 
both emphasize a complex pattern of stylistic 
influence which includes major elements of 
typical Cypriote wares. The two authors dis­
agree in important aspects of interpretation, 
but each finds reasons to fit these wares into 
a Syro-Palestinian setting. The appearance 
of Cypriote shapes and decorations in Bich­
rome pottery is simply taken as an instance 
of strong external influence. 

We turn to an issue which has beclouded 
the consideration of this repertory as part of 
a local Cypriote sequence. The Bichrome 
Ware is wheel-made and it is commonly ac­
cepted that the potter' s .wheel was· not used in 
Cyprus as early as the Late Bronze Age. This 
premise has led to difficulties in interpreting 
other pottery styles excavated in Cyprus as 
well. Some major Cypriote styles. of this 
period such as White Slip and Base Ring, do 
indeed seem to be almost exclusively hand­
made, but others are represented by both 
techniques of pottery making. There are co­
pious references for the appearance of wheel­
made Cypriote styles such as Whited Painted, 
Plain White, Black Slip, Black Lusterous, 
Red Slip, and Plain Ware in the same context 
with hand-made for~s (see, for example, 
Tomb 10 in Enkomi. Sometimes, in the com­
ments on the two types, attention is called to 

distinctions in "workmanship" which give 
added reason to label the wheel-made vari­
eties as "imports". We have not examined 
extensive collections of parallel varieties in 
juxaposition but, from what we have seen, the 
differences seem no greater than one would 
expect from different techniques employed by 
different potters. 

Origins of the Bichrome Ware 

In presenting the results which follow, we 
are faced with multidimensional comparisons: 
comparisons between pottery of the same style 
from different sites, different styles from the 
same site, and ancillary evidence from sites 
not directly associated with the Bichrome 
Ware. This will have to be done sequentially 
and not entirely in the order suggested in the 
previous discussion of an "ideal" provenience 
investigation. A substantial fraction of the 
analytical data obtained in this study will not 
be presented in this report. Some of the omit-
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ted results provide useful embellishment to 
points which will be made and other pertain to 
intriguing side issues for further investigation. 
These will have a proper place in a lengthier 
report which will go beyond the few simple 
points we set out to make here. 

Tell el- 1Ajjul and Milia Main Groups. The 
two largest assemblages of B1chrome Ware 
analyzed came from two sites: 54 pieces from 
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1 Ajjul in Palestine and 39 from Milia, Cyprus. 
(See map.) From the 1 Ajjul Bichrome, a single 
chemical group was made up of 36 pieces; and 
from Milia, 27 pieces were placed in a single 

gr<!mp. Discussion of the pieces which are not 
included in these two groups will be presented 
in later sections. 

In Table I are presented the statistical data 
on 18 elements showing the mean values and 
standard deviations for a group as indicated. 
Attention is called to the first two columns for 
the moment. It would appear that the Bichrome 
Ware groups from 1 Ajjul and Milia are indis­
tinguishable within the statistical dispersions 
(and this is the case) although for statistical 
clarity one should compare each sherd individ­
ually with a group rather than group with group. 

Table I. Comparison of Bichrome Ware from Tell el'Ajjul and Milia, and other 
wares from these sites. 

Aju. Bichr. Hla. Bichr. Aju. Plain Mla. Handmade 

( 36 pieces) (27 pieces) (5 pieces) (8 pieces) 

M±a M±a M±a M±a 

Fe(%) 5.54±0.23 5.87±0.21 4.31±0.27 5.00±0.50 

Ta 0.691±0.034 0.734±0.025 l. 355±0 .127 0.658±0.066 

Sc 22.08±0.92 23.50±0.65 13.95±0. 71 20.83±2.56 

Cv 30.54±1.78 31.33±3.19 17 .21±1.09 27.13±2.94 

Cs 4.70±0.50 4. 71±0.43 1.13±0. 49 3.59±0.63 

Cr 351±68 346±31 ll6±14 346±62 

Hf 2.95±0.21 3.23±0.17 9. 74±1.02 2.97±0.29 

Th 7.05±0.46 7.34±0.54 8.27±0.88 6.81±0.78 

Ni 251±21 276±21 48±ll 229±19 

Rb 95±25 84±17 34±10 63±16 

La 21.2±1.2 20.3±2.1 33.2±1.2 20. 7±1.9 

Lu 0.319±0.019 0.325±0.025 0.433±0.040 0.320±0.019 

u 2.56±0.92 1.82±0 .17 2.38±0.71 2.48±0.77 

Ti(%) 0. 420±0 . 0 34 0.457±0.033 0.577±0.037 0.454±0.031 

Mn 973±99 984±172 855±26 1076±94 

Na(%) l. 076±0 .187 1. n6±o .177 0.648±0.100 1.202±0.213 

* Al(%) 6.85±0.39 7.08±0.31 5.34±0.24 

Ca(%) 9. 8±1. 7 6.2±1. 7 6.9±0.7 9.9±2.6 

The numbers for the respective elements are group mean values (M) and 

the standard deviations (±a). All are in units of parts-per-million unless 

designated"(%)". 
1Aju. Plain' is a group of typical MB/LB Plain Ware from Tell el 1Ajjul. 

'Mla. Handmade' is a group of hand-made White Painted and Plain Wares 

from Milia. 

* At the time these wares from Milia were analyzed, aluminum was not measured. 
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Fig. 1. The bars represent mean values for 
the indicated pottery groups; the hatched zone 
on each is ± the standard deviation for the 
group. The value for each element is in units 
of parts-per-million unless designated "o/o." 

1 Ajjul Bichr: A group of 39 pieces of Bich­
rome Ware excavated at Tell el- 1 Ajjul; 1 Aj jul 
Plain: A group of 5 pieces of MB/LB typical 
local ware. 

Milia Bichr: A group of 27 pieces of Bich­
rome Ware excavated at Milia; Milia Hand­
made: A group of 8 pieces of hand-made 
Cypriote wares typical of the period. 

For ease in visualization, some of the data of 
Table I are displayed in bar-graph form in 
Fig. 1 where the top of each bar relates to the 
mean value, and the hatched zone is the extent 
of the dispersion in standard-deviation form. 
At this point we only conclude that the Bichrome 
Ware groups from 1 Ajjul and Milia are somuch 
alike in chemical composition that they very 
likely have the same provenience. 

The other two columns of Table I and bars 
of Fig. 1 pertain to two small groups of "local 
wares" from 1 Ajjul and Milia, respectively. 
It is seen that the group from Milia agrees 
rather well in composition with the Milia and 
1 Ajjul Bichrome Ware, whereas the group of 
plain ware from 1 Ajjul is vastly different. 
These added considerations expand the conclu­
sions: (1) All of the Bichrome Ware thus far 

(XBL 7211-4387) 

discussed came from the same place. (2) I£ 
we must choose between Milia and 1 Ajjul, the 
place is clearly Milia, Cyprus. 

When we analyzed pottery from sites on the 
eastern plain of Cyprus such as Milia, Enkomi 
and Kalopsidha, we did not find single chem­
ical groups which embraced all of the spec­
imens from the respective sites. Instead, a 
considerable number of groups appeared which 
are chemically quite similar to each other but 
readily discernible by our system of analysis. 
Because of the number and similarity of such 
groups we are inclined to believe that this re­
gion has a considerable number of places from 
which the ancient potters drew their clays, and 
that these sources share a similar geochem­
ical history. In short, the Bichrome Ware 
thus far mentioned is chemically similar to a 
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Tablel[. Comparison of Tell el-'Ajjul Bichrome and Plain Wares from Table I with pottery groups from 
Deir el-Balach, Tel Ashkelon and Tel Ashdod. 

Fe(%) 

Ta 

Sc 

Co 

Cs 

Cr 

Hf 

Th 

Ni 

Rb 

La 

Lu 

u 
Ti(%) 

Mn 

Na(%) 

Al(%) 

Ca(%) 

Aju. Bichr. 

( 36 pieces) 

M±cr 

5.54±0.23 

0. 691±0. 034 

22.08±0.92 

30.54±1.78 

4.70±0.50 

351±68 

2.95±0.21 

7.05±0.46 

251±21 

95±25 

21.2±1.2 

0.319±0.019 

2.56±0.92 

0.420±0.034 

973±99 

1.076±0.187 

6.85±0.39 

9.8±1.7 

Aju. Plain 

(5 pieces) 

M±cr 

4.31±0.27 

1. 355±0 .127 

13.95±0.71 

17 .21±1.09 

1.13±0. 49 

ll6±14 

9. 74±1.02 

8.27±0.88 

48±ll 

34±10 

33.2±1.2 

0.433±0.040 

2.38±0.71 

0.577±0.037 

855±26 

0.648±0.100 

7.08±0.31 

6.9±0.7 

The numbers in this table are defined in Table I. 

Balach 

(8 pieces) 

M±cr 

4.26±0.25 

1.258±0 .064 

13. 32±0 .80 

18.21±1.27 

1.6±0. 3 

102±11 

9.03±1.05 

7.56±0.53 

46±11 

52±14 

30.2±2.0 

0. 397±0. 024 

1.62±0 .18 

0.557±0.031 

891±58 

0. 624±0 .ll6 

5. 66±0. 41_ 

6.4±1.2 

Ashkelon 

(20 pieces) 

M±cr 

3.97±0.17 

1.280±0.056 

13.09±0.52 

17. 39±1.14 

1.8±0.2 

ll3±7 

11.92±0 .97 

7.66±0.38 

57±14 

56±10 

30 .l±l. 4 

0. 434±0. 018 

1.89±0 .22 

0.629±0.032 

754±40 

0.688±0.096 

5.43±0.24 

7. 7±1.2 

Ash dod 

( llO pieces) 

H±cr 

3.75±0.22 

l. 340±0. 064 

12.47±0.65 

16.77±0.99 

l. 7±0 .2 

121±7 

14 .16±1.17 

8.03±0.45 

42±14 

57±7 

30 .1±1.5 

0.463±0.027 

1.94±0.12 

0.691±0.038 

776±46 

0.666±0.035 

5 .25±0. 30 

6.3±0.7 

'Balach' refers to a group of 8 Plain Ware vessels from Deir el-Balach. 

'Ashkelon' refers to a group of 20 Philistine sherds from Tel Ashkelon. 

'Ashdod' refers to a group of 110 sherds from Tel Ashdod, mostly Philistine. 

number of pottery groups from the eastern 
plain of Cyprus, and matches very closely 
with this particular group of eight sherds from 
Milia. We shall compare some of these other 
groups presently. 

Pottery of southern coastal Israel. As al­
ready mentioned, we are somewhat dissatis­
fied with the use of only five 'Ajjul plain ware 
sherds to represent local materials. Conse­
quently, we shall compare the 1 Ajjul plain 
wares with pottery drawnJ from three other 
sites in the region: Deir el-Balach which lies 
6 km south of 'Ajj_ul, Tel Ashkelon which is 
about 25 km to the north and Tel Ashdod 15 km 
still further north. (See map.) 

The data on these four sites are shown in 
Table II along with the 1 Ajjul Bichrome group 
from Table I for C()mparison. The data for a 

selected group of elements are also shown in 
Fig. 2 in bar-graph form. It is seen, first of 
all, that the four sites from southern coastal 
Israel have much in common although there 
are differences between them. These distic­
tions should be compared with the gross differ­
ences which all have from the 1 Ajjul Bichrome 
group which we take to come from eastern 
Cyprus. Note for example, the elements Ta, 
Sc, Cs, Cr, and Hf, among others. 

The fact that typical local potteries from 
three sites to the north and south of 1 Ajjul all 
look similar to the small collection of local 
1 Ajjul wares gives one added confidence that 
these do indeed represent local manufacture. 
It should be emphasized that the evidence pre­
sented in Table II only shows that it is highly 
uniikely that the 1 Ajjul Bichrome Ware was 
made locally. The crucial point concerning 
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Fig. 2. The bars and hatching have the same 
meaning as in Fig. 1. The bars designated 
1 Ajjul Bichr and 1 Ajjul Plain are repeated 
from Fig. 1. 

Balach: refers to a group of 8 Plain Ware 
vessels from Deirel-Balach. 

Ashkelon: 20 Philistine sherds from Tel 
Ashkelon. 

Ashdod: 110 sherds from Tel Ashdod, 
mostly Philistine. (XBL 7211-4388) 

their provenience is that they do agree with 
pottery from eastern Cyprus. 

1 Ajjul locally-made Bichrome. The six 
Bichrome pieces which we term1'locally-made11 

cannot specifically be as signed to 1 Ajjul partly 
because we do not have adequate numbers of 
local wares with which to compare them (see 
Tables I and II). One piece of Bichrome does 
fit very well with the reference group of five 
pieces of plain ware from 1 Ajjul; the others 
are somewhat different. 

After finding that six Bichrome sherds were 
of Palestinian (if not specifically 1 Ajjul) origin, 
we consulted our description notes and photo­
graphs to see if anything distinguished them 
visually. A summary for the six pieces fol-

lows: one of is a biconical jar, another a flat 
plate decorated with an unusual pigment and 
with no known parallel in Bichrome repertory, 
a krater sherd with unique bird head (duck-like 
rather than the graceful ibis), two sherds with 
a very soft clay, and one for which we have no 
photograph or notes. 

It would be rash, perhaps, to assert that all 
of these specimens are atypical of the Bich­
rome repertory and on this basis to class them 
as imitations. Arguments of this kind are 
sometimes unsatisfactory in that they presup­
pose fixed boundaries of style, workmanship, 
and firing conditions, beyond which a vessel 
is excluded. What can be said about these six 
pieces is that a couple of them are singular 
among everything yet seen and that others are 
atypical in one respect or another. 



Bichrome Ware from other Palestinian sites. 
Attention has been focused on 'Ajjul because 
from here came the largest number of pieces 
which we analyzed. It turned out that the as­
semblage presented a concise picture of pro­
venience in which all specimens but a few 
could be clearly traced to Cypriot origin. More 
subjectively, the assemblage was also charac­
terized by stylistic homogeneity in the sense 
that there is little doubt that the vast majority 
of the pieces £it clearly within the pottery rep­
ertory with which we are concerned. 

Samples thus far taken from other sites are 
relatively few in number. The results will be 
presented in abbreviated form, in part because 
they do not constitute a reasonable sampling, 
but also because a broad issue has arisen 
about which concise answers cannot be giben at 
present. This issue has to do with the relation 
between Bichrome Ware and decorated LB 
Palestinian pottery some of which is painted in 
two colors. The question has already been 
dealt with by Rith Amiran 7 in considering 
which among these may be taken as styles de­
rived from the Bichrome and which should be 
properly/laced within that repertory. Indeed, 
Heurtley divided the Megiddo two-color pot­
tery into two classes which he ascribed to an 
"early" and "late" phase of the Bichrome style. 
Although his chronology was shown by Epstein5 
to be faulty, it does not follow that there are 
no distinctions which might be correlated tem­
porally, For the present, we believe that 
there are still questions of typology and chro­
nology which cannot be answered satisfacto­
rily. 

Beth-El. Six pieces from this site were 
analyzed, all of which appeared to be good ex­
amples of Bichrome Ware. Five of these had 
compositions indistinguishable from the large 
groups from Milia and 'Ajjul and are classed 
by us as imports from eastern Cyprus. One 
piece was grossly different and is clearly un­
like any of the large numbers of specimens 
analyzed from Cyprus. It is also vastly dif­
ferent from the compositions we associate 
with southern coastal Israel. 

Lachish and Tell el-Hesi. Only three sam­
ples of Bichrome Ware from Lachish and one 
from Tell Hesi were analyzed and all were of 
eastern Cypriote composition. 

Tel Mor. This site, on the sea coast a 
short distance north west of Tel Ashdod, was 
a seaport settlement and is characterized by 
large numbers of imported wares among the 
pottery finds. 8 The sherds that were sampled 
were small and much effaced through weather­
ing, consequently the identification as Bich­
rome Ware was quite uncertain for a number 
of them. 
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Two or three fragments which could con­
ceivably be two-colored, hence Bichrome, are 
probably not of Cypriote origin, but the pro­
venience is not yet known. Nine others, for 
which the identification varied from "certain" 
to "uncertain, 11 could be fitted among the three 
reference groups from Cyprus already men­
tioned, 

Megiddo. This is an important site for the 
problem at hand i£ for no other reason than 
that it figured prominently in the early studies 
of Bichrome Ware by Heurtley and by Epstein. 
Here we encounter in full force the problem 
previously discussed, that is, what boundaries 
to place on the Bichrome repertory. 

Among the pieces analyzed from Megiddo 
were found a substantial number which are as 
clearly of Cypriote origin as those from 
' Ajjul and the other sites. There were also a 
number of pieces with two-color decoration 
which are not of Cypriote composition and 
agree in composition with other decorated and 
undecorated vessels from Megiddo. These 
are likely to be of local manufacture although 
this issue has not yet been settled on the basis 
of the analyses so far made. In the light of 
these analytical results on the two-color wares 
it will be necessary to re-examine typological 
features to see if there are any added reasons 
to consider these as a group apart. 

Summary 

The data presented here, both chemical and 
typological, point to eastern Cyprus as the 
source of the "Palestinian" Bichrome Ware. 
Probably, it would be incorrect to assert that 
every piece of pottery which is reasonably 
classified as Bichrome Ware was made in 
Cyprus; nevertheless, the vast majority of 
those analyzed can be traced to Cyprus and of 
these the preponderance came from the region 
around Milia. 

A stylistic antecedents of the Bichrome 
Ware are readily at hand within the long tradi­
tion of Cypriote painted wares. Although the 
Bichrome repertory contains some innovative 
features, most of the vessel shapes and de­
sign motifs bear a striking resemblance to 
those of the White Painted sequence of the 
Middle Cypriote Period. 

In view of the virtual certainty that the 
wheel-made Bichrome Ware was made on 
Cyprus, it seems no longer necessary to clas­
sify other pottery of the period as imports to 
Cyprus solely because they were made on the 
potter's wheel. Consequently, deductions 
which have been based upon wheel-made wares 
of White Painted, Black Slip, Plain Ware and 
other styles should be re-examined. 
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The acceptance of Cypriote provenience for 
the Bichrome Ware also brings into focus some 
issues concerning the typological extent of the 
repertory and the chronology associated with 
any stylistic divisions which can be made. The 
possibility now exists for distinguishing between 
Bichrome Ware and Late Bronze Palestinian 
Painted Ware which is sometimes termed 
"Bichrome" because it may be painted with two 
colors. In the southern sites which were de'­
stroyed by Ahmosis, Bichrome Ware appeared 
before the destruction, and this also points to 
an earlier date than that at which we believe 
the LB Painted Ware belongs. Obviously, these 
tentative conclusions call for a careful re­
examination of stratigraphic information and 
for chemical analyses of a larger array of 
pottery of these periods. 
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ORIGIN OF THE COLOSSI OF MEMNON 

R. F. Heizer,t F. S. Stross,t R. F. Hester,t A. D. Albee,t 

H. R. Bowman, I. Perlman, and F. Asaro 

The two colossal statues of the Egyptian 
pharoah Amenhotep III (called "Colossi of 
Memnon" since Roman times) have been ten­
tatively traced to the ancient quarries near 
Cairo by modern nuclear-chemical techniques. 
These statues, which stand about 20 yards apart, 
were moved as monoliths to their present loca­
tion in the western plain of Thebes near mod­
ern Luxor in Egypt around 1400 B. C. 

Their enormous weight, some 720 metric 
tons, and size (46.9 feet high), have caused 
considerable controversy about the origin of 
the statues and the method of transportation. 
The statues were each cut from a single block 
of quartzite, although an earthquake in 27 B.C. 
toppled the upper half of the northern colossus 
and it was reconstructed with quartzite by the 
Roman, Septimus Severus, around 200 A. D. 

The present work describes principally the 
nuclear chemical techniques used in determin­
ing the origin of these artifacts, and we shall 
first discuss the general applicability of the 
method. 

Neutron activation analysis has been used 
most successfully in the determination of the 
provenience (place of origin) of pottery and 
some other materials when the chemical com-

positions of the artifacts from a particular 
area form a rather homogeneous group or 
groups. Provenience determination can be 
rather unambiguous also when chemical com­
positions vary considerably if there is a high 
degree of coherence between the elements 
(Bowman, Asaro, Perlman, 1973~ 1 When 
chemical compositions vary greatly within sin­
gle monoliths as we found for the Colossi of 
Memnon and also vary greatly among the sam­
ples of quartzite from a single quarry, the de­
termination of provenience becomes much 
more difficult. 

In an ideal situation, one would find that a 
considerable number of elements had distinc­
tive abundances for each quarry of possible 
interest. Then, the levels of these elements 

·in a statue would match one of these patterns 
and none of the others. 

Where the material in a quarry is very un­
uniform chemically, the abundances of the var­
ious elements cover a broad range and it may 
be impossible to find many, or any, elements 
for which there is no overlap. It is still pos­
sible to make meaningful provenience deduc­
tions. Let us suppose that a good sampling of 
a statue produces a range of levels for each 



element which coincides neatly with the ranges 
for a particular quarry which has been ade­
quately sampled. Even with such overlap be­
tween quarries the pattern fitting could be dis­
tinctive. Furthermore, this would show that 
the ununiformity in the statue is probably re­
flected throughout the quarry. If the composi­
tion of the statue varied less than the quarry 
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as a whole, one might be able to find from 
which particular part of quarry it came by find­
ing localized quarry samples which showed 
this smaller spread. 

The ideal situations certainly do not exist 
in the present instance. We have analyzed 
over 110 samples from 7 quarries and 9 arti­
facts. We had 23 quarry samples from Cairo 
and 3 7 from three locations near A swan. These 
samples had been selected by a geologist and 
their origin is certain. A few samples were 
also available from quarries between Luxor 
and A swan, but their origin is less certain and 
their numbers are too small to give a good per­
spective of the chemical-composition vari­
ations possible in these quarries. The samp­
ling was perforce limited and was particularly 
difficult because of entry restrictions at cer­
tain quarry locations, and had to be done 
through intermediaries. 

