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C HEM IS T R Y · D IV IS I 0 N ANNUAL . R E P 0 R T , 1 9 6 0 * 
Lawrence Radiation Laboratory 

University of California 
Berkeley, California 

February 1961 

INTRODUCTION 

Jack M. Hollander, Frederick L. Reynolds, and James C, Wallmann 

This report presents a review of the research progress mat;le during 
the 1960 calendar year by the Nuclear Chemistry Division of the Lawrence 
Radiation Laboratory. Though the report is not exhaust"ive, an effort has 
been made to give a balanced view of the widely ranging research interests 
and problems of the Division. Contributors to this report include. staff 
members of the Radiation Laboratory, graduate students, and visiting post­
doctoral chemists and physicists from many laboratories, domestic and 
foreign. 

Nineteen Ph. D. theses were awarded during 1960 to graduate students 
who did their research work in this Division, and six Master 1 s theses were 
given. Abstracts of these theses are included in this r.eport. 

In previous progress reports issued semiannually, Lawrence Radiation 
Laboratory work in th,e a:reas of high-temperature chemistry and inorganic 
materials appeared along with material presented in this report. Such work 
will now be covered in a separate report. 

This work was done under the auspices of the U. S. Atomic Energy 
Commis sian. 
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A. RADIOACTIVITY AND NUCLEAR SPECTROSCOPY 

1. STATES OF EVEN-EVEN NUCLEI IN THE NEAR-HARMONIC REGION: 
SPECTRA OF RADON-218, RADON-220, AND RADON-222 (*) 

FrankS. Stephens, Frank Asaro, and I. Perlman 

Gamma-ral singles and coincidence spectra have been measured in the 
a. decay of Ra22 , Ra224, and Ra226. Excluding the prominent transitions 
from the first excited states, the energies (and abundances relative to total 
a. emission) of theobserved radiations were: \. . 
. Ra222: 325 kev (8.4Xl0-5), 415 kev (7Xl0-5), 525 kev (2Xlo-5), and 798kev 
(2.5Xlo- 4·); · 

Ra224: 290 kev (9Xlo:-5), 410 kev (4Xlo-5) 650 kev (6Xlo-5); 
Ra226: 260 kev (0.9Xl0-4), 420 kev (7XlO-b), 450 kev (3Xl0-6), 610 kev 

(l.OXL0-5). The observed y-y coincidences were 
Ra222: 325-325 kev,. 325-475 kev, and 325-'525 kev; 
Ra224: 241-290 kev and 241-410 kev; 
Ra226: 188-260 kev and 188-420 kev. It was not strictly determined that 

the Ra222 radiations were not due to-other members of the Th226 family. 
These data have been used to deduce the levels, spins, and parities in the 
daughter Rn nuclides as shown in Figs. A.1-1, A.1-2, and A.1-3. The 2+ 1 
states in Rn220 and Rn222 have been previously assigned by Schar£f-Go1dhaber. 
These results are incorporated in a general energy-level systematics of even­
even nuclei in the heavy:- element region, as shown in Fig. A.l-4. 

* . Brief version of published paper, Phys. Rev. 119, 796 ( 1960). 

1. G. Harbottle, M. McKeown, 'arid G. Scharff-Ooldhaber, Phys. Rev. 103, 
1776 (1956); G. SGharff-Goldhaber, Phys. Rev. 103, 837 (·1956). 
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2. ANALYSIS OF LONG-RANGE ALPHA-EMISSION DATA (*) 

Roger D; Griffioen and John 0. Rasmussen 

INTRODUCTION 

Rasmussen has reported a-decay barrier-penetration calculations made 
with use of an exponenUal nuclear potentiaL 1 ' 2 D'etails of the calculation 
were discussed! and numerical results for all measured a transitions of even­
even! and· odd-mass2 nuclei were give'n. ·The a-nuclear potential used was the 
real part of a potential given by Igo to fit a-elastic-scattering data:4 

{
'1.1 7 Al/

3 
-r } 

V(r) =- 1100 exp O. 574 .Mev. 

This potential is used here to calculate, with the IBM 650 computer, 
the a-decay barrier-penetration factor.s for the long-range a particles from 
the excited states of Po212 and Po214 The centrifugal potential for the an­
gular momentum of the a particle, as determi+1ed from the decay schemes, 
is included in these calculations. The penetration factors are used to cal­
culate the partial half lives of the levels for a decay, with the assumption that 
the decay is unhindered with- respect to the ground- state decay. The relative 
a particle and '{-ray abundances are then used to calculate partial half lives 
for the gamma transitions from these same states. 

Po214 

. . 214 
In the case of Po . , two different proposed level schemes and decay 

schemes are used. The first of these, due to Bishop, 4 assumes that all the 
long-range a groups arise from transitions to the ground state of Pb210. 
The second, due to Hauser, 5 proposes that three of the long-range a groups 
arise from transitions to excited states of Pb210. This proposal was made 
to account for the fact that '{ rays from the levels corresponding to some of 
the a groups have not been detected. 

The a barrier-penetration factor, P, is calculated for each of the states, 
assuming spins and parities as indicated by the two decay schemes. This 
penetration factor is then used to calculate the partial a half life for each level: 

t. . d = t. d' (p /p ) a, exc1te state a, groun state g e 

where Pg and P e are penetration factors for the ground- state and excited-
state a decay. · 

* Brief version of a paper (UCRL-9368) submitted to Physical Review. 
l 
J.O. Rasmussen, Phys. Rev. 113, 1593 (1959). 

2 . I 
J.O.' Rasmussen, Phys. Rev. 115, 1675 (1959). 

3 
G. Igo, Phys. Rev. Letters 1, 72 (1958). 

4
G.R. Bishop, Nuclear Phys. 5, 358 (1958). 

5 . 
U. Hauser, Z. Physik 150,599 (1958-). 
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This partial a half life and the relative a and 'I abundances lead to par­
tial 'I half lives which are compared with single-particle 'I half lives cal­
culated from the formulae given by Moszkowski. 6 The value obtained by 
Nierhaus and Daniel7 of 19o/oof the ~ transitions in Bi214 going directly to 
the ground state of Po21 4 was used. They-ray intensities in both cases are 
taken from the work of Bishop4 and of Dzhelepov et al. 8 

No a group has been detected from the 1378-kev level. By analogy with 
the E2 transitions from the 1281-and 1416..,kev levels the partial gamma half 
life of the 1378-kev 'I ray is assumed to be five times the single-particle 
vabue. This assumptio·~· gives a v_alue of 2. 7 a particl~s from this level per 
10 ground-state transitions. This number could easily be unresolved from 
the abundant a group from the 0+ 1416-kev level; thus, the data on this level 
are consistent with the a-decay data. 

The calculations also show that it is reasonable that some of the 'I rays 
from certain a-emitting states have not been detected. On the other hand, 
the second decay scheme allows one to calculate re.lative reduced transition 
p.robabili_ties, 6 2 (see Reference 1), for the decay of a ~ew gi_ve~ levels to the 
fust excited state and to the ground state of Pb210. ThiS ratlo Increases 
greatly as the energy increases. This would indicate that the transition to 
the ground state becomes quite ·hindered as the energy of the initial state 
increases. 

The results of these calculations do not differ appreciably from those 
of Hauser, 5 who used a simpler potential and experimental level spacings. 
The calculations on the groups leading to excited states are very interesting. 
The large variation in reduced transition probabilities indicates that the as­
sumption of a decay to the excited states of Pb210 may not be valid. 

' 212 
Po · 

The level scheme and decay scheme of Po212 due to Emery and Kane 9 

and also to Sergeev et al.10 is used in these calculations. The 'I intensities 
and multipolarities are taken from Emery and Kane and the level energies 
from Sergeev et al. 

Partial a and 'I halflives are calculated as in the case of Po214. 
The results here differ by a factor of about two from those of Emery and 
Kane, 9 who- also based th-ei:-r calculatio.ns on th~ ground- state decay while 
using a simpler potential. · ··· 

6 ' ' 
S. A. Moszkowski, in Beta- and Gamma-Ray Spectroscopy, K. Siegbahn, Ed. 

(Interscience Publishers, New York 1955), Chap. XIII. 
7
R. Nierhaus and H. Daniel, Z. Naturforsch. l2A, 1 (1957). 

8 ., 
B. Dzhelepov, S. Shestopalova, and I. Uchevatkin, Nuclear Phys. 5, 413 

(1958). 
9 ' 

G. T. Emery and W. R. Kane, Phys. Rev.· 118, 755 (196·0). 
10

A. G. Sergeev, E. M. Krisyuk, G. D. Latyshev, Yu. N. Trofimov, and 
A.S. Remennyi, Soviet Phys. --JETP .§_, 878 (1958). 
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Ratios of single-particle half lives to experimental half lives
11

• 
12

• 13 

for first excited (2t) states in even-even nuclei are known for many isotopes 
in the vicinity of this mass region. The ratios calculated here for Po 212 and 
Po214 agree well with the general trend, indicating that the assumption of un­
hindered alpha decay is probably good for these first excited states. 

11
D. Strominger, J. M. Hollander, and G. T. Seaborg, Revs. Modern Phys. 

30, 585 (1958). 
12

R. H. Davis, A. S. Divatia, D. A. Lind, and R'; D. Moffat, Phys. Rev. 
103, 1801 (1956). 
13 

F. K. McGowan and P. H. Stelson, Phys. Rev. 99, 112 (1956 ). 

3. THE ENERGY LEVELS OF URANIUM-233 

Royal G. Albridge, Jr., C. J, Gallagher, J. H. Hamilton, and J. M. Hollander 

The energy levels of u 233 
have been studied by means of the decay of the 

27 -day j3 emitter Pa233. High-resolution conversion-electron and y-ray 
spectrometry were employed, with use of permanent field 180-deg electron 
spectrographs, 1 an iron-f:ree double -focusing 13 spectrometer (Uppsala), 2 

and a 2-meter curved-crystal y-ray diffraction spectrometer (Pasadena), 3 as 
well as lower-resolution 13- and y-ray techniques. Sources of Pa233 were 
prepared by irradiation of Th232 in high-flux reactors. 

A summary of the conversion-electron and photon energies is given in 
Table I, together with the multipolarities of the transitions, which were de­
termined from the total conversion coefficients and subshell conversion ratios. 

From analyses of transition energies, intensities, and multipolarities, 
the decay scheme of Fig. A. 3·~1 has been constructed. The assigned quantum 
states indicate that the ground-state 13 transition proceeds largely by the 
"unique" .6.I = 2, yes, type of decay, since .6.I = 1 transitions are K-forbidden 
(.6.K = 2). In addition, the first-forbidden transition to the ground state is 
"hindered, " in the notation of Alaga, 4 since a selection rule on the asymptotic 
quantum number A is violated. These considerations are consistent with 
the observed log ft of 9.16 for the ground-state 13 transition. 

1w. G. Smith and J. M. Hollander, Phys. Rev. 101, 746 (1956). 
2

K. Siegbahn and K. Edvarson, Nuclear Phys. _ _!_, 137 (1956). 
3 

J. W. M. DuMond, in Beta- and Gamma-Ray Spectroscopy, edited by 
K. Siegbahn (Interscience Publishers, Inc .• New York, 1955). 
4 

G. Alaga, Phys. Rev. 100, 432 (1955); Nuclear Phys. 4, 625 (1957). 
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Table I. Decay data for Pq 
233 

.. 

Transition energy Total transition 
(kev) Multi polarity ·intensity · 

{in o/o~ decay) 
from conved>ion- from photon Ml E2 
electron data data (%) (%) 

-----
17.26 
28.54 98 ·2 :::::12 
40.29 40.35 70 30 9.4 
57.90 
75.13 75.28 98 2 14 
86.45 86.59 97 3 17 

103.6 103.86 95 5 5.1 
145.4 

271.5 271.6 100 0.48 
299.8 300.2 90 10 13 
311.7 31L9 100 70 
340.3 340.5 95 5 7.3 
375.5 375.4 100 0.66 
398.3 398.6 100 1.3 
415.6 415.9 22 78 1.7 

From the measured M1-E2 mixing ratio of the 40.3 -kev transition and 
the known magnetic and quadrupole moments of u233, the g factors for the 
odd particle and for the 11 core" in u233 are calculated to be, respectively, 

gn=O.l57, gR = 0.320. 

Newton has previously reported values for gR_ o~ 0.17 or 0.28. 5 From theory, 
gR isexpeetedtohavethevalue gR::::ZjA::::0.4.6 · 

The levels in u233 at 311 and 340 kev are interpreted as the 3/2 and 
5/2 members of a rotational band based on the Nilsson level 3/2+[631]. 7 

The experimental log ft values for ~ decay to these states are consistent 
with first-forbidden 11nonunique" decay (.6.I = 0 or 1, yes) and hence in agree­
ment with the as signed spins and parities. There are some quantitative 
differences between the observed and predicted4 branching ratios for beta 
decay to these states, however. 

The levels at 398 and 416 kev are assigned as the 1/2+ and 3/2+ members 
of a K = 1/2 rotational band based on the Nilsson level 1/2+ [631]. Evidence 

5
· J. 0. Newton, Nuclear Phys: 5, 218 (1958). 

6 -
·A. Bohr and B. R. Motte1son, Kgl. Danske Videnskab Selskab. , Mat. -fys. 

Medd. 27, No. 16 (ed 2, 1957). 
7 

·B. R .~otte1son and S. G. Nilsson, Mat. -fys. Skr. Danske Videnskab 
Selskab. 1, No. 8 (1959). 



A. 3, 4 -22- UCRL-9566 

for this assignment comes mainly from the pure E2 character of the 37 5- and 
398-kev transitions, and .from the partial Ml character of the 416-kev tran­
sition. 

In a comparison of the intensities of transitions depopulating the 3/ 2+ 
416~kev level, the intensity ratio of the E2 components of the 37 5- and 416-
kev radiations is in agreement with theory, while the ratio of the Ml com­
ponents of the 75- and 103-kev radiations differs by a factor of at least two/ 
from theory. This latter discrepancy may possibly be due to admixture of 
state 1/2+[ 640] with the K ::: 1/2 or K = 3/2 bands. 

A full description of this work has been submitted for publication in 
Nuclear Physics. 

4. THE DECAY OF NEPTUNIUM-238 (>:~) 

Royal G. Albridge, Jr. and Jack M. Hollander 

A study has been made of the energy levels of :Pu238 whichare populated 
by Np 238 j3 decay, by an examination of the Np238 internal-conversion elec­
tron spectrum in high-resolution 180-deg permanent-field electron spectro­
graphs. · The level scheme of Pu238, as presently well understood, is shown 
in Fig. A. 4-1. 

. . .· 

In earlier studies of Np238 , two prominent transitions at around 1030 
kev had not been completely. resolved and the 'I transition between the K = 2, 
I = 2t state and the K ::: 0, I = 4+. state had not been seen; therefore it had not 
been possible to make a complete comparison of the experimental transition 
intensities with those predicted by the Bohr-Mottelson theory. 1 In this work, 
the composite transit.ion at approx 1030 has been resolved into transitions of 
1027 .. 4 kev and 1029.9 kev, with relative intensities which disagree with the 
results of Baranov and Shlyagin, 2 who reported that the lower component 
(1027) was more intense than the higher-energy component (1030). We find 
the opposite to be the case. 

The experimental transition intensities are compared in Table I with 
the theoretical values, 1 for various K values of the initial states. The re-. . 

sults support the value K = 2 for the upper rotationc:tl band, but because of 
the relatively poor agreement of experimental and theoretical ratios, ad­
mixtures of other K values cannot be ruled out. 

''( 

.. Brief version of a paper (UCRL-8034 Rev.) submitted to Nuclear Physics. 
1 
Alaga, Alder, Bohr, and Motte1son, · ~gl. Danske Videnskab. Se1skab 

Mat. -fys. Medd. 29g No. 9 (1955). 
2 - .. 
S. A. Baranov and K. N. Sh1yagin, Atomnaya Energ. 1, 52 (1956). 
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Table I. Comparison of experimental and theoretical relative reduced 
transition probabilities in the decay of Np238 

- Theoretical(a) Initial B(I.·~If) 
state E /E' 

l 
Exper-

(kev) '{ '{ B(Ii·~If 1 ) imental Ki = 0 Ki = 1 Ki = 2 

986 B(2~ 2) 
1.5 1.4 0.36 1.4 

1030 
B(2~0) 

1030 

885 B(2~ 4) 
0.15 2.6 1.1 0.071 

1030 B(2---;;. o) 

------------------------------------------------------------------
1071 

1027 
925 

B(3~2) 

B(3~4) 

(a}From Alaga et al. (Re£.1). 

1.0 0.4 2.S 

A number of other transitions were observed, at energies 119.8, 221. 0, 
292.6, 870.6, 940.4, 943.,1,989-.1,. 1,033.8 and l.d9"53(~mlythe::940 had been' .. 
reported previously). These transitions cannot be fitted uniquely into the 
level scheme, but a tentative interpretation of some of them is given in terms 
of levels at 914.7, 943.1, 984.5, and 1033.5 kev. 

Although it is not possible to make a unique assignment of the 940.4-
an:d 943 .1-kev transitions, it is tempting to postulate that the 943 .1-kev is the 
same transition as the 941.1± 2-kev EO transition reported by Asaro and 
Perlman3 from the a decay of Cm 242. This transition defines the base state 
(0+) of the K = 0 f3 vibrational band. It is suggested here that the 940.4-kev 
transition is the EO, which proceeds between the 2+ state of the f3 vibrational 
band to the 2+ state of the ground (K=O) band. The ground- state transition of 
984 kev would be an E2, with a smali conversion coefficient, and would not 
be seen. Note that these states are populated by Np238 f3 decay only to the 
extent of ~ 0. 1 o/o. 

The log ft values of the various Np238 "f3- decay groups were also in­
vestigated. From comparison of experimental and theoretical branching 
ratios it is concluded that: 

(a) Beta decay to the K=2 '{ vibrational band proceeds largely by an 
L=l transition. 

(b) The Russian result2 of 3% f3 decay to the I=4+ state of the ground 
rotational band is incorrect. 

3
· F. Asaro and I. Perlman, Paper A.13,this report. 
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(c) Unfortunately no unique parity assignment can be made to Np238 on the 
basis of these data. 

From the known spin (2) of Np238, it is possible to say that the odd 
proton occupies the 5/2+ [642] intrinsic orbital, and the neutron occupies 
either the 1/2+ [631] or the l/2·_- [501] orbital. 

5. COULOMB EXCITATION OF VIBRATIONAL LEVELS 
IN URANIUM-238-AND THORIUM-232. 

Bent Elbek, Georg'e· Igo,. FrankS. Stephens Jr., and Richard M. Diamond 

By use of 0 16 ions, ~embers of the .. rotational bands based on the first 
13, 'i• and octupole vibrations tn u 238 and Th232 have been Coulomb excited. 
De-excitation '(-ray spectra taken in coincidence with those ol6 ions that 
cause an excitation and are backscattered through 120 t6 160 deg into a gas 
scintillation counter showed the presence of groups of transitions at about 
0. 78 and 1.02 Mev in Th232 and 0.66 and 1. 06 Mev in u238. (Such spectra 
have lower background than straight singles spectra.) From the work of 
Stelson and McGowan, 1 Class et al., 2 and Bernstein, 3 it is known the 0.78-
Mev group in Th232 contai'us the 2+- 0+ ground-state transitions from the 
13- and '(-vibrational bands, but the other transitions are new. 

Durin~ the course of this work, Glass has determined that the 1.06-Mev 
group in u2 s involves the 13 band, by observing the electrons of the electric 
monopole transition {2+- 2+). By similar conversion-electron studies, we 
have confirmed this assignment and hqv:e also observed the K-conversion 
electron lines of the 2+- 0+ and 2+-+ 4+ transitions as well as the 0+-+ 0+ 
and 4+-+ 4+ monopole lines. We have also observed the 2+-+ 0, 2+-+ 2+, and' 
4+....-/2+ lines from the'( band in u238, as shown in the energy-lev-el diagram, 
Fig. A.5-l. 

In Th232, we have confirmed the assignment of the 2+-+ 2+ monopole 
transition, and have also observed the 0+ _: 0+, 2+-+ 0+, 2+- 4+, and 4+- 4+ 
transitions from the 13-band, as well as the 2+-+ 0+ and 2+-+ 2+ transitions 
from the '(-band. These are shown in Fig. A.5-2. 

Excitation functions of the '(- raS yield show that the 0. 78 Mev group in 
Th232 and the 1. 06.-Mev group in u23 are E2 excitations, but that the 1. 02-
Mev ~roup in Th23Z ahd the 0.66-Mev group in u 238 are E3 excitations. In . 
the U 38 case, we have further confirmation that we are dealing with octupole 

1. F. K. McGowan and P. H. Stelson, Bull. Am. Phys. Soc. Ser. II, ~· 207 (1957). 
2 · D. H. Rester, F. E. Durham, and C. M. Class, Bull. Am. Phys. Soc. Ser. 
II, 4, 98 (1959); F. E. Durham, D. H. Rester, and C. M. Class, Bull Am. Phys. 
Soc-:- Ser. II, 5, 110 (1960). 
3

· E. M. Bern~ein, Bull. Am. Phys. Soc. Ser. II, 4, 9 (1959). 
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excitations to the odd-parity states. A comparison of the '( spectrum taken 
in coincidence with backward-scattered particles shows that the 0.66-Mev 
peak disappears in the former case, as would be expected of an E3 excitation. 
Octupole excitations are more strongly correlated with particles scattered 
backwards than are El or E2 excitations. Furthermore, a comparison of the 
yield of this '(-ray- group with the intensities of K-conversion electrons we 
have observed for the same transitions gives conversion coefficients for these 
de- excitation transitions. These conversion coefficients indicate E 1 trans-
i tions. Finally, with the electron spectrometer we obseJTve three electron 
lines which correspond to the four E 1 decays from the 1- and the 3- levels 
of the odd-par"ity band to the ground-state band, as indicated in Fig. A.5-2. 
(Two of the transitions have approximately the same energy). 

6. THE ALPHA DECAY OF FERMIUM-:255 (~:~) 

Frank Asaro, FrankS. Stephens Jr., Stanley G. Thompson, <End L Perlman 

Abstract 

The study of Fm255 a. decay leads to identification of odd-mass energy 
levels in the region above the 152-neutron subshell. Alpha groups of· 
7.09 (0.4%), 7.03 (94%), 6.97 (5%) and 6.90 Mev (0.8o/o) were observed. The 
·data indicate that the most likely spin for Fm255 is 7/2 or 9/2, which corre­
sponds to the 7 /2+ [ 613] or 9 /2+ [ 615] Nils son orbitals. 

Extensive correlations 1, ~·have been made between odd-mass energy 
levels and the theoretical Nilsson orbitals. 3 Because of a lack of experimental 
data, however, these have not been extended to orbitals above the 152-neutron 
sub shell. The work presented here concerns the a. decay of Fm255, which 
gives some insight to the classification of the 153rd and 155th neutron states. 

Measurements with a magnetic a. -particle spectrograph showed four 
Fm255 groups with a.-particle energies and intensities of 7.09 (0.4%), 
7.03 (94%), 6.97 (5%), and 6.90 Mev (0.8%). The partial half life of the most 
intense group was longer by only a factor of 1. i than the theoretically un­
hindered value. 4 Such a small hindrance factor indicates that the transition 
is probably of the "favored" type; 5 i.e.' the state in cf251 populated by the 
7 .03-Mev a. particle has the same configuration as the parent Fm255 state 

* Paper given at International Conference on Nuclear Structure, Kingston, 
Ontario, 1960. 
1

· B. R. Mottelson and S. G. Nilsson, Kgl. Danske Videnskab. Selskab Mat.­
fys. Skr. 1, No. 8 ( 19 59). 
2
·F.S. St;phens, F.Asaro, and I. Perlman, Phys. Rev. 113,213 (1959). 

3 ·s.G. NilssonKgL Danske Videnskab. Selskab Mat. -fys Medd. 29, No. 16(1955). 
4

· Helen V. Michel, Hindrance Factors for Alpha Decay, UCRL-n29, May 1960. 
5

· A. Bohr, P. 0. Froman, and B. R. Mottelson, Kgl. Danske Videnskab. 
Selskab Mat. -fys. Medd. 27, No. 16 (1953). 
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(see Fig. A.6-1). The favored decay assignment is confirmed by the inten­
sities of the 6. 9 7 -Mev and 6. 9 0-Mev groups, which are in excellent agreement 
with the calculated values for the other rotational band members, as shown 
in Table I. It should be noted that the calculation is not very sensitive to K; 
hence, additional data are needed to establish the spins. 

From the Bohr-Mottelson theory6 the spins of the band members may 
be calculated from the equation 

E ~ ~~~(I+ I ) + ( - I )I+ I (I + I ) 0 K I I~ . 
With the energy separations 60.1±06 and 72.6± 103 kev between the band mem­
bers, the calculated value of the base spin of the band (K in this case) is 

3 .8± 8·;. This value is most consistent with K =7 /2, although K = 9/2 is 
within" the experimental error. Further information on the spin assignment 
can be obtained from the absolute value of the level spacings. For even-

2 
parity levels near the region of 152 neutrons, the values of :v range from· 

6:2 to6.05 kev. The 6.1±. 6-kev separation corresponds to values of ~J of 
6. 7±.1 kev for K = 7/2 and 5. 5±.1 kev for K = 9/2, again in somewhat oetter 
agreement with K = 7/20 Inspection of a Nilsson diagram shows that the only 

odd-parity state in this region with about the right spin is an ..!:..!_- level. This 
assignment seerns.unlikely from the relative energy spacings, iut it cannot 
be completely ruled ouL The most probable Nilsson assignments, 

Krr[NnzA] 
1

•
3 

for states with the foregoing spins are~ +[613], i+(6i5], and 
11 
7 -[725] 0 

In order to measure the decay energy of Fm255, an a spectrum was 
taken with a grid chamber having about 50 o/o counting geometry. In this type 
of chamber the energies of coincident electrons entering the counting volume 
add to the energy of the a particle. Only about 15o/o of the a emission was 
at 7. 03 Mev, the remainder being distributed at higher energies up to 7.12 
Mev, roughly consistent with previous measurements. 7 • 8 This gives very 
roughly 90 kev as the energy of the state populated by the 7 .03-Mev a. group, 
as shown in Figo 9. 

Alpha- gamma and a.-L x-ray coincidence measurements gave further 
information on the de-excitation of the approx 90-kev level. Low-intensity 

6 0 
A. Bohr and B. R 0 Mottelson, Kgl. Danske Videnskab, Selskab MaL -fys. 

Medd. 27,No. 16 (1953). 
7 

· Albe~ Ghiorso, unpublished data; Ghiorso, Thompson, Higgins, Seaborg, 
Studier, Fields, Fried, Diamond, Mech, Pyle, Huizenga, Hirsch, Manning, 
Browne, Smith, and Spence, Phys. Revo 99, 1048 (1955). 
8 · Jones, Schuman, Butler, Cowper, and ;:stwood, Physo Revo 102, 203 (1956)0 
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Table I. Favored alpha decay of Fm255 to the ; + (613] state. 

Excited- state Calculated abundances(a) {o/o) 
Experimental 

energy 
abundances 

(kev) 
I L = 0 L = 2 L=4 L:L (o/o) 

---
X 7/2 83.2 9.8 0.2 93.2 94 
X+60 9/2 5.0 0.4 5.4 5 
X+ 133 11/2 0.63 0.29 0.92 0.8 
X+ 219 est. 13/2 0.08 0.08 <0.4 
X+ 320 est. 15/2 0.01 0.01 <0.4 

(a)The abundances were calculated from the equation 

where L 
E 

P E = total population to the rotational band, 

POE contains the energy dependence for a. decay, 

is the inverse of the hindrance factors for Fm 254 decay4 

(c
0
:c

2
:c

4 
= 1:0. 25:0. 033), 

and the last factor is a Clebsch-Gordan coefficient. 

radiations of 55- 60 kev (:=:: 1 o/o) and 8 0 kev ( :=:: 1 o/o) were observed as well as 
high-intensity L x rays. The L x-ray intensity, corresponding to 2.3± .2 
total conversion e1ectrons9 per Fm255 a particle, indicates there are at 
least two highly converted transitions. · These data are consistent with a 
K =-t+ rotational band at or near the ground state with a decoupling parameter 
of <J.1- 0.3, in reasonable agreement with the calculated value for the -!+ [ 620] 
Nilsson level, 0.3. Further arid more precise experimental data are needed 
to make the assignments secure. 

9 ·Valid only for transitions over the L binding energies. 
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7. THE ISOMERS OF AMERICIUM- 242 (~:C) 

Frank Asaro, Isadore Perlman, John 0. Rasmussen 
and Stanley G. Thompson 

UCRL-9566 

Contrary to earlier evidence, new measurements on the Am 242 isomers 
show that the 16-hr activity is the ground state and the 152-yr activity is the 
upper isomers,, as shown in Fig. A.7-l. By electrostatic collection techniques 
some 16-hr americium activity was separated from an aged sample containing 
the 152-yr isomer, as indicated in Figs. A.7-2 and A.7-3. Careful study of:· 
the conversion-electron spectrum of the ·sample containing 152-yr Am242m 
revealed eleven conversion lines of a 48.6 -kev transition converted in a mer­
icium, and the relative M- sub shell conver sian intensities are consistent only 
with_;;tn E4 assignment. This information, coupled with the recent atomic beam 
measurement-of_ spin 1 for the 16-hr activity, leads to a spin assignment of. 
5 for Am242m. 

Detailed analysis of the experimental information on these isomers is 
given in terms of the Bohr,...Mottelson model. This leads to the surprising 
conclusion that the spin-1 ground state has -a K-quantu~ numher of zero, and 
hence a negative spectroscopic quadrupole moment. Consideration of the data on 
levels and decay of the low-spin isomers of Ho166 and Tal80 lead to the con­
clusion that there is generally an energy displacement between odd- and even­
spin members of K = 0 rotational bands in odd-odd spheroidal nuclei. 

·:< 
Brief version of published paper, Phys. Rev. 120, 9 34 ( 19 60). 

8. ALPHA DECAY OF LONG-LIVED AMERICIUM-242 (::~) 

Frank Asaro, Maynard C. Michel, Stanley G. Thompson~ 
and Isadore Perlman 

Abstract 

The a decay of Am 242m ( 157 y:q>) pe'rmifs t&e investigation of st.rong- · 
coupling energy levels of odd-odd nuclei in a region where odd-mass level 
assignments are well known. An unhindered Am 24 2m a group (5.20 Mev) 
populates ·a 350-kev excited state in Np238 followed by five cascading tran­
sitions. The data are interpreted in terms of the adjacen_t odd-mass energy 
levels. 

The a spectrum of an Am 24 1 • 242 • 24 3 source was measured with a 
high-resolution magnetic spectrograph, This s'Rectrum is shown in Fig. A.8-l. 
Besides the characteristic spectra of Am 241 • 243, there was an additional 
group at 5.201 Mev wh'ic'h we assigned to long-lived Am24 2m This assignment 
was confirmed by an a grid chamber measurement of a mass-separated 
Am242 sample. The 5.201-Mev group, however, was distributed between 
5.2 and 5.4 Mev, indicating a number of coincident conver sian electrons. 
This latter conclusion was reinforced by the '( spectrum in coincidence with 
the 5.201-Mev a group. A definite El '(ray of 48 kev was observed, as well 
as other radiations which were not well resolved from one another. These 
·•cr-------
., Abstract of paper given at International Conference on Nuclear Structure, 
Kingston, Ontario, 1960. 

1\._ 
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data are all consistent with a closed-cycle calculation which indicates the 
5.201-Mev group populates a state about 340 kev above the ground state of 
Np238. The best values for they-ray energies and intensities are incorpo­
rated in Fig. A. 8-2. 

The partial a. half life of the 5.201-Mev group is 3Xl04 years, very 
close to the over-all partial a. half life measured genetically, 1 and to the 
theoretical value for this energy, 2Xl04 years. This close agreement be­
tween experiment and theory is unusual for odd-odd nuclei and is reminiscent 
of the "favored" ~ype of a. decay2 observed with odd-mass a. emitters. For 
this type of decay the 340-kev state in Np238 would have the same Nilsson 
quantum numbers, Q1T[NnzA:L:l ,3,4, 5 as the parent state, Am242m; i.e., 
5/2-(523+] for the proton orbital and 5/2+(622t] for the neutron orbital. 
Also these orbitals would couple to give a state with K = 5-, as found for 
Am 242m, and a state with K = 0,, as found for 16-hr Am242. 6 It will be use­
fullater to note that in Am242 the K = 5-state is 48.6 kev higher than the 
K=O- state.6 · 

An interesting comparison can be made between the energies of the 
Nilsson states in the adjacent odd-mass nuclides and the 340-kev state in 
Np238. The 5/2-[523+] proton orbital discussed earlier has an energy above 
the ground state of 59.6 kev in Np23 7 and 74.6 kev in Np239, which averages 
to 67 kev. The 5/2+[622t] neutron orbital discussed earlier has an energy 
above the ground state :::::: 158 kev 7, 8 in u23 7 and 286 kev4, 7 in Pu239, which 
averages to 222 kev. In analogy to Am 242, the K = 5- state is assumed to be 
49 kev higher than the K = 0- state. When this quantity is added to the sum of 
the averages, the total energy for the K = 5- state in Np238 becomes 338 kev, 
in good agreement with the experimnetal value, 340 kev. Inherent in the cal­
culation.-~ however, is the arbitrary assumption that the energy splitting of 
the Np 25 8 ground- state coupling is also about 49 kev; hence, the agreement 
may be fortuitous. 

In the free-wheeling spirit of the foregoing calculation we have coupled 
all the Nils son orbitals that would result in pertinent (high spin) states with 
energies less than 340 kev above the ground state of Np238. The resulting 
hypothetical levels are listed in Fig. A. 8-2. For each pair of states formed 

1
Barnes, Henderson, Harkness, and Diamond, J. Inorg. Nuclear Chem. ~, 

105 (1959). 
2 

A Bohr, P. 0. Froman, and B. R. Mottelson, Kgl. Danske Videnskab. Selskab 
Mat. -fys. Medd. 29, No.lO (1955); P. 0. Froman, Kgl. Danske Videnskab. 
Selskab Mat. -fys .Skr. 1, No.3 (1957). 
3s. G. Nilsson, Kgl. Danske Videnskab. Selskab Mat. -fys. Medd 29, No.l6 (1955). 
4 -

B, R. Mottelson and S. G. Nils son, Kgl. Danske Videnskab. Selskab Mat. -
fys. Skr. 1, No.8 (1959). 
5c.J. Gal~agher and S.A. Moszkowski, Phys. Rev. 111, 1282 (1958). 
6 --
F. Asaro, I. Perlman, J.O. Rasmussen, and S. G. Thompson, Phys. Rev. 

(in press). 
7 F.S. Stephens, F. Asaro, and.I. Perlman, Phys. Rev. 113,212 (1959). 
8 The 145-kev 'Yin Pu241 decay probably de-excites to a 1/2+ 3/2 state, whose 
energy is estimated at approx 13 kev. 
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in this fashion, we have added 49 kev to the higher state determined from the 
selection rule of Gallagher and :MoszkowskL 5 Where pertinent to the decay 
scheme, we have included rotational levels, using a rotational constant of 
6 kev. 

The y-ray intensities in the hypothetical decay scheme are consistent 
with reasonable multi polarity assignments. In addition the intensity of L 
x rays in coincidence with the 5.201-Mev group was 9±lo/ofor our experimental 
setup, in good agreement with the corresponding value from the decay scheme 
in Fig. A.8- 2, 9. 2o/o. After the necessary corrections, the experimental value 
corresponds to 4.3± .5 electron vacancies per Am242 a particle. Together 
with the photon intensities, there are then about five transitions following 
each decay. 

9. DECAY SCHEME OF EINSTEINIUM-253 (*) 

Frank Asaro, Stanley G. Thompson, FrankS. Stephens Jr., 
and Isadore Perlman 

The a and electron spectra of E253 were investigated with high-reso­
lution magnetic spectrographs. Previous measurements were confirmed, 1-5 
but in addition several new levels and transit~-ons were observed leading to 
the identification of three rotational bands as shown in Fig. A.9-1. a-y, a-e-, 
and L x ra y-y coincidence measurements reinforced these as sign:rnents. 

As seen from Fig. A.9 -1, the relative spacings of the assigned states in 
the 8.8 -kev band are in excellent agreement with a spin of 3/2 for the base state. 
In addition the rotational constant for spin 3/2 is 6.1, in good agreement with 
the usual values for odd-mass nuclides in this region. 

Although the parity of this band cannot be determined simply from the 
experimental data, inspection of a Nilsson diagram6 readily shows that the 
most probable state is 3/2- [521]. These Nilsson quantum numbers6 are 
partially defined in Fig. A.9-l. 

* Paper given at International Conference on Nuclear Structure, Kingston, 
Ontario, 1960. 
1

· A. Ghiorso and B. G. Harvey, unpublished data (1954) reported in Re£.2. 
2

· FrankS. Stephens, Jr., Decay Schemes and Nuclear Spectroscopic States 
in the Heavy-Element Region, (Ph. D. Thesis), UCRL-2970, June 1955. 
3

· J.P. Hummel, G. Choppin, F. Asaro, and I. Perlman, unpublished data 
(1955) reported in Ref. 2. 
4

· Jones, Schuman, Butler, Cowper, and Eastwood, Phys. Rev. 102, 203 (1956). 
5

· John P. Hummel, Alpha-Decay Studies in the Heavy-Element Region 
(Ph. D. Thesis). UCRL-3456, July 1956. 
6 ·s. G. Nilsson, Kgl. Danske Videnskab. Selskab Mat. -fys. Medd 29, No. 16 
( 19 55); B. R. Mottelson and S. G. Nils son, Kgl. Danske Videnskab. Selskab 
Mat. -fys. Skr . ..!_,No. 8 (1959). 
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- It will be shown later that the ground-state -spin of Bk249 is 7 /2+. _Thus 
an M2 transition might be expected between the 3/2- and 7 /2+ states.- 0.-e­
delayed-coincidence measurements showed a half life of 0.3 msec for about 
2% of the- E253 a. transitions, in good agreement with the total a population 
to the 3/2- band. This lifetime is retarded by a factor of about 50 over the 
single-proton M2 value. 7 

The ground-state and 393-kev bands are discussed together, as it will 
be shown that they are closely related. From the level spacing of this ground­
state band, the spin of the ground state is calculated to be 3.16±. 01. This 
value is closer to 7/2 than any other spin, but the agreement is not very good. 
Also, the rotational constant for this band has a value of 4.63 kev, which is 
unusually low.-:_ We have calculated the properties of this band, however, con­
sidering the Coriblis interactionS as modified by the pairing correlations, 9 
and will show that these quantities are both well explained provided the assign­
ment 7 /2+ [ 633] is· made for this band. This is consistent with what one would 
expect from the Nilsson diagram. The decay characteristics and spacing of 
the 393 -kev band are also well accounted for if the 5/2+ [ 642] assignment ts 
m:ade, which, again, is not unexpected considering the Nilsson diagram. This 
case is a particularly favorable one for detailed Coriolis calculations because 

(a) within the entire 82-to-126-proton shell the only positive parity 
levels (a requirement for the interaction is no change of parity} are those 
originating from the il3/2 shell-model level, and these can all be taken into 
account explicitly; _ 

· (b) the Coriolis matrix elements are large and do not depend on details 
of the Nilsson wave functions; and 
' ' (ct}-·tlie po.sitions and moments of inertia of two bands from the il3/2 
orbital are known. We have used two parameters in the calculation, which 
seem to-fix the positions of the 393- and41.7-kevlevels. The other calcu­
lated energies are given in Fig. A."J -1, and agree well with the experimental 
values. It is interesting to note that the mixing causes positive deviations 
from the I(I+l) formula in the ground (K = 7/2} band and irregular deviations 
from the I(I+l) formula in the 393-kev (K = 5/2) band. The experimental data 
confirm the former trend but are not sufficiently accurate to test the latter. 
The transitions between the two bands are Ml, as would be expected from 
calculations using the mixed Nils son wave functions. 

The theroetical a. populations to various members in a rotational band 
are readily calculated for an a wave of a given angular momentum. 9 -·In 

. addition, if the parent and daughter states have the same configuration, the 
a. transition t<? the base state of the band is essentially unhindered, and the 
relative a. populations to the various band members are explicitly deter­
mined. As seen from Table I, the above conditions are well met by the ground­
state band, resulting in the same assignment for the. E253 ground state, 
7 /2+ [633], as found for Bk249. 

7 
· S. A. Moszkowski, Beta- and Gamma-Ray Spectroscopy, Kai Siegbahn, Ed. 

(Interscience Publishers Inc., New York 1955}, p 390. 
8 · A. Kerman, Kgl. Danske Videnskab. Selskab Mat. -fys. Medd. 30, No. 15. 
9 ·s.T. Belyaev, Kgl. DanskeVidenskab. SelskabMat.-fys. Med~~.No.ll 
(1959). 
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Table I. Alpha decay of E 253 to the 7 /2+ band in Bk249 

Excited- state 
:energy 

(kev) I 

0 7/2 
41.7 9/2 
93.4 11/2 

156 13/2 
230 15/2 

Calculated abundances(a) (%) 

L=O L=2 L=4 ~ 

L 
--

79.6 10.0 0.1 89.7 
5.9 0.3 6.2 
0.9 0.3 1.2 

0.11 0.11 
0.009 0.009 

Experimental 
values 

(%) 

90 
6.6 
0.85 
0.08 
0.01 

Hindrance 
factors(b) 

1.9 
17 
7.7 

' 430 
,.., 1500 

!alTh•P:::d::c•E :~ c(a:r~~f:)th;e ~::••ii::he total population to the 
1 f 1. f 

rotational band, PoE is the unhindered population to a state E calculated from 
simple spin-independent a-decay theory, CL is the reciprocal of the hindrance 
factors for the various L waves in the adjacent even-even nuclides (Co:C2:C4= 
1:0. 27:0.023 from Fm254 and Cf252)(Ref. 1 0), and the last factor is a. Clebsch­
Gordan coefficient. 

(b)The hindrance factors as used here are the ratio of the experimental partial 
half life of a given a group to the value calculated from spin-independent 
a-decay theory (Ref. 11) by using the radii of adjacent even-even nuclides. 

In the hindered a decays to the other bands, the relative a populations 
are a•lso in good agreement with the calculated values, consistent with the spin 
and parity assignments. 

1 
o:. Helen V. Michel, Hindrance Factors for Alpha Decay, UCRL-9 229, May 

1960. 
1
l.M.A. Preston, Phys. Rev. 71,865(1947). 

10. ALPHA-PARTICLE AND GAMMA-RAY STUDIES, AND HALF-LIFE 
DETERMINATIONS OF MEMBERS OF THE URANIUM-229 AND URANIUM-228 

Carl Ruiz, Frank Asaro, and I. Perlman 

An inv\~stigation of the a-particle and '{-ray spectra and the half lives 
of various members of the u228 and u229 families has been completed. The 
most recent results are discussed below, and most of these data, along with 
our previous results, 1 are summarized in the decay schemes in Figs .. A. 10-1 
and A.10-2. 
u229 

Three new groups were observed, having the following energies and 
abundances: 6.255 Mev (lo/o), 6.218 Mev (3o/o), and 6.180 Mev (lo/o). The group 

· Ruiz, Asaro, and Perlman, in Chemistry Division Semiannual Report, 
UCRL-9093, Feb. 1960, p. 47. 
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at 6.255 Mev is interpreted as the fourth member of the K =3/2 rotational' 
band having spin I= 9/2. 

Th~25 

One new a group was found at an energy of 6.340 Mev, in an abundance 
of 2o/o. Gamma rays of 450 kev { 1 %) and 49 0 kev ( 1 o/o) were also seen. 

Ra221 

Five new a groups were observed, with energies and abundances of 
6.574 Mev (3%), 6.46 Mev (0.4%), 6.40 Mev (0.3%), 6.25 Mev (0.7%) and 616 
Mev ( 0.3%). The last four groups were detected with an a-particle grid cham-. 
ber. The existence of the 0.3% and 0.4% groups is not completely certain 
because of their low intensity .. Gamma rays were also seen with the following 
energies and abundances per a disintegration: 219 kev (0.1%), 293 kev (0.6%), 
320 kev (0.7%), and 415 kev (0.5%). 

u
228 

Family 

By means of a-particle y_-ray coincidence techniques, three '(rays 
were seen in the a decay of uZ28: 152 kev (0.2%), 187 kev (0.3%), and 246 ·· 
kev (0.4%). The 152- and 246-kev '( rays were interpreted as originating 'from 
the de-excitation of a 1- state 246 kev above the ground state. The 187-kev 
'( radiation was interpreted as that from a state at 280 kev above the ground 
state. The spin and parity of this state were assigned as 4+. 

Half- Life Determination 

By means of dela7ed-coincidence techniques, the half lif~ of _the 7.680-
Mev a groups of Rn21 was measured as 5.4±.5Xlo-4 sec, wh1ch 1s to be 
compared with the previously determined value of 1 o-3 sec 2 . The half life 
of Rn216 was observed to be 4.5±.5Xlo-5 sec. 

The half life of u228 was remeasured and found to be 9 .1±.2 rriin, in 
good agreement with the previous value of 9 .3±0.5 min. 2 

A moving metal tape was used to collect recoil atoms from a u228 
source for the measurement of the Ra220 half life. The value obtained was 
0.023±0.005 sec. 

2 . M . k Gh. d S b Ph R 8 1 7 8 2 ( 19 5 1 ) e1n e, 1orso, an ea org, ys. ev. , . 
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1.1. SEARCH FOR ELECTRIC MONOPOLE TRANSITION 
FOLLOWING ALPHA DECAY OF PLUTONIUM- 239 

S. Bj~rnholm and Frank Asaro 

Electric monopole, EO, transitions of energies 0.6 to l Mev have been 
observed in a number of heavy even-even nuclei. These transitions are 
thought to establish the existence of a collective quadrupole vibration (f3 vibra­
tion) of the deformed nudeus. In a few cases EO transitions have .been found 
in even-even .a emitters in which the a decay to the (3-vibrational band is 
only slightly hindered relative to the ground-state transition. 

In order to get information about the existence of f3 vibrations in odd-A 
nuclei we have looked for highly K-converted transitions in the a decay 
Pu239- u235. 

Three mg of p-u239 was precipitated as the fluoride on a 1-mil platinum 
disc. The precipitate was spread over an area 0.8 em in diameter. Aluminum 
and mylar foils of total thickness ll mg/cm2 covered the source. The source 
was sandwiched between a beryllium~window l.5X0.5-in. sodium iodide scin;,..' 
tillation counter, sensitive to U K x rays, and a 5/8Xl/8 -in. anthracene scin- . 
tillator,. sensitive to high-energy electrons but not to'{ rays. Coincidences 
between'{ pulses (dorresponding to K x rays) and electron pulses (corresponding 
to a l. 0± 0. 05-Mev transition) wer-e observed. The abundance of the transition 
was found to be ( l. 5±0 .8 )Xl o-7. No '{-ray peaks were observed in the region 
9 00 to ll 00 Mev, the upper limit for 'the intensity being l o-8. The K-een­
version coefficient thus seems to be > 15± 8, which is strong indication of an 
EO transition. The experiment also indicates that any competing EZ '{ radia­
tion is weaker: than the monopole transition by a factor of 15± 8. Finally the 
a-decay hindrance factor is calculated to be between 0.1 and l. 2. 

There thus seems to be evidence for the existence of collective excita­
tions of the f3 -vibratiohal type in the odd-A nucleus u23 5. Further 1nvesti­
gations would be desirable in order to substantiate the preliminary findings 
here described. 

12. ALPHA-DECAY STUDIES IN THE RARE EARTH REGION 

Ronald D. Macfarlane 

1. Long-Lived Dysprosium-154 

Evidence was obtained by Toth that Dyl5'4 may be stable, or at least 
possess a long f3 half life. l This evidence was based on the absence of the 
(3-deca y daughter Tb 154 in a sample known to contain Dyl54. 

Fro·m the trend of a-decay energies for Dyl50-3 and the isotopes of 
neighboring elements, 2 it was expected that Dyl54 should have a measurable 
alpha half life. 

1 · K. S. Toth; Nuclear Studies in the Rare Earth Region (Thesis), UCRL-819 2, 
March 1958. 
2 ·K.S. Toth and J.O. Rasmusseh, Nuclear Phys. 16,474 (1960). 
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Gadolinium oxide enriched in Gd 154 to 3 3% was bombarded with a. 
particles to form dysprosium isotopes. Alpha pulse ai1alysis of the chem-· 
ically separated dysprosium resulted in the observation of a new weak a 
activity of 2.85±. 05 Mev. This activity was as signed to Dy 154 on the basis 
of a rough excitation function and a consideration of the a-decay systematics 
of the neighboring dysprosium isotopes. 

The a. half life was calculated as approxilnately 1Xl06 years by esti­
mating the amount of Dyl54 produced and compa·L'ing it with the observed a. 
intensity. A lower Hrnit of 10 years for the !3-del:ay half life was established 
on the basis of the absencoo. of the prominent -y radiations of Tb 154 in the 
photon spectrum. 

This work has been submitted for publicati<.1i\, 3 

2. The Natural Occurrence of Samarium·d46 

sml46 was discovered in 1953 by Seaborg and Dunlavey, who produced 
the nuclide by an intense bombardment of neodymium with a. particles. 4 
They reported that it emits a. particles of 2.55 Mev energy and decays with 
an a. half life of approximately 5Xl07 years. 

Macfarlane and Kohman, in 1959, made a search of Sml46 a. activity 
in natural samarium, employing a large it1ternal .. ~:~ample cylindrical ioniza­
tion chamber. 5, 6 They obtained a negative re::;ult and set an upper limit of 
0.01 dis/g/sec for the spedfic activity in natur<li samarium. 

A report has recently been made by Vorob 1ev, Komar, Korolev, and 
Solgakin of an indication. for the existence of Sml4£, u particles in the natural 
samarium a. spectrum, although the level Obt:ierved was not considered by 
them to be statistically significant. 8 They established an upper limit o£ 
0.03 dis/g/sec for the specific activity, 

The purpose o£ this study was to increase the sensit~vity over previous 
measurements £6t the detection of a natural Sml46 a. activity by counting a 
sample "enriched in Sm 146tt. This sample was obtained from the mass-146 

3· R. D. Macfat•-lane, Dysprosium~ 154 1 A Long .. Lived Alpha Emitter (UCRL-9335), 
submitted to J, Nut:lear Inorg. Chern. 
4 · .0. C. Dunlavey and Q, T. Seaborg, Phys. Rev. 9 G, 206 ( 19 53). 
5 · R.. D. Macfarlal'le, Natural Alpha Radioactivity i:-Medium-Heavy Elements, 
Department o£ Chemistry, Carnegie Institute o! Technology, NYO -7687; 19 59. 
6 · R. D. Macfarlane and T. P. Kohman 1 Nati.tral Radioactivity in Medium~ 
Heavy Elements 1 submitted to Phys. Rev. 
7 · A. A. Vorobiev, A. P. Komar, v. A. Korobev; and a. E. Solgaken, j, Exptl. 
Zhur. Eksptl. i 'teoret. Fiz. (USSR) 37, 546 (1959)1 Soviet Physics ... JETP 37 
3 8 6 ( 19 6 0) . --

8·R.D. Macfarlane, Concerning the Natural Ot::currence of Srn.146 (UCRL~9'352) 
submitted to Nature. 
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position of a calutron collection plate which had been used in the separation 
of macro amounts of samarium isotopes from natural· samarium. 

An 89-mg portion of this sample was counted in an internal-sample 
cylindrical ionization chamber providing an active sample area of 2000 cm2 
Over a period of 67 hr only the prominent Sm147 peak appeared in the a. 
spectrum. 

Estimating a pas sible factor -of-1 0 enrichment of Sm 146 in the sample, 
an upEe.r limit of 0.003 ~is/g/sec. was calculated for the spec~fi~ activity _:>f 
Sm14 1n natural samanum. Thts corresponds to an upper hm1t of 2X10 7o/o 
for the natural isotopic abundance of s·m 146, using the Dunlavey and Seabor g 
value for the half life. 4 

This work has been submitted for publication. 8 

3. Measurement of Alpha Branching Ratios 

The majority of known a. .emitters in the rare earth region decay promi­
nently by electron capture or. positron emission or both .. In order, therefore, 
to obtain a. half lives for these nuclides (which are needed for calculations 
of reduced widths and hindrance factors9 ), the alpha-to-total branching ratio 
must be known. 

Alpha branching ratios for several of the rare earth a. emitters are 
known only to within a factor of three, and for a few are not known at all. 2 
The purpose of this investigation was to obtain more precise values of k~own 
a.-branching ratios and to measure previously unknown values. Samples of 
the isotopes to be measured were prepared by a.-particle or heavy-ion bom­
bardment of rare earth targets. When half lives permitted, chemical sep­
arations were performed. Two aliquots of the samples were prepared, one 
for 2 TI-geometry a. counting and the other for 4TI-geometry photon counting. 
The absolute disintegration rates were obtained by resolution of a. and photon 
decay curves and correction for counting efficiencies. Results are shown in 
Table L 

Table I. Alpha branching ratios 

Nuclide T1/2 Old value 3 New value Alpha half life 

Tb151 18 ~ 3X1 o- 6 -6 
(4.4±.2)Xl0

2 
hr (4.7± .2)Xl0 yr 

Dyl50 9 min 0.179+ .005 50± 2 min 

Dyl5l 0.062± 0.003 5.4± 0.2 hr 

Dyl53 6.0 hr ~ 4Xl o- 5 (3.3±.15)Xlo~s ( 20± 1) yr 

Measurements of a. branching ratios of other a.-emitting rare earth 
nuclides are planned. 

9 ·J.O. Rasmussen, Phys. Rev. 113, 1593 {1959). 
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4. New Alpha-Emitting Rare Earth Nuclides (with R. D. Griffioen) 

a. Holmium Isotopes 

Bombardment of enriched Ndl42 and Nd 148 targets with. Nl4 ions 
(65 to 130 Mev) using the Berkeley heavy-ion linear accelerator (Hilac) has 
led to the discovery of five new a-emitting isotopes of holmium produced by 
Nd(Nl4, xn)Ho reaction. Alpha spectra were obtained with a Frisch- grid 
ionization chamber, and half lives were measured by following the decay of 
a radioactivity. Mass assignments were obtained by identification of daughter 
activities and were supported by information obtained by rough excitation 
functions. For Ho 151 and Ho 152, the parent-daughter relationship was estab­
lished by electrostatically collecting in helium the f3-decay daughter, Dy151 
and Dy152, recoiling from an extremely thin Ho151 and Hol52 source. Col­
lection of samples at different time intervals identified the daughter with the 
appropriate parent half life. 10 A similar technique was employed for Ho153 
except that the a-decay daughter (Tbl49) was used. The a-decay properites 
of these daughters were utilized for their identification. 

Positive confirmation of the mass assignments of Ho 154 and Hol55 has 
yet to be made. Neither the a- nor f3-decay daughter possesses a significant 
a branch, so that identification must be made from f3- and-y-decay prop­
erties of the daughters, which are not as unique as for a decay. 

The a-decay properties of these nuclides are listed in Table IL 

Table IL Alpha-decay properties of new holmium alpha emitters 

Isotope E {Mev) 
a. 

H 0 151 4.48 ± .03 

H 0 152 4.40 ± .03 

H 0 153 4.34 ± .03 

Hol54 4.12±.03 

Hol55 3.96±.03 

b. Erbium Isotopes 

t 1/ 2 (total) 

31 ± 3 sec 

64± 4 sec 

187±10sec 

5.6 ± 0.2 rriin 

16.5 ± 0.5 min 

Mass assignment 

daughter Dyl5l 

daughter Dyl52 

daughter Tb 149 

excitation function 

excitation function 

Bombardment of enriched samarium isotopes with C lZ ions {65 to 110 
Mev) has led to the discovery of five new a-emitting isotopes of erbium, rang­
ing in a energy from 4.7 to 5.1 Mev and in half life from ::::::1 sec to 30 sec. 
Evidence has also. been obtained for the existence of an a-emitting isomer of 
Hol5l (4.58 Mev) presumably produced by the f3 decay of Erl5l. The 4.48-
Mev Ho 151 was also seen in the a spectrum. 

Detection and identification of these a activities were made by using a new· 
system which allows for sample collection and a pulse analysis within milli­
seconds from the end of bombardment. The method involves the electrostatic 
collection of reaction recoils knocked from the target into a helium atmos'" 
phere. 10 The collector is a thin Zapon foil made conducting by an evaporated 
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silver deposit. Some a. particles produced by radioactive decay of recoils 
collected on the foil (approx 50 !J.g/cm2) pass through the foil and are detected 
by a diffuse barrier diode detector. It was found that the reaction recoils 
could be collected with fourfold greater efficiency as negative ions than as 
positive ions. The mechanism for the formation of negatively charged re­
coils in this system is being investigated. 

IO. A Ghiorso, T. Sikkeland, J.R. Walton, and G. T. Seaberg, Phys. Rev. 
Letters 1, (1958). 