On the basis of the samples analyzed we 
can show that the Cairo quarry some 420 miles 
downstream on the Nile is far more likely the 
source of the Colossi of Memnon than the quar­
ries at Aswan which are upstream at a dis­
tance ofonly about 130 miles. Nevertheless, 
the full composition range encountered in a 
single statue monolith was not encompassed by 
the "grab samples" from the Cairo quarry. 
This fact leaves us somewhat unsatisfied as 
one must assume that either (1) the quarry 
sampling was inadequate, or (2) the rock with 
the exact composition range as that of the stat­
ues has been removed through the ages. 

The chemical composition of the samples 
were measured by neutron activation analysis 
(Perlman and Asaro, 1969, 1970). 2 In this 
technique the abundances of some 40 elements 
are measured with a precision approaching 1o/o 
in the most favorable cases. Most of these 
elements are in the part-per -million range. 
The quartzite samples were broken open, and 
- 2 grams of chips from the center were 
crushed to a powder with a ceramic mortar 
and pestle. Powder samples of 100 mg were 
pressed into pills, using cellulose as binder, 
and irradiated along with pottery standards of 
known compositio-n in the University of Cal­
iforina Research Reactor. Comparison of the 
abundances of the gamma rays emitted by the 
samples and standards leads to the absolute 
abundances of the various elements in the 
samples. 

Table I identifies the various quarries and. 
artifacts sampled, the general area in which 
the artifacts or quarries are located, the num­
ber of samples from each location and the ap­
proximate distance from the Colossi of Mem­
non. A complete listing of the analytical data 
will be presented in a later publication. Ex­
cept at "Kom Ombo, 8 Km S. of Edfu, 11 the 
major elements aluminum, magnesium, cal­
cium, and titanium were below 1%, sodium 
and potassium were below 0.18% and iron was 
highly variable. Silica, the most massive 
constituent, was not measured. The quarries 
will be considered individually along with their 
distinguishing features. 

Kom Ombo, 8Km South of Edfu-The pro­
venience of the quarry samples bearing this 
designation is uncertain because there is a 
Kom Ombo listed in the Times Atlas of the 
World which is closer to 70 kilometers south 
of Edfu rather than the 8 listed for the sam­
ples. The four ·samples from this quarry were 
very distinctive in their chemical composi­
tions for many elements and were fairly ho­
mogeneous. For example, the manganese 
(- 0.4%) and calcium (-1So/o)contents were a 
factor of 10 higher than found for any other 
samples. The Colossi of Memnon and the 
other samples studies are certainly not re­
lated to this material. A wide sampling of 
this quarry is desirable to see if these dis­
tinctions are pervasive. 

Silsila-Only one sample was available 
from Silsila and it also was very distinctive 
in its composition. The barium content, for 
example, was 1.0o/o, ·over one order of magni­
tude higher than any of the other samples. It 
is not like any of the statue samples, but is 
closest to the "Kom Ombo, 8Km South of Edfu" 
composition. As with the other quarry dis­
cussed, a much wider sampling is needed to 
determine if the distinctiveness from the stat­
ue samples persist throughout the quarry. 

8 and 9 kilometers North of Edfu-There 
are no quarries just north of Edfu as far as 
one of the authors (F. S.) could determine 
from the literature. These quarries are pre­
sumably in the immediate vicinity of Edfu. 
Only two samples were available, and these 
could not be distinguished from the quarry 
samples from the Aswan area. A wider sam­
pling of the quarries might permit such a dis­
tinction. 

Aswan quarries (Gebel Osman, Osman 
Valley, Gebel Simeon)- 34 samples were run 
from these three quarries. Although further 
sampling might permit distinguishing between 
them, it is not possible now. 



Quarry Samples 

Gebel Ahmar 

9 kilometers Iiorth of EDFU? 

8 kilometers North of EDFU? 

8 kilometers South of EDFU? 

Silsila 

Gebel Osman 

osnlan Valley 

Gebel Simeon 

Artifact Srunples 

Statue of Ramses II 
in Memphis Storage yard 

North Statue of Memnon 

Reconstructed Portion 

Pedestal, loose block 

South Statue of Memnon 

Pedestal, Main block 

Statu.e SaL~ples 

Rear block 

Loose blocks 

Ruined Colossus 

Sculpture of a Mortuary Temple 
of Amenhotep III 

Great Stela of Mortuary Temple 
of Amenhotep III 

South Statue in front of lOth 
Pylon at Karnak 

Pedestal of North Statue in front 
of lOth Pylon at Karnak 

Sarcophagus of Thoutmoses IV 
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Table I 

General 
Area 

Cairo 

EDFU 

EDFU 

EDFU 

Silsila 

As wan 

A swan 

A swan 

Cairo 

Luxor 

General 
Area 

No. of 
Samples 

22 

1 

1 

4 

1 

14 

9 

11 

1 

13 

3 

1 

8 

3 

No. of 
Samples 

1 

3 

1 

1 

3 

5 

1 

1 

Approximate Distance 
from the Colossi of 
Memnon (kilometers) 

676 North 

97? South 

98? South 

114? South 

148 South 

214 South 

214 South 

214 South 

650 North 

Approximate Distance 
from the Colossi of 
Memnon (kilometers) 
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Cairo quarry (Gebel Ahmar)-22 samples 
from the Cairo quarry were measured. Sam­
ples from all the quarries mentioned above 
can be distinguished from the Cairo samples 
by the abundances of the light rare earths, 
especially Eu. 

Figure 1 shows the abundance of Eu plotted 
against Fe for the various quarries. The 
Cairo samples have Eu abundances in the 0.05-
0.1 part-per-million (ppm) region, while the 
other quarries have a much wider range of Eu 
values which do not go below 0.1 ppm. 

Colossi of Memnon 

Eu content: Fig. 2 shows the Eu content of 
the samples from the Colossi of Memnon, 
their pedestals, and the reconstructed portion 
of the North Colossus. In general, the Eu 
abundances were below 0.1 ppm, which is con­
sistent with the Cairo quarry but with none of 
the others sampled. The samples from the 
reconstructed portion of the North Colossus 
and a loose block on the pedestal match more 
closely the Aswan and Edfu compositions. 

Fe content: The iron content in the Colossi 
ranges up to 15o/o, much higher than found in 
any of the quarries sampled. The highest iron 
contents are found, however, in the Cairo ma­
terial. This may just reflect that if these 
Colossi came from the Cairo quarry they came 
from an area or from material which we have 
not sampled. In this respect, a quartzite 
statue of Ramses II found in Memphis near 
Cairo and presumed to have come from the 
Cairo quarry had a high Fe abundance (4o/o) as 
well as a Eu content below 0.1 ppm. 

Co content: Because there is a coherence 
between the abundance of iron and some of the 
other elements, it seemed desirable to distin­
guish between the Aswan and Cairo quarries 
using only those samples of low iron content 
in a range common to both areas and the 
Colossi. 

In Fig. 3 is plotted the Co abundance as a 
function of the iron content for the Aswan and 
Cairo quarries and the Colossi samples. It 
is seen that the Cairo and Aswan samples have 
distinctively different patterns and that the 
North and South Colossi samples and the sam­
ples from the pedestal of the South Colossus 
are much nearer to the Cairo than the Aswan 
pattern. The samples from the quarries 11 8-9 
Km North of Edfu" fall in with the Aswan ma­
terial and those from the quarry 11 8 Km South 
of Edfu" fall in with the Cairo material. 

The samples from the reconstructed por­
tion of the North Colossus do not match the 
Cairo pattern, but are consistent with both 
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the Aswan and "8-9 Km N of Edfu" quarry 
samples. A loose block on the North Colossus 
pedestal behaves similarly. 
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In conclusion, the abundance of Eu, Fe, and 
Co in the various samples indicate that the 
Colossi of Memnon and the pedestal of the 
South Colossus came from Cairo rather than 
Aswan if our sampling was representative. 
If this is true, then these massive monoliths 
were transported some 420 miles upstream 
rather than about 130 miles downstream as 
had been previously thought by other scholars. 

Analysis of other artifacts shown in Table 
I indicate they also came from Cairo rather 
than Aswan, if those quarries are the only 
choices and our sampling was representative 
of the quarries. 
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3He ACTIVATION ANALYSIS FOR S, Cl, K, and cat 

D. M. Lee and S. S. Markowitz 

Three easily-detected radionuclides, 
38c1, 

34mcl, and 38K, produced from the interac­
tions of sulfur, chlorine, potassium, and cal­
cium, were used as "signals" for tf,e deter­
mination of the latter elements by He activa­
tion analysis. A number of samples were 
analyzed non-destructively by using differing 
nuclear reactions to examine the accuracy of 
the method and the extent of interferences. 
Absolute excitation functions for the 3He reac­
tions are given. 

The unique advantages that the 
3
He ion of­

fers as an incident particle for activation 
analysis were first suggested by Markowitz 
and Mahony. 1 Since then considerable efforts 
have been devoted to developing the practical­
ity of this system for solving various analytical 
problems .z- 7 Although 3.He activation analyses 
of m~ygen, carbo~, and. fluorine have bg:y.}n­
vestigated extensively 1n recent years, 

therf is much less information available about 
the He reactions with sulfur, chlorine, potas­
sium, and calcium. Activation of S, Cl, K, 
and Ca by thermal neutrons, fast neutrons, 
protons, deutel~~f 9 and alpha particles has 
been reported; most of these analyses 
were applied to a specific matrix with various 
degrees of success. The use of 3He ions pro­
vides alternative methods for the determina­
tion of the above elements with high sensitiv­
ity, and is a more convenient one .in some 
cases, particularly at low energy. 

In order to utilize the charged-particle ac­
tivation technique to its optimum, a measure­
ment of activation cross sections for a spe­
cific nuclear reaction is essential. This 
knowledge of excitation functions is also valu­
able for the production of radionuclides and 
for studies of nuclear reaction mechanisms. 



Target Preparation and Assembly 

For the measurements of the excitation 
functions the targets used were prepared by 
vacuum-depositing CaF2, KI, PbCl2 and pure 
sulfur onto tantalum backing-foils. Sulfur tar­
gets were protected by depositing a thin film 
of aluminum over the sulfur to promote heat 
transfer during the irradiations. The thick­
ness of the targets was determined by weigh­
ing; they ranged from 1.5 to 4.5 mg/ cm2 . For 
the subsequent analyses, samples were syn­
thesized as thin targets or as thick ones. 
Thin targets were prepared either by vacuum 
evaporation or by settling the finely-ground 
powder onto a tantalum backing-foil from an 
ether suspension; the powder was fixed to the 
foil with a drop of dilute polystyrene in dichlo­
roethylene. The thick targets were prepared 
by homogenizing a known small amount of ma­
terial to be analyzed2 with pure lead powder 
(approx. 200 mg/cm ) and then pressing the 
mixture into a 1-inch (2. 54- em) diameter thin 
disk. Targets were mounted on an aluminum 
ring and were covered with thin gold or alumi­
num foils to form one target assembly. This 
target assembly was constructed to facilitate 
the handling of a fragile target, to promote 
heat transfer,· to avoid recoil loss, and to ob­
tain a proper reproducible geometry. 

Irradiation 

Irradiations were performed at the Berke­
ley 88 -inch cyclotron. Aluminum foils were 
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placed in front of the sample assembly to de­
grade the beam from an initial energy of 30-
MeV 3He to an appropriate energy for each ir­
radiation. The length of bombardment varied 
between 8 to 15 minutes. The avera~e beam 
currents were about 0.1 to 0.4 flA of He (++). 
Thin targets were irradiated simultaneously 
at different energies by stacked-foil technique; 
thick targets were irradiated one-at-a-time 
with a thin standard in the same stack, or with 
a thick standard from two successive irradi­
ation. The total charge received from the 
Faraday cup was measured by a calibrated in­
tegrating electrometer. 

Radioactivity Measurements and 
Data Acquisition 

After irradiation, samples were analyzed 
by gamma-ray spectrometry using Ge(Li) de­
tectors, coupled to a 1024-channel analyzer 
with a magnetic tape recording unit. 

Two Ge(Li) detectors, having active vol­
umes of 16 cm3 and 30 cm3, manufactured by 
the nuclear detector group at LBL, were used 
for this work. The gamma-ray photo-peak 
efficiencies were calibrated by using a set of 
eight absolute gamma-ray standards, obtained 
from the International Atomic Energy Authority, 
Vienna. 

Half-lives and gamma rays used for the 
.measurements are given in Table I. 

TABLE I. Nuclear data, Q value for the reactions investigated In the present vork. 

T 
112 

of Product Ga11a-ray Energies Ga•a-rays Used 
0 Value 

Nuclear Reaction lluclide(lin) 
(% Intensity) for lleasure1ent (lleV) (lleV) 

32S(311e,p)341Cl 32.5 0.145(45%), 0.511(100%), 2.12 +6.08 
1.17(12%), 2.12(38%), 
3.30(12%) 

35C1(3He,«)341c1 32.5 •7.94 

39K( 311e, 2~ 34eC1 32.5 -5.70 

37 C1(3He, 2p) 38C1 37.1 1.60(38%), 2.17(47%) 2.17 -1.61 

37 C1( 3He, 2n) 38K 7.7 0.511(200%), 2.170(100%) -4.19 

39K( 3He ,«) 38K •7.49 

40ca( 3He,rip) 38K •0.84 
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· TABLE II. Cross sections (in •b) for 3He nuclear reactions on S, Cl , K, and Ca. 

Average 325 35Cl 37 Cl 
Energy 3 ( 3He ,ex) 3 Ben Interval ( He,p) ( He, 2p) 

Energy (MeV) 3411Cl 3411Cl 38c1 (MeV) 

4.2 4.6-3.8 0.25 
4.6 5.0-U 1.1 
5.2 5.6-4.9 3.1 
6.3 6.6-6.1 11.1 
7.5 7.8-7.3 28.4 7.9 0 
8.2 8.4-8.1 0.1 
8. 7 9.0-8.4 35.2 
8.9 9.2-8.6 10.3 2.8 

10.1 10.3-9.4 34.2 
10.6 10.9-10.4 12.1 13.4 
11.2 11.5-11.0 11.6 21.8 
11.9 12.1-11.6 31.0 
12.4 12.6-12.3 
13.8 14.0-13.6 23.1 9.5 lt8.0 
14.8 15.0-14.7 8.5 53.1 
15.4 15.6-15.3 16.2 7.11 60.5 
15.9 16.0-15.7 7.8 62.2 
16.2 16.4-16.0 
17.1 17.3-17.0 12.4 7.7 70.0 
18.0 18.1-17.8 10.3 6. 7 75.0 
18.8 19.0-18.6 9. 7 
20.0 20.2-19.9 7.2 8.1 77.7 
22.0 22.1-21.8 6.7 

Excitation Functions 

Absolute cross sections were calculated 
based on the assumption that the reactions in 
Table I were attributed entirely to a single re­
action of a specific target nuclide. A sum­
mary of experimental cross-section data ob­
tained in this work is presented in Table II; 
the excitation functions for each element are 
shown in LBL-682. Each of the cross sec­
tions shown in Table II represents an average 
value of 2-3 replicates; the precision(average 
deviation) was about 5o/o. Additional uncertain­
ties include: ( 1) the determination of total 
beam current, (2) the half-lives of nuclides, 
(3) the determination of disintegration rates, 
(4) the uniformity of thickness of targets, (5) 
possibility of recoil gas losses during irradi­
ation. With all the above considerations, the 
estimated absolute errors in the cross sections 
are 10o/o for S data, 10-15% for Cl, 20o/ofor K, 
and 1 Oo/o for Ca. 

Interferences 

Interferences are discussed in detail in 
LBL-682. 

37Cl 39K 39K 40 
3 (3He,<l) (3He,2o0 3 Ca 

( He, 2n) ( He,ctp) 
38K 38K 3411Cl 38K 

0.5 6.4 
3.8 8.2 0.36 

9.8 0 

9.1 10.2 5.9 
9.3 9.9 

12.9 

18.3 7.7 0 22.4 
22.8 39.1 
23.0 6.9 0.5 50.5 

22.6 
6.3 3.6 62.6 

20.1 6.1 7.1 72.1 

17.2 5.8 8.2 76.6 

Sensitivity of the Method 

Applying Currie' s20 "working expression" 
for the interference-free determinations of 
S, Cl, K, and Ca by activation with 3He at the 
energy of the maximum cross section, using 
1-f!A current for one half-life irradiation, 
starting counting immediately after irradiation 
for one half-life, and employing a photo-peak 
counting efficiency of only about 0. 5%, we esti­
mate the determination limits to be 0.025 f!g 
for S, 0.05 f!g for Cl, 0.2 f!g for K, and 0.025 
f!g for Ca, in a 1-gram sample. 

Samples Analyses 

Samples containing compounds with known 
amounts of S, Cl, K and Ca were analyzed 
non-destructively. The A0 values (activity at 
the end of bombardment) were determined by 
following the gamma-ray photo-peaks for 5 to 
6 half-lives; the intensity of the photo-peaks 
was analyzed by computer code SAMPO, 21 and 
the A0 values were ofzained by decay-curve 
analysis using CLSQ code. The amount of 
elements present was calculated by comparing 
the ratio of the A0 values of the samples to the 
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TABLE Ill. Results of 3Ha activation analyses. 

Element 3 Nuc 1 ide Sa111pl e Sought He Beall Used (11eV) 

S-1 s 10 34mCl 

S-·2 s 10 34mCl 

S-3 s 10 34mCl 

S-4•Pb s 15 34mCl 

S-5•Pb s 15 34•cl 

Saran-1 Cl 15 38Cl 

Saran-2 Cl 15 39K 

AgCl-1 Cl 10 34mCl 

AgCl-2 Cl 15 38K 

NaGl-1 Cl 15 38Cl 

HaCl- 2 Cl 15 38K 

PbCl /Pb Cl 15 l8Cl 

PbC1 2•Pb Cl 15 :mK 

KCl-1 Cl 15 38Cl 

KCl-1 K 8 38K 

Mi CJ·1 K 10 38K 

l'lica-2 K 10 38K 

Mica<J K 20 38K 

Ca 20 38 
c~r -1 K 2 

38K CaF 2"2 Ca 20 

CaFz-3 Ca 20 38K 

3Average of 2 measurements. 

appropriate standards. The standards used 
for this work were pure S, PbCl2, KI, and 
CaF2, having thicknesses similar to the sam­
ples. The results of these sample analyses 
are shown in Table III; the average deviation 
from the known concentrations of all samples 
is a bout 6o/o. 
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0.09 0.08 -11 
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OUANTITIVE ANALYSIS FOR THE MAJOR ELEMENTS IN ROCKS 

AND MINERALS BY NONDISPERSIVE SOFT X-RAY FLUORESCENCE 

A. J. Hebert and K. Street, Jr. 

A lithium-drifted silicon detector 1 and 
multichannel analyzer system has been com­
bined with a multiple-target soft-x-ray gener­
ator and a high-vacuum sample-handling sys­
tem to provide an x-ray fluorescence unit for 
quantitative analyses of the elements from ox­
ygen to iron. A cross-sectional sketch of the 
unit is shown in Fig. 1. 

For mineral or rock analyses, the pow­
dered sample is fused in a 10:1 LiBOz mix and 
the resultant glass cast on a polished vitreous 
carbon piate into an open metal ring. The 
vitreous carbon sur face provides a relatively 
smooth and contamination-free homogeneous 
glass sample surface for analysis. The pro­
cedure requires less than 10 minutes per sam­
ple when starting with a 200-mesh powder. 

Major element absorption corrections are 
calculated from experimental cross sections 
tabulated by McMaster et al. 2 

Fig. 1. Cross-sectional sketch of the soft 
x-ray fluorescence spectrometer. 

(XBL 734-2754) 
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Table I. A Comparison of XRJ.<' and 
-the Major EJ.ements in Six USGS 

Sample Source Na2o IvlgO Al203 

XRF 4.17 0.77 15.26 
G-2 

Ref . ., 4.15 o. 77 15.31 ..) 

XRF 2.84 0.99 15.02 
GSP-1 

Ref. 3 2.86 0.95 14.92 

XRF 4.36 l. 51 16.90 
AGV-1 

Ref. 3 4.32 l. 53 16.92 

PCC-1 XRF 0.02 43.42 0.67 

Ref. 3 0.0077 43.26 0.72 

DTS-1 
XRF 0.007 49.68 0.41 

Ref. 3 0.0084 49.83 0.30 

BCR-1 XRF 3.30 3. 52 13.42 

Ref. 3 3.32 3.46 13.44 

Analyses of three separately prepared sets 
of six different USGS standard rock powders 
indicate reproducibility and accuracy of the 
order of 1 to 2"/o for the eight elements from 
sodium to iron when calibrated against pub­
lished wet chemical results. 3 A comparison 
of values is shown in Table I. The observed 
values were obtained with a 5-minute average 
analysis time per element, or 40 minutes per 
sample. One- to four-percent analyses can 
be obtained with total run times of 10 minutes 
per sample. The sensitivity in a 5-minute 
analysis at 10:1 dilution varies from 0.09"/o for 
Na to 0.01"/o for Fe. · 

Up to six samples can be simultaneously 
introduced to the high-vacuum analysis cham­
ber. The samples are positioned and ready to 
analyze at a pressure of less than 10-6 m.nillg 
within a total loading and pump-down time of 
less than 3 minutes. Subsequent sample and 
x-ray anode target changes re"'"quire less than 
10 seconds each. 

The present multiple-target x-ray anode 
and filter system provides adequate and easily 
monitored fluxes of magnesium, aluminum, 
silicon, silver, titanium, and nickel x-rays 
with electron energies of 7 to 10 kV and an 
anode current of 150 JJ.A. 

Conventional Chemical Values 3 for 
Standard Rocks as Percent Oxide. 

- ----------

Si0
2 

K
2

o CaO Ti02 
FeO 

69.21 4.50 1.98 0.51 2.40 

69.29 4. 51 2.00 o.48 2.38 

67.08 5·54 2.08 0.67 3.81 

67.32 5.52 2.06 0.66 3.8? 

59.60 2.93 4.97 1.03 6.03 

59.10 2.92 4.98 1.05 6.04 

41.21 0.007 0.54 0.010 7.42 

41.84 0.0031 0.54 0.01 7.34 

40.15 0.009 0.117 0.013 7.73 
40.48 0.0015 0.03 0.01 7."(9 

55.01 1.68 7.02 2.20 12.06 

54.22 1.70 7.00 2.22 12.08 

The electron gun features hidden thorium­
oxide-coated filaments (one spare) and a con­
trol grid which is capable of modulating or 
diminishing the x-ray flux by a factor of 104 
in 1 JJ.Sec with a +9 to -5 volt signal and rough­
ly 300 JJ.A of grid current. 

Preliminary experiments indicate that the 
apparatus is also suitable for the analysis of 
other types of samples. The sensitivity for 
biological samples such as pres sed protein 
powder or freeze dried blood varies from 0.8 
"/o for oxygen to 0.001"/o for iron in a 5-minute 
analysis. It also appears that 1 to 2"/o oxygen 
analyses may be obtainable on rock or min­
eral powder. 
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DOPPLER-TUNED BEAM-FOIL X-RAY SPECTROMETER 

R. W. Schmieder and R. Marrus 

A new type of x-ray spectrometer for use 
with fast beams has been devised and tested. 
The spectrometer operates by matching the 
Ibppler shifted emission from the beam to a 
known absorption feature (such as a K edge) in 
a thin filter in front of the detector. Tuning is 
accomplished by varying the angle between the 
detector and the beam. Knowledge of the angle, 
beam velocity, and absorption profile of the 
filter is sufficient to determine the emission 
spectrum of the beam source. Due to the ex­
treme sharpness of x-ray edges, the device 

has resolving power 103 - 105, thus competing 
with ordinary crystal spectrometers. A pro­
totype device has been constructed and ope r­
ated at the Berkeley Hilac. In the initial ex­
periments, the Lyman a lines of hydrogen.-like 
Ar, produced by passing a 412-MeV Ar beam 
through a C foil, was resonated with the LIII 
absorption edge of Ag near 3.36 keV. The · 
principle of this spectrometer can be extended 
to other spectral ranges, and it should be use­
ful for both survey scan a..'ld high precision 
measurements. 

IMPROVED RESOLUTION METHODS FOR BEAM-FOIL SPECTROSCOPY* 

T. Hadeishi, M. C. Michel, J. Yellin and E. Geneuxt 

The ability to perform high resolution ex­
periments with conventional beam-foil spec­
troscopy is limited by the effects of cascading, 
beam divergence, and beam velocity uncer­
tainty and spread. There is a class of experi­
ments which does not depend upon these prop­
erties, being the direct extension of radio­
frequency spectroscopy and allied resonance 
methods to beam-foil work. Examples are 
radio-frequenc"1 spectroscop¥, 1 nonzero field 
level crossing, light beats, and antilevel 
crossing. 4 These various effec.ts have in 
common the need for alignment of the ions or 
atoms to be studied. It has been shown that 
the beam-foil interaction leads rather generally 
to alignment of all states characterized by 
L ~ 1, J and F > 1/2. 5 

We are at present conducting a systematic 
study to attempt to apply these higher resolu­
tion techniques to beam-foil spectroscopy. 
The ability to excite many states of an atom at 
the same time and in a period of about io-14 
sec, while aligning a significant number of the 
excited atoms or ions leads to some interesting 
possibilities, one of which we propose to ex­
ploit for increased resolution in level-crossing 
special properties of the foil excitation, it 
should be possible by means of time -delayed 
observations, partially to remove the limita­
tion of the natural line width of the state in de­
termining a resonance position. 

Considering the uncertainty principle rela­
tion, !:;. vi::;, t -1, for a resonance experiment, 
!:;. t is the lifetime of the state, and 1iv is the 
transition energy, wh~le the observed times 
can extend from a fraction of a lifetime to 
several lifetimes. Thus, the precision with 

which !:;. v(- 1/!:;. t) can be measured, depends 
on the experimental conditions. For any sys­
tem, it should be generally possible to choose 
conditions such that !:;. v is below the natural 
line width. As a practical matter this can be 
done most conveniently with the beam-foil 
system. 

If we limit the discussion to rf resonance 
and level eros sing, conventional techniques 
integrate the observations over a time long 
compared with the mean lives of the states of 
interest, since the atoms or ions involved re­
main in the interaction region for a time long 
compared with the mean life. However, the 
work of Ma et al. 6 for an rf resonance, and 
of Copley, Kible and Series 7 for a level 
crossing, show that the technique of delayed 
observation is sound. We feel that this method 
is particularly suited to the beam-foil system. 

Figure 1 shows the basic fi~e structure and 
Zeeman level system for the 3 P 1 2 states of 
4He. The l:;,m. == 2 crossings are marked and 
are the level c~ossings of interest in this work. 
If we denote as S(w) the signal (changing part of 
the photon intensity) observed from these states 
of the 4He atoms at time t after excitation and 
with polarization vector in the appropriate 
plane, then 

t2 

S(w) = ) Be -yt cod (w' -2w )t- 28] dt 

ti 

t2 +j Ce--ytcos [(w 11 -2w)t-28]dt, 

t1 
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where w = g.u
0
H/t and t 1 and t 2 are the 

times corredponding to the beginning and end 
of observation along the light path. {t1 =~ 1 /v 
and t 2 = £?./v, where £ 1 and £ 2 are tlie dls­
tances beh1nd the foil and v is the particle 
velocity.) 

The result of integrating from t1 = 0 to 
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t2 = 10 lifetimes is essentially the full level 
crossing signal and is shown in Fig. 2. Figure 
3 gives the result of the integration for a de­
layed observation where t1 = 1 lifetime and 
t2 = 2 lifetimes. The two level crossings are 
even sharper than the natural width and easily 
distinguished from the undulations in the wings 
of the signal that are the result of the incom­
plete integration. These undulations increase 
in amplitude and shift in position with different 
delay, but they do not affect the position of the 
real level crossing signals. 

The experimental arrangement is shown in 
Fig. 4. To meet the requirement for delayed 
integration we have merely used a relatively 
wide slit, accepting about 7 mm of the light 
path. The magnetic field is swept by approxi­
mately 30 gauss centered on the level crossing 
region, with a multiscaler synchronized with 
the field sweep storing the photon counts as a 
function of applied field. After storing an 
appropriate number of sweeps of the f1eld, the 
foil is moved farther away from the detector 
and the same number of field sweeps added to 
the previously stored data. By successive, 
slightly overlapping additions of data from new 

foil positions, the signal is integrated and the 
initial and final foil positions determine the 
delay and the length of integration. By choos­
ing the closer position to be one-half lifetime 
or more, we obtain the results shown in Fig 5. 
The line widths are still greater than the 
neutral width but agree with theory and should 
decrease as the delay increases. The undula­
tions predicted by the theory are quite promi­
nent. 

We believe that our experimental observa­
tions of the time -delayed level eros sings on 
4He show conclusively the power of the beam­
foil method for high precision measurements. 
In addition to the narrow signal width, collis­
ional effects common to conventional techniques 
such as rf spectroscopy are absent, and 
high-field Stark effect experiments could also 
be performed without voltage breakdown 
problems. 
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DEVELOPMENTS IN ZEEMAN ATOMIC ABSORPTION SPECTROSCOPY* 

T. Hadeishi, R. D. Mclaughlin, D. A. Church, B. Chang,t and M. Nakamura 

A method has been described of automatically 
correcting for interferences in atomic absorp­
tion spectroscopy by monitoring the relative 
intensities of Zeeman components of the source 
radiation while the samfle is being vaporized 
into the optical path. 1 • This technique is 
referred to as Zeeman Atomic Absorption 
(ZAA). Developments in ZAA which have been 
achieved during the past year can be divided 
into three categories: 

a) improvement of technique 
b) application to specific environmental 

problems 
c) application to elements other than Hg. 

Three separate improvements of technique 
have been accomplished. An integral part of 
ZAA equipment is a quarter wave retardation 
plate which is made to rotate at a selected fre­
quency. Mechanical rotation of commerically 
available quarter wave plates was found to be 
inefficient. A highly effective but simple so­
lution to this problem was devised; see Fig. 1. 
The retardation was accomplished by applying 
pressure to a quartz plate which was sand­
wiched between two laminated C-magnets. 
These magnets could be activated by passing 
current through coils wound about the magnet 
cores. 

In order to measure the quantity of trace­
element regardless of original form of host 
material (water, food, rock, vegetable, wood, 
etc.), it was necessary to find a way to oper­
ate the furnace such that the measurement 
would be matrix-independent. A theoretical 
descritpion of the operation of furnace-ab­
sorption tube combination was completed and 
this theoretical prediction was tested experi­
mentally. The development of this description 
allows operating parameters to be chosen such 
that the resulting signal does not depend upon 
the sample matrix. 

To better control the combustion process, 
a high-current low-voltage heating system was 
constructed, which uses the furnace shell as 
the heating element. The furnace temperature 
is controlled using SCR (silicon controlled 
rectifier) and line synchronization logic to 
cause a transformer to supply the required 
high current without core saturation. 

Three applications of ZAA to environmental 
problems are in progress. Because of the 
greater toxicity of alkyl Hg compounds com­
pared to inorganic Hg compounds, there is a 
need for analysis of biological samples for 

Fig. 1. Device for producing retardation 
plate by applying stress to a quartz plate. 
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Fig. 2. Calibration curve using sea water to 
which known amounts of Hg had been added. 
After sitting for three days, a background of 
0. 8 V (or 0.02 ppb of Hg) was found in the sea 
water. (XBL 733-2373) 



organic Hg. In collaboration with scientists 
from the National Canner's Association in 
Berkeley, California, we are devising a 
method to determine both organic and total Hg, 
in various fish samples. These samples will 
be run using both ZAA and conventional 
methods. 

. The concentration of background Hg in sea 
water is extremely small (- 0.02 parts per 
billion). In order to determine the effects 
of waste disposal into rivers and bays it is 
necessary to develop highly sensitive detection 
methods. We have found that by reducing Hg 
in water to elemental form and collecting this 
Hg upon a Au foil, we can determine Hg at 
levels less than 0.02 ppb. Figure 2 displays 
a calibration curve obtained by adding known 
amounts of mercury to water obtained from 
the San Francisco Bay. 
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A graduate student in Department of Public 
Health at the University of California at 
Berkeley is working under our supervision 
financially supported by DNET (Division of 
Nuclear Education Training). He plans to study 
the relative importance of HgCl2 and methyl 
mercury uptake and retention from water and 
food by planktonic species. The ZAA detector 
is the only instrument that can handle this type 
of problem since the sample size is small and 
the mercury content is less than one ppm. 
Commercial equipment is simply inadequate 
to analyze such small amounts of sample at 
such low levels. 

The work to apply ZAA to other elements is 
concentrating upon Cd and Pb. Construction 
of lamps of these elements is no trivial task. 
Operation temperatures, the kind of buffer 
gas and its pressure, as well as the lamp en­
velope profile must be chosen in order to mini­
mize self-reversal and maximize lamp life 
time. A technique was developed which allows 
the line profile to be determined more easily 

and very likely more accurately than can be 
accomplished using classical high resolution 
spectrometry. The technique we developed is 
the inverse of Bitter's magnetic scanning 
method and also the inverse of our ZAA tech­
nique. To obtain the spectral line profile,., a 
Cd-vapor absorption cell in vacuum was placed 
in the magnetic field. By changing the mag­
netic field on the Cd vapor and monitoring the 
transmitted light as a function of magnetic 
field, the line profile of the Cd lamp can be 
measured quite simply and extremely accur­
ately. 

So far, the Cd, Pb, and Hg detectors we 
are developing are primarily useful for trace­
element detection in food and water. It would 
be valuable to adapt these detectors for air 
pollution monitoring. Also, it would be quite 
useful to extend our ZAA detector to many 
elements in the periodic table in the future. 
However, when new techniques become feasi­
ble, they should also be developed. With this 
in mind, some of our effort is directed to us­
ing a combined Zeeman-Faraday effect to de­
tect air pollution resulting from Hg, Cd, and 
Pb. This involves use of the Faraday effect 
in a long optical path amounting to several 
meters. 
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SEARCH FOR NEW ISOTOPES WITH THE He-JET TECHNIQUE AT THE BEVATRON 

J.D. Bowman, A.M. Poskanzer, R. E. Eppley, and E. K. Hyde 

In previous work, 
1 

a study was made using 
the He -jet transport technique of the alpha 
emitting products of the interaction of 5-GeV 
protons with heavy nuclei. The work has been 
extended by improving the speed and efficiency 
of the transport system, and a search was 
made for new isotopes. It was thought that 
high-energy reactions would be appropriate 
for a search for new isotopes, because such 
reactions typically produce a broad distribution 
of products with appreciable yields of nuclei 

far from stability. A selection of targets was 
used so that all parts of the chart of the nu­
clides accessible by high-energy reactions 
were explored. The modes of decay searched 
for were delayed fission, alpha decay, and 
delayed proton emission. 

The He-jet system transported the activity 
from the target cell (1.25-in. diameter by 
0.6 in. thick) through 15 feet of 0.125-in. in­
side diameter tubing to an evacuated counting 



chamber outside the Bevatron shielding. The 
gas in the target cell was at a pressure of four 
atmospheres and expanded through a 0.01-in. 
diameter . pinhole at the exit of the cell. The 
transP.ort time profile measured by the build­
up of 8Li activity at the detector exhibited a 
delay after a short beam burst of 0.25 sec, 
followed by an additional 0.25 sec for accum­
ulation of half of the activity. An important 
factor in increasing the transport speed was 
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the small size of the target cell. The transport 
efficiency was determined by measurements of 
the alpha activity of 149Tb produced from gold 
targets. The activity at the detector was com­
pared to that simultaneously collected on a 
catcher foil adjacent to a second gold target 
just upstream in vacuum. A typical transport 
efficiency was about 5o/o. Important factors 
in obtaining this efficiency were the size of 
the pinhole, the saturation of the He stream 
with water, and the addition of 10% by volume 
of air to the He stream. In the searches to be 
described, the targets were thick compared to 
the range of the recoils. The beam spill was 
0.5 sec long, coming every 6 sec, and for the 
typical experiment the total incident flux was 
5X 1015 protons. The data were recorded as 
a function of time after the start of the beam, 
but, because of the higher background during 
the beam, most of the data presented here 
represent the counting interval between beam 
bursts. 

The search for delayed fission was carried 
out using a surface barrier detector with a 15% 
counting geometry. For both gold and uranium 
targets, less than three counts were observed 
in the fission fragment region. 

The search for new alpha activities 1las 
seriously hampered by the presence of Li 
and 8B produced in high yield from all targets. 
These isotopes decay by two alpha particle 
break-up producing a continuous alpha spec­
trum peaking at 1. 5 MeV, but with a tail ex­
tending up to about 8 MeV. In the final arrange­
ment the activity from the He-jet was de­
posited on a 0.6 mg/ cm2 Ni foil and viewed 
through the foil by an alpha detector with 6% 
counting geometry and a total resolution of 
100 keV. Because of the 180• correlation of 
the two alpha particles following the decay of 
8Li and 8B, their counting rate could be 
greatly reduced by an anticoincidence arrange­
ment. Thus, a large-area anticoincidence 
counter was placed opposite the first detector, 
and viewed all the activity exposed to it. This 

reduced the 8Li - 8B counting rate, by a factor 
of 400, to 5 counts/100 keV at 3 MeV and 0.2· 
counts/100 keV at 5 MeV. For the targets Al, 
Ni, Mo, and Pr, no peaks were observed above 
this background. For the Tm target small 
amounts of 149Tb and 150Dy were seen with 
about 10-3 of the yield seen in previous work1 
with Ta and Au targets. 

The search for high-energy alpha activities 
and delayed proton activities was conducted 
using a telescope consisting of a 28~-L .6.E trans­
mission detector followed by a 270f.L E detector. 
The activity was deposited on a 0.6 mg/cm2 
Ni foil located in front of the .6.E detector; the 
telescope efficiency was 5%. It was found 
that 8Li - 8B decaying between the two ele­
ments of the telescope simulated protons. 
Thus, it was necessary to enclose the telescope 
to exclude the He gas from the detector system. 
The proton energy range covered was 1. 8 to 6 
MeV. For the Al,· Ni, Mo, Pr, Tm, and Ta 
targets, about 5 counts in peaks and 50 counts 
in a continuum were observed . The peaks could 
be accounted for by the well-known, 0.1 sec, 
light element, delayed proton emitters. The 
continuum which had a half-life of about one 
second could be accounted for by beta-alpha 
coincidences from 8Li - 8B simulating a pro­
ton identification. In addition, from the Au 
and U targets a few counts of a longer lived 
unidentified proton activity were observed. 
For alpha particles, the telescope was sensi­
tive from 6.5 to 18 MeV. A small tail from 
8Li - 8B was observed, but above 9.25 MeV 
there were zero counts from the Al, Ni, Mo, 
Pr, Tm, and Ta targets. From the U target, 
20 events were observed at 11.7 MeV from 
212mpo, In addition, there was one unident­
ified alpha event at 9. 5 MeV from U and one at 
10.2 MeV from Au. 

In summary, no new isotopes with charged 
particle decay modes were observed, which 
indicates that no such isotopes are produced 
with appreciable cross sections in high-energy 
reactions. However, the He-jet technique as 
applied here has an inherent limitation in 
sensitivity because the useful target thickness 
is restricted to the effective recoil range of 
the products, and this is small for spallation 
products from high-energy reactions. 

Reference 

1. Nuclear Chemistry Division Annual Report 
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DESIGN OF, AND SKIMMER TESTS WITH, A He-JET TRANSPORT SYSTEM 

R. A. Gough, R. G. Sextro, and J. Cerny 

The study of nuclei far removed from 13-
stability provides information essential for 
testing many theories and models in nuclear 
physics. Such information can be acquired 
from studying the charged-particle decays of 
neutron-deficient nuclei. This report describes 
an on-line He-jet system1, 2 which has been 
used, 2, 3,4 in conjunction with the 88-inch 
cyclotron, to investigate 13+ -delayed -proton 
emitters in the light elements. This system, 
coupled with solid state detector telescopes 
and a Goulding-Landis particle identifierS has 
provided the low-background and good energy­
resolution capabilities essential to present-
day delayed-proton studies. 

There has been considerable recent interest 
in separating activity from the He carrier gas 
once the recoils have been transported to a 
low-background region, remote from the bom­
bardment area. The nozzle-skimmer separa­
tion method6 has now been demonstrated both 
here and at other laboratories. 7 • 8, 9 This 
leads to the attractive possibility of on-line 
mass separation 7 • 10 of activities produced in 
a nuclear reaction, and a wealth of new in­
formation which would result from the study of 
high-isospin nuclei inaccessible with presently 
available techniques. 

The essential feature of any He-jet system 
is the rapid transport of activity to a region 
free of unwanted background radiation. In the 
case of accelerator-produced activity, a nat­
ural separation from the target is afforded by 
the linear momentum transferred to the recoils. 
These recoils thermalize in He gas, which is 
then conducted, by differential pumping, 
through a suitable length of capillary tube 
leading to a separate, low-background chamber. 
The recoils are swept along with the He and 
can adhere to a collector surface positioned in 
this chamber a few millimeters from the exit 
of the capillary. The sticking probability for 
He atoms (as well as for reaction products 
which are gases at the temperature of the 
collector) is nearly zero and they are there­
fore pumped away. Decays from the activity 
that sticks to the collector can then be reg­
istered by nearby detectors and associated 
electronics. 

A schematic view of the present He-jet 
system is shown in Fig. 1. The beam (- 5 mm 
diam• ) enters the target area through an 
8-mm-diam., water-cooled entrance foil 
(typically 2-6 fJ.m Ni), and leaves through a 
similar, 17 -mm-diam. exit foil. The beam 
is then refocused with a quadrupole magnet 

into a Faraday cup 1. 8 m downstream, Targets 
are mounted on a six-position, externally-con­
trolled selector wheel. An identical wheel (on 
which targets could also be mounted) is lo­
cated 2 em upstream; this wheel is used for 
mounting foils to degrade the energy of heavy 
ion beams. The entire volume between the 
vacuum isolation foils is filled with He. 
(Optimum efficiency for our system has been 
achieved using a He pressure of 1.5 to 1. 7 
atm. ) Reaction products recoiling from the 
target are thermalized by the He inside a 
25-mm-long cylinder with a 16mm inside 
diameter (i. d.). This cylinder defines the He 
flow lines and is presumed to be the principal 

and 
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Fig. 1. A schematic view of the He-jet sys­
tem used for 13+ delayed-proton studies. 
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factor in determining the average collection 
time. The He flows at a rate of 15-20 Torr­
liters/sec through the stainless steel capillary 
tube which, for most experiments, has a 0.48 
mm i. d. and is 40 em long. 

A high capacity (500 liters/sec of He) 
roots-blower maintains a residual pressure 
of 50-100fl in the collector-counting chamber 
at the exit end of the capillary. In the setup 
shown in Fig. 1, six collection foils (usually 
Al or Ni) are symmetrically mounted on a 
light, aluminum flipper wheel. Continuous 
target bombardment and He sweeping result 
in a deposition of activity on the collector foil, 
which is positioned 3 mm from the capillary 
exit. At suitable intervals (typically three 
half-lives), a solenoidal stepping motor is 
used to rotate the flipper wheel 60•. Thus the 
activity i.s quickly (- ZO msec) repositioned in 
front of the counter telescope while a fresh 
foil is brought into the collection position. The 
mechanism can be reliably activated up to ten 
times per second. Since the detectors can be 
placed arbitrarily close to the small (- Z mm 
diam. ) activity spot, 6.E -E telescope geom­
etries of O.Z5 sr. are easily achieved. The 
absolute efficiency has been measured for the 
Z4Mg(f,, an)ZONa, Z4Mg(p, Zn) Z3Al and 
40Ca( He, 2n) 41Ti reactions, and was found 
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to be - 10o/o in each case. 