13. ALPHA DECAY TO BETA VIBRATIONAL STATES 
IN EVEN-EVEN NUCLEI ()~) 

Frank Asaro and I. Perlman 

Abstract 

In the strong-coupling region, both Cm242 and Pu238 decay to excited 
0+ states by nearly: unhindered a. emission (hindrance factors are 3 and 4 
respectively). u234, however, a.-decays to an excited 0+ state in Th230 at 
630 kev with a hindrance factor of about 70. Possible correlations between the 
a.- and-y-ray transition probabilities are discussed. 

This paper deals with highly converted (.presumably completely con­
verted) transitions from levels in Pu238, u 23 , and Th230 which are populated 
by a. decay. As seen from Table I, the effective conversion coefficients are 
so large the only reasonable multipolarity assignments are. EO. Also, with 
the observed -y-ray patterns the only reasonable spin and parity assignment 
for the states de-exciting by the EO transitions is 0+. 

P 238 EO T . . 1 u . rans1t1on 
242 Electron and -y-ray spectra of several Cm sources were measured 

with anthracene and Nai spectrometers. The pertinent results are tabulated 
in Table I and show a 950-kev EO transition as well as '( rays of 980 and 1010 
kev. A more precise measurement of the Kline with a permanent-magnet 
electron spectrograph yielded a value of 941.4± 2 kev for the EO transition. 
The data then correspond to a 0+ state at 941 kev which de-excites by an EO 
transition to the ground state and 89 0-kev '( ray to the first excited state. 

The 1010-kev '( ray may represent the de-excitation of the 2+ member 
of a Pu 238 '( vibrational band observed 2 from the decay of Np238, but this is 
not certain. 

1
Paper given at International Conference on Nuclear Structure, Kingston, 

Ontario, 1960. 
1 
Perlman, Asaro, Harvey, and Stephens, Bull. Am. Phys. Soc. 2, 394 (1957). 

2
Rasmussen, Stephens, Strominger, and Rstrom, Phys. Rev. 99, 47 (1955). 



Table I. High-energy radiations of Pu
238

• u
234

• and Th
230 

y rays 

L-y 
Nuclide Energy Intensity caine. (a) Energy 

Pu 238 890±10 8Xl0-7 
Yes 830±30 

819.6±2 

1010±20 :::::4xlo- 8 ? 
930±30 

u234 763±10 5Xl0- 7 
Yes 690±20 

790±20 

Th230 580±10d 9X10-8d ? 525±20 

(a) L x ray-y ray coincidences. 

(b) K x ray-conversion electron coincidences. 

Electrons 

Intensity 

4Xl0- 7 

1x1o- 7 

6xlo- 7 

Ixlo-7 

6xlo- 8 

K-e 
caine. (b) Shell 

Yes K 

No L+Mt .. 

y energy 

950±30 } 
941.4±2 
950±30 

Yes 
No 

K 810±20} 
L+Mt .. 810±20 

Yes K 630±20 

Alpha particles 

·Hindrance 
Intensity factor (c) 

L3xlo-6 3. 3±1 

1.2Xl0- 6 4,2±1 

l.6xlo-
7 

70±20 

(c) The hindrance factor for a given a grbup as defined here is the ratio of the experimental half life to 
the theoretical value. The theoretical half life is calculated according to Preston's equations (Ref. 3) 
for L = 0 transitions using the nuclear radius determined from the ground-state transition (Ref.4). 

( dL_S_e_e_Rcl. __ 8_. 

3 M. A. Preston, Phys. Rev. 71, 865 (1947 ). 
4

Helen V. Michel, Hindrance Factors for Alpha Decay, UCRL-9229. May 1960. 
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U 234 EO T .. rans1t1on 

The measurements of Pu238 
a. decay were very similar to those of 

Cm242. As seen in Table I~ an 810-kev transition was observed as well as 
a y ray of about 760 kev. The data correspond to a 0+ state at 810 kev which 
de-excites by an EO transition to the ground state and a 760-kev y ray to the 
first excited state. This EO transition has been observed from the f3 decay 
of Pa234(ux

11 
), 5 and the electron capture of Np234. 6 

Other states and transitions have been observed from the beta decay 
of Po 234 (u

2
).7 

Th
230 

EO Transition 

These measurements are similar to those previously described. In/ 
our measurements a K line of a 630-kev transition was observed in coincidence 
with K x rays. F. S. Stephens8 measured the high-energy y-ray spectrum of 
u 234 and found radiations of 455, 503, and 580 kev. The two lower-energy 
y rays were assigned to the de-excitation of a 1- state at 503 kev. 8, 9 The 
data are interpreted as a 0+ state at 630 kev which de-excites by an EO tran­
sition to the ground state and by a 580-kev y ray to the first excited state. 
The 0+ and 1- states have also been identifiedlO from the electron capture of. 
Pa230 

Discussion 

Excited states of spin and parity 0+. are predicted from the Bohr­
Mottelson theory, and it has been shown that the ratio of EO to E2 transitions 
de-exciting the 0+ state in both Pu238 and u234 is in good afreement with the 
theoretical expectations for the strong-coupling region. ll- 3 It has also been 
shown that a much lower value for the reduced ratio in Gd 152 is in good agree­
ment with the expectations for the 11transition region. n 14 As seen in Table II, 
however, both Sm 152 and Th2 30 have intermediate ratios, although both nuclei 
are in the strong-coupling region. Th230 demonstrates additional unusual be­
havior in that the a. decay to its 0+ state is hindered by a factor of > 10 more 

5
D. Strominger, J. M. Hollander, .and G. T. Seaborg, Revs. Modern Phys. 

30, 585 (1958). 
b 

C. J. Gallagher, Jr., and T. D. Thomas, Nuclear Phys. 14, I {1959). 
7 

Reported by G. T. Wood, Phys. Rev. {in press). 
8

F. S. Stephens, unpublished data {1954). 
9 F. S. Stephens, F. Asaro, and I. Perlman~ Phys. Rev. 119, 796 {1960). 

10
E. Arbman and 0. B. Nielsen, Nuclear Phys. {to be published)(private 

communication by S. Bjornholm). 
11

D. C. Peaslee, Nuclear Monopole Matrix Elements, UCRL~ 3523, Sept. 1956. 
12 

A. S. Reiner, Structure Effects in the Interaction between Nuclei and Atomic 
Electrons (Thesis), University of Amsterdam, 1958 (unpublished). 
13 J. 0. Rasmussen, Theory of EO Transitions of Spheroidal Nuclei, Nuclear 
Phys. 19, 85 {1960), 
14 -

I. Marklund, 0. Nathan, and 0. B. Nielsen, Nuclear Physics ..!.2_, 199 {1960). 
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than for the states in Pu238 or u234. Th.:s.e efft\cts may be related to a grad­
ual change·in the character of the j3-vibrations as the transit:.on region is 
approached. · 

Table H. Reduced ratios of competing EO to E2. transit~on probabilities. 

Nuclide 

Pu 2.38 

. u234 

ThZ30 
. 5' Sm 1 ... {from Ref. !.4} 

Gdl52(from Ref. l4} 

(F}i/2 p . 

0 .. 20 

0.21 

o.·1 r 
0.063 

0.02.6 

--------------..------------------------~--------------------------------------------
EO transition probability= 0 p 2 where 0 and p 2 represent the electronic and 

nuclear matrix elements respectively, as given by Church and Weneser. (Ref.lS). 

E2 transition probability = ~X {single ··particle E2 transition probability) 
(Ref. 16). 

iSE.L. Church and J. Wene~er, Phys. Rev. 103, 1035 (1956). 
16s. A. Moszkowski ~n Beta- and Gamma·Ra~ "S;ectroscopy Kai Siegbahn, Ed. 
(Interscience Publishers Inc .• New York, 19 ?}, p. 373. . '· 

14. HIGH-ENERGY GAMMA RAYS 
iN THE DECAY OF 27:,HOUR HOLMIUM~·l66 (*) 

Daniel J. Horen and Linda Chiao 

Sources of Ho166 have been prepared by neutron irradiation of holmium 
oxide, and the high-energy singles '(-ray spectrum has been studied with a· 
3-in, -diameter by 3 -in. -long Nai(T ~) crystal. Preca·utieins were taken to 
reduc.e bremsstrahlung and low-energy y rays. Figur~ A. 14-l shows the 
high-energy singles spectrum so cbtained. Analysis re:ve<:t~ed the presence 
of y rays with energies of 1747 2: S and 1825 :t 5 kev in addition to the previously 
known y rays of 1380, 1582, and 1663 kev. 

The two highest-energy y rays suggest the existence of a 1826-kev level 
. :in Erl66 decaying to the ground state and first excited state .. This assumption 
was confirmed by experiments in which coincidences were searched for be­
tween high.;.energy photon!~ and the 80-kev y ray or K x rays or both. The 
coincidence spectra obtained by gating on the 80-kev y x·ay and K x rays were 
identical. A typical coincidence spectrum is shown in Fig. A.l4-2. 

* To be published in Nuclear Physics jointly w:th P. Gregors-Hansen and 
K. Wilsky, Chemistry Department, Research Eqtcsblishment, Ris~; Denmark. 
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Fig. A. 14-1. Singles y-ray spectrum of 27 -hr Ho 166 taken with 
a 3 X 3-in. Nal{T1) crystal. 
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Fig. A. 14-2. High-energy y-ray spectrum in coincidence with 
80-kev y rays and K x rays. 
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The relative intensities obtained from these measurements are given 
in Table I. 

Table I. Energies and intensities of htfth-energy gamma rays 
··from 27 -hour Ho 1 · 

Marklund et al. (Ref. 1) 

E 
y 

· (kev) 

1379.8±.4 
1582.4 ± .4 
1663.0±.5 

Intensity 

(%) 

0.90 
0. 21 
0.11 

This investigation 

3:>(3-in. Nal 

relative intensity 

(0. 90)(a) 
0.198 
0.101 
.0.037 
·o.oo7 

. Coincidence with 80-kev 

relative intensity 

(0. 90) (a) 
0.187 

0.029 

(a) This value has been used for normalization with the data in column 2. 

'166 The 13-decay energy for the ground-state decay of Ho · has been 
determined to be 1854±5 kev, 2 and 1839±5 kev. 3 The value obtained by 
Graham ~. 2 is presumably the most accurate, especially since a con­
sistent value for the end.;point of the 13 group feeding the 80-kev state was 
determined independently in a coincidence experiment. Using this value, 
one obtains an. energy for 13 decay to. the'. 1826-k~v state of 28:!::7 kev. As­
suming .that this state de -excites solely by the 17 47- and 1825-kev tran-
sitions, one finds a log ft value of 5.2~8:~ for this weak (0.033%) branch. 

The most likely classification of this 13 group is: allowed, unhindered, 
Interms of the unified model4 this requires ~K = 0, 1 a11d no change in the 
asymptotic quantum numbers. The odd-odd nucleus Holb6 has been assigned 
zero spin and odd parity. 3, 5 This corresponds .to the single particle con­
figuratJon p : 7/2- [ 523], n : 7 /2+ [ 633]. From available orbitals in this 
region .it .i~ seen that the ~llowed, unhindered 13 .d~cay can proceed only to a 
two-neutron state characterized by the.quantum numbers.S/2- [ 523), 
7/2+ [ 633], which give the required spin and parity, 1-. 

1 
I. Marklund, B. van Nooijen, and Z. Gradowski, Nucl. Phys. _!2, 533 (1960). 

2 ' 
R.I. Graham, J. L. Wolfson, and M.A. Clark, Phys. Rev. 98, 117 3A (1955}. 

3
cork, Brice, Helmer, and Woods, Phys. Rev. 110, 526 (1958). 

4
B. R. Mottelson and S. G. Nilsson, Kgl. Danske Videnskab. Selskab Mat~ -fys. 

Skr. 1, No. 8 (1959}. 
5L. S.-Goodman, W. J. Childs, R. Marrus, I. P. K. Lindgren~ and Y, A; Cabezas, 
Bull. Am. Phys. Soc. 5, 344 (1960}. 
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15. ANOMALOUS ELECTRIC DIPOLE CONVERSION COEFFICIENTS IN 
ODD-MASS ISOTOPES OF THE HEAVY ELEMENTS.(*) 

Frank Asaro, FrankS. Stephens, Jr. • J. M. Hollander, and L Perlman 

ABSTRACT 

A detailed review is given in Table I of experimental data on the a­
nomalous L"- and M-shell conversion coefficients of low-energy electric 
dipole transitions observed in t.he decays of odd-A nuclei of high atomic 
number. 

The data are consistent :in every case with the interpretation that the 
El conversion coefficients in the Lnr shell agree with the theoretical. model-

. independent coefficients calculated by Sliv and Band and by Rose!' It is 
definitely established in several well--·measured cases (see Table I) that the 
LI and Ln coefficients are substantially larger than the theoretical values. 
The most striking anomaly occurs in the 84. 2-kev transition in Pa 231 , where 
the L

1 
and Ln coefficients are 21 and 15 times the theoretical values, re-

spectlvely. .. 

The experimental L 1 and In coefficients are correlated with the life­
times of the transitions, and it is shown in Fig. A. 15-1 that the magnitude of 
the anomaly (L1 plus Lu) is proportional to the retardation in gamrna-ray 
lifetime over that calculated from the single-proton formulas. No systematic 
trend has been observed in the deviations of the L

1 
and LII coefficients indi-

vidually. . 

* Brief version of published paper, Phys. Rev. ll 7, 492 (1960). 

16, ABSOLUTE MEASUREMENTS 
OF INTERNAL-CONVERSION COEFFICIENTS 

PARI:ICULARLY OF E2 CHARACTER, 
BY THE METHOD OF INTERNAL-EXTERNAL CONVERSION 

J. M, Hollander, Daniel .L Horen, and Solve Hultberg 

. The understanding of the i_:'lternal co.nversion rnechanism has been rttuch 
Improved by the recent calcula.tlons by Shv and Band 1 and by Rose. 2 By · 

.making certain reasonable assu.m.ptions, these au.th·ors showed that the de-· 
pendence of the internal-conversion coefficients on effects connected with the 
finite size of the nucleus• can, i!'l general, be fairly well u.nderstood. How­
ever, evidence has been obtained in the case of certain EZ. conversion 
coefficients that experiment and theory n1ay neve;rtheless still differ by as 

1
Sliv and Band, Table of y-Ray Conversion Coefficients-Translation; Report 

7ICCK Physics Dept. , University of Illinois, 
2

M. E. Rose, Internal Conversion Coefficients (North Ho{land Publishing 
Co. Amsterdam, 1958), 



Table 1 

Summary of L-shell El conversion coefficient data. 

E~perimental Conversion Coefficients Theoretical Conversion Coefficients 
Transition (Sliv and Band/Rose) 

Energy 
Nucleus (kev) . G!Lzl G!Lzll G!Lzul G(T) Cl(Lzl G(L111 Cl(Lzul 

N·Z37 p 59.6 o.zz :1: o. oz 0.46 :1: 0. OS 0~ lZ :1: o. 03 1. 0 :1: o. 1 0.13 /0. 11 o. i.z ;o. 10 0.13 /0.13 

NpZ37 Z6.4 z.o 3. 9 l.Z 10 :I:Z 0.5~ /O.ZZ 1.1 /0. ss 1.4 /1. 3 

NpZ39 74.6 o. 08. :1: 0. oz o. 06 :1: o. oz 0.06 :1:0. oz 0. 31 0.084/0.07Z 0.066/0. oss o. 063/0. 06i 

~Z43 83.9 0.047 :1: o. 011 o. 057:1:0.013 0. 041 :1: 0. 009 o. zo :1:0.04 o. 068/0. 054 o. osz;o. 04Z o;046/0.04S 

PuZ39 106.1 0. 06Z :1:0.007 o. 011 "'· o,oo? ------ ------ o. 041/ o, 035 0. OZ6/ 0. OZl 0. OZl/O.OZl 

PuZ39 61.4 0.4 ------ ------ ------ 0. 13//0. 10 ............ ------
PaZ31 84.Z 1.3 :1: 0. z o. 65 :1: o. 15 o. 046 :1: o. 014 Z.8 :1:0.4 o. 064/0. oss 0. 04Z/O. 037 0. 039/0. 039 

PaZ31 zs. 7 ------ ------ ------ 4.8 :1: 1. 0 ------ ------ ------
PaZ33 86. 3 0. 35. :1: 0. lS o. 57 :1:0. Z6 0.08 :1: o. 08 r. 9 :1: o. 7 0. 060/0. osz o. 039/0.034 o, 036/0. 036 

PaZ33 Z9. 3 ------ ............. ------ 3. 0 :1: o. 8 ------ ------ ------
RaZZ3 so. 0 ------ ------ ------ 0. 7 :1: 0. z ............. ------ ------
AcZZ7 Z7.S ------ ------ ------ Cl(L) Z.8:1:0.3 0.55 /O.Z8 1. z /0.53 o. 84 /1. 1 

Aczzs 40.0 O.Z3 :1:0.07 
-

0. Z6 :1: o. 09 o. 41 :1: o. 13 ------ 0. Z9 /0. Zl 0. 3Z /0. ZS o. 40 /0. 37 

* Compared with theoretical conversion ·coefficients of Sliv and· Band. 
** From M-subshell ratios 
*** From L-subshell ratios 

Conversion • 
Anomaly 

Factor 

1. 1 :1:0. z 

1.3 :1: o. s 

0 •. 04 
+ o. 15•1100 
- 0. 04 

o. 17. :1: o. 10°
00 

0. 75 :1: o. 11 

------
lZ.8 :1: Z.l 

o. 18 :1: o. 07°0 

6 •. 4. :1: 3. 0 

+ 0. 18°
0 

o. 076 - o. 076 

0. 045 + o. 09000 
- o. 045 

O.Z4 :1: o. 1100 

o. 13 :1: 0. 08000 

Photon 
Retardation 

Factor 
(texJY't~. proton) 

-
3. 1 x ui5 · 

3.8 X 105 

-s X 103 

1.3 X 104 

Z.4 x 106 

----
z.8 x 106 

4.S·xl04 

1.4xlo6 

7.Zxl04 

1. 1 X 103 

3. 3 X 104 

~4.7x103 

I 
U1 
00 
I 

c:: 
() 
P:l 
~ 
I 

-.1:) 
U1 
C1' 
C1' 
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Fig. A. 15-1. El conversion coefficient anomaly vs y-ray 
retardation. Retardation = (experimental partial photon 
half life)-:- (theoretical single proton·half life). 
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much as 200/o. This work was undertaken to investigate, over a wide range 
of Z values, how theory and experiment cornpare for :pure E2 transitions. 
The method used is that of internal-external conversion, first quantitatively 
applied by Ilultberg. 3 To demonstrate the general use of this method we 
also include, in the tabre. below, results from measuren1ents of transitions 
of other multipolarities. 

The most attractive features of the internal-external conversion 
method are: 

1. It gives absolute values of the internal conversion coefficients. 
2. It is completely independent of any knowledge about the decay 

scheme. 
3. It utilizes only a very small fraction of the total energy range of 

the instrument. . 

The main limitation is the requirement of very strong sources, most 
often in the mC range. 

The absolute value of the internal-conversion coefficient € can be 
calculated from 

€ = 'T f db, 

where As and A'l are the intensities, per unit rrwmenturn interval, of the 
!3-spectrornetrically recorded conversion electron and photoelectron lines, 
respectively; 'T is the absolute valu~ of the photoelectric cross section of a 
specific atomic shell; f is a correction factor which depends upon the photo­
electric angular distribution and the particular values of the parameters 
that describe the sizes of the source and the converter and their relative 
distance; dis the absolute thickness of the converter material; and b is a 
dimension factor which is a constant for a given converter material. 

Table I sum1narizes the results frmn the cases in which the internal­
conversion coefficient has now been rr1easured accurately by the internal­
external conversion method. Measurements n1ade at Arnsterdam, Stockholn1, 
and Nashville are also included, for cornpletenes s. 

The accumulated evidence of the table leaves no doubt that even un­
hindered E2 transitions may have "anomalous 11 conversion coefficients for 
high- Z elements. The case of Hg 198 is particularly well studied, and here 
the deviation is about 23% from the theoretical values of Rose and Sliv. At 
low-Z elements, however, there is good agreement with theory, which (a) 
supports the view that the deviations for high-Z elements may depend on 

_nuclear structure effects, and (b) shows that there is no systematic tendency 
in the experimental met~od toward a constant shift. 

3s. Hultberg, Arkio Fysik .!..2_, 307 (1959). 



Table I. Internal-conversion coefficients 

Energy 
Isotope (kev) Multi polarity Experiment ;Rose, Sliv ·: ~Reference 

Pb206 17 20 El 
.. . -4 

8.2x1o- 4 .Stockendal ilrid Hultberg (8.2±L5)Xl0 
82 

(Nobel Inst1tute) 
343 M1 0.25±0.03 0.24 -II 

398 Ml ·0.18±0.02 0.16 "II 

537 M1 0. 07 0±0. 008 0.073 II 

87 
483 Ml (2.55±0.15}X10-3 z:. 57x1o- 3 Hultberg, Horen, and 38Sr 

Hollander (UCLRL) 
Pb205 703 E2' 0. 0 11±0. 001 0.0105 Stockendal and Hultberg 82 

(No_bel Institute) 
P' 206 803 E2 (8.6±0.9)X10- 3 -3 

II 

82 ° 8. 1x1 o 

Gd152 
64 ' 

344 E2 b. 0281 0.0310 Hamilton (Vanderbilt) 

Pt194 328 E2 0. 0409±0. 0022 '0.049 de Vries (Amsterdam) 78 I 

Pt196 
()"> 

354 E2 0. 0367±0. 0024. 0. 041 II ...... 
78 . I 

' 198 
79Hg 412 E2 0.0252±0.0013 0.03 II 

0. 0243±0.001 Frey, Hamilton, and 
Hultberg (Vanderbilt) 

0. 0241±0. 0006 Hultberg, Horen, and 
Hollander (UCLRL) 

T46 892 E2 (1.72±0.1 )X1 o- 4 L66x1 o- 4 Frey, Hamilton, and 22 
1 

' 
Hultberg (Vanderbilt) 

26Fe 
58 

805 E2 t3.05±0.21)X10-
4 

3.05X10 
-4 II. 

Pt19.2 317 E2 0.0476±0.0028 0.0545 II 

78 c::: 613 E2 o. 0 l 09±0. 0008 0.012 II 
() 

137 
662 M4 o. 09 3±0. o·o6 0.093 Hultberg and 'stockendal !:'=l 

56Ba l' (No be 1 Institute) I 

0.093±0.005 deVries (Amsterdam) 
-.!) 

\.11 

o. 09 3±0. 004 Hultbe'rg, Horen, and ()"> 
()"> 

Hollander (UCLRL) 

38Sr 
87 

388 M4 0.165±0. 012 0.17 5 II 
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17.- THEORY OF EO TRANSITION PROBABILITIES 
OF DEFORMED NUCLEI 

John 0. Rasmussen 

UCRL-9566 

There are now numerous examples that radia~ionless EO electron­
conversion transitions are often fairly prominent from levels of the first 
excited 13 vibrational band of spheroidal nuClei:, especially in the heaviest . · 
elements. I, 2 The interesting fundamental question that arises is "Can we 
learn something about compressional modes of nuclear vibration from these 
data?" It is necessary first of all to develop as carefully as possible theories 
from which oscillations of nuclear density are excluded~ We have re-examined 
earlier treatments of the quadrupole shape oscillations of a uniformly 'charged 
spheroid about an equilibrium spheroidal shape and have suggested minor 
modifications. We have also developed formulas for EO/E2 transition­
probability ratios from a model in which the shape oscillation is expressed 
in terms of a coherent superposition of single -nucleon excitation. 

Th f 1 · · 1. d . . . p· 238 . d'S 152 ese ormu atlons were app 1e to trans1t1ons 1n u an - m . 
Fair agreement by both models was found in the case of Pu238, and serious 
overestimates of the EO/E2 ratio were obtained- for Sm 152. Further refine­
ments of theory and more experimental data are clearly needed before a real 
understanding of the EO rate q?estion can be claimed. 

The above-mentionedwork was published in Nuclear Phys. _!1, 85 (1960). · 

The formulation of nuclear excited states in terms of single.-particle 
excitations is the more fundamental approach. Our published calculations-· 
approximated the nucleon wave functions and energy denominators by their 
large deformation asymptotic limiting forms and ignored the pairing­
interaction effects of ·s-mearing of the Fermi surface. A more important 
assumption to be noted is that the single-proton excitations considered were 

· onlythe high-energy ones across two major shells. If it turns out that ex­
citations within the shell at the Fermi surface play an important role in the 
first excited 0+ states of some deformed nuclei, there~ may be important 
modificatidns of the EO/E2 ratios we first calculated. Vibration-rotation 
interaction effects can also have important effects, especially on the E2 
transition probabilities. 3 · 

1 
Paper A. 13. 

2comprehensive theoretical treatments and review of experimental data are 
fo be. found in A. S. Reiner, Nuclear Phys. (to be published). 
3L. W. Per.son and J. 0. Rasmussen, Effect of Vibration-Rotation Interaction 
on E2 Transition Probabilities in Spheroidal Nuclei, UCRL-9230, Aug. 1960 
(unpubli~hed). 
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18. ODD-EVEN SHIFT IN THE K=O BAND OF 
ODD-ODD DEFORMED NUCLEI 

Neal D. Newby, Jr. 

UCRL-9566 

During the past year it has become apparent that an unusual situation 
exists in the spacing ~f ener~y levels of certain odd~odd deformed nuclei. 
The best-known case 1s Hol 0. Other examples are Am242 and perhaps 
Ta 180. In these nuclei one expects to find low-lying energy states obeying 
the usual rotational level ordering, E(I) = -n2j2.JI(I+l). Iilstead one fil':\-ds 
that superimposed on this expected level sequenc~ there seems to be a 
displacement which, at least provisionally, can be interpreted as a shift-of 
levels of odd spin relative to those of even spin. An explanation of this 
"odd-even shift" has recently been suggested. 1 This proposal is as follows. 
The wave function of an odd-odd deformed nucleus may be written as 

·[ . I l+PlP2+l I ] 
l\J = . XK (l)XK (2 )DM(K +K )+(-l) X_K {l)x_K (2 )DM-(K +K ) ' 

1 2 -12 1 2 12 

where X K (1) and X K (2) are the single -particle wave functions of the odd 
. 1 2 . 

nucleons and P 1 and P are their respective parities. If one now turns on a 
two- body interaction o'between the odd particles and evaluates the diagonal 
matrix ele.ment one finds a term proportional to ( -1)1. Calling this term 
.6.E, we have 

I+P1P 2tl 
= (-1) ·(x_K (l)X_K (2) lOlxK (l)XK (2)).6(K +K) -(K +K) 

1. 2 1 2 1 2' 1 2' 

Clearly this term can be nonzero only when K 1 =-K2. We conclude then that 
a residual n-p interaction in an odd-odd deformed nucleus will produce a 
shift, .6.E ::::: ( -1 )I, in the level spacing of a rotational band only if that band 
has K = K 1 +K2 =0. (The bands in which the shift has been observed all seem 
to have K=O. ) 

Thus a measurement of .6.E is effectively a measurement of a certain 
off-diagonal matrix element. In order to obtain a more physical feeling for 
the type of scatterings 'Which are contributing to E it is convenient to go 
to the limit of large deformation. In this limit we have two asymptotic 
selection rules on the parts of the two-nucleon interaction which can con-
tribute to the odd-even shift: · 

(a.) Only spih-dependent forces can contribute to .6.E. Contributions from 
pure Wigner or pure Majorana interactions, for example, are forbidden. 

{b) In cases where ~1+~2 =1 the shift is due to the tensor interaction only. 
Contributions· from all central forces are forbidden .. 

The above selection rules are rigorously true only in the asymptotic 
limit. Their approximate valid:i:tr:)i' for strongly deformed nuclei will depend 
on how closely the o'dd-particle wave functions approach their asymptotic 
values. · 

1 A . F. saro, L Perlman, J. 0. Rasmussen, and S. G. Thompson, Phys. Rev. 
120, 934 (1960). 
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In addition to the above selection rules another, more general, se­
lection rule has been found: The Wigner component of the neutron-proton 
interaction cannot contribute to the odd-even shift--independent of nuclear 
deformation. 

In computing the off-diagonal matrix element involved in L!.E it is 
rather important to use finite range forces. Calculations for Hol66 have 
been completed. We merely summarize the results here. It is found that 
a two-body interaction which is very similar to n-p interactions used 
previously in other calculations reproduces the experimental ddd-even 
shift in Hol66, That such a fit would be possible was by no means obvious 
a priori. (It was not obvious, for example, that the matrix element would 
even be of the proper sign. ) That such a "realistic II two-nucleon force can 
provide agreement in Hol66 is highly satisfying and lends support to the 
physical model under study here. 

Calculations are under way on Am 242 , where it is believed that the 
situation is such as to make asymptotic selection rule No. 2 applicable. 
In such a case we expect a damping out of the contributions of central forces, 
and a study of the role of the tensor force becomes imperative. 

19, TENSOR-FORCE EFFECTS IN ODD-ODD SPHERICAL NUCLEI (~~) 

Neal D. Newby, Jr. 

A recent article. has surveyed our present experimental and theoretical 
understanding of the ground-state coupling rules in odd-odd nuclei. 1 As 
summarized there, studies with zero-range central forces have yielded a 
qualitative theoretical foundation for Nordheim 1 s coupling rules (we use the 
form of these rules as given in Ref. 1). Such calculations support the pre­
diction of Nordheim 1 s 11strong rule 11 (j 1 =£ 1 ±I/ 2, j 2 ,"£ 2+1/ ~ ~ J a:· s·~ ,·::; ;!jl- Jz;l ), 
In the "weak rule" situation {j 1 =£ 1±1/2, j 2 =£ z'±I/2, :::;:> JG. S. = j 1 + j 2 ) the 

calculations using central forces predict a competition between J = I h -j
2

1 

and J = j 1 + j 2 for the ground state. Recent experimental studies show that 

in a weak rule situation J = I j 
1

- j
2

! seems to be preferred over J=j 1 + j
2

. 
2 

In an effort to understand the breakdown of Nordheim 1 s weak rule we 
have made a survey of the experimental data on weak rule situations. A 
surprising fact is that out of a total of 23 cases in which the weak rule is 
applicable we find that 20 cases have j 1 = £ 1 + 1/2, jz = £ 2 + 1/2 rather than 
spin and orbital momentum antiparallel for both particles. 

~:c 

Brief version of published paper, Phys. Rev. 119; 747 (1960). 
1 . 

C, J. Gallagher, Jr., and S. A. Moszkowski, Phys. Rev. 111, 1282 (1958). 
2

M, H. Brennan and A.M. Bernstein, BulL Am. Phys. Soc. 5, 20 (1960). 
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Since previous ,calculations had been confined to central forces only, 
an attempt was J;nade to investigate the effect on the coupling rules of an 
n-p tensor force. Two methods were used. The first utilized a semi­
classical model. This model views the n-p tensor force as simply a 
classical tensor force (dipole-dipole interaction) and visualizes the wave 
functions as probability Clouds. Such a picture is useful only for certain 
quantum mechanical states. Surprisingly enough this model predicts that 
a tensor interaction of the "right sign" (as in the deuteron} will raise the 
energy of th~ state, 

11 1 1/2 j 1=£ 1+1/2. 12 1j2 j 2 =£ 2+1/2, J=j 1+j 2) = 
3

(L=.t 1H 2 )3. 

This will tend to make t~e ground state J = I j 1 - j 2 1 in a weak rule situation, 
in agreement with observation. 

T:he second method employed a previously used approximation:. 3 

This approximationinvolves computing the exact diagonal matrix element 
for a tensor force whiCh gives more weight to interactions at large rather 
than small distances. This method substantiated the prediction of the semi-· 
classical model that a itensor force of the "right sigp" would tend to break 
down Nordheim 1 s weak rule. 

3
N. Newby, Jr .• and E. J. Konopi'nski. Phys. Rer. 115, 434 (1959). 

20. THEORETICAL CALCULATIONS OF 
MAGNETIC MOMENTS OF SPHEROIDAL NUCLEI 

Lurig- Wan Chiaq and Johh 0. Rasmus sen 

. We have noted that by simply :!!educing the gyromagnetic ratios gs in 
the calculation of mCl,gnetic moments of oqd·-rria·ss spheroidal nuclei a great 
systematic improvement in agreement with experimental values is obtained. 1 
Accordingly, to test .wh~ther 'a uniform redl,lction of gs is applicable we have 
recalculated.tnagn~bc moments, of many spheroidal nuclei of odd-A and odd­
odd types, u;9ing .for the odd proton gs = 4 and for the odd neutron gs = -2.4. 
For odd-proto~ nuclei the collective gyr'o.magnetic ratio gR is taken as z/ A; 
for odd-neutron ,nuclei g!{ is taken as Z/2A; and for odd-oad gR is assumed 
3Z/4A. The assumptions on g improve the general agreement and are 
semiquantitatively 'justified by~eory. 2 'The appr:'opriate nucleonic wave 
functions of • Nilsson 3, 4 are taken. 

' ! . 
..,..~-----. I , . 

J. 0. Rasmussen and L. W. Chiao, Concerni~g the Magnetic Moments of De­
formed Nuclei, in Pr,oceedings ofthe International Conference on Nuclear 
Structure, 1960, p. 646. 
2 
S. G. Nilsso~ and 0. Prior (to be published). 

3s. G. Nilsson, K:gl. :Dinske Videns~ab. Selskab Mat. -fys Medd. 29, No. 16 
(1955). i ! 

4 B. R. Mottelson and S. G.Nilsson, Kgl. Danske Videnskab. Selskab Mat. -fys. 
Skr. t;\No. 8(1?59}. 
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We have also called attention1 to the often irnportant influence on the 
magnetic moment calculations brought a\lout by admixture into the wave 
function of components with different K values (K being the pr6jection of the 
total nuclear angular momentum on the ~uclear symmetry axis). We have 
carried out these further corrections in a few cases where they were ex-
pected to be significant. r 

Tables I, II, and III summarize the results of these calculations. 

It is most likely that the success of the substantially 11quenched" gs 
factors is not caused primarily by alterations of the virtual meson con­
tribution to the nucleonic magnetic moment for nucle~ns in nuclear matter. 
Recent theoretical calculations by Drell and Walecka show this effect to be 
::::: 7o/o. Furthermore, _the experimental magnetic moment of the spherical 
nucleus Pr141, possessing a closed neutron shell, has a value very near 
the upper Schmidt limit appropriate to a d 5 ; 2 proton. Gauvin has made 
shell-model calculations6 on spheroidal Lu175 and Ta181 which show the 
effect on the magnetic moment of systems with three unpaired particles 
brought about by configuration mixing.' Our relatively good success with 
empirically reduced and constant gs factors suggests that the apparent 
moment quenching throughout the deformed region arises from small 
admixtures of many different configurations. 7 Thus, there is an averaging 
effect extending throughout the deformed region. The more important 
configurations for quenching are presumably those in which a nucleon pair 
is broken by promotion of a nucleon to an unoccupied orbital of its spin-
orbit conjugate. The proton configuration in Pr141 does not offer such a 
possibility, as the g 1 ; 2 orbital is just completed and there is a single odd 
proton in the d 5; 2 orbital. Throughout the deformed region there are alw~ys 
many ways of forming the broken pairs just mentioned. . 

S.D. Drell and J.D. Walecka, Phys. Rev. 120, 1069 (1960). 
6
J.N.L.Gauvin, Nuclear Phys. ~· 213 (1958). 

?We are indebted principally to B. R. Mottelson for discussion with us of his 
ideas along these lines. 
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Table I. Magnetic moments of odd-proton nuclei. 

Isotope Energy I Assigned Assigned (a} 'bi 
of exp orbital 0 (S • l) ~ 1J' ZjA J..Ltheo.· J..Ltheo ~- ' J..Lexp. 

state (N n .n. L. ) 
z 

63 
Eul53 5/2 413+ 0.29 -0.946 0.412 1.3 1.50 

65 
Tbl59 3/2 411 t 0.29 0.609 0.409 1.9 ±1.94 

H 165 
67 ° 7/2 523t 0.28 1.405 0.406 4.0 4.1 4.18. 

69 
Tm169 1/2 411+ 0.27 -0.125 0.408 -0.2 -0.21 

69 
Tm169 118 5/2 411+ 0.27 0.058 0.408 0.7 0.55 ± 0.15 

L 175 
71 u 7/2 404+ 0.26 -1.565 0.406 2.0 2.0 ± o;2 

L 175 
71 u 114 9/2 404+ 0.26 -1.565 0.406 2.5 2.25 

73 
Ta18l 7/2 404+ 0.23 -1.552 0.403 2.0 2.34' 

T 181 
73 a 482 5/2 402t 0.23 -1.202 0.403 3.1 3.0 - 3.3 

R 185 
75 e 5/2 402t 0.19 1.198 0.405 3.1 3.14 

R 187 
75 e 5/2 402t 0.19 1.198 0.401 3.1 3.18 

77 
Zrl91 3/2 402+ 0.14 -0.622 0.403 0.4 0.2 

77 
.zr193 3/2 402+ 0.12 -0.613 0.399 0.4 0.2 

A 227 
89 c 1/2 530t --.().2 0.904 0.392 1.1 1.1 

p 231 
91 a 3/2 530t --.().3 -.vl.OOO 0.394 2.1 2.1 

p 233 
91 a 3/2 530t --.().3 "'1.000 0.391 2.1 2.1 

N 237 
93 p 5/2 642t 0.25 0.734 0.392 2.7 3.0 >2.7, 

N 237 
93 p 60 5/2 523+ 0.25 -0.805 0.392 1.35 2.0 ± 0.5 

95 
Am241 5/2 523+ 0.27 -0.826 0.394 1.4 1.4 

95 
Am243 5/2 523!. 0.27 -0.826 0.391 i.4 1.4 

a. Assumes K a good ~uantum number. 

l,b f Corrected for K-configuration mixing via the Corio1is interaction. 
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Table_ II. Magnetic moments of odd-neutron nuclei. 

Isotope Energy I Assigned Assigned 
(a) lb) 

of exp orbital 5 <s · l) ~ "" Zj2A IJ.theo. IJ.theo. IJ.exp. 
{N n a .E) State z 

64 
Gd155 3/'Z. 52lt 0.27 0.483 0.206 -0.37 -0.28 

64 
Gd157 3/2 52lt 0.27 0.483 0.204 -0.37 -0.37 

D 161 
66 y 5/2 642t 0.28 0.777 0.205 -0.39 -0.48 -0.48 

D 163 
66 y 5/2 523+ 0.28 -0.757 0.202 0.67 0.67 

E 167 
68 r 7/2 633t 0.29 1.302 0.204 -0.54 -0.65 -0.59 

70 
Yb171 1/2 52H 0.28 -0.250 0.205 0.40 0.46 

70 
Yb173 5/2 512t 0.27 1.008 0.202 -0.55 -0.65 

Hfl77 
72 ' 

7/2 514+ 0.25 -1. 162 0.203 0.80 0.61 

72 
Hf177 114 9/2 514t 0.25 -1.162 0.203 0.97 0.99 ±0.27 

72 
Hfl79 9/2 624+ 0.23 -1.812 0.201 -0.63 -0.70 -0.47 

w183 
74 1/2 510t 0.21 -0.250 0.202 0.48 0.12 

760s 
'187 1/2 510t 0.18 -0.250 0.203 0.48 0-12 

7608 
1.89 3/2 512+ 0.15 -0.423 0.201 0.50 0.65 

92 
u233 5/2 633+ 0.23 -0.408 0.197 0.42 0.97 

92 
u235 7/2 743t 0.24 1.100 0.196 -0.43 -0.49 -0 .66±0.CJ7 

p 239 1/2 631+ 0.26 0.119 0.197 -0.06 ±0.02 94 u a =-0.96 

p 241 
94 u 5/2 622t 0.27 0.783 0.195 -0.40 > 10.11 

a. , Assumes K a good quantum number. 

b. Corrected for K-configuration mixing via the Corio1is interaction. 



Table III. Magnetic moments of odd-odd nuclei. 

Con:figura tion (sz)p (.«Ji)P (sz)n 3Z * 
Nucleus Spin ~ 4A litheo. litheo. lisymp- IJ. 

Proton Neutron to tic exp. 

E 152 
63 u 3- [411 t + 5.21 t ] 0.400 1.100 0.296 0.311 1.88 1.73 1.58 1.9 

63 
Eul54 3- [ 411 t + 521 t ] 0.400 1.100 0.296 0.307 1.88 1.72 1.58 2.0 

Tbl60 3- [ 411 t + 521 t 1 0.400 1.100 0.296 0.305 1.88 1.72 1.58 1.60 ± 
65 0.25 

H 162 
67 ° 6- [ 523t + 642t ] 0.398 3.102 0.304 0.310 3·57 3.66 3.52 

H 166 7- [ 523t. + 633t ] 0.398 3.102 0.366 0.303 3.70 3.60 3.59 3.3 ± 67 ° 0.5 

69 
Tml70 1- [ 41H + 52H ] -0.356 0.856 -0.263 0.304 0.09 0.13 0.25 0.24 

L 176 
71 u 7- [ 404+ + 514+ ] -0.449 . 3.949 -0.362 0.334 2.77 2.94 3.09 3.27 

I 

L 176m 
71 u l+ [ 4041 - 624t ] -0.449 3.949 -0.417 0.334 1.74 1.74 

0' 
1.77 ...0 

I 

T 180m 
73 a l+ [ 4o4+ - 624t ] -0.449 3.949 -0.417 0.304 l. 72 1.73 1.75 

N 236 
93 p l+ [ 523+ - 743t ] -().312 2.812 -0.326 0.295 1.31 1.32 1.60 

N 236 
93 p 6+ [ 523t - 743+ ] -0.312 2.812 0.326 0.295 0.10 0.70 0.08 

N 238 
93 p 2+ r 642t - 63H ) 0.283 2.217 0.150 0.293 2.18 2.05 2.06 

Am242 1- [ 523+ - 622t ] -0.312 2.812 -0.792 0.294 0.29 0-29 0.29 0.33 
95 

95 
Am242 5- [ 523+ + 622t ] -0.312 2.812 o. 792 0.296 -1.39 -0.04 0.08 

1-1.* : free space g values calculation. c: 
() 6 
!:J:I 

li : ~uenched g values calculation. t:"" 6 . 
I 

...0 
U'1 
0' 
0' 
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21. NUCLEAR ORIENTATION OF IODINE BY 
ELEC TRIG hfs ALIGNMENT (~~) 

D. A. Shirley, C. E. Johnson, t and J. F. Schooley 

UCRL-9566 

Although suggested by Pound in 1949, 
1 

the method of nuclear al!gnment 
by quadrupole coupling had seen very limited use, 2 and no successful experi­
ments employing pure quadrupole coupling had been performed in the adia­
batic demagnetization temperature region. 3 The failure of ·previous experi­
ments to show nuclear ordering could be accounted for by a long spin-lattice 
relaxation time, but simple theoretical calculations predict a very short 
relaxation time in crystals containing paramagnetic ions. 

In order to extend the electric hfs alignment method into the adiabatic 
demagnetization temperature range, we prepared a single crystal of copper 
p-iodobenzenesulfonate containing some labeled Il3l atoms. On demagneti­
zation to 0. 03°K this crystal exhibited a slow warm-up rate, linear in recip­
rocal magnetic temperature (Fig.· A. 21 :..1 ). This may be interpreted as 
showing that no collective behavior is taking place among the copper ions, 
and indicating that the cooling process is stopped by entropy transfer from the 
iodine nuclear spin system (i.e., quadrupole alignment). Anisotropic angular 
distributions of the 637 -kev y ray and the 364-kev y ray were ob<!erved. · The 
anisotropies were found to vary inversely with temperature, as expected for 
quadrupole alignment (Fig. · A. 21-2 ). 

A detailed interpretation of this experiment leads to a spin assignment 
of 5/2+ for the 637-kev state of Xel31. Assuming the 637-kev transition is 
pure E2, the amplitude mixing ratio o(E2/Ml) for the 364-kev y ray is · 
-6.7±0.5. The quadrupole coupling constant is found to be eq Q=-950±190 Me, 
in good agreement with quadrupole resonance r~sults in similar molecules. 

'),(. 

Brief version of published paper, Phys. Rev. 120, 1777 (1960). 

t Present address: AERE, Harwell, England. 
1 
R. V. Pound, Phys. Rev. 76, 1410 (1949). 

2 
J. W. T. Dabbs, L, D. Roberts, and G. W. Parker, Physica 24, 569 (1958). 

3 
J. M. Daniels; Can. J. Phys. 32, 662 (1954). 
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A. 21-1. Ma~netic temperature and anisotropy of the, 364-kev 
· '( ray of Xe 1 . l.ys time:.after demagnetization of copper 
p-iodobenzenesulfonate. The linear time dependence suggests 
that the cooling process is stopped by removal of entropy 
from the iodine nuclear spin system well above temperatures 
where the copper ions show appreciable collective behavior. 
No relaxation effects are evident. 
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. Fig. A. 21-2. Anisotropies of the 364- and 637 -kev y rays of 
Xe 131 vs reciprocal magnetic temperature. For quadrupole 
alignment the anisotropy would be expected to have a (1/T) 
dependence on temperature for low degrees of alignment. 
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22. NUCLEAR ORIENTATION OF TERBIUM-160 '(*) 

D. A. Shirley, C. E. Johnson, t and J, F. Schooley 

Nuclear orientation of terbium isotopes offers an owortunity to study 
the effects of several terms in .the spin Hamiltonian of Tb+3 in the ethyl~ 
sulfate lattice, · 

J{=giii3H S ~AS I +6. S +6. S +P(I 
2

-1/31(1+1)] +CST, (1) 
i ZZ ZZ XX yy Z ZZ 

as well as nuclear properties·. 

Tripositive terbium is a non-Kramers ion (thus an electric field could 
split its energy levels into spin singlets), and the !~west doublet is split in 
!his crystal by the ter:n:_r in 6., which is due to the V 6 component of the 
crystal field ~otential. 

Terbium is unique among ions which have been used for nuclear align­
ment experiments, both in the cause of the term in 6. and in its magnitude. 
The effects of quadrupole coupling and the term in C had also not been 
observed previously in this lattice. These three interactions· create an un­
usual dependence of the y-ray anisotropy ,on temperature (Fig. A. 22-1 ). 

The term in C is introduced to account for spin-spin interactions 
betweenthe terbium ions and neighboring neodymium ions in the lattice. It 
is derived from a more general expressionfor ~pin-spin interactions, 

[ - -----
J{ 2 

3(s.· ·r .. ) (s.· r .. ) 
- t"' . J 1J 1 1J 

ss - -gTb gNd 13 'i jrij I 
(;: .... _ ;-.)] 

1· J 
- I l 3 -· r .. 

1J . 

(2) 

by considering the magnitude of splittings caused by nearest neighbors, next 
neighbors, etc. Wheh quantization along the C axis is introduced and the 
lattice parameters are considered,, it turns out that only the contributions of 
the two nearest neighbors on the axis have an appreciable effect on the align­
ment of the terbium nuclei. Thus Eq. (2) becomes 

2 
= ·-Zgll Tb g11Ndl3 

d3 
S (S

1 
+ s

2 
). z z z 

- - -Defining the total spin operator for the nearest neighbors T = S ~ + S 
2

, and 
gathering constants into C, the above becomes the last term in \i ). 

The theoretical curves in Fig. A. 22-1 were calculated with use of a 
Hamiltonian of the form (I). It was necessary to include all the terms to 
obtain agreement with the experimental data. 

* ' ' . . . '· ·.·. ·, ··, . 
Briefversionof.p1,1blished paper,_ Phys. Rev. '120, 2108 (1960). 

t Present address·; AERE, HarwelL · 
1 

J. M. Baker and B. B. Bleaney, Proc. Roy. Soc. (London) A245, 150 (1958). 
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From the temperature, magnetic field, and angular dependence of 
several y rays following the decay of Tb160, the following new information 
was obtained. The spin and parity of Tbl60 are definitely 3-. The magnetic 
moment is ljJ.l = 1.60±.25 nm, ar~ the quadrupole moment is Q=+l.9±.5 b. 
The 1. 36-Mev excited state of Dy 0 has spin 2-. The lJ 78-kev y ray is 
less than 0. 7% quadrupole. The 962-kev y ray is 94. 7±3. 5% E2, and the 
880-kev y ray is 97."0±1.5% E2. · 

23.. NUCLEAR ALIGNMENT OF NEODYMIUM-.147 

. Cene A. Westenbarger and D. A. Shirley 

The isotope Nd 147 has been aligned at low temperatures. in a single 
crystal of neodymium ethylsulfate., The intensity of y radiation was .studied 
as a function of angle with respect to the crystalline c axis and of the 
temperature of the crystal. The anisotropy of each y ray was found to 
follow a P 2 (cos 8} distribution pattern about the crystal axis. 

The spin Hamiltonian for Nd 
147 

in neodymium ethylsulfate is 

J:i.- = g II 131/.. S + A S I + B (S I + S I } + C S (S 1 + S 2 ) , 
ZZ ZZ XX yy Z Z Z 

where A= (0.0289} em -l and B = (0.01"51} em-las determined by parama~etic 
resonance. l The spin-spin interaction term, C, is explained elsewhe·re.-
The energy-level diagram for Nd 147 calculat-ed for different values of the 
magnetic field is shown in Fig. A. 23-l. This diag-ram shows the influence 
of the B term of the Hamiltonian in changing the energy levels and thus the 
alignment. 

The dependence of the anisotropy of the 530-kev y ray on temperature 
is shown in Fig. A. 23-2. The upper curves are obtained by increasing the 
orientation by the application of a small polarizing field along the c axis 
of the sample during the counting period. The curves are calculated theo­
retically and only a few experimental points are taken in order to show that 
one can accurately calculate the increase in anisotropy produced by a 
polarizing magnetic field. These data thus confirm the validity of the 
"satura_tio~ correct~on" for the susceptibility ?f this salt measured in f

47 magnetic .f1eld. 2 F1gure A. 23-3 shows a partlal decay scheme3 of Nd -_: 
The spins of the ground states of Ndl47 and Pml47 have been measured, I, 4 
and the 13 transitions are all first-forbidden. 5 Thus tlfe excited states of 
Pm 147 which are populated by the f3 decay could have spins 312, 512, or 712, 
while the 412 -kev state could be 3/2, 512, 7 I 2, or 9 I 2. 

1
R. W. Kedzie, M. Abraham, and C. D. Jeffries, Phys. Rev. 108, 54 (.1957}. 

2 
C. E. Johnson, J. F. Schooley, and D. A. Shirley, Phys. Rev. (to be published}. 

3 
J. M. Cork, M. K. Brice, R. G. Helmer, and R. M. Woods, Phys. Rev . .110, 

526 (1958). 
4

A. Cabezas, I. Lindgren, E. Lipworth, R. Marrus, and M. Rubinstein, Nuclear 
Phys. 20, 509 (1960}. 
5 -

H. S. Hans, B. Sara£, and C. E. MandeY:ille, Phys. Rev. 97, 1267 (1955) .. 
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The spins of levels 
at 412, 530, and 690 kev were established by this investigation. 
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Shell-model systmatics indicate that the 92-kev level is 5/2+. Evi­
dence for this given by polarization measurements of the 92;.,kev y ray6 and 
also by the internal-conversion coefficient. Both indicate an Ml character 
for the 92-kev y ray. The 530-kev and 690-kev states'Cahnot have spin 3/2, 
as this would require a pure E2 transition to the ·ground state an:d the meas­
ured anisotropies are too large for this to be true. Spin 7/2 is ruled out for 
the 530-kev state by measurements of the polarization of the 530-kev y ray. 6 
We have concluded therefore that the spin of the 530-kev level is 5/2+ and 
the E2/M 1 mixing ratio is -0. 9 5±. 30. 

The anisotropy of the 690-kev .y ray together with independent angular 
correlation measurements 7 eliminates the spin of 7/2 for the 690-kev level. 
Spin 5/2 is consistent with both experiments and so we have concluded that 
the 690-kev level has spin 5/2+. By the same type of reasoning we have 
determined that the 412-kev state has spin 3/2+. The final spin assignments 
are shown in the figure. All the y rays indicated are mixed E2/Ml transitions 
with mixing ratios as follows: 

Gamm~-ray energy 

92 kev 
278 kev 
320 kev 
530 kev 
690 kev 

o(E2/Ml) 

+0.13±. 02 
+0.14±. 02 
-0~36±.02 
-0. 95±. 30 
-0. 95±. 30 

6
G. R. Bishop, M.A. Grace, C. E. Johnson, H. R. Lemmer, and J. Perez y Jorba, 

Phil. Mag. 2, 534 (1957 ). 
7 -

E. Bodenstedt, private communication. 

24. NUCLEAR ORIENTATION OF 
DYSPROSIUM-155 AND DYSPROSIUM-157 

Quirino 0. Navarro and D. A. Shirley 

Th . t .· . D 155 d D 157 . 1' d t 1 . e 1so opes y, an y were a 1gne a ow temperatures 1n a 
single crystal of neodymium ethylsulfate, by using the magnetic hfs method. 
The angular distribution of y radiation following the decay of these isotopes 
was studied as a function of temperature -in the region 0. 02 °K < T < l°K. 
From the multipolarities and the signs of the anisotropy of the observed i'l 
rays, spin assignments of 5/2- were made to the states at 227 kevin Tb 155 
and at 327 kev in Tb 157, confirming the level assignments proposed earlier. l, 2 
Assuming I = 3/2 for both dysprosium isotopes as well as pure L = 1 f3 decay 
to the 5/2- states, _nuclea~ mon1'ents of I fJ.

155 
I = 0.21±.05 nm and 

I fJ. 157 1 = • 32±. 02 w-ere denved. 

1 . . . 
K. S. Toth and J. 0. Rasmussen, Phys. Rev. 115, 1950 (1959). 

2 . . 
K. S. Toth and 0. B. Nielsen, private c·ommunication. 

" 
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The observed values of the nuclear moment of Gd 155, the isotone of 
Dy 157 , are -0.30 nm 3 and I 0. 30±. 051 nm. 4 • 5 The theoretical nuclear 
moments are based upon ground-stat~- assignments similar to the isotonic 
gadolinium isotopes. 6 With use of t;P,~ values of 0. 28 and 0. 32, respectively,· 
for the deformation parameter 6 and ~he gyro:i:nagnetic ratio of the cor1 · gR 
given by Nilsson and Prior,~ the theoretical moments of Dyl55 and Dy 57 . 
are calculated to be -0.33 nm and -0 .• _49 nm, respectively, which are in 
qualitative agreement with the present results. 

3 . 
D. R. Speck, Phys. Rev. 101, 172.5 (1956). 

4 
W. Low, Phys. Rev. 103, 1309 (1956); 

5corrected for (1/ y3) = 48.5 A- 3 (see ·Ref. 8). 
6 B. R. Mottelson and S. G. Nilsson,. Kgl. Danske Videnskab. Selskab Mat. -
fys. Skr. 1, No. 8 (1959). 
7 

S. G. Nils-;on and 0. Prior, The Effect of Pair Correlation on the Moment 
of Inertia and the Collective Gyromagnetic Ratio of Deformed Nuclei, Kgl. 
Danske Videnskab. Selskab Mat. -fys. Medd. (to be published). 
8

B. R. Judd and I. P. K. Lindgren;. "Theory of Zeeman Effects in the Ground 
Multiplets of Rare Earth Atoms," UCRL-9188, April 25, 1960 (submitted 
to Phys. Rev. ). 

25. NUCLEAR ORIENTATION OF PROMETHIUM-144 ():<) 

J. F. Schooley, t D. A. Shirley, and Joh~ ·0. Rasmussen 

Tripositive promethium is a non-Kramers ion (i. e. , it has an even 
number of electrons, and its energy levels can be split into singlets by an 

1 electric field) but calculations based upon the theory of Elliott and Stevens 
with crystal-field parameters interpolated from other rare earth ethyl­
sulfates2 indicate that the ground electronic level of Pm+3 in the ethylsulfate 
lattice_ is a doublet composed of admixtures of the states I Jz = ± 4) and 
I J z = + 2). Further calculation yielded values of the spectroscopic splitting 
factor, g 11 ;'land the magnelic-hyperfine-structure constant A of 0.47±.04 
and [ (0. 0 19±; 002) (f.!/ I}) em- , respectively. Thus an orientation experiment 

~:( r . 
This workd'fas reported at the seventh International Conference on Low-

Temperature Physics, August, 26 -September 3, 1960, in Toronto, Canada. 
A detailed /eport is available _in a report by J. F. Schooley, D. A. Shirley, and 
J. 0. Rasm-lf~.s~n, Gamma-Ray Anisotropies from Oriented Pm144, UCRL.:. 
9276, July i~960, scheduled for publication in Phys. Rev. in January 1961. 

tNow at Nat~~nal Bureau of Standards, Washington, D. C. 
1 R. S. Elliott and K. W. H. Stevens, Proc. Roy. Soc. (London) A218, 553 
(1953). 
2
B:R. Judd, Proc. Roy. Soc. (London) A251, 407 (1959). 
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on Pm 144 in the ethylsulfate lattice could serve the twofold purpose of veri­
fying the theory of Elliott and Stevens for promethium and of furnishing 
information on the magnetic moment of Pm 144. Accordingly, a crystal of 
Nd(C 2H 5so5) 3 · 9H2o containing about 10 f.LC of Pml44 activity was prepared, 
and alignment and polarization data were obtained (Fig. A. 25-l ). 