The flipper wheel also provides a timing 
signal which can be used to initiate each 
counting sequence. Small holes in the wheel 
are located on the same radial axes as are the 
collector foils. A de light source shines 
through one of the holes onto a photodiode. The 
optical circuit is interrupted when the wheel is 
stepped; the light beam reestablishes the 11 on" 
signal when the wheel stops moving. This 
circuitry provides both a timing signal for 
half-life sequencing and an assurance that the 
mechanism is functioning properly throughout 
the experiment. 

Two types of gas targets have been success­
fully employed. FoT less expensive gases, 
the He can be mixed with the target gas and the 
resulting mixture then serves as both carrier 

and target. For example, in our Z1Mg studies, 
a ZONe target was supplied from a bottle of 
spark chamber gas: 90% Ne and 10% He. A 
special gas handling system has been built for 
more expensive separated-i~otope gas targets, 
and has been used in our 37ca work. The gas 
is transferred into a 3 -cm3 cylindrical cell 
having a 1.9-cm diameter. The cell, mounted 
on the target wheel (see Fig. 1 ), is fed by a 
small bore, flexible gas line so its positioning 
in or out of the beam can be externally con­
trolled. Nickel foils have been used on the 
cell to separate the target gas from the He. 
The downstream foil must be very thin to per-

mit the recoils to escape into the He. For our 
36Ar(3He,an)37ca bombardments at 40 MeV, 
a ZOO flg/ cmZ Ni foil was utilized for this pur­
pose. The gas handling system enabled us to 
monitor the pressure differential across this 
foil and to keep it from exceeding - 5 Torr 
at all times, which was necessary to prevent 
the foil from breaking. 

In addition, some preliminary studies have 
been successfull>6 completed using the nozzle­
skimmer method to separate ZONa activity 
from the He carrier gas. As the He expands 
into the vacuum at the capillary exit, the 
heavier components (carried by; the gas) ex­
pand into a less divergent cone6 than the He. 
If, as previously suggested? the recoil is 
loosely attached to a massive (10°-108amu) 
molecular cluster, it has a high probability of 
leaving the capillary at a very small.angle to 
the axis of the capillary-skimmer system. In 
these circumstances, a very efficient separa­
tion might be expected as the He is skimmed 
off and pumped away, while the heavier, radio­
active nuclides are transmitted through the 
skimmer. 

For these tests, 1-3f-LA of 40 MeV protons 
were utilized to produce the 446 msecii r'l+­
delayed alpha emitter ZONa via the reaction 
Z4Mg(p,an). The target chamber described 
in Fig. 1 was used at the optimum He pressure 
of 1.5 atm; however, for these studies, a 6 m 
length of 1 mm i. d. capillary was employed in 
conjunction with the skimmer-counter cham­
ber shown in Fig. Z. The capillary tube was 
made of stainless steel, though both Teflon 
and polyethylene tubing were found to be 
equally satisfactory. Several tube diameters 
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Fig. Z. A schematic representation of the 
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were tested (with the skimmer removed) 
ranging from 0.6 to 1.5 rom i. d., the 1 rom 
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i. d. tube resulted in the highest yield. In this 
arrangement the activity was collected on the 
front surface of a 15-mm-diam. detector. 
While the position of the detector and skimmer 
was fixed, the capillary tube could be moved 
independently along three mutually orthogonal 
axes. Two of these were used to align the 
capillary with the skimmer, while the third 
was used to vary the distance (z) between them. 
The capillary chamber was maintained at a 
pressure of 40 f.1. by the roots blower; the pres­
sure in the detector chamber was reduced to 
10-4 to 10-6 Torr by a 10-in. diffusion pump. 

In one experiment, with the skimmer again 
removed, the yield was found to remain con­
stant as the capillary-detector distance was 
varied from 10 to 170 rom. Beyond 170 rom, 
the yield gradually decreased until, at 280 rom, 
the yield had been reduced by a factor of two. 
If we attribute this loss in yield to activity 
falling outside the detector diameter, these 
data then define an opening angle of - 3 • 
assoCiated with the cone of activity expanding 
from the capillary exit. 

Skimmers with 1-mm orifices and angles 
(see Fig. 2) 8s ::: 30", 60" and 90" (flat plate) 
were tested and the yield was marginally 
higher with the 60" skimmer at all values of 
z. Figure 3 (a) illustrates how the yield de­
crease with increasing z for both 1 mm and 
1.5 mm skimmers. These results are norm­
alized at z ::: 0 to the no-skimmer yield. Un­
like the similar work (using 8Li) of Jungclas 
et al, 7 these results showed no indication of 
a substantial yield loss at z ::: 0 associated 
with the presence of a skimmer of the same 
diameter as the capillary tube. This, and 
other dissimilarities with work of the Texas 
A&: M group, 7 are thought to arise from 
subtle differences between the He-jet tech­
niques employed and the differing roles played 
by large molecular clusters. (Reagent grade 
He was used in this work and no attempt was 
made to control or deliberately add impurities.) 

The ambient background pressure in the 
detector chamber during the above skimmer 
tests was a sensitive function of z; this de­
pendence is shown in Fig. 3(b) for both the 
1.0-and 1.5-mm skimmers. These pressure 
curves show that, having demonstrated a 
capability for transporting activity over large 
distances and directing it with reasonable 
efficiency through the skimmer, we can main­
tain a residual pressure within the operating 
range of common ion sources. 12 

Work currently in progress is directed 
toward expanding the present system into an 
operational on-line mass separator to be used 

to further our studies of exotic nuclei in the 
light elements. 
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Fig. 3(b). The residual pressure (after 
skimming) in the detector area is shown versus 
z for comparison with the relative yield 
illustrated in Fig. 3(a) above. 
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EFFICIENCY OF DETECTING A 8Be WITH A ~E-E COUNTER TELESCOPE* 

G. J. Wozniak and H. L. Harneyt 

The question of whether quartet configura­
tions play an important role in nuclear struc­
ture has prompted a great deal of experimental 
work on alpha-transfer reactions. 1 During 
the last year there has been much interest in 
the new alpha-particle transfer reaction 
(12c, 8Be). A 8Be event can be confused with 
a 7Li (see Ref. 2) if the two alpha particles 
from the decay of a 8Be in flight simultaneously 
traverse a counter telescope. 

Since 8Be is particle unstable, the proba­
bility of detecting a 8Be event is less than one 
because the "effective solid angle" for detec­
tion of the two breakup alphas is always 
smaller than the geometric solid angle of the 
counter telescope. This can be seen by ob­
serving that for a 8Be whose center-of-mass 
velocity falls within the solid angle subtended 
by the detector, there is usually a portion of 
the breakup cone which extends beyond the col­
limator limits. Thus there is an appreciable 
probability that one or both of the breakup 
alpha-particles will fall outside the counter 
telescope, causing the event to be lost. 

To determine the relative population of 
states by the (12c, 8Be) reaction and their 
absolute cross sections, one must calculate­
the 8Be-detection efficiency of a counter tele­
scope. A report has been written3 that derives 
the necessary formalism and presents a com­
puter program that calculates the 11 effective 
solid angle" for a detector telescope with rec­
tangular collimators. 

A very simple formula for the 
8

Be detection 
efficiency (e:) is derived using an approximation 

which is valid in the limit of "small" 4 geo­
metric solid angles, 

E: 

where r.l is the geometric solid angle, Egis 
the lab energy of the 8Be in MeV, and Q is 
the 8Be breakup Q-value in MeV. For the case 
of"large" solidangles (r.! > 5X1o-4sr)the 
resulting expression for e: is much more com­
plicated requiring numerical integration to 
evaluate e:. The FORTRAN program EFFI is 
described and was used to evaluate e: for the 
case of "large" solid angles. The case of a 
gas target is also treated. 
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A PROTON POLARIMETER OF HIGH EFFICIENCY 

AND GOOD ENERGY RESOLUTION 

J. Birchall, W. Dahme,* J. Arvieux,t R. M. Larimer and H. E. Conzett 

Measurement of spin dependent effects in 
elastic and inelastic scattering yields a large 
amount of information not available from eros s­
section measurements alone. A polarimeter 
has been designed to measure the polarization 
of protons arising from a scattering or a nu­
clear reaction. The polarimeter has high de­
tection efficiency and good energy resolution 
and is compact enough to be mounted on a 
counter arm inside a scattering chamber, 
facilitating the measurement of angular distri­
butions of polarization. The properties of the 
device make it especially suitable for polariza­
tion transfer and depolarization measurements, 
as well as for experiments of the type (d, p), 
(3He, p), (4He, p) etc., 1 where the flux of 
polarized protons is necessarily small. Par­
ticular emphasis is being placed here on the 
development of a polarimeter for depolarization 
measurements where, as indicated by Sherif 
and Hussein, 2 much information can be gathered 
on the spin-spin interaction, and where little 
has yet be en done. 

The usefulness of silicon as a polarization 
analyzer for protons was pointed out by 
Miller3 and a number of polarimeters using a 
silicon analyzer have been built. 4, 5 The 
present polarimeter, as those of references 4 
and 5, uses a silicon solid-state detector as 
analyzer. It is shown schematically in Fig 1. 
Polarized protons are incident on the analyzer 
detector. Those protons which are scattered 
to the left and right at an angle e are detected 
by the left and right detectors respectively. 
Addition of the analyzer signal to the left or 
right detector signal gives the energy of the 
proton incident on the analyzer. Thus, energy 
resolution is not lost by straggling in the an­
alyzer, and good energy resolution (limited by 
the noise level of the detectors used) can be 
preserved, even while using a thick analyzer. 
The random coincidence rate between the an­
alyzer and side detectors is reduced by placing 
an anticoincidence detector after the analyzer 
to veto those analyzer pulses which correspond 
to protons passing through the analyzer with no, 
or with little, scattering. 

Spectra obtained in a preliminary run are 
shown in Fig. 2a and 2b. Figure 2a shows the 
total energy spectrum of the analyzer and the 
left detector; Fig. 2b is of the analyzer plus 
the right detector. A 1-mm-thick analyzer 
was used (t.E = 4.4 MeV). The spectra corre­
spond to unpolarized p - 12c scattering at 25 
MeV at a laboratory angle of 33•. The elastic 
scattering peak, at channel 75, has a width of 

approximately 300 keV FWHM, attributable al­
most entirely to analyzer detector noise. The 
peak at channel 60 in the right spectrum cor­
responds to scattering to the first excited 
state of carbon (Q = - 4.43 MeV). We hope to 
reduce the relatively high random coincidence 
level without loss of resolution by use of wider 
side detector collimators and reduction of 
beam current and by improved shielding. 

Analyzer 
detector 

Polarized 
protons 

Anticoincidence 
detector 

Right detector 

Fig. 

CA' 

1. Schematic diagram of the polarimeter. 
C , CR and C ANTI are collimators. 
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PARTICLE-IDENTIFYING FOCAL PLANE DETECTOR 

B. G. Harvey, H. Homeyer, J. Mahoney, and G. Gabor 

· The spectrometer focal plane detector sys­
tem used for heavy ion experiments at the 88-
inch cyclotron was described in the 1971 
Annual Report. 1 Briefly, it consists of a 
Borkowski-Kopp resistive wire proportional 
counter2, 3 which measures simultaneously 
the position of a particle along the focal sur­
face and its energy loss dE/dx in the counter 
gas. A plastic scintillator, light guide, and 
photomultiplier behind the proportional counter 
measure the time of arrival of the particle with 
respect, in the system previously described, 
to the cyclotron rf. During the past year of 
very satisfactory operation, attempts have 
been made to improve both the resolution in 
dE/dx (which determines the atomic number 

resolving power) and the timing resolution 
(which determines the particle mass resolving 
power). 

The dE/dx resolution was found to be in­
fluenced mainly by the energy-loss statistics: 
it improves as the counter gas pressure and 
therefore the energy-loss increase. Table I 
shows some dE/dx resolutions calculated from 
energy-loss straggling4 and the measured 
values. Approximately, the calculated width 
W c (o/o ) is related to the experimental width 
We(o/o)by: 

w2 
= w2 + 25. 

e c 

Table I. Comparison of calculated energy loss straggling and measured dE/dx resolution. 

Eriergy Gas pressure 
Particle (MeV) (atm) 

160 60 0.2 

160 104 0.2 

160 104 0.4 

160 140 0.4 

ZONe 150 0.4 

4
He 25 0.2 

Note: aCalculated, ref. 4. 

Energy loss 
(MeV) 

1.35a 

0.9a 

1. sa 

1.5a 

-2.2 

- 0.057a 

dE/dx resolution (o/o) 

Calc. a 

6.8 

10.2 

7.1 

9.2 

40.0 

Ex pt. 

9.0 

11.6 

8.5 

10.5 

9.0 

-30.0 



There is a practical upper limit to the gas 
pressure (about 0. 7 atm) imposed by the dif­
ficulty of making a strong enough Mylar win­
dow. Furthermore, the maximum gas multi­
plication giving a linear response is lower at 
higher gas pressure. 

Therefore, a smaller pulse output must be 
accepted, and while this is satisfactory for the 
dE/dx measurement (We- 7-12o/o ), the posi­
tion resolution (W"" 0.16% of the counter 
length) is compromised by the lower 
signal/noise ratio. 

Since the timing resolution was limited to 
5-6 nsec by the time-duration of the cyclotron 
beam pulses, two alternative methods were 
tried. In both of them, particles are detected 
in" time-zero" counters before they enter the 
spectrometer. 

A) Secondary electrons from a thin carbon 
foil were detected by an open photomulti­
plier (PM). 5 

B) Scintillations in thin foils of NE 111 were 
detected by one or two PM' s. 6 

Method A gave satisfactory results (time 
resolution- 2 nsec with efficiencies - 66%) 
with very small carbon foils, but the large 
foils required for the normal aperture of the 
spectrometer caused severe focusing problems 
of the secondary electrons into the PM so that 
this method was not further studied. The use 
of large-area channel plates could perhaps 
improve the results. 
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For method B, the two systems shown in 
Fig. 1a, b were used. System 1 consists of a 
Lucite frame as a foild holder which is attached 
with optical grease to the PM and surrounded 
by a mirror. In system 2 a solid Lucite light 
guide is connected to phototubes on top and 
bottom. The foil, on a Lucite frame, is easily 
mounted into the light guide with optical grease 
to provide good optical contact. The size of 
the foil is 1/2 X 2 in. RCA 8850 PM' s are 
used. The timing signal was obtained from 
ORTEC constant fraction discriminators fol­
lowing the anode signal. An electrostatic elec­
tron suppressor at the ·exit of the s.cattering 
chamber was necessary to reduce the high 
background produced by electrons from the 
target. 

Both systems gave satisfactory results with 
respect to the time resolution- 2.3 nsec for 
104-MeV 16o at a solid angle of 1 msr which 
corresponds to a Ll.t/t = 1.2% and is approxi­
mately the disperson in flight paths through 
the spectrometer at this solid angle. With a 
solid angle of 0.3 msr, the time resolution 
was 1.3 nsec, corresponding to t>.t/t of 0. 7%. 

Light 
guide 

Vocu 
seal 

Fig. i(a) 

Photomultiplier 

System 1 

(XBL 733-2367) 

System 2 

Photomultiplier 
No.2 

Fig. i(b) (XBL 733-2366) 



The foil thickness was 80 ~J.g/ em 2 and the ef­
ficiency 98% . Homogeneous foils of this 
thickness did not affect the energy resolution 
of - 120 keV of the scattered particles. 

In order to investigate the lowest limit of 
foil thickness for 16o ions of 104 MeV, the 
light output for foils of different thickness 
(30- 250 ~J.g/ cmZ) was measured with system 
1 in which it is easier to change foils. It was 
found that the light output is linear with foil 
thickness. The thinnest foil which gave ef­
ficiency> 90% was 80 IJ.g. In this case the 
photoelectron (PE) production is approximately 
7 at an energy loss of - 320 keV which cor­
responds to (40-50) keV /PE. As the light col­
lection is more efficient with the two tubes of 
system 2 (J?robably by a factor of 2) the use of 
(40-50) IJ.g/cmZ foils should be possible. 
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HEAVY-ION ACCELERATION AT THE BERKELEY 88-INCH CYCLOTRON 

D. J. Clark, J. Steyaert,* J. Bowen, A. Carneiro, D. Morris 

The intensity of heavy ions from an ion 
source is strongly dependent on the arc power. 
The original ion source for the cyclotron used 
a hot filament and a 1/8-inch diam. arc-de­
fining hole. The maximum arc power was 
500-800 W. The heavy ion output was about a 
microamp external beam of nitrogen and 
oxygen at 5-10 MeV /nucleon. External beams 
of N5+ were a few nanoamps. Since the PIG 
(Penning Ion Gauge) type source with arc­
heated cathode buttons is known to give much 
higher heavy-ion current, 1 we built an inter­
nal PIG source which started operation in 
Sept. 1971. 2 The external PIG source 2 has 
been tested on lithium beam injection. It has 
given external cyclotron beams of 50- to 80-
MeV LiZ+ at intensities up to 50 nanamps, 
without bunching, but the lithium feed system 
needs improvement. Since the internal PIG 
source is giving good beams of all required 
ions, including lithium, very little effort has 
been put on the external source recently. 

The internal PIG source was designed to fit 
on the standard 2-1/4-in. diam. shaft which is 
inserted through the lower pole of the cyclotron. 
It is shown in cross section in Fig. 1. The 
anode and cathode holder are made of water­
cooled copper. The cathode holder makes the 
electrical connection between cathodes, elim­
inating the need for an external connection to 
the top cathode. The cathodes are now usually 
made with a shoulder and dropped into the 
holders so set screws are not required. A 
loose fit gives lower operating voltage, re­
sulting in longer cathode life. The alumina 

base insulator forms a vacuum seal and makes 
insulated water connections to the anode and 
cathode circuits from two water lines coming 
through the source shaft. A drop-in boron 
nitride cover insulator protects the alumina, 
and is easily removable for cleaning. The 
electron dump provides a component of elec­
tric field, E, parallel to the magnetic field, 
B, causing electrons circulating around the 
cathode holder in an ExB mode to be dumped 
on the outer tantalum cover. Photos of the 
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Fig. 1. Internal PIG ion source. 
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assembled and partly disassembled source 
are shown in Figs. 2 and 3. The top and side 
covers slide off, and the anode is removed by 
loosening 2 screws. 

To start the arc, the voltage is raised to 
3 kV and the gas flow increased. When the 
arc strikes, the current increases to 2-4A 
and the voltage drops to 400-800 V. The gas 
is then reduced for maximum stable b e am. 
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The arc power is thus 2-3 kW, compared to 
500-800 W of the old filament source. Sinc e 
the high charge state heavy ion output increases 

· -= .=:i 
..J 

~ 
~~ 
; w~ 

Fig. 2. Internal PIG source as sembled on 
shaft. Scale is in inches. (CBB 7110 - 4844) 

•tt a 

Fig . 3. Internal PIG source disassembled 
for cathode change. (CBB 7110-4836) 

expone ntially as the second or third power of 
the arc power, the output of heavy ions is 
greatly increased over that of the filament 
source. For example, the N4+ and o4+ beams 
are 3-10 times more intense, and the N 5+ 
output is 200 times larger than that of the fila­
ment source. 

To obtain a beam of lithium, a solid mate­
rial containing lithium had to be used in the 
source, since no gas containing lithium was 
available. Other laboratories have used solid 
material in the cathodes or in the anode. 1 
Trials were made using 10-ZOo/o lithium fluo­
ride or oxide mixed with tungsten powder and 
pressed ~to a cylinder for use as a cathode. 
Some 7Li +beam was obtained. Later LiF was 
melted into a tantalum insert placed in the arc 
hole. This produced more lithium vapor near 
the beam exit slit and gave external be;!m in­
tensities of about 1 fJ.A of 60-80 MeV Li +over 
periods of several hours between cathode 
changes. Nz or COz support gas is used as 
needed. There are still some problems in ob­
taining consistent good intensity with this sys­
tem, and development is continuing. 

The range of particles and energies which 
can be accelerated in the cyclotron is shown 
in the resonance chart, Fig. 4. The higher 
energy heavy ions use first harmonic accelera­
tion and the lower energies use third or occa­
sionally fifth harmonic. The maximum energy 
for ions heavier than a-particles is E = 140 
Q2/ A MeV where Q and A are ion charge and 
mass in proton units . This is set by the maxi­
mum magnetic field of 17 kG. 

ENERGY PER NUCLEON (MeV) 

0.5 5 10 ., 60 

PARTIClE REVOlUTION FREQUEJ«:Y (MEG.I.HERTZ) 

Fig. 4. Resonance chart for 88-Inch 
Cyclotron. (XBL 678-4701) 



The narrow gap of the center - region in­
serts3 reduces the gap transit time. This is 
especially useful for the higher energy third 
harmonic beams. Operation with the inserts 
gives a beam intensity twice thatftroduced 
without the inserts for 60 - MeV 0 +, for ex­
ample. The sliding ed~e on the dummy de e 
insert installed in 1969 caused numerous op­
erational problems and was replaced by a fixed 
edge with an open area for ion source motion. 
The center region settings used for heavy ions 
are similar to those of light ions w ith the same 
number of turns. Because of the charge-ex­
change beam loss during acceleration, of a 
factor of 2-3, high dee voltages of 60-70 kV 
are used to minimize the number of turns. 
Trim coil solutions are calculated with the 
computer code CYDE. 4 Tuning has to be done 
more carefully with heavy ions since beams of 
lower charge states on higher harmonics c an 
be accelerated simultaneously with the re­
quired beam through a number of turns, and 
can spiral out along a hill-valley boundary and 
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appear on an external beam probe without 
going through the deflector. Tuning is some­
times done after the first external switching 
magnet to eliminate these spurious beams . 
A useful technique for the very high charge, 
low intensity beams is to start the tuning with 
a lower mass ion w ith the same charge/ mass 
ratio, and then change frequency slightly to 
get the required ion. If the charge-to-mass 
ratio is different by more than about 1 o/o , the 
scaling method of Ref. 2 can be used. 