From the signs and relative magnitudes of the anisotropies it is 
possible to confirm substantially the energy-level scheme of Nd 144 proposed 
by Ofer3 and by Toth and Nielsen. 4 The lower anisotropy of the 47 5-kev 
y-ray suggests that the 1780-kev state has a lifetime in the millimicrosecond 
range, with consequent attenuation of the observed anisotropy, or that a 
substantial fraction of the electron-capture decay to the 1780-kev level in­
volves two units of angular momentum. 

Th . . H '1 . f P + 3 . 5 
e appropr1ate sp1n am1 ton1an or m 1s 

){ = g llf3 H S +AS I +D. S +D. S +P [I
2

- 1/3 I(I+l)] -t·cS (S 1 tS 2 ), 
ZZ ZZ XX yy Z· Z Z Z 

where the last term represents dipole-dipole interaction with the nearest 
neighbor neodymium_ions, and the other terms have their usual significance. 
For a quadrupole moment of approx 0. 5 ·barn, estimated from nuclear sys­
tematics, P can be shown to be negligible by the theory of Elliott and Stevens. 
The value of c in the last term may be calculated from the equation 

c: ( -2 gil (Pmt3) gil (Nd+3)f32]/d3. 

The theoretical value of g II (Pm+ 3 ~, taken with the ~xperimental quantit~e s 
g II (Nd+ 3) = 3. 54 6 and d = 7. 07 -A,. allows calculatwn of c = 0. 0039 em 1. 

The energies of the z3 (2Itl) hyperfine states of the lowest doublet can 
thus be calculated from the formula 

E = ± 1/2 { .0.2 + [gil~ Hz +A1z + c(S1z +S2z) J 2} 1/2, 

where D.[ =(D. 2 + D. 
2

) l/Z], the Jahn-Teller splitting, and A are to be 
determined i§cperi:r.Xentally. The effects of the various terms on the level 
spacings are shown in Fig. A. 25-2. The solid and dashed curves in Fig. 25-1 
were cal.fflated for the alignment and polarization cases, respectively, for 
the Pm 1 · spin equal to 5 and to 6. It was not possible to decide between 

3
Shiinon Ofer, Phys. Rev. 113, 895 (1959). 

4
K. S. Toth and 0. Nielson, Phys. Rev. 115, 1004 (1959). 

5 J. M. Baker and B. Bleaney, Proc.' Roy. Soc. (London) A245, 156 (1958). 
6

K. D. Bowers and J. Owen, Repts. Progr. in Phys. 18, 304 (1955). 
7 

J. A. A. Ketelaar, Physica _±, 619 (1937). 
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these two spins, and the values of I A I and of A which best fit the data are 
IAI/k = 0.0091±.0003°K for I= 5, IAI/k = 0.0079±.0003°K for I= 6, and 
t::.jk =_ 0\02±.01°K. From t~e theor. y ofEUiott and .stevens.and the valueS 
of ( r 3 / = 36.8 X 1 0-24 em 3, the nuclear magnetlc moment of Pm 144 can 
be calculated. These values for the two choices of spin are 

I f.L I = 1.68±.14 nm for I = 5 

and 
I f.L I = 1. 7 5±. 14 nm for I = 6. 

The possibility that the sixty-first proton might be in a g 7; 2 state ha~ 
been raised by the measurement of the ground-state spin of . Pm147. 
However, the nuclear magnetic moment in this case would be ~ -0.15 nm, 
so that the d 5; 2 assignment is indicated. 

8
B. R. Judd and I. P. K. Lindgren, Theory of Zeeman Effects in the Ground 

Multiplets of Rare Earth Atoms, UGRL:..:9188, April 25, 1960 (submitted to 
Phys. Rev. ). 
9 A. Cabezas, I. Lindgren, E. Lipworth; R. Marrus, and M. Rubinstein, 
Nuclear Spins of Neodymium-147 and Promethium-147, Nuclear Phys. 
20, 509 (1960). . 

26. N-UCLEAR MOMENT OF CERIUM-137 m 
BY NUCLEAR ALIGNMENT (*) 

James N. Haag, C. E. Johnson, D. A. Shirley, 
· and David H. Templeton 

Cerium-137· is bne of a large group of nuclides having an h 11/ 2 
isomeric state (t 1 / 2 = 37 hr) that decays by emission of M4 radiation·to 
a d3/2 ground stat'e. 1 We have measured the magnetic moment of Cel37m 
by a1igning Ce 137m nuclei and measuring the anisotropic distribution of the 
25?-kev y radiation. · 

Cerium-137m was prepared by a (p, 3n) reaction of 21-Mev protons. on 
natural lanthanum (99.911% La139) in the Oak Ridge National Laboratory 
86-inch cyclotron. Cerium was separated from the target material by 
oxidation to the +4 state, followed by solvent extraction, which yielded about 
1012 atoms of cel37m. The cerium was then reduced to the +3 state and 
grown into a single crystal of Nd(C 2Hsso4 )3 · 9H2o so that it occupied some 
of the Nd+3 lattice sites. The crystal was mounted in a demagnetization 
cryostat. Previous experiments on Ce1 ~9 and Ce 141 had shown that nuclear 
alignment ofthe cerium is.otopes was produced by cooling such a crystal to 
very low temperatures . 

.... 

.,.Brief version of paper submitted to Phys. Rev. 
1 
A. R. Brosi and B. H. Ketene, Phys. Rev. 100, 169 (1955); Phys. Rev. 103, 

917 (1956). 
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The crystal was cooled by adiabatic demagnetization from 1.1 °K and 
fields of up to 18,000 gauss. The intensity of the y radiation was measured 
at several temperatures between 0.02 and 1.1 °K for a series of angles f) 

defined by the direction of propagation of the y radiation with respect to the 
trigonal axis oJ the crystal. The y rays were counted with 3 X 3-in. Nal(Tl) 
crystals and 100-channel~pulse--height analyzers. The spectrum obtained 
is shown in Fig. A. 26-1. The peaks due to the 255-kev isomeric transition 
of Cel37m, the 445-kev y ray of Lal37, and the 165-kev y ray of Lal39 
(from the decay of ·cel39, which was present as an impurity) are clearly 
resolved. The decay of these y rays was followed over 10 half lives of the 
Ce 137m, and no other peaks were observed. 

The time taken for the temperature to rise from the lowest temperatures 
reached to that of the helium bath (1.1 °K) was more than an hour, but in order 
to avoid errors due to inhomogeneous heating of the crystal, the y-ray 
counting and the .susceptibility measurements were continued for only 1 
minute after the demagnetization. The crystal was then warmed to 1.1 °K 
by the introtluction of helium exchange gas. A further 1-min y-ray count 
at l. l °K was then taken for normalization. The y radiation was isotropic 
within experimental error at this temperature. The y-ray counting rates 
were corrected for background and finite counter size effects, and the 
anisotropies e =. 1-1 (0 deg)/1(90 deg}, were evaluated as a function of tem­
perature. 

The anisotropy of the 255-kev y ray of Ce 137m plotted versus 1/T is 
shown in Fig. A. 26--2. 

The intensity of the 255-kev y ray at O.Ol8°K was measured as a 
function of fJ. This angular distribution, expressed in Legendre polynomials, 
was found to be · · 

I (f) ) = 1 - ( 0. 7 0± 0. 0 6) P 
2 

(co s f) ) + ( 0. 0 5± 0. 0 l ) P 
4 

( c o s f) } • (1} 

The angular distribution of y radiation from aligned nuclei is given 2 by 

(2} 

The Bk' s are a measure of the degree of orientation of the parent nucleus. 
The Uk' s describe the amount of nuclear reorientation that takes place during 
any unobserved 13 or y transitions preceding the observed y ray. The Fk' s 
are constants determined by the multipolarity and the initial and final spms 
of the observed y transition. 

The crystal field theory of Ce+3 in the ethylsulfate lattice has been 
worked out in detail'by Elliott and Stevens, 3 and only a brief account is 
given here. 

2 
T. P. Gray and G. R. Satchler; Proc. Phys. Soc. (London) A68, 349 (1955). 

3
R. J. Elliott and K. W. H. Stevens, Proc." Roy. Soc. (London) A215, 437 (1952). 
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2 
The free .ion Ce +3 

has t~e c~nfigur.ation 4f~, an~ t~e ground term i.s 
F 5; 2 . In.a tngonal crystalhne f1eld th1s term 1s spht mto doublets wh1ch 

may be characterized in the first approximation by I± Jz) . In the ethyl­
sulfate lattice, however, the lowest Kramers 1 doublet, which is made mostly 
of t~e state I ± 5/2) , contains in addition admixtures of other states from 
the F 5L2 ground term as well as from the next term 2F 7; 2. It is essential 
that these admixtures be taken into account in calculating the nuclear magnetic 
moment from hyperfine-structure ~ons~ants. 

The effective spin Hamiltonian for the lowest Kramers 1 doublet of 
Ce 137m in the ethylsulfate is · 

}f. = AS I + B (S I + S I ) + P [I 
2 

- -3
1 

I (I + 1 0 . 
Z Z X X yy . Z ~ 

!he ~ast term can ?e shown to have a n.egligible effect 4m nuclear alignment 
1n th1s case, by usmg the theory of Elhott and Stevens to calculate P and 
by using Q = 0. 3 barn for an (h 11; 2 )9 neutron configuration. 5 The terms in 
Balter the energy levels of the Hyperfine-structure multiplet slightly, and 
this has been taken into account. The energy levels of this multiplet are 
then given approximately by twelve doublets I± Id, /., separated by A/2. In 
going from 1. 1 to 0. 02°K the percentage of the Ce 13 fm nuclei occupying the 
lowest doublet changes from 8. 3o/o to 37o/o. 

For the 255-kev isomeric transition in Ce 137m there are no unobserved 
preceding transitions, and u2 = u4 = 1. Thus, Eq. (2) becomes 

I(8) = L- 0.8890 B 2 P 2 (cos 8) + 0.4434 B4 P 4 (cos 8), 

for the spin sequence 11/2 M4 ) 3/2, or 

I(8) = 1 - 0.7444 B 2P
2

(cos 8) + 0.1693 B 4 P 4 (cos 8) 

for the spin sequence 9/2 M 4 · )3/2. The functions B
2 

and B4 depend on 
the single parameter {3 = A/2kT , and by varying A it is possible to fit the 
temperature dependence of the anisotropy for either spin sequence. Using 
the values of A which best fit the temperature dependence, we have calcu­
lated the angular distribution of the 255-kev y ray at 0. 018°K from each of 
the above expressions. The results are 

I(8) = i 0.65P2 (cos8) + 0.04 :P4 (c;'os8), for I= 11/2, (3) 

I(8) = 1 - 0. 60 P 2 (cos 8) + 0. 02 P 4 (cos 8), for I = 9/2. (4)· 

4
R. J. Elliott and K. W. H. Stevens,. Proc. Roy. Soc. (London) A218, 553 

(1953). 
5 Calculated by using the method of H. Kopfe rmann, in Nuclear Moments 
(English ed., Academic Press Inc., New York, 1958), p. 398. 
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Gomp~.ris-on ':i~h. Eq. _. {r) s·~ows. th.at -l41 '~s i-~ ,d'if~f~e-e~en~ ,~ith ~'t. 'Thu;s , 
the .sprn po.ss-:tb11"1ty ·of 9/2 1:s ·ehrnm.at·e:d !f0r •Ge _ .. W:e ar•e .not -awaT,e •Of 
any direct mea'Sur·emerit:s o-f the_ ~spin .,o.f 11/2 :fo:r th•e 'h'U/.2 - •:d3,l? i'Sorn~e:rs,, 
ther:e:for-e this ·m·easur.em,ent offer's the ;m·o'st :dil.·rect evrdenc-e a-;&.a:lla:-bl·e •fo1r 
this s:pi-n a.s:signm:ent. 

Comparison with our v:a-lue io.r .A yi·elcis 

The limits ·of err-or .·were obtained fr,om :the cs.catt·e:r of the :experime-ntal 
points .. 

This is the .first .nuc-lceus w.i.ith I = p /2 io:r which .the ·ma;gn::e'tic mom.e.nt 
has been measur·ed. W-e note that Cce137m Jfo.liows the t·r·end ~o'f :othe.r -even­
odd nuclei· in that the magnetic -moment is .:a:'bout \half w.ay :betw.een the Schmidt 
limit and the .Dirac limit. 

bB .R J dd d I ·p· K. L. d . • • ; u _· an 1 •. ·• _, • _, ·1n gr.•en_; The.o:ry of :ze,eman Effe.cts in the {G:round 
UCRL-- 9 \L88, .. April £5, ;!·9:60 {(.s·U::bmit:t-ed Multiplets of Rare Earth Atoms" 

to Phys. R•ev .. ) 

27. THE M:0SSRAUER EFFEGT IN GOLD-197 

.D.. A. Shirley, P.~ Axel, *and M. Kaplan 

A series of experiments was -car:rie-d out in which. the recoH-.if:ree 
resonant absorption of the ·77 -k:ev y .ray in .Au197 -w:as observed.. Ra-dio-­
active sour.ces ·oi Pt:l97 and Hgl97 were inco·r;porate:d int0 latt:ioes 'O:f i;r.on, 
cobalt, nic-kel,, stairii.e:ss st,e:el11 pl:atin:um, and ,g•old,., and cm.e:asu•rements ·were 
made of the y-ray intensity trans.mitted thro:u_gh a ·gold ahs<orber,, with 'both 
source and absorber at liquid heliu:m :t~empe:ratur:e~ The results ·of :t'he:.S'e 
tneasur-em.ents are shown in Table I and Figs ... A. 27 ~ 1 and A . . l7-- z., where 
we ha;ve plotted the transmitted y-ray intensity as a furrction ~of the relative 
velocit~ f>etwe·en sourc-e and ahso:rhe:r~ 

Th 1 - · f A' 1'97 . 1 . d ld .h h .. ~ · · e v-e·:oc:1ty :spectra .o- · u 3:n _p,a:tTnum an go. e:ac'. s .·o·w :a ,sa:ngie 
res-onance line. No hyperfine ·structur.e is to be :expected, :since platinum 
and gold .a~re nonma-gnetic and have :cubic lattic,es i(no ··electric quadrupole 
splitting is pos.sible, since 'i1 2 V = ;Q for ,a cubic lattic-eJ. 

* Summer visitor from the .Department o:f Physics~ University of .Illinois., 
Urbana, Illinois. 



Table I. Gamma-ray intensities in resonant-absorption experiments 

I II 

Pro-
. duction 

Parent · reaction 

IIi IV 

Au 
absorh 

·thick 
Host. · (mils) 

A. Sources produced in situ 

1 
197 c Hg . 

' 197. . 
Au (p, n) Au 10 

v 

r (a) 
e 

r 

6. 7±0.8 

VI VII VIII IX 
A.bsorp..,. 
tion 
area X 100: iOOf lOOfD en (em/sec) --

! 

.2. 34±0. 70 5.8±0.9 18 185 

X XL 

Chem.· 
e· . sh{ft',(a:~ 91 
. eff .6.~/r .: 

.: 98 0±.54 

2 Pt197 Pt(n, y) Pt 5 4.4±0.2 6.0 ±0.4 29±5 30 233 ·. 218 

3 Ptl97 Pt(n,. y) Pt 10 6.6±0. 3 13.4 ±3.0 . 34±8 30 233 2.48 1. 07:i:. 21 
-

4 Hg197 . Pt(a.·, 3n( Pt 10 4.8±0. 2 5.6 ±0.4 . 14. 3±1.1 30 233 137 

B. Alloys 

5 Ptl97, Ptl96(n, y) S:. S .. (c) 10 8.o(d) s:9 ±3.o 24±9 5.53±.54 

6 Ptl97 Pt 196(n, y) Fe 10 6 (e) 1 . . 5±1. 0 2.4 ±3. 0 32±8 55 467 .243 5.91~. ~7 

7 Pt197 -~·196(n, y) Co 10 
(e) . 

7. 0±0. 8 10. 5 ± 2. 5 27±7 ·53 '445 -~05 5.12±.33 

8 Ptl97 196 . 
Pt · (n, y) Ni 10 6. 5±0.6 13.8±2.5 35±7 53 441 2.55 4.62±.33 

(a) r is natural width = 2..4xlo-7 ev = 0.93 mm/sec 

(b) All shifts imply emitted y ray has higher energy than needed for resonant absorption. 
' - - . ' 

(c) Stainless steel 

(d) Non'-Lorentzian; full width at half maximum 

(e) Estimate of one component of a structured line 

./ 

;:t> 
N 
,.:..] 

I 
...C) 

0 
I 

c:: 
() 

-~ 
~ 
i 

...C) 

U1 
<:1' 
<:1' 
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Fig. A. 27-1. Doppler resonant absorption spectrum of the 
77 -kev 'I ray of Au I 97 in a 1 0-mil gold absorber, for 
sources of Aull97 in iron, cobalt, and nickel. 
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A. 27-2. Doppler velocity resonant absorP.tion spectrum of 
the Au197 77-kev y ray for sources of Aul97 in (a), gold, 
(h) platinum, arid (c) stainless steel. Absorber was a 
10 -mil gold foil. 



A. 27 -93- UCRL-9566 

The observed resonance in stainless steel is unusually wide.' This 
may be due to the presence of several crystalline phases, as the phase 
diagram for stainless steel indicates that the composition ranges of com­
mercial stainless steels include a number of phases. No magnetic hyperfine 
structure is expected, as th~ time average of the internal magnetic field 

I 

should be zero. 

In iron, cobalt, and ni~kel, hyperfine strucque is expected in the 
resonance, owing to the ferr;omagnetic character qf these metals. We have 
observed the splitting of the resonance line in iron cjl.nd cobalt. In nickel, an 
upper limit of 0.10 em/ sec ci;ln be set on the magnitude of the splitting. 

d I l. . f A 197 1 . . t• The expecte Zeeman sp 1ttlng pattern or u nuc e1 1n a magne 1c 
field is shown in Fig. A. 27-3. The ground-state magnetic moment, j.lg, 
is known to be 0.14 nm. l In interpreting our experimental results, we have 
assumed the excited-s~ate (77-kev) moment, 1-le• to be 1.6 nm, by analogy 
with Tl203 and Tl205. From Fig. A. 27-3 and these magnetic moments, 
one would expect the dominant feature of the Zeeman pattern to be the 
splitting of the excited state, ,and this is what we observe in iron and cobalt. 
From the relationship ~ E = 2 f.lex H , where H is the magnetic field at 
the nucleus, and the Doppler 'formufa ~E/E = ~nv/c, we obtain H =282±10 koe 
for gold in iron and'H = 122::1±10 koe for gold in cobalt. From ou¥ upper 
limit of the splitting ig nickel~ we may set Hn < 30 koe for gold in nickel. 

Our value of~ for golQ. in iron is considera.b~y lfwer th~n the values 
H >,.. 1 o3 koe or H >,:.·· 2Xl o3 koe reported by Samo1hv, • 4 obta1ned from n n , 
nuclear polarization experiments. We attribute this discrepancy to the 
large uncertainty in the estimation of the absolute temperature in Sampilov' s 
experiments. It is interesting that Samoilov' s experiments with indium in 
nickel showed :rio nuclear polarization, consistent with our result of the 
absence of large internal field.s at the impurity sites in nickel. 

I 

The half life of the 77 -k~v state in Au 197 , as obtained from our me as­
urements of the resonance lin~ width, is 1. 55±. 20 nsec. This value is in 
fair agreement with the value :1. 90±. 20 nsec obtained from delayed-coincidence 
measurements by Sunyar, 5 but differs considerably from the

6 
value obtained 

in an earlier experiment repo:t;ted by the Los Alamos group. 

1 . 
F. M. Kelly, Proc. Phys. Soc~ (London) 65A, 250 (1952). 

2 . I --

H. E. Walchli, Table of Nuclear Moment Data, ORNL-1469, April 1953 
and Supplement II, Feb., 1955: 
3

B. N. Samonov, V. V. Sklyar·e.;,skii, and E. P. Stepanov, Soviet Physics-JETP 
11,261 (1960) (Englishtranslation). 

4B. N. Samoilov, private comm~nication, reporting results obtained at 
Leningrad, 1960. 
5 
A. W. Sunyar, Phys. Rev. 98, ,652 (1955~. 

6n. Nagle, P. P. Craig, J. G. Da'sh, and R. R. Reiswig, Phys. Rev. Letters 
4, 237 (196,0): 
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Fig. A. 27-3. Expected nuclear Zeeman splitting of Au 
197

. 
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Of special significance are the large chemical shifts of the resonance 
line observed in our experiments. These shifts are about 30 times as large 
as any observed in previous Mossbauer experiments. We attribute this 
effect to the presence of an qdd proton in Aul97, since the shifts are due to 
t~e different charge ov~~lap ,of the proton in the s 1; 2 a~d d3/2. states wi:h 
d1fferent electron dens1t1e s at the nucleus when the lattice envuonment 1s 
changed. In the free gold at0m, the s electronic wave functions should be 
good eigenfunctions which, however, are delocalized and admixed in the 
lattice when the atom is bourld. Thus the electron density should decrease 
and the nuclear level spacing should increase as the gold atom becomes more 
tightly bound. We have observed this. as a large positive shift in iron, cobalt, 
and nickel, where the binding is tightest, and as a smaller but still positive 
shift in platinum. 1 

i . 
It should be noted that th1s chemical shift is qualitatively different from 

the ordinary isotope shift, inl that it is proportional to the difference in the 
average radius of a proton in two single-particle states, rather than an over­
all nuclear volume difference.. On the basis of these arguments, we would 
predict large chemical shifts· in all odd- Z Moss bauer nuclei in which the 
difference in average radius l.n the two isomeric states is appreciable. 

28. THE NEUTRON -DEFICIENT CHAIN 
I 

STRONTIU:M-80-RUBIDIUM-80 (>:<) 

Richard W. Hoff, J. M~ Hollander, and Maynard C. Michel 
I 

The neutron-deficient p~ir Sr80 -Rb80 has been synthesized and identified 
by means of radiochem.ical studies, following irradiation of gallium targets 
with high-energy nitrogen ion~ from the Berkeley heavy-ion linear accelerator. 
The half life of Sr80 was foun<f to be 1 00±6 min, and that of its daughter is 
34±4 sec. The genetic relatio;nship between these two activities was verified 
by rapid chemical separations[ ("milkings ") of rubidium from the parent 
strontium fraction. The definiite assignment to mass 80 was made by use of 
a t~me-of-flight isotope separator. 1 

! 

By studies of the photon land particle spectra in scintillation spectrom­
eters, the following informati6n has been learned about Rb80 decay: Rb80 
decays approx 60o/o to the grourd state of Kr 80 by the emission of a positron 
spectrum of Emax 4.1±. 5 Mev,

1 
and approx 40o/o to the first excited state of 

Kr80 at 620 kev. The Rb80_K:r80 mass difference is 5.1±.6 Mev, as compared 
with 5. 5 Mev calculated from t;he Levy mass equation. 2 The log ft value of the 
positron decay to both the ground state (0+) and first excited state (2-t) of Kr80 
is 4.6, which is in the "alloweql" category. Thus the ground-state spin of Rb80 

is unambiguously 1 with even parity. If this spin and parity are considered in 
I 

* I Brief version of a paper subiXfitted to J. Nuclear Inorg. Chem. 
1
Maynard C. Michel, Separati~m and Assignment of Radioactive Isotopes 

(Thesis), UCRL-2267, July 19S3 .. 
2 

H. B. Levy, Phys. Rev. 106, 1126 5 (1957 ). 
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terms of single-particle orbitalss the choices would probabll be a p 1 ; 2 
neutron state (as in Kr 7 9) and a p 3/ 2 proton state (as in Rb8 ), whicH would 
couples according to Nordheim's 'strong rule, 11 to the resultant 1+. 

80 
The only photon observed from Sr decay has the energy 580 kev. 

29. NEW NEUTRON -DEFICIENT IRIDIUM ISOTOPES: 
IRIDIUM-182, -183 3 AND -184 

Richard M. Diamonds J. M. Hollander, Daniel J. Horens 
and Robert A. Naumann* 

Several new neutron-deficient iridium isotopes have been synthesized 
by the Tml69(ol6e xn) and Lul75(c 12» xn) reactions in the heavy-ion linear 
accelerator (Hilac ). After chemical purification of the iridium fractionss 
their decay was followed with end-window flowing-methane proportional 
counters. Photon spectra were examined with L 5 X l-in, and 3 X 3-in, Nai(Tl) 
scintillation spectrometers. Some '1-Y coincidence measurements were made 
with a co~ventional fast~slow coinc_idence circuit_and wit? a t~o-dimensional 
analyzer. Where poss1ble, half hves and genetlc relatwnsh1ps to known 
osmium and rhenium isotopes have also been ascertained by means of timed 
chemical separations of daughter osmium and granddaughter rhenium activities, 

Following an irradiation of lutetium with carbon ions, the genetic 
relationship of Ir 182 to its descendants 8 Osl82 and Rel8 2, was established by 
a series of timed chemical separations ("milkings") in which Os04 was. 
volatilized out of the iridium fraction eve_ry 15 minutes, In the early milkings, 
Osl82 was clearly recognizable by its ~rominent 510-kev y ray, 2 which showed 
the characteristic 2 1-hr half life of Os 82. From a plot of the yield of the 
510-kev photon in each milking as a function of the time of the milking, the 
half life of Irl82 was found to be approx 17 minutes. Rhenium, chemically 
separated from the osmium fractions, exhibited spectra known3 to occur in 

. the decay of 1~-hr Re182. The decay curve obtained from the iridium fraction 
from a Tm(0 1 

9 xn) reaction yielded a half life of 15±1 min for Ir 182 In 
addition to K x rays 8 'I rays of 133±5 kev and 278±5 kev occur in the decay of 
Ir182, These are interpreted as transitions that de-excite the first and second 
rotational states of osl82, respectively. The spectrum above 500 kev is 
extremely complex and extends higher in energy than 4 Mev, 

Iridium-183 was identified principally from a series of "milking" experi­
ments done at 20- and 40-min intervals, extendinfsover a.period of? hr. 
The presence of 13.5-hr Osl83, and of 9.9-hr Os 3m, 2 mthe osm1um 

>:~On leave from Princeton University» Princeton9 N, J. 
1 

J. 0. Rasmussen and M. Nakamura» in Chemistry Division Semiannual Report, 
UCRL-8867, July 1959, p. 56, 
2 

J. 0. Newtons Phys. Rev. 117, 1510 (1960); Phys. Rev, 117, 1520 (1960). 
3 - -

C. J. Gallagher, Jr., J. 0. Newton, and Virginia S. Shirley» Phys. Rev. 113, 
1298 (1959). 
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fractions was indicated by peaks at 382 kev and 1100 kev, respectively. The 
early osmium fractions also contained Os 182, but the later ones did not. 
The half life of Irl83 was obtained by plotting the yield of the 380-kev Os 183 

and 1100-kev Os 183m peaks as a function of the time of separation of osmium 
from the parent iridium fraction. From several experiments of this kind, 
our best value fof the Ir 183 half life is 55 :i: 7 min. We were unable to obtain 
a sample of Ir l8 sufficiently free of Ir 182 and lr l84 so that a distinct y-
ray spectrum could be observed. However, in the iridium fraction from a 
carbon bombardment of lutetium a peak at about 238 kev was found to decay 
with a 58 -min half life. 

A 3-hr activity was observed to occur in the decay curve of the iridlUrn 
fraction obtained from a Lu(cl2, xn) reaction. Subsequent repurification 
revealed that this 3-hr activity arose from the decay of an iridium 1sotope. 
For the study of this activity, the irradiated target was allowed to stand for 
about 9 hr before chemical purification, to eliminate the shorter -lived iridium 
isotopes. The decay curve obtained with the proportional counter then showed 
3-hr and approx 15-hr components, both of which arose from the decay of 
iridium isotopes, since the osmium fractions separated from these sources 
were essentially inactive. The y-ray spectra of the ap_Rrox 15-hr component 
showed transitions known to occur4 in the decay of Irls-5 and Irl86. ~e 
assign the 3. 2±. 2-hr activity to Irl84. The scintillation spectra of Ir 84 

show prominent y rays of 125±5, 267±5, and 392±5 kev, which are believed 
to be the cascade transitions arising from the decay of the 2+, 4+, and 6+ 
rotational levels in Os 184. This was borne out by y-y coincidence measure­
ments. The y-ray spectrum above 500 kev is quite complex (analogous to 
Irl82) and extends beyond 4 Mev. 

In Fig. A. 29-1 we plot the energies of the first 2+ and 4+ states of the 
even-even osmium isotopes versus their mass number. The minimum 
occurring at Os 184 seems to indicate that a peak in the moment of inertia is 
reached at this mass number. 

4
R. M. Diamond and J. M. Hollander, Nuclear Phys. 8, 143 (1958). 
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Fig. A. 29-1. Energies 'Of first 2+ and 4+ states of even-even 
osmium isotopes. 
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B. FISSION 

l. TERNARY SPONTANEOUS FISSION OF CALIFORNIUM- 252 

M. Brown, L. E. Gibson, J. A. Scheer, and S. G. Thompson 

An earlier investigation of the spontaneous fission of C£252 with photo­
plates 1 showed the emission of high- energy a particles associated with fis­
sion and also gave evidence of tripartition into fragments of roughly equal 
masses. Although the rate of occurrence and the energy distribution of the 
long-range a particles could be measured with some accuracy, this was not 
possible for fragments in the second mode of decay, owing to their very small 
number and the inherent limitations of the applied method. 

In order to determine the energy and mass distribution of ternary fis­
sion fragments by measuring their energies and velocities separately, and 
also to get better information about the long- range a. particles, the following 
experimental arrangement was constructed: Three diffused-junction Side­
tectors, arranged in a vacuum chamber at variable angles, loo):c at a Cf2 5 2 

source deposited on a 80-iJ.g/cm2. Ni foil'.', Pulses from these detectors are 
fed into 

(a) Three slow linear channels to measure the energy of the fragments 
(resolution of 6.11-Mev a particles =45 kev). 

(b) Three channels of fast coincidence (coincidence interval~ 10- 8 sec). 

(c) Two time-of-flight channels. The time resolution for coincidences 
of two binar0 fission fragment pulses (two detectors at the source) 
was 2Xlo-l sec full width at half maximum. 

Preliminary results are as follows: 

1. Long-range a-particle emission and ternary fission with comparable 
fragment masses were observed, the angles between the detected particles 
being 180, 90, and 90 deg and 120, 120, and 120 deg (± 5 deg each), respec­
tively. The rates of occurrence at the above angles were a2proximately one 
apparent ternary fission giving comparable masses in 4 X l o5 binary fissions. 

2. The energy distribution of the long--range a. particles was measured 
by using a 24.5-mgjcm2 Au absorber foil to discriminate against heavy fission 
fragments and the 6 .11-Mev a particles of Cf252 (Fig. B. 1- 1). After correc­
tion for energy loss in the absorber, the distribution was found to extend up 
to 27.5 Mev, having a broad maximum around 15 Mev. The difference be­
tween this result and the work of Muga et al., who found a maximum at 19 Mev 
and a tail up to 34 Mev, remains to be explained. 

· .... A response of the Si detectors to fast neutrons (PoBe) due to the reaction 
Si 28 was found by mea suring the energy distribution of the protons stopped in 
the depletion layer and also by observing the subsequent 13- activity of Al28. 

1 
M. L. Muga, H. R. Bowman, and S,. G. Thompson, Tripartition in the Spon-

taneous Fission Decay of Cf2 5 2 (UCRL-9044, Aug. 1960), submitted to Phys. 
Rev. 



-100- UCRL-9566 

t'"!-!fi 

J ~ 
... I ~ 0 ... 

l \ 
-

t \ 

I ~ 
! \ 

0 4 8 12 16 20 24 28 32 
E (Mev) 

MU- 22903 

Fig. B. 1-1. Energy distribution of long-range a partiCles 
of Cf252 behind 24.5 mg/ em 2 Au foil; energies corrected 
for absorption. 
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2. FISSION OF GOLD BY CARBON IONS (~~) 

G. E. Gordon, A. E. Larsh, and T. Sikkeland 

UCRL-9566 

Angular distribution and kinetic- energy spectra of fragments and eros s 
sections for fission of gold with 68- to 124-Mev c12 ions have been obtained 
by observation of the fragments in two types of detectors--gas scintillation 
chambers and silicon p-n junctions. Carbon ion beams were obtained from 
the Hilac (which accelerates heavy ions to 10.4Mev per nucleon). The ex­
periments were performed in a vacuum tank, which has been described in 
some detai1.1 

The targets, previously consisting of approximately 200 f.lg/cm2 of gold 
vaporized onto 0.1-mil aluminum backing foil, were oriented at 45 degrees to 
the beam with the gold facing toward the detector. The experiments were per­
formed in a way similar to that described for the carbon-induced fission in 
uranium (this report, Paper B.6) where only silicon detectors were used. 
In the gold experiments, a gas scintillation counter was also used. The an­
gular distributions and kinetic energies were determined with 72.3-, 93.3-, 
and 123.3-Mev c12. 

The most probable kinetic energy was determined as a function of the 
laboratory-system angle. We assumed then that this represents the energy 
per fragment when symmetric division occurs. From the change in energy 
of the peak with lab angle, we were able to obtain a value for the ratio X, 
given by: 
X = velocity of the fis sioning nucleus along the beam axis 

velocity of the fission fragment in the center-of-mass system 
The values for X obtained this way are listed in Table I. These values 

were used in transforming the laboratory- system angular distribution into the 
system of the fis sioning nucleus. Within the limits of error, this gave dis­
tributions that were symmetric about 90 deg in the new system. We also then 
obtained the most probable fis sian-fragment kinetic energy in the coordinate 
system of the fis sioning nucleus. This quantity was found to be 73 ± 3 Mev 
over the entire range of bombarding energies. With the assumption of sym­
metric binary fission, this result gives a total kinetic energy release of 
146± 6 Mev. This value agrees well with Terrell 1 s correlation of energy re­
lease with z 2 A1/3 of the fissioning nucleus2 if we assume the fissioning nu­
clei to be astatine isotopes. 

The values of the most probable fragment kinetic energy have been used 
to calculate the values of X corresponding to full linear momentum transfer 
by the bombarding particle to the fis sioning nucleus. The results of these 

~:<Brief version of published paper, Phys. Rev. 120, 1341 (1960). 
1 --
G.E. Gordon, A.E. Larsh, T. Sikkeland; andG.T. Seaborg, Phys. Rev. 

113,527 (1959). 
2 

James Terrell, Phys. Rev. 113, 527 (1959). 
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calculations, given in Table I, indicate that the X values derived from the 
dependence of fragment kinetic energies on laboratory-system angle are con­
sistent with full momentum transfer at all three bombarding enetgies. 

Table I. Values of the quantity X 

Laboratory 
energy of 
carbon ion 

(Mev) 

123.3 

93.3 

72.4 

From lab 
energy vs lab 

angle 

0.223 ± 0.01 

0.188 ± 0.01 

0.164 ± 0.01 

X I,, 

For full 
momentum 

transfer 

0.2118 

0.191 

0.1
1

69 

I 
The fragment angular distribution in the system of the fis sioning nucleus 

was compared with theoretical curves calculated according to tteatment by 
Halpern and Strutinski. 3 In Fig. B. 2-1 we have shown, as an example, the 
Halpern and Strutinski curve that best fits the experimental dat~ at a bom­
barding energy of 9 3.3 Mev. A parameter p zietermines the angular distribu­
tion.. The parameter p is equal to Im 2 /4Ko , where Im is a1pproximately .· · 
the maximum angular momentum of the compound nuclei, and Ko is the mean 
value of the projection of the angular momentum of the fis sionirig nucleus along 
the direction of the separating fission fragments (seeRef. 1). ;He have esti­
mated Im2 from the compound-nucleus formation calculations of Thomas, 
assuming the square -well potential with a radius parameter of 1l. 5 X 1 o-13cm.4 

In accord with Halpern and Strutinski, we assume that there is no change in 
the angular momentum of the compound nucleus if small particles are evap-' 
orated prior to fis sian. From the' resulting value of Kef and curve of Ref. 1 
(Fig. B.2-2), we dete,rmine the value of the quantity (Eex"'Ef), where Eex is 
the excitation energy'of the fissioning nucleus, and E;{is the height of the fis­
sion barrier. The fission-barrier heights have been estimated by using the 
equations of Pik-Pichak5 and Hiskes6 for fission of rotat~ng nu;clei. In this 
framework, the fission-barrier height is equal to the ene'rgy difference be­
tween the stable rotating nucleus and the fis sioning nucleus at the saddle point. 

3r. Halpern and V. Strutinski, in Proceedings of the Second Ur;lited Nations 
International Conference on the Peaceful Uses of Atomic Energy, Geneva, 
1958 (United Nations, New York, 1958), Vol. 15, p. 408. c-::: -
T.D. Thomas, Phys. Rev. 116,703 (1959). 

5G.·A. Pik-Pichak, Soviet Physics- JETP 7, 238 ( 19 58). 
6 -

John R. Hiskes (Lawrence Radiation Laboratory), private communication, 
1960. 
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The calculated fission barriers are of the order of 10 to 15 Mev and seem 
reasonable when compared to those calculated according to Swiatecki 1 s method, 
which involves the difference between actual ground-state masses and a smooth 
mass surface. 7 The results of this analysis of the angular-distribution data 
are given in Table II. 

Table II. Quantities obtained from the angular-distribution data for fission 
of gold with carbon ions (From Sikkeland, Fission of Gold by Carbon Ions). 

Eex of 
initial 
comp .. Calc. 

Ec 12 nucl. · Eex..,...Ef Ef Eex 
(Mev) (Mev) p Irrt Kef (Mev) (Mev) (Mev) 

.·---·---.. ··-----
123.3 98.6 10 0 4600 115 13.5 8-13 21.5-26.5 

93.3 71.4 7.2. 2530 87.8 12 10,-16 22-28 
.. 

72.4 51.6 6 1118 46.6 9 U-14 20:-23 

Fro!J1. the results trresented in Table II, it would appear that fission 
occurs at about the sarrie. average excitation energy regardless of the excita­
tion energy of the original compound nucleus. This observation implies the 
evaporation of. a higher average number of particles prior to fission with in­
creasing bombarding ene'rgy. For example, at the highest bombarding energy, 
this treatmEmt of the angular-distribution data indicates that the following 
sequences of particles couid be emitted before reaching the average fission­
ing nucleus: . 7n; p6n:; a5rt; paAn; 2a3n. Thesis results are consistent with 
Blann's radiochemical rriass.:.yield data for fissio'n: of gold with carbon ions. 8 

Two types of~xperiments were done to obtain the fission eros s 
sections as a function ofbot;nbar,ding energy. All fragment angular distribu­
tions were obtained at t\'le e;qergies indicated above, At closely spaced inter­
vening energies, fragm~nts.were observed only at 90 deg to the beam. It is 
assumed that the integra.tio:i:l faCtor from the angular-distribution experiments 
varies smoothly' witl~ bo!J1.barding emergy. The absolute fission cross sections 
were obtained by relating the nur.pber.of fragment counts to the number of 
elastically scattered carbon particles observed at small angles to the beam 
(approx 30 to 60 deg). At these angles it is assumed that, for 72.4-Mev cl2 
particles on gold, the scattering eros s sections are equal to those calculated 
accor'ding to the Ruthe'rfcird formula.· The fission cross sections obtained by 
this procedure. are shown iri Fig. B .2-:-2 .in unit~ of the eros s section for com­
pound-nucleus formatiori calculated for a. square-Well model and radius param­
eter ro=L5Xlo-13 cm.~4 

7 VL J. S~ia'tecki (Lawrence Radiatio~ Laboratory), Private comm~nication. 
The fis sian-barrier calculations are similar to those used in the systematics 
of spontaneous :..fission half lives, W. J. Swiatecld, Phys. Rev. 100, 9 3 7 ( 19 55). 
8 H. Marshall Blann; Fissionof Gold with 112-Mev cl2 ions: A Yield-Mass 
and Charge-Distribution Study. (thesis), UpRL""919 0, May 19 60 (unpublished). 
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B. 2-1. Center-of-mass angular distribution of fragments 
from fission of Aul97 induced by 93.3-Mev cl2 ions. The 
solid curve represents Halpern and Strutin~;~,ki' s theotetical 
angular distribution with p = 7. 2. (See text. ) 
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B. 2-2. Reduced fission cross section (0' f/ 0' c;om ) for Au
197 

bombarded with cl2 ions as a function of exc1tatfon energy 
of the initial compound nucleus. -
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3. MASS-YIELD CURVE FOR FISSION IN THE REACTION 
cl2(112 Mev)+U238 _...fission 

Eldon Haines 

A partial mass-yield curve for the reaction 

C 12~ 112 Mev)+ u238 _... fission 

has been obtained by radiochemistry. The representative yields are listed in 
Table I. Except for the region of the rare earth elements they represent yields 
from mass 56 to mass 188. 

Table I. Mass yields from u238 fission induced by cl2 at 112 Mev. 

Isotope measured Yield 
(relative to Mo99 taken as 1.00) 

Mn56(a) (2.25 ± .30) X l0-3 

Ni66 (a) ( 1.39 ± . 06) X 10-2 

B r,8.2 . (h) (3.8 ± .4) x 1o-2 

Br83 (2.2 ± .2} x 1 o-1 

Sr89 (a) (5.35 ± .lO)X lo-1 

Pdl:09 1.37 ± .09 

pq_ll2 .75 ± .04 

Aglll 1.31 ± .01 

I 126 (b) ~ 0.1 
I 128 (b) 0.52 ± .04 

I 13 0 (b) 0.81 ± .01 

Il32 (b) 0.32 ± .09 
Il34 ~0.05 

Bal40 0.48± 0.03 

ce141. 1.08 ± .1 0 

cel43 0.53 ± .,. 07 

Re186 (b) (6.4 ±4.0)Xlo-4 

Rel88 (b) (4.4 ±1.8)Xlo-3 

(a )Total yield of that mass. 

(b )Shielded isotopes. Unmarked yields represent only part of the total yield 
of that mass. 

~ 

'-
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The iodine independent yields were especially important because they 
gave a directly measurable dispersion of charge at mass 130. This was done 
by using the approximate slope of the mass-yield curve at mass 130 to adjust 
each iodine isotope to represent an isobar of mass 130. By plotting Z as 
abscissa versus the sum of the yields of the isobars up to Z on probability 
paper it was observed that the form of the dispersion was Gaussian: 

where 

<j>(Z-Z )= l exp(-(Z-Zp)/2a2)], 
P -Jrra 

a = rms dispersion = 0.85, 
Z is the charge of the measured isobar, 
Zp is the most probable charge, or center of the 

dispersion, not necessarily integral. 

With this information it is possible to calculate total yields by using 
partial yields. Let us assume (a) that the Gaussian form of the charge dis­
persian holds throughout the region from mass 80 to 160, and (b) that a= 0.85 
for this region. Then, choosing two measured partial yields y-1 and y 11 not 
more than a few mass units apart, one may write 

x' 

I~ ~(x) dx 
y' Yo' 

= 
y" II 

Yb " J: ~(x) dx 

where X= z -Z 
YO= totaf yield. 

If the approximate slope of the mass-yield curve in the region of interest is 
known the ratio y 0 '/yo" may be determined. Also, using one of the prescrip­
tions for the change of Zp with mass, one may find a relationship between 

I d II f I d II • 0 x an x . Then the values o YO· an YO are determ1ned. ne must be 
careful in the use of these results, however, since a change of lOo/oto l5o/oin 
the total yield may result from a .change in the prescription for Zp (A). 

The mass-yield curve appears in Fig. B.3-l. The curve for 112-Mev 
carbon-ion bombardments is not Gaussian in form, being too broad near the 
top and narrow at the bottom. It appears to reach a maximum at mass 120± 2, 
implying that 1 0± 4 neutrons are emitted with the more probable modes of 
fission. 

For comparison the curve for u238 bombarded with 45.4-Mev a parti­
cles 1 is shown with the curve for carbon ion bombardments. It is apparent 
that moderately asymmetric fission relative to symmetric fission is more 

l 
R. Vandenbosch, T. D. Thomas, S. E. Vandenbosch, R. A. Glass, and 

G.T. Seaberg, Phys. Rev. 111, 1358 (1958). 
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probable for the 112-Mev carbon than for the 45-Mev a bombardments. An 
interesting feature of the curve is that the very asymmetric yields for mass 
56 and the independent yields :for, Re 186 and Re 188 are much higher than ex­
pected from the trend in the moderately asymmetric yields. It is possible 
that this is the result of the entrance of a new mode of fission at high excita­
tion, or perhaps a change of shape of the potential energy surface for very 
asymmetric fission . 

. 4 .. ANGULAR DISTRIBUTIONS FRDM 
HEAVY -ION -INDUCED FISSION REACTIONS 

Victor Viola 

The recoil collection technique is being used to determine the angular 
distributions of fragments from heavy-ion induced fission reactions at the 
Hilac. Target nuclei of Aul97 and Bi209 have been studied with cl2, Nl4, 
and ol6 nuclei as a function of energy and with B11 at maximum energy. 

Experimentally, differential range procedures are used to collect the 
gross fission products at negular angular intervals _between 10 and 175 deg. 
The relative angular distributions are obtained from the ratios of the observed 
f3 activity. Within experimental error there is no deviation in the angular 
distributions as a function of decay time. To tran~form the laboratory­
system data into the mor·e meaningful center-of -mass system, it was assumed 
that all fission ;events were binary. Hence, the c. m. angular distributions 
were determined on the basis of maximum symmetry about 90 deg for angles 
f) and n- e. The values for the transformation parameters neces?ary to give 
such symmetry are consistent with full momentum transfer in reactions lead-

-ing to fission. Above 140 Mev bombarding energy some deviation below this 
is indicated. 

Halpern and Strutinski 1 and Griffin2 have predicted fission fragment 
angular distributions from considerations of the spectrum of I and K quantum 
states in the compound nucleus: here I is the total spin of the compound 
nucleus and K is the projection of I on the nuclear symmetry axis. Quali­
tatively, I can be approximated oy £, the angular momentum transfer in the 
reaction, and K is related to the fissionability, which cq.n be described by 
Z 2 I A. The Halpern and Strutinski distributions are generated by the parameter 
p=Ima~I4Ko2, _where Ko is the mean value of K. Griffin's curves depend 
on the average parameter r = r I R. In general the former fit the data best 
between 0 and 20 deg, while the latter seems more appropriate from 20 to 
50 deg. In Table I the experime1:1-tally determined anisotropy parameters. 
p and r, are summarized for the various systems. Also listed are 

11. Halper and V. M. Strutinski, in Proceedings of the Se.condinterna tional 
Conference on the Peaceful Uses of Atomic Energy, Geneva, 1958, Vol 15, 
p.398. 
2 J. J. Griffin, Phys. Rev. 116, 107 (1959), 



Table I. Summary of findings in heavy-ion-induced fission tJj 

·~ 

Heavy-
197 Bi209 Heavy ion Target: Au Target: 

ion energy 
E*(Mev) (Mev) z2jA (K) p r zZjA E*(Mev) (K) p r 

B11 114 33.9 105 43.6 8.1 4.5 35:2 88.2 43.8 5.4 3.6 
c12 125 34.6 101 45.8 7.5 4.3 35.8 85.7 45.7 5.3 3.5 

112 89.0 41.3 7.2 4.1 73.4 41.3 5.0 3.4 

97.4 59.6 35.1 4.5 3.25 

81~0 59:7 27:3 5:9 3.75 44.3 26.4 3.6 2.9 

69.9 /49.2 20.4 5.1 3.4 
N14 145 35.1 118 53.6 7.0 4.1 36.3 102 53.5 5.0 3.4 I -

127 101 46.9 6.5 4.0 84.8 46.8 4.5 -3.25 0 
I 

107 82.9 38.3 5.4 3.7 65.9 37.8 3.5 2.9 

83.1 60.8 24.8 4.2 3.2 43.5 23.6 2.6 2.4 

0 16 166 35.5 124 61.4 8.5 4.5 36.8 107 61.7 5.9 3.8 
143 103 52.8 7.7 4.3 86.0 52.7 5.7 3.7 
117 78.8 41.1 6.4 4.0 61.9 39.4 4.6 3.4 
84.3 49.8 20.0 3.6 2.9 31.7 14.2 1.7 2.0 

t 

< 
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corresponding values of Z 2/ A, the excitat~on energy E* calculated from 
Cameron, 3 a:nd .R. calculated by Thomas. 

The following "conclusions can be drawn from the information in Table I: 
(a) For a given initial compound nucleus, the anisotropy is observed to in­
crease regularly with increasing bombarding energy. This is consistent with 
the expectation that .R. increases with increasing energy of the incident parti­
cle, and additionally, indicates that .R. is increasing more rapidly than R. 
(b) When the same heavy ion is involved, the angular distributions from gold 
are much more anisotropic than those from bismuth. This behavior is ex­
plained in terrns of the greater fissionability of the compound nuclei formed 
with bismuth; i.e., R is larger and the anisotropy is therefore reduced. 
(c) Examination of different heavy ions and a single target at the same cal­
culated values of E* of · i. shows that the anisotropy decreases in the order 
Bll>cl2> ol6> Nl4. Because i. and z2jA of the initially formed compound 
nucleus both increase with increasing heavy-ion mass and charge, they produce 
opposite effects on the anisotropy. These results indicate that the fission­
ability is the more important of the two effects. The behavior of N 14 is 
anomalous in this respect and is not yet explained. 

3 
A. G. W. Cameron, A Revised Semi-Empirical Atomic Mass Formula, Chalk 

River, Ontario, CRP-690, AECL-433, Dec. 1958. 
4 

T.D. Thomas, Phys. Rev. 116,703 (1959). 

5. THE EFFECT OF ANGULAR MOMENTUM ON FISSION PROBABILITY (*) 

J. Gilmore, I. Perlman and S. G. Thompson 

A series of experiments has been carried out to help elucidate the effect 
of angular momentum on fission probability. The liquid-drop-model calcu­
lations by Pik-Pichak 1 and Hiskes 2 have suggested that the nuclear deformation 
associated with large values of angular momentum should lead to a decreased 
barrier against fission. Halpern has considered the effect of large angular 
momentum on level widths for fission and neutron emission and also concluded 
that fission probability will be enhanced.3 

The probability for fission of nuclei with large angular momenta may 
be conveniently studied by bombarding suitable target nuclei with heavy ions. 
Bombardment of Ta 181 with 016 ions, for example, may give an angular mo­
mentum in the compound nucleus of> 10011. 

In this s'eries of experiments it was found possible to select pairs of 
isotopes that could be bombarded with two different heavy ions to give the 
same compound nucleus. The excitation energies in .the two compound nuclei 

* Brief version of John Gilmore's Ph. D. Thesis (same title), UCRL-9304, 
July 1960. 
1

G. A. Pik-Pichak, Soviet Physics--JETP !._, 238 ( 1958). 
2 

John R. Hiskes, The Liquid-Drop Model of Fission: Equilibrium Configura­
tions and Energetics of Uniform Rotating Charged Drops (Ph. D. Thesis), 
UCRL-9275, June 1960. 
3I. Halpern, Ann. Rev. Nuclear Sci. 9 , 245 ( 19 59). 
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could be made equal by adjustment of the bombarding energies, but the angular 
momentum brought in by the heavier ion was in general greater b,ecause of 
its larger mass and radius. It was then of interest to find whether, in bom­
bardment by the heavier ion, the higher angular momentum might result in 
an increased fission probability. Here the fission probability was defined as 
the ratio of the fission cross section to that for compound-nucleus formation. 

The exp~rimental portion of this work involved determinatibn of fission 
eros s sections. In an evacuated fission chamber, nuclear emulsions recorded 
fission fragments recoiling from a thin target as the collimated heavy-ion 
beam passed through the target and into a Faraday cup. Microsdopic exam­
amination of selected portions of the emulsions and application of geometry 
correction factors then gave the fission-fragment angular distribution. Fission 
eros s sections w~re obtained by integration of these angular distbbutions. 

A major problem in developing the experimental methods was achieve­
ment of adequate discrimination between tracks of fission fragm~nts and the 
densely ionizing heavy ions. In the procedure finally chosen, a relatively 
insensitive emulsion coupled with a weak development recorded fission frag­
ments as continuous tracks but indicated neon and oxygen ions ori.ly by trails 
of individual grains, and did not record lighter ions. 

Values of compound-nucleus -'formation eros s sections (<Tc ~ and angular 
momenta were taken from the calculations of Thomas. 4 The us~ of these 
cross sections represents one of the major uncertainties in this [work, since 
their calculation does not take into account any deformation or polarization 
of the target or any interaction between target and bombarding particle other 
than complete merger. . . i · 

Determination of fission probabilities and correlations with calculated 
angular momenta were performed for the following systems; (C ~ 2 + Tm 169; 
o.16+Hol65), (016+Tmi69; Ne20+Ho165}, (cl2+Rel85; o16+Tal81), 
(0 16 + R e 18 5; N e 2 0 + T a 18 1 ) • 

I 

An example of the results may be seen in Figs. B.5-l and B.5-2. At 
high excitation energies, the larger angular momentum in the heavier -ion 
bombardment correlates with a higher fission probability for that case, 
supporting the conclusions of Pik-Pichak and Halpern. At these energies 
well above the Coulomb barrier, the distribution of f. values begins to re­
semble the distribution for zero barrier, i.e., <Tf. a: 2 f.+ l, and a correlation 
of atfCJc with £max should be justified. At lower excitation energies, <Tf/<Tc 
in the ol6 bombardment remains larger than a£/<Tc for the c12 bombardment, 
and here one would have to know the distribution in 1. values to properly in­
terpret the results. Similar correlations were found in the other pairs of 
bombardments. However, values of <Tf/ <Tc in the bombardments with full­
energy Ne20 ions were unexpectedly low. This leads to conside1ration of the 
possibility, suggested by liquid-drop calculations, that compound-nucleus 
formation would be forbidden for very large angular momenta. 

4 
T. D. Thomas, Phys. Rev. 116, 703 (1959}. 
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Fig. B. 5-l. Maximum angular momentum (classical) as a 
function of excitatioy- ~ergy in the compound nucleus for 
Tal81 + ol6 andRe 8 t c 1 2. 
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Fig. B. 5-2. Prol>ability for fission in the bombardmen~s 
Tal81+ o_l and Rel85 + cl2 (square-well !Jc). 
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6. FISSION OF URANIUM-238 BY CARBON IONS (~:<) 

T. Sikkeland, A. E. Larsh, and G. E. Gordon 

With the use of a solid- state detector, the following quantities have 
been measured: (a) the differential cross section for fission and elastically 
scattered cl2, (b) the most probable kinetic energy of the fission fragments 
as a function of laboratory-system-angle, and (c) the total cross section for 
fission as a function of the energy of Cl2. 

A beam of 125-Mev cl2 ions from the Hilac was passed through a bend­
ing magnet before the fission ch'amber. Lower energies were obtained by in­
serting weighed aluminum foils in the beam.l An uncertainty of 1 Mev was 
,estimated for the energy. Targets were made by vaporizing UF4 onto 

238 800-JJ.g{cm 2-thick nickel. The target most frequently used had 250 fJ.g U 
per cm2. 

The. target was oriented 45 deg to the beam with the uranium layer facing 
the detector .. The detectors, chamber, and electronic system used have been 
described elsewhere. 2 The detector was calibrated with a Cf252 spontaneous 
fission source. It was found that electrons, knocked out of the target to the 
detector, had the effect of worsening the resolution of the peak of scattered 
C 12, but not a pulse- generator peak included in the system. This was over­
come by introducing a 1000- gauss magnetic field in front of the detector, which 
removed most of the electrons over a distance of l em. 

Experimental Results 

l. The angular distributions of the fission fragments in the laboratory 
system were transferred to the coordinate system of the fissioning nucleus 
by trial until· a symmetric distribution about 90 deg in the new system was 
obtained. 

An attempt was made to fit the distributions to the theory developed by 
Halpern and Strutinski.3 The shape of the curve is, according to their formal­
ism, determined by a parameter P, defined by P = Inr /4Ko 2 , where Ko 2 is 
the mean value of K2 in the R distribution, and Im is approximately the 
maximum angular momentum of the fis sioning nucleus. Curves corresponding 
to different values of P have been calculated.4 With the high level width for 
fission, practically all the nuclei formed with an excitation energy above the 
fission barrier (::::: 5 Mev) will under go fission. It is therefore to be expected 
that fission will occur from nuclei formed through a variety of reactions. 

:>'_c 

Brief version of a paper (UCRL-9 540) to be submitted to Phys. Rev. 
1 
John R. Walton, (Lawrence Radiation Laboratory), unpublished data for 

range-energy-relations of cl2 in A1 1959. 
2

G. E. Gordon, A. E. Larsh, T. Sikkeland, and G. T. Seaborg, Phys. Rev. 
120, 1341 (1960). 

~Halpern and V. Strutinski, in Proceedings of the Second United Nations 
International Conference on the Peaceful Uses of Atomic Energy, Geneva, 
1958 (United Nations, New York 1958) Vol. 15, p. 408. 
4 

J. R. Huizenga and R. Vandenbosch, Nuclear Fission, Argonne National 
Laboratory, Argonne, Illinois, 1960 (to be published). 
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We will try to compare the distributions with those predicted in the case 
in which compound nuclei are formed followed by evaporations o£ nucleons 1n 
competition with fission. 