Most of the heavy ion beams which have 
been accelerated and extracted from the cyclo ­
tron with the internal source are listed in 
Table I. The PIG ion source is now always 
used for heavy ions. But previously, the old 
filament source gave the surprisingly high 
charge states of Kr11+ and Kr12+ at very low 
intensities. The beam currents are listed as 
electrical f.LA or particles/sec. The lower 
number is a typical good beam and the higher 
number is the highest value re co rded. 

Table I. Heavy-ion beams. 

Energy 
Ion (MeV) Harmonic 

7Li2+ 60-80 1 

12c3+ 65-105 3,1 

14N4+ 100 - 160 1 

14N5+ 250 1 

14N6+ 360 1 

1603+ 50-75 3 

1604+ 105-140 1 

20Ne5+ 130-150 1 

56Fe 9+ 175 3 

56Fe10+ 220 3 

84Kr11+ 174 3 

84Kr12+ 207 3 

Footnotes and References 
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External 
Source beam 

PIG 1-3 f.LA 

PIG 5-14 f.LA 

PIG 5-10 f.LA 

PIG 1-7 f.LA 

PIG 
3 

10 part./ sec 

PIG 5-18 f.LA 

PIG 5-44 f.LA 

PIG 0.5 f.LA 

PIG 10 part. /sec 

PIG 1 part. / sec 

Filament 1 part. /se c 

Filament 1 part. / sec 

2. D . J. Clark et al. , IEEE Trans. Nucl. 
Sci., NS19, 2, 114 (1972). 

3. D J . Clark e t al., in Fifth International 
Cyclotron Conference (Butterworths, London, 
1971), p. 610. 

4. Computer code CYDE available from J . 
Colonias, Lawrence Berke ley Laboratory. 
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CYCLOTRON INJECTION SYSTEMS 

D. J. Clark 

The early work on developing injection sys­
tems for cyclotrons was directed toward in­
jecting polarized beams from the polarized 
ion sources which were first developed about 
1960. These sources were much larger than 
the space available in the cyclotron center 
region. Development work was started by 
Keller at CERN. The first injection of un­
polarized beam into a full size cyclotron was 
the axial system reported by Powell at 
Birmingham in 1962. In 1963 Thirion at Saclay 
injected a polarized neutral deuteron beam, 
which was ionized at the center of the cyclo­
tron and accelerated without loss of polariza­
tion. Many other groups developed radial and 
axial injection systems in the following years. 
The progress in this field has been reviewed 
previously bl Powell in 1965 at the Karlsruhe 
Conference, again by !lowell in 1966 at the 

Gatlinburg Conference, 2 and by Clark in 1969 
at the Oxford Conference. 3 The various sys­
tems are briefly described with emphasis on 
the developments during the past 3 years. 

The various injection systems for cyclo­
_trons which are now in operation are shown 
in Table I. The neutral systems have the ad-
-vantage of simplicity, but the ion systems give 
better transmission. Radial and axial ion 
systems are comparable in performance when 
they are carefully designed. The rebuilt in­
jection line at Birmingham looks quite good 
on first tests, giving 12o/o transmission from 
source to external beam. The construction of 
the new separated sector machines such as at 
Zurich and Indiana makes higher energy injec­
tion easy. This would be especially useful for 
two-stage heavy ion designs. 

Table I. External injection systems in operation. 

Cyclotron --- Source 
energy Injected 
(MeV) Type Energy current Focusing 

Radial neutral beam 

Lyon, France 28 d Pol. Thermal 0.1 mA None 

Rez, Czech. !3d r£/Pol. 40 keV 4.5/0.3 ~A Elec. grad. 

Radial ion 

Dubna 7MeV/AXe Cyclotron 0.9MeV/A 1 1-1A Xe 9+ Quads 

Indiana Inj. 15 p •. Duo. 700 keV Quads 

Lcbedev 0.15 p. 0.3 d Penning 15-30 keY 5 ~A Sect. grad. 

Orsay 5 MeY/AKr,· · Linac 1 MeY/A 3 ~ Kr 8+ Mag. quads 

Saclay 27 p,. Pol. 5 keY p 5 ~A Einzel 

Axial ion 

Berkeley ?5 d, .. Pol. 10 keY p 2 ~A Elec. quads 

Birmingham 12 d,. Pol. 11 keV d 100 nA Elec. quads 

Cycl. Corp. 30H Ehlers 15 keV 2.5 mA Elec. quads 

Duke ISH Ehlers 16 keV p I mA Elec. quads 

Grenoble 60 p,. Duo. /Pol 10 keY d 100/3 ~A Mag. quads 

Harwell 50 p,. PIG 16keV/q 240 f.'A c 2+ Mag. quads 

Karlsruhe 55 d Duo. 10 keV d 7 ~A Elec. quads+ einzel 

Livermore ISH Ehlers 15 keV Similar to Duke 

Oak Ridge 65 p,. Pol. 12 keV p 3 ~A Elec. quad+ Sol. 

Philips 14 p PIG 7.5 keV d 800 fJ.A Elec. quads 

UCLA so p Ehlers 15 keV H 2-0.1 mA Elec. quads 

aElectrical current 

bParticle transmis sian 
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Transport - Cyclotron beam a- source to: 

Accel.b Ext. b 
Buncher Inflector Accel. External 1%1 1%1 Comments 

Ionizer 0.01 nA FM Cycl. 
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88-INCH CYCLOTRON OPERATION AND DEVELOPMENT 

J. Bowen, D. J. Clark, P. Frazier, and D. Morris 

During 19 72, the cyclotron was scheduled 
for 20 eight-hour shifts per week for experi­
ments in nuclear chemistry, physics, biomedi­
cal studies, isotope production and beam de­
velopment. One shift per week was used for 

maintenance. The time distribution is shown 
in Table I. Ions heavier than helium occupied 
51 o/o of the operating time. The particle dis­
tribution is shown in Table II; their history 
in Fig. 1. 

Table I. 1972 Time distrib-q,tion 

Tune -up 8o/o 

Beam optics 4o/o 

Experiments • 53o/o 

Beam development 

Operating time 

Planned maintenance 

Unplanned maintenance 

Total maintenance • 

Total work time • 

Internal ion source: 

Protons 

Deuterons 

Helium 3 

Helium 4 

Lithium 

Carbon 

Nitrogen 

Oxygen 

Neon 

Total 

Table II. 1972 Particle distribution 

External ion source: 

Polarized protons and deuterons 

Heavy ion source 

Total 

Total operating time 

12 o/o 

12 o/o 

11o/o 

5o/o 

3o/o 

10 o/o 

18o/o 

11o/o 

8o/o 

9o/o 

19o/o 

4o/o 

12 o/o 

io/o 

77o/o {6096 hr) 

23o/o {1863 hr) 

100o/o {7959 hr) 

87 o/o 

13o/o 

100o/o {6096 hr) 
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Using the new internal PIG source, more 
heavy ion beams were developed. In addition 
to the nitrogen and oxygen beams of the pre­
vious year, beams of carbon and neon were 
run at energies of about 7 MeV /nucleon. Beams 
of lithium of 60-80 MeV were developed with 
the internalPIG source, using LiF in the 
source arc chamber and cathode regions. This 
is a simpler method and gives more intensity 
than using the external PIG source. A low 
intensity beam of iron (Fe 9+) of 175 MeV of a 
few particles/sec was used to bombard plas­
tics and minerals for cosmic ray track cali­
bration. The beam was formed by putting an 
iron sleeve in the internal PIG source anode. 

In May the original rf oscillator system 
feeding the dee was removed, and the new . 
master-oscillator power-amplifier system was 
installed. The new wide-band system uses a 
distributed amplifier, and only the master os­
cillator and dee resonator panels have to be 
changed when the frequency is changed. This 
wide-band system has thus far shown improve­
ment over the old ·system in dee voltage regu­
lation and quick resetting under heavy ion 
source loading as well as its expected high 
degree of frequency stability. 

Several small improvements were made on 
the cyclotron. A sublimation pump was in-
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stalled at the south wall of the dee tank. The 
modification of the ion source bases was com­
pleted, so that the PIG, filament, and inflec­
tor shafts are all usable on the elevator, and 
utilize the automatic plug-in of water and 
power when the sources are raised to oper­
ating position. The dee insert for the inter~ 
nal source was split into upper and lower 
halves to eliminate the connecting post, which 
was periodically melted by heavy ion beams. 
A spare puller tray was built. Multi-turn col­
limators for beam clipping at 10 to 15-in. 
radius were tested. Beam read-out fingers 
were installed at the ends of the deflector ele­
ments to provide useful information for deflec­
tor positioning. The new third section deflec­
tor electrodes, containing electric quadrupole 
radial focusing, were installed. They give the 
predicted radial.focusing, and good transmis­
sion for high resolution transport to the mag­
netic spectrometer. A biased internal ion 
source was completed and is under test. A 
filament-heated PIG source is also under test. 
A new external PIG source was built, based 
on the successful internal PIG source geometry. 
A velocity filter was added to the polarized­
source injection llne to separate the polarized 
protons or deuterons from the air ~earn for 
better tuning of the polarized beam. 

During September beam heating of the lower 
edge of the dee and dummy dee center region 
inserts was observed. Foil burn studies 
showed that the beam was low at 3- to 14 -in. 
radius by as much as 3/8 inch. Removing the 
center region inserts, half-turn and multi­
turn collimators, and dummy dee had no ef­
fect on this beam droop. It was finally de­
cided in October that the radial shape of the 
median plane error matched that which would 
result from a vertical drop of one of the 8-
in. -diam. center pole plugs. The droop was 
corrected by raising the upper 8-in. plug by 
0.030 in. It was difficult to understand how 
the upper plug could have dropped, so it is 
possible that the lower plug had dropped. 
Careful measurements were made of the plug 
heights in the center of the cyclotron so that 
any further similar problems could be quickly 
diagnosed. The axial injection quadrupole 
line was cleaned during this period, since 
most of it had to be removed for work on the 
upper plug. 

ACCELERATORS FOR NUCLEAR PHYSICS 

D. J. Clark 

This article describes the principle 
charged-particle accelerators being used to­
day for research in nuclear physics in the en­
ergy range up to about 1000 MeV. The acceler-

ators include Van de Graaffs, sector cyclotrons 
and linear accelerators for both positive ions 
and electrons. For each type of accelerator 
a brief treatment is given of the recent his-



Table I. Principal operating accelerators for nuclear physics, 0-1000 MeV. 

External Beam 
Best Polarized Heavy Ions 

Accelerator Maximum Variable Emit- analyzed beam Macro Micro Shortest p.d largest A 
energy energy {fLA) L'.E tance 

L'.EE{"/o) 
D. F. {"/o) D. F. {"/o) Pulse {nA) at 5 MeV/A 

{MeV) {mm-mr) {fLA) 

D. C. Accelerators 

0.1-9p 0.25-5keV 
1H Single- ended 0.1-9a Yes 1-15,000 at 2 MeV 10-15 10-30 0.01"/o 100 100 0.8ns 15 

8-30p 
160 Tandem 8-32a Yes 1-100 1-5 keV 1-10 1-10 0.01"/o 100 100 0. 7ns 50-200 

Cyclotrons 

5-22p Usually 
64Zn Clas sica! 20-45a No 10-300 1-3"/o 100 1 0.03-0.07 

50-730p 4
He F.M. 50-900a No 0.01-0.1 0.1-5"/o 1-80 10-100 2ns 0.002-0.03 

lJ.) 

-.J 
>!>-

3-100p Usually 
40Ar Sector 20-160a Yes 1-200 0.02-0.5"/o 5-50 0.5 0.01"/o 100 5 0.2ns 50-200 

Dubna 2 stage 7/A Yes 10 9/sec 100 136Xe 

Linacs 

Heavy Ion 10/A Limited 1-50 2-4"/o 0.1-3 10 40Ar 

Electron 20-20,000 Yes 1-1000 0.2-30"/o 10-0.1 0.01-6 1 2ns 

2 Stage Hybrid 

Cyclograaff 27-30 Yes 2 15-50 keV 100 5 

Or say 5/A Yes 10
8
/sec 0.8"/o 30 5 84Kr 



D. C. Machines 

A.N.U. 

HILAB 

Cyclotrons 

F.M. 

CERN 

Columbia 

Sector 

Indiana 

Vancouver 

Zurich 

Linacs 

Ion 

Los Alamos 

Super -Hilac 

UNILAC 

Electron 

M. I. T. 

Stanford 

Table II. New types of accelerators under construction for nuclear physics 0-1000 MeV. 

Estimated 
Location completion 

Australia 1972 

U.S.A. Indef. 

Switz. 1972 

u.s.A. 1972 

u.s.A. 1973 

Canada 1973 

Switz. 1974 

-EXTERNAL BEAM-

Max. energy Variable Intensity Macro. Ll.E 
(MeV) energy {f1A) D. F. (o/o) 

--y(%) 
Comments 

28p 
Other ions Yes 5-10 100 0.01 Tandem Pelletron 

?:: 7 A 
Aos2oo Yes 0.1-10 100 0.03 TU+MP tandems, heavy ions 

Conversion: New rf, 
6001L__ ______ l'ig__ __ ____1Q.::.20 :s, 80 0.1-0. 5 center region 

Conversion: 3 sectors, 
550Q. ~ __ __iQ-40 :s, 50 new rf and center region 

200p 
Other ions 

500p 

Yes 10 100 0.01-0.2 
D. C. injector+2 cyclotrons, 
sep. sector 
H- accel. , multiple 

Yes 100 100 0.05-0.2 external beams 
2 cyclotrons, sep. sector 

5850 No 100 _iQO ____ O.l__ finaLsta!!e 

Alvarez + side coupled, 
U. S. A. 1972 800Q__ ____ y_.,_.,___ ___j.OOO 6-12 1 simul. H+ and H- beams 

8.5/A Alvarez, 2.5 MV inj., 
U. S. A. 1972 All A Yes 0.1-100 30-80 0.6 heavv ions 

?:: 7/A Wideroe+Alvareztcavities, 
Germany_ 1974 .All_A__ Y~ 0_._1_~100 > 25 0.02-10 h~-'!,vy ions 

High D. F., similar to 
U.S. A. 1':l72 400e Yes 3QQ 2-6 Q.:! Saclax 

First superconducting, 
U.S. A. 1-'1_71 2000~- Y~_ 100 100 0.01 100% D. F. 

VJ 
-.] 
U1 
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tory, operating principles, some special 
techniques, a typical facility, and some ex­
amples of experimental data from that type of 
accelerator. Descriptions are also given of 
new types of machines under construction, 
such as Pelletrons, frequency-modulated sec­
tor cyclotrons, separated sector cyclotrons, 
and superconducting linear accelerators. New 
ideas for the future are mentioned, including 
multi-stage tandem-cyclotrons, and the elec­
tron ring accelerator. The reader is assumed 
to have no experience in accelerators or nu­
clear physics. 

Figure 1 shows the number of each 
type of accelerator operating during the last 
30 years. Table I gives typical beam charac­
teristics for each type. Table II gives the 
specifications of new types of accelerators 
now under construction or just coming into 
operation. The paper contains 63 figures 
and 167 references. 
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Fig. 1. Number of operating proton and deu­
teron accelerators for nuclear physics during 
the past 30 years, 10-1000 MeV, world-wide. 

. (XBL 722-332) 

DESIGN OF A HIGH-TEMPERATURE NEUTRON IRRADIATION CONTAINER* 

D. C. Fee and S. S. Markowitz 

The temperature of the sample during ir­
radiation is an important parameter in radia­
tion chemistry1 and hot-atom chemistry. 2 
The primary and secondary processes being 
studied may be temperature dependent. In 
addition, the phase (gas, liquid or solid) of 
the sample during irradiation is obviously 
temperature dependent. Temperature control 
during irradiation may be advantageous in 
activation analysis. 3 Numerous low tempera­
ture irradiation devices have been reported. 4-9 
High-temperature neutron irradiations have 
also been made by controlling the rate of loss 
of the heat that was generated in the sample 
by neutron absorption. The sample was essen­
tially self-heated. 10, 11 

We are interested in hot-atom chemistry 
in general and recoil tritium reactions in 
particular. In hot-atom chemistry it is often 
desirable to irradiate many samples simul­
taneously. This ensures that all the samples 
in a series are irradiated under the same ex­
perimental conditions. The important experi­
mental parameters during irradiation are 
temperature (as discussed) and total neutron 
dose. Intersample comparisons of absolute 
product yields can only be made if each sample 
receives the same neutron dose. 2,12 Further­
more, it is advantageous if these temperature 
and dose-controlled irradiations could be 
made in the most commonly available neutron 
irradiation facility, a pool-type nuclear reac­
tor. Dose-controlled hot-atom studies are 
easily made at pool temperatures using the 

"Lazy Susan" facility. 13 Previously men­
tioned low -tei:npe r ature irradiation techniques 
are readily adapted to allow low temperature, 
dose-controlled hot-atom studies. 14 The 
high-temperature irradiation techniques men­
tioned earlier cannot be adapted to hot-atom 
studies because little heat is generated in the 
hot-atom sample by neutron bombardment. 

Our design concept is simple. The samples 
are irradiated in a temperature- controlled oil 
bath placed in the Hohlraum of the reactor. 
The samples are rotated so that each sample 
receives the same neutron dose. The rota­
tion is achieved by directly coupling a motor 
to the sample rack. Neutron shielding is re­
quired to protect the motor. 

Figure 1 is a cut-away side view of the 
apparatus. All materials are 1100F aluminum 
(greater than 99o/o pure) unless otherwise 
stated. Constructing the irradiation con­
tainer chiefly from 1100F aluminum minimizes 
the potential radiation hazard. The 

27A ( )28Al . d . . a· t• . 1 n,'{ reachon ur1ng 1rra 1a 1on g1ves 
28Al with a 2.8-minute half-life. After al­
lowing the short-lived 28Al to decay away, 
the sample capsules can be removed from the 
irradiation container. The 1/2-in. -thick neu­
tron shielding, A in Fig. 1, is "Composition 
254 11 from Reactor Experiments, Inc. This 
thickness of shielding reduces the flux at the 
motor by a factor of 10-10. This shielding 
protects the steel alloy Bodine motor which 
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Fig. 1. Irradiation container. The lid has 
been raised for purposes of illustration. 
Legend: A, neutron shield; B, brass pres­
sure relief valve; C, flexible rubber coupling; 
D, pipe to pressure relief valve; E, hole for 
thermocouple lead plug; F, Teflon gaskets; 
G, nylon shaft; H, 0-ring groove; I, sample 
rack; J, sample capsule; K, oil bath con­
tainer; L, 13-in. support leg; M, motor sup­
port leg; N, nylon collar; 0, lid; P, motor 
shaft; Q, ri.ylon bolt and nut. 

(XBL 7210-4143) 

operates at 6 rpm. The motor is connected 
through a flexible rubber coupling (C) and 
nylon shaft (G) to the sample rack (I). The 
sample rack is a right cylinder which rotates 
on the same axis as the nylon shaft. A top 
view of the sample rack would show 24 slots 
for the standard13 1720 Pyrex glass sample 
capsules (J). The sample slots are evenly 
spaced on a circle near the perimeter of the 
sample rack. If the period of irradiation is 
long compared to the period of rotation of 
the sample rack, each sample in the rack will 
receive the same neutron dose. A slotted lid, 
shown in Fig. 1 as the uppermost part of the 
sample rack, keeps the sample capsules from 
floating out of the slots when the rack is im­
mersed in the oil bath. The oil used is heavy 
mineral oil (B. P. 360 to 390•C). This oil is 
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housed in a cylindrical container (K), which 
is supported on legs 13-in. long (L) that raise 
the level of the samples to the center line of 
the Hohlraum. This puts the samples in the 
highest flux possible. The container is heated 
by three silicone-coated heating tapes 
(1 in. X 8 ft. ) wound around the sides of the 
cylinder. A fourth heating tape is looped 
back and forth on the bottom of the oil bath. 
Temperature control is maintained by op­
erating three of these heating tapes via a 
rheostat at all times during the irradiation. 
The rheostat is adjusted so that the three 
tapes would maintain the temperature of the 
oil bath at 5 to 1o•c less than the desired 
temperature. The fourth heating tape 
("controller tape") is turned on and off by a 
temperature controller to maintain the de­
sired temperature. The proportional temper­
ature controller is remote from the Hohlraum. 
The temperature probe used with the tempera­
ture controller is an iron-constantan thermo­
couple placed in the oil bath. 

Excellent temperature control (:!: 0. 5•C) has 
been achieved at all temperatures in the 25 to 
20o•c range in tests outside the reactor. Ir­
radiations have been made for sixteen hours 
at the Berkeley Campus Nuclear Reactor. Ex­
cellent temperature control was obtained at 
13 5:1:0. 5•c. The irradiation container was 
removed from the Hohlraum 40 hours after 
the end of bombardment. The observed radia­
tion was primarily from the heating tapes; 
two inches from the irradiation container and 
heating tapes (at the level of the sample cap­
sules) it was only 130 mr/hr on the side that 
was nearest the core and 70 mr/hr on the side 
that was farthest from the core. The flux at 
the sample level (in units of 108n cm-2 sec-1) 
was 34.5 on the side of the container nearest 
the core, 10.3 on the side farthest from the 
core, and 3. 90 in the sample position. The 
flux was monitored with cobalt foils. Na(I) 
counters were used to monitor the 60co from 
the 59Co(n, -y)60Co reaction. 
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A 100 PSEC PULSE-WIDTH DISCRIMINATOR 

J.D. Bowman, A.M. Poskanzer, and D. Landis 

A program to search for very neutron-rich 
light isotopes produced in high-energy nuclear 
reactions using telescopes of semi-conductor 
detectors has been in progress at the Beva­
tron. 1 The isotopes are identified by mea­
suring their rate of energy loss, total energy, 
and time of flight. An important limitation 
to the sensitivity of the search has been back­
ground produced by random coincidences. The 
pulse-width discriminator described here has 
eliminated this background. 