Monte Carlo calculations by Dostrovisky5 predict that charg~d-particle 
evaporation is negligible in comparison with neutron evaporation,. 

The mean spin of the compound nucleus formed in the bompardment of 
u238 with C 12 has been calculated by Thomas. 6 A neutron will classically 
reduce the spin by 1% for a nucleus with mass around 250. The ;excitation 
energy along an evaporation chain can be estimated from tabulated neutron­
binding energies, 7 and by assuming the mean kinetic energy car

1

ried off by a 
neutron to be 2T. T is the nuclear temperature and is around 1.5 Mev in 
the region we are considering~ 

The over-all angular distribution can now be obtained by 4dding up the 
contribution from the different nuclei in the chain. In that case one has to 
know the percent fission at each step. 

A formula for the ratio between level widths for neutron errois sian and 
for fis sian has been developed by Huizenga and Vandenbosch4 which takes into 
account also the effect of rotation. The result of the calculations using their 

I 

formula are given in Table I. 

I 
A typical over -all angular distribution calculated at 124 Mev C 12 is 

shown in Fig. B.6-l together with the experimental data. Simqar distribu­
tions have been obtained at 73 Mev and 95.4 Mev. As is seen, the experimental 
distribution is more isotropic than predicted. The discrepancy can be ex­
plained by assuming a contribution from a non-compound-nucleus type of 
reaction by which particles are ernitted with high orbital angular momenta 
prior to fis sian. In such reactions the nuclei will be left with low spin and 
subsequently give a more isotropic distribution of the fission fragments than 
estimated for an evaporation process. 

2. The most probable kinetic energy in the laboratory system, EL, 
is related to the kinetic energy in the system of the fissioning nucleus, Ec, 
through the equations 

EL = EC(l +X 
2

+ 2X cos BC)' mp mp 
(2) 

sin ec 
tg e = 

L X +cos Be mp 
(3) 

where X is the most probable value of X, defined as 
mp 

X = velocity of the fis sioning nucleus along the beam axis 
v-eloeityof th:e fisfH~on"fragment in the ·system of the 'fis'sioning"nucl~us 

5communication from Dostrovsky to Edward L. Hubbard (as reported by 
E. L. Hubbard, R. M. Main, and R. V. Pyle', Phys. Rev. 118, 507 (1960) 
6 T. D. Thomas, Phys.Rev. 116, 703 (1959). 
7 R.A. Glass, S.G. Thompson, and G.T. Seaberg, J.Inorg. and Nuclear Chern. 
1, 3 (1955). 



Table I. 

E c1z AfN E 

-
C£250 45.7 
cf249 36.0 

73 < cf248 27.4 

c£247 17.4 

c£246 8.5 

c£250 67.0 

c£249 57.3 

95.4 < c£248 48.7 

c£247 38.7 

c£246 29.8 

c£250 94.2 

c£249 83.4 

124 < cf248 75.9 

cf247 65.9 

c£246 57.0 

Result of calculations by Huizenga-Vandenbosch formula 

T fission -
Aff X eN 

2 Xm2 2 v Xmp 
{o/o} 

19.4 26 9.1 120.5 

19.2 20 7.7 120.7 

19.0 30 6.5 120.8 0.018 0.018 0.016 

18.8 12 5.2 120.9 (+0.004} ( +.004) 

18.6 12 4.0 !21.0 

33.5 28 11.6 119.2 

33.2 25 10.3 119.4 

32.9 22 9.0 119.5 0.024 0.018 0.023 

32.6 16 7.7 119.7 (+. 004} (+.005} 

32.3 8 6.6 119.7 

45.9 33 14.9 117.6 

45.4 27 13.4 117.8 

45.0 20 12.5 117.8 0.030 0.022 0.023 

44.5 12 11.0 118.0 (tO. 004} (+.005) 

44.1 6 9.8 118.1 

Ko2 p 

202 1.1 

175 1.2 

150 1.4 

100 2·.o 

10 5.6 

249 2.5 

227 2.7 

209 2.9 

183 3.3 

158 3.7 

298 4.0 

279 4.2 

266 4.3 

246 4.5 

228 4.8 

tJj 

0' 

l ---...J 

c:: 
() 
~ 
~ 
! 

-.!) 

U'l 
0' 
0' 



Fig. 

-118- UCRL-9566 

0 0 to 90 deg 

• 90 to 180 deg 

VI I. -c: 
:J 

Q) 

> • -.2 
Q) .... 
c: ·-

blc¥ -c-o 

1,4 

1.2 .. 
o•~ 

~-

170 150 130 llO 

80 

MU-22898 

B. 6-1. Differential cross section of fission fraTments 
from the reaction between u238 and 124-Mev C 2 ions. 
The transformation to the system of the fissioning 
nucleus was performed with X 2 = 0. 022. The curve is 
a theoretical curve. m 
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eL and 8c are the angles in the laboratory system and in the coordinate 
system of the fis sioning nucleus, and Ec and Xmp were adjusted to fit the 
experimental data. For Ec we obtained the value 93± 3 Mev at all three 
bombarding energies .. This is to b.e compared with 185 Mev as the most 
probable total kinetic energy release in the fission of Cf252, 8 and seems to 
indicate that the most probable fis sioning nuclei are Cf isotopes. Independ­
ence of bombarding energy for the kinetic energy release in fission has been 
observed in the bombardment of Au with cl2. 2 

The va ues of Xmp• together with mean values of X, Xm, obtained 
from the transformations of the angular distributions, are given in Table I. 
These we will now compare with XcN values which can be estimated for 
compound-nucleus reactions.. In that case the mean moment of the fis sioning 
nucleus is equal to that of the heavy ion, and we have 

2 
XcN = 

AiEiAf£ 

AnJ. Ec 

( 4) 

Here Ai and E 1 are the mass and lab energy of the heavy ion, Af£ is mass 
of the fission fragment, and AfN the mass of the fissioning nucleus; Ec is 
defined as before. 

When neutrons are evaporated the mean excitation energy, E, of the 
fissioning nuclei can be estimated. The number of neutrons emitted from the 
fission fragments in the fission process, v, is then, according to Leachman's 
empirical relationship;9 .. 

where vo is the number emitted from a nucleus in the ground state as ob­
served in spontaneous fission. For high-energy fission the mass-yield curve 
is symmetric and the mean mass of the fission fragments Af£ can thus be 
evaluated. The estimated values for Af£, E, and XcJ are given in Table I. 

We see that, as a general rule, XcN2>Xmp2>Xm2 . Appar:ently we have 
contribution from reactions in which the linear momentum of the fis sioning 
nucleus is less than that of the heavy ion. Particles are emitted preferen­
tially in the forward direction prior to the fission process. 

High frequency of a particles has been observed emitted in the for­
ward direction in the bombardment of Au197 with 160-Mev o16. 10 A similar 

8 
J. S. Fraser and J. G. D. Milton, in Proceedings of the Second United Nations 

International Conference on the Peaceful Uses of Atomic Energy, Geneva, 
1958 (United Nations, New York, 1958) V9l. 15, p. 216. 
9 R. B. Leachman, op. cit., p. 299. -
1 0w. J. Knox, C. E. Anderson, A. R. Quinton, and H. W. Brock, in Proceed­
ings of the Second Conference on Reactions between Complex Nuclei, 
Gatlinburg, May 2-4 1960 (John Wiley and Sons Inc., New York, 1960), p. 263. 
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type of reaction could account for the apparent low mean spin and linear mo­
mentum of the fis sioning nuclei in the case of u238 + C 12. 

3. The total cross section for fission was determined by a direct com­
parison, using the same detector, target, and geometry, of the counting rate 
of carbon ions in the region of pure Coulomb scattering, with the fission count­
ing rate, and allowing for the presence of two fragments in the latter case. 
The contribution to the scattering from the nickel backing was determined 
experimentally. The fission cross section was found to be 0.47 barn at 73 
Mev, 1.4 barns at 95.4 Mev, and 2.3 barns at 124 Mev. For all three values 
we assign a standard deviation of 1 Oo/o. 

At other bombarding energies, the differential cr'oss section at 90 deg 
to the beam wa:s measured and the total cross section estimated from th.e 
known efficien,cy and by as surning a smooth variation in the angular distribu­
tion with bombarding energy. The error introduced by this method should be 
negligible because of the small changes in the distribution from 73 Mev to 
124 Mev. 

The results are given in Fig. B.6-2 together with the theo.retical curve 
for compound-nucleus formation as calculated by Thornas6 from the square­
well model and vo = 1.5X10-13 ern. We see the agreement is satisfactory, 
and this cross section represents, then, the total cross section for reactions 
which produce nuclei with more than 5 Mev excitation energy. 

7. COMPOSITION-DEPENDENT SURFACE ENERGY OF HEAVY NUCLIDES 
AND SPONTANEOUS FISSION 

Reinhard Brandt and Stanley G. Thompson 

This report is a summary of a preliminary investigation of the influence 
of a composition dependence of the nuclear surface tension on some phenomena 
of fission such as fission barrier height, spontaneous fission rates, and asym­
metry. 

The liquid-drop model is employed in the serniernpirical mass formula 
and in the. theory of fission. The attractive nuclear forces are idealized in 
a surface energy, which has in the standard serriiernpirical mass formula 
(for example, Green 1 ). the form 

E( surface)= (constant).· A2/3 ( 1) 

There is some evidence that for a given A the nuclear attractive forces may 
be composition-dependent, i.e., may depend on the neutron-to-proton ratio. 
Kolesnikov- -Larkin-Mottelson2 (K-L-M) proposed the composition-dependent 
surface energy term 

1 
A.E.S. Green, Phys. Rev. 95,1006 (1954). 

2 ' 
R. Brandt, F. Werner, M. Wakano, R. Fuller, and J. A. Wheeler, in 

Conference on Nuclidic Masses, edited by H. E. Duckworth (University of 
Toronto Press, Toronto, 1961). 
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B. 6-2. Total fission cross section for fission of u 238 
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E(surface) =(constant) · A 2/ 3 [: l-c 1 ( N~Z ) 
2
] (2) 

It has been shown2 that one cannot get a better or worse semiempirical 
mass formula by using C1 = 0 of C1 = 2.5. Also, the plot of the spontaneous 
fission half lives vs the fissionability parameter X= E (Coulomb )/2 E (surface) 
could not be smoothed out with these two values of C 1· Concerning the. question 
of the stability of heavy nuclei (with half lives > 10 -4sec), Werner and Wheeler3 
showed that for C 1 = 0, nuclei up to Z = 147 and A= 500 might be expected. For 
C 1 = 2. 7 it was shown2 that the stability region would be confined to (A~ 274; 
Z~ 96 for A= 250). Thus there exists no evidence for or against the K-L-M 
term so far as the semi~mpirical mass formula or th.e spontaneous fission 
half-lives are concerned. · · · 

But a value of the term C 1 between 0 and 2. 7 might be obtained that 
would permit a better prediction. Some insight into the magnitude of this 
term is obtained in the following discussion. 

Swiatecki 5 has shown, .for the uniformly charged liquid drop, that the 
threshold energy is related to X in the following way, assuming that for 
X < Xc the nucleus is asymmetrically deformed at the threshold: 

E(threshold) ="function" ( 1- X) - c 2 (Xc- X)
2 

, (3) 
where C2,. Xc are constants. 
By using a classical liquid drop, it is shown6 that 

"function" (l-X) = 0.73 (l-X)3 -0.33 (1-X)4 + 1.9 (1-X)5 -0.21 (1-X) 6 
E( surf;;tce) 

The constant Xc appears also in the relation of the asymmetry of mass­
yield curves vs x;4 

(MH_A-. ML) 2 t =(constant) · (XC- X), 

where MH = the mass of the most probable heavy fragment, 
ML =the mass of the most probable light fragment. 

(4) 

( 5) 

The constants C2 andXc in. Eq. (3) can be determined by fitting Eq. (3) to 
two observed fission-activation energies7 (for example, Cm242 and Th234). 
Then this Xc is compared with the Xc from the plot of observed asymmetry 
data vs X. For C1 = 0 (this affects X and Eqs. (4) and (5)) the two independ­
ently determined values of Xc do not agree, nor do they agree for C1 = 1.2. 
But for C1 = 0.8 the Xc from the threshold calculation agrees with the asym­
metry curve (see Fig. B. 7-1). If then the other activation energies for even­
even nuclei are calculated from Eq. (3), it is found that the7 agree within 
0.15 Mev with those computed by Vandenbosch and Seaborg. The question 

3 
F.G. Werner and J.A. Wheeler, Phys. Rev. 109, 126 (1958). 

4 
W. J. Swiatecki, Phys. Rev. 100, 936 (1955). 

5w. J. Swiatecki, Phys. Rev. 101, 651 (1956). 
6
Earl K. Hyde, A Review of Nuclear Fission. Part I. Fission Phenomena at 

Low Energy, UCRL-9036, Jan. 1960, p. 28. 
7 
R. Vandenbosch and G. T. Seaborg, Phys. Rev. 110, 507 (1958). 

8 S.A. E. Yohansson, Nucl. Phys. 12,449 (1959). 
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Fig. B. 7-1. The observed fission asymmetry 

against the improved x value. 
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remains now as to how large C 1 must be to give similar agreement when 
the fis sian barriers are used instead of fis sian-activation energy. 7 

Johansson employed single-particle effects to improve the correlation 
of spontaneous fis sian half lives with x.8 However, the variations in curve 
can be smoothed out considerably by using C 1 = l. 0± .3. 

The influence of C 1 = 1. 0±. 3 oiJ.the·'exp:e:ctedhaTflives of higher elements 
is also being considered. 

8. FISSION BARRIER HEIGHTS IN ELEMENTS LIGHTER THAN RADIUM 

D. S. Burnett and S. G. Thompson 

· . . J:.. program has been initiated to study the fission barrier heights in 
elements lighter than radium. At present there are no directly measured 
values for barrier heights in this region; however, the~?e values are of con-
siderable significance for the following reasons. · ' 

(a) Fission has been observed to be symmetric for all nuclides studied 
in this region, even at energies close to the barrier; thus tt might be expected 
that in this region the (conventional) liquid-drop model would be a better ap­
proximation to the actual situation than for heavy elements Where the liquid 
-drop in its original form did not predict the observed trends .in barrier heights 
and did not> explain the asymmetry in fission. 

(b) Fis sian barrier heights are important in the study of the nuclear 
reactions in this region at moderate excitation, since fission can compete 
effectively as a nuclear reaction mode under these conditions. · 

One purpose of the present program is to attempt direct measurement 
of fission-barrier heights for these nuclides. In order to guide experimentai 
work and provide preliminary estimates for comparison with experimental 
data, approximate calculations of barrier heights have been carried out1 in 
two ways. 

A. Following an approach similar to one sugge~ted by Halper-n2 we can 
write, as a very rough approximation, 

where B is barrier height, B is the neutron binding energy, c is a con­
stant, an& E is excitation enei!gy. rt/rn, the probability for fis sian rel­
ative to neutibn emission, is equal to the ratio of the observed, fission cross 
section to the formation cross section of the compound nucleus, since neutron 
emis sian is the most probable reaction at these energies, making the total 

1
Donald S. Burnett and Stanley G. Thompson, Fission Thresholds for Elements 

Lighter than Radium, UCRL-9321, July 1950. 
2 
I. Halpern, Ann. Rev. Nuclear Sci. 9, (1959). 
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reaction width very close to rn. Values for Bf can be obtained from the slope 
of a log plot of r£/rn vs 1 ,JE::. provided c is known. A value for c was 
e~:~timated from a plot of r£1?u vs ,(Bn- Bf) for heavy elements at constant 
excitation which had been made by. Vandenbosch and Huizenga) Thus estimates 
of Bf could be obtained. 

B. Let us define s as a dimensionless measure of the fission barrier, 
Bf, by s = B£1Es0 , where EsO is the initial surface energy of the undeformed 
nucleus, and define x, the fis sionablitity parameter, as (z2 I A)I(Z 2 I A)o, 
where ( z2 I A)o is a limiting value at which the nucleus will fission spontane'­
ously without deformation. Previous work had suggested that in the region 
from x = 0 (uncharged drop) to x = 0. 7 the values of s based on the liquid-drop 
model could be well represented by a parabolic expression, s = c + bx + ax2, 
where c and b are respectively the value and first derivative of s at x = 0 
and had been previously calculated by Bohr and Wheeler. 4 The value a was 
obtained by estimating a threshold for the Ra226 (nf) data of Nobles and 
Leachman.S This equation was used to calculate fission-barrier heights for 
elements in this region. 

Some sample results are given in Table I. A more complete tabulation 
may be found in Ref. 1. 

Table I. Comparison of results from two methods for calculating fission­
barrier heights. 

Barrier height (Mev) Compound 
nucleus 

Method A Method B 

At213 

p
0

212 

p 0 210 

Tl201 

Ta·l 79 

16 

17 

22 

26 

15.6 

21.1 

21.3 

25.6 

35.4 

The approximations made in obtaining the expression used in Method A 
are not very good for the cases considered, consequently the values so ob­
tained must be taken merely as order -of-magnitude estimates. The values 
obtained from Method B would be more appropriately used to compare with 
any experimental values if direct measurement of these fission barriers 
turned out to be feasible. 

3R. Vandenbosch and J. R. Hiuzenga, in Proceedings of the Second Inter­
national Conference on Peaceful Uses of Atomic Energy, Geneva, 1958, 
(United Nations, Geneva, 1958) Vol. 15, Paper 688. 
4 -

N. Bohr and J.A. Wheeler, Phys. Rev. 56,426 (1939). 
5 -
R.A. Nobles and R.B. Leachman, Nuclear Phys. 5, 211 (1958). 
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C. NUCLEAR REACTIONS 

1. TOTAL REACTION CROSS SECTIONS 

Bruce D. Wilkins and George Igo 

Recently elastic scattering data of various ions have been fitted with 
several nuclear models; 1 In particular, work has been done using an optical-~ 
model potential2 

V + iW 

lr__:B.) l+exp\a 

The parameters V, W, R, and a represent respectively the depths of the 
real and imaginary potentials, the radius, and the ·diffusenes ~ parameters 
of the potential. In addition the optical model also predicts total reaction 
cross sections O"R. Measurements of O"R help resolve the ambiguity in 
determining the shape of the optical~model potentials for various ions. With 
this in mind we have begun a program at the heavy-ion linear' accelerator 
and at the 60-inch cyclotron to measure O"R for 0 6 ions and protons. 

We have used the method of beam attenuation. _3 The beam particles 
pass through two thin 6E plastic sciritillators and an attenuator of the 
material under investigation, and finally into a stopping plastic scintillator. 
A nuclear reaction in the attenuator causes an anticoincidenc~ between the 
two l!.E counters and the stopping counter. Attenuator-in and attenuator~ 
out measurements are necessary to see the effect of the attenuator. With 
the use of nanosecond electronic techniques we have been able to count at 
a rate of 4X 105 counts per second. 

'· 
Corrections which must be made are (a) subtraction of elastic scattering 

through angles greater than that subtended by the stopping counter, (p) 
addition of inelastic or reaction events in which the product cannot be dis­
tinguished from the beam particle in the stopping counter, (c') transfer 
reactions. The discrimination against inelastic or reaction events in the 
stopping counter is accomplished by placing an absorber between target and 
plastic scintillator. The solid angle subtended by the stopping counter is 
determined by measuring the anticoincidence rate as a function of the distance 
of the sto-pping counter from the attenuator {see Fig. C. l-1 ). The flat portion 

1 
J. S. Blair, Phys. Rev. 95, 1218 (1954); F. Bjorklund, in Proceedings of 

the International Conference on the Nuclear Optical Model, Tallahassee, 
1959; K. W. Ford_and J. A. Wheeler, Annals of Physics 7, 287 (1959); 
C. E. Porter, Phys. Rev .. 99, 1400 (1955); G. Igo and R. -M. Thaler, Phys. 
Rev. 106, 126 (1957). -
2 -

R. D. Woods and D. S. Saxon, Phys. Rev. ~· 577 (1954). 
3

R. M. Eisberg, in Proceedings of the International Conference on the 
Nuclear Optical Model, Tallahassee, 19 59. 
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Fig. C. 1-1. The dependence of the measured cross section on the 
distance X of the stopping counter from the attenuator. The 
points 0 are the measurements for 152±8-Mev o16 ions 
on Cu. A smooth curve has been drawn through the points. 
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of the curve in Fig. C. ! -1 is where the elastic scattering corre.ction is 
approximately equal and opposite to the inelastic and reaction scattering 
correction. The statistics on the individual points in Fig. C. l-1 are of 
the order of 6%. 

Preliminary results on the total reaction cross sections £~r 
152±8-Mev ol6 ions are listed in Table I. Further corrections1 (to be de­
termined later) due to elastic, inelastic, and reaction scattering effects 
may change thes1f!sults b7¥-, :1_s much as lOo/o. If the cross section is written 
as aR = :rrR0

2 (A 1 + A 2
1 3) , where A 1 and A are the atomic numbers 

of ion and target respectively, then the values ot R 0 obtained from this 
analysis are also listed in Table I. 

Table I. Reaction cross sections for l52±8,~Mev o 16 ions 
I 

a t(barns) R
0

(fermis) 

Al 2.09±0. 08 1.48 

Cu 3.35±0.14 1.59 

Ag 4. 18±0. !6 1. 59 

Au 5.82±0.22 1.63 

These values of Ro are consistent with those found in elastic scattering 
analyses by using the Blair model. 4 

4
J. S. Blair, Phys. Rev. 95, 1218 (1954). 

2. THEORETICAL REACTION CROSS SECTIONS 
FOR ALPHA PARTICLES WITH THE OPTICAL MODEL 

John R. Huizenga* and George !go 

Shapiro 1 and Blatt and Weisskopf2 have calculated total reaction cross 
sections for a particles with a square-well potential. The total reaction 
cross section is given by 

J. =£. ' L (2£.+1) TJ. (£), 
£ =0 

( 1) 

* Summer visitor from Argonne National Laboratory, Argonn,e, Illinois. 
1
M. M. Shapiro, Phys .. Rev. 90, 171 (1953). 

2 
J. M. Blatt and V. F. Weisskopf. Theoretical Nuclear Physics (John Wiley 

and Sons, Inc .• New York, 1952), p. 352. 
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where ~. is the de Broglie wave length, P. is the angular momentum of the 
incident particle in units of 11, T 1 (€) is the transrnis sion coefficient of the 
incident particle of energy €. Tne transrnis sion coefficients (actually 4/T 1 
are tabulated) for a. particles derived from the square -well potential are 
available for target nuclei with Z < 40. 3 Igo has calculated total reaction 
cross sections with a complex nuclear potential for six target nuclei with 
a.-particle projectiles of several energies. 4 Transmission coefficients 
calculated with the complex nuclear potential are not available. 

Since a.-particle transmission coefficients for high-Z targets are not 
available, we have calculated this quantity for a large variety of targets at 
a number of a. energies with a complex nuclear potential. 

The optical-model potential employed in these calculations is written 
as 

(2) 

where V c is the Coulomb potential, Ma. the reduced mass of the a. particle, 
and the third and fourth terms, in units of Mev are the real and imaginary 
parts, respectively, of the a.-nucleus potential4 exclusive of the Coulomb 
and centrifugal potentials. The Coulomb potential of the Hill-FordS charge 
distribution was employed in Eq. (2). This is given by 

vc = \: .z [ :z + ~- ~ + ·~; (~~nx + ·~x)]/(4 <z + :-n for x <I 

(3) 
and 

2 ~I , n\ n~nx Jl 
2Ze l x -, 2)e 

v = -l -n l 3 
for X> l, (4) 

c r X 
c e + 2n+ 3 n 

where x = r/ r c and where n is l 0 for heavy elements and is proportional 
to A 17 3 .. Th_e q~antity r c is the distanc~ out to the half-value point of the 
charge d1stnbut1on. The value l.l7Alf3xlo-l3 ern for rc was chosen 
larger than the value obtained from the electron scattering experirnents6 

3 
H. Feshbach, M. M. Shapiro, and V. F. Weisskopf, NY0-3077, June, 1953 

(unpublished). 
4 

G. Igo, Phys. Rev. 115, 1665 (1959), 
5K.W.FordandD.L.Hill, Phys. Rev. 94, 1617 (1954). 
6 -

R.Hofstadter, Ann. Rev. NuclearSci., 7, 231 (195:7). 
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to take roughly into account the effect of the finite size of the a.-,.particle 
charge distribution. 

In order to use an existing calculational program, it was necessary to 
choose the parameters V, W, r0 , and d for the Wood-Saxon potential, 7 

(V + i W) / [I + exp ( r~r 0)] , . 

to reproduce the nuclear potential of Eq. (2) for values of r such that the 
real part of the nuclear potential is greater than -10 Mev. Th~se parameters 
are given in Table I. The depth of the potential for small values of r is 
also fixed when the parameters of Table I are used, although it has been shown 
that a.-particle scattering is not sensitive to the potential depth'. 

The total reaction cross sections, aR, and the transmission co­
efficients, T 1 , have been calculated with the parameters of Table I. Figures 
C. 2-1 and C. 2-2 show the energy variation of the total reaction cross 
sections for y51 and for u235. For comparison the same qua~tity: is 
calculated by Shapiro 1 and by Feshbach, Shapiro, and Weissk6pf. 3 

Nuclide 

K41 
19 

T -48 
22 

1 

y51 
23 

cr52 
24 

Mn53 
25 

Mn55 
25 

Fe 56 
26 

co55 
27 

Ge72 
32 

Rb85 
37 
41Nb93 

Rhl03 
45 

Snll9 
50 

Ndl44 
60 173 
70 Yb 

Ptl95 
78 

Pb206 
82 

Th232 
90 

235 
92u 

Table _I. Woods-S~xon potential parameters 

v 
(Mev) 

-50 

-50 

-50 

-50 

-50 

-50 

-50 

~50 

-50 

-50 

-50 

-50 

-50 

-50 

-50 

-50 

-50 

-50 

-50 

w 
(Mev) 

-8.70 

-9.51 

-10.00 

-9.90 

-9.98 

-10.2 5 

-10.26 

-10.17 

-11.85 

-13.30 

-13.7 4 

-14.30 

-16.20 

-18.23 

-20.7 9 

-22. 10 

-23.00 

-26.11 

-27.00 

ro 
(fermis) 

d 
(fermis) 

0.576 

1 R. D. Woods and D. S. Saxon, Phys. Rev. 95, 577 (1954). 

I 

I 

r 
(fer~is) 

l.l?Al/3 

n 

5.60 

5. 91 

6.04 

6.07 

6.11 

6.19 

6.23 

6.19 

6. 77 

7.16 

7.37 

7.62 

8.00 

8.53 

9.07 

9.44 

9.61 

10.00 

l 0. 04 
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C. 2-1. The total reaction cross section versus laboratory 
energy for alpha particles incident on y51 The solid 
curve has been calculated by using the surface nuclear 
potential discussed in the text. The dashed line is the 
same quantity calculated by Shapiro (Ref. 1 ). 
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C. 2-2. The total reaction cross section versus laboratory 
energy for alpha particles incident on u235 The sdlid 
curve has been calculated by using the surface nuclear 
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same quantity from the paper of Feshbach, Shapiro, and 
Weisskopf (Ref. 3). 
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3. THE REACTION c 12 (a., d)N
14 

(*) 

Joseph Cerny, III, and Bernard G. Harvey 

UCRL-9566 

The reaction c 12 (a., d)Nl4 was studied in almost the same way as the 
reactions described in the previous report. Angular distributions were ob­
tained for the deuteron groups leading to the ground state and 3.95-Mev 
state of N 14. 

14 ' 
The 2. 31-Mev 0+, T=l state of N was not observed: it was excited 

less than 3o/o as strongly as the ground state. This observation, however, 
is not strong evidence for the isotopic spin purity of the level, because 
formation of a 0+ level from a 0+ target is also forbidden by angular mo­
mentum and parity conservation in an (a., d) or (d, a.) reaction. Furthermore, 
several well-known T=O levels of N 14 were not observably excited: the 
(a., d) reaction is somewhat specific. 

The angular distribution of deuterons corresponding to formation of 
the ground state of N 14 is shown in Fig. C. 3-l. Good agreement was ob­
tained with the Butler stripping theory by using i. =2 and r=6. 3 f. However, 
an equally good fit was obtained for 1=0 and r=6.45 f. Figure C. 3-2 shows 
the best fit obtained with the two-nucleon stripping theory of Glendenning 
for capture of the proton and neutron into the p 1 12 shell, with r =4. 7 0 f. 
Equally good fits (but with slightly larger values of r) were obtained for 
several other configurations. The eros s section for formation of the N 14 
ground state (integrated between 10 and 133 deg) is 1.8mb. 

Figure G. 3-3 shbws the angular distribution of deuterons corresponding 
to formation of the 3. 95-Mev 1+, T=O level of Nl4. Good agreement was 
obtained on Butler theory for i. =2, r=5. 5 f, or i. =0, r=5. 7 f. Figure C. 3-4 
shows the fit obtained with the Glendani~ th:ory, assuming that the captured 
nucleons enter the p 1; 2 shell, with r=4. 33 f. Again, equally good fits were 
obtained for other configurations. 

The multiple fitting is characteristic of stripping reactions that in­
volve a large momentum transfer. The arguments of the spherical Bessel 
functions are then large enough for the functions to approach their asymptotic 
forms, which are sine and cosine functions for even and odd P. values 
respectively. It is quite impossible to distinguish between P. =0 and P. :::;;2, 
and, in some cases at least, P. =1 or P. =3 would give angular distributions 

, that would be experimentally indistinguishable from the even-1. values, 
since the required interaction radius may change by an amount too small 
to permit rejection of any of the P. values. 

* Brief version of published paper, Phys. Rev. 120, 21.62 (1960). 
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C. 3-1. Angular distrib~t~on of deuterons from fo~mf,tion 
of the ground state of N in the reaction C 12 (a., d)N • 
Curve A presents the experimental results; Curve B, 
results calculated from the Butler equation by using 
Q = 2, r = 6.3 fermis. 
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C. 3-2. Angular distribution of deuterons from formation 
of the ground state of Nl4 in the reaction cl2(a., d)Nl4. 
Curve A presents the experimental results calculated 
from Glendenning's theory assuming capture of both 
nucleons into the p 1; 2 shell, and r = 4.70 fermis. 
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Curve A presents the experimental results; Curve B, 
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4. THE REACTIONS Li
6

(a, d)Be
8 

AND N
14

(a, d)o
16 

I 

Joseph Cerny, III, Bernard G. Harvey, and Richard H. Pehl 

The reactions Li6 (a,d)Be 8 and N
14

(a,d)0
16 

were induced
1

by 48-Mev 
helium ions from the Crocker Laboratory 60-inch cyclotron. The deuterons 
were detected and identified by means of an E-dE/dx counter telescope 
system in which the dE/ dx counter was a diffused- junction silic:on detector. 
The particle energy (E) was measured with a conventional Nal(Tl) crystal 
and photomultiplier. The complete separation of deuterons from protons 
and tritons obtained in this way is illustrated in Fig. C. 4-1. A:ngular dis­
tributions were measured for several of the deuteron groups which col.~e­
spond to the formation of previously known energy levels of Be8 and 0 . 
They were compared with angular distributions calculated from the two­
nucleon stripping theory of N. K. Glendenning, (Paper A. 5). In.most cases, 
a very satisfactory fit was obtained, although the value of the i~teraction 
radius was not always entirely satisfactory. For ex~mple, Fig. C. 4-2 
shows the theoretical fit obtained for the reaction Li (a, d)Be8 (2. 90 -Me~ 
state). It was assumed that the configuration of this Be8 state 

1

is (p 3; 2 )J= 2+. 
No fit could be obtained for the unlikely configuration (p 3;lp1; 2 >J= 2+. 
The theoretical line shown in Fig. C. 4-2 was obtained with an interaction 
radius of 2.1 f, which is certainly a very small value. However, it is very 
satisfactory that the theory is able to reproduce so accurately an experi­
mental angular distribution which shows no diffraction structure. 

Figure C. 4-3 shows the experimental and theoretical angular dis­
tributions for the reaction Nl4(a, d)ol6 bground state). With the assumption 
that the configuration of this level in ol is (p 1/ 24)J=Ot' an interaction 
radius of 5.35 f was obtained. Figure C. 4-3 snows that the theoretical 
angular distribution is too strongly damped at large anglesd This difficulty 
can be partly removed only by assuming a radius for the incident helium 
ion that is smaller than the value obtained from the Stanford electron 
scattering. 

In terms of the cluster model, the states of o 16 at 9.58, 10.36, 11.26, 
and 11.62 Mev consist of an a particle and a c 12 core in its ground state, 1 
and there are no others below 12.43 Mev for which this description is well 
established. These states were not observably excited in the Nl4(a, d)ol6 
reaction. If the reaction takes place by a knockout mechanism in which the 
incident hi~i.um ion knocks out a deuteron cluster and is then itself captured, 
the (a + C ) states should be strongly excited. Since they are not, it seems 
that a stripping mechanism is more likely than knockout. 

In the Li6 (a, d)Be 8 reaction, the integrated cross sections for formation 
of the Be8 ground-state, 2. 90- and ll. 7 -Mev levels increase with increasing 
a--particle reduced width of the level, as shown in Table I. 

1
B. Roth and K. Wildermuth, Reduced Widths in o

16 
and Gamma Transition 

Probabilities in F 19, Florida State University Report, to be published. 
I 
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Fig. C. 4-1. Spectrum of pulse heights obtained from E-dE/ dx 
particle identifier, for the reactions between Nl4 and 
48 -Mev helium ions. 
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Table L . Correlation between a-particle reduced width (8~+a> and cross 
section for formation of level, in the reaction Li6(a, d}Be8. 

Level energy e2 (of) /(2J+l} 

(Mev} Je, T a+a. (mb} 

0 0+, 0 0.15 1.02 
2.90. 2t, 0 0.7 1.42 

11.7 4+,0 0.95 2.67 

It is not clear why formation of states with large a-particle widths 
is preferred in the Li6 reaction but not in the Nl4 reaction. A natural (but 
not unique} explanation is possible in terms of the cluster model if it is 
assumed that (He4+d} gives a good description of Li6, but (C 12+d} does not 
~dequately represent N 14. Capture of a proton and neutron i:d a relative 

Si state could lead to formation of (a.+a) states of Be 8 . If the coupling of 
the odd particles to the core is strong in N 14, then}he ol6 st'ates formed 
by capture of the 3si pair would perhaps be (a+C 12:-··}·states or states of 
cluster configurations other than (a+C 12) ground state. 

In formation of the o 16 ground state, the captured nucleons are both 
added to the Pl/ 2 shell. In forming the 8.88-Mev 2- state, they are not, 
since- -according to the analysis by Elliott and Flowers, 2 this level is ·: : 
75o/o [ (p 1; 2 Hd 5L2 }] 2 _ + approx 7o/o( (p 1; 2 )(d 3; 2 >] 2 _. The cross-section ratio 

[(a gs) /(2J+l>]/[(a 8 •88) /(2J+l}J was found experimentally to be about 

. 4. Ball and Goodman found that 'pickup of two neutrons from the lg
9

; 2 
shell was at least about three times as probable as fickup of one neutron 
from the 2d5/2 shell and one from the lg 9; 2 shell. Calculations show 
that the preference for capture into, or pickup from, the same shell is 
partly due to the greater probability that the two nucleons are in a 
relative 3si state when they are in the same shitl. 4 Owing to this effect 
alone, the c4oss sef6ion for formation of the 0 ground state in the 
reactionN 1 (a, d}O should be 2.6 times the cross section for formation 
of the 8.88-Mev state. 

2 
J.P. Elliott and B. H. Flowers, Proc. Roy. Soc. A242, 57 (1957}. 

3 J. B. Ball and C. D. Goodman, Phys. Rev. 120, 488 (1960}. 
4
Norman K. Glendenning (Lawrence Radiation Laboratory}, private 

communication, Dec. 1960. 
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eL and ec are the angles in the laboratory system and in the coordinate 
system of the fis sioning nucleus, and Ec and Xmp were adjusted to fit the 
experimental data. For Ec we obtained the value 93± 3 Mev at all three 
bombarding energies. This is to be compared with 185 Mev as the most 
probable total kinetic energy release in the fission of Cf252, 8 and seems to 
indicate that the most probable fissioning nuclei are Cf isotopes. Independ­
ence of bombarding energy for the kinetic energy release in fission has been· 
observed in the bombardment of Au with cl2. 2 

The va ues of Xmp• together with mean values of X, Xm, obtained 
from the transformations of the angular distributions, are given in Table I. 
These we will now compare with XcN values which can be estimated for 
compound-nucleus reactions. In that case the mean moment of the fis sioning 
nucleus is equal to that of the heavy ion,· and we have 

2 
XcN = 

AiEiAff 

AnJ. Ec 

( 4) 

Here Ai and Ei are the mass and lab energy of the heavy ion, A££ is mass 
of the fission fragment, and AfN the mass of the fissioning nucleus; Ec is 
defined as before. 

When neutrons are evaporated the mean excitation energy, E, of the 
fissioning nuclei can be estimated. The number of neutrons emitted from the 
fission fragments in the fission process, v, is then, according to Leachman's 
empirical relationship;9 

where vo is the number emitted from a nucleus in the ground state as ob­
served in spontaneous fission. For high-energy fission the mass-yield curve 
is symmetric and the mean mass of the fission fragments Aff can thus be 
evaluated. The estimated values for Aff, E, and Xcrf are given in Table I. 

We see that, as a general rule,. Xc~>Xml >Xm2 . Apparently we have 
contribution from reactions in which the linear momentum of the fis sioning 
nucleus is less than that of the heavy ion. Particles are emitted preferen­
tially in the forward direction prior to the fission process. 

High frequency of a. particles has been observed emitted in the for­
ward direction in the bombardment of Aul97 with 160-Mev o16. 10 A similar 

8 J. S. Fraser and J. G. D. Milton, in Proceedings of the Second United Nations 
International Conference on the Peaceful Uses of Atomic Energy, Geneva, 
1958 (United Nations, New York, 1958) Vol. 15, p. 216. 
9 R. B. Leachman, op. cit., p. 299 . 
1 0w. J. Knox, C. E. Anderson, A. R. Quinton, and H. W. Brock, in Proceed­
ings of the Second Conference on Reactions between Complex Nuclei, 
Gatlinburg, May 2-4 1960 (John Wiley and Sons Inc., New York, 1960), p. 263. 
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type of reaction could account for the apparent low mean spin and linear mo-
mentum of the fis sioning nuclei in the case of u238 t C 12. , ·. 

3. The total cross section for fission was determined by a
1 
direct com­

parison, using the same detector, target, and geometry, of the counting rate 
of carbon ions in the region of pure Coulomb scattering, with the fission count­
ing rate, and allowing for the presence of two fragments in the latter case. 
The contribution to the scattering from the nickel backing was determined 
experimentally. The fission cross section was found to be 0.47 barn at 73 
Mev, 1.4 barns at 95.4 Mev, and 2.3 barns at 124 Mev. For all three values 
we assign a standard deviation of 1 O%. 

At other bombarding energies, the differential cr'oss section at 90 deg 
to the beam was measured and the total cross section estimated from the 
known efficien,cy and by assuming a smooth variation in the angular distribu­
tion with bombarding energy. The error introduced by this method should be 
negligible because of the small changes in the distribution from 73 Mev to 
124 Mev. 

The results are given in Fig. B.6-2 together with the theoretical curve 
for compound-nucleus formation as calculated by Thomas6 from' the square­
well model and vo = 1. 5Xl0-13 em. We see the agreement is satisfactory, 
and this cross section represents, then, the total cross section for reactions 
which produce nuclei with more than 5 Mev excitation energy. 

7. COMPOSITION-DEPENDENT SURFACE ENERGY OF HEAVY NUCLIDES 
AND SPONTANEOUS FISSION 

Reinhard Brandt and Stanley G. Thompson 

This report is a summary of a preliminary investigation of the influence 
of a composition dependence of the nuclear surface tension on some phenomena 
of fission such as fission barrier height, spontaneous fission rates' and asym-
metry. · 

The liquid-drop 'model is employed in the semiempirical mass formula 
and in the theory of fission. The attractive nuclear forces are 'idealized in 
a surface energy, which has in the standard semiempirical mass formula 
(for example, Green1) the form 

E( surface)= (constant).· A2/3 · ( 1) 

There is some evidence that for a given A the nuclear attractive forces may 
be composition-dependent, i.e., may depend on the neutron-to;proton ratio. 
Kolesnikov- -Larkin-Mottelson2 (K-L-M) proposed the composition-dependent 
surface energy term 

1 
A.E.S. Green, Phys. Rev. 95,1006 (1954). 

2 
R. Brandt, F. Werner, M. Wakano, R. Fuller, and J. A. Wheeler, in 

Conference on Nuclidic Masses, edited by H. E. Duckworth (University of 
Toronto Press, Toronto, 1961). 
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E(surface)=(constant) · A 2/ 3 [·l-C 1 ( N-Z ) 
2
] (2) 

. A . 
It has been shown2 that one cannot get a better or worse se:miempirical 

mass formula by using C1 = 0 of C1 = 2.5. Also, the plot of the spontaneous 
fission half lives vs the fissionability parameter X= E(Coulomb)/2 E(surface) 
could not be smoothed out with these two values of C 1· Concerning the question 
of the stability of heavy nuclei (with half lives > 10 -4sec), Werner and Wheeler3 
showed that for C 1 = 0, nuclei up to Z = 147 and A= 500 might be e,xpected. For 
C 1 = 2. 7 it was shown2 that the stability region would be confined to (A~ 274; 
Z~ 96 for A= 250). Thus there exists no evidence for or against the K-L-M 
term so far as the semi~mpirical mass formula or the spontanequs fission 
half-lives are concerned. · ·, 

But a value of the term C 1 between 0 and 2. 7 might be obtained that 
would permit a better prediction. Some insight into the magnitude of this 
term is obtained in the following discussion. 

Swiatecki 5 has shown, for the uniformly charged liquid drdp, that the 
threshold energy is related to X in the following way; assuming that for 
X < Xc the nucleus is asymmetrically deformed at the threshold: 

E(threshold) ="function" ( 1- X) - c 2 (Xc- X) 2 , 
1 

(3) 
where C2 •. Xc are constants. 
By using a classical liquid drop, it is shown6 that 

"function" ( l-X) = 0. 73 ( 1-X)3 -0.33 ( 1-X)4 + 1.9 ( 1-X)5 - 0. 21 ( 1-X)6 
E( surf~ce) 

( 4) 
I 

The constant Xc appears also 
yield curves vs x;4 

in the relation of the asymmetry' of mass-

(MHA-. ML) 2 t =(constant) · (XC- X), (5) 

where MH = the mass of the most probable heavy fragment, 
ML =the mass of the most probable light fragment. 

The constants C2 and Xc in. Eq. (3) can be determined by fittin~ Eq. (3) to 
two observed fis sion.:.activatio'n energies? (for example, cr:n242 and Th 234). 
Then this Xc is compared with the Xc from the plot of observed asymmetry 
data vs X. For C1 = 0 (this affects X and Eqs. (4) and (5)) the two independ­
ently determined values of Xc do not agree, nor do they agree for C 1 = 1. 2. 
But for C1 = 0.8 the Xc from the threshold calculation agrees with the asym­
metry curve (see Fig. B. 7-1). If then the other activation energies for even­
even nuclei are calculated from Eq. (3), it is .found that the7 agree within· 
0.15 Mev with those computed by Vandenbosch and Seaberg. The question 

3 
F. G. Werner and J. A. Wheeler, Phys. Rev. 109, 126 (1958). 1 

4 
W. J. Swiatecki, Phys. Rev. 100, 936 (1955). 

5w. J. Swiatecki, Phys. Rev. 101, 651 (1956). 
6 Earl K. Hyde, A Review of Nuclear Fission. Part I. Fission :Phenomena at 
Low Energy, UCRL-9036, Jan. 1960, p. 28. 
7R. Vandenbosch and G.T. Seaberg, Phys. Rev. 110,507 (1958). 
8 --
S.A.E. Yohansson, Nucl. Phys. 12,449 (1959). 
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Fig. B. 7-1. The observed fission asymmetry 

against the improved x value. 

X = z 2 I 51. 3 50 ~ A ~ 1 - 0. 8 [ (N- z ) I A] 2 ~ 

(
MH -ML) 

A plotted 

Xc (from threshold calculations) = 0. 0816 5; 

MH and ML = masses of most probable heavy and 
light fragments. 
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remains now as to how large C 1 must be to give similar agreement when 
the fission barriers are used instead of fission-activation energy.? 

Johansson employed single-particle effects to improve the correlation 
of spontaneous fission half lives with x.8 However, the variations in curve 
can be smoothed out considerably by using C 1 = 1. 0± .3. 

The influence of C 1 = 1. Q±. 3 onthe·'exp:e:ctedha1Ilives of high 1er elements 
is also being considered. 

8. FISSION BARRIER HEIGHTS IN ELEMENTS LIGHTER THAN RADIUM 

D. S. Burnett and S. G. Thompson 

. . J:.. program has been initiated to study the fis sian barrier h
1

eights in 
elements lighter than radium. At present there are no directly measured 
values for barrier heights in this region; however, thef;!e values are of con-
siderable significance for the following reasons. -

(a) Fission has been observed to be symmetric for all nudides studied 
in this region, even at energies close to the barrier; thus tt might be expected 
that in this region the (conventional) liquid-drop model would be a better ap­
proximation to the actual situation than for heavy elements where the liquid 
drop in its original form did not predict the observed trends .in qarrier heights 
and did not- explain the asymmetry in fis sian. ' 

{b) Fis sian barrier heights are important in the study of the ·nuclear 
reactions in this region at moderate excitation, since fission can compete 
effectively as a nuclear reaction mode under these conditions. 

One purpose of the present program is to attempt direct measurement 
of fis sian-barrier heights for these nuclides. In order to guide :experimental 
work and provide preliminary estimates for comparison with experimental 
data, approximate calculations of barrier heights have been caljried outl in 
two ways. · 

A. Follo.wing an approach similar to one sugge~ted by Halpern2 we can 
write, as a very rough ap-proximation, 

where B is barrier height, B is the neutron binding energy, c is a con­
stant, an& E is excitation ene¥gy. qjrn, the probability for fis sian rel­
ative to neutr1m emis sian, is equal to the ratio of the observed fis sian eros s 
section to the formation cross section of the compound nucleus, since neutron 
emission is the most probable reaction at these energies, making the total 

1 Donald S. Burnett and Stanley G. Thompson, Fis sian Thresholds for Elements 
Lighter than Radium, UCRL-9321, July 1950. 
2r. Halpern, Ann. Rev. Nuclear Sci. 9, (1959). 
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reaction width very close to rn. Values for Bf can be obtained from the slope 
of a log plot of rflrn vs 1 ~provided c is known. A value for c was 
e&timated from a plot of rfirn vs ,(Bn- Bf) for heavy elements at constant 
excitation which had been made by Vandenbosch and Huizenga) Thus estimates 
of Bf could be obtained. 

B. Let us define s as a dimensionless measure of the fission barrier, 
Bf, by s = Bf1Es0 , where EsO is the initial surface energy of the undeformed 
nucleus, and define x, the fissionablitity parameter, as (Z 2 I A)I(Z 2 I A)o, 
where ( z2 I A)o is a limiting value at which the nucleus will fission spontane'­
ously without deformation. Previous work had suggested that in the region 
from x = 0 (uncharged drop) to x = 0. 7 the values of s based on the liquid-drop 
model could be well represented by a parabolic expression, s = c + bx + ax2, 
where cand b are respectively the value and first derivative of s at x = 0 
and had been previously calculated by Bohr and Wheeler. 4 The value a was 
obtained by estimating a threshold for the Ra226 (n£) data of Nobles and 
Leachman.5 This equation was used to calculate fission-barrier heights for 
elements in this region. 

Some sample results are given in Table I. A more complete tabulation 
rna y be found in Ref. 1. 

Table I. Comparison of results from two methods for calculating fission­
barrier heights. 

Compound 
nucleus 

At213 

p
0

212 

p 0 210 

Tl201 

Ta179 

Barrier height (Mev) 

Method A Method B 

16 15.6 

17 21.1 

22 21.3 

26 25.6 

35.4 

The approximations made in obtaining the expression used in Method A 
are not very good for the cases considered, consequently the values so ob­
tained must be taken merely as order-of-magnitude estimates. The values 
obtained from Method B would be more appropriately used to compare with 
any experimental values if direct measurement of these fission barriers 
turned out to be feasible. 

3R. Vandenbosch and J. R. Hiuzenga, in Proceedings of the Second Inter­
national Conference on Peaceful Uses of Atomic Energy, Geneva, 1958, 
(United Nations, Geneva, 1958) Vol. 15, Paper 688. 
4 -

N. Bohr and J.A. Wheeler, Phys. Rev.~. 426 (1939). 
5 R.A. Nobles and R.B. Leachman, Nuclear Phys. 5, 211 (1958). 
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C. NUCLEAR REACTIONS 

l. TOTAL REACTION CROSS SECTIONS 

Bruce D. Wilkins and George Igo 

Recently elastic scattering data of various ions have been fitted with 
several nuclear models. 1 In particular, work has been done using an optical­
model potential2 

V + iW 

[r_-:B.) l+exp\a 

The parameters V, W, R, and a represent respectively the depths of the 
I 

real and imaginary potentials, the radius, and the diffuseness 'parameters 
of the potential. In addition the optical model also predicts total reaction 
cross sections aR. Measurements of aR help resolve the ambiguity in 
determining the shape of the optical-model potentials for variC)us ions. With 
this in mind we have begun a program at the heavy6ion linear accelerator 
and at the 60-inch cyclotron to measure aR for 0 ions and protons. 

We have used the method of beam attenuation. 3 The beam particles 
pass through two thin .D.E plastic scintillators and an attenuato'r of the 
material under investigation, and finally into a stopping plasti~ scintillator. 
A nuclear reaction in the attenuator causes an anticoincidence between the 
two ~E counters and the stopping counter. Attenuator-in and attenuator~ 
out measurements are necessary to see the effect of the attenvator. With 
the use of nanosecond electronic techniques we have been able to count at 
a rate of 4 X 1 o5 counts per second. 

Corrections which must be made are (a) subtraction of elastic scattering 
through angles greater than that subtended by the stopping couhter, (p) 
addition of inelastic or reaction events in which the product cannot be dis­
tinguished from the beam particle in the stopping counter, (c) transfer 
reactions. The discrimination against inelastic or reaction events in the 
stopping counter is accomplished by placing an absorber between target and 
plastic scintillator, The solid angle suhtended by the stopping counter is 
determined by measuring. the anticoincidence rate as a function of the distance 
of the stopping counter from the attenuator (see Fig. C. 1-l ). The flat portion 

1 
J. S. Blair, Phys. Rev. 95, 1218 (1954); F. Bjorklund, in Proceedings of 

the International Conference on the Nuclear Optical Model, Tallahassee, 
1959; K. W. Ford and J. A. Wheeler, Annals of Physics 7, 287 (1959);. 
C. E. Porter, Phys. Rev., 99, 1400 (1955); G. Igo and R. -M. ,Thaler, Phys. 
Rev. 106, 126 (1957). -
2 -

R. D. Woods and D. S. Saxon, Phys. Rev, ~' 577 (1954). 
3

R. M. Eisberg, in Proceedings of the International Conferel}Ce on the 
Nuclear Optical Model, Tallahassee, 1959. 
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Fig. C. 1-1. The dependence of the measured cross section on the 
distance X of the stopping counter from the attenuator. The 
points 0 are the measurements for 152±8-Mev ol6 ions 
on Cu. A smooth curve has been drawn through the points. 
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of the curve in Fig. C. l-1 is where the elastic scattering correction is 
approximately equal and opposite to the inelastic and reaction s~attering 
correction. The statistics on the individual points in Fig. C. 1-1 are of 
the order of 6%. 

Preliminary results on the total reaction eros s sections for 
152±8-Mev ol6 ions are listed in Table I. Further corrections (to be de­
termined later) due to elastic, inelastic, and reaction scattering effects 
may change thesl.f!sults bl;y;, ~s much as 10%. If the cross section is written 
as O'R = TIR0

2 (A1 + A 2
1 3 ) , where A 1 and A are the atomic numbers 

of ion and target respectively, then the values or R 0 obtained from this 
analysis are also listed in Table I. 

Table I. Reaction cross sections for 152±8"~Mev o 16 ions 

O't (barns) R
0

(fermis) 
1 

Al 2. 09±0. 08 1.48 

Cu 3. 35±0.14 1.59 

Ag 4.18±0.16 1. 59 

Au 5.82:::1:0.22 1.63 

I 

. These values of Ro are consistent with .those found in elastic scattering 
analyses by using the Blair model. 4 

4 J. S. Blair, Phys. Rev. 95, 1218 (1"954). 

2. THEORETICAL REACTION CROSS SECTIONS 
FOR ALPHA PARTICLES WITH THE OPTICAL MODEL 

John R. Huizenga* and George !go 

Shapiro 1 and Blatt and Weis skop£2 have calculated total reaction eros s 
sections for a. particles with a square -well potential. The total reaction 
cross section is given by 

a ='!TJ\2 
R 

.£ :i_ I 

L {21+1) Ti. (f:). 
i. =0 

(1) 

*summer visitor from Argonne National Laboratory, Argonne, Illinois. 
1M. M. Shapiro, Phys .. Rev. 90, 171 (1953). 
2 J. M. Blatt and V. F. Weisskop£. Theoretical Nuclear Physics (John Wiley 
and Sons, Inc .• New York, 1952), p. 352. 
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where }1. is the de Broglie wave length, i. is the angular momentum of the 
incident particle in units of "!1, T P. (e) is the transmission coefficient of the 
incident particle of energy €. Tne transmission coefficients (actually 4/T f. 
are tabulated) for a particles derived from the square -well potential are 
available for target nuclei with Z < 40. 3 !go has calculated total reaction 
cross sections with a complex nuclear potential for six target nuclei with 
a-particle projectiles of several energies. 4 Transmission coefficients 
calculated with the complex nuclear potential are not available. 

Since a-particle· trahsmis sion coefficients for high- Z targets are not 
available, we have calculated this quantity for a large variety of targets at 
a number of a energies with a complex nuclear potential. 

The optical-model potential employed in these calculations is written 
as 

2 
V (r)=V + P.(£+l)i1 -

1 c 2M r 2 
a 

[ (
r-l.l7Al/

3
)] . [ ( r-1.40 Al/3J 

1100 exp - 0.574 . -45.7 1 exp - 0.578 r 
(2) 

where V c is the Coulomb potential, Mathe reduced mass of the a particle, 
and the third and fourth terms, in units of Mev4: are the real and imaginary 
parts, respectively, of the a-nucleus potential exclusive of the Coulomb 
and centrifugal potentials. The Coulomb potential of the Hill-FordS charge 
distribution was employed in Eq. (2). This is given by 

__ 2Ze
2 

[nl"> 1 x
2 

e-n (1-enx enx)]/{1 2 e-n) 
Vc rc c..+2-r+nz nx +-2- j\3+n2+n3 forX<l 

and 

v = c 
1 
X 

(3) 

lf 1 , n \: n. '- nx J l 1\x ., 2)e 
-1' -n 1 3 

Le +2nt 3 n 
for X> 1, (4) 

where x = r/ r c and where n is 10 for heavy elements and is proportional 
to Al/ 3 .. Th.e q~antity rc is the distanc~ out to the half-value point of the 
charge d1stnbutwn. The value l.l7Alf 3x lo-13 em for r was chosen 
larger than the value obtained from the electron scattering experiments6 

3 
H. Feshbach, M. M. Shapiro, and V. F. Weisskopf, NY0-3077, June, 1953 

(unpublished). 
4 

G. lgo, Phys. Rev. 115, 1665 (1959). 
5. -

K. W. Ford and D. L. Hill, Phys. Rev. 94, 1617 (1954). 
6 -

R. Hofstadter, Ann. Rev. Nuclear Sci., 7, 231 (195:7). 
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to take roughly into account the effect of the finite size of the a.-particle 
charge distribution. 

In order to use an existing calculational program, it was 'necessary to 
choose the parameters V, W, r0 , and d for the Wood-Saxon potential, 7 

(V + i W) / [I+ exp(r~r0)] , 

to reproduce the nuclear potentiai'of Eq. (2) for values of r such that the 
real part of the nuclear potential is greater than -10 Mev. These parameters 
are given in Table I. The depth of the potential for small values of r is 
also fixed when the parameters of Table I are used, although it has been shown 
that a.-particle scattering is not sensitive to the potential depth. 

The total reaction cross sections, aR, and the transmission co­
efficients, T J., have been calculated with the parameters of Table I. Figures 

. C. 2-1 and C. 2-2 show the energy variation of the total reactio
1

n cross 
sections for y51 and for u235, For comparison the same quantity; is 
calculated by Shapirol and by Feshbach, Shapiro, and Weisskopf. 3 

Table .I. Woods-S~xon potential parameters 

Nuclide v w ro d r 
(Mev) (Mev) (fermis) (fermis) (fer'inis) n 

K41 -50 -8.70 1.17A1/ 3 + 1.77 0.576 l.l~Al/3 5.60 19 
T·48 -50 -9.51 5. 91 22 

1 

23 
y51 -50 -10.00 6.04 

24 
cr52 -50 -9.90 6.07 

Mn53 
25' 

-50 -9.98 6.11 

· M 55 
25 n -50 -1 0. 2 5 6.19 

26 
Fe 56 -50 -l 0. 26 6.23 

27 
co 55 ~50 -10.17 6.19 

32 
Ge72 -50 -11.85 6. 77 

37 
Rb85 -50 -13.30 7.16 

41 
Nb93 -50 -13.74 7.37 

Rh103 -50 -14.30 7.62 45 
sn119 -50 -16.20 8.00 50 
Ndl44 -50 - 18. 2 3 8.53 60 

17 3 -50 -20.7 9 9.07 70Yb 
Pt195 -50 -22.10 9.44 78 
Pb206 -50 -23.00 9.61 82 
Th232 -50 -26.11 10.00 

90 
235 -50 -27.00 10.04 92u 

1 
R. D. Woods and D. s. Saxon, Phys. Rev. 95, 577 (1954). 

_../' 
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Fig. C. 2-1. The total reaction cross section versus laboratory 
energy for alpha particles incident on y51. The solid 
curve has been calculated by using the surface nuclear 
potential discus sed in the text. The dashed line is the 
same quantity calculated by Shapiro (Ref. 1 ). 
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C. 2-2. The total reaction cross section versus laboratory 
energy for alpha particles incident on u2 35 The solid 
curve has been calculated by using the surface nuclear 
potential discussed in the text. The dashed line is the 
same quantity from the paper of Feshbach, Shapiro, and 
W eis skopf (Ref. 3 ). 
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3. THE REACTION c 12 (a., d)N
14 

(*) 

Joseph Cerny, III, and Bernard G. Harvey 

UCRL-9566 

The reaction c 12 (a, d)N 14 was studied in almost the same way as the 
reactions described in the previous report. Angular distributions were ob­
tained for the deuteron groups leading to the ground state and 3.95-Mev 
state of N 14. 

14 / 
The 2.31-Mev 0+, T=l state ofN was not observed: it was excited 

less than 3o/o as strongly as the ground state. This observation, however, 
is not strong evidence for the isotopic spin purity of the level, because 
formation of a 0+ level from a 0+ target is also forbidden by angular mo­
mentum and parity conservation in an (a, d) or (d, a) reaction. Furthermore, 
several well-known T=O levels of N 14 were not observably excited: the 
(a, d) reaction is somewhat specific. 

The angular distribution of deuterons corresponding to formation of 
the ground state of Nl4 is shown in Fig. C. 3-l. Good agreement was ob­
tained with the Butler stripping theory by using 1. =2 and r=6. 3 f. However, 
an equally good fit was obtained for 1=0 and r=6.45 f. Figure C. 3-2 shows 
the best fit obtained with the two-nucleon stripping theory of Glendenning 
for capture of the proton and neutron into the p 112 shell, with r=4. 7 0 f. 
Equally good fits (but with slightly larger valuei:f of r) were obtained for 
several other configurations. The cross section for formation of the Nl4 
ground state (integrated between 10 and 133 deg) is 1.8mb. 

Figure C. 3-3 shows the angular distribution of deuterons corresponding 
to formation of the 3.95-Mev 1+, T=O level of N 14. Good agreement was 
obtained on Butler theory for 1. =2, r=5. 5 f, or 1. =0, r=5. 7 f. Figure C. 3-4 
shows the fit obtained with the Glendan!~ th:ory. assuming that the captured 
nucleons enter the p 1; 2 shell, with r=4. 33 f. Again, equally good fits were 
obtained for other configurations. 

The multiple fitting is characteristic of stripping reactions that in­
volve a large momentum transfer. The arguments of the spherical Bessel 
functions are then large enough for the functions to approach their asymptotic 
forrris, which are sine and cosine functions for even and odd i. values 
respectively. It is q~ite impossible to distinguish between i. =0 and i. =2, 
and, in some cases at least, i. =l or 1. =3 would give angular distributions 
that would be experimentally indistinguishable from the even-1. values, 
since the required interaction radius may change by an amount too small 
to permit rejection of any of the i. values. 

* Brief version of published paper, Phys. Rev. 120, 2162 (1960). 
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C. 3-1. Angular distrib~t~on of deuterons from formf4ion 
of the ground state of N in the reaction c 12(a., a)N • 
Curve A presents the experimental results; Curve B, 
results calculated from the Butler equation by using 
U = 2, r = 6. 3 fermis. 
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C. 3-2. Angular distribution of deuterons from formation 
of the ground state of Nl4 in the reaction cl2(a., d)Nl4. 
Curve A presents the experimental results calculated 
from Glendenning's theory assuming capture of both 
nucleons into the p 1/ 2 she 11, and r = 4. 7 0 fermi s. 
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C. 3-3. Angular distribution of deuterons from formation 
of the 3.95-Mev state of N 14 in the reaction cl2(a., d)Nl4. 
Curve A presents the experimental results; Curve B, 
results calculated from the Butler equation by using 
1. = 2, r = 5.5 fermis. 
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Fig. C. 3-4. Angular distribution of deuterons from formation of 
the 3.95-Mev state of Nl4 in the reaction c 12(a, d)Nl4. 
Curve A presents the experimental results; Curve B, 
results calculated from Glendenning's theory assuming 
capture of both nucleons into the p 1; 2 shell, and r=4.33 
fermis. 
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4. THE REACTIONS Li
6

(a., d}Be
8 

AND N
14

(a., d)o
16 

I 

Joseph Cerny, III, Bernard G. Harvey, and Richard H. Pehl 

The reactions Li6 (a., d)Be 8 and N
14

(a., d)0
16 

were induced 
1

by 48-Mev 
helium ions from the Crocker Laboratory 60-inch cyclotron. The deuterons 
were detected and identified by means of an E-dE/dx counter telescope 
system in which the dE/dx counter was a diffused-junction silicon detector. 

I 

The particle energy (E) was measured with a conventional Nai(Tl) crystal 
and photomultiplier. The complete separation of deuterons from protons 
and tritons obtained in this way is illustrated in Fig. C. 4-l. Angular dis­
tributions were measured for several of the deuteron groups wllich col.~e­
spond to the formation of previously known energy levels of Be8 and 0 . 
They were compared with angular distributions calculated from the two­
nucleon stripping theory of N. K. Glendenning, (Paper A. 5). In!most cases, 
a very satisfactory fit was obtained, although the value of the interaction 
radius was not always entirely satisfactory. For ex~mple, Fig. C. 4-2 
shows the theoretical fit obtained for_ the r~action ~i (a., d)Be8(~. 90-Me~ 
stat~). It was assu~ed that the co~fl~uratw~ of th_1s Be 8 state 1s (p 3; 2 )J= 2+. 
No f1t could be obtamed for the uhhke1y conf1gurat10n (p 3;lp1; 2 )J= 2+. 
The theoretical line shown in Fig. C. 4-2 was obtained with an interaction 
radius of 2.1 f, which is certainly a very small value. However, it is very 
satisfactory that the theory is able to reproduce so accurately an experi­
mental angular distribution which shows no diffraction structur

1

e. 

Figure C. 4-3 shows the experimental and theoretical angular dis­
tributions for the reaction Nl4(a., d)o16 hground state). With t~e assumption 
that the configuration of this level in o1 is (p 1/z 4) J=O+' an interaction 
radius of 5. 35 f was obtained. Figure C. 4-3 snows that the theoretical 
angular distribution is too strongly damped at large anglesd This difficulty 
can be partly removed only by assuming a radius for the incident helium 
ion that is smaller than the value obtained from the Stanford electron 
scattering. 

16 I 

In terms of the cluster model, the states of 0 at 9. 58, 10. 36, 11. 26, 
and 11.62 Mev consist of an a. particle and a c 12 core in its ground state, 1 
and there are no others below 12.43 Mev for which this description is well 
established. These states were not observably excited in the N14 (a., d)ol6 
reaction. If the reaction takes place by a knockout mechanism in which the 
incident hj~ium ion knocks out a deuteron cluster and is then itself captured, 
the (a. t C ) states should be strongly excited. Since they ar~ not, it seems 
that a stripping mechanism is more likely than knockout. 

In the Li6 (a., d)Be 8 reaction, the integrated cross sections for formation 
of the Be8 ground- state, 2. 90- and -11.7 -Mev levels increase with increasing 
a.--particle reduced width of the level, as shown in Table I. 

1 B. Roth and K. Wildermuth, Reduced Widths in o
16 

and Gamma Transition 
Probabilities in Fl9, Florida State University Report, to be published. 
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Fig. C. 4-1. Spectrum of pulse heights obtained from E-dE/ dx 
particle identifier, for the reactions between Nl4 and 
48-Mev helium ions. 
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Table I. Correlation between a-particle reduced width (B~ta> 'and cross 
section for formation of level, in the reaction Li6(a, d)Be8. . 

Level energy 
e2 

(of) /(2.J+l} 

(Mev} Je, T a+a (mb,) 

0 0+, 0 0.15 1.02 
2. 90 2-Jr-,0 0.7 1.42 

11.7 4+, 0 0.95 2.67 

It is not clear why formation of states with large a-particle widths 
is preferred in the Li6 reaction but not in the Nl4 reaction, A natural (but 
not unique} explanation is possible in terms of the cluster model if it is 
assumed that (He4-Jr-d} gives a good description of Li6, but (C~2+d} does not 
~dequately represent N 14. Capture of a proton and neutron in a relative 

Si state could lead to formation of (a+a) states of Be 8 . If the coupling of 
the odd particles to the core is strong in N 14, then}he ol6 states formed 
by capture of the 3si pair would perhaps be (a+C 1 2 ~''')·states or states of 
cluster configurations other than (a+C 12) ground state. 

In formation of the o 16 ground state, the captured nucleons are both 
added to the p 1; 2 shell. In forming the 8.88-Mev 2- state, they are not, 
since- -according to the analysis by Elliott and Flowers, 2 this level is ·• ' 
75o/o ( (p 1/ 2}(d 5,{2}] 2 _ + approx 7o/o[ (p 1/ 2)(d3/ 2}] 2 _. The cross-section ratio 

[(ags) /(2Jtl>]/[~ 8 • 88) /(2Jtl)] was found experimentally to be about 

4. Ball and Goodman found that 'pickup of two neutrons from. the lg
9

; 2 
shell was at least about three times as probable as fickup of one neutron 
from the 2d5/2 shell and one from the lg 9; 2 shell. Calculations show 
that the preference for capture into, or pickup from, the same shell is 
partly due to the greater probability that the two nucleons are in a 
relative 3si state when they are in the same shitl. 4 Owing to this effect 
alone, the floss sefGion for formation of the 0 ground state in the 
reaction N (a, d}O should be 2. 6 times the cross section for formation 
of the 8.88-Mev state. 

2J. P. Elliott and B. H. Flowers, Proc. Roy. Soc. A242, 57 (1957}. 
3 J. B. Ball ·and C. D. Goodman, Phys. Rev. 120, 488 (1960}. 
4
Norman K. Glendenning (Lawrence Radiation Laboratory}, private 

communication, Dec. 1960. 
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5. THE TWO-NUCLEON STRIPPING REACTION (*) 

Norman K. Glendenning 

UCRL-9566 

A considerable body of experimental data is accumulating on the two­
nucleon stripping reactions (a., d), (He3, p). The simplest way of treating 
such a reaction from the theoretical point of view is to regard the incident 
particle as consisting of two structureless particles, one of which is 
stripped by the target. Such a treatment would make sense if the residual 
nucleus had a cluster configuration consisting of the target and the composite 
particle that is stripped. If, however, the residual nucleus is best described 
within the framework of the shell model, then the reaction should be 
specifically treated as the stripping of two nucleons into the appropriate 
shell-model states. Such reactions should yield information on the con­
figurations of the residual states, some of which will be two~·nucleon 
excitations. 

This problem was first considered by El Nadi, and we shall take 
advantage of some of his work. 1 We consider separately the cases of even­
even, even-odd, and odd-odd target nuclei with appropriate coupling schemes 
in the j- j limit. 

The principal assumptions used to calculate the angular distribution 
are: (a) The center-of-mass motions of incident and outgoing particles 
are described by plane waves. (b) The target nucleus forms the core of 
the residual nucleus and is not excited by the reaction. (c) The neutron 
and proton are captured into spin-orbit states in the nucleus. 

For the internal wave function of the a. particle we use 

X 0 (a.)a: X 0
0

(n, n' )x
0
0

{p, p') exp(-y
2 ~ r .. 2 ) . lJ 

(1) 

which is properly antisymmetric. 
two nucleons. We note 

0 
X 0 denotes the singlet spin function for 

s 

X~(n,n')X~(p,p')= ~ L L .J2St1 C(SSO,M-MO)X~(n,p)X;M(n',p'). 
S=l, 0 M=-S 

(2) 

We assume that the interaction responsible for the (a., cl.) reaction is between 
the captured pair and the target nucleus. The outgoing deuteron merely 
conserves energy and momentum. It is clear, therefore, that in the matrix 
element for the reaction in which x 0 (a.) appears in the initial state and the 
spin function xlf(n'" p') for the outgoing deuteron appears in the final state, 
only the triplet part of {b) survives. Hence only the triplet component of 
the wave function describing the captured pair in the final nucleus contributes 
to the reaction. 

* Brief version of a paper (UCRL-9505, Jan. 1961), 1 to be submitted to Nuclear 
Phys. 
1

M. El Nadi, Proc. Roy~ Soc. {London) A70, 62 {1957). 
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The angular distribution for coupling schem~s appropriate to even­
even, odd-odd, and even-odd nuclei can all be expressed in the form 

~ o:L2~~1 IB(~n£pL;OI2, 
where 

00 

' n 2 2 L (-) (2n+l)I +l/ 2(4y R 0 ) 
n=O n 

).. t).. 

X L in · P V(2).. +1)(2).. +l)C(1 n).. ;OOO)C(! n).. ;000) 
n p n n p p 

).. ).. 
n p 

In this expression Ro is the radius at whJch the captured particles are 
assumed to be stripped, and · . 

In+l/2(X) = in+l/2. Jn+l/2 (-iX). 

The series on n converges rapidly, and the range of )...11, )..Pis limited 
by the Clebsch-Gordan coefficients. The 1.n and l".l:l are the oroita1 states 
into which the neutron and proton are captured. ·rhe information on the 
nuclear coupling scheme is contained in the coefficients CL. For example, 
if the target is an even-even nucleus and the neutron and proton are captured 
into the spin-orbit states j = t_ tl/2 and j = l. tl/2., then 

.E ,E_ ~ _p_ 

c = <(I ~ )L, (1/2. 1/2.)1; J I (l l/2)j I (1 1/Z.)j ; J) I L np n n p p 

where J is the spin of the final nucleus. This is the transformation 
coefficient from LS to j-j coupling. 

Details of the calculation for this case and for odd-odd and odd-even. 
targets can be found in the full-length version of this paper.* Comparison 
of the theory with 1xperimental results can be found in the work of Cerny, 
Harvey, and Pehl. 

I 

Z J. Cerny, B. G. Harvey, and R. H. Pehl, (a., d) Reactions on Odd-Odd Target.s 
(UCRL-9525, Jan. 1961 ), to be submitted to Nuclear Phys. ' 
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6. RECOIL STUDIES OF NUCLEAR REACTIONS INDUCED 
.BY HEAVY IONS (*) 

John M. Alexander and:_,Leste~ Winsberg 

. The mechanism of nuclear reactions induced b9 heavl: ions (HI) was 
investigated by measuring the recoil ranges of Tb 14 

a At 2 1a and other 
a-particle-emitting isotopes of At and neighboring elements» and by de­
termining the cross sections for the formation of Tb 149 and At 211 . 

Recoil ranges were consistent with com2ound~nucf~us formation at 
14 

all ener~its studied for the reactions Prl4l(cl2» 4n) Tb 9» Ce(~~~ xn)Tb 9, 
Lal39(o , 6n)Tbl49, Lal39(ol8, 8n)Tb 149, and Ba(Ne22, pxn)Tb 7 • A 
similar result was obtained for the reaction Prl4l(ol6, 2p6n)Tb 149 at 138 
and at 146 Mev and for the reactions Au197(ol6, 2pxn and 3pxn)At. Po at 
energies below 100 Mev. The excitation functions of the (HI, xn)Tbl49 
reactions seem to be characteristic of an evaporation process but have 
smaller peak cross sections than do the excitation functions of the reactions 
Ba(Ne22, pxn)Tbl49 or Prl41 (ol6, 2p6n)Tbl49. We conclude that most 
reactions probabl~ involve charged-particle emission. The reaction 
Ba(Ne22, pxn)Tbl 9 seems to occur with much greater probabtlity than the 
reaction Ba(Ne20, pxn):rbl49. 1 

In many cases the compound-nucleus mechanism cannot account for 
our results. Partial momentum transfer is observed in the reactions 
Aul97 (ol6, 2pxn and 3pxn.)At, Po at energies above 100 Mev. Partial mo­
mentum transfer also occurs when Bi is bombarded at energies 1. 3 times 
the barrier energy or greater. Reactions of Bi with heavy ions (Ne20 is 
possible exception) at energies near the Coulomb barrier produce At2ll 
with greater recoil energy than expected from a compound-nucleus mechanism. 
Apparently, particles are emitted in the backward direction. Net'r the 
barrier the cross section for the production of At2ll by cl2, 0 1 

a and 
Ne 20 bombardment comprises about 1/4 the value calculated for compound­
nucleus formation. Therefore, the cross section for all non-compound­
nucleus reactions must comprise a large fraction of the total interaction 
cross section. The experiments with Pb as a target are also consistent 
with this conclusion. 

* Abstract of a published papera Phys. Rev. 121, 529 (1961). 

7. RECOIL PROPERTIES OF FISSION PRODUCTS (*) 

John M. Alexander and M. Frances Gazdik 

A knowledge of the recoil properties of fission products is of value for 
understanding the fission process and the stopping of fission products in 
matter. Many studies of the fission process have been made by observing 

* Introduction of a published paper» Phys. ·Rev. 120, 874 (1960). 
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the recoil properties of the fission products. 
1

- 11 An adequate evaluation of 
the experimental results requires information about the relation of range to 
energy and the deviations from straight-line motion. This inf~nmation is 
still fragmentary. In order to improve our knowledge of these matters, we 
have measured the range and relative energy loss in Al and Au of five products 
from the thermal neutron fission of u235 . We also report here information 
about the scattering of these fission products in Al and Au, 

In previous work the recoil properties ~l fission products have been 
observed by several techniques. The range, energy, 12 rate of energy 
loss, 13-' 14 and angular distributionS-! 0 have been measured with well­
collimated recoils. These experiments require intense fission sources or 
must be limited to work with gross fission products. Measuref2~nls 'J\sh 
large angular acceptance have liven information on the range, ~ ' S, the 
velocity of the fissile nucleus, -4 and certain features of the angular dis­
tribution. 3 Weaker sources may be used for the latter type of experiment. 
However, the interpretation of these experiments requires information about 
the form of the angular distribution and the nature of the stopping process. 

1
E. M. Douthett and D. H. Templeton, Phys. Rev. 94, 128 (1954). 

2 
Nathan Sugarman, Milton Compos, and Karoline Wielgoz, Phys. Rev. 101, 

388 (1956). 
3
Norbert T. Porile and Nathan Sugarman, Phys. Rev. 107, lf!lO (1957); 

Norbert T. Porile, Phys. Rev. 108, 1526 (1957). --

4Christiane Ba1tzinger, Yield and Range Studies of Selected Fission Products 
from Uranium Bombarded with Bev Protons, UGRL-8430, Aug. 1958, 
5

Cohen, Jones, McCormick, and Ferrell, Phys. Rev. 94, 62'5 (1954). 
6 -

Cohen, Ferrell~Bryan, Coombe, and Hullings, Phys. Rev. 98, 685 (1955). 
7 

E. J. Winhold and I. Halpern, Phys. Rev. 103, 990 (1956). 
8 G. T. Goffin and L Halpern, Phys. Rev. 112, 536 (1958). 
9 J. W. Meadows, Phys. Rev. 110, 1109 (1958). 

10
R. Wolke and J. Gutmann, Phys. Rev. 107, 850 (1957). 

11
Katcoff, Miske!, and Stanley, Phys. Rev. 74, 631 (1948). 

12
William E. Stein, Phys. Rev. 108, 94 (1957) .. 

13
R. B. Leachman and H. W. Schmitt, Phys. Rev. 96, 1366 (1954). 

- I 

14
c1yde B. Fulmer, Phys. Rev. 108, 1113 (1957); also Fission Fragment 

Studies by Magnetic Analysis, ORNL~2320, Aug. 1957. 
15 

P. F. Suzor, Ann. Phys. 4, 269 (1949). 
16

Finkle, Hoagland, Katcoff, and Sugarman, in Radio-Ghemi~a1 Studies: 
The Fission Products, National Nuclear Energy Series (McGraw-Hill Book 
Go., Inc., New York, 1951), Div. IV, VoL 9, p. 471. 
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15, 16 
From the measurements reported here and elsewhere · we have 

constructed curves of the range in Al and Au as a function of the mass 
number of the recoiling fission product. These curves define quite accurately 
the ranges of the median light and heavy products. (By 11median product" 
is meant that fragment that is the median of all the light fission products or 
all the heavy fission products. ) We normalize the available energy-loss data 
for median light and heavy products to the range values. This combination 
of information provides range-velocity curves for the median light and 
heavy products. Similar curves are proposed for all fission products. 
Finally, we estimate the kinetic energies of products of low yield from their 
range. 

8. THE n, a. REACTION INDUCED BY THERMAL NEUTRONS 

Roger D. Griffioen 

I. C?-lculation of Cross Sections 

(with John 0. Rasmussen) 

The absorption of a thermal neutron by a nucleus, followed by the decay 
of the compound system, can be described very accurately as a two-step 
process. The first step, the absorption of a thermal neutron, has been the 
object of a large amount of research. The absorption cross sections used in 
this work are taken from the tabulations by Hughes and Schwartz. 1 In general, 
the primary decay mode of the compound system is by y emission, The 
level widths for y decay do not vary to a large extent, and the measured widths 
have been fitted to an empirical formula by Stolovy and Harvey, 2 

where U is the "effective" excitation energy corrected for odd-even effects, 
D(U) is the level spacing at U of levels of given spin and parity, and A is 
the mass number. This formula is used for obtaining the partial gamma 
widths. 

A calculation is made here of the competition between a. decay and the 
most probable mode, y decay. The calculation of level widths for a. decay: is based 
on a single semiclassical treatment of a. decay first given by von Laue. 3 
The decay constant A. is taken as the product of a frequency factor W 0, 
giving the collisions per second with the barrier, and the barrier penetration 
factor P. The partial level width is then given by 

r a. = -n w 0 P. 

1
D. J. Hughes and R. B. Schwartz, Neutron Cross Sections, BNL-325 and 

Supplements, 2nd edition (1958). 
2
A. Stolovy and J. A. Harvey, Phys. Rev. 108, 353 (1957). 

3 
M. von Laue, Z. Physik 52, 7 26 (1928), 
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The barrier"~penetration factor P is calculated by using an exponential 
nuclear potential as discussed by Rasmussen. 4 The method involves a 
numerical integration with the IBM 6 50 computer of the JWKB integral, using 
the real part of an a.-nuclear potential given by Igo to fit a. elastic scattering 
data, 5 1 

{
1.17 A

1
/

3 -r} V(r) = -llOO exp 0_574 . Mev. 

The energies available for a. decay are taken from availabJe mass data or 
from Cameron's Semi-Empirical Atomic Mass Formula. The centrifugal 
barrier due to angular momentum is included, and results are obtained for 
both the possible spin states formed by absorption of an S-wavfe neutron 
(only one state is possible for even-even targets). In some cases a. decay 
to the ground state is forbidden, and the calculation is then made for decay 
to the first excited state. This may affect the barrier penetration greatly, 
depending on which spin state is formed. 

The frequency factor W 0 can be related to the spacing of levels of 
given spin and parity, assuming a sequence of equally spaced ~evels, 7 

W 0 = D/2rr 1i, 

where D is again the spin-dependent level spacing. 
gives 

r = (D/2rr)P. a. 

Using th:is relationship 

I 

\ 

'-=' 

The spin-dependent level spacings are obtained from the formulas of 
Cameron8 based on the Fermi gas modei of the nucleus and utilizing em- '-c;_, 

pirical atomic masses. Computing the level spacing involves an iterative 
procedure, therefore a 650 computer program was written to .facilitate this 
calculation. 

" I ,'~ ... 

In this manner n, a. cross sections were obtained for the~ most neutron-
deficient stable even-Z even-N isotopes, for most of the stable even-Z odd-N 
isotopes, for a few favorable cases of odd-Z even-N isotopes, and for all 
the stable odd- Z odd-N isotopes, a total of more than 100 different cases. 

Table I shows the results for a few of the most favorable cases, some 
of which are now being investigated (see Section III). 

4 
J. 0. Rasmussen, Phys. Rev. 113, 1593 (1959). 

5G. Igo, Phys. Rev. Letters 1, 72 (1958). 
6 A. G. W. Cameron, A Revised-Semi-Empirical•Atomic Mass Formula, 
CRP-690, March 1957 (AECL-433, July 1958}. 
7 J. M. Blatt and V. F. Weisskopf, Theoretical Nuclear Phys~cs (John Wiley 
and Sons, New York, 1952) p. 386. 
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Table I. Calculated n, a cross sections 
Spin and parity 

Energy of 
Target Target Compound Final final_state 
nuclide system· state (Mev) p --
Nd143 1/2- 3- 0+ 0 3.6ox 1o-6 
Nd143. 1/2- 4- 2+ 1.60 9.13x1o-9 

Ru96 0+ 1/2+ (5/2+) 0 3.17x1o- 6 

Pd102 0+ 1/2+ 5/2+ 0 2.17x1o- 8 

Te123 1/2+ 0+ 0+ 0 2.01x1o-6 

Te123 1/2+ 1+ 2+ 1.18 5. 75x lo-9 

Sm147 7/2- 3- 0+ 0 2.48 X 10-6 

sm147 7/2- 4- 2+ 0.69 2.4Ix1o-7 

Sm149 7/2- 3- 0+ 0 4.65 x lo-7 

Sm149 7/2- 4- 2+ 0.46 8.93X 10-8 

Gd155 3/2~. 1- 0+ 0 2. 24 x 1 o~ 7 

Gd155 3/2~ 2- 2+ 1.22 1.37x1o-9 

Gd157 3/2- 1- 0+ 0 1.48 x 1 o-9 

Gd157 3/2~ 2- 2+ 0.08 1.05X 10-9 

D 
(ev) 

248 

228 

756 

402 

140 

49 

41 

38 

11 

10 

6.2 

4.1 

14 

9.4 

n, o. cross 
section 
(mb) 

420 

1.0 

0.20 

0.05 

98 

0.12 

17 

1.6 

570 

110 

170 

. o. 79 

14 

7.0 

() . 
00 

I 
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~ 
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I 
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() 

~ 
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I 
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U1 
0' 
0' 
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II. Comparison with Available Experimental Data 

Although the assumptions involved in the eros s- section calculations 
probably become worse as the light-mass region is. approached, it seemed 
worth while to e.xtend the calculat.ions lo the region where there are experi-
mental data ava1lable for companson. · 

Table II summarizes the .results of the measured and calculated cross 
sections. Where the thermal neutron absorption cross section is 

1

not known 
it is taken as I barn. One can comment as follows: 

S 
32 

-- the agreement is rema,rkable 

s 33 -- a 1t state is most likely populated 

Fe\57 - the experimental a. energy is high by a factor 
of two compared with mass data, and puts doubt 
on the experimental cross section 

zn6 4 - the agreement is fair 

zn67 - the agreement is good for a 2- state being formed 

A 36 -- the experimental cross section is extrapolated from 
data with 2- to 4-Mev neutrons 

III. Experimental Work 

(with Ronald D. MacFarlane) 

The first apparatus used in this work made use of a Pu-Be neutron 
source immersed in a water tank to thermalize the neutrons. A small target 
sample was placed directly in front of a solid-state detector, and this system 
was placed in the water tank. The signal from the crystal was amplified and 
fed into a pulse-height analyzer. 

The neutron flux was maintained by means of the Li6 (n, a.)T
3 

reaction, 
and the energy calibration was determined by a source consisting of Ra224 
and its daughters. Since the maximum neutron energy from the Pu-Be 
source is well above the a. energy region we are interested in, there was 
considerable background, thus limiting the sensitivity of this setup. 

149 i 
In Sm (see Table I) the decay of a 3- state to the daughter ground 

state would give rise to a 9. 23-Mev a. particle. The counting rate observed 
at this energy indicates that if this spin state is formed the n, a. cross section 
is lower than the calculated cross section by a factor of about fi~e. If a 4-
state is formed, decay can proceed only to an excited state, and the alpha 
energy to the first excited state would be 8. 78 Mev. The counting rate 
observed at this energy sets an upper limit on the cross section of about 
twice the calculated one. 

The equipment is now being. redesigned for use in the thermal column 
of the Livermore reactor, where a much higher neutron flux will be avail­
able and the background due to very-high-energy neutrons will be eliminated. 
This should allow a study of many examples of these n, a. reactions. 

...... ,_-



Table IL Comparison of experimental and calculated cross sections 

Spin and parity Energy of Calculated 
Target Compound Final fl.n.'al .state cross 
nuclide Target system state (Mev) section 
s32 Of 1/2+ 1/2+ 0 1.5mb 

5 33 3/2+ 1+ (2+) 2.24 ::::: 5 f.Lb 

5 33 3/2+ 2+ 0+ 0 ::::: 1 b 

Fe 57 1/2- 1- 0+ 0 1 f.lb 

Fe 57 1/2- 0~· ? ? << 1 f.lb 

zn64 0+ 1/2+ 3/2- 0 200 f.lb 

zn67 5/2- 3- 0+ 0 6.5 mb 

zn67 5/2- 2- 2+ 1. 34 15 iJ.b 
A36 0+ 1/2+ 3/2+ 0 11mb 

Experimental 
cross 

section 

1.8±l.Omb 

<8mb 

<8mb 

<5mb 

<5mb 

15 ± 10 f.lb 

6±4 f.lb 

6±4f.lb 

(8. 5mb) 

() 

00 
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9. STUDIES IN LOW -LEVEL LIQUID 
SCINTILLATION COUNTING 

W. J. Kaufman,* Aharon Nir, t and G. Parks~:c 

UCRL-9566 

Investigation of the low-level liquid scintillation counting system 
described by Kaufman et al., 1 was continued with the object of improving 
its sensitivity, stability, and accuracy. This system was designed primarily 
for hydrological tracing with tritium. Sensitivity improvement was achieved 
by use of high-gain quartz face photomultipliers in contact with the solution, 
use of teflon liquid cells, and operation in the violet part of th,e spectrum. 
Long-term stability data were determined on this system. Accuracy was 
improved by the introduction of a co57 internal standard, which obviates 
the use of an internal tritium standard and consequent destruction of the 
original sample. The Co57 channel count ratio proved to be a: reliable 
counting -efficiency monitor with up to 0. 05% accuracy and 3 to 7% efficiency 
for short counting periods (days) or up to 0.1% for longer periods. 

From indirect computational evidence, the contribution of the light 
interaction is limited to an insignificant part of the background. An experi­
mental limit of this contribution was investigated with an anti<;:oincidence 
cosmic shield. 

~:cDepartment of Sanitary Engineering, University of California, Berkeley. 

tOn leave from Weizmann Institute of Science, Rehovoth, Israel. 
l 

W. J. Kaufman and others, in Proceedings of the University of New 
Mexico Conference on Organic Scintillators, August 1960. ! 

10. ON SOME APPLICATIONS OF THE a, n REACTIONS 
ON OXYGEN-18 

~:< 
Aharon Nir 

The information on thick-target yields of a, n reactions on heavy 
isotopes of oxygen is of value for the estimation of certain geochemical 
processes, in production of liquid and gaseous neutron sources, and in 
tracing the kinetics of oxy_g~n reactions. Recent determinattons give the 
a, n yield on ol8 as 31 nj 10 a for Po210a 1 and 650±90 n/10 a for a's 
following Pb212. 2 No measurements are available of the corresponding 
yield on ol7' because of lack of highly .e.nriched targets'! but it is shown 
that with present sensitivity of mass spectrometry and 0 7 enrichment, 
Ne 20 measurements would give a good estimate of this yield.! 

~:~On leave from Weizmann Institute of Science, Rehovoth, Israel. 
1 
I. A. Serkynkova, et al., Izvest. Akad. Nauk. SSSR(Fiz) ~· 1017 (1957). 

2s. Amiel and A. Nir, to be published. 
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The above a., n yields on o 18 are used to make a new evaluation of the 
Ne21 production in the lithosphere. 3 It is shown that the maximum effect 
on the atmospheric abundance would be 6 to 12o/o, depending on the actual 
depth of the crust and the variation of U and Th with depth. The actual 
contribution to atmospheric abundance could be found by comparison with 
the cosmic isotopic ratio of Ne. This value could be used then to estimate 
a lower limit for the escape from the earth crust. 

The application of the above reaction as a liquid and gaseous neutron 
source offers new possibilities by combining high yield with greater flexi­
bility of handling and transportation, reproducible preparation, and ability 
to change target thickness and thus the neutron spectrum. 

Analytical and tracing applications include a.-activity measurements 
in solutions4 and tracing of oxygen reactions kinetics2 between different 
phases, including surface reactions. 

3G. W. Wetherill, Phys. Rev. 96, 679 (1954). 
4v. V. Ivanova et al., Atomnaya Energ. 7, 166 (1959). 

11. HEAVY-ION ELASTIC SCATTERING 

Jonas Alster and Homer E. Conzett 

The elastic scattering of c 12 ions from several nuclei was studied. 
1 

The 124.5-Mev c 12 beam of the heavy-ion linear accelerator was magneti­
cally de;flected and brought into a scattering chamber through two colli­
mators, 1/8 in. each, 3 feet apart. The targets were placed in the center 
of the scattering chamber. 

The angular distribution was measured by swinging two counters 
around the center of the chamber. The scattered particles left the chamber 
through a 0. 002-in. -thick Mylar foil. The counters consisted of a thin 
Csi(Tl) crystal, mounted on a photomultiplier tube in an evacuated holder. 
The angular resolution of the system was 7 deg and the energy resolution 
1. 3o/o. In the latter part of the experiment the Csi crystals were replaced 
by solid-state radiation detectors, which gave us a resolution of lo/o. The 
beam was monitored with a Faraday cup-electrometer system and with a 
monitor counter, mounted through the bottom of the scattering chamber, at 
a fixed angle. 

The measured angular distributions for Ni, Ag 
107

, In, and Ta are 
shown in Fig. C. 11-1. The errors in the measurements are indicated by 
the sizes of the dots in the figure. Each point represents 10,000 counts 
except for the largest angles. 

1 
Proceedings of the Second Conference on Reactions between Complex 

Nuclei (John Wiley and Sons, New York, 1960). 
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C. 11-1. Experimental angular distributions f6r 124.5-Mev 
cl2 ions scattered from Ni, Agl07, In, and Ta. The 
cross section divided by the Rutherford cross section is 
plotted as a function of the center-of-mass an1gle. The 
curves are normalized to unity at small angles. 
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The analysis of the data is based on the Blair model. 2 The final 
analysis was a comparison of our data with the Mcintyre model. 3 In their 
model the cross section divided by the Rutherford cross section has the 
form 

a (B) = Jcos (n ln sin2 !!_) 
aR(8} l 2 

. 2 e 
sm 2 

n 

{ 

. 2 e oo 

2 e sm 2 \ 
+ s.in(n8nsin 2 )t L (2itl)cos2(a1 -a 0 ) 

n i. =0 

where 

i. 

I 
k=1 

arctan ~; . n = ., Ai. = 1 . 

{

i. -i.} , 
ltexp ~J. 

LSi. A 

A 1 is the amplitude of ~h outgoing partial wave, o1 is the real nuclear phase 
snift that is added to the Coulomb phase shift. In this model five parameters 
are available, i. A' M_A; 6, i. 0, t::.i. 0 . In the Blair sharp-cutoff model one 
has 

{
~ A 1 = 0 for 1 ~ 1 1 , 

A 1 = 1 for i. > i. 1 • 

o = 0 for all i. . 

and 

2 
J. S. Blair, Phys. Rev. 95, 1218 (1954); 108, 827 (1957); D. D. Kerlee, 

J. S. Blair, and G. W. Farwell, Phys. Rev.~07, 1343 (1957). 
3 --
J. A. Mcintyre, K. K. Way, and R. C. Becker, Phys. Rev. 117, 1337 (1960). 
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A computer program for the IBM 704 was written for the calculation of 
a (8)/ a R (8) according to this formula. 

Figure C. 11-2 gives an example of a fit with the Mcintyre model. 
From this figure it becomes clear that it is very important to do these experi­
ments with good statistics because we try to fit small oscillations around 
a (8)/ a R (8) = 1. 

The results of these experiments show that the Blair sharp-cutoff 
model is not good enough to fit elastic scattering data for cross sections 
a (8)/ a p(8} < 0. 2. For a given value of n,inc reasi_ng P. A =P. 0 moves t.he breakoff from 
Rutherford scattering to smaller angles. Increasing L::,.P.A = M makes the 
falloff steeper and tends to wash out the oscillations around :Rut~erford 
scattering. In none of the cases was it possible to get agreement with experi-
ment without making of. 0. Introducing o steepens the falloff andincreases 
the amplitudes of the oscillations around Rutherford scattering. It is clear 
thai rounding of the cutoff is not sufficient to explain the data, but a real 
phase shift op_ has to be added. 

The results are summ_A:rized ii} Table I. 
of the formula R = R 

0 
(A

1
11 3 +. A 2

11 3), and is 
Rg is the radius parameter 
calculated from the formula 

E 
c. m. 

2 
= z 1z2e * 

R 

1i2.1A(lA+.l) 

2i:"R
2 

Scattering data. from Fe and argon have not yet been analyzed. 

Table I. Summary of results 

Target scoa Mcintyre Model 

P. ' i. A =J.. o MA=Mo 0 (RX10
13

) 

r 56 3 0.4 9. 39±.21 
Ni 

n=8.28 57 57 3 0.4 9. 53±.21 

r2 62 3 0.5 10.48±.23 
.Agl07 :63 
n= 13.;91 64'' 

t 62 2 1.0 10.36±.23 
In 

n::; 14.49 63 
__... -· 

r Ta 

n=2L59 66 66 3 0.4 11.63±.26 

aSCO = Blair sharp-cutoff model. 

Ro 

1.52±.03 

1. 54±. 03 

1.49±.03 

1.45±. 03 

1.46±.03 

I 
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Fig. C. 11-2. Angular distributions for C 
12 

elastically scattered 
from In and Ta. The solid line is the calculation according 
to the Mcintyre model. 
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12. ELASTIC SCATTERING OF 31-Mev He 3 IONS 

Jose Gonzalez- Vidal. George !go, and SamuelS. Marko:witz 

The absolute differential cross sections for elastic scattering of 
31-Mev He3 ions on Be, Al, Cu, Sn(nat), Snl20, and Bi have been measured 
in the angular range of about 10 to 120 deg in the center-of-mass system. 
The purpose of these 5easurements is to compare the optical--;model potential 
necessary to fit the He data with that for He4 scattering. 1 =4 Presumably 
the He3 results should reflect the effects of lo~ binding energy and nonzero 
spin. The optical-model theoretical treatment is in progress 'and is to be 
reported later; the experimental part is completed. 

. I 

The above target ele:rnents were selected because they cover a wide 
range of the parameter Alf 3 (A is the mass number), which is important in 
optical-model theory; also inelastic events from these targets; could be 
separated from the elastic scatterirlg, with our energy resolution. The He3 
was accelerated as He3 (t 1) ions in the heavy-ion linear accelerator. The 
ions were magnetically analyzed and allowed to impinge upon self-supporting 
targets of thicknesses in the range l ·to 4 mg/ cm2. The beam was collimated 
down to a O.l25~in. spot and was monitored with a calibrated Faraday cup. 
The Faraday cup was protected from scattered electrons by magnets, or by 
an electric potential applied to a brass plate. In addition aNal sCintillation 
counter held at a fixed an3le was used to check the relative be'am intensity 
by detecting scattered He ions. 

The elastically scattered He 3 particles were counted by
1 

stopping them 
in Csi scintillation crystals of thickness slightly greater than the range of 
the particles at 31 Mev. The pulse-height analysis energy resolution was 
approx 3o/o; the angular resolution, approx l deg. The background in the 
region of the elastic scattering peak in the pulse-height spectra obtained 
from the counters consisted of: (a) pulses due to'2a. particles produced by 
the exoergic He3, He4 reactions, (b) inelastic He."" scattering, and (p) 
scattering from the tantalum collimators. The background was subtracted 
in a consistent manner. The magnitude of the background varied with target 
and angle of observation. For Bi, between 10 and 98 deg, the background 
varied from 0. 7 to 1.6% of the peak area; for Sn 120, between 2.0 and 120 deg, 
background was 0. 5 to l3o/o; for Cu., between 10 and 64 deg, background was 
l to 5o/o; for Al, between 14 and 68 deg, background was 0. 9 tc;> l9o/o; and for 
Be, between 17 and 65 deg, background was 0.8 to 30o/o of peak area. The 
number of counts accumulated at most angles gave a standard deviation of 
about L 5o/o. The reproducibility of a series of points taken at the same angle, 
which includes the e'ffects of statistics, Faraday cup integrator readings, 
and graphical analysis, was about 2. 3o/o. 

1Seidlitz, Bleuler, and Tendam, Bull. Am. Phys. Soc. 1 Ser. II, l, 29 
(1956}. . I 

2 !go, Wegner, and Eisberg~ Phys. Rev. 101; 1508 (1956). 
3R. Ellis and L. Schecter, Phys. Rev. 101, 636 (1956). 
4 

G. Igo and R. M. Thaler, Phys. Rev. 106, 126 (1957}. 
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The data in final form are summarized in Tables I through VI. Both 
the absolute differential cross sections and the ratio of the absolute differ­
ential cross section to the calculated Rutherford-scattering cross section in 
the center-of-mass system are presented. In Figs. C. 12-1 through C. 12-6 
the absolute differential cross sections are presented for each element, and 
in Fig. C. 12-7 the ratios of the eros s sections to the Rutherford cross 
sections for all the elements are displayed. The size of the symbol or flag 
on a plotted point indicates the standard deviation, which is the rms of the 
uncertainties mentioned above. The differential cross sections for 
Rutherford scatteringS have been calculated with the aid of an IBM 704 
computer program written for this purpose. The variables are: charge 
of target, charge of projectile, mass of target, mass of projectile, energy 
of incident particle, and angular interval. The output is the differential 
cross section iri cm2/sr versus angle in the center--of~mass system. 

The results indicate strong diffraction effects in the light elements 
and a smooth decrease of the ditferential cross sections with increasing 
angle for the heavier elements. Optical~model analyses are in progress. 

A preliminary report of this research was presented at the Washington, 
D. C. , meeting of the American Physical Society April 25~ 1960; 7 

5 (da/d~)R= (ZZ' e
2
/4T) 2 sin- 4 (e /2). where Z and Z' arethe 

atomic numbers of target and incid~·nTparticle, T is the kinetic energy, and 
ec. m. is the scattering angle in the center-of-mass system. 
6
scatterings of 29-Mev He3 ions have been reported: Aguilar, Burcham, 

England, Garcia, Hodgson, March, McKee, Mosinger, and Toner, Proc. 
Roy. Soc. (London) A 257 • 13 (1960); G. W. Greenlees and P. C. Rowe, 
Nuclear Phys. 15,687 {T9'00). We appreciate the communication of these 
and other resultsto us by Professor Burcham in advance of publication. 
7 ' 

Igo, Markowitz, and Gonzalez- Vidal, BulL Am. Phys. Soc. 9 Ser II. 5, 
229 (1960). . 
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Ta~le I. The differential cross section for elastic scattering of 31.2-Mev 
He ions incident on beryllium and the ratio of the experimental cross 
section to the Rutherford cross section in the center-of-mass system. · 

e (da/dn) (da/dn)' 
c.m. 

1aa7cH'llR (de g) (barns/sr) 

17. 1 s.8sxlo- 1 1.86X 100 
19.7 2.01Xl0- 1 1.14Xl00 
22.4 6.38xlo-2 4.09x 1o-l 
25.0 7.o4x lo-3 1.02 X 10-l 
27.1 s.49xl0- 3 l.09X 1o-1 
27.6 8.88 x lo-3 1.89X 1o-l 
28.9 1.49x lo- 2 3.82XlO-l 
31.6 3.00Xl0-2 1.09Xl0° 
32.9 2.92xl0-2 1.24X 100 
35.5 2.8lxlo-2 1.6ox1o0 

36.8 2.57xlo-2 1.68Xl0° 
38.1 2.43X 1o-2 1.81 X 100 
38.6 2.36xlo-2 1.86xloo 
39.1 2.02 x lo- 2 1.66x1oO 
39.4 1.95x lo- 2 1.66 X fo 0 

39.9 1.93X lo- 2 1.72Xl00 
42.5 l.03x lo- 2 1.18Xl00 
43.0 6.84x lo-3 8.13xl'o- 1 

43.8 6.72xlo- 3 8.s7xlo-l 
44.0 s.4ox lo-3 7 o2x1o-l 

• I 
46.2 2.74xlo-3 4.28XlO-l 
46.8 2.12 X 10-3 3.47 X 10-1 
47.6 1.82 X 10-3 3.19x1o-1 
47.9 1.31X1o-3 2.3sx1o-1 
49.4 1. 07 x 1 o-3 2.1sx1o-1 
50.1 1.36 x 1o-3 2.88x1o-1 
50.4 1.01 x 1o- 3 2.18 x 1o- 1 

51.4 1.67 X Io-3 3.89X10-1 
56.9 2.20XI0-3 7.51X10- 1 

57.9 2.46 X Io-3 8.9sx 1o- 1 

59.7 2.59x1o-3 1.05Xl0° 
60.7 2.48 X I0-3 1.06x1oo 
61.7 3.21 X 10-3 1.46Xl00 
64.6 1.82 X Io- 3 9.59x1o- 1 

' 
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Table II. The differential cross section for elastic scattering of 31.2-Mev 
He3 ions incident on aluminum and the ratio of the experimental cross 
section to the Rutherford cross section in the center-of-mass system. 

e (da /ds-2) (da/ds-2) 
c.m. 

{da7CinjR (de g) (barns/ sr) 

13.8 3.96 X 100 7.43xlo- 1 

14.9 2.45Xl00 6.22x1o-l 
16.0 1.51 X 10° 5.10XlO-l 
18.2 5.32Xlo-l 2.99x lo- 1 

19.3 3.5lxlo-l 2.49xlo- 1 

20.4 2.54xlo-l 2.25X 10- 1 

20.6 2.37x1o-l 2. 19 X 10- 1 

21.5 2.36X1o-l 2.57X10-1 
21.7 z.z9xlo-l 2.6ox 1o- 1 

22.9 2.34x1o-1 3.27x1o- 1 

23.9 z.39x1o-l 3.84X 10-1 
24.0 2.17X10-1 4.oox lo-1 
26.2 2,03X 1o-1 4.82xlo-l 
27.2 l.58x1o-1 4.39x1o-1 
28.3 1.26x10-1 4.04X 10-1 
29.5 9.6ox 1o- 2 3. 36 X 10-1 
30.6 6.97x1o-2 3.04X 10-l 
31.7 4.00X 10-2 1.99x1o- 1 

32.3 3.53X 10- 2 1.9ox10-1 
32.6 2.67 X 10-2 1.49x1o-1 
32.8 2.59x1o-2 1.47x1o- 1 

34,8 8.7oxlo-3 6.26x1o-Z 
34.9 8.92x1o-3 6.46X 10-2 
35.8 7.77x1o- 3 6.z7x1o- 2 

37.0 7.71X10- 3 6.98x1o- 2 

37.2 9.90x1o- 3 9. 25 X 10- 2 

38.2 1.36x1o-2 1.40X 10-1 
39.1 1.20 x lo- 2 1.36x1o-1 
40.2 1..43x1o-2 1.79X10-1 
40.4 1.63 X 10-2 2.o8x10- 1 

42.4 1.51 X 1o-2 z.3zx1o- 1 

43.5 1.36X10-2 2.3lx1o-1 
43.7 1.37x1o- 2 2.36x1o-1 
44.6 1.18X10- 2 2.21x1o-l 
45.9 9.33X ro- 3 1.94X 10- 1 

46.9 7.89X 10- 3 1.78x1o-1 
48.0 5.24X 10-3 1.29x 10- 1 

48.9 3.67x1o- 3 9.68x10-z 
51.2 l.19X10- 3 3. 74x lo- 2 

52.2 1.02X1o-3 3.42x1o-2 
53.4 9.68 X 10-4 3.54X 10-2 
54.5 1.29X 1o-3 5.10X 10- 2 

55.4 1.29X lo-3 5.42 X 10-2 
57.7 2.12 X 1o-3 l.03x 10-1 
58.6 1.80X 10- 3 9.29X l0-2 
60.9 1.93X 1o-3 1.14xlo-1 
61.8 1.41 x 1o- 3 8.81 X 10- 2 

64.0 1.osx 1o- 3 7. sz x 1o- 2 
65.0 8.18X1o-4 6.2ox 10-2 
67.2 3.94X 10- 4 3.36x1o- 2 

68.1 3.73x 1o-4 3.33X 10- 2 
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Table III. The differential cross section for elastic scattering of 31.2-Mev 
He3 ions incident on copper and the ratio of the exper-imental cr'oss section 
to the Rutherford cross section in the center-of-mass system. 

e (da/dn) (da/dO) 
c.m. 

(da/dn)R (de g) (barns/sr) 

10.9 5.22Xl0 1 0.863Xl0~ 
11.6 4.86 X 10 1 1..02 X 10 
11.9 3.90xlo 1 '0 0. 915 X LO 
12.0 4~'3,0Xl0 1 1.05 X io0 

13.0 - ' 1 0.959)< 10° 2.87 X 10
1 14.0 l.93X 10 o.864x 10° 

14.1 2.02 X 1 0~ 0.933)(10° 
15.1 l.24X 10 0. 748 >< 100 
16.1 8.65X10° o.676x1o 0 

16.2 1.06 X 10 1 0.846 X 10° 
17.1 6. 26 X 10° o.62o'x 100 
18.2 4.50X100 0 . .572 X 100 
18.3 4.84X10° 0.630Y100 
19.2 3.33X 10° 0 .. 524.;><100 
20.4 2.59X10° 0.519X10° 
21.7 I. 59 X 100 0.408 X 10° 
22.3 l. 54 X 10° 0.438 X 10° 
23.2 1.17 X 100 0. 387 X 1 oO 
23.8 l.OOX100 0 .. 369.><100 
25.9 6.18x1o- 1 0.325X10° 
26.7 s.o1 x 10-1 0.294X 10° 
27.9 3.57x1o- 1 o.2s1x1og 
30.0 2.16 X 10-1 o .. r98 x 10 
30.3 1.71X10-1 o.163x1oo 
30.7 1.83X10-1 o.184x1oo 
32.1 1.40X10- 1 o.16?x1oo 
32.6 1.38X10- 1 O.l74X100 
34.2 1.11x1o-1 0.17Z X 1 oO 
34.7 1. o4 x 1 o- 1 0.16SJX10° 
35.0 1.2ox1o- 1 O.l99X 10~ 
38.3 5.68X 10- 2 0.134X 10 
38.9 4.99X 10-2 o.12sx1o 0 

42.5 2.23X 10-2 0. 784X 10-1 
43.0 L99x1o- 2 0.733X10- 1 

46.6 1.33X10-2 o.665x1o-1 
47.6 1.37X10-2 o.741x1o-1 
50.8 8. 76 X 1o-3 o.6o4x1o-1 
51.9 7.91x1o-3 0.590X10- 1 

54.9 3.9sx 1o- 3 o.365x1o- 1 

55.4 3.4l"X 1o-3 o.325x1o-1 
59.0 2.'11X10-3 o.253x10- 1 

59.5 2;o4x1o-3 0.252X1o-1 
63.1 1.88 X 1o-3 0.288 X 10-1 
63.6 1.74x1o-3 0.273X1o-1 
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Table IV. The differential cross section for elastic scattering of 31.2-Mev 
He 3 ions incident on tin of natural isotopic composition and the ratio of the 
experimental cross section to the Rutherford cross section in the c. m. system. 

e (da/dn) (da/dn) c.m .. 
(Cia?CinjR (de g) (barns/sr) 

-LO_,_} I.82x102 l.OOX 100 
11.7 1.33X 102 l.04xlo0 

12.7 9.30X 10 1 9.94x 1o- 1 

13.7 7.13X10 1 1.03X100 
14.7 5.58 X 10 1 1.07X10° 
15.8 4.32X10 1 l.lOX 100 
16.8 3.31 X 101 '1.08Xl00 
17.8 2.80X10 1 l..l5X10° 
18.9 2.25X10 1 1.17X100 
19.2 2.20Xl01 1.22X10° 
20.2 1.62x1ol 1.09Xl00 
21.2 1.30X 101 1.06x1oo 
22.2 1.06x1o1 1.04Xl00 
23.3 9.04Xl00 l.07xi0° 
24.3 7.12Xl00 9.99xio- 1 

26.2 4.15xloo 7.83xlo- 1 

26.3 4.70Xl0° 9.0lxlo- 1 

28.4 2.80X 10° 7.3ox1o-1 
29.7 2.29Xl00 7.o7xlo-l 
30.1 2.oox1o 0 6.5oxlo- 1 

30.4 1.88Xl0° 6.35xlo-l 
31.0 1.79Xl0° 6.54xlo- 1 

32.1 1.49 x 1og 6.22x lo- 1 
32.4 1.33X 10 5.75Xl0-~ 
33.1 1.13Xl00 5.32Xl0-
34.5 8.67xlo- 1 4.79xlo-l 
35.1 7.84X 10-l 4.64x lo- 1 

37.2 5.48xlo- 1 4.o3x lo- 1 

37.6 5.4oxlo-l 4. 15 X 10-1 
39.2 4.01Xl0-l 3.62xlo- 1 

41.2 2.74xlo- 1 3.ooxlo- 1 

43.7 1.89X 10-l 2.6oxlo- 1 

46.3 1.33xio-l 2.27xlo- 1 

46.7 1.21Xl0-l 2.18Xlo-l 
47.4 1.04 x lo- 1 1.94X lo- 1 

49.4 7.39xlo- 2 1.6lxlo- 1 

52.8 5.01 x Io- 2 1.40xio- 1 

53.4 4.24X 10-2 1.23Xl0-l 
54.9 3.79xio- 2 1.22XIO-l 
56.9 3.05xlo- 2 1.12Xl0-l 
57.5 2.68X lo-2 1.03Xl0-l 
60.9 I:98xio- 2 9.33x lo- 2 

61.6 1.77xlo-2 8.68 X lo-2 
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Ta~le V. The differential cross section for elastic scattering of 31.2-Mev 
He ions incident on tin enriched to 85o/o in Snl20 and the ratio of the experi­
mental cross section to the Rutherford cross section in the c. m. system. 

e (da jdn) (da jdn) 
c. m. 