A pulse-width discriminator measures the 
width of an amplified and shaped detector sig­
nal and produces an output which reflects 

B 

Bios ____F 

Detector Pe-amp Shaping 
amps 

Oiscrlmjnotors Tlme to 
amplitude 
converter 

Fig. 1. Block diagram illustrating the oper­
ation of the pulse -width discriminator. Dis­
criminator levels are represented by hori­
zontal lines on wave forms. The labels G 
and B indicate wave forms typical of unper­
turbed events and accidental coincidence 
events, respectively. (XBL 733-2439) 

changes in the time profile of charge deposition 
and collection. A block diagram of the ap­
paratus and wave forms illustrating its opera­
tion is given in Fig. 1. The time-to-ampli­
tude converter measures the time difference 
between the leading edge of the output of a 
unipolar shaping amplifier and the crossover 
of a bipolar signal. If charge collected from 
the detector results from a single heavy ion, 
the wave forms labeled G are produced. In 
the case of two particles striking the detector 
at different times, the wave forms labeled B 
are produced and the time difference from 
leading edge to crossover is larger than in the 
former case. A pulse -width discriminator is 
sensitive to random coincidences occurring 
within times shorter than the pulse width and 
it may be supplemented by a pile -up rejector 
sensitive to times longer than the pulse width, 
if necessary. 

A pair of instruments were constructed 
and used in an experiment at the Bevatron 
designed to search for 17B and other neutron­
rich isotopes. Each heavy ion passed through 
an 18!-1 Si(P)~E detector and stopped in an 
801-1 Si(P) E detector. The flight time over 
the 25-cm distance separating the two detec­
tors was recorded, as well as the ~E and E 
amplitude signals and signals from the pulse­
width discriminators connected to each detec­
tor. One million events were observed. 

Because the rise time of the preamplifiers 
was 3 nsec the walk with energy of the pulse­
width discriminators was large compared to 
their intrinsic resolution and was removed by 
off-line analysis. The walk results from 
shift of the time at which the leading edge dis-



criminator fires as a function of amplitude. 
For a pulse which rises as tP, the leading 
edge trigger time shifts as A -1/p where A 
is the amplitude of the signal. We fit the ex­
perimentally observed graphs of pulse-width 
discriminator output signal (FWD) vs E or 
~E amplitude to AD equation of the form, 
FWD = a + f3A -1/ 3 where p was chosen to be 
3, and a and f3 were adjustable parameters. 
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A walk-corrected pulse-width discriminator 
signal was calculated for each event as 
FWD - (a+f=!A-1/3). The FWHM of the walk­
corrected ~E and E pulse -width dis crimina­
tor signals were 110 and 65 psec, respectively. 
The energy ranges were 5 to 30 MeV in ~E 
and 13 to 50 MeV in E. 

For each event mass and charge were cal­
culated as in Ref. 1. Figure 2 shows mass yield 
plots obtained previously! and in the work 
described here. In the present work the data 
were edited by application of windows to the 
walk-corrected ~E and E pulse-width discrim­
inator signals of widths 135 and 100 psec, 
respectively, which included- 90o/o of the 
events. The background has been reduced by 
more than a factor of 20. 

In conclusion, we have built and used a 
pulse-width discriminator which is capable of 
detecting accidental coincidences on a time 
scale small compared to the preamplifier rise 
time and have eliminated our background. 
Analysis shows that the pulse-width discrim­
inator described here is very effective in pro­
tecting a crossover timing signal from per­
turbations caused by a small amplitude acci­
dental pulse coming early. Further analysis 
shows that this instrument could be improved 
to protect the crossover timing signal from 
small pulses coming early or late by using 
leading edge to trailing edge timing on single 
clipped pulses. 
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Fig. 2. Mass yield plots for heavy boron 
isotopes from this work and previous work. 
The background in the high-mass region, mass 
greater than 17, which has been reduced by a 
factor of 20 or more. (XBL 7 33 -2440) 
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A HI LAC DATA COLLECTION PROGRAM 

J. B. Hunter, R. C. Jared and S. G. Thompson 

A data acquisition system has been de­
veloped for a PDP-15 computer (Digital Equip­
ment Corporation) at the Heavy Ion Linear 
Accelerator (HILAC ). This system is pres­
ently being used to process data obtained in 
some reactions with heavy ions. 1 The input 
data is obtained from a particle telescope 
composed of four detectors designated as fol­
lows: ~Ei, ~E2, E, and Ereject· 

The signals meeting proper coincidence 
requirements from the detectors are stored 
in an analog multiplexer. These signals are 

then digitized by means of an analog-to-digi­
tal converter (ADC) which is connected to the 
analog multiplexer. The information from 
the ADC is transferred via a Camac data chan­
nel to the input buffer at the computer. The 
data are then packed on magnetic tape with 
proper identification. The program is also 
used to give four single parameter energy 
distributions, which are used for monitoring 
the experiment. Access to these distributions 
is controlled by teletype commands. This 
program is being modified to include the 
option of making particle identifier (PI) cal-



culations on-line in order to monitor the PI 
resolution during the experiments. The data 
on the magnetic tapes are analyzed using 
other computers at LBL in terms of the well­
known power law, PI= (E + .6.E)P- EP, or by 
a similar modified form of this law in order 
to identify particles passing through the de­
tector telescope. The energy spectra associ-

380 

ated with each type of particle are also ob­
tained. 
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REAL TIME FORTRAN FOR A PDP-9 COMPUTER 

R. C. Jared, J. B. Hunter, and S. G. Thompson 

Experience has shown that times of the 
order of one year are often required to write 
a data acquisition program of moderate com­
plexity for small computers. Thus, large 
programming efforts have been necessary to 
generate systems for a PDP-9 computer when 
the latter is used for a research program 
which is even moderately complicated. One 
way to circumvent this difficulty would be to 
develop a program that can take a variety of 
input data and reproduce its image on an out­
put magnetic tape; however, this operation 
does not require a computer. A relatively 
inexpensive multidimensional pulse -height 
analyzer would serve just as well. The ad­
vantage of the computer comes only in its 
ability to perform on-line calculations on the 
input data and produce reduced data promptly 
at an output device. 

We have been able to make a large reduc­
tion in our programming effort and still use 
the full capability of our computer by adding 
to the Digital Equipment Corporation 
Fortran 4 system a set of subroutines that 
enable the experimentalist to have real-time 
control of input and output devices. Real-
time Fortran as defined here provides a means 
of commanding an input or output device to 
perform a certain function and then to continue 
in the program executing the subsequent state­
ment while the device is carrying out its func-

tion. It is, of course, necessary that the pro­
grammer test the input or output device to see 
that it has performed the necessary function 
before a new command is issued to that de­
vice. 

The basic functions that have been added 
to the PDP-9 Fortran package are: magnetic 
tape control, display control, CalComp con­
trol, analog-to-digital converter control, and 
control of an external 4096 word memory. 
The above minimum set of functions has proven 
to be adequate for data acquisition. However, 
more commands will be added to obtain real­
time control of the disk memory and dectape 
devices. This will give the experimentalist 
a much more flexible system. 

The above mentioned expanded system has 
been used for several experiments. In some 
cases persons without previous experience 
with a PDP-9 computer have written an opera­
tional multidimensional data acquisition pro­
gram in a time of about one week. Typically 
these programs have been used to collect data 
on magnetic tape and to perform partial data 
analysis. As one example: particle identifier 
spectra have been produced in which the energy 
spectra for each type of particle was obtained. 
The reduced output data are plotted by a Cal­
Comp plotter and are also printed using a line 
printer. 

HIGH RATE X-RAY FLUORESCENCE ANALYSIS 

BY PULSED EXCITATIONt 

J. M. Jaklevic, F. S. Goulding and D. A. Landis 

We describe a pulsed excitation method 
which demonstrates significant improvements 
in count-rate performance relative to conven­
tional x-ray fluor.escence techniques. When 
applied to X-ray fluorescence analysis, mea­
surement times are reduced by at least a fac­
tor of four. 

Description of Method 

The effect of pile-up rejection at high rates 
is illustrated in Fig. 1 where we have plotted 
the calculated output versus input counting 
rate for the case of a continuous, random ex­
citation source. We assume that each input 



lOOKr---~--.-.-.-rrrnr---~--.-.-.,rrrn 

... 
1-
< 
c:: 

~ lOK 
Q. 
I­
=> 
0 

lOK 
INPUT RATE 

Fig. 1. Output versus input counting rate for 
continuous excitation with pile -up rejection. 
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pulse generates a dead-time during which any 
additional event is rejected. Each of the 
curves represents a different peaking time 'Tp 

of the Gaussian shaped amplifier output pulse. 
We assume a dead time 'T d = 37' corresponding 
to that used in the pile -up rejeJor described 
in Ref. 1. It is apparent from the curves 
that there is a maximum output rate for each 
'Tp corresponding to less than 40o/o of the in­
put rate. This decrease of output rate arises 
from fundamental statistical considerations 
and cannot be remedied except by somehow 
modifying the time distribution of input pulses. 

The basis of the pulsed excitation method 
is the elimination of the necessity for pile-up 
rejection by ensuring that no additional pulses 
will reach the detector in the time interval 
required to process an event. As shown in 
Fig. 2, a transmission x-ray tube2 with grid 
control supplies the excitation for the sample. 
Detection of an event by the system triggers 
a fast turn-off of the electron beam for a 
specified dead time determined by the ampli­
fier time constant, thus eliminating the pos­
sibility of any signals interfering with the 
original pulse. Although this description 
emphasizes the use of x-ray tubes, the pulsed 
method could be adapted to other excitation 
modes (such as electron probes or heavy 
charged particles from accelerators). 

Considering the operation of the system in 
detail, we note several features: 

a) The system output rate is equal to the 
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Fig. 2. Schematic of pulsed x-ray system. 

(XBL 722-203) 

input rate. This is obvious since the tube is 
on only when the amplifier system is able to 
accept a pulse for processing. 

b) At very high rates the arrival of events 
becomes essentially periodic. As the x-ray 
intensity is increased, there is a large prob­
ability of detection of an event in a time inter­
val short with respect to the amplifier time 
constants; the tube is on for only a small 
part of the total cycle time and• the events 
appear periodic. 

c) The maximum count-rate where 

'T d is the dead time per pulse- -this is a 
corallary to (b). 

d) If we continue to increase the x-ray 
intensity after reaching this limit, no apparent 
increase in output will result, but multiple 
events will become more common during the 
time required to shut off the tube following the 
detection of an event. Thus, although the 
output rate remains the same, an increasing 
fraction constitutes pile-up. 

Results 

With these preliminary ideas in mind it 
becomes possible to understand the input­
output characteristics illustrated in Fig. 3. 
These data were obtained by allowing the Mo 
x-ray from the pulsed tube to strike an Fe 
target. The curves shown were taken with 
'Td = 23, 41, and 79 f.Lsec corresponding to 
amplifier peaking times of 'T p = 9, 17 and 
35 f.!.Sec respectively. The measured output 
rate is restricted to only these pulses which 
did not undergo pile -up at the high rates--
this choice of representation was selected 
because the non-pile-up output is a more valid 
measure of the capability of the system. Fur­
thermore, the data for total output versus 
input counting rate are far less interesting, 
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Fig. 3. Output versus input counting rate for 
pulsed system. Output rate is limited to 
non-pile-up events.

1 
Vertical dashed lines 

correspond to (Td)- . (XBL 722-207) 

since the rates are equal to within Zo/o over 
the total range for all time constants. The 

.!.._ input rate limits are indicated by the ver­
'Td 
tical lines. The periodic behavior of the out-
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put data at these limits can be observed on an 
oscilloscope. 

The pile-up probability at high rates is 
evidenced by the decrease in output rate near 

the _!_ input counting rate limits· in Fig. 3. 
Td 

Although the losses are minimal for the system 
shown, they could be reduced still further by 
designing an x-ray tube with faster turn-off 
characteristics. 
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TR'ACE ELEMENT ANALYSIS WITH SEMICONDUCTOR 

DETECTOR X·RAY SPECTROMETERSt 

R. D. Giauque, F. S. Goulding, J. M. Jaklevic, and R. H. Pehl 

The analytical technique of x-ray emission 
spectroscopy depends upon the ability to ex­
cite and accurat~ly measure characteristic 
K and L x-rays emanating from the specimen. 
The main conditions that limit x-ray fluores­
cence sensitivities are the x-ray peak inten­
sities and their ratios to the background. Some 
of the principal factors affecting sensitivities 
are the selection of the exciting radiation, the 
geometry employed, and the form of the speci­
men. 

A method of obtaining high sensitivity and 
accuracy in x-ray-fluorescence analysisusirtg 
semiconductor detector spectrometers is dis­
cussed. Monoenergetic exciting radiation is 
employed to generate chara_cteristic x-rays 
from trace elements in thin, uniform speci­
mens. Specimens are prepared thinner than 
the critical thicknesses for the x-ray energies 

of interest and corrections for matrix ab­
sorption effects are determined experimentally. 
Corrections for matrix enhancement effects 
are omitted as they are negligible for many 
thin specimens. A single element thin-film 
standard is used to calibrate for the x-ray 
geometry, and theoretical cross sections and 
fluorescent yield data are employed to calcu­
late the x-ray yields for a wide range of ele­
ments to the thin-film standard. Table I lists 
a comparison of calculated and experimental 
values of relative excitation and detection 
efficiencies, Kj, for the system employed, 
for seven x-ray lines normalized to the CuKa 
values. For our experiments a guard-ring 
detector with pulsed light feedback electronics 
was used. Excitation was provided by a 
molybdenum transmission x-ray tube. An 
angle near 90" between the exciting and de­
tected radiation is maintained to yield the 



Table I. Relative excitation and 
detection efficiencies (Kj) 

Line Calculated Determined 

CrKa 0.381 0.370±0.011 

MnKa 0.450 0.435±0.003 

FeKa 0.587 o. 559±0. 003 

NiKa 0.884 0.882±0.007 

CuKa 1.000 1.000±0.015 

AsKa 1.653 1. 660±0. 083 

SeKa 1. 776 1. 753±0.057 

PbLa 0.804 o. 774±0.019 

highest peak-to-background ratios. X-ray 
spectral backgrounds are determined from 
the interisitie s of the coherent and incoherent 
scattered radiation. 

Using a single excitation energy, the con­
centration of more than fifteen trace elements 
may be simultaneously determined during a 
15-minute interval for concentrations of 1 
ppm or less. This corresponds to less than 
10 ng/cm2 on air particulate filters. The x­
ray intensities and elemental concentrations 
may be expressed as: 

I= I GK. m. 
0 J J 

-(f11 esc <1>1 + f12 csc<)>2 )m 
X (1-e 

( f11 c s c <P 1 + f12 c s c <1>2) m 

Table II shows the results of the analyses of 
standard NBS SRM 1571 orchard leaves. 
Table III illustrates a comparison of the re­
sults obtained by x-ray fluorescence and LBL 
neutron activation on standard pottery. 
Figure 1 shows a spectrum obtained from a 
standard pottery specimen of mass 5mg/cm2 . 
The concentrations of many elements pre sent 
in air collection specimens on filter papers 
are simply determined by measuring the in­
tensities of the characteristic x-rays. Figure 
2 shows the spectrum and results obtained on 
an air pollution filter of mass 5 mP" I cm2. The 
concentrations are listed in ng/ cm"'Z. 
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Theoretical limits of detection for the equip­
ment used are shown in Table IV for three 
types of specimens. The minimum detectable 
amount is defined as that concentration on 

Table II. Analysis of NBS SRM 
1571 orchard leaves 

X-ray fluorescence NBS 

Cr 2.5ppm±1.6 2.3ppm 

Mn 88.6ppm±2.2 91ppm±4 

Fe 276ppm±8 300ppm±20 

Ni 1.3ppm±0.4 1.3ppm±0.2 

Cu 12. 6ppm±O. 6 12ppm±1 

Zn 23. 7ppm±O. 8 25ppm±3 

As 10.6ppm±O. 8 14ppm±2 

Br 9.3ppm±0.6 10ppm 

Rb 11.0ppm±O. 8 12ppm±1 

Sr 36. 6ppm±1. 2 37ppm 

Pb 45.4ppm±2.0 45ppm±3 

quantity which gives a line intensity above 
background equal to three times the square 
root of the background for counting times not 
to exceed 1000 sec. Higher sensitivity for 
these elements may be obtained by employing 
other x-ray tubes and a double guard-ring de-
tector. · 

The use of monoenergetic exciting radia­
tion and a semiconductor detector, and the 
preparation of thin uniform specimens per-

~ 
c 
~ 
0 
u 

50,000 

40,000 

30,000 

20,000 

10,000 

VKat 
Ti K,B 

: FeKa 

Pottery specimen 

2000 sec 

xiO 

X- ray energy ( keV) 

SrKa 

RbKa • 

I 

MoKa 
backscatter 

: lncoh. 

I 
.'.co 
;: !. 

Fig. 1. Spectrfm from pottery specimen of 
mass 5 mg/cm . (XBL 725-2934) 



Table·rn. Analysis of pottery specimen 

K 

Ca 

Ti 

v 

Cr 

Mn 

Fe 

Ni 

Cu 

Zn 

Ga 

As 

Se 

Br 

Rb 

Sr 

Pb 

8,000 

6,000 
~ 

c 
=> 
0 
u 

4,000 

2,000 

0.95% ±0.02 

0.28% ± 0.01 

0.77o/o±0.1 

176ppm ± 16 

107ppm ± 5 

3ippm ±4 

1.05o/o ± 0.01 

277ppm ±4 

56ppm ±2 

61ppm ± 1 

46ppm ± 1 

32ppm ± 1 

<2ppm 

<3ppm 

70ppm±2 

145ppm±2 

35ppm± 3 

Air filter 
800 sec 

3400 
Co 

Ar 

3600 
Fe J 

1.35o/o ± 0.04 

<i.Oo/o 

0.78%±0.3 

176ppm± 16 

115ppm±4 

40.9ppm±0.5 

1.017o/o± 0.012 

279ppm± 20 

59ppm± 8 

59ppm± 8 

44ppm± 5 

30. 8ppm± 2.2 

2.3ppm± 0. 9 

70.0ppm± 6.3 

145ppm± 22 

:"\.3900 
• Pb 

Pb 
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Fig. 2. ~pectrum from air filter of mass 
5 mg/cm . Concentrations listed in ng/cm2. 

(XBL 725-2933) 
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Table IV 

Theoretical limits of detection 

Si02 on Air 

filter of particulate 
Specimen Biological 

mass 5 on filter of 

mg/cm 
2 mass 5 

mg/cm
2 

Mass 30 5 
2 

(mg/cm ) 

Tube current 250 400 400 
(f.L amps) 

Area analyzed 3 2 3 
2 

(em) 

Element and 
spectral line 

TiKa 3 ppm 10 ppm 15 ng/cm 
2 

CrKa 1 4 9 

FeKa 0.6 3 5 

CuKa 0.3 1 3 

HgLa 0.4 2 5 

PbLa 0.4 2 5 

BrKa 0.3 1 3 

RbKa 0.4 2 6 

mits many trace element analyses to be per­
formed with relative ease, in shorter time 
intervals, and often with higher sensitivity 
than other analytical techniques such as neu­
tron activation and atomic absorption. The 
ability to use a single element thin-film 
standard to accurately calibrate for the analy­
ses of many elements is unique for instru­
mental methods of analysis. 

Footnotes 

t Condensed from LBL-647. Presented at 
11th Natl. Meeting Soc. Appl. Spectroscopy, 
Dallas, Texas, Sept. 10-15, 1972. To be 
published in Anal. Chern. 
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INSTRUMENTATION FOR ENVIRONMENTAL MONITORING: AIR 

C. D. Hollowell, G. Y. Gee, R. D. Mclaughlin 

Understanding the environmental pollution 
problem begins with the ability to accurately 
monitor its presence. As better monitoring 
systems are established, one will be able to 
identify build-up areas for pollutants, identify 
flow and dispersment patterns, and eventually 
learn to predict serious health episodes. It 
is essential to make good measurements of the 
environmental pollutants, but in many cases 
the present state of the art is far from sat is­
factory, with old, inadequate and cumbersome 
techniques still in wide use. Because of this, 
much research and development is going on 
now to develop new instrumentation. The field 
is moving so rapidly, in fact, that there are 
many gaps in information about what instru­
mentation is avilable for a particular need, 
how good it is, how expensive it is, etc. It 
is vital that modern instrumental techniques 
find their way rapidly into this important 
field, and that encouragement be given to fur­
ther development of instrumentation for en­
vironmental quality monitoring. In order to 
fill these information gaps, the Laboratory 
has undertaken a three-year, in-depth survey 
of instrumentation in the environmental field. 

In June 1971 the Environmental Instrumen­
tation Group of the Energy and Environment 
Programs received an NSF-RANN (National 
Science Foundation-Research Applied to 
National Needs) grant to conduct a survey of 
instrumentation for environmental monitoring, 
including monitors of air quality, water 
quality, radiation, and biomedicine. Consid­
eration is given to instruments and techniques 
presently in use and to those developed for 
other purposes but having possible applications 
to this work. The results of the survey in­
clude descriptions of the physical and oper­
ating characteristics of available instruments, 
critical comparisons among instrumentation 
methods and recommendations for the develop­
ment of new instruments, and of promising 
methodology. The survey material is com­
piled in four loose-leaf volumes that will be 
periodically updated. 

Instrumentati~n for Environmental 
Monitoring: Air , Lawrence Berkeley 
Laboratory Report LBL-1, Volume 1, is now 
available from the Technical Information 
Division, Lawrenc~ Berkeley Laboratory, 
University of California, Berkeley, CA 
94720, at a cost of $7.00 per volume, post­
age paid. Volume 1 as initially issued covers 
sulfur dioxide and mercury-in-air monitoring 
instrumentation; additional sections on oxides 
of nitrogen, photochemical oxidants, carbon 

monoxide, hydrocarbons, hydrogen sulfide, 
lead, beryllium, and asbestos are in progress 
and will be issued before June 1973. 