(da7d~)R (de g) (barns/sr) 

20.8 9.85X10° 7.46 X 10-1 
25.9 3.48X10° 6.33x1o-I 
30.4 L41x1o 0 4. 76 X 10-l 
31.0 l.28X10° 4.67xio- 1 

35.5 5.90X 10- 1 3.64xro- 1 

36.1 5.67x1o- 1 3.75xlo- 1 

40.6 2.38x1o- 1 2.44x1o- 1 

41.2 2.39X 10- 1 6.62 x io- 1 

46.3 l.19X10- 1 2.o3x 10-1 
50.8 5.58x1o- 2 l.35x1o-l 
51.4 5.8o.x 1 o- 2 1.46 x 1 o-1 
56.5 2.93xlo-2 8.7lx1o-2 
60.9 1.sox 1o- 2 8.49x1o- 2 

61.6 l.73X10- 2 8.48xlo-2 
66.6 7.9ox 1o- 3 5.13x1o- 2 

69.0 5.90x1o- 3 4. 32 X Io- 2 

71.7 4.84X 1o-3 4.07 x Io-2 
7 5.1 3.33 x 1o-3 3.30X lo- 2 

77.7 2.5ox 1o- 3 2.nx1o-2 
81.1 1. 76 x 1o-3 2.24x 10-2 
83.7 l.23X 1o-3 l.74x 10- 2 

86.1 l.11X10- 3 1. 72 x'1 o-2 
92.1 6.31X1o- 4 1.21 x 1o- 2 

95.7 4.25X10- 4 9.18x 1o- 3 

98.1 3.84x1o- 4 8.93x1o- 3 

101.7 2.48x1o- 4 6.41 x 1o- 3 

104.1 2.04X10- 4 5.64x 1o- 3 

107.7 l.45x 1o- 4 4.39 X 1o-3 
112.0 l.ci7x1o- 4 3.61 x,1o-3 
113.6 l.03X10- 4 3.61 x 1o-3 
116.0 1.01 x 1o-4 3.74xi0- 3 

119.6 7.o6x1o-5 2.81 x 10- 3 
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Table VI. The diffe;-ential cross section for elastic scattering of 31.2-Mev 
He3 ions incident on bismuth and the ratio of the experimental cross 
SEl_ction to the .Rutherfo:r:dcross SE:lction in the ~enter-of-mass system .. 

e (da /dn} (da/d!J} c.m. 
(C!a7C!njR (de g) (ba~ns/ sr} 

10.6 4.86xloz 9.36xi0-1 
11.2 3.66xlo2 s.7Sxlo-l 
11.6 3.59Xl02 9.89xlo-l 
12.6 2.39X 102 9.16xlo- 1 

13.6 1.79Xl02 9.32xlo-l 
14.6 1.31Xl0f 9.04xlo- 1 

15.6 9.91Xl0 8.93xlo- 1 

16.6 8.09 X 10 1 9.3oxlo- 1 

17.7 6.26x 101 9.43xlo-l 
18.7 s.16x1ol 9.43xlo- 1 

18.9 4.68 X 10 1 9.ooxlo- 1 

19.9 3.91Xl0 1 9.24X lo- 1 

20.9 3.13Xl0 1 8.97xlo-l 
21.2 2.96xlol 8.97xlo-l 
21.5 2.71XlOl s.69x lo- 1 

22.1 2.41 X 101 s.6lxlo-l 
22.9 2.05Xl0 1 s.44x 1o-l 
23.0 2.14Xl01 8.95xlo- 1 

23.1 2.00Xl0 1 8.slxlo- 1 

24.1 1.63 X 10 1 8.19xlo-l 
25.0 1.40X 10 1 8.14Xl0-l 
25.1 1.47 X 10 1 8.7oxlo- 1 

26.0 1.19xlo1 8.10X10- 1 

26.1 1.13Xl0 1 7.79x1o- 1 
27.0 1.11Xl01 8.74xlo- 1 

27.2 1.02 X 10 1 8.23x 1o- 1 

29.0 9.02Xl0° 9.40Xl0-l 
29.2 8. 74X 10~ 9.35X10-~ 
29.8 7.67xlog 8.87 x 1o- 1 

30.2 6.97X10 8.51X10- 1 

30.7 6.49X10° 8.44X 10-1 

30.8 6.94X 10° 9.15X1o- 1 

31.0 6.78X100 9.17)<'lo-1 
31.2 6.52X10° 9.03;x'lo-1 
31.7 6.50X100 9.59x1o-1 
31.8 6.37X100 9.sox1o- 1 

32.2 5.83X10° 9.14x1o- 1 

32.9 5.63 X 10° 9.59x1o- 1 

33.2 5.22X10° 9.17x1o-1 
33.9 5.43X10° 1.04X 100 
34.2 4.64X 100 9.19)oo- 1 

34.7 4.27X10° 8.93X10- 1 

34.9 0 1.03X10° 4.77X10
0 35.1 4. 58 X 10 l.OOX10° 

35.2 4.05X10° 8.96x1o- 1 

35.7 3.97X10° 9.3ox1o- 1 

36.8 3.52X100 9.26x1o-1 
36.9 3.75X10° 9.97x1o- 1 

37.1 3.51X10° 9.54x1o- 1 

37.8 3.32X10° 9.6sx1o- 1 

37.9 3.27X100 9.62xi0- 1 

38.8 2.94x1oo 9.51x1o-1 



~166-

c. 12 

Table VI. Bi + 31.2-Mev He
3 

(continued) 

e c.m. (da /drl) 

(barns/sr) 

3.15xio0 

2.73X10~ 
2.50X10

0 2.19X10 
2.37X100 
2.47 X 10° 
1.88X10° 
1.94X 10° 
1.56x 10q 
1.49X10° 
1.50X10° 
1.29X 10° 
1.06x1oo 
9.63x 10- 1 

9.46xlo- 1 

8.24xlo- 1 

6.97x1o-l 
6.33x1o- 1 

6.3Ix1o- 1 

5.43xio-l 
5.78XlO-l 
4.47xlo-1 
4.oox1o- 1 

4.70X 10-1 
3.61x1o-1 
3.olx1o- 1 

z.78x1o- 1 

3.29X 1o- 1 

2.19x1o- 1 

1.92x1o- 1 

2.29x1o-1 
2.01x1o-1 
1.68x1o- 1 

1.40x1o- 1 

1.55xlo-1 

1.57'X10- 1 

1.33x1o- 1 

9~35x1o- 2 

9.91x1o- 2 

7.67x1o- 2 

6.3zx1o- 2 

5.31 X 10-2 
4.79x1o- 2 

3. 72 x ro- 2 

3.7ox1o- 2 

3.38x1o-2 
2.3Ix1o-2 
2.03X 10- 2 

1.55X Io-2 
1.45x 10- 2 

9.69xlo- 3 

(de g) 

38.9 
39.1 
39.8 
40.8, 
40.9 
41.2 
41.8 
43.0 
43.8 
45.0 
45.2 
47.0 
47.4 
47.9 
49.2 
51.3 
51.4 
51.9 
52.1 
54.3 
55.3 
55.5 
55.9 
56.1 
58.1 
59.3 
59.5 
60.1 
61.5 
62.0 
63.3 
64.2 
65.5 
66.0 
66.4 
67.4 
68.2 
70.2 
72.2 
75.4 
76.2 
79.4 
80.2 
81.5 
83.4 
84.2 
88.2 
90.4 
92.2 
94.4 
98.4 

UCRL-9566 

(da/dn) 
(~)R 

1.03X 100 
9.05x1'o~ 1 

8,87x1o- 1 

8.55x1'o- 1 

9.37x1o- 1 

l.OOX ioO 
8.07x1o- 1 

9.28x1o- 1 

8.oox 10~ 1 

8.47x1o-1 
8.67x1o- 1 

8.66x1o- 1 

7.36x1o- 1 

6.93x1o- 1 

7.51x1o-1 
7.63x 10-1 
6.51Xlo-1 
6.15xlo- 1 

6.25X 1o- 1 

6. 28 X '1 0- 1 

7.11X1o-1 
5.57 x,1o- 1 

5.12 x 1o- 1 

6.o8x,1o-1 
5.3zx1o- 1 

4.78x1o- 1 

4.47x1o-1 
5.48 x 1o- 1 

3.97x1o- 1 

3.58X10-1 
4.6ox 1o- 1 

4.27x1o-1 
3.81 x 1o- 1 

3.z6x1o- 1 

3.69x1o- 1 

3.94x1o-1 
3.47x1o-1 
2. 71 x ro- 1 

3.16x1o-1 
2.84X 10-1 
z.4Zx1o-1 
2.34X 10-1 
2.19X10-1 
1.79x1o-1 
L92:no- 1 

1.82Xl0- 1 

1.43:klo-1 
1.36 x 1o- 1 
1.11)(10- 1 

1.12X1o-1 
8.43 x 1o- 2 
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C. 12-l. Angular distribution for elastic scattering of 
31.2-Mev He3 ions from beryllium. The symbols 
indicate the experimental points and their standard 
deviations; the solid line i.s the calculated differential 
cross s,ection for Rutherford scattering in the center­
of-mass system. 
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C. 12-2. Angular distribution for elastic scattering of 
31.2-Mev He3 ions from aluminum. The symbols 
indicate the experimental points and their standard 
deviations; the solid 'line is the calculated differential 
cross section for Rutherford scattering in the c.~~· .. 
system. 
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C. 12-3. Angular distribution for elastic scattering of 
31.2-Mev He3 ions from copper. The symbols indicate 
the experimental points and their standard deviati,ans; 
the solid line is the calculated differential cross section 
for Rutherford scattering in the c. m. system. 
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C. 12-4. Angular distribution for elastic scatt~ring of 
31.2-Mev He3 ions from tin of natural isotopic composition. 
The symbols indicate the experimental points and their 
standard deviations; the solid line is the calculated 
differential cross section for Rutherford scattering in 
the c. m. system. 
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C. 12-5. Angular distribution for elastic scatterinf of 
31.2-Mev He3 ions from tin enriched to 85% in Sn 20. 
The symbols indicate the experimental points and their 
standard deviations; the solid line is the calculated 
differential cross section for Rutherford scattering in 
the c. m. system. 
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C. 12-6. Angular distribution for elastic scattering of 
31.2-Mev He3 ions from bismuth. The symbols indicate 
the experimental points and their standard deviations; 
the solid line is the calculated differential cross section 
for Rutherford scattering in the c. m. system. 
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Fig. C. 12-7. The ratio of the experimental differential elastic 
scattering cross sections to the Rutherford scattering 
cross sections for 31.2-Mev He 3 ions incident on various 
elements. The scale of the ordinate is divided between 
the elements. 
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13. RANGES AND RANGE STRAGGLING OF 
TERBIUM-149, ASTATINE, AND POLONIUM 

Lester Winsberg and John M. Alexander 

UCRL--9566 

Measurements of the kinetic energies of the heavy recoil atoms are 
very informative in the study of nuclear reactions. One of'the best experi­
mental means to this end is the measurement of recoil ranges. Therefore 
it is important in nuclear science as well as in atomic physics to have meas­
urements of range and range straggling as a function of recoil energy. 

We have studied the recoil properties of Tb 149, At, and Po produced 
in heavy-ion (HI) bombardments of various targets. Strong arguments are 
presented for the formation of a compound nucleus in HI, xn and HI, pxn 
reachons, By use of the compound-nucleus model for the~e reactions the 
recall energy has been calculated, and ranges and range straggling have 
been. measured, Targets of Cs, Ba, La, Ce, Prb Ir, Pt,. Au, and Re 
have been Irradiated with beams of cl2, Nl4, ol I olB, Ne20, and Ne22 
from the Berkeley heavy-ion linear accelerator. 

The dependence on recoil energy of range and ra~ge' straggling has 
been obtained for Tbl49 in Al (recoil energies of 4 to 29 Mev), for At and 
Po in Al (4 to 15 Mev), and for At· and Po in Au (4 to 9 Mev). This work is 
reported in detail by these authors, Phys. Rev. 121, 518 (1961). 

14. POLARIZATION IN p··He 
4 

SCATTERING AT 22 Mev 

Homer E. Conzett, George Igo, and Aharon Nir* 

Following the method first used by Rosen and Brolley1 three years 
ago, we have developed a beam of 22-Mev protons, using p-He4 scattering 
as the polariz.ing mechanism. The availability of experi~ental information 
on p-He4 scattering is summarized in Table I. 

* --- . 
On leave from the Weizmann Institute, Rehovoth, Israel. 

1 L. Rosen and J. E. Bralley, Jr. , Phys. Rev. 107, 1454 (1957 ). 
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Table I. Availability of data on p-He4 scattering 

E lab Data Reference 

(Mev} a(B) P(B) 

0. 95 to 18 X 2(a) 

20.1 X '3 
39.8 X 4 

1.37 One angle 
2.02 One angle 5 
3.58 One angle 

7.8 One angle 
11.4 One angle 6 
14.4 One angle 

10 Ten angles 1 
15.5 Two angles 2 

a Reference 2 contains a list of authors whose work is referred to here. 

Phase shifts derived from analyses of the very complete differential cross 
section data have been used to calculate the polarizations; and finally, 
description of the p-a. interaction in terms of an effective two-body potential 
with a central and a spin~orbit term has resulted in interpolations and 
predictions of the phase shifts,· and thus the polarizations, up to 40 Mev. 7 

It should be noted (table) that the polarization mea::;urements at these energies 
are sparse; and, since the polarizations are more sensitive than the at:lgular 
distributions of the differential cross sections to uncertainties in the phase 
shifts, it is important to extend these measurements in order to provide 
further checks on the. theory, and thus to enable experimenters to use the 
calculated values more confidently. 

Figure C. 14-1 is a schematic drawing of our scattering geometry. 
Protons, knocked on at 25 deg by the a-particle beam incident on an H 2 gas 

. target, are collimated into a second scattering chamber. Measured left­
right asymmetries in the second scattering give us P 2( 9), the polarization 
that would be induced in the second scattering if the proton beam were 
unpolarized. The following conditions apply: 

2 
K. W. Brockman, Jr., Phys. Rev. 108, 1000 (1957). 

3 
J. W. Burkig, Phys. Rev. _116, 674 (1959). 

4 
M. K. Russell and J. H. Williams, Phys. Rev. 106, 286 (1957 ). 

5 
M. J. Scott, Phys. Rev. 110, 1398 (1958). 

6 
J. Sanada et al., J. Phys. Soc. (Japan) 15, 7 54 (1960). 

7 -. 
J. L. Gammel and R. M. Thaler, Phys. Rev. 107, 2041 (1958). 
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Fig. C. 14-1. Schematic drawing of scattering geometry. 
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L First scattering: 8 atm of H 2, Ea. = 43.1 Mev, Ep = 23 Mev. 

2'. Second scattering: 6 atm of He 4 , Ep = 22 Mev, polarization of proton 
beam essentially l00%.1 · . 

3. This geometry gives us second-scattered co~nting rates in each counter 
of about 3000 per hour in p-He4 scattering at an angle of 45 deg. 

4. We use a simple coincidence counting arrangement to reduce the back­
ground. 

A pulse from the plastic scintiHator photomultiplier tube is used to 
gate on the pulse-height analyzer which records the pul-s€S from the Csi 
crystal counter. 

A measurement of Pz comes directly from the asymmetry measure­
ment, because E = (L-R)/(Li-R) = P 1P 2, and our P 1 is 100% within some­
thing like 2 or 3%. Figure C. 14-2 shows, then, our results to date. on 
p-He4 polarization at 22 Mev. · The probable errors indicated are due only 
to counting statistics. The solid curve represents calculated values from 

. Gam mil and Thaler. 7 

15. SURVEY OF TRITIUM-PRODUCING NUCLEAR REACTIONS (*) 

Jose Gonzalez- Vidal and William H. Wade t 

Previously we. have reported on the a., t, p, t, and d.t reactions in the 
heavy elements. 1 II?- the work reported here this investigation of the integrated 
cross sections of th~se reactions has been extended to light and intermediate 
elements. 

The experimental procedure for these studies has already been dis­
cussed elsewhere. 1, 2, 3 It consisted essentially of the bombardment of 
thick metal foils with beams of the desired particles. The bombardment 
was followed by thermal extraction of the tritium produced in the target. 
The tritium activity was measured with a proportional counter. Orily full­
energy beams were \used, since degrading foils would introduce an extraneous 
source of tritons. 

Since, owing to their long range, tritons appearing in one foil may 
have originated in another, it was irnpos sible to obtain true excitation 
functions. "Apparent" eros s sections for each foil were calculated on the 
basis of thin-target approximations as if the beam were incident on each 

* . Brief presentation of work reported in Phys. Rev. 120, 1354 (1960). 

t Now at the Chemistry Department, University of T~s, Austin 12, Texas. 
1 .. 

W. H. Wade, J. Gonzalez-Vidal, R. A. Glass, and G. T. Seaborg, 
Phys. Rev. 107, 1311 (1957). 
2R. ·-

L. Wolfgang and W. Libby, Phys. Rev. 85, 437 (1952). 
3
L. A. Currie, W. F. Libby, and R. ,L. Wolfgang, Phys. Rev. 101, 1557 (1956). 
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foil in which tritons were detected. Summation of these apparent cross 
sections over total foil depth can be made to give the triton yield per incident 
bombarding particle. 

a, t Cross Sections 

Figure C.lS-1 shows the apparent excitation functions for this reaction 
for three element's. From the shape of these c~rves the periodic table can 
be divided into three regions. First there is a light-element region (Fig.· 
C. 15-la) whose excitation functions are characterized by a peak occurring 
in foils in which the beam still has high energy and a long "tail" extending 
well beyond the point at which the beam has been completely degraded. 

Second. there is a region of medium-weight elements (Fig. C. 15-lb), 
characterized by the presence of two peaks; a first peak similar to that of 
the preceding region and a second peak which appears in foils the beam has 
never reached. 

Figure C. 15-lc represents a typi\.cal case of the third region for a 
heavy nonfissionable element. Only one peak is in evidence; it always appears 
at a target depth greater than the beam range. 

The markings. R, Q. and B in the figures indicate the end of the range 
of the incident beam, the position at 'which the beam has been degraded to its 
classical Coulomb-barrier energy. and an energy corresponding to the 
reaction threshold. respectively. 

p. t and d. t Cross Sections 

Here the excitation functions show broad maxima throughout the 
periodic table. Most of the tritium appears in foils whe're the b,eam energy 
is high enough to surmount the Coulomb barrier and to satisfy the threshold 
requirements of the reaction. .. 

Integrated Gross Sections 

Figures C. 15-2 and C. 15-3 show the integrated cross sect~ons vs Z, 
for p. t and d, t reactions. Figure C. 15-4 shows the same type of curve 
for d. t reactions. For this case. the apparent excitation functions can be 
roughly analyzed into two components, one component corresponding to low­
energy tritpns and a component given by high-energy tritons. 

Discussion 

p. t and d, t Reactions 

Previous work
2

• 3• 4 has shown that both compound-nucleus and direct­
interaction processes play an important role in these reactions. The curve 
for integrated cross section vs Z can be interpreted as a strong compound­
nucleus contribution at low Z (decreasing rapidly as Z increases) and a 
direct-interaction contribution which increases with nuclear size. These 
effects combine to give the observed curve shape. 

4 
B. L. Cohen and T. H. Handley. Phys. Rev. 93. 514 {1954). 



Fig. 

-180- UCRL-9566 

10 r?" 8 (a) § ~, 
6 

4 ~ 
2 

QBR ~"" 
..0 0 

\II § 
E 100 200 300 400 500 600 -
b 
c: 
0 4 (b) ..... 
0 
Q) 
!/) 

!/) 
!/) 

0 ,_ 
u 

Q B R 

0 
\.1/ 

100 200 300 400 500 600 700 800 
6 

(c) 
4 

Thickness (mg/cm2) 
MU-19724 

C. 15-1. (a~ Apparent excitation function for the 
Al2 7 (a, t )Si 8 reaction. 
(b) Apparent excitation function for the 
cu63, b5 (u, t)zn64, 66 reaction. 
(c) Apparent excitation function for the 
Aul97 (a, t)Hg 198 reaction. 
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Fig. C. 15-2. Integrated cross section (in mb) for the 
p, t reaction vs atomic number Z. 
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- Fig. C. 15-3. Integrated cross section in mb for the 
d, t reaction vs atomic number z. 

MU-19721 

I 



-183- UCRL-9566 

100 

-..c 
E 
(/) 

c: 
0 - ,? 0 

0 0 u ~~~ <1> 10 ~ .. ,./ 0 0 
0 

(/) .1.2---CJ;\.F= .,!l 
011 ~ (/) ~ 

(/) 

0 .... 
u 
'0 

<1> -c .... 1.0 
0'1 
<1> ·-c: --
~ 

0.1 
0 10 20 30 40 50 60 70 80 90 100 

z 
MU-19723 

Fig. C. 15-4. Integrated cross section in mb for the a, t 
reaction vs atomic number Z. 
0 total integrated cross section 

()compound-nucleus contribution 
0 direct-interaction component. 



C.l5,16 
. I 

; 

a, t Reactions 

-184- UCRL-9566 

The most striking result of the apparent excitation functions is the 
presence of tritons in foils that the beam cannot reach. Tliis observation 
can have only one interpretation: tritons must be emitted in the forward 
direction with velocities comparable to those of the a particles. That is 
by direct interaction. At low Z, however, there is a large number of low­
energy tritons; these have been ascribed to compound-nucleus processes. 
This interpretation seems in line with the behavior of the c 1urve for total 
yield VS Z. . 

In all these reactions the direct~interaction part of the process appears 
to be a major component of the reaction mechanism. I 

I 

16. SELF~TRANSFER OF CALIFORNIUM-252 

Raymond C. Gatti, Llad Phillips~ Harry R. Bowrpan, 
and Stanley G. Thompson 

I 

It hae previously been observed that \\ha1. an electroplated sample of 
Cf2 52 is placed parallel to a negatively charged collecting plate in vacuum 
c£252 transfers from the sample to the collector plate. 1 This process of 
self-transfer has been used extensively in sample --preparation work. It was 
thought to be of sufficient interest to warrant studying the transfer mechanism 
furither. 

There ~s a maximum self..;transfer rate for C£252 samples that is a 
function of the source density in iJ.g/ cm2 (Fig. C. 16-1 ). 

1 

This maximum 
self-transfer rate can be achieved without applying a potential difference 
to the collecting foil if the pressure is redl,lced (Fig. C. 16-2). A study of 
transfer rate at preseu;feS varyin_g from 20 to 50 microns and using collecting 
foils at se~aration distances of If 4, 5/8, 7 /8P z., 1/8, and 4-1/8 in. indic!tes 
that the Cf 52 leaves the electroplated source in a cone. This conclusion 
has been re-enforced by examining radioautographs of the collecting foils 
to determine in what patt~rn the Cf252 was transferred to the collecting foil. 

At atmospheric pressure the maximum transfer rate; is approached by 
increasing the negative potential difference on the collecting:foi't (Fig. C. 16-3). 
We have concluded that increasing the voltage or decreasing the pressure 
results in increasing the collecting efficiency up to the maximum transfer 
rate achievable with a source of a given density (iJ.g/ em 2 of Cf252), 

Nuclear emulsion plates with metallic backing were substituted for 
platinum collecting foils and Cf252 was transferred to the emulsion plates 
in vacuum and with a potential of 300 v applied between the source holder 
and the metallic backing. The separation distance between the Cf source 
and the emulsion was 3 in. The emulsion plates after transferring Cf2 52 
were allowed to stand for periods up to 1 month before development. Ex­
amination of the emulsion plate revealed that the Cf252 is transferred in 
groups of atoms. 

1 
Chemistry Division Semiannual Report, UCRL-9093, Feb. 1960, p. 38. 
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Fig. C. 16-1. Percent of sample transferred per hour vs 
density. Distance from source to catcher 0.25 in.; 
pressure 50 1-1; negative charge on catcher. 
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Fig. C. 16-3. Percent of sample transferred per hour vs 
charge. Distance from source to catcher 0. 25 in.; 
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. Approximately 60% of the atoms transferred were in clumps of 600 atoms or 
more. The largest clump observed was 131 000 atoms. 

An electrostatic lens was used to focus Cf
252 

from a source 0. 317 em 
2 

in area to a collection deposit 0.031 cm2 in area. 

It is interesting to note that the transfer ~f Cf
252 

onto a 4-microinch 
nickel foil with a deposit density of 0. 59 11-g/ em has caused the disintegration 
of the foil in a period of 9 months. The foil became progressively more 
transparent until only a sheer film was left before destructio.n. An electro­
plated source of C£252 , deposited with a density of 5.5 11-g/cm2 on 5-mil 
platinum foil, has changed from a barely visible deposit to a discolored and 
·enlarged deposit. 

Further research is in progress to determine the distribution of charg~ 
size under different conditions of pressure and voltage, and to study the \. 
effect of fission fragments on the s·urfaces of metal. 
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D. PHYSICAL CHEMISTRY 

1. REACTIONS OF ACCELERATED CARBON-14 IONS WITH BENZENE 

Richard M. Lemmon, R. Terrance Mullen, and F. L. Reynolds 

I 
This work is an outgrowth of studies that have been madt_; at several 

laboratories on the interaction of recoiling carbon atoms on organic 
molecules. 1. 2, 3 In this work we have substituted a controlled-.energy 
(max 5 kv) c14 ion beam for the recoiling atoms (Nl4(n, p)cl4) born in a 
nuclear reactor. Earlier work along these lines has been reported by 
Aliprandi4 and Lemmon. 5 

This paper records. the state of our knowledge of the distribution of 
labeled products from cl 4 -ion-irradiated benzene, and some data con­
cerning the distribution of radioactivity between the methyl group and the 
ring in toluene formed from the irradiated benzene. 

A brief description of the isotope separa.tor has been previously given. 6 
Benzene is slowly introduced to a cold-trap target area at a rate near 
0.06 ml/hr. The target area is approximately 60 cm2. The target is main·~ 
tained at about -160°C by means of a slurry of isopentane. At t~i.f temper­
ature benzene has a low vapor pressure, but the source gases C 0 2, cl4o, 
and argon do not condense on the target. 

During most of the bqmbardments a beam of C 14 ions of a few tenths 
of a microampere was directed onto the benzene target. After several hours' 
irradiation the target area is valved off and allowed to come to room tem­
perature. Carrier hydrocarbons such as toluene or cycloheptatriene are 
admitted irito the target chamber preparatory to analysis by gas chromatog­
raphy. 

The gas -liquid partition chromatography was performed on a Wilkens 
"Aero_graph. 11 Two types of columns were used. One column was 5 ft long 
and 1/4 in. in diameter, filled with crushed firebrick and coated with 
"Apiezon" hydrocarbon. The carrier gas was pure methane. This column 
and a proportional counter tube were operated at 70°C. The other column 
was charged with dimethylsulfolane and used at room temperature. This 
second column was used to separate the pre-benzene group. The counter 

1 
J. I. Yang and A. P. Wolf, J. Am. Chern. Soc. 82, 3315 .(1960). 

2 
A. P. Wolf, "Radioisotopes in Scientific Research" in Proceedings of the 

First (UNESCO) International Conference, 1957, Vol. II, p. 114. 
3 . 
A. G. Schrodt and W. F. Libby, J. Am. Chern. Soc. 78, 1267 (1956). 

4 ~ . 
B. Aliprandi et al. , "Radioisotopes in Scientific Research" in Proceedings 

of the First (UNESCO) International Conference, 1957, Vol. II, p. 146, 
5 

R. M. Lemmon et al., J. Am. Chern. Soc. 78, 6414 (1958). 
6 -

F. L. Reynolds, in Chemistry Division Semiannual Report, UCRL-8618, 
Jan. 1959, p. 76. 
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output was fed'to scaler-ratemeter equipment. A second signal from the 
thermal conductivity cell was fed to a dual pen recorder so that both mass 
peaks and radioactivity peaks could be recorded simultaneously. 

In Fig. D. 1-1 are presenty~ the results of a typical record ~f .mass 
peaks .and activity peaks after C -ion irradiation of benzene, The activity 
trace (solid line) shows several peaks emerging from the column before 
benzene, In all experiments completed, the major portion of the li"adio­
activity emerges from the gas chromatograph ahead of benzene, The spectra 
of these different compounds seem sensitive to postirradiation treatment 
such as oxidation or lnomiml.tion, These early peaks include sue~ compounds 
as allene, propyne, 1-butyne, 1, 3-butadiene, 1-butene, and isobutylene, No 
two--carbon compounds were .found. 

. The mass peaks and radioactivity peaks for benzene, toluene, and 
cycloheptatriene coincide very well, their radioactivity ratio being about 
1:0, 2:0. 2. This ratio is subject to variation, but benzene seems to be the 
most labeled compound present. · Estimates of the fractions of the: total 
number of carbon ions striking the benzene target that appe·ar as labeled 
benzene; toluene, and cycloheptatriene are also subject to some variation, 
benzene being approximately 2o/o, toluene lo/o, and cycloheptatrien~ 2o/o. 

The C 
14 

-labeled toluene formed from one of the benzene irradiations 
was degraded only as far as a determination of the amounts of act~vity in 
the methyl group and in the ring. The value for the rre thyl group was found 
to be 87±5 o/o and for the ring carbons 18±25 o/o of the total activity in the 
to'iuene, · 

2, THE RADIOL YSIS OF BIACET YL VAPOR 

Gilbert J. Mains and Amos S. Newton 

The radiolysis of biacetyl vapor by using high-energy electrons has 
been investigated to determine whether the kinetics of the :reactions of meth.yl 
radicals in radiolysis can be correlated to the kinetics of methyl 'radical · 
reactions observed in photolysis. Some data from acet'one radiqlysis 
suggests that in simple ketones the yield of methane is too high to be as­
cribed completely to reactions bf thermal methyl radicals. 

For thermal methy;l radical reactions, it can be shown that the ratio 
of the rates qH4/(CzH6 )1/2(biacetyl) is a constant at low intensities, How­
ever, in the electron radiolysis of biacetyl, at 250, rather than the above 
function's being constant as a function of pressure (i.e., cone .. of biacetyl), 

--:-.. :: 

·.,,.r 
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Fig. D. 1-1. Mass (dashed line) and radioactivity (full line) 
record of the gas -chromatographic separation of the 
products of the 14c+ irradiation of benzene. 

Legend: CHT = cycloheptatriene, T =toluene, B =benzene; 
1 OK and 3K ·s,ignify 10 -kilovolt and 3 -kilovolt 
full-scale deflection on the radioactivity record, 
S.C. =Lscale change on the mass record. 
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the direct ratio CI-i4/C 2H 6 is nearly constant and independent pf pressure, 
dose rate, and total c;lose. At higher temperatures, 200°CI the ratio of 
rates, CH4/ (C 2H6) lj2 (biacetyl), becomes constant with pres sure .but its 
value is higher than the value observed in photochemistry. Iodine scav­
enging experiments show that the bulk of the methane at 200° arises from 
thermal radicals, while at room temperature only about 80o/o arises from 
thermal radicals and the rest by a nonradical or hot-radical mechanism. 
A number of possibilities exist for such reactions, which might occur in 
radiolysis but not in photolysis. These include: (a) "Hot'! radical reactions. 
{b) A molecular rearrangement from some excited state to produce meth- / 
ane directly without radical precursors. No decision as to the mechanism 
of this nonthermal-radical-produced methane is possible from the present 
experhnental results .. The yields of products formed in th'e radiolysis of 
biacetyl at 25, 120, and 2000 are shown in Table I. 

Table I. Yieldsa of products from electron irradiation of biacetyl vapor 
{in G(mol/ 100 ev) of product at temperature specified ! 

Temperature 

Product 25° 120° I 2QQ0 

Hz 0.55 0.55 0. 55 

CH4 (b) 0.22 1.4 5.9 

c2H2 0.15 0.2 0.2 

C2H4 0.06 0.1 0.2 

CzH6 2.0 2.2 I 2.0 

co 7.4 9.5 16.0 

C3H6 0.03 

C3H8 0.08 

C02 0. I 0.4 0.6 

cH
2
co(b) 0.5(c) 0. 7 I 2.0 

CH 3CHO 0.3 0.4 0.3 

CH
3

CO CH
3 

(b) 1.1 1.1 2.7 

C 2H 5COCOCH3 0.3 0;5 0.7 

CH3COOH 0.3 

(a) Data for irradiation at 20 mm pressur·e, 30 pulses/ sec, 50 rna/pulse, 
and for 90 min bombardment. Values normalized:for H 2, which does not 
3.ppreciably change itt yield with changes in irradiation parameters. 
(b) Value dependent on pressure, dose rate, pulse rate, and total dose. 
(c} Not always seen in 25° irradiations. 

..... __ ... 

.... ~ ... _ 
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3. THE MERCURY -SENSITIZED RADIOL YSIS 
AND PHOTOLYSIS OF METHANE (::€) 

Gilbert J. Mains and Amos S. Newton 

We have found that there is a remarkable similarity in the products 
from the radiolysis of methane at 260° with a high-energy electron heatH and 
from the mercury-sensitized photolysis of methane at 260° using 2537 -A uv 
light. The same chemical products are found in both types of experiments~ 
and differences in the distribution of these products can be ascribed to 
differences in radiation intensity rather than any basic difference in reaction 
mechanism after the initial transfer of the energy to the methane, 

A typical analysis of the radiolysis and photol¥sis products of methane 
at 260° is given in Table L 

Table I. Methane radiolysis and photolysis -typical analys~s a 

Dose 7. 2 x 1 o4 8.1 X 104 c 10.8X 104 

Productb e- at - at Hg + e - ,Hg + hv e 
260° at 260° at 260° 25° 
(%) (%) (%} (%} 

Hydrogen 3.94 4.37 4.83 4.49 
Ethane 1.26 2,10 1,48 1.62 
Propane .41 ,47 .27 .31 
n-Butane .05 .05 .02 .05 
Isobutane .10 .14 .13 .05 
Neopentane .12 .12 .58 .03 
Isopentane .04 .03 .02 .03 
Neohexane .03 .04 .09 .05 
Heptane .01 .01 .02 .01 
Ethylene 0 15 .20 .08 .04 
!so butene .03 .02 .02 .03 
Isopentene .01 .01 .01 

aP.Xoduct yields expressed as per cent of total gas. 

bTotal number of 50-rna, square -wave electron pulses 1 5 f.LSec in duration. 

cirradiated for 4-rnin using three 4-watt low-pressure mercury lamps. 

As no ionic species can be formed in the photolysis~ where the energy 
transfer is through the Hg( 3P 1) excited state of mercury, and. this leads to 
the same products as the radiolysis, one must conclude that ions are not 
necessary in describing the radiolysis products of methane, as has been 
postulated. l, 2 It supports the position of Yang and Manno3 that most qf the 
ethane and all of the higher products must be ascribed to a radical m~hanism. 

* Communication to the Editor, J. Phys. Chern. 64, 511 (1960). Full paper in 
J. Phys. Chern. 65 11 212 (1961). - ' 
l --F. W. Larnpe 1 J. Am. Chern. Soc. 7 9, 1055 (]. 957 ). 
2G. G. Meisels, W. H. Hamill, and R. R. Williams, Jr., J. Phys. Chern. 61 1 14Ei>(l956 }. 
3 -

K. Yang and P. J. Manno, J. Am. Chern. Soc. 81, 3507 (1959). 
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The methane radiolysis at 25° was also compared. The results show 
the appr.o~imate yields of the products found to be in agree:r;nent with other 
authors!~ though we find a large yield of neopentane, which was not pre­
viously reported and probably was included in the n-butane yield by others. 

The hydrogen yield in the radiolysis experiments is linear with dose 
and shows almost no temperature coefficient. Within fairly wide limits of 
error in the analysis for the higher products, the yield of these increases 
with dose in approximately a linear relation. In the photolysis at 260°, 
however, a steady state is rapidly formed for ethane, propane, iso-butane 
and n-butane; the products found to increase with dose are 'neopentane and 
neohexane, 

I 

A free-radical process has been proposed for the photolysis of methane 5 

to yield ethane and propane, and it appears reasonable to generalize this to 
account for the higher products. 

Primary 

Secondary 

Product Formation 

Free -radical formation in photolysis 

hv ~:c 3 
Hg Hg ( P

1
) 

~:c 3 
Hg ( P 1 ) + CH4~ Hg + CH3 + H 

Hg~:c (3P l) + RH ----:)> Hg + R + H 

* 3 Hg ( P l) + H 2 ---+ Hg + H + H 

H+ CH 
fJ. 

H + RH 

H 2 + CH3 

--~) H 2 + R 

) CH4 + R 

,. M H + H ---7)H2 

( 1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

CH3 + R ~CH3R 

(8) 

(9) 

( 1 0) 

( 11) 

for 
The rates of (2)» (3), and (4l can be estimated from the cross sections 

chemical quenching of the Hg( P 1) fluoresence. 6 Because Reaction (4) 

4 
M.A. El-Sayed, P. J. Estrup, and R. Wolfgang, J. Phys. Chem. 62, 1356 

(1958), 
5

K. Morikawa, W. S. Benedict, and H. S. Taylor, J. Chem. Phys. ~· 212 (1937). 
6

K.' J. Laidler, Chemical K,inetics of Excited States (Oxford University Press, 
1955), 
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has a cross section. about 100 times as large as Reaction (2)~ it is clear that 
after about 1% Hz is formed, Reaction (4) will predominate. Reaction (3) 
may also become competitive. Reactions (5), (6), and (7) involve activation 
energies, but if the H atoms possess excess kinetic energy, the observed 
activation energy may be small. Reactions (3), (5), and (6) lead to the 
formation of radicals which yield higher products, and the specific rates of 
these are not known. In general one may show that the product build-up 
occurs as one-carbon additions except for a small amount of two-carbon 
branching due to ethyl radical reactions. The reaction effectively stops at 
neopentane because of its low quenching cross section for Hg'~ (3P 

1
) and its 

low cross section for reaction with H atoms. The build-up may be sketched 
diagramatically as follows .. Arrows represent an H atom abstraction and a 
radical addition to the previous compound. 

The olefins result from radical disproportionation reactions. 

Mercury-sensitized radiolysis at 260° can be explained by the same 
sequence of reactions. In the radiolysis in the absence of mercury, one 
must assume the primary excitation to be analogous to Reaction (2), with 
the electron interaction giving the energy to the methane. One cannot 
exclude a free-radical mechanism for product build-up at 2600,. The almost 
identical distribution of products of radiolysis at 260° with or without the 
presence of mercury shows methane ions, which should be scavenged in the 
presence of mercury, to lead to no products different than if they were not 
scavenged. It is therefore concluded that if ion-molecule reactions are 
occurring, they act as radical precursors and do not lead directly to higher 
products in the radiolysis. 
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4. THE RADIATION CHEMISTRY OF THE SYMMETRICAL 
DICHLOROETHYLENES (~~) 

Jean H. Futrell and Amos S .. Newton 

The liquid-~hase radiolysis of cis- and trans-1, Z-dichloroethylene by 
helium ions, y rays, and electrons has been investigated. The gaseous 
products found weJe Hz, acetylene, monochloroacetylene, dichloroacetylene, 
vinyl chloride, and HCl. Among the higher-boiling products identified were 
1, 1; z; 2-tetrachloroethane, 1, 3, 4, 4-tetrachlorobutene-1, other tetra­
chlorobutenes, 1, Z, 3, 4, 4-pentachlorobutene-1, isomers of hexachloro~ 
hexene, and higher-boiling products which were not identified. 

A free-radical process was invoked to explain the mechanism of 
polymer product formation, and the mechanism was shown to be consistent 
with the effects of changes of rates of linear energy transfer' on the various 
product yields. The reactions miiy be summarized as follows: 
Primary Processes 

CzHzClz ~ CHCl=CH· + Cl· 
(Rl) 

CzHzClz ~ HC~CCl + HCl 

CzHzClz ~ 

CzHzClz~ 

ClC=CCl +Hz 

CHCl=CCl· + H· 
(Rz> 

( 1) 

(Z) 

(3) 

(4) 

Reaction (1) must be the principal primary process .. This ~as also the 
primary reaction postulated in the photolysis of the dichlorethylene isomers 
at 1900 5\. 1 The absence of any large effect on the yields of monochloro­
acetylene and dichloroacetylene with changes in rates of linear energy 
transfer (particle effect) by comparison of radiolysis with helium ions and 
. y rays indicates Reactions (Z) and (3) to be important in the production of 
these two compounds .. Reaction (4) is necessary to account for the excess 
hydrogen found . 

. Secondary processes 

_, 

. .,. ~:c 

CHCl=CH' 

H· + CZHZClz ~Hz + CHCl=CCl· 

Cl· + CZHZClz ~Rz + HCl 

(5) 

(6) 

(7) 

'"Brief version of published paper, J. Am. Chern. Soc. 8Z, Z676 (1960). 
1 H. E. Mahncke and W. A. Noyes, Jr., J. Phys. Chern. 58,;.93Z (1936). -.-· 
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Reaction (5} is the elimination of another chlorine radical from an 
excited R 1 radical to yield acetylene. A direct elimination of a chlorine 
molecule from dichloroethylene would yield the same result, but no chlorine 
was found as a product. Reactions (6) and (7) account for the Hz and HCl 
not formed by Reactions (2) and (3 ). 
' 

The largest yields of products are those loosely designated as polymer, 
i.e., those products boiling higher than the dichloroethylenes. These are 
formed by radical addition to the dichloroethylene molecule. 

R3 

R 3 + Cl· 

R 3 + C 2H 2Cl 2 

CHC1
2 

-CHCl· (8) 

(R3) 

C
2

H
2

Cl
2 

+ Cl· (isomerization) (9) 

CHC1
2
CHcl

2 
(10) 

CHC1
2

CHC1CHC1CHC1· (11) 

(R4) 

Cf!Cl 2CHC1CH=CHC1 + Cl· (12) 

C
2

H
2

CI
2 

CHC1
2

(CHC1)
4

CHC1·(13) 

(R5) 

CHC1
2 

(CHC1)
3

CH=CHC1 + Cl· ( 14) 

higher polymers 

This represents the main sequence of!olymerization. , Reactions (8), 
{11), and (12) are those suggested by Bauer for the free-radical-induced 
dimerization of dichloroethylene. Such reaction sequences of polyhalo 
radicals of relatively low reactivity are not uncommon. 3 

Reactions involving R 1 and R 2 can explain the difference between tetra­
chlorobutene isomers observed in radiolysis and those found in benzoyl 
peroxide initiation. 

The pE:mtachlorobutene observed can arise by a direct combination of 
Rz and Ry 

CHCl=CCl· + CHC1 2 -CHCl· ---7 CHC1
2 

-CHCl=CHCl, ( 15) 

but this cannot account for all the pentachlorobutene. Radical dispropor­
tionation reactions involving R 4 would yield pentachlorobutene: 

2 
W. Bauer, U. S. Patent 2,267,712 (Dec. 30, 1941). 

3 
Cheves Walling, Free Radicals in Solution (John Wiley and Sons, Inc., 

New York, N. Y., 1957), p. 270. 
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CHC1 2 CHClCHClCHCl· > CHC1 2CHClCCl=CHCl + HCl (16) 

Such a reaction is consistent wJth the absence of pentachlorobutene in 
benzoyl~peroxide-initiated reactions, and with a lower yield in y-ray 
radiolyses than in helium-ion radiolyses. 

These results are consistent with earlier results of Cooper and 
Stafford on the polymer products found. 4 
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5. CRYSTAL AND MOLECULAR STRUCTURE OF THE COMPOUND 
OF TRIETHYL PHOSPHINE AND CARBON DISULFIDE ('~) 

Thomas N. Margulis and David H. Templeton 

Red monoclinic prismatic crystals are formed when triethyl phosphine 
reacts with carbon disulfide in benzene or other solvents. 1 Analogous 
compounds are known for several other tertiary phosphines. The conflicting 
proposals for the molecular structures of these substances are reviewed 
by Issleib and Brack, 2 who concluded incorrectly that they are loose mo­
lecular compounds. We have determined the structure of the triethyl com~ 
pound by x-ray diffraction, and find that there is a chemical bond between 
phosphorus and the carbon atom of CS 2. The molecule is a zwitterion of 

3 
a quaternary+phos:e_honium derivative of dithioformate as proposed by Jensen, 
(CH

3
CH 2 )3P -CSS . 

* Brief version of paper submitted to J. Am. Chern. Soc. 
1 
A. W. Hofmann, Ann, Suppl. :.!_, 1 ( 1861 ), 

2K. Issleib and A. Brack~ Z. anorg. u. allgem. Chern. 277, 271 (1954). 
3K. A. Jensen, J. prakt. Chern. 148, 101 (1937). 
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Single-crystal diffraction patterns were recorded with CuKa. radiation 
by Weissenberg and precession techniques. · The crystals are monoclinic, 
space group P2 1/ c, with 4 molecules in the unit, cell, of dimensions 

a= 7.50±.02 A, 
b = 11.97:1:.02 A, 
c = 13.82:1:.05 A, 
(3 = 123.1 :1:. Z de g. 

The density is calculated to be 1. 24 g/ cm3. 

Atomic coordinates of P and S were found with the three-dimensional 
Patterson function. Electron-density calculations revealed the carbon atoms 
and accomplished some refinement of the heavy-atom coordinates~ Further 
!"efinement by full-matrix least squares with isotropic individual temperature 
parameters and 610 observed independent reflections reduced the conven~ 
tional unreliability factor R to 0.11. The resulting atomic parameters are 
listed in Table I. Hydrogen atoms are omitted from these calculations. The 
phosphorus and sulfur atoms are not clearly distinguished by the x-ray data, 
but are identified on the basis that phosphorus is the atom bonded to the 
ethyl groups. 

Table I. Atomic coordinates and tem.perature parameters 

Atom 

sll. 
P2 

S3· 

c4 
c5 
c6 
c7 
c8 
c9 

c!o 

X 

0.12.7 

0.132 

0.089 

0.056 

0.104 

0.300 

0.279 

0.348 

0.479 

0.249 

I 
0.114 

0.244 

0.840 

0.231 

0. 751 

0.128 

0.376 

0.372 

0.377 

0.645 

z B.:A2 

0.141 6.3 

0.329 4.4 

0.401 5.7 

0.183 5.4 

0.169 5.1 

0.416 5.6 

0.392 5.9 

0.042 6.3 

0.380 6.7 

0. 2.18 7.8 

The bond distances and some of the bond angles are shown in Fig. D. 5-l. 
Standard deviations are about 0.03 A for P-C and.S-C bonds and 0.04 A for 

' . ., ·,• ·'· •. , '"'!'" ..• ' • ·--:., .• • . ... ., . 

C-C bonds. The thioformate carbon (C4) is coplanar With its three neighbors, 
and its bond angles (0' = 1 d~g) are typical of those of salts of carboxylic 
acids. The bond angles at the phosphorus ato_m range from 108 deg to 
111 deg (0' = 1 deg). The bond angles at the methylene carbon atoms 
(C 5, c 6, C 7 )a:re 115, 113, and 109deg (0' = 2deg). 

We thank Dr. George .& Wiley for preparing the crystals which we 
used. 



D. 5~ 6 -200- UCRL-9566 

s3 
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1.71/ 
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. 
1.78 

Fig. D. 5-l. Bond distances in A and bond angles (not to scale). 
I 

6. CRYSTAL STRUCTURE 
OF HYDROGEN PEROXIDE DIHYDRATE (~-4) 

Ivar Olovsson t and David H. Templeton , 

The melting-point diagram of the system hydrogen peroxide-water 
indicates only one intermediary compound, H 20 2· 2H20. Because of interest 
in its hydrogen bonding, we have determined 1ts structure' from single­
crystal x-ray diffraction data obtained at -190°C. The cr,ystals are mono­
clinic (space group C2/c) with four molecules in a unit cell of dimension 

a = 9.400±. 002 A, 
b = 9.479±. 002 A, 
c=4.,51±~~01A, 

f3 = 121.33 deg. 

The calculated density is 1.36 g/cm
3 

at -190°. Giguere, 'Knop, and Falk
1 

report a preliminary value of 1. 20 for the density at the melting point, 
about -51°. X-ray photographs taken at -70° indicate the same structure. 

)~ 

Brief version of publisl~:~d paper, Acta Chern. Scand. 14, 1325 (1960). 

t Present address: Institute of Chemistry, University o~Uppsala, Uppsala, 
Sweden. 
1
P. A. Giguere, 0. Knop, and M. Falk, Can. J. Chern. '29, 123 (1951). 
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The asymmetric unit consists of two oxygen atoms and three hydrogen 
atoms, each in general positions. The oxygen atoms were located by the 
Patterson function. About 20 cycles of least-squares refinement reduced 

·the "unreliability factor" R to 0.091, based on oxygen atoms only, and gave, 
as the coordinates, 

Atom 

~ 0 1 (H20) 

02(H202) 

X 

0.2980 

-0.007 5 

.-Y-
0.0822 

0.1809 

z 

0.2850 

o. 07 85 

The distances between these atoms correspond to three hydrogen bonds in 
the asymmetric unit. The electron density difference function, calculated 
with oxygen atoms subtracted out, shows the hydrogen atoms in locations 
near these bonds (Fig. D. 6-1 ). 

The hydrogen peroxide molecule is nonplanar. Its dihedral angle (the 
angle between the two planes each containing two oxygen atoms and one 
hydrogen atom) is about 90 deg in pure solid H 202 according to neutron 
diffraction data. 2 In this hydrate structure, tlie dihedral angle is· 139 deg 
if hydrogen is assumed on the line between oxygen atoms and about 130 deg 
according to the hydrogen positions actually observed. Thus the hydrogen 
peroxide molecule, which is known to have little resistance against twisting, 3 

is twisted .out of its normal shape, but not as much as if the. hydrogen atoms 
were on the line between the two oxygen atoms of the hydrogen bond. The 
hydrogen atoms of the water molecule are also observed to be displaced 
from the lines of the respective hydrogen bonds in the directions corresponding 
to a more normal H-0-H angle. 

The 0-0 distance in the peroxide molecule is 1.481±.009 A. The three 
hydrogen bonds have 0-0 distances of 2. 741±.005 and 2. 761±.004 A for the 
two involvingthe hydrogen atoms of water, and 2.685±.004 A for the one in­
volving the hydrogen atom of H

2
o

2 
. 

. 
2w. R. Busing and H. A. Levy, Reports from the meeting of the American 
Crystallographic Association in Milwaukee, June 1958. 
3
P. A. Giguere and K. B. Harvey, J. _Mol. Spect. 3, 36 (1959). 
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MU-23120 
. I 

Fig. D. 6-1. Schematic representation of the differe!lce 
synthesis in various sections. The contours are 
drawnat0.70, 0.85, andl.OOeA-3. 
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7. CRYSTAL STRUCTURE OF VANADYL BISACETYLACETONATE: 
GEOMETRY OF VANADIUM IN FIVEFOLD COORI>INATION (>:<) 

Richard P. Dodge, David H. Tebpleton, and Allan Zalkin 

The crystal structure of vanadyl bisacetylacetonate, 

H:3G ........._ 0 ..........-cH 3 c-··-o I o -.-c 
HC~ ............. v / ~CH ....._ 

c-o / """ 0-C / 

H 3C 
_.....- '-.....cH 

3 

has been determined to establish the geometry of the bonds ,about five­
coordinated vanadium (IV). In his discussion of this compound and its 
reactions, Jones assumed a square planar arrangement of four oxygen atoms 
about the vanadium atom, with the bond of the fifth oxygen presumably per­
pendicular tb the.plane of the other four. 1 From the chemical evidence, it 
was impossible to rule out the trigonal bipyramidal arrangement of the five 
bonds.. The work of Feltham on the electron spin-resonance spectra of the 
compound indicates that the l;>ipyramidal structure is improbable. 2 The work 
reported here shows that the five oxygen atoms are at the corners of an 
approximately square pyramid, but that vanadium is near the center of 
gravity of this- pyramid rather than at the center of its base. 

The structure was determined from x-ray diffraction data recorded 
by the Weissenbe:tg arid ptecession methods with CU.Ka radiation. The 
crystals are triclinic, space group P I, with two molecules in the unit cell 
with dimensions · 

a= 7.53±,02 A, 
b = 8.23±.03 A, 
c = 1 L 24±. 04 A, 

a= 73.0 deg, 
(3 = 71.3 deg, 
y = 66.6 deg. 

The molecule has no crystallographic symmetry, but its dimensions corre­
spond to the symmetry mm2 (C 2v) within the accuracy of the results. 

The atomic coordinates of vanadium were determined from the 
Patterson function. Electron density calculations with signs based on 
vanadium revealed the approximate locations of the oxygen and carbon atoms. 
These atomic coordinates were refined by five cycles of diagonal least 
squ~res, using the IBM-650 computer. The "unreliability factor" R was 
reduced to 0.114 (observed reflections only). The resulting structure is 
described in: a thesis by Dodge. 3 · 

~:~ 

Brief version of paper submitted to J. Chern. Phys. 
1

M. M. Jones, J. Am. Ghein. Soc. 76, 5995 (1954). 
2

R. D. Feltham, Ph.D. Dissertation, UCRL-3867, 1957. 
3
R. P. Dodge, Ph. D. Dissertation, UCRL-8225, 1958. 
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Examination of the records of these refinement cycles suggested that 
the best fit had not been achieved. Four additional cycles of re:£inement 
were carried out with the IBM-704 computer and the full-matrix program 
of Busing and Levy, 4 reducing R to 0. 092. The. results confirm that the 
earlier refinement had not adequately converged, and that the full-matrix 
method was considerably superior in this problem. The largest change in 
a bond distance was that of the V- -06 bond (the bond of the vanadyl ion), 
which was 1. 59 A after the diagonal refinement and 1. 56 A in the final struc­
ture. The changes do not affect the chemical interpretation of the results, 
but do show that the accuracy of the earlier results was not as great as it 
was then estimated. 

The shape of the molecule is shown in Fig. D. 7-1. The dimensions 
shown there are the average vaiues for each chemically equivalent set of 
bond distances and bond angles. Each acetylacetone skeleton is accurately 
planar, as expected, but not quite coplanar with the other acetylacetone 
skeleton of the same molecule. The planes of these two parts o'f the mol­
ecule meet at an angle of 163 deg. It is interesting that these planes are a 
compromise between those that would contain the vanadium atom and those 
that'would be coplanar, assuming no change in the oxygen and VfLnadium 
positions. We interpret this fact as evidence for conjugation effects between 
the two rings. 

We know of no other measurement of the bond distance in the vanadyl 
ion. In the crystal V 205, vanadium (V) has a coordination georpetry which 
is related to this square pyramid, with one neighbor at 1. 54 A and four 
others at 1. 77,. 1. 88, 1. 88, and 2. 02 A. 5 

4w. R. Busing and H. A. Levy, ORNL Central Files Memorandum 59-4-37, 
I 

April 1959. 
5 
A. BystrHm, K.. A. Wilhelmi, and 0. Brotzen, Acta Chern. Scand. 4, 

1119 (1950). 

8. SINGLE-CRYSTAL TUNGSTEN RIBBON (':<) 

F. L. Reynolds 

In preparing single crystals from polycrystalline tungsten ribbon by 
strain-annealing methods 1 it was found that the axis of the ribbon was within 
10 deg of being always in the [ 110] direction. This has been p,reviously 

··-
'"Letter to the Editor, J. Chern. Phys. (submitted Jan. 1961). 
1
M. H. Nichols, Phys. Rev. 57, 297 (1940); F. L. Hughes, H. Levinstein, 

and R. Kaplan, Phys. Rev. 113, 1023 (1959); M. Tanenbaum, ~n Methods 
of Experimental Physics, vor:-6, Solid-State Physics, Part A Ed. by 
Marton (Academic Press, New York, 1959) p. 86. 

I 
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MU-22911 

Fig. D. 7-1. Ave rag~ bond distances and bond angles in the 
molecule of vanadyl bisacetylacetonate. 
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pointed out' by Rieck
2 

and a number of other workers. 3 Their work was done 
on tungsten wires. Eisinger, working with tungsten ribbon, ~lso found that 
the surface normal lay in the [ 11 0] zone or within 5 deg of it and ,that the 
crystal plane most commonly found to be parallel to the surface of the ribbon 
was 113 or within 10 deg of this direction. 4 This occurred in si~ crystals 
studied. 

A number of polycrystalline ribbons have been treated to grow single­
crystal material for further mass spectrometer surface-ionization experi­
ments, and it was ascertained that within 10 deg .all these ribbon single, .crys­
tals were oriented along the drawing axis in the [ 110] direction •• The sur­
face normal, however, migrated on a zone which included-the 113 crystal 
plane. Such a zoneinchides planes near 117, 115, 113, 112, 22.1,- and 331. 

A stereographic plot (Fig. D. 8-1) of the surface normal po~itions of 
these crystals on a (111) standard projection indicates the zone, and also 
that the pole of these points lies close to a [ 11 0] axis direction. , Orientation 
was ascertained by standard back-reflected Laue x-ray techniques. 5 

. I 

It is interesting to note that Sample B, a crystal grown from an indepen-
dent supply source, 0 falls ¢n this zone. Also, Sample 24 was not strain­
annealed by recommend.ed techniques, but was a 1-cm-lorig ribb~m filament 
heated for many hours at 2200°K. In previous work 7 on surface, ionization 
data from hot tungsten surfaces it was thought that some of the filaments 
showed single-crystal properties. 

The [ 110] axis orientation apparently is quite universal to drawn 
tungsten wire, but in making ribbon from wire the surface normal may be 
subject to specific orientatiort during ~·rolling. This influences the crystal 
growth orientation of the single crystal formed in the ripbon during strain­
annealinig. With all crystals ·studied, none produced surface planes normal 
to the axis of simple index such as 100, 111, or 110, I 

2
G. D. Rieck, Philips Research Reports 12, 423 (1957). 

3 
R. P. Johnson and W. Shockley, Phys. Rev. 49, 439 (1936). See also 

Hughes, Ref. 1. 
4

J. Eisinger, J. Chern. Phys. 29, 1154 (1958). 
5

The author is indebted, to Helena Rubin for taking the Laue photographs. 
6
sample 11 B 11 supplied by J. A. Becker, Bell Telephone Laboratories. 

7 
J. R. Werning, Thermal Ionization at Hot Metal Surfaces (thesis), 

UCRL-8455, Sept. 1958. 

I 

I 
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Fig. D. 8-1. Stereographic plot (Jf surface normals in 
tungsten ribbon single cl,"ystals. 
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9. MECHANISMS OF ION EXCHANGE 

David C. Whitney and Richard M. Diamond 

Many different theories have been advanced concerning the mechanisms 
of ion exchange. 1-7 This work is concerned with the effect of inte-rmolecular 
water structure on ion-exchange behavior. 

In pure water at room temperature each water molecule is linked :tetra­
hedrally by hydrogen bonds to, on the average, three other water

1 

molecules. 
In an ion-exchange resin, however, the water structure is disrupted, owing 
to the intrusion of the organic matrix, so that each water molecule is most 
likely bonded to, on the average, fewer water molecules, than in pure water, 

If a large, relatively nonhydrated ion--e. g., butyrate ion--is intro­
duced into pure water, a large number of water hydrogen bonds must be 
broken to accommodate the hydrocarbon chain. If, however, the, same ion 
were introduced into the resin phase, fewe.r hydrogen bonds would be broken, 
and thus butyrate ion might be expected to enter into an ion-exchange resin 
more readily than a smaller ion of the same type. In order to confirm this 
hypothesis and obtain a measure of the effect of size on the relative amount 

. of exchange, the following experiment was performed. 