The Sulfur Dioxide section
2 

contains de­
scriptive literature for over sixty commerci­
ally available instruments. These monitors 
are classified into thirteen different principles 
of operation. The strengths and weaknesses 
of these principles of operation are discussed. 
Information concerning instrument calibration, 
sampling, emissions standards, techniques 
for controlling sources and effects of sulfur 
dioxide is also included. Contents for the 
S02 monitoring instrumentation section are 
shown in Fig. 1. 

INSTRUMENTATION 

~~:;~ FOR ENVIRONMENTAL 

MONITORING 

CONfENfS 
FOR 

S02 ~.XJNITORING INSTRI.MF.NTATION 

A, Introduction 
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2. Sampling 
3. Calibration 
4, Data Acquisition and Reduction 
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3.2 Colorimetric Analyzers 
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The Mercury-In-Air section contains 
descriptive literature for twenty commerci­
ally available instruments. Eight different 
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approaches to mercury monitoring are dis­
cussed. Also included is information on 
sources, toxicology, national emission 
standards, sampling, and calibration pro­
cedures. Contents for the Mercury-In-Air 
monitoring instrumentation section.a're 
shown in Fig. 2. 
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A TWO-LEVEL SPEED CONTROLLER FOR THE 

ROTATED MERCURY COULOMETER CELL 

R. G. Clem and F. Vogelsberg 

The rotated mercury cell for controlled­
potential coulometry provided electrolysis 
rate constants comparable with the fastest 
conventional cells then available. 1 There 
was no doubt that the solution phase was being 
stirred very efficiently with the stationary 
co-axial salt-bridge; however, direct obser­
vation of the mercury under stroboscopic 
light revealed that no, or at best very little, 
stirring was taking place in the mercury 
phase. The current-time trace presented in 
the previous paper also confirmed this. See 
Fig. 1. 

A partially successful attempt was made 
to stir the mercury phase, but further engi­
neer support would be required to place this 
new technique on a practical basis. The pre­
vious rotated mercury cell was modified. 
Shallow protrusions were made in the wall of 
the cylindrical cell. In operation these pro-

>­
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Fig. 1. Current-time trace of the cell noise. 
A. Cell current noise; 1 mV = 1 f.LA. 
B. Variations in the control potential; 

1 mV = 1 mV. (XBB 711-147) 



Fig. 2. Effect of step rotating the mercury 
cell. 

A, B, C is a photosequence showing the 
beginning of the step rotation, the gathering 
turbulence, and the most violent stage of the 
stirring. Note the cavitation pockets in 
photo C. 
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trusions or vanes are c overed with the mer­
cury. Presenting two frequencies alternately 
to the synchronous cell motor causes the cell 
to alternately speed up, then slow down. Since 
the rotating mercury has high inertia, very 
efficient stirring of this phase occurs as are­
sult of the mercury slipping over the protru­
sions. Figure 2a, b, and c shows the effect 
this stirring action has on the mercury phase. 
At the instant of motor speed transition, the 
sheer imported to the solution by the wrinkling 
mercury phase is so great that vacuum or 
cavitation pockets appear. The electrolysis 
rate constants obtained are more than 3 times 
greater than those obtained w ith even the best 
designed conventional cell. 

Despite this great advantage, the technique 
is not yet practically applicable. No pro­
visions were made in this initial effort to 
synchronize the ·stirring with the data acquisi­
tion cycle . This results in the superimposi.tion 
of beats or nodes on the data. The problem 
could be solved if it were possible to channel 

·advance only at the end of a pre selected num­
ber of stirring cycles. 

Electronically, the stirring action is ef­
fected by shifting the rate of rotation of the 
motor between preselected limits. The dwell 
periods, t 1 and t2, at the lower and upper 
frequencies are determined using tandom 
monostable multivibrators. The suitably 
biased output of the multivibrators alter the 
resistive frequency components of a modified 
Wien bridge oscillator. The variable resis­
tance characteristics of junction FET's oper­
ated at very small drain currents are used to 
control the oscillator in two ways . 01 and 
0 2 vary the resistive arms of the bridge in 
response to gate voltage changes, shifting the 
output frequency . 03, in the negative feed­
back path , controls amplitude and oscillator 

t 1 Hig h-freQuency 
"on" perio d 

v.c.o. 
Wie n bridge 

t2 Low-f requ ency 
"on" per iod 

Bu ffer 
a mp lifi er 

Oynokit power 
ampl if iers 60 W ea . . 

Rota ted 
cell 

Bodine NSY -12 

Fig. 3. Block diagram of the rotated cell 
drive circuit. (XBL 733-2396) 



stability. Over moderate ranges, these ef­
fects are linear. Frequency shifts of from 
60 to 100 Hz w ith dwell time ranges of from 
0.2 to 1 sec have been used. Figure 3 is a 
a block diagram of the electronics drive cir­
cuitry. 
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EFFECT OF WAX CRYSTALLINITY ON THE PERFORMANCE OF 

ANODIC STRIPPING ELECTRODESt 

R. G. Clem 

The paraffin impregnated, mercury plated, 
graphite e lectrode used in our anodic stripping 
efforts evolved from less suitable but similar 
electrode systems. 

One of the first elec\r~des used was a 
hanging mercury drop . ' This e lectrode was 
not entirely satisfactory for analytical work 
because the rather large mercury volume em­
ployed resulted in the need for prolonged 
amalgam accumulation times necessitating the 
use of large sample volumes . Since a finite 
time is necessary for the amalgamated metal 
ions to diffuse to the mercury drop/solution 
interface to be available for stripping, rather 
low scan rates were employed. The stripping 
peak height, hence sensitivity, is directly re­
lated to the scan rate. To reduce the mercury 
volume employed and thus allow the use of 
faster scan rates, several thin mercury film­
type electrodes were offered. 3-6 These elec­
trodes differed only in the metal substrates 
used. As expected, the sensitivity attainable 
with thes e electrodes was much improved, 
however, in some cases the amalgam appeared 
to react with the metal substrates of these 
film e l ectrodes . This resulted in poor repro­
ducibility . 

In an attempt to overcome problems associ­
ated w ith substrates, Matson and co-workers 
developed a mercury plated, paraffin im­
pregnated , graphite electrode , 7, 8 which is, 
in our opinion, the b e st electrode over offered 
for stripping analysis. We differ with them , 
however , on sever al experimental and meth­
odological points. 

The previous wo r kers recommended using 
a "good grade of paraffin". We can state un­
equivocally that no c asual relation exists be­
tween the paraffin used and the results ob­
tained. Electrode stability critically depends 
upon the degree of crystallinity of the wax. 
Electrodes impregnated with an essentially 
100 o/o crystalline wax such as Chevron micro­
crystalline wax 154/ 156 AMP, fail within a 
few hours after impregnation owing to the 
cracking and separating of the wax from the 

graphite substrate. Similar results are ob­
tained usin§ polyethylene as the impregnation 
substance . Sonneborn Multiwax 180M which 
contains 40 o/o noncrystalline hydrocarbons was 
used to prepare electrodes exhibiting stability 
for about one month. Failure of these elec-· 
trodes results when the exposed graphite par­
ticles suddenly and unexplainably detach from 
the active electrode surface. Figure 1 is a 
photograph of such a surface and Fig. 2 shows 
a stripping polarogram taken with . the electrode 
at failure. 

Fig. 1. Photomicrograph (230X) of the elec­
trode used to obtain the upper trace in Fig. 2. 
Note: The surface is almo st devoid of graphite 
sites. (XBB 7212 - 6307) 

Unrefined ceresin wax is more c rystalline 
than is the Sonneborn wax and, as expected, 
the electrodes fashioned employing this wax 
fail within one to two weeks. Failure occurs 
when a cathodic indentation appears near the 
copper stripping peak. (See Fig . 3. ) Con­
tinued use of such an electrode results in a 
progressive deepening of the cathodic indenta-



Fig. 2. The Sonneborn wax electrode be­
havior at failure and after repolishing. 
Upper trace: anodic stripping polarogram 
taken at the point of failure; lower trace: a 
scan of the same solution with the failed elec­
trode after buffing . Normal behavior is re-
stored . (XBB 7212-6308) 
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tion and in increasingly poor sensitivity for 
elements giving peaks at potentials more nega­
tive than the indentation. 

Attempts are now being made to find a sub ­
stance more suitable than the recommended 
Sonneborn wax.. Waxes with known crystal­
linity prepared by mixing the Chevron wax 
with mineral oil are being tried and, in the 
future, impregnation with methyl-methacry­
late will be tried. 
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Thesis Abstracts 

NUCLEAR ORIENTATION STUDIES ON SOME HIGH SPIN ISOMERS IN 
FERROMAGNETIC AND NON-FERROMAGNETIC LATTICES 

Fredrick Bacon 

(LBL-1271) 

The methods of nuclear orientation and magnetic resonance on oriented nuclei have been 
applied to study the magnetic hyperfine interactions of some spin isomers in the g9/2· hll/2· and 
il3/2 shell closure regions. It is demonstrated that from a nuclear orientation experiment alone 
only the magnetic hyperfine interaction constant can be determined unambiguously and that from 
the combined data of an orientation experiment and a magnetic resonance experiment on oriented 
nuclei the spin of the parent level can be determined. The nuclear magnetic dipole moments of 
the 12- levels of l96Au, l98Au, and 200Au were determined. From a magnetic resonance 
experiment on the oriented ground states of l96Au and 198Au the induced hyperfine fields in 
nickel for these nuclei were determined. The hyperfine anomalies between 196, l98Au and 197 Au 
were derived. A comparison of these derived anomalies and the one measured by the spin echo 
method is made and from this comparison a discussion of the non-contact contribution to the 
induced nickel field is presented. The spins, nuclear magnetic dipole moments and magnetic 
resonance frequencies were determined for 200mAu, 195mpt, and 93mMo and E2/Ml mixing 
ratio for the 99 keV gamma of 195mpt was measured. A brute force polarization of 93mMo in 
nyobium was demonstrated and the possibility of obtaining the single level hyperfine anomaly 
from a combined brute force and ferromagnetic polarization experiment is discussed. The 
magnetic hyperfine interaction constants for lOlmRh in nickel and iron were determined and the 
magnetic resonance frequency for this isotope in nickel was observed. 

THE INITIATION OF NATURAL CONVECTION CAUSED BY 
TIME-DEPENDENT PROFILES 

Ian Frank Davenport 

(LBL-660) 

This experimental study is concerned with the initiation of convection in deep pools 
(penetration depth is small co~pared with the fluid depth) and shallow pools (penetration depth 
is comparable to the fluid depth). Fluids covering a wide range of Prandtl number, Pr, were 
either cooled from above through a gas -liquid surface where both surface tension and density 
forces were expected to contribute to the convection, or heated from below where only the density 
forces were present. The study of these two systems simultaneously allowed identification and 
separation of density and surface tension effects. The results were then used to evaluate current 
models of convection initiation driven by either density forces, surface tension forces or a 
combination of both over a wide range of experimental conditions. 

The onset of convection in deep pools driven by density forces was observed to be described 
by high Prandtl numb-er and low Prandtl number phenomenon. The high Prandtl number 
phenomenon was observed to behave similar to the onset of convection from a linear density 
gradient across the fluid (shallow pool). However, the striking dissimilarity between the deep 
pool and shallow pool phenomena was that the critical Rayleigh number in the deep pool case was 
independent of the rigidity of the heating or cooling boundary, which is opposite to that found in 
the shallow pool case. The understanding of the low Prandtl number, deep pool phenomenon has 
yet to be developed. 
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Convection initiation driven by surface tension forces was observed not to occur in fluids 
with planar surfaces, and one dimension temperature gradients. However, some important 
conditions for surface-tension motion at a gas-liquid interface were identified, including surface 
deformation, i.e. waves, meniscus, and point source surface-tension sinks. 

Prediction of steady state convection heat transfer coefficients, using Howard's (1966) model 
of density boundary layer growth and destruction and convection initiation data, appears limited 
when the predicted values are compared with experimental values. 

GLASS BEADS IN AFRICAN ARCHAEOLOGY: RESULTS OF NEUTRON ACTIVATION 
ANALYSIS, SUPPLEMENTED BY RESULTS OF X-RAY FLUORESCENCE ANALYSIS 

Claire C. Davison 

(LBL-1240) 

Glass beads from archaeological sites of sub-Saharan Africa were analyzed by neutron 
activation and by X-ray fluorescence, and the results interpreted archaeologically. The glass 
beads from Igbo Ukwu (Nigeria), dated approximately to the ninth century A. D., were mostly 
soda-lime glasses, but a few potassium glasses were found. The glass artifacts from Ife 
(Nigeria), dated to approximately the tenth to twelfth centuries A. D., were mostly potassium 
glasses, with some soda-lime glasses. Some close resemblances were found between the 
glasses of the two sites. Evidence for glassworking which exists at Ife is interpreted as 
evidence of reworking, rather than manufacture from raw materials. A European provenience 
is suggested for the potassium glasses, but the provenience of the soda-lime glasses is unclear. 

Blue-green glass beads from Bambandyanalo (Republic of South Africa), dated approxi­
mately to the eleventh century A. D., chemically match large beads known as garden roller beads 
found at Bambandyanalo and other sites. The hypothesis, known in the literature, that the garden 
roller beads were made at Bambandyanalo by reworking the blue-green beads is supported by 
this chemical match. Certain other glass beads found at Bambandyanalo, but not typical there, 
were found chemically to match glass beads from the nearby site of Mapungubwe. 

Samples from a large series of glass beads known as trade wind beads were found to be 
chemically alike. These beads occur in archaeological sites of southern and eastern Africa, and 
in the Philippine Islands, and are dated archaeologically from f.: the eleventh century A. D. at 
Bambandyanalo to f.: the end of the seventeenth and early eighteenth centuries A. D. at 
Dambarare, Dhlo.Dhlo, and related sites (Rhodesia), with a possible archaeological occurrence 
in the nineteenth century at Kilwa (Tanzania), and with a twentieth-century occurrence as 
heirlooms among the Lovedu and probably other groups at the Transvaal (Republic of South 
Africa). The long time span of archaeological dating of this group is difficult to reconcile with 
the chemical similarity of the beads. If the archaeological dating is correct, the long time span 
of the group indicates that .chemical groups of glass may not always be sensitive indicators of 
relative date. The hypothesis, known in the literature, of Indian manufacture of these beads was 
tested despite its questionable nature, and the available evidence was found inconclusive. 

The beads found in archaeological sites of eastern and southern Africa are all soda-lime 
glasses. The origins of all beads of soda-lime glass found in African archaeological sites are 
unclear. Soda-lime compositions are undiagnostic and could be consistent with European or Near 
Eastern origins. Suggestions of provenience hinge on the dating of the samples rather than on 
links to factory sites, and even so are only conjectural. It is noted that-data from glass factory 
sites are needed, and it is suggested that future research turn in this direction. 
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SOME PROPERTIES OF PROTACTINIUM METAL AND ITS COMPOUNDS 

Raymond Lloyd Dod 

(LBL-659) 

A modification of the usual metallothermic method of metal production is described, 
utilizing a molten salt crucible which substantially reduces the probability of contaminating the 
protactinium metal with crucible material. The method may have general applicability to the 
preparation of small quantities of high melting point metals. 

A redetermination of the magnetic susceptibility of protactinium metal was made, resulting 
in a sub·stantial change in value although not in temperature dependence from that previously 
reported. The new value is (190 ± 5) x 10"'6 cgs units/mole and is independent of temperature 
from 'V 7° K to 300° K. This value holds for both the normal tetragonal form of the metal and 
also the f. c. c. high temperature modification. The magnetic susceptibility of PaF4 is also 
reported. The observed behavior can be interpreted to follow the Curie-Weiss law with an 
effective moment of 1. 81 Bohr magnetons and a Weiss constant of 22.5°. 

The reactions of protactinium metal with several common gases at temperatures up to 700° 
are described. Standard x-ray powder diffraction techniques were used to analyze the results. 
New compounds reported include two nitrides prepared by reaction of the metal with nitrogen 
and with ammonia. Both exhibited a cubic fluorite type lattice. The observed lattice 
parameters were a 0 = 5. 436 ± 6 A and a 0 = 5. 395 ± 3 A. A new hydride structure for PaH3 
was observed, isomorphic with a -uranium hydride with a

0 
= 4.152 ± 2 A. Additionally, an 

unidentified phase was observed in reaction of hydrogen with Pa metal at 400 ° C, which was 
presumed to be a hydride since thermal decomposition regenerated the metal. The hydride 
previously reported for protactinium was not observed, nor was any evidence for the existence 
of the reported monoxide, PaO, seen in any reaction, including those with air, oxygen and water. 

The melting point and thermal expansion coefficients for a high purity sample of the metal 
have shown that the previous values, derived from samples of dubious quality, were more 
accurate than had been thought. 

CRYSTAL STRUCTURES OF DIKETONE COMPLEXES OF ALKALINE EARTH 
METALS AND OTHER COMPOUNDS 

Frede rick John Hollander 

(LBL-670) 

The structures of six compounds were determined by means of x-ray crystallographic 
techniques applied to single crystals of ((C6H5)3PCH3)+ ((B6C 2H8)Mn(C0)3 )-, XeF5 +A sF 6 -, 
1, 3-diphenyl-1, 3-propandione enol (HDPP), Mg(DPP)2 (dimethylformamide)2, Ca(DPP)2 -

(C2H50H)l/2• and Sr(DPP)2 ((CH3 )2CO)lj2· 

((C6H5)3PCH3)+((B6C2H3)Mn(C0)3)- crystallizes in the triclinic space group .£:1 with cell 
dimensions a= 11. 216(5) A, b = 11. 285(4) A, c = 11. 464(5) A, a = 105. 79(1) 0 , S = 104. 46(1)0 , 

Y = 98. 04(1)0 . The observed density is 1. 25 g~/cm3 , compared to 1. 29 gm/cm3, compared to 
1. 29 gm/cm3 calculated for one molecule in the asymmetric unit. The structure was solved by 
Patterson methods and refined to an R value of 0. 041 for 2862 reflections. The cation has a 
propeller shape as expected. The anion has a non-crystallographic mirror plane and confirms 
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the structure expected on the basis of spectroscopic work. Comparisons are made to some 
other dicarbollide fragments. 

XeF5+AsF6- crystallizes in the monoclinic space group £>21/.s. with cell dimensions 
§:_ = 5. 886(3) A, Q. = 16. 054(10) A, f.= 9. 051(4) A, f3 = 91. 564(35) 0

• Volume criteria were used 
to determine that there were four formula units per unit cell. The structure was solved by 
Patterson methods and refined to an R value of 0. ll6 for 925 reflections. The salt forms dimer 
rings containing two cations and two anions connected by bridging fluorines around a center of 
symmetry. The forms of the cation and anion are respectively square pyramidal and octahedral. 
Deviations from ideal forms for both the cation and the anion are discussed and compared to 
results for other structures. 

HDPP crystallizes in the orthorhombic space group Pbca with cell ~imensions §:_ = 10. 853 (1) A, 
Q. = 24. 441(1) A, f.= 8. 755 (1) A. The measured density of l. 22 gm/cm compares to the 
calculated density of l. 28 gm/cm3 for eight molecules in the unit cell. The structure was solved 
by direct methods and refinement proceeded to an R value of 0. 027 for 1070 reflections. HDPP 
exists entirely in the enolic form and there is a strong internal hydrogen bond involving the 
enolic hydrogen. The structure is described and compared to the results of a previous study. 

Mg(DPP)z(DMF)z crystallizes in a monoclinic unit cell with dimensions§:..= 16. 893(3) A, 
Q. = 12. 853(2) A, f.= 16. 927(3) A, f3 = ll7. 085(5) 0

• The centric space group ~2/£. was chosen 
over the non-centric group Cc on the basis of refinement in the former. The structure was 
determined by direct methods and refined to an R value of 0. 067 on 1817 reflections. The 
coordination of the Mg atom is octahedral, with the Mg on a crystallographic two-fold axis. The 
two DMF molecules are cis to one another on the coordination octahedron. 

Ca (DPP)z (C zHs OH)l/2 crystallizes in the triclinic space group El with cell dimensions 
§:..= 15. 247(1) A, Q.= 13. 555(1) A, .s.= 14. 097(1) A, a. = 74. 64(1) 0

, f3 = 95. 97(1) 0 
, y = 113. 59(1) 0

• 

The density calculated with four formula units in the cell is de = l. 32 gm/cm3. The structure 
was solved by direct methods and refined to an R value of 0. 040 for 4503 reflections. The 
complex forms novel polymeric clusters around a center of symmetry. There are two Ca atom 
environments, one six- and one seven-fold coordinated. The form of the polymer is described 
in detail. 

Sr(DPP)z((CH3)zC0)1; 2 crystallizes in the triclinic space group El with cell dimensions 
9:..= 13.759(10) A, Q.= 14.1!~2(9) A, .s.= 16.031(9) A, a.= 107.57(3) 0

, f3 = 90.36(3) 0 ,y = ll3.07(3) 0
. 

The data crystal was poor, with data out only to an effective limit of 26 = 25 in molybdenum 
radiation. The structure was solved by Patterson methods and refined to an R value of 0. 088 
on 1561 reflections. The hydrogen atoms were not located. The structure shows similar novel 
polymerization to the Ca complex, though differences between the two structures are enough 
to make them non-isomorphic. The polymerization is described in detail. 

Comparison is made between the DPP complexes studied in this thesis and other f3 -diketone 
complexes. The Mg(DPP)z (DMF)z structure is compared with other octahedral f3-diketone 
complex structures, and the Sr and Ca complexes are compared with polymeric acetylacetonates 
and with each other. Some notes are made on the structure of the DPP- ligand. 