Acetate, butyrate, valerate, and caproate ions form a hom,ologous 
series of anions whose only difference is the length of the hydrocarbon chain 
attached to the carboxylate group. The distribution coefficient (i.e. , the 
ratio of milliequivalents of anion per gram of resin to milliequivalents of 
anion per milliliter of solution) of each q.nion was determined at ~several 
different concentrations by using an anion-exchange resin (Dowex-1X8, 100 
to 200 :mesh) in the chloride form, and a family of curves was ol;>tained (see 
Fig. D. 9-1) which shows that a definite size dependence does exist, the ion 
which causes the most disruption of the water structure being that which ex­
changes to the greatest extent. 

In a similar manner, the effect of extent of hydration by t:q.e aqueous 
phase on the distribution coefficient of an ion can be investigated. Since the 
chloro and methyl groups are approximately the same size, the series tri­
methylacetate, chlorodimethylacetate, dich1oromethylacetate, and trichloro­
acetate contains members. which differ only in the extent of hydr'ation, as 
exhibited by the decreasing hydrolysis constants. By carrying out the same 

1 
H. P. Gregor, J. Am. Chem. Soc. 73, 642 (1951). 

2 
5. A. Rice and F. E. Harris, Z. physik. Chem. ~' 207 (1956). 

3 
J. L. Pauley, J. Am. Chern. Soc 76, 1422 (1954). 

4
H. P. Gregor, J. Belle,· ahd R. A. Marcus, J. Am. Chem. sC:,c. 77, 

2713 (1955). 
5 J. Aveston, D. A. Everest, and R. A. Wells, J. Chem. Soc. 1231, (1958). 
6 

R. A. Horne, J. Phys. Chem. 62, 87 3 (1958). 
7 

R. Kunin, Elements of Ion Exchange (Reinhold Publishing Contpany, New 
York, 1960), p. 10. 
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Fig. D. 9-1. Size dependence of ion exchange. 
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type of experiment as above, the distribution coefficients for the first and 
last members of the series have been determined at several different con...; 
cent rations (see Fig. D. 9-1) and the order is as would be predicted- -i. e. , 
the greater the hydration, the greater the attraction of the ion for the aqueous 
phase, and the smaller the distribution coefficient. 

1 

The determination of the distribution coefficients for the two middle 
anions of the latter series and for y-chlorobutyrate (to be compared with 
valerate in order to demonstrate the equivalence of the chloro arid methyl 
groups) will be completed shortly; 

10. SUBMICROGRAM METHODS USED IN 
STUDIES OF THE SYNTHETIC ELEMENTS 

Burris B. Cunningham 

The program of chemical research on the rna croscopic properties of 
the synthetic elements, which began with the first studies of plutonium in 

, 1942, ·· has involved a progressive refinem~nt of experimental techniques. 
At present, a number of methods used in this program are suitable for 
quantities of material well below the microgram range. It is the purpose 
here to describe these methods as they now exist. 

I. Magnetic Susceptibility Measurements on a Submicrogram Scale 

A magnetic susceptibility apparatus was constructed so that the mag­
netic force was exerted in a horizontal plane, perpendicular to the direction 
of gravitational force. The principle of the modified apparatus. may be 
understood by reference to the diagram, F{g. D. 10-1. 

Under the action of simultaneous gravitational and magnetic forces the 
sample of mass Ms and gram susceptibility X gm assumes an equilibrium 
position, such that 

dH 
M g dB=M X H--:;-- L=M gLsinB, 

s s gm ux s 
( 1) 

where L is the length of a suspension fiber having a mass negligibly small 
with respect to the mass of the sample, M , d is the deflection; e is the 
angle of deflection, H is- the magnetic field~ and dH its gradient in the 
horizontal plane. dx · 

Since M appears .on both sides of the equation, the deflection of a 
sample of givin susceptibility is independent of its mass. In principle, 
therefore, the apparat.us is capable of measuring susceptibilities of in­
definitely small quantities of material. 

There are practical difficulties, however, in keeping the mass of the 
suspension fiber negligibly small with respect to the mass of the sample 
as the latter is reduced to very small values. For practical purposes 
Eq. (1) must be modified to show the influence of the mass of the suspension 

I 
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(2) 

The magneLc susceptibilities ff 
the tnpositlve ions of Bk+ 3 and Cf+ , 
sorbed on s::.ngl.e beads of Dowex- 50,. 
were measured in 1957 by use of 
equipment based on this principle. 
A desc:dpt1on of the apparatus has 
been published" Only 56 nanograms 
of Cf were used in these measurements. 
In 1959 the apparatus was slightly 
modified again by duectly cementing 
a 1-·JJ.g bead of Dowex-50 to a very 
fine suspension Hber, and used to make 
suscepti.bihty measurements on 3 
nanograms of einstein1um. 

lL Abso::-pt:~.on Spec~:roscopy Using 

Single Beads o:f ~xchange Resins 

Much of the interest in the sus­
ceptib~.iity data on :he actlmde ele­
ments ar1ses because these data pro­
Vlde '~n.forma:~1on concerning the elec­
tronic configurations of the ions. 
Similar information may be derived 
from the determination and analysis 
of the 1abso!"ption spectra of the ions. 

The cart:ofully purified Dowex-50 
:i_on-·exchange r'e sins used in work with 
the s-y-nthetic elements show very little 
absorpt~.on in the visible region of the 
spectrum. They are therefore suit­
able for the observatwn of the absorp­
tion spectra of sorbed ions. 

The technique employed for 
very small samples of the synthetic 
elements lS 1llustrated in Figs. 

I 

t 

F I 
~ mC 

F g 
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Fig. D. l 0-1. Principle of magnetic 
susceptibility apparatus. 

D. 10-2 and D. 10-·3. The bead, which is saturated (or nearly saturated) 
with the ion of mterest is placed in a closely fitting hole drilled in a thin 
sheet of platinum, sandwiched between a slide and cover slip. The mount 
1s then placed on the stage of a microscope, and the bead is 1lluminated with 
an intense source of light such as that from a carbon arc. The spectrum is 
observed with a direct.-·v-ision spectroscope inserted in the microscope in 
place of t:he ocular. It may also be recorded photographically. The 503-mf.J. 
absorption hne of americium (€:::::300) has been easily observed with as little 
as one nanogram of Am. 
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JON EXCHANGE BEAD 

COVER SLIP 

PLATINUM DISK, 

SLIDE 

MU-22115 

i 
I 

Fig. D. 10-2. Mounting of ion-exchange bead for absorption 
1 spectroscopy. 
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CAMERA 

HAND SPECTROSCOPE 

BEAD MOUNTED AS SHOWN 

IN FIG, 

LIGHT SOURCE 

MU-22113 

Fig. D. 10-3. Apparatus for ion-exchange bead absorption. 
spectroscopy. 
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III. X-Ray Diffraction Work on Submicrogram Quantities of 

Crystalline Powders 
I 

UCRL-9566 

X-ray diffraction methods have played and will continue to play an 
extremely important role in many phases of research on the synthetic ele­
ments. Inthe rarer elements, it is in general not feasible to produce 
single crystals of the materials of interest of sufficiept size for single­
crystal x-ray

1
-work .. The less elegant powder methods,, ther.efore have been 

used in almost all cases-.· Mll.ch work on the crystallography of the heavy­
element compounds was. done by W. H. Zacharias en and his collaborators 
during World 1War liP using a few mi<r:rograms of crystalline powders. 

I • . , 

We havy recently adapted diffraction methods to work with· samples 
in the range. £rom 0.1 to .0. 01 f.J.g, using ordinary x-ray diffracti~n equ.ipment. 
Extensive work has been done on the crystallography of various <:Ompounds 
of californium, using samples of 0.1 to 0.2 f.J.g weight. 

i 

The x-ray equipment used in this work employs the,North American 
Philips Company x-ray tube,- utilizing Cu Ka radiation. A 5 . .7,3Lcm-diameter 
Norelco camera was used to obtain photographs of the diffraction patterns, 
which were taken on fast Ilford Industrial G film. The. beam cqllimator of 
the camera w:as modified by insertion of a lead plug, sheathed in a section 
of hypodermic needle, pierced by a 0.07 -rom-diameter hole. Exposure 
times varied ~from 4 to 24 hr. In most cases the xrays were filtered through 
0. 3-mil nickel foil, placed either at the x-ray tube port or in front of the 
film. i 

Succesb in obtaining good patterns is strongly dependent on the method 
of preparing .1and mounting the samples.· Again it has proven extremely use­
ful to employi single beads of ion-exchange resins in the initial stages of the 
x-ray work. 

1 

' The stJps followed in the preparation of submi.crogram samples of the 
oxide,< oxychloride, and trichloride of californium for x-ray d:i.f~raction work 
are illustrat~d in Fig. D~ 10-4. ' 

It is i.clportant that the wall thick11;ess of the quartz capillary used to 
contain the sample be no more than about 1/5 the diameterof the sample, 
and that the }(-ray beam diameter by no greater than abo'ut three times the 
sample diameter. Otherwise excessive scattering of the beam occurs and 
contrast with the diffraction lines from the sample is lost. 

I . 

IV. Preparation of Metals on a Submicrog·ram Scale 

I . 
Studie~ of the properties of the actinide metals. constitute an extremely 

interesting and challenging area of investigation. · Plutonium is one of the 
most comple1x metals known, and many of its properties continue to puzzle 
the theoretical metallurgist. 

Elemehts beyond plutonium appear to be somewhat more normal in 
their properties, but as yet have been very little investigated. Small-scale 
techniques for producing the rarer synthetic elements are essyntial pre­
liminary steps in such studies. A technique used.successfully for making 
0.1-f.J.g amounts of the heavier elements is illustrated in Fig. D. 10-·5. 
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x-ray study 

I 

MU-22031 

Fig. D. 10-4. Submicrogram scale preparation of heavy 
element compounds for x-ray diffraction investigation. 
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A piece of the heavy-element trifluoride is inserted in one of the 
interstices of a twisted tantalum wire of 1 to 3 mils diameter. The tri­
fluoride is reduced to the metal by reaction with barium vapor in an evac­
uated system. _If the reduction temperature is properly chosen, the metal 
is obtained as a single globule adherL1.g to the wire, from which it may be 
freed by gentle pressure and recovered intact. The sample may then be 
used for x-ray diffraction studies, or for other purposes. (The metal wire 
chosen to support the trifluoride should not form an alloy with the heavy­
element metal formed, of course. Tantalum is suitable for americium and 
curium. ) 

V. Maintenance of Purity of Samples in Submicrogram Experimentation 

The chance of random contamination of samples increases with de­
creasing sample size. Standards of cleanliness which are entirely satis­
factory on a macro scale may be quite unsuitable with microgram samples. 

One of the important technical advantages of the use of single beads 
of ion-exchange resins is that chance contamination in mechanical handling 
and transfer is much less than in more conventional methods of manipulation. 
In effect, the heavy elements are present in high concentration in very small 
containers of spherical shape which present minimal contact area to support­
ing surfaces. Solid impurities adhering to the beads may be removed 
xnechanically or rinsed off with distilled water without loss of the sorbed 
materials. 

Of course, some work must be done in aqueous solutions and some 
transfers carried out by ordinary pipetting. For such work containers or 
pipets made only from clean, freshly drawrt silica tubing are employed, 
since it has been found that pyrex introduces significant amounts of Ca, Mg, 
Al, and Fe into either acidic or basic solutions in contact with it. 

Reagents such as water, HCl, and HN03 are all freshly distilled below 
their boiling points onto quartz condensers. 

The contamination of san1ples is one of the major problems in current 
work on the submicrogran1 scale, and it undoubtedly will become increas­
ingly difficult to control in the future as the quantities of experimental 
materials are reduced still further. 
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lL PREPARATION AND CRYSTALSTRUCTURE 
OF AMERICIUM METAL (•:~) 

Denis B. McWhan. James C. Wallmann~ 
. and Burris ·B. Cunningha~ · 

UCRL-9566 

Los 
1 

(with L. B. Asprey and F. H. Ellinger, 
Alatpos Scientific Laboratory, Los Alamos, New Mexico, 

<1;nd W. H. Zachariasen, University of Chicago, .... 
· Chicagp,- Illinois) 

I 
The crystal structure of americium has been studied by using metal 

produced. by two methods, The first method consisted of the reduction of 
approximate!~ 20-mg quantities of americium trifluoride with barium vapor 
in an all-tantalum double crucible system .. The products· were allowed to 
cool without. c'ontrolled annealing.· Spectrographic analysis of the resulting 
metal showed' 2 weight o/o of impurities. In the second method americium 
dioxide, prepkred by the decomposition of the oxalate in air was reduced 
with lanthanufu metaL The large difference in the volatility of americium 
and lanthanurri. metals allows the product to be separqted by distillation. 
The americium wg.s effused- through a hole in the crucible cap and -collected 
on a .rotatablE! tantalum wire or quartz fiber located ~ 2 mm above the 
effusion orifite. . Twenty to 100 f-lgm of americiu:m, typically containing 
less than 0. 5 'weight o/o of lanthanum, was thus collected. 

I 

X-ray diffraction patterns were obtained by using Cu Ku radiation and 
90-mm- and '114.6-mm-diameter cameras. The powder patterns of the 
microcrystalline metal from the fluoride reductions have been .indexed as 
double hexagonal, close-packed, with a= 3.474±,005 A and c = 11.25:1:.02 A. 
The proposed structure yields a calculated density of 13. 61±. 05 g/ em 3 and 
a metallic raHius .of 1, 7 3 .A. 

I 

The powder patterns from the metal produced by the vaporization 
technique can be interpreted in terms of small amounts of AmO (fcc, 
a = 5. 05), 1 and an intimate mixture of the cubic and hexagonal forms of 
of close -packed atoms, resulting from faults in the stacking of the close­
pa<;::ked layer;s. This type of stacking fault has been treated by Wilson. 2 
The hexagonal reflections with (h-k)/ 3 = integral and £ = ev.en super­
impose on the cubic reflections and are sharp. The remaining lines are 
broadened because of the stacking faults. The above preparations were 
predominantly cubic, and the average face -centered cubic unit cell constant, 
on the basis ~of four preparations, is a = 4, 894±, 005 A. The calculated 
density is 13.65±,05 g/cm3, and the metallic radius is L 73 A. 

I 
-·-
'''Brie£ version of published paper, J. Inorg. and Nuclear Chern. 15, 185 (1960). 
1 Yumi Akimioto, Burris B. Cunningham, Denis B. McWhan, and James C. 
Wallmann, Preparation of Americium Metal, Curium Metal, Americium 

I 

Nitride, and Americium Monoxide, in Chemistry Division Semiannual 
Report, UC*-L-8867, July 1959, p. 59. 
2 

A. J. C. Wilson, X-Ray Optics (Methuen, London, 1949). 
I 
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After one of the vaporized ~amples, which had been indexed as fcc, 
was kept at dry ice. temperature· for a week, the pattern was predort?-inantly 
hexagonal and agreed with the double -hexagonal close -packed structure 
above. As the large-scale reduction yields dhcp structure,· and the fcc 
phase goes to the dhcp phase on cooling, the dhcp phase is probably the a 
or room-temperature form, and the fcc phase becomes stable at a higher 
temperature. 

Graf et al. have reported a dhcp phase of americium with 
a= 3.642±.005, c = 11.76±.01 A, and metallic radius 1.82 A, 3 but in this 
work no metal with the larger cell dimensions has been obtained. It should 
be pointed out, however, that the results of Graf and co-workers were 
r~produced in many successful reductions using both Am241 and Am243, 
and that his metal appears to have been as pure as ours. It may be that 
amer1c1um, like cerium, exists in a "collapsed'' as well as an ·expanded 
phase' of the sq,rhe structure type. 

· ·· It must also he emphasized that spectrographic analysis is inadequate 
for the det.ection of all irnputities, and particularly anionic impurities, 
small amounts of which may have an important effect on the structure. 

Magnetic -sus<:ieptibility measurements and high-temperature x-ray 
studies are now in progress and will be reported in the future. 

3 . 
P. Graf, B. B. Cunningham, ~tal., J. Am. Chern. Soc. 78, 2340 (1956). 

12. ATOMIC BEAM RESEARCH 

Richard Marrus 

The electronic and nuelear properties of atoms can .be very conven­
iently investigated by observing the magnetic resonance of these a:fums:: in an 
atomic beam apparatus. In brief, the method is to pass the atoms tnrough 
two inhomogeneous magnetic fields whose field gradients are in the same 
direction. In between the two inhomogeneous fields is a homogeneous field 
in which the magnetic resonance is performed. If the frequency of the radi­
ation is such as to induce a change in sign of the high-field magnetic moment, 
an increase in intensity is noted at the detector and the resonance is ob-
served. . 

The resonant frequency can be related to several important properties 
of the .observed electronic ~tate. The spectroscopic splitting factor g 3 and 
the ele~tronic angular momentum J can both be measured. From them it is 
possible to infer the electronic configu~ation and the details of the electronic 
coupling in the state. In addition, the magnetic dipole (A) and electric 
quadrupole (B) hyperfine-structure coupling con~tants can be measured and 
can be made to yield information about both the electronic and nuclear 
properties of the ground state. 
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The nuclear properties directly obtainable from beam measurements 
are the nuclear spin (I), the magnetic dipole moment (!J.I), and the hyperfine­
strueture anomaly (.6.). · In addition, it is possible to infer the electric 
quadrupole moment (Q) and the magnetic octupole moment (Q). Measure'­
ments of this kind have been made in all regions of the periodic table and 
have contributed much to our understanding of nuclear structure. 

! 

13 .. HYPERFINE STRUCTURE AND NUCLEAR MOMENTS 
OF PROTACTINIUM-233 (*) 

Richard Marrus, William A. Nierenberg, and Joseph Wi~ocur 

By means of the atomic-beam magnetic resonance method using radio­
actiye detection, the hyperfine structure of 

91
Pa 233 (T 1 ; 2 = 27.4 days)has 

been investigated. Three low-lying states are found to l)e present in the 
beam, characterized by electronic angular momenta J = 11/2, 9/2, and 
7/2, and g values gJ = -0.8141(4), -0.8062(15), and -0. 7923(15) respectively. 
From these ±-esults it is inferred that the ground-state configuration of · 
protactinium is almost certainly (5f)2 (6d}1 (7s)2. The nuclear spin was 
measured an,d found to be I = 3/2 and the magnetic dipole and electric quad­
rupole hyperfine-structure coupling constants were measured as 
A=± 595(40) Me and B = f 2400(300} Me respectively. From a direct meas­
urement•,': the nuclear moment is found to be IJ.I = + 3.4(1. 2} ntn. From the 
hyperfine-sd·ucture constants and detailed calculations involving the electronic 
wave functions, the quadrupole moment is inferred to be Q = -3.0 barns. 

,..c I 

·Abstract of paper (UCRL-9315} submittedto Phys. Rev. 

14. THE MAGNETIC DIPOLE AND ELECTRIC QUADRUPOLE 
INTERACTION CONSTANTS OF BISMUTH-210 (>:e) 

Seymour S. Alpert, Edgar Lipworth, and Matthew B. White, 
i and K. F. Smith, t 
I 

The magnetic dipole interaction constant, a, and the electric quad-
rupole interaction con~tant. b, were measured for Bi210 (I=l, T 1; 2= 5;0 days} 
by the method of atom1c beams. These results were a = 21. 78±. 03 Me and 
b = 112. 38±. 03 Me. · Sixteen 11flop-in" resonances were observed, including 
the three direct transitions (F= 5/2, m = 1/2 -. F = 3/2, m = 1/2 }, 
(F = 3/2, m: = 1/2 - F = 1/2, m = - 1/2), and (F = 3/2, m = -1/2 -. F = 1/2, 
m = 1/2}. The radioactive isotope was produced from the stable metal by 
the reaction Bi209(n, y)Bi210 in the Livermore pool-type reactor. De­
tection was by collection on sulfur-coated "buttons" which were counted in 
continuous -flow j3 counters. 

* . ' . 
Abstract for American Physical Society Meeting, New York, Jan. 31-Feb. 

4, 1961. ! 

tOn leave from the Cavendish Laboratory, Cambridge, England. 

(/ 

.. 
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15. NUCLEAR MOMENTS OF IODINE~· 133 ., . 
. . . 

Seymour S. Alpert, Edgar Lipworth, and Matthew B. White 

The magnetic dipole interactj~~ constant, a, and the electric quadrupole 
interaction constant,·· b, of 21-hr I have been measured by a "flop-in" 
atomic-beam magnetic-resonance experiment. The spin of ])33 is known to 
be 7/2. 1 The results are a= 596.8±1.0 Me and b = 385.8±7.4 Me. From 
these results and the known magnetic dipole moment of Il27, the magnetic 
dipole moment (uncorrected .for diamagnetism) and the electric quadrupole 
moment (corrected for core polarization) of I 133 were calculated and found 
to be 111 1 3 1 = 2.821±.005 nm and 10133 1 = 0.27±.01 barn. The electric 
and magnet1c moments must have oppos1te signs; the sign of fll 33 is very 
probably positive. A total of 14 resonances was observed in f1elas ranging 
from 26 gauss to 300 gauss, the observed transitions being (F = 5, 
mf = -3 ~ F = 5, mf = -4) .and (F = 4, mf = -2-+ F = 4, mf = -3). 

H. L. Garvin and E .. Lipworth, The Nuclear Spin and Magnetic Moments 
of Iodine-133, to be submitted to Nuclear Phys. 

16. NUCLEAR MOMENTS OF IODINE-132 (>:<) 

Matthew B. White, Seymour S. Alpert, Hugh L. Garvin, 
and Edgar Lipworth 

The magnetic dipole interaction constant, a, and the electric quadrupole 
interaction constant, b, have been measU:red in 2. 3-hr I132 (I = 4) by ari · 
atomic-beam resonance experiment. The results are Ia! = 567.6±1.3 Me, 
Jbl = 128.2±10.3 Me, with b/a positive. These results, when combined 
with the known values of a, b, fl, and I of stable I 127, y:ield the nuclear 
magnetic moment and nuclear quadrupole .moment of Il32. We find 
I 11132! = 3. 084±. 007 nm (diam.agnetically corrected), and I QJ = . 09±. 01 barn, 
where a small core polarization or Sternheimer correction has· been in- · · 
eluded. The si2n of fl is not determined, but fl apd Q must have opposite 
signs. The 113 was obtained by a milking process from Tel32 supplied by 
Brookhaven National Laboratory. A total of 16 resonances was observed at 
magnetic fields rangin& from 6. 9 to 37 4. 7 gauss. At each field the two 
flop-in resonances (11/2, -7/2) .._ (11/2, -9/2) and (9/2, -5/2) .._ (9/2, -3/2) 
were observed. 

* Abstract for American Physical Society meeting, Berkeley, California, 
Dec. 29-31, 1960. 
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17. NUCLEAR SPIN AND HYPERFINE STRUCTURE 
OF LUTETIUM-176m 

UCRL~9566 

Matthew B. White, Seymour s~ Alpert, and Edgar Lipworth 

The nuclear spin of 3.7-hr Lu176m has been measured by an atomic­
beam ma~.netic ~resonance flop~in exP,el(,iment usi~g radi£activ~ det~Ction . 

. Observatwns were made by us1ng Lu l7 m atom~ m the .D.5; 2 ~tom1c ground 
state. The value I = 1 was measured by observ1ng trans1hons 1n the states 
F = 7/2 and F = 5/2 at three different values of the applied magnetic field. 
The Lul76m was prepared by the reaction Lul75(ny)Lul76m. 'A total of 
14 resonances was observed in fields ranging from 26 to 350 gauss. 

18. NUCLEAR SPINS OF PROMETHIUM-149, 
PROMETHIUM-151, AND TERBIUM-160 (*) 

Amado Y. Cabezas, Ingvar Lindgren, t Richard Marrus, 
arid Mark Rubinstein 

. The atomic-beam magnetic-resonance method has yielded the ground-
state nuclear s.,r.ins of three radioactive rare earths. The results are I = 7/2 
for 50-hr Pml 9, I= 5/2 for 27-hr Pml51, and I= 3 for .72-d Tbl60. 
Zeema"n transitions in the J = 7 (2 level of yromethium were observed wit.h 
a. prev1ously me~sured electron1c g value. The g values used for terb1um 
were obtained from an atomic-beam experiment on stable Tbl59. 2 The 
nuclear spins are interpreted on the basis of existing nuclear models . 

. ,. A,bstract for American Physical Society Meeting, Berkeley. California, 
Dec. 29-31, 1960. 

t Now at the Institute of Physics, University of Uppsala, Uppsala, Sweden. 
1 
A. Cabezas, I. Lindgren, E. Lipworth, R. Marrus, and M. Rubinstein, 

Nuclear Spins of Neodyrnium-147 and Promethium-147 (UCRL-9122, March 
1960), submitted to Nuclear Phys. 
2s. PE:mselin and K. Schlllpmann (University of Heidelberg), private 
communication). 

19. ELECTRONIC·ENERGY LEVELS AND CRYSTAL 
QUANTUM STATES OF Tm (IV) (*) 

John B. Gruber and John G. Conway 

The electronic configuration of Tm IV in the ground state is sometimes 
written as [ Xe core] 4f 12, where there are essentially two "holes" in the 
4f shell. · 

*Brief version of published paper, J. Chem. Phys. 32, 1178 (1960). 
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Following the coupling scheme of Russell and Saunders, one may 
couple 12 equivalent I electrons to obtain 

12 
The calculations for pure electrostatic interactions for Tm IV (f ) 

are the same as for Pr IV (f2). The electrostatic results are given in Table 
I. 

Table I. 
12 

Pure electrostatic energy levels- -f configuration 

Level-. 

~ 
3F 

lG 

lD 

11 

3p 

ls 

Electrostatic equations 
in terms of Slater 

integrals 
Fa-25 F 2 -51 F 4 -13 F 6 

' 

Fa- 1a F 2 - 33 F 4 - 286 F 6 

Fa- 3a F 2 +97 F 4 +78 F 6 

Fa+ 19 F 2 - 99 F 4 + 715 F 6 

Fa+ 25 F 2 + 9 F 4 + F 6 

Fa+ 45 F 2 + 33 F 4 - 1287 F 6 

Fa+ 6a F 2 + 198 F 4 + 1716 F 6 

Electrostatic equations 
in terms of F 2 (a) 

Fa- 32.3 F 2 

Fa-18.9F2 

Fa- 15.5 F 2 

Fa- 16.3 F 2 

Fa+ 26.3 F 2 

Fa+ 3a.3 F 2 

Fa+ 113.2 F 2 

Energy levels 
normalized to 

3H= a 
a.aa F 

4 
13.4 F 2 

16.8 F 
2 

48.4 F 
2 

.58.6F
2 

62.6 F 
2 

145.5 F
2 

(a) F 4 = a.l38 F 2, and F 6 = a.al51 F
2

. 

3 
When the electrostatic equations in terms of F 2 were normalized to 

Has the ground state, the results were found to be complete agreement 
with those obtained by Elliott, Judd, and Runciman~ 1 

2 2 12 Spedding has given the secular equations for f . For the f con-
figuration, one need only change the sign in front of each t; value:- The 
authors divided each term and t; value in Spedding' s equation by F 2 and used 
the variable X = t;/ F 2 . The secular equations may be solved for energy/F 2 
as a function of X. The results of the calculations appear in Fig. D. 19-1. 

3 3 H4 and H
5 

levels 

The spectrum of 2a3. a mg of anhydrous TmC13 in 1 a. a ml of a.I a M 
DCl in> 98.5% D 2o was measured between 1 and 2 1.1. on a recording Cary 
14 spectrophotometer. An acid solution was necessary in order to prevent 
the hydrolysis of the Tm+3 wn. Absorption bands for ordinary water appear 

1
Elliott, Judd, and Runciman, Proc. ·Roy. Soc. (London) A240, 509 (1957). 

2
F. H.- Spedding, Phys. Rev. 58, 255 (194a). 
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Fig. D. 19-1. Energy;-1eve1 diagram for Tm IV in intermediate 
coupling. The 1s0 varies from 145.5 for x =0 to 159.3 
for X =5. 
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around 1.4 f.L and 1.8 f.L• making it difficult to employ H 20 as a solvent for 
absorption studies in the region from l to 2 !J.• In D 20, the isotope shift 
is far enough to the red (to about 2. 2 !J.) to make D 20 a useful solvent for 
studies in the region where the 3H and 3H4 levels are expected. ~wo peaks 
(1.172 f.L and 1.20~ f.L) and one shoul~er (1.21~_1-l) were found for tf,e HS!. and 
one peak (1.66~ f.L) and one should3r (1. 712_ ~were found for the H4 . The 
theoretical values calculated for H 5 and H4 are 8520 em -1 and 
5320 em -1

1 
which may be compared _with the mean experimental values 

8 9 390 em~ and 5,900 cm-1. respectlvely~ 

RESULTS 

Johnsen has identified the 0 and ::1:1 crystal' q~antum levels1 of the 
3

H6 
ground-state multiplet and the upper multiplets of F 2 3 4 and G4 • 3 Our 
work confirms thes~ ground-staty assignments for trahshwns to tlie ultra-
violet multiplets of Po, 1• 2 and· D 2. ·. 

The symmetry of the Tm +3 i,rn in the ethylsuliate crystal is c 3h as 
given by Johnsen and by Ketelaar. The crystal-quantum selection rules 
for this symmetry have been di~cussed previously. 5 The ultraviolet mul­
tiplets appear sharper than the F 2 3 4 group. As a result, one observes 

· transitions from additional ground-state crystal qu~ntum levels to excited 
states. At 77°Ks 1940K, and 27 3°K, the 3 and ±2 crystal quantum levels 
of the 3H6 are populated. Transitions from these levels appear more in­
tense as one goes from N 2 temperature (77°K) to co2 temperature (194°K). 
from the 3 and ::1:2 crystal quantum states the position of the fl = 0 level in 

G 4 was determined. 

Figure D. 19-2 gives the energy level diagrams for the ~P0 , 3P 1, 3 P 2 
multiplets; Figure D. 19-3 gives the diagram for the 1D2 and G

4
• Tlie 

3Fz. 3 4 lines are too broad to Rermit an extension of tlie analys1s. Polarized 
lines ~re observed between the 3P and 3P 1 multiplets which are not due to 
impurities. These lines are proba'bly due to the lr6 multiplet. The lines 
are faint and difficult to distinguish from vibrational lines of the 3P 0 and 
3Pr As mfny as 10 vibrational lines per multiplet appear to the violet 
side of the P 2 and 1n 2. 

Holmium and erbium ethylsulfate crystals were prepared and polari­
z:ation spectra taken to determine if these impurities appeared in the Tm 
spectra. No lines of Er-·or Ho wer~ obiierved in the Tm spectra taken. 

The experimental data. including Johnsen• s, 'fere fitted to Fig.· D. 19-1 
and a good fit was obtained for x. = 3, F 2 = 450 em-. and t;.4 f 2700 cm-1. 
The spin-orbit interaction term, t;,, as used in Fig. D. 19-1 and in Spedding' s 
work is one-half this value. From these parameters the calculated positions 
were obtained and are listed in Table Ilo 

3u. Johnsen, Z. Physik 152, 454 (1958}. 
4 -

J. A. A. Ketelaar. Physica (Haag) 4 9 619 (1937). 
5 -
Sayre, Sancier, and Freed, J. Chern. Phys. 23, 2060 (1955); ibid. 29, 

242 (1958). 
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transition 3 -+ ± 2 observed in P 2 group. 
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Table II. Comparison of theory with experiment 

Values for energy levels (em -1) 

Levels Theory Experiment 

3H 
6 100 105 

3H 
4 5320 5900 

3H 
5 8520 8390 

3 
F4 12730 1267 3Cj. 

3F 
' 3 14550 14446a. 

3F 
2 15000 15092Cj. 

1G 
4 21120 2127 5Cj. 

1D 
2 28090 27926 

. 1I ' 33850 6 
3p 

0 35600 35074 

3p 
1 36640 36443 

3p 
2 38440 38100 

Is 75030 
-a. From Ref. 3,; 

20. EVALUATION OF ELECTROSTATIC ENERGY LEVELS OF f 6 (*) 

John B. Gruber and John G. Conway 

INTRODUCTION 

The absorption and fluorescence spectra of Eu IV and Am IV have been 
reported in a number of papers. 1 ~ 5 However, a theoretical analysis of the 
absorption-spectra data (arising from 4f - 4f transitions) has not been 

*Brief version of paper submitted to J. Chern. Phys. 34, 632 (1961 ). 
1 -

H. Gobrecht, Ann. Phys. 28, 673 (1937}. 
20. Deutschbein, Ann. Phy;.- 36, 183 (1939). 
3E. V. Sayre andS. Freed, J. Chern. Phys. 24, 1211 (1956). ----
4n. M. Gruen, J;. G. Conway, R. D. McLaughlin, and B. B. Cunningham, 
J. -Chern. Phys. 24, 1115 (1956). 
5. - . B. Stover and J. G. Conway, J. Chern. Phys. 20, 1490 (1952). 

_,_.._._ 

"-' 
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attemptgd, and only a complete analysis of the 1F ground term and. 
5n term 

by Judd has been made from the fluorescence data of Sayre and Freed. 3 
As a start in analyzing the absorption spectr.a,. we have .evaluated the 119 
pure electrostatic energy levels for an nf6 configuration. Tentative theoret­
ical assignments can then be made for Eli IV and Am IV based on several 
assumptions. The necessary theory to handle such a .problem is ayailable 
i_n_ the papers of _Racah, who has shown how states of fn may be tla_ssified 
by group-theoretical methods. 7 Several papers are now available which 
describe how Racah' s theory can be used. 8 

Elliott,. Judd, and Runcim~n have re-evaluated all the pure electro­
static egergy levels from f2 to ~ and the two lowest multiplicities of the 

_!_5 and _i configurations. 8-AlsoWybourne has calculated the doublgt electro­
static energy matrices for f5 and triptet ~nd singlet matrice~ for f . 9 In 
this paper, a comptete evaluation of the f configuration energy matrices 
has been made independently by the authors, and actual energy levels in 
terms of F2, the Slater radial integral, are presented on the assumption 
of various Slater Fk ratios. 

Electrostatic Energy Levels 

. Three different Slater Fk ratios were used in our calculations. For 
4f6 , the 4_!_ hydro.genic radiat-distribution function yields F 4/F2 = 0.1381 
a~d F 6/F z = 0. 0 1511; for 5_!_ the 5_!_ hydrogenic radial distributwn fun~t~on_ 
y1elds F 4;F2 = 0.1422. and F 6/F2 = 0.01610; and from Cohen's relahv1shc 
Hartree-Fock calculation for the normal uranium atom, Marrus et al. 
obtained (from an IBM-704 program) F 4/F2 = 0.159 and F 6/F 2 = 0.0204. lO 
The additional as sump~ion i~ made that the F k r~tios ()btau~ed from the 
Hartree -Fock calculatwn w1ll not change apprec1ably 1n go1ng from the 
uranium atom with three f electrons to the Am IV, 5f6, for example. 

The theoretical results are given in Tables I; II, and IIL Each table 
gives the configuratipn considered and the assumption made for that calcu­
lation, It should be noted that several numerical errors were found under 
the f6 column in Table III of Elliott et al. These errors have been corrected 
andall other energy levels for nf6 rechecked. 

TERM ANALYSIS 

There is no question that an intermediate-field calculation of the 301J 
levels for f6 is necessary in order to completely interpret the absorption 

6
B. R. Judd, MoL Phys. ~ 407 (1959), 

7 
G. Racah, Phys. Rev. !.!;:_, 1352 ( 1949). 

8 
J. P. Elliott, Eo R. Judd, and W .. A. Runciman, Proc, Roy. Soc (London) 

A, 240, 509 (1957). 
9B.--G, Wybourne (Johns Hopkins University, Baltinwre, Md.), private 
communication, 1960; to be published. 
10

Richard Marrus, William A, Nierenberg, and Joseph Winocur, Phys. 
Rev. 120, 1429 (1960). 
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TABLE I 

Pure Electrostatic Energy Levels for the 4! configuration, 

Assumption: 4! hydrogepic radial distribution function. 

· Energy levels in terms of F 2. 

Term Energy Term Energy Term Energy Term Energy Term Energy 

7p 0 11 114.5 3H 148.3 3H 181.7 3 .H . 250.4 

5D 51.70 3D 114.6 5F 148.6 ~ 183.6 lG 251.4 

5L ~ ~ lH ' 3G 57.64 117.5 148.7 185.0 253.6 

5G 
·) 

3H 3D 3M 11 60.69 118.2 151.3 186.7 257.7 

5H 68.93 3G 118.9 11 151.6 3L 194.3 3 G 268.3 

51 78.03 3M 121.7 ~ 153.4 3r 198.8 3p 269~1 

5p 78.89 3K 121.8 lG 154.5 3K 199.3 ls 269.7 

5K 88.05 ~ 122.6 ~ 155.8 3p 200 .• 0 ~ 277.2 

3p 88.57 3r 126.7 3:r 157.6 lG 202.6 lL 2y7_.6 

3o 95.37 
1 G 126.8 3K 162.3 lL 203.4 lG 277.7 

5G 96.52 3L 128.2 3 . F 163.6 3G 204,0 3D 278.7 

3M 97 .. 67 3H 130.1 lF 164.5 ~ 208,2 ~ 279.4 

3K 99.56 '~ 130.8 
3 . 
H 167.1 3F 213.4 3p 300i,4 

5D 3F 1 lF ~ 
r 

99.73 131.2 s 168.4 221.7 304.4 

3p 101,2 5s 132.2 1G 170;1 1p 222.5 lG '322.8 

3H 1.01. 4 3 p 132.7 3p 170.6 3H 222.8 ~ 325.5 
---....; 

31 101.5 1H 133.2 1D 171.4 3D 228.3 ; 3F 334.3 

5p 104.5 3r 135.6 3D 174.9 ~ 233.9 3p 337.2 

3N 106.7 3L 136.1 3G 175.0 ~ 236.4 . 
1• 

I 337.4 

3G ~ 136.7 5G 3r 3H 
,,. 

107.5 177.3 237.5 337.9 

5H 110~1 3p 137.7 3F 178 .. 6 3F 241.1 lG 372.3 

3K 112.6 1! 142.1 5D 180.7 11 241.3 ~· 395.3 

ls 113.9 51 144.4 \: 180.9 3K 242.6 1 s 462.2 

lQ 114.1 3G 145.7 lr 181.4 ~ 2~-6. 5 
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TABLE II 

Pure electrostatic energy levels for the 5! configuration. 

Assumption: 5! hydrogenic radial distribution function. 

Energy levels in terms of F2. 

Term Energy Term Energy Term Energy Term Energy Term Energy 

7F 0 ls 120.2 5F 150.8 lL 188.1 lG 255.1 

5D 54.76 li 120.5 3H 151.7 lH 189.3 3G 255.7 

51 6o.o4 3H 122.6 ~ 152.9 3M 190.4 li 261,8 

-·-
5G 3G 3D 31 3G 63.56 122.9 154.7 197.7 270.9 

5H 71.03 ~ l23.2 11 156.4 3r 202.0 3p 272.6 

51 80.21 3K 125.6 lF 158.4 3p 203.8 ls 273.8 

- 5F 81.29 3M 125.7 lG 159.2 3K 204.4 ~ 28o.7 

5K 90.06 lL- 127.9 ~ 160.7 lG 206.5 3D 280.7 

3p 94.53 3r 130.5 3r 161,0 3G 207.6 11 281.0 

5G lG 
3K 166.5 lL lG 

98.73 131.9 3F' 167.3 207.7 282.0 

3) -.0 99.50 31 132.0 lF 168.5 ~ 212.4 ~ 282.1 

5D 101,8 3H 133.8 3H 170.7 3F 216.6 3F 303.8 

3M 102.0 3F 134.7 1s 172.6 ~ 225.2 ~ 307.5 

3K 104,0 5s 135.0 3p 173.9 1p 225.6 1G 326.4 

3I 105.7 ~ 135.3 
J; G 174.4 3H 226.0 ~ 328.3 

3F 105.8 3p 136.6 ~ 175.4 3D 231.3 3F 336.3 
·, -;;-• 

5p 106.1 ~ 137.6 3G 178.1 ~ 238.1 3p 338.8 

3H 106.2 31 139.6 3D 178.3 3r 24o.O 11 341.2 

~ 110.6 31 140.1 5G 178.7 ~ 24o.7 3H 341.4 

-- r:; 3F 141.6 5D 181.7 3K 243.5 lG 374.6 "H 111.8 

3G 112.0 ~ 142.4 3F 181.8 3F 244.1 ~ 399.1 

3K 115.8 11 147.0 ~ 184.5 11 244.8 1s 467.7 

3 D 118.5 51 147.0 3H 185.4 ~ 250.0 

1Q 119.0 3G 148.9 11 185. l~ 
? 
.JH 253.4 

-----
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TABLE III 
) 

Pure electrostatic energy levels for the 5!. configuration. 
Assumption: Slater ratios from Hartree-Fock calculation for the 
normal uranium atom. 
En~rgy levels in terms of F2. 

Term Energy Term Energy Term Energy Term Energy Term Energy 

7F 3H -
140.4 3H 11 lx 0 166.3 205.9 266.5 

5n 67.21 3a 140.6 11 168,0 3M 206.9 3H 266.9 

5L 70.14 3K 141.2 3n 169.6 1 
207.6 lG 272.0 L 

5a 72.24 3M 142.8 \i 171.4 :sr 208,0 11. 28o.o 

5H 8o.01 li 144.8 3I 176.0 
3 . 
L 213.1 3a 283.6 

5r 89.52 1s 145.5 1I 176.7 •3 I 216.7 3p 288~5 

5F 91.36 3r 146.2 lr 179.0 3K 217 .. 5 3n 291.3 
5 K 98.83 ~ '147 .2 lG 179.6 3p 220.5 1s 292.7 

5a 108,4 5s 147.6 ~ 180.2 3a 223. •. 5 ~ 295.1 

5 D 111.2 3L 147.9 -~ 181.9 
1 . 
G 223.9 ~ 296.7 

5p 113.4 3F 149.8 3F 183.1 ~ 226.7 -~ 296.8 

3o 116.8 3H 149.9 5a 185.3 3F 231.0 1G 301.3 

3p 118.5 ~ 149.9 3H 185.7 ~ 231.5 3F 319.6 

5H 119.4 3p 152.5 ~ 186.·2 1p 239.8 ~- 322.6 

3M 1 5n 187.7 3H 240.6 -~ 342.Q 119.9 G 153.1 

3I l23.5 1· M . 154.2 3p 188.2 ~- 240,6 lG 343.6 -~~-

3K 123.5 ~ 156.2 1s 191.1 3n 244.7 3F '347 .3 

3F 124;5 3I 3a 192.1 3 
25~.2 3p 348.5 157.3 I 

3H 125.5 3L 157.5 ~ . 192.6 ~ 258.8 3H 357.8 
•!...:_.· 

3N 127.0 3F 158.5 3n 193.0 3F 257.7 li 359.7 

3a 130.4 51 158.7 
lG 193.3 3r 259.4 1G 387.6 

3K 131.6 5F 160.7 3F 195.8 ~ 259~8 ~ 418.2 

3n . J.34.6 3a 162.8 ~ 201.3 1I 260.6 1s 494.6 

1Q 132-9 ~ 166,3 3H 202.0 3a 266,0 

,.-" 
~ . .. -
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spectra of Eu IV and Am IV. However, until the intermediate-field matrices 
are completed, we can use some pieces of experimental and theoretical 
information now at our disposal to give us at least a tentative term assign­
ment for some of the J levels of Eu IV. 

. The Sayre and Freed J -level assignments for Eu IV are ~ased on the 
polarized and axial absorption spectra of Eu(C 2H 5so4 )3 · 9H20 • Such 
polarized data, consistent with a given point symmetry, identified J levels 1, 
2, and 3 uniquely and larger J values only indicatively. 

We have found the 5f hydrogenic ratios to give the best values to the 
electrostatic energy leveiS for Eu IV. From a least-squares fit, Wybourne 
in his analysis of Nd IV, 4f3 also obtained Slater ratios close to the 5f 
hydro genic ratios. 11 If the reasonable values of ~ = 1360 em -1 (Refi T2) 
and F 2 = 37 0 em -1 are used for Eu IV, we obtain an L-S plot of energy 
levels in units of F 2 which appears in Fig. D. 20-1. 

It should be pointed out that a term assignment in intermediate field is 
based on that L-S level which provides the largest eigenvector contribution 
to a given J level. In Fig. D. 20-1, however, for Eu IV we have made the 
assignments in terms of the parent L~S level, since the exact eigenvectors 
are not known. The goodness of fit in some cases would indicate that the 
L~S level will probably also be the intermediate level. Several of the 
theoretical levels have been evaluated according to first-orde5 perturbation 
theory. Judd has calculated the depression of the 7 F 0 by the D 0 and obtains 
1324 em -1. 13 This correction has been made to the experimental data of 
Sayre and Freed. 

On the basis of the data and assu:rrwtions just considered, we can make 
a limited number of assignments. The D 0 2 which have been studied and 
identified by various wo5kers agree fait:l3. v!re\'1 with our plot, ,14, 15 Also we 
presume to identify the G 2, 5G3' 5F 2 , P 2, and possibly the 5H3 from the 
Sayre and Freed d'!f.a. Howev;r, it is imP.ossible to une·quivo'cally identify 
such le':els as the I4, 5, 6, 7 , L 6 , 7 , and 5I:I4 , 5, 6 , 7 because of the complex 
absorption-spectra pattern. Zeeman experiments must be done on such · 
levels if further analysis is to be made. Complications in the analysis of 
the Eu IV data result from the intermixing of crystal quantum sublevels of 
different near-by J levels. Also Fk ratios should be determined from the 
experimental data. 

11 
B. G. Wybourne, J. Chern. Phys. ~· 639 (1960). 

12
B. R. Judd, Proc. Phys. Soc. (London) A 69, 157 (1956). 

13
Brian R. Judd (Lawrence Radiation Laboratory), private communication, 

1960. 
14 

K. H. Hellwege, U. Johnsen, H. G. Kahle$ and G. Schaack, Z. Physik 
148, 112 (1957). 
T5 

H. G. Kahle, Z. Physik 155, 145 (1959). 
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Fig. D. 20-l. Comparison of the L-S, Land~ energy levels 
with experimental levels for Eu IV and Am IV. 
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The right--hand side of Fig. D. 20-1 represents Am IV energy levels 
based on values of 2600 em -1 for I; and 225 em -l for F 2. The experimental 
infrared energy levels are unpublished work of the authors; other levels 
shown are from Stover and Conway. 5 It is apparent that nothing can .be 
derived from the L-S model even in the ground state of Am IV. However, 
the polarized absorpfion spectra of Am IV in LaC1 3, which allow experimental 
identification of the F levels, will be made available shortly for an inter­
mediate-field calculation of Am IV energy levels. 

21. THEORY OF ZEEMAN EFFECT IN 
THE GROUND MULTIPLETS OF RARE EARTH ATOMS 

B. R. Judd 

The purpose of this note is to summarize the paper of the same title 
written with I. Lindgren, 1 and also to compare the predictions made there 
to the recent experimental results of Woodgate 2 for Sml. 

As a first approximation, the effect of an external magnetic field H 
on the energy levels of a free atom is taken into account by including the­
term 

i4 = fJ.o 12. (~ + 2~) (1) 

in the Hamiltonian, where L is the o.rbital angular momentum of the 
electron system, and S is tliat of the spin; fJ.o is the Bohr magneton. 
Since L + 2S is a vector, its matrix elements are proportional to those. of 
J, the total angular momentum of the atom. The factor of proportionality 
is called the Land~ g factor, and if L and S are good quantum numbers, 
is given by 

= l + J(J+l) + S(S+l) - L(L+l) 
g 2J(J+l) 

This approach is sufficiently accurate for most purposes, but the high 
precision of atomic beam measurements leads us to attempt a number of 
improvements. They are essentially of two kinds: the first elaborates 
the simple perturbation"; the second allows for the fact that Russell­
Saunders coupling may not be obeyed rigorously, so that S and L are not 
good quantum numbers. The Schwinger correction, which replaces the 
factor 2 in ~q. (1) by 2.Jl0232, is of the first catego~-y. In addition, there 
is the Breit -Margenau correction, which adds to If the term 

1
B. R. Judd and I. Lindgren (same title) (UCRL-9188, May 1960), sub­

mitted to Phys. Rev. 
2

K. M. Woodgate, private communication. 
3

G. Breit, Nature 122, 649 (1928). 
4H~ Margenau, Phys. Rev. 57, 383 (1940). 
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-~2 flo L_ H· (£. f 2s.)T. ~ s.· ('V.V. X A~}; 
- -1 . -1 1 -1. 1 1- -1 . 

(2) 
1 

where · Ti is the kinetic energy operator, and Vi is :given by 

·v="-z + r 1 
i ri k.#i rik 

··• .. 

Here a. is the fine-structure constant. This correction is essentially a 
relativistic correction3 since it derives from the Dirac theory of the electron. 
Breit's. equation for electron-eleCtron interactions 5 gives to the further 
correction 

2 
a. L [ 2s. ~ ('Vk· 

ifk -
1 

Ak .• p. 
- -1 

X A )· -k 

(r.k· Ak)(r.k· p.) 
-1 .. N#> ......,.1 """'1 

r ik 
I (3} 

This te'rm depends .on the electron density in the core, and is ca!:,led the . . 
diamagnetic correction. The method of Abragam and Van Vleck is used to 
throw Eqs. (2) and (3) into more tractable forms; eventually their expectation 
values depend on various radial integrals. · 

For rare earth atoms, various data·. suggest that the lowest con­
figur;;ttions are usually of the type 4fn. The radial integrals are .calculated 
by using the modified hydrogenic. eigenfunction of the.form rne-ar cosh~(a:~;-n). 
The parameter k is. estimated to be approximately 0.42 9ver the rare earth 
series by comparison with available Hartree SCF eige:J?.functions. The second 
parameter, all is chosen to give a fit with the spin-orbit coupling constants, 
which are investigated and evaluated from the existing raw-data where ne!2-
es sary. As a subsidiary topic 3 accurate values of (r~ 3) for neutral and 
triply ionized rare earth ions are presente-d to facilitate the calculation of 
·nuclear moments of rare earth atoms. 

To calculate the breakdown of RS couplingj). the Coulomb integrals F k 
are requir'ed, since it is necessary to know where the perturbing levels are 
located. This calculation is forced upon us because no. expedmental data 
are available for these levels. · Except for some special .casesll the complexity 
of configuratibns of the type 4fn makes .it feasible to pur.sue the calculations 
to second order in· perturbation theory only. Correlation effects ~re allowed 
for by using different eigenfunctions from those assumed when estimating 
the radial integrals of the single particle operators. Tables are given of 
the g values for all levels of the lowest multiplets of the rare earth atoms; 

5
G. Breit, Phys. Rev. 34. 553 {1929)~ 

6
A. Abragam and J. H. Van. Vleck, Phys. Rev·. 92. 1448 (1953}. 

• • lr" 

., '· .. 
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the equation 

2 
~ = (J+l)gJ- (J-l)gJ-l =a J + b 

proved useful in checking results for a given multiplet. Agreement in all 
cases is extremely good, confirming that the ground configurations of Pri, 
Ndi, Pmi, Smi, Eui, Dyi, Hoi,· Eri, and Tmi are of the type 4fn, and that 
such a configuration is very. low-lying in Tbl. 

The new experimental data of Woodgate for Smi are displayed in 
Fig. D. 21-1, and compared to the predictions of the theory. The slight 
discrepancies between experiment and theory which still remain are to be 
ascribed to third- and higher-order spin-orbit coupling effects. 

22. CRYSTAL-FIELD SPLITTING OF ENERGY LEVELS 
OF THULIUM ETHYLSULFATE (*) 

John B. Gruber and John G. Conway 

In a Tm(C 2H 5so4 )3 · 9 H20 single crystal, where the Tm+ 3 configuration 
is 4£12, the perturbing influence of the water and ethylsulfate groups on the 
energy-level system of the free ion can be calculated by expanding the crystal­
field electric potential in a series of spherical harmonics. A first-order 
perturbation treatment is possible 3 since the crystal-field splitting of the 
various electronic levels is of the order of 100 cm-1, whereas the spin-orbit 
splitting between adjacent levels is generally greater than 1000 em- . The 
work of Ketelaar has shown that the point symmetry at the metal-ion site in 
rare ea,:rth ethylsulfates is predominantly c 3h. 1 Johnsen2 and these authors 3 
have found C3h point symmetry to be consistent with the interpretation of the 
Tm(C2HJS04)3 · 9 H20 absorption spectra. However, a few transitions were 
observe that are forbidden in C 3h sJ!:1metry b'3t are

1 
allowed in C 3v symmetry. 

The theoretical splitting of 3Hf..• F 4 • 3F 3, F 2, G 4 • 1D 2, and 3p2 
levels presented here is basea on the experimental work of these investigators. 

In an earlier paper 3 the electronic energy levels for Tm+ 3 in the inter­
mediate field were obtained from a plot of E/F2 vs X I where X = s/F 2' s 
is the spin orbit parameter used by Spedding, 4 ailci F 2 is a Slater integral. 
The best fit ~f the~ry to

1 
experime

3
nt wa-J obt<Jined at X ~ 3 •. The e.igenvectors 

at x =. 3 for . H4 , F 4 , . G4,. and F 2, P 2 , D2 , used m calculating a, j3, 
and y 1n the Intermediate f1eld were obta1ned from an IBM 650 p.rogram. 
The eigenvectors for 3H6 and 1r6 were calculated by hand by using Spedding' s 
equations. Table I incluaes values of operator equivalents for 
Tm(C 2HsS04 )3 · 9 H 2b with intermediate -field corrections in brackets. 

~~ . 

Condensed version of published paper, J. Chern. Phys. 32, 1531 (1960). 
1 

J. A. A. Ketelaar, Physic a (Haag) 4, 619 (1937 ). 
2 u. Johnsen. Z. Physik 152, 454 (1958). 
3 

J. B. Gruber and J. G. Conway, Electronic Energy Levels and Crystal 
Quantum States of Tm(IV), J. Chern. Phys. 32, 1178 (1960). 
4 -

F. H. Spedding, Phys. Rev. 58, 255 (1940). 
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Table I. Operator equivalents in the intermediate field, Tm + 3 
(4f 

12
) 

Level ( J II a II J > ( J 11 13 II J ~ ( 3 11YII 3 2 
3p 1 

[ 1. 000] 0 0 
1 5 

3p -1 
[ 1. 095] 

-4 [ 0.629] a 0 
2 T5 7· 27 

lD -22 [ 0.678] -4 [-0.105) 0 
2 15· 21 ~ 

3F -8 [ 1.636] 2 [ -1.859] 0 
2 21· 15 778"1 

3F -1 [ 1. 000] 
1 

[ 1. 000] 
1 

[ 1. 000] 
3 90 457"99 39·99 

3F -1 
[~1.357] 

1 
[ 1.527] 

-1 
[5.945] 

4 Tib 45-77 13·63·99 

IG 2 
[ 1. 799] 

46 
[ 0.866] 

4 [ o. 537] 
4 rr:-35 11· 45· 77 13· 33' 77 

II 2 
[ 0. 995] 

-4 [ o. 984] 
2 

[0.967] 
6 99 11· 15· 99 13·33·21·99 

3H 1 
[ 1.010] 

8 
[0.976] 

-5 
[ 0. 986] 

6 99 3· 11· 1485 13· 33· 2079 

a The pure L-S operator equivalent, 13, is zero for 
3

P , since the corres­
ponding Racah coefficient is zero. However, if we a1tow for intermediate 
coupling effects, the entry becomes (-4/7· 27) [ 0.,629]. 