BETA ASYMMETRY FROM ORIENTED MANGANESE 52 

Sammy Tung-Chuen Hung 

(LBL-1256) 

The nuclear orientation technique has been used to investigate the mixed allowed beta 
transition of 52Mn. Nuclei of 52Mn were polarized in an iron lattice utilizing the adiabatic 
demagnetization method to achieve low temperatures. The positrons emitted were detected with 
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a high-purity germanium detector situated at the 1° K liquid helium bath. The angular distri­
bution fits the correlation function 

W(8)= 1+ (v/c) A ((mz)/I) cos 8 

and the asymmetry parameter A ~as determined. The Fermi to Gamow-Teller mixing ratio 
can be calculated from the experimental value of A if time-reversal invariance is assumed. 
The value of the mixing ratio was found to be -14. 5%. This value represents the largest negative 
interference term to date on the 52Mn mixed transition, although a comparable but positive 
interference term has been reported on the same nuclide. A large interference tern; implies 
that 52Mn is a favorable candidate for further investigation on the time-reversal invariance 
property. However, many other serious experimental difficulties should be taken into con­
sideration, and they are discussed in this report. To further test the accuracy of the system, 
the beta asymmetry of 60co was also measured. The value of A was found to be -0. 971, which 
agrees well with the theoretical prediction of -1. 00. 

A SELF-CONSISTENT TREATMENT OF PHONONS AND QUASIPARTICLES IN 
FINITE FERMI SYSTEMS AND APPLICATIONS TO RARE EARTH NUCLEI 

John David Immele 

(LBL-675) 

Using a Green's function formalism, the quasiparticle self-energy in a finite Fermi system 
is described in terms of the coupling of even- and odd-mass nuclear eigenmodes. The self-energy. 
includes the usual QPC core polarization diagram, a "backwards" exchange diagram with ground 
state correlations, and higher order diagrams which correct for exclusion principle violations 
in the propagation of the quasiparticle and the microscopic phonon. Intermediate lines in the 
self-energy are described self-consistently, thereby including multiple-phonon core excitations. 
It is shown that the generalized Dyson's equation for the self-energy may be solved by matrix 
diagonalization rather than the usual dispersion relation. Renormalized phonons are calculated 
by taking into account splitting of the quasiparticle strength by QPC in the solution of the Bethe­
Salpater equation. The quasiparticle self-energy and the phonon are calculated self-consistently. 

The theory is used to calculate energy levels, transition probabilities, and one-nucleon 
transfer cross-sections for even- and odd-mass isotopes in the rare earth region. An 
"intruder" state is predicted in the Eu and Tb isotopes. The splitting of the K 0 ± 2 states in 
165Ho and 167Er is derived from higher order contributions to the self-energy. The interference 
of pairing and quadrupole correlations in the ground state is discussed. 

This dissertation includes an introduction to the applications of Green's function techniques 
in nuclear theory and an extensive review of the literature, in which the various theoretical 
attempts to describe low-energy properties of even- or odd-mass nuclei from the perspective 
of phonon and quasiparticle correlations are collated. 
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THE APPLICATION OF 
3

He-INDUCED NUCLEAR REACTIONS FOR SENSITIVE CHEMICAL 
ANALYSIS OF SULFUR, CHLORINE, POTASSIUM, AND CALCIUM 

Diana M. Lee 

(LBL-1291) 

Three easily-detected radionuclides, 38c1, 34mcl, and 38K, produced from 
3
He reactions 

on sulfur, chlorine, potassium, and calcium, were used as "signals" for the determination of 
the latter elements. This method of activation analysis is capable of determining the above 
elements individually at the microgram level or submicrogram level in some cases. A number 
of samples were analyzed non-destructively by using differing nuclear reactions to examine the 
accuracy of the method and the extent of interferences. 

Experimentally determined absolute excitation functions have been measured in the 3 He 
energy range from 3 to 22 MeV for the following nuclear reactions: 32s(3He, p)34 mcl, 35Cl(3He, 
at4mcl, 39K(3He, 2a )34mcl, 37cl(3 He, 2p)38cl, 3 7 cl(3 He, 2n)38K, 3 9K(3 He, a )38K, and 
4 Ca(3 He, a p)38K. -

PRODUCTION OF L-ASPARAGINASE BY CULTURES OF ERWINIA AROIDEAE 

Thomas F. Murphy 

(LBL-1283) 

Since 1967, L-asparaginase from E· coli has been used successfully in the treatment of 
certain human leukemias. Although more than half the patients treated in early stages undergo 
one remission, treatments for subsequent relapses often fail because patients develop immunity 
to theE· coli enzyme. Erwinia aroideae and other microorganisms produce L-asparaginases 
which are immunologically distinct from E· coli L-asparaginases and could be used success­
fully with patients immune to E· coli L-asparaginase. The production of L-asparaginase by 
cultures of Erwinia aroideae was studied to provide basic background information for large 
scale fermentation of the organism for use as an alternate source of L-asparaginase. 

Five liter stirred jar batch and continuous cultures were used to analyze the effects of 
medium composition, temperature, pH, dissolved oxygen concentration, and growth rate on 
production of L-asparaginase by submerged fermentations of Erwinia aroideae. Experimental 
work was directed toward maximizing specific L-asparaginase activity. Maximum specific 
activity leads to minimum recovery and purification costs. These costs are·probably primary 
in determining the cost of L-asparaginase produced for medical use. 

Survey of complex and chemically defined media showed that L-asparaginase is inducible 
in Erwinia aroideae and that high specific activities are obtained when L-asparagine is the sole 
carbon and nitrogen source. In this case, production of L-asparaginase is growth associated 
and specific activity, growth rate, and cell mass yield are all maximized by the same set of 
fermentation conditions. The optimum temperature is 29 ° C and the optimum pH is 7. 0. 
Operation with pH control is essential for optimum L-asparaginase production. Submerged 
cultures must be. vigorously aerated for best L-asparaginase production, although dissolved 
oxygen tensions above atmospheric are not beneficial. Growth of Erwinia aroideae in 
L-asparagine limited continuous culture is characterized by specific L-asparaginase activity 
independent of growth rate and cell mass yield which decreases with increasing growth rate. 

Two areas of further investigation are indicated by this study. First, two stage cultures, 
batch or continuous, may be advantageous in increasing the efficiency of. L-asparagine use for 
L-asparaginase induction. Second, other more readily available substances may also be 
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effective L-asparaginase inducers. In the event production of L-asparaginase from Erwinia 
aroideae becomes a reality, these areas should be investigated. 

ELECTRONIC DENSITIES OF STATES OF SOLIDS FROM X-RAY 
PHOTOEMISSION SPECTROSCOPY 

Roger Alan Pollak 

(LBL-1299) 

High-resolution, monochromatic x-ray photoemission valence-band spectra for a variety 
of solids are presented, related to ground state eigenvalue spectra, and compared with existing 
theory. Valence-band spectra of C (diamond), Al, Si, Ga, Ge, As, Pd, Ag, Cd, In, Sn, Sb, Te, 
Ir, Pt, Au, Tl, Pb, Bi, GaAs, ZnSe; PbS, PbSe, PbTe, NiO, CoO, TlzO, GaP, GaSb, ZnO, 
ZnS, z·nTe, CdS, CdSe, CdTe, InSb, HgTe, Nai, NaBr, NaCl, NaF, KI, KBr, KCl, and KF are 
reported. 

With increasing atomic number in the 4d5s5p elements Pd through Te the 4d structure 
evolves from d bands to spin-orbit split atomic-like core levels. Band-structure broadening 
was detectable in Cd, for which the 4d doublet is ll eV below the Fermi energy. Structure was 
observed in the 5s5p bands for the first time by this method. 

Structural features in the valence-band XPS spectra vary from Ir to Au as expected on the 
basis of 5d6s band filling. Spin-orbit splitting of the 6p band is manifest in the XPS spectra of 
Pb and Bi. Lowered energies of the 6s band indicate the presence of the mass-velocity and 
Darwin terms. 

The total valence bands of crystalline and amorphous silicon and germanium are reported. 
For the crystals, the XPS spectra yield results that are strikingly similar to current 
theoretical calculations of the electron density of states, p (E). Amorphous Si and Ge exhibit 
definite band structures that are similar to one another but markedly different from the 
crystalline results. 

The XPS valence-band spectra for the isoelectronic series Ge, GaAs, and ZnSe are compared 
with theoretical valence-band density-of-states calculations using the empirical pseudopotential 
method. The agreement between the experimental and theoretical results is quite good, · 
particularly forGe and GaAs. For ZnSe the x-ray photoemission spectrum shows the Zn 
3d-states to be higher in energy than the lowest valence-bands-states. In order to obtain this 
ordering of states in the theoretical calculation, a pseudopotential with an explicit energy 
dependence is required. 

The high-resolution XPS valence-band spectrum from a cleaved natural diamond single 
crystal is reported. The absence of extrinsic structure allows a reliable comparison with band 
theory. The XPS ni.olecular.-orbital spectra of methane, silane, and germane are also given. 
The modulation of photoelectric cross section in the valence bands of diamond, Si, and Ge are 
discussed and compared with atomic XPS cross sections derived from·the spectra of CH4, SiH4, 
and GeH4 . 

XPS spectra of the valence bands of As, Sb, and Bi show a splitting, l1E, of the •is-likei• 
peak for the crystalline phase that disappears in the amorphous phase. This similarity to 
tetrahedrally coordinated semiconductors is explained by describing the semimetals as layers of 
distorted covalently bonded hexagonal rings. 'This generalizes the '"even-odd" ring effect to the 
A7 lattice. The relation of L1E to interatomic distance is described by a universal curve. 
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XPS valence-band spectra of PbS, PbSe, and PbTe are compared with available band theory 
results. Relativistic OPW results exhibit the best overall agreement with experiment. EPM 
results show similar agreement for all but the most tightly bound valence bands. 

The charging behavior of 26 semiconductors and insulators is reported and discussed. 
Charging is found to be correlated with the energy band gap between the valence and conduction 
bands. 

The XPS characteristic energy loss structure of Ag through Te is reported. It can be almost 
entirely accounted for by excitations similar to those observed in electron reflection experiments. 
Most of the structure can be assigned to bulk and surface plasmon excitations. 

The XPS valence-band spectra of CoO and NiO are presented and discussed in terms of our 
currentunderstanding of their electronic structure. A 3. 5 eV wide structure with two components 
whose separation appears related to the exchange splitting /::,ex is assigned to the 3d electrons. 

Preliminary results from studies of the oxidation of Tl and Ni demonstrate the ability of XPS 
to monitor the chemistry of surfaces. Preliminary ultrahigh vacuum XPS spectra of the 
valence-band and 2s level of aluminum are reported. The valence band exhibits the expected 
free electron structure. 

LARGE SEPARATIONS VIA CYCLING ZONE ADSORPTION 

Ross Dale Rieke 

(LBL-1255) 

A theoretical and experimental study is presented of "Cycling Zone Adsorption", a wave­
propagating adsorption process which produces alternating high- and low-concentration product 
streams from a packed bed, the temperature of which is cycled. Although the separations are 
small for a single zone of such a process, large changes in composition can be obtained by 
adding stages in series, by feed-back of product streams to the feed, and by arranging groups of 
stages into cascades. 

Liquid mixtures of n-heptane and toluene were separated using silica gel adsorbent 
particles. Optimum operating conditions of a single-cycling zone adsorber were investigated 
with the main emphasis upon optimum bed temperature switching frequency as a function of 
liquid concentration and bed length. Failure to achieve square-wave changes in solid-particle 
temperatures, owing to resistance to heat transfer, caused a reduction in performance which 
was minimized by correct allowance for mass transfer. Use of a square-wave feed concentration, 
either from product feed-back or from recycling output portions of a previous cycling stage in a 
cascade, led to increased separations but was limited by longitudinal diffusion in the interstitial 
fluid as it passed through the packing. 

A theoretical development allowed calculation of effluent stream concentration profiles for 
a single stage experiencing a square-wave temperature response, with either a square-wave 
feed cone entration input or a constant feed concentration input. The theoretical calculations 
have accounted for the limiting ef:!"ect of longitudinal diffusion. 

Study of several variations in the arrangement of stages in a cascade led to the conclusion 
that large separations can be obtained in a well-designed plant. The energy requiremer.ts of 
such a system are estimated to be attractive in comparison with a conventional separation process. 
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MOSSBAUER SPECTROSCOPY OF THE 6. 2 keV '( RAY TRANSITIOJ\T OF 181Ta 

Dan Ben Jacov Salomon 

{LBL-1276) 

Recoilless nuclear resonance absorption of the 6. 2 keV '( rays of l81Ta, was used for the 
hyperfine interactions of dilute l81Ta impurities in the 5d, 4d, and 3d transition metals {Hf, Ta, 
W, Re, Os, Ir, Pt, Nb, Mo, Ru, Rh, Pd, V, and Ni) and the Ta compounds LiTa03, NaTa03, 
KTa03, and TaC. Ratios of the nuclear parameters of the 6. 2 keV excited state {I= 9/2) to the 
ground state {I= 7 /2) were derived from completely resolved magnetic and electric-quadrupole 
split spectra: 

g{9/2)/g{7 /2) = l. 77 ± 0. 02 

Q{9/2)/Q{7 /2) = 1.133 ± 0. 010 

and estimates for the change of the mean-square nuclear charge radius were obtained: 

2 
2 {'V -1. 6 fm 

/::,. ( r ) 2 
'V -4. 5 fm 

The measured isomer shifts covered a range of llO mm/s, corresponding to 17, 000 times the 
natural line-width or more than l, 600 times the best experimental line-width of the 6. 2 keV 
transition. In addition, both the sign and the magnitude of the electric field gradient were 
measured in the hexagonal transition metals Hf, Re, Os, and Ru, and in the tantalum compounds 
LiTa03 and NaTa03 . Temperature studies of the isomer shifts in the transition metals, Ta, W; 
Ir, Pt, Mo, Pd, and Ni, were carried out, showing shifts of the isomer-shifts much larger than 
the second order Doppler shift. 

Mossbauer-NMR is reviewed in connection with the 181Ta resonance. 

THE QUESTION OF EQUILIBRIUM AT A PHASE BOUNDARY 
DURING CRYSTAL GROWTH 

Tsung-Shen Thomas Shih 

{LBL-1226) 

The rates of crystal growth from undercooled binary organic melts were studied using a 
simple eutectic system of salol and thymol. 

A temperahue-gradient microinterferometric method was used to determine the inter­
facial liquid and solid concentrations and temperatures as well as the liquid concentration 
gradients near the growing faces of the crystals. 

The experimental results indicated that considerable departure of the interfacial composi­
tions and temperatures from equilibrium can occur, depending on the growth rate and the 
interface conditions. It was found that, even at small crystal growth rates, equilibrium at the 
phase boundary did not exist at all. 
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Both the absolute rate theory and the liquid inclusion theory were discussed and compared 
with the experimental data. It was found that the Eyring-type of kinetic rate expression 
predicted the growth rate of crystallization for pure substances within an order of magnitude. 

No liquid inclusions were observed in this system. The criterion for breakdown of planar 
interfaces was found not to be valid in the eutectic organic system used. The presence of a 
stabilizing temperature gradient applied to the interfacial liquid had no effect on the concentra­
tion of impurity in the crystal but did affect interfacial shape and stability. 

SYNTHESIS OF SEPARATION SCHEMES 

Roger W. Thompson· 

(LBL-614) 

The ability of the computer to synthesize complex separation schemes has been 
investigated and demonstrated. Several new concepts were generated as a result of the 
evolving programming study. The hierarchiacal ordering of executive routines in a synthesis 
sys.tem allows great flexibility in adding or modifying detailed simulation routines for separator 
units. Products rather than components are being separated; this concept is important when 
there are multicomponent products. A Product Separability Matrix was created to identify the 
candidate separations and to eliminate those which are infeasible as early as possible in the 
selection process. Incorporation of heuristics into the programming was done where no 
algorithmic procedure could be ascertained or where the use of heuristic procedures would save 
time without a major loss of generality. A number of heuristics were designed and evaluated. 

A new general heuristic which should be of value to the design engineer, whether or not he 
is using the computer, is that the next separator to be incorporated into the separator sequence 
at any point is the one that is cheapest. This rule-of-thumb is useful when the candidate 
feasible separator sequences have been identified previously, as with the Product Separability 
Matrix. This heuristic rule has been explored in some depth, and factors leading to 
exceptions from the rule have been identified. 

A number of illustrative examples are included. 

MASS TRANSFER TO NEWTONIAN AND NON-NEWTONIAN SYSTEMS IN 
STIRRED TANK GAS-LIQUID CONTACTORS 

William C. We rna u 

(LBL-680) 

An experimental method for the simultaneous determination of the interfacial areas and mass 
transfer coefficients in gas-liquid stirred tank contactors, such as those used for aerobic 
fermentation, was used to determine the effects of power input and the presence of Newtonian 
and non-Newtonian solid additives on these parameters. Measurements of the gas holdup in 
these systems were coupled with the interfacial area measurements to yield the values of the 
average bubble diameters in a 12" diameter stirred tank contactor. 

The results of these experiments indicate that the power range common to industrial 
operations corresponds to the transition region between "large" and "small" bubbles in this 
scale equipment. A significant decrease in mass transfer coefficient and bubble diameter with 
increasing power input was shown to take place in this power region. The Newtonian additive 
was shown to affect this transition region drastically, resulting in a larger bubble diameter at 
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any power input and a decreased mass transfer coefficient at any bubble diameter. A logarithmic 
dependence of mass transfer coefficient on bubble diameter was found for both the Newtonian and 
the non-Newtonian systems in the transition region. 

The overall volumetric mass transfer coefficients (KLa or K~a) were determined using 
both the sodium sulphite oxidation system and the dissolved oxygen probe transient response 
method. The sodium sulphite method used a copper sulphate catalyst and systems investigated 
by this method were found to be in the "small" bubble regime because of the high ionic strength 
of the solutions. A definite effect of ionic strength on KLa was determined with the dissolved 
oxygen probe. 

In those systems in which interfacial areas were determined, the KLa values were found 
using the dissolved oxygen probe response to a step change in oxygen feed composition. 
Simultaneously, the interfacial areas per unit volume (a) were determined by the steady state 
absorption of C02 into dilute alkali-salt solutions in the pseudo-first order reaction regime. 
Weak alkali-salt mixtures of 0. 1M ionic strength, with and without the addition of additives, 
were investigated. 

In addition, KLa determinations were made with the dissolved oxygen probe in distilled water 
with and without additives, and in sodium sulphate solution. The latter measurements 
determined the enhancement effect of chemical reaction on the sodium sulphite K~a values. The 
effects of gas flow on KL a and K~a were also determined for several of the systems investigated. 

The application of these results for scale-up and design is discussed and recommendations 
for future rational investigation of mass transfer in these systems are presented. Several 
innovations in technique and analysis are also reported. 

TRANSFER REACTIONS IN THE Zr-Mo REGION INDUCED BY 
a PARTICLES AND HEAVY IONS 

Michael Steven Zisman 

(LBL-1247) 

The (a, d) and (a, t) reactions on targets of 90, 9l, 9 2, 94 zr and 92Mo have been investigated 
with 50 and 65 MeV a -particle beams from the Berkeley 88-inch cyclotron. High-spin proton 
states observed in the (a, t) reaction, based on comparisons with (3He, d) data on the same 
targets, include: 91Nb [ 2. 39, 2. 53, 2. 61, 2. 77, 2. 90, 3. 01, 4.18, 4. 77, 4. 89, and (5. 14) MeV], 
93Tc [ 0. 68, (3. 58), 3. 91, 4. 37, (4. 47), (4. 67), 4. 77, 4. 90, 6. 01 (multiplet), 6.17, and 
6. 44 MeV], 92Nb [ "='5 MeV multiplet], 93Nb [ 1. 08, 1. 29, and ""4. 5 MeV], and 95Nb [ 1. 27, 
1. 65, (2.10), and "='4. 5 MeV]. A difference in Q-values for the 90zr(a, t)91Nb and 9lzr(a, t)92Nb 
reactions of 680 ± 25 keV yields a new Q-value, -14. 643 ± 0. 027 MeV, for the 90zr(a, t) 
reaction. This corresponds to a change in the 91Nb mass excess of +98 keV, in agreement with 
other recent determinations of this quantity. 

Two groups of strongly excited states appear in the (u, d) data. Members of the lower group 
[ 92Nb (g. s. ), 94Nb (0. 08 MeV), and 96Nb (0. 23 MeV)] have been previously identified as 
(ng9/2•vd5; 2 h+ states. From the 92Mo(u, d)94Tc results, the 94Tc ground state can also be 
assigned JTI = 7+. The higher levels [ 92Nb (2. 58 MeV), 94Nb (2. 42 MeV), 96Nb (2. 38 MeV), 
and 94Tc (2. 68 MeV)] are believed to be either (ng9/2•vhllj2)1Q- or (ng9j2.vg7j2l8+ states, 
based on the results of shell model matrix element calculations and the (u, d) structure factors 
of Glendenning. As an example of the systematics of the (u, d) reaction, results from the 
14N(u, d)l6o reaction at 40 MeV are also included here. Accurate excitation energies and widths 
for the previously observed [ 14N (1+) + (d5j2)~+] triplet in 16o have been determined to be: 
14. 40 ± 0. 03 MeV (f c. m. 30 ± 30 keV), 14. 82 ± 0. 03 MeV ( f c. m. = 69 ± 30 keV), and 
16. 24 ± 0. 04 MeV (r c. m. = 125 ± 50 keV). 
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The (16o, 15N) and (16o, 15o) reactions on targets of 90, 91, 94zr, 92Mo, and 93Nb were also 
investigated with a 104 MeV 16o (4+) beam from the Berkeley 88-inch cyclotron. Outgoing heavy 
ions were detected in the focal plane of a magnetic spectrometer with a Borkowski-Kopp type 
position sensitive proportional counter backed by a plastic scintillator and phototube. The 
(16o, 15N) and (16o, 15o) data indicate a preference for high angular momentum transfer 
similar to (but less pronounced than) that shown by the (a, t) and (a, 3He) reactions on the same 
targets. Contrary to a suggestion by Nickles et al., no strong evidence for a multi-step 
excitation of core-excited states is apparent from the present data. 
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