Having found n, 13, and y for a particular level, we can now express 
the crystal splitting in terms of parameters Am ( rn). These parameters 
were defined earlier. The values· that these pa:P"ameters ca:h assume must 
be consistent wit~ the point symmetry at the rare earth ion in the lattice. 
The structure of P 1 (sp,lit into two sublevels iJ. = 0, ± 1) gives at once a 
prefim.inary value f~n A~ ( r 2 ) . Unf~r.tunately, our photographic_ plates 
unamb1guously confumed only the pos1t1on of the iJ. = ± 1 sublevel 1n 3p1. 
Another line appearing in both a and rr polarization with a line width of 
some 10 cm-1 may have been two lines close together. More careful po­
larization experiments, in which the a and rr spectra are taken as a ft~nction 
of the rotation of the crystal, are nec1,ssa1,x to confirm t~e actual energy 
value of the splitting. Parameters A 6 ( r ) and Ag ( r ) were c~osen fO 
as to give the proper spdityi~ of the iJ. = 3 and iJ. = ± 2 sublevels in F 4 , G 4 , 
and 3H6 .... Par~meter A 4 ( r ) was chos~m so ?-S to give reason~le splitting 
of the 3p2, F 2, and 3H6 levels. The best over-at}- fit for this first"· 
order .perturbation treatment was obtained by usinB A 2.-( r 2) = 13 em - 1

1
, 

A~ (r ) = -80 cm-1, Ag (r ) = -32 cm- 1, and A 6 c..,r6) = 300 em- . 
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Fitting to Ex:perimental- Data·;· 

A. 3 
The H 6 Level 

The theoretical predictions for tJ. = o. ± 1, 3 are in good agreement 
with those crystal quantum states reported by experiment. (See Fig. D. 22~ L) 
The prediction of additional states between± l and 3 has led us to restudy 
our plates. Our reported analysis. included only those intense lines in which 
polarization was complete. 3 As many as three 6r fou.r weak lines appear 
between those due to transitions from the ± l and 3, but these are not well 
~olarized. These lines may be due to sublevels !J.= 0', ± 1', and± 2' in I 

H 6, as the theory predicts, or satellite levels, but our experiments cannot 
really confirm this .. Forbidden transitions obs3rved in 3p2, 1D2• and 1G 4 
may also confirm these predicted states. in the H6 level. · 

B. 3 The F 4 Level 

The splittings of the tJ. = ± 2 and 3 are in reasonable agreef:ent with 
experiment. (See Fig,' D. 22-2. ) However, the presence of the F 3 some 
200 cm- 1 away .will cause certain states to be depressed more than others. 
This may explain the relative position of the theoretical value of tJ. = ± l. 

c. 3 3 The F 
3 

and F 
2 

Levels 

. 3 3 -1 . 
S1nce F3 and · F 2 are separated by 400 em , a s1multaneous per-

turbation treatment is necessary in order to get b~tter fit. Such a treat­
ment may reverse the positions tJ. = ± l, tJ. = ±2 in F 2, now given as a result 
of first-order methods. (See Figs. D. 2·2-3 and D. 22~4.) As yet, tJ. = 0 
has not been r.eported fqr either of these levels. 

1 
D. . The G4 Level 

The splitting between the lower tJ. = 3 and 1.1 = ± l, between tJ. = ± 2 and 
tJ. = ± 1, and between f.L = ± l and lower tJ. = ± 2 fits that found by experim.ent. 
(See Fig. D. 22-2. ) The experimental positions of both tJ. = 3 sublevels are 
reasonably well established. The theoretical vaJue of upper tJ. = 3 ca:i:mot be 
brought in. to better agreeme)nt by this present treatment. A slightly ditferent 
setofparameters Ag (r2 =13cm-l, A2(r4) = -80cm-l, Ag ( r) = 
- 20 cm-1, and Ag {r6) = 200 cm-1 gives the following somewhat better 
agreement: 1.1. ± 2 = -79 cm-1, ~ ± l = ~50 cm- 1, tJ. ± 2' = 23cm- 1, · 
tJ. 3 = l 01 em -1, tJ. 3 1 = 166 em- l. · · · · ' 

That a slightly different set of parameters better fits theorY to data 
may be due to increase.d import.ance o.f configu~at~on intyraction on excited 
levels. However, the mternal mcons1stency w1thm the . G 4 ,may be due

3 
to 

interactions between crystal quantum states of 1G4 with those in. 3F 2• F 3• 
and 1D2. _ .' .. : .. - ( ,. · '· · 

--~- '. . -- . 

1.., ,...~ ,., 
;_-;_·;...-., !.' . •.. 

L· :~·.c ::;·_:· · ,;-! · ... : -~ ·.· · 
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3H 
6 

JL calc p. obs 
(C m-1) ( c m-1) 

3 15 I 

.+ 
108 _2 

+2 2 31 

3 51 195 

+I -4 
+2 - 6 

0 -30 
0 -37 

+I -9 6 +I 33 

0 -1 3 0 0 0 

MU-19219 

3 Fig. D. 22-1. The ground state, H
6

level. 
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3F4 IG4 

J.L cole J.L obs J.L cole J.L obs 
(c m-1) (cm-1) (cm-1) (cm-1) 

±2 102 ±2 12763 3 199 

±I 12720 
3 49 3 12 704 3 2r379 

3 101 3 21341 

±, -18 +2 12649 
±2 -2 8 

3 -62 3 12586 
±2 12 

±2 21279 

0 21255 
0 -99 

0 -40 
±I -50 ±I 2 II 91 

±2 -92 ±2 2 II 6 8 

MU-19220 

Fig. D. 22-2. 
3 1 

The F 4 and G 4 .1evels. 
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calc 
( c m~1) 

25 
21 
17 

Fig. D. 22-3. 

3 
+2 

obs 
( c rrf1

) 

14487 
14'486 

+ I 44 66 

3 14407 

MU-19221 

3 The F 
3 

level. 
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~p 
2 

calc fl. obs fl. calc fl. obs fl. calc J.l. obs 
(cm-1) ( c m-1) (em-•) (ern-') ( cnrt) ( c m-•) 

82 ±I 27971 

+I 22 . 

ot 
41 

±2 ~ -12 ±2 
±2 38140 

7 27900 ±2 3 ±I 15106 
0 -18 

27876 0 ±I -24±2 15079 

-48 
±I 38060 

MU-19222 

Fig. D. 22-4. The 
3

P 2, 
1n 2, 

3
F 2 levels. The theoretical 

splitting of a particular J level is given on the left; 
the observed energy-level scheme on the right. 
Here fl. is the crystal quantum number. 
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E. 1 
The D

2 
Level 

The poor agreement can be partially remedied by considering inter­
action of 1D with 1I6 . Our plates reveal lines between 3P 1 and ;Po and 
lo the red si7fe of 3p0 as possibly due to the 1I6 . The energy of I6 above 

D 2 was taken to be 6000 frn -1. Even when the total matrix of the crystal 
field. interaction between. Dz ar,d 1I6 is considered, it is impossible t? 
obta1n good agreement w1th · I6 th1s far removed from 1D2. (See F1g. 
D. 22-4.) 

Judd has also obtained a poor fit for 
1
D 2 in the analysis of PrCl 

(Pr+3, 4f 2). 5 Although configuration interaction is .known to be irnporrant 
for 1D 2;- it is difficult to see in detail why this poor agreement occurs 
again in Trn+3. 

3' 
F. The Pz. Level 

Actually good agreement exists between theory and experiment. (See 
Fig. D. 22~4. ) The experimental error in measuring the broad lines in the 
ultraviolet is some 13 ern -1 in magnitude. 

5 B. R. Judd, ~roc. Roy. Soc. (London) A 241; 414 (1957). 

23. PARAMAGNETIC RESONANCE HYPERFINE STRUCTURE OF 
TETRAVALENT Pa231 IN Cs 2zr Cl6 

John D. Axe, H. J. Stapleton,* and C. M. Jeffries* 

Paramagnetic resonance absorption at 3 em wavelength is observed 
for tetravalent Pa231 in a single crystal of Csz.ZrC16 at helium temperatures'. 
The observed spectra correspond to the allowed transitions (Sz• Iz -.s ± 1, Iz) 
and the forbidden transitions (S , I -s ± 1, I f 1) of a system desciibed 
b h . H .1 . z z z z y t e s p1n . am1 ton1an 

H = gSH. s + AI. s - g I f3_H. _I • 
s -- ... _. n 

withS = 1/2, ~= 3/2, IAI/h= 1,578.6±1.4Mc, lgl = 1.1423±.0014, and 
I g 1 I::::: 8 X 1 o- . The errors indicate a small deviation from isotropy. It 
is !further observed that g 1 / g < 0, indicating that if g 1 is positive, as 
is strongly indicated by the zi!uclear shell model, then 'g Ps negative. An 
additional electron-nuclear double-resonance experiment is used to determine 
direct! y the nuclear magnetic moment j-L(Pa 2 31 ) = 1. 96 nuclear magnetons. 
This value includes a c.orrection of 9% due to perturbations of an excited 
state about 1900 em -l above the ground-state doublet of Pa4+ in its octahedral 
crystal field. A lower~frequency double-resonance experiment is f:f~d to 
measure the weak hyperfine interaction of the Pa 4+ ion with its Cs 
neighbors, of order A"/h ::::: 0. 5 Me. 

*Department of Physics. 
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24. PARA¥AGNETIC- RESONANCE IN 
TETRAVA~ENT PllOTACXINlUM-2.31 (*) 

John D. Axe, Ru-tao Kyi, and H. J. Staple.ton 

UCRL-9566 

.. The paramagnetic .. resonance 'spectrum of tetravalent. Pa 
231

'has been 
o~a~rved in a single'crystal of CszZRct~.. A melt of Cs 2ZrC16 was. "~ped•' 
wtth a.pprox 500 ~~ of anhydrous Pa2.3Icr4 1 and allowed to· cryetalhze m 
an atmosphere of hydrogen by slow paseage through a furnace. At 4.Z°K 
and a frequency of 9457 Me, the observed resonance pattern co.nsisted of 
four widely separated hyperfine corhporients. The spectrum wa·s isotropic 
to within the accuracy of the field measurements (approx 1/2%). These 
features are interpreted as the usual a Ms = :l: 1, A M1 = 0 tranuitions 
between the eigenstates of the spin' Hamiltonian 

X = g f3 H . s + A I . S, 

with S = 1/2, I= 3/2, lgl = 1.152:.02, and IAI = 0.0518±.001) cm- 1. The 
large hyperfine interaction.necessitates the use of· exact solutions for the 
energy levels. 2 No resonance was detected at 77°K. 

Th.e nucle~r spin value of 3/2. is verified. 3 The paramagnetism can 
be moest plausi~y _aa.crib~d to a single Sf ·electron. A magnetically isotropic 
K:ra~e-ts•· doupl~.t i_s~ e~pe~te~ to bet:h.e lowest-lying as t%e result of the 
octayedra.l ~~rtl,t~~i(tn P.reS.ent at t.he zirconium site~ 4• As an alternative, 
a 6d. co!Uiguration 1.s expe~ted to g1ve rise to a fourfold degener~te mag­
netically anisotropic level if octahedral Sytllrnetry .is preserved, or an 
anisotropic doublet if distortion is present. 7 Further work on the optical 
absor~ion spectra of this system is in progress and should allow amplifi­
cation of the above ~onelusions. An attempt to· measure the nuclear mag­
netic moment of Pal.31 by a "double·resonance" technique is likewise in 
progress. We wish to thank Professors C. D. Jeffries and B. B. Cunningham 
for their invaluable advice. 

* . . Published in J. Che¥1• P.hys. 3Z., 1Z.61 (19.60) and embodying abstract of 
thesis by Ru-ta~ Kyi"'(UCRL-91'0'9', March 1960). 
1
Prepared by the method of Sellers, Fried, Elson, and Zachariasen, J. Am. 

Chern. Soc. 76, 5935 (1954). 
2B. Bleaney1Phil. Mag: 42, 441 (1951)., 
3 . .. . . -: 

H. Schuler and H. Gollnow, Naturwiss. 22, 511 (1934). 
4 
See, for example, J.· S. Griffith and L. E. Orgel, J. Chern. Phys. 26, 

988 (1956). 
5 . . . ' 
·C. A. Hutchison and B. Weinstock, to be published in J. Chern. Phys. 
These authors discuss paramagnetic resonance in another fl octahedral 
system, NpF6· 
6 B. Bleaney, Proc. Phys.· Soc. (London) 73, 939 (1959)~ 
7 . . ·-

Griffiths, Owen, and Ward, Proc. Roy. Soc. (London) A219, 526 (1953). 
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25. NUCLEAR QUADRUPOLE RESONANCE STUDIES ():<) 

Allan H. Reddoch 

The chlorine nuclear quadrupole resonance in titanium tetrachloride 
has been re-examined, confirming the existence of four resonances. 

A chlorine-35 resonance in 'thorium tetrachloride has been discovered, 
consisting of a single resonance line at about 6 Me. The frequency suggests 
highly io~ic bonding, at variance with earlier conclusions reached by x-ray 
studies. Some double-bond character may be present in the Th-Cl bond. 

Niobium and chlorine resonances have been discovered in niobium 
pentachloride. The niobium resonances are described by a single set of 
parameters, the coupling constant eq Q being approximately 78 Me, and the 
asymmetry parameter TJ = 0. 32. Because of the large asymmetry parameter, 
it was possible to observe two LlM = 2 transitions and one LlM = 3, Only a 
single Cl35 resonance was found at about 13 Me, although two more chlorine 
resonances would be expected on the basis of crystal structure. The fre­
quency of the chlorine resonance suggests appreciable covalency in the 
niobium-chlorine bond in niobium pentachloride, 

A single resonance has been found in tantalum pentachloride at about 
13 Me. It is believed to be a Cl35 resonance. 

A fairly simple method was developed for determining the asymmetry 
parameter of the electric field gradient from the observed transition fre­
quencies without directly solving the secular equations. 

-·-
,.Abstract from Nuclear Quadrupole Resonance in TiC14 , ThC14 , NbC1 5, 
and TaCls (UCRL-897 2 Rev,, Nov. 1960), submitted to J. Chern. Phys. 
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E. INSTRUMENTATION 

1. USE OF SILICON p-n JUNCTION DETECTORS IN 
STUDIES OF NUCLEAR REACTIONS INDUCED BY HEAVY IONS 

Alm.on E. Larsh, Glen E. Gordon, and Torbjj6'rn Sikkeland 

W.e have used silicon p-n junctions and gold-silicon junctions as detec­
tors of fission fragments and elastically scattered heavy ions in experimental 
studies of fission induced by heavy ions. In the course of our experiments we 
have studied some of the properties of the detectors. 

Experimental Procedures 

· Properties of (he detectors used i_n obtaining the results described here­
in are giv~ri in Table- I. These detectors were formed by diffusion of one type 
of impurity into one face of a silicon wafer containing an excess ,of the opposite 
type of impurity, or by evaporation of gold onto the face of a wafer of n-type 
silicon. · · 

Heavy-ion beams used in these e'xperiments were obtained from the 
Berkeley heavy-ion linear accelerator. Experiments were 2erformed in a 
vacuum tank that contained the detectors, targets, and a Cf252 o. -SF source. 
The eriergy of the beam particles was·varied by placing weighed aluminum 
foils in the beam yath ahead of the target. The width of the peak obtained 
with 103 . .6- Mev C 2 particles is 2. 2%. This figure includes inherent resolu­
tion of the detector, spread in pulse heights due to noise in the electronic 
system,. and energy spread in the degraded carbon beam. 

Table I. Properties of Si detectors 

Base Window 
material Resistivity Diffusant thi'ckness 

Detector type {Ohm-em) type · ffl.g/cm2) 

Ha-2 n 100 p 475 

Hu-18 p 1000 n 350 

L-. 1501 n 15 Au < 15 

L-820 n 800 Au 30 

Discussion 

A. Pulse Height versus Applied Potential 

The relative pulse heights produced by 121.3- Mev C 12 particles and 
Cf252 alpha particles in the Hu-18 detector as a function of reverse bias are 
shown in Fig. E.l-1. The rapid rise in the curve for a-particle pulses is due 
mainly to a decrease in capacitance of the detector with increasing reverse 
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MU-19861 

E. 1-1. Pulse hei~hts produced by 121.3-Mev c 12 

particles and Cf2 alpha particles in the Hu-18 
detector as a function of reverse bias. Amplifier 
gain factors shown in the figure are only approxi­
mate values. 
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bias. At very low reverse bias, the range of the a particles may be slightly 
longer than the thickness of the sensitive counting region. Therefore, some 
of the rise in the pulse height may be due to extension of the sensitive count­
ing region, and increase in the amount of energy deposited in it by the a parti­
clE!s;. --

The relative pulse heights produced by 120-Mev Ne20 ions and a con­
stant-amplitude pulse generator, as a function of reverse bias on detector 
L-820, are shown in Fig. E. 2-2. 

B. Pulse Height as a Function of Energy 

Data from Hu-18 have been used to construct the curve of pulse height 
versus energy shown in Fig. E.1-3. A pulse-generator calibration of the 
electronic system was used to determine the position of zero pulse height on 
the pulse-height analyzer scale. Points for the a particles and the two mass 
groups of spontaneous fission fragments of Cf252 have also been included in 
Fig. E.1-3. 

In the case of fission fragments, a correction has been applied for loss 
of energy in passing through the insensitive front· surface of the detector. 
Two different approaches have been used in making this correction. 

Gn one hand, one may assume that the pulse-height-versus-energy re­
lationship is the same for fission fragments as for carbon particles. The 
positions of the peaks for the two mass groups of fission fragments correspond 
to energies of 91.4 and 65.6 Mev on the curve of Fig. E. 1-3. From Fraser · 
and Milton's time-of-flight data, 1 the energies of the two fragment groups 
before pas sage through the window are known to be 104.7 and, 79.8 Mev for 
the light- and heavy-mass groups, respectively. The "window" thickness is 
then determined from the energy loss by the light-fragment group and the 
range-energy data of Schmitt and Leachman, 2 for fission fragments in aluminum. 
The check on the self-consistency of this approach is to use the window thick­
ness determined for the light fragments to correct the energy of the heavy 
group. This procedure yields an energy of 80.4 Mev for the heavy group, in 
good agreement with the expected value of 79.8 Mev. 

The second method is to assume that the curve of pulse height versus 
energy deposited by the fragments is linear and passes through the origin. 
Various window thicknesses are assumed, and energy corrections are made 
until the ratio of corrected energies is 1.31 ( = l 04.7/79.8). The results of 
this analysis of the data are identical with those of the first method. In each 
case the window thickness is found to be approximately 350 l-lg/cm2. The 
estimated window thicknesses listed in Table I were obtained by this procedure. 
The fission-fragment deposition energies obtained by this method are plotted 
in Fig. E.1-'3. 

1 J. S. Frase'r and J. C. D. Milton, in Proceedings of the Second United Nations 
International Conference on the Pec,1ceful Uses of Atomic Energy 1958, Vol 15, 
p. 216 (United Nations, Geneva, 19 58). 
2

H. W. Schmitt and R. B. Leachman, Phys. Rev. 102, 183 (1956). 
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These observations may be made from the results presented in Fig. E.l-3: 
(a) Pulse height is'proportional to the energy deposited by the particle in the 
sensitive counting region. (b) Alpha-particle and fission-fragment points fall 
on the curve determined by the carbon-particle points. 

C. Thickness of the Sensitive Counting Region 

For all the detectors that we have studied, the fission-fragment data 
indicate that the thicknesses of the insensitive layers on the front surfaces 
stay very nearly constant with increasing reverse bias. The e'xistence of 
these "windows" indicates that holes (in the case of p-type base, n-type dif­
fusant} produced in the front surface outside the depletion layer are not effi­
ciently collected in the pulse. Apparently this is because the holes have only 
a very short lifetime in the region of high impurity concentration on the front 
surface, and therefore do not migrate far before being t11apped. Also, the 
constancy of the window thickness with increasing applied potential shows, in 
agreement with semiconductor theory, that the increase in depletion-layer 
thickness is almost entirely in the direction of the material containing the 
lower concentration of impurities, or the base material in the body of the 
detector. 

Applicability of Solid-State Detectors in Nuclear Reaction Studies 

The silicon p-n junction detectors have been very useful in our studies 
of heavy-ion-induced nuclear reactions. The main purpose of our research 
has been to observe fission-fragment kinetic energy distributions at various 
angles to the Hilac beam. In order to determine absolute fission cross sec­
tions, we relate the number of fragment counts to the numb.er of elastically 
scattered beam particles observed at small angles to the beam. One of the 
main advantages of the solid- state detectors is that one can use the same de­
tector for both types of measurements. When observing fragment kinetic 
energy distributions, we apply very small potentials to the detectors; thus, the 
sensitive counting region is longer than the paths of the~ short-range densely 
ionizing fis si.on fragments, but short enough tha.t the scattered beam particles 
and light reaction products deposit only small fractions of their energies in 
the sensitive region. This yields a clear distinction between pulses produced 
by fragments and those produced by light particles. For observation of scat­
tered beam particles, the reverse bias is increased, thus increasing the size 
of the pulses produced. The detectors have proved quite stable over the period 
of each series of experiments (normally about 8 hr), as shown by calibrations 
done before and after the other experiments. Also they appear to have fairly 
long lifetimes. We have used one detector over a period of 18 months and, 
as yet there have been no signs of deterioration. 

. ' 
An important feature of the detectors for counting experim1ents conducted 

near the heavy-ion beam is their insensitivity to the large neutron arid '1-ray 
background that is always present. We have had some difficulty with electrons 
that are knocked out of the target, collimators, etc. by the heavy ions. Al­
though individual pulses produced by these electrons are quite small, "pileup" 
of the pulses made the resolution of the pulse generator and scattered particle 
peaks quite poor. This difficulty was eliminated by placing a magnet near the 
front surface of the detector, thereby deflecting the electrons away from it 
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but having little E!ffect upon the fission fragments and scattered, beam particles. 
We observed no effect of the magnetic field (approx. 1000 gaus's) upon the de­
tector. 

Acknowledgments 
. ~ ' 

The detectors used in these tests were made by William L. Hansen and 
Robert M. Latimer of Lawrence Radiation Laboratory and Hughes Aircraft 
Company. 

2. A MODIFICATION OF THE SUPER-SNAPPER PULSE..,.HEIGHT ANALYZER 

Duane F. Mosier and Richard G. Leres . 

A humber of Super-Snapper Analyzers1 in use at Berkeley for the past 
several years have demonstrated the difficulty of maintaining .uniform channel 
widths in 'istacked discriminator" typ.es ofanalyzers. In order to improve the 
performance .of these analyzers, the development of a "height-to-'-time con­
version" modification, which would be comparatively inexpensive, was under­
taken. Another factor in the undertaking was the desire to, re'-use the memory­
storage portion of the Super-Snapper, because of its costly nature. 

. ' . . 
For purpose of identification at the Laboratory, the described instrument 

is known as the "Echo Ana~yzer". A brief description and a block diagram 
(Fig. E.Z-1 of the resulting Echo Analyzer follow. ' 

Acceptance of a pulse for analysis requires a gate· signal that exceeds 
the discriminator level. Self- or external gating is permitted by switching 
of the discriminator gate input, and is independent of other analyzer controls. 
The threshold circuit, unlike the discriminator, subtracts an equal amount 
from all pulses that exceed the threshold level. This determines the amplitude 
necessary for storage in Channel 1 without affecting channel width. 

An ·analog'-to-digital converter circuit (ADC) transforms the pulse ampli­
tude into a gate, whose duration is proportional to the pulse 'amplitude. This 
gate, together with 500-kc oscillator pulses, and a 5-'-to-1 frequency divider, 
produces a train of 100-kc channel address pulses. 

The block generator is triggeredby the first pulse of the channel address 
train, and continues to develop a block signql for a fixed period after the last 
address pulse. This block signal is used to prevent gating ofthe input ampli­
fier during analysis of a pulse. The initiation of the block signal generates 
an address-ScCJ.ler reset pulse, and its termination produces a store-pulse 
trigger. A store-inhibit circuit prevents generation of a st~re pulse when 
the address scaler is advanced beyond "99." An upper bound circuit causes 
a rapid reset of the ADC for pulses which would produce an address beyond 
11 100." Because of the erroneous address train generated, this circuit also 
actuates the store-inhibit circuit. 

1 
Almon. E. Larsh, Super-Snapper Pulse-Height Analyzer, UCRL-3945, 

Sept. 1957. 

···, 

I 
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The address pulse train is delayed to allow resetting o£ the channel 
address scaler. :This scaler consists of two decade glow transfer tubes, 
which provide one~hundred discreet channels, identified by a "tens" and a 
11units 11 address. The 11units 11 tube is advanced by each pulse i~ the address 
train, and it produces a "tens" tube advance pulse for every tenth pulse re­
ceived. In addition to the visual presentation of channel address, these tl).bes 
determine ,which "units" output driver and which '-'tens" output driver are 
actuated by the store generator to produce memory pulses. 

The two memory pulses are used to drive one of the fiftyindividual 
Dekatron and Sodeco registers of the original Super-Snapper analyzer. These 
registers were conveniently arranged in a two-dimensional matrix, using the 
existing diode coincidence circuits within the Super -Snapper. 

The circuits described were arranged on a single chassis and a second 
chassis, providing the power supplies for this circuitry and the Super -Snapper 
memory were developed. These chassis occupy the same space originally 
used by the Super-Snapper power supply and gate generator. 

Characteristics of the resulting analyzer are as follows. 
No. of address channels: 99 
No. of storage channels: 49 
Channel count capacity: l o5-l counts 
Channel widths: Either l or 2 volts 
Maximum input pulse amplitude: 200 volts 
Dead:time: 250 f.LSec +(channel no.XlO) f.lsec 

Performance of the prototype indicates substantial improvement in dif­
ferential linearity, which will allow the Echo Analyzer to relieve more costly 
core"'storage analyzers for higher count rate and more sophisticated applica:.: 
tions. Initial estimates of cost indicate these modifications can be performed 
for approximately half the value of the reclaimed Super-Snapper memory. 
Six production units are undergoing initial tests, and more d~tailed description 
of circuits and performance will be covered in a subsequent report. 

3. ENERGY RESOLUTION IN SEMICONDUCTOR PARTICLE DETECTORS 

William L. Hansen and F. S. Goulding 

The theoretical limits of noise in detector-amplifier combinations using 
semiconductor particle detectors have not been derived to date, because of 
unpredictable noise generators in existing detectors. These noise generators 
are always due to surface effects at the point where a semiconductor junction 
meets a surface, and are usually greater by orders of magnitude than the bulk 
effects of carrier diffusion and thermal generation. If the surface effects were 
not present, the signal-to-noise relations developed for gaseous ionization 
chambers would be directly applicable. Since it has been found possible to 
largely eliminate surface noise- by means of a suitable geometry, the optimum 
signal-to-noise relations can be derived for s'emiconductor detecors. In the 
following presentation we assume that the detector is p-type silicon at 250C. 
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It is convenient to divide the noise generators into those due to. the am­
plifier. and those due to the detector. Following the development by Gillespie, 1 
the optimum time constant and signal-to-noise ratio can be derived for a 
pulse amplifier with equal integrating and differentiating time constants. 
The known noise generators are tube shot noise, tube flicker effect, tube 
grid current, detector leakage, and input resistance, of which only tube shot 
noise and detector leakage current are significant for presently available 
detector- amplifier combinations. If all·other noise ~generators are· ignored, 
the optimum time constant can be shown to be 

T = · opt 

and the minimum mean square noise to be 

(noise~= 0.11 C ~iL/Gm , in kev
2

, 

(1) 

( 2) 

where C is the total input capacity, in picofarads; iL is the detector leak­
age current, in microamperes, Gm is the :input tube transconductance, in 
ma/v; and T opt is in rriicr6s econds. 

When surface effects on the detector are eliminated, its noise contribu­
tion is due solely to its capacity and generation and diffusion currents. The 
detector capacity is given by 

(3) 

and, the generation current by 

( 4) 

and for most practical detectors the diffusion current is negligible. In these 
equations p is the semiconductor resistivity, in ohms; V the applied voltage, 
in volts; and 'To is the minoritycarrier lifetime, in !J.Sec. 

Equations (3) and (4) can be combined with Eq. (2) to give the minimum 
noise for the detector amplifier combination, so that one has 

where A is the detector area, in cm 2; and Cin is the amplifier input capac­
ity. An optimum operating voltage can be derived from Eq. ( 5) such that 

v = opt 
109 A

2 

2 
P C. 

ln 

in volts. (6) 

T 
A. B. Gillespie, Signal, Noise and Resolution in Nuclear Counter Amplifiers 

Pergamon P're:S s, London ( 19 53). 



E.3r4 -258:.. UCRL-9566 

Inserting Eq. (6) into Eq'·' {5·); we find the optimum performance that can be· 
obtained from a ·detector-amplifier combination is 

/noise.~\ . t. ~ 250. A~G. /ToG , 
'\ . lop. m m 

. . 2 
in, kev . "( 7) 

The imp~rtant point to observe about Eq: (7) is that if the deteG:tor is used at 
its <?pfimun1 operating voltage and the amplifier at its optimum. time constant, 
the·noise is.not a function of the.resistiv'ity of the detector s.etr).iconductor. · 

. ' 

In order to realize this theoretical behavior, the surface effects must 
be eliminated. This has been accompllshed .with detectors with a guard-ring 
structure, as shown in Fig. E.3-1 .. These detectors have shown the theoreti­
cally predicted noise within limits of experimental error, indi,cating that all 
significant noise generators have been accounted for. The detectors used in 
these experiments have had detector areas of lcm2 with an .etched ring 1 to 2 
mils· wide and 1 f.l deep, and have been made from 1500- and 5000-ohm-cm 
p-type silicm1. Finished detectors have shown minority carrier lifetimes as 
great a,s 800 f.lsec when measured from the thermal generation current, and 
have 'shown the theoretically predicted G-- V and I-V character:isti·c s. The' 
resistance between the guard ring; and the detector is u·su.ally greater than 
1 o8 ohms at the operating voltage. . . . ' 

. The theoretically predicted energy resolution for detectors of this area 
( l cm2 ) is.about 10 kev full width at half maximum, depending upon the mi­
nority carrier lifetiine obtained. Measurements withioni'zing radiations 
show that this resolution_ is obtained with electrons; within limits of experi­
mental error, but not with d. particles; The best a...:particle resoluti9n 
obtained with these detectors is only 21 kev (Am24 l) .. Monoenergetic a 
sources show evidence of multiple peaking which is area-sensitive, and the 
poor resolution could well be due to unresolved multiple peaks. A thorough 
investigation of effects just with:ln the detector surface will probably be nec­
essary before the ultimate 'a. resolutions are realized. 

As there is no voltage between the detector and the guard .ring, no net 
cur:rent can fiow' and noise due to ionic conduction and su:rface invers.ion ~an­
not appear in the output signaL However, it is still possipl~ for carrier. in,­
jeetion to occur at the etched ring. When the detector is placed in a strongly 
p~type ambient (e. g., chlorine),. a large and almost voltage-independent in­
jection cu.rrent is observed; in a strongly n-type ambient (e. g., ammonia) . 
the impedance betweeen the guard ring and the detector drops, and the guard­
ring leakage appears in the output signaL Methods of'minimizing the surface 
injection are being. studied. 

4. A MULTIPLEX PUNCHED-TAPE PULSE-HEIGHT ANALYZER 

A. A. Wydler 

A system for the analysis, processing, and storage of pulse-height and 
time data has been constructed, using punched,. paper tape as the storage me­
dium. This particular ·system is capable of recording the data and time of an 
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event from six detectors. Included is a device to read the punched tape and 
to assist in the evaluation of the recorded data. 

This analyzer is similar to the one described by A. E. Larsh Jr:, 1 
and was constructed primarily to allow for the retirement of the older and 
slower system. However, it is now being used as a unique growth-and-
decay analyzer. · 

The system is such (see Fig. E.4-l) that signals originating in any de­
tector are coded, then mixed in a resistive network and fed to a common 
height-to-time converter type of pulse-height analyzer. The output of the 
pulse-heigh't analyzer is split, s'o as to provide immediate visual indication 
on a ten-by-ten register matrix and permanent storage on the paper tape, 
which has been previously identified by the originating detector. Each entry 
on the paper tape includes the time of origin of the signal. · 

The punches used are Friden Model MCP 617, using l-in. -wide oiled 
paper tape. They are capable of punching up to eight transversely spaced 
holes. This allows for the storage of 100 channels of information in binary 
form. The punching rate is 20 lines per second. Therefore, ten groups of 
pulse-height and time information may be encoded and punched each second. 
The punches are blocked individually upon receipt of data,. hence several may 
be recording simultaneously. 

The tape reader ModelMR 69 0, a companion to the Fricl~n punches, with 
associated apparatus, is showp in Fig. E.4-2. This reading system is capable 
of decoding a previously punched tape as to data spectra, the time distribution 
of any part of the data, and, where applicable, the time of decay of any part 
of the spectra. The d,isplay is by means of a ten-by-,.ten register matrix or 
by the printer and plotter of an associated Penco Model PA-4 pulse-height 
analyzer. · 

This sy·stem provides a simple, relatively inexpensive method of multi­
plex analysis and 'storing of nuclear data produced from more than one detector. 

1 
A. E. Larsh Jr., Multiplex Pulse-Height Analyzer, Nucleonics ..!:2_, No.3, 9;11959). 

5. SUMMARY OF 1960 HILAC OPERATIONS 

Edward L. Hubbard 

During the year 1960, most emphasis was place on improving the re­
liability of the Hilac. As a consequence it has been possible to deliver rel­
atively la.rger beams of heavy ions to the var1ous experimenters with a con­
sistency not before possible. Other improvements are possible, and many of 
these are planned for 1961. A simple listing of son1e of the changes made during 
the last year inclu~es: 

1. The pulse rate was increased from 10 to 15 pulses per sec. 
2. Steel shielding was put over the top of the accelerator and along 
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the south side. The new shielding reduced the monthly x-ray dose of the 
operating crew by a factor .2.5, and reduced the x-ray level in the dr-iveway 
to a safe value. 

3. A new room for pulse lines No. 5 and No:6 was completed, and pulse 
line No. 5 and its firing equipment were installed.' The completion of the 
r£ crowbar in the prestripper cavity makes possible the use of amplifier No.5 
for producing beams of 1 Mev/ A. 

4. A new steering magnet was installed in the target area to deflect 
the beam into the heavy-element and Coulomb-excitation caves. The old 
steering magnet was moved back into the main cave and now provides five 
beam ports for other experimenters. A Rootes-type vacuum pump was add­
ed to the target area roughing system to reduce the time required to pump 
down experimental apparatus and to lessen the pressure surge in the acceler­
ator when experimental equipment is opened into it. A current regulator 
for the drift-tube magnets and the target area quadrupoles •Vias completed. 

5. A highly variable attenuator was installed at the beam entrance to 
the prestripper cavity. This consists of two rotatable wheels with various 
openings closed by low-transmission Lectromesh grid.s. It is now possible to 
vary the beam intensity by many orders of magnitude, quickly and without 
disturbing the basic adjustments of the machine. 

,...-- 6. A sixth main rf amplifier was completed and is now in stand-by 
service. The oil tank in the rf power-supply cooling system was moved to 
make room for the transformer for the power supply for amplifier No.6. 
The pulse-line room and the injector room were air-conditioned to eliminate 
failures of electronics components caused by overheating of these rooms. 

7. Construction was started and nearly completed on an addition to 
Bldg. 71- -Increment No. III. The addition provides 2, 100 ft2 of building 
space to be used for expanding the target area, new counting area, and an 
electroniCs shop. There will also be 2, 100 ft2 of office space on the second 
floor. Removal of offices and electronics shops from their present locations 
will allow expansion of the chemistry laboratories and the accelerator tech­
nicians' shop. 

The accelerator was operated for experimenters two shifts a day, seven 
days a week except during the first half of the year, when one shift was used 
for maintenance, repairs, and modification. The experimental time was used 
as follows: 

Chemistry 
Heavy Element (Ghiorso) 
Coulomb Excitation (Diamond) 
Fission (Sikke1and) 
Fission (Viola) 
Rare Earth Alpha Activities 

(Macfarlane) 
Nuclear Reactions (Igo) 
Other 

Medical Physics 
Physics 
Health Physics 

24. 2o/o 
15.2 
8.8 
4.3 

4.8 
3.9 

29.1 

90.3o/o 

6.2 
3.2 
0.3 
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F. CHEMICAL EN9INEE;;RING 

. . . . . . . 

~ ... CONDUCTIVITIES IN EMULS.XbNS (*)' .·· 
Robe~t .E. Mereditht -and Charle~ W. Tobias. 

'• ': 

The depe~·derice of the -CO!lductivity of water~propyt~n~ca'rbonate emul­
sions on volume .fradion f. of the. dispersed phase, 6n.:the corl<i,\].ctivities of 
the contim;tous phase kc, and .. of the <:lis continuous 'phase .:kd, .ha,s' been meas­
ured .in the .ranges of . 0 -~ f < 0'. 5 and 0.172 < :kd/kc < ~ O.L .T~e .r-esults indi­
cate.that for.£ >-0.2 neithe:r:Ma:x;well'sequati<mnor Bru~gema,nn's approxi- · 
mation represents the behavior 6£ data satisfactorily .. In aTI. ahe~pt to. take 
into ae<;:o:unt the inteq.ction offields around particles .ofth~ di,spersedphase, 
based on Maxwell's ec:~uation, a simple app'roximation is proposed. In the 
range oLc.onductiviti~'s investigated in this study the ne~ eqti~tion represents 
the conductivity of emulsi~ns with. reasonable acc\lrac'y; · 
.. to· · ' ·.. . .. · : I· ··· ·. \·. · .. · 

... Abstract-. of publi~hed paper, J: ~l~ctr~~her~:L Sqc. (~n p:t;es;s.). 

tPresent address: . O:reg~n State <:;.allege, .Co~rvPcl~is / Qr.eg~h. 
! •. · 

'I'. 

. . . ' . . . . . . . .. ·j . . '· .. ' ... · . 
. 2.. F!{AC TIONAL .CR Y.S TALLIZATIO,N iFROM MELTS ( *) 

. William R. Wilcox; and C. R.f.\Y"iJke 

. Studies'.of the separation process k~w-wn cr.s 
1

zqrie. ~eltin:g 1were made on 
10 o/o-.by-weig)1.t 0 0 o/ow) n:itxtures o(f3-napptho_l ~n1d ofbe'ti';z;bi.t .~cid in: naphthalene. 
These systems. V~~r·e !=h6sen.a:s. ie-presental,iv'e o'~(.~he two· ·s{t-rip:lest types of'. 

' b!nary solid-liquid phase behavid±:; narii:eiy'isornbrphous .and eutectic -foqning. 
The solid mi~tures were encio.sed. in 5- .to fO..:mfh glass· tube.s arid pulled 
through a stationary heater, which gen!=!rated a)iq~i~ Z()n.e: 'The 'separation 
attained .in the proces 9 was svgriificarttl y less thap. that pre:dicted by assuming 
equilibrium bet\,\leen the _bulk ione and the freezipg s_ql'id:; . ;rhe separation in­
creased. as the zone travel rate d!=!creased., p,s thi·e, s'ize of• the ·tube increased, 
and as the difference in liquid.:d~rtsity betweer1t~·e bull<.· s6~id and the freezing 
interface in,creas·ed. In addition·, .it was fognd .that, for ver.tical tubes, the 
separ9-tion was .muc;h greater whep. th,efluid of 16\x.ie'r. d~nsity' (between the bulk 
zone and the freezing interface) was 'on the b6tto:m. tn.a:n.·,whe:q it was. on the top. 

. - ' . . . I ·,, ' ' ,I ., ,., '• ' • I 

Insertion of an a,x:ial h,1b,e or rod of. metal pr 'gla9 s i;nt.o th,e ~cine also increased 
the separatiOh. ·.These observaFO.ns. show con~l'+siv:ely .that the· separation was 
les's than the equilibrium separation p:rimar'ii.y ~·ee:a·use th~ z~ne was not com-
pletely mixerJ., especj.a,lly near the fre~zing inte.tfa~.e .. · E'r:e-~~convection effects "" 
were found to be important in ·zon~ mixi~g. i. · · 

',• .. ··· 

* . ' l . . 
'Abstract·from thesis by Williarit R. Wilcox, U

1

CRL.:::.9-Zl3;, June- 1960. 
1yv. G. Pfann, Zone Melting (John Wiley and Soris, Iric., New .York, 1958). 
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A theoretical study of pure diffusional mass transfer in zone melting 
was also made. By using the experimental data, a correlation was developed 
which permits estimation of the separation for various situations in zone 
melting. 

Equations and principles were also developed which allow estimation of 
the thermal requirements for zone melting. A correlation of zone position, 
relative to the heater, was also developed from experimental measurements 
for low zone-travel rates (less than 1 in. /hr). 

Economic calculations were made for a separation in the multistaged 
semicontinuous zone refiner known as a zone-void refiner. A cost on the 
order of $2.50 to $3.00 per pound was estimated for the separation of 
500,000 pounds per year of 1o/o w [3-naphthol in naphthalene into 0.1o/ow [3-
naphthol and 30.o/o w [3-naphthol. This is obviously uneconomical for a bulk 
chemical commodity, although it might be satisfactory for special, or ultra­
high purity, chemicals. A capital investment of about four million dollars 
was also estimated to be necessary for this separation. 

Exploratory experiments were made on a cooled-drum apparatus 
(modified drum-flaker), using NaCl-water as a system. These indicated that 
this equipment might be useful for large- scale industrial separations, although 
further research arid development are needed. 

3. DIFFUSION COEFFICIENTS IN MULTICOMPONENT SOLVENTS (*) 

J. T. Holmes, D. R. Olander, and C. R. Wilke 

The molecular diffusion coefficient of liquid systems has been found to 
be an important variable in processes such as absorption, extraction, dis­
tillation, and ion exchange. Correlation of mass -transfer coefficients re­
quires a knowledge of the diffusion coefficient. Little is known about mass 
transfer by molecular diffusion in liquid mixtures of more than two components, 
although Gosting and others have studiid the effects of interacting flows for 
systems of two solutes in one solvent. However, there have been no data or 
specific theory published on the diffusion of a dilute solute in a multicomponent 
solvent. · 

The purpose of this study was to determine if ddfusion in a mixed sol­
vent could be related to the binary diffusion coefficients of the solute in each 
of the pure solvents and to the mixture viscosity. 

Diffusion coefficients of very dilute toluene ( 5. OX1 o- 3 mole per liter) 
in mixed hydrocarbon solvents were measured by using a stirred diaphragm 
cell techriique. Counterdiffusion of the sblvent was not measured, since the 

... Summary of thesis by John T. Holmes, UCRL-9145, April 1960. 
1
R.L. Baldwin, P.J. Dunlop, and L.J. Gosting, J.Am. Chern. Soc. 77, 

5235 (1955). 
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,· . ! ·,. ' 

solvent is essentially stagnant wh'en the solute is very dilute. Each system 
may thus be considered, for diffusion purposes, toibe a ·binary of one solute 
and a two-component solvent. . '

1 
· 

The usua'! correction,for ri~ni4eality, 1 + (~ b:). :· inay be omitted, 

since the solute is yery dilute. Here 'Yl is the ach~ity ofthe solute andx
1 its molt .fracti-on. ' ' · 

I 

Johnsqn and Babb have' presented an excelle~t re,~iew of current diffusion 
theory and data for binary norielectrolytes. 2 For ~onditions under which the 
solute is. very dilute, the. Eyring, thermodynamic •I St()k~s ,..EHn~tetn, and thermo­
dynarriics-of-irreversible:.proceS,f;;es 'theories give the,.follow~ng form for cor­
re~ation: 

( 1} 

. . . . ·. , I .. 
where tjJ · is a corr,elation coef~icient ·which is dE1p~ndEmt on molecular size, 
shqpe, and 9ther v~~dables .. · kis. generally a

1
ssume'P,, to vary Hi:learly with 

m9fe fra:ction, with the ef\d poirtt fixed by the va~lie. at infinite dilution of each 
component. .. · · · ·I· ' ' 

. Direct (lpplication of the gas -diffusion equ~'Hci~ .to liqu,id transport pro­
vides another.pos~ib~e means of correlating the di~fusion of a dilute solute in 
a m.ixed solvent.: 'For' this case, the MaxweH-Steph~m :r:elaticin reduces to3,4 

. . . ,!'_, / ·' . I I .; ' . 

\. I 
. ! 

( 2} 
,·, 'i 

where x2 apd x3 , are the: mol~ fr~ci:iqns. o.f t~e ,t,? co~ptitt;e'nts o.f the mixed 
solvent, and D12 and D 1'3 the'.bmary d':tffus1v1tl'rs of ~he solute m each of 
the solvents. lJnlike most th.eprie.s of liqt1id diffu~i·on, Bq., (2) makes no ref-
erence to the viscosity of tqe mixture. · ·. · · 

The mixed solvent~ e,l:r).ploy~d were 
··.I 

. (a} ri-he.~ane-t~'trade.caD'el. 
(6} ~~h~xarie~cycl6he~a~e . 
(cr-cyclohexane-~-decane " 

. . . . . , . I 

Diffus:lop coefficient and vistositie
1

s we're d~tertriined .over· the entire 
composition range of the thr·e.e. mi?'ed· solvents'. The resultsi.n<;l~cate that 
Eq .. (2) pr.edict,s quite closely the variation of tp.eltn}oitu:re diffus:lvity with 
c9mposition for solvents (a)' and (c). However, d:is ~n e.rrorby 30% for the 
middle. composition regipn of s,plvent (b). It appdar$ that th!e direct application 

. '!, . ..• 
·:· 

2 . . ~ . . . .· . I . 
PoAo Johnson and A. L. Babp, Chemo Rev!;;. 56r;387 (1956'}. 

3
Ro Bo Bird, WoE·. Stewart, and EoN. Lightfoot, 1 Notes on Transport Phenomena 

(Joh.'n WiLey and Sons., New York, 1958), ppo 57~, 678. ; 
4

Go R. Wilke, Chern. Engo Progro 46, 95 (1950). 
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of gas -diffusion theory without considering the viscosity of the system is not 
a fruitful method of analyzing mixture diffusivities in liquids. 

The Eyring method, however, provided a much more satisfactory method 
for correlating the results. For solvents (a) and (b), the (Df.L/T) group was 
linear in mole fraction, as implied by the Eyring theory. For solvent (c) how­
ever, (Df.L/T) exhibited a definite minimum between the pure component values, 
corresponding to the minimum in the viscosity-composition curve. However, 
even in this case, the maximum deviation from the linear relationship was 
less than 10 o/o. The discrepancy was ascribed to a nonnegligible difference in 
the free energies of activities for viscosity and diffusion. 

From the few data available from this study, the best method for esti­
mating the diffusion coefficient of a dilute solute in a mixed solvent is as 
follows: From measured (or estimated) values of the binary diffusivities in 
each of the solvents, and the viscosities of the pure solvents and the mixture, 
obtain the diffusivity in the mixture by a linear mole fraction interpolation of 
the group (Df.L/T). 

4. FREE AND FORCED CONVECTION 
IN A DIAPHRAGM-TYPE DIFFUSION CELL 

J. T. Holmes, D. R. Olander, and C. R. Wilke 

The standard relation for calculating diffusion coefficients m a diaphragm 
cellisl,2,3 

( 1) 

where .6.ci and .6.cf are the initial and final concentration differences be­
tween the two compartments of the cell, D is the diffusivity, and t the time; 
13 is the cell constant, determined by calibration with a substance of known 
diffusivity. 

If all the transport resistance is the sintered glass diaphragm, then 13 
is a function of the cell volumes and th·e dimensions of the pores within the 
disc. 

However, if in addition, the fluid layers adjacent to the disc offer sig­
nificant diffusional resistances,· the cell constant is given by 

J. B. Lewis, J. Appl. Chem. (London) 5, 228 (1955). 
2Pin Chang, Ph. D.1 Thesis, University of California (1954). 
3 c 

R. H. Stokes, J. Am. Chem. Soc. 72, 763 ( 1950). 
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I 

~ 0 (Jr+ ~2} [zr5/kA~ lk'-' l ; · (Z) 
where V 1 and V 2 are the vo1um·es of the tw~ c.dmpa.rtments, k . is tQ.e mass­
transfer c·oefficient for)he JJuid film;. ;A the gross area .ofth~ disc .• and 
l. /A' ·the effective ~ength-":to:::area.'ratio of tb.e pore~· Withih the disc. The 
2D/kA ·group accounts for the e:'l't~rha,l mass,..transfer resistance due to lam-· 
in~r fluid layers on the diaphragm. Normally, :by ·~fncluding this term one can 
co~rect for a.. cel:l constant whic.happaren:tlyyaries)wi.th ~tirring speed and 
flUld propert1es .. It may b.e orrutted from the cell -q:onstant only when the cell 
is perfectly stirred and ther·e is no external ma:ss-:trarls.fer·resistance. In 
actual' practice these 'condi.tiol:).s c;iienot.fully realih!d .. · · ·. ·• · ... · · 

. , '· , I . 
... . 'I 

Other users qflhe diaphrag.ril cell h~.ve investiga.t~d the ,effect of stir-· 
ring, 1,3, 4 but haye n~t act~eiJly· forisiqer~d 2D/k~J .:l.n tl:le:Cf:!ll constant.· 

' ' " ' . . ·r ' ,. . 

. Lewis 1 u$ed:a. cell with very effi~ie.z:it 13t{:rr.'i~g <md found that above 
120 rpm all· the <;el;l constant.$' .we.re constant, . ):Ie iJ91,1clU:ded: tha.t the cells 
should be run at this speed to: ob'tai!i 'r'epro9-ti¢ih~e ,r.esU:l~s: -~ .. - ' ·, .. 

()ther investi.~a.toi~3,A :h~~e: ~es,:s'eritia~ly .~~~l~'th~e:~~~~. :t~ing and used 
some minimum speed,' deter:mined for their_ce~i' geomefry~; ·~or all experiments. 
This procedu_.re requires man;y ~alibra.Uon r.u.ns: for: .each cell', and then the 
assumption that tlie m.initpu'fl) c.ci,libration· spe.~d ~·o:t'1c5 · f.6r 'all other fluiq prop-
er:'ties. - '' : - :. '·', . ,' '·_,··.·:.·.,·· ':.: '- ·.···:- ': ' ' ' 

~ ' ' '-' ·. 
., ' ' ' 

To us'e :Eqs. (1} and ·(2).,. on~. n.eeqs to k~~'f' ,k; :th:e rp~s~·-transfer coef-· 
ficient, as a fun;ction ~of stir_;rih$,. ~p~_¢d ·~nc1 #l.l1~l p_I-6p~:rt'ies:. ·.A, correlation 
of mass -transfer cqef(icients; for:. a specifii, c;;ell ge.or!:J.etr.y:,. )3,-.S a function of 
stirring speed: ?·nd f1Bid ;p:r¢>p~'rti~~ ~~t!l<i p._rb'v'ide.:O: .. coJ;l.j:¢ri;i,eilt"m~ans for esti-
mating the e*tern:af res is_ tanct::f~.·:rl'tl. . ,. ,. .: · · ·.': ,·: • 

'', 

I '' ,' • 
0 

, I I • / / ,·I ; " .': ';' •, I• ~ .. I : ' : • :; ,: • I ',' ' •• : •O 

0

' " ·-' : •:.· .': ~ .. • • ': ' 

Electrochemical lirriit'ing-'ctJ.rre.nt 'exp¢r.i~ent.s w·e:r'e .perfo'rmed to deter-
mine the mass:treJ.nsfercoefiic;'i~:p.t for th.~·:cell .. geom·~:~i)r:u~·ed' hi.this study. 
A special half:-'cell wa,s const'ruc:te:d.?nd the Fmiti.hg ,curr:e:p.tfpi, three aifferent 
copper sulfate'-,sol.utions was 'mea.iiured as a fui?-<;:tion: of. sti;i'ri11.g .spe~d. The 
limiting currents were used, to, falcu,laty th,e :rn,~._s,.:tr.?ns£er. 'coefficients. 

,; . . . ·. '· . ' /,' ····.,· ··., •''. 

· The mas,s..:transfer coeffi,eiehts wei-.e correiat~d·f·n the:forced-convection 
range in ~h~ us.l.lal dim·en:s.iotile~s s.: ~!,o~p ib'!-~n~·~·,: ·. '· 'fb.$ .;'e~.~~:- s.q~.a:res fit. of 3 2 
datum pomts g1ves · , , ... 

',·. 

· '( , ' I '. ·1···' ' 
. N~' :=;. d .. o5o Reo::79 ·s~o._Ja. 
• . ' : .'·,'1 • 

' ',I . 

(3) 
';. '•j \ 

where Nu' ·is the Nus.se1t number, Re th~.Rey,noid.~.n:umb.er, and Sc the 
Schmidt group... . . ' ·.', . · · ' . · · '· ,.. • · · . · 

'· 
( ·' ",t \ 

4 r. E. Smith a.ndJ. A. Storr()w,. J. Applied C~etri. (Lpndbn) 2; .225 ( 1952}. 
'' l,l.-·· 

'I; .' :, ,· 
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It was assumed that the correct length parameter was the stirring-bar 
length, but this was not varied. Therefore the correlation should be applied 
only to this specific cell geometry. It was also assumed that the mass-transfer 
coefficient was the same for the sintered glass diaphragm as it was for the 
copper cathode. 

A free-convection correlation was obtained from the limiting current 
measurements on each of the three copper sulfate solutions. It is 

Nu 1 = 0.58 [Sc · Gr 11
/

4 

It compares quite favorablywi.ththe equation given by Wilke et al. ,5, 6 who 
obtained 

( 4) 

. l/4 
Nu

1 = 0.66 [Sc· Gr] ( 5) 

for free vertical plates, from electrochemical measurements and the dis so­
lution of benzoic acid. The difference between the correlations is thought to 
be due to wall and shape effects. 

The correction resulting from including 2D/kA for vanous systems is 
about 0.5o/o at 200 rpm and about 0.3 o/o at 350 rpm, which is less than the pre­
cision of the diffusivity measurement. 

Therefore one stirring speed was used (350 rpm) for all measurements 
and the correlations were not required to determine the cell constants or 
diffusion coefficients. One should note that 2D/kA is part of the cell constant 
and about the same, at one speed, for all fluids. 

5
c. R. Wilke, M. Eisenberg, and C. W. Tobias, J. Electrochem. Soc. 100, 

513 (1953). 
6
c.R. Wilke, M. Eisenberg, and C. W. Tobias, Chern. Eng. Progr. 49, 

633 ( 19'53). 

5. COALESCENCE AND DISPERSION RATES 
IN AGITATED LIQUID-LIQUID SYSTEMS (>!•) 

James H. Vanderveen and Theodore Vermeulen 

Agitated mixtures of immiscible liquids in stirred tanks are of interest 
in connection with rational design of mixer-settler extraction equipment. 
Previous work in this field 1 has shown that the drop diameter near the agitator 

~:c 

Abstract from thesis by James H. Vanderveen UCRL-8733, Nov. 1960. 
1 
J. L. Fick, (Thesis), H. E. Rea and T. Vermeulen, The Effects of Agitator 

Geometry in the Mixing of Liquid-Liquid Systems, UCRL-2545, April 1954. 
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impeHer tip, in such mixtures, varies inversely with the 1.2 power of im­
peller speed (0.6 power of Weber number}, and also increases linearly with 
volume fraction. This experimen.tal result agrees with a theoretical analysis 
by 'Hinze. 2 

However, in systems with low interfacial tension and with large viscosity 
differences between the two phases, coalescence may take place to a major 
extenL This ·effect appears to have been encounte;red in measurements by 
Rea3 and by Rodger, Trice, and Rushton.4 In the study presented here, drop­
diam~ter profiles have been measured for several' immiscible mixtures. 
Figure F.S~ l, for mixtures of cyclohexanone and water, is typical of the re­
sults obtained. The extrapolated values at zero dis

1
tance {i.e., at the impeller 

tip) were calculated from the earlier correlation; 

Correlation cf the new experimental results·, and of Rodger 1 s, shows 
that the diameter increase {the incretnent due to yoalescence between the · 
impeller tip and t:he point of measurernentP varies inversely with the 0.65 
power of speed {i.e., it varies with the -0.45 pow'er of Weber number and with 
the +0.25 power of Reynolds number}. as well as• with the L 2 power of the 
ratio of tank diarneter to impeller diameter' and with a complex function of 
viscosities and volume fractions. The proportionality constant in the expres­
sion increases in a general way with distance frotn the impeller, but needs to 
be redetermined for each new tank geometery. · 

2 
J. 0. Hinze, A. L -Ch. E. Journal_!:_, 289 {1955}. 

3
H. E. Rea, Jr. (Thesis} and T. Vermeulen, Effect of Baffling an Impeller 

Geometry on Interfacial Area in Agitated Two-Phase Liquid Systems, 
UCRL-2123, April 1953. 
4 

W. A. Rodger, V. G. Trice, Jr., and J. H. Rushton, Chern Eng. Progr. 52, 
515 0956~. 

6. DOWN FLOW BOILING AND NONBOILING HEAT TRANSFER 
IN A UNIFORMLY HEATED TUBE (:.:c) 

Robert LeRoy Sani and L.A. Bromley 

Local heat--transfer coefficients in forced convection, down-flow boiling, 
and nonboiling have been measured by use of an electrically heated type-304 
stainless steel tube (0.7194 in. i.d.X0.7502 in. o.d.X68.0 in. long~. Average 
forced-convection heat-transfer coefficients in turbulent one:-phase flow and 
local total pressure gradients in two-phase flow were also determined. 

Data have been obtained for the boiling of distilled water with mass 
fluxes of 51 to 165 lb/ sec ft 2 , heat fluxes from 13 .8Xl o3 to 49 .8Xl o3 BTU /hr 
ft2, pressures frorn 15.8 to 30.9 psia, and qualities up to 14o/o. 

* Abstract from M.S. Thesis by· Robert LeRoy Sani, UCRL-9023, Jan. 1960. 
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o 10% CYCLOHEXANONE 

~ 40% CYCLOHEXANONE 

v 40% WATER 

o 10% WATER 

N = 6.45 rps 
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DISTANCE FROM IMPELLER (em) 

MU-22192 

Fig. F. 5-l. Mean-drop-diameter profiles in a 1 0-inch 
baffled tank, using a four-bladed impeller of 5-inch 
diameter and I:...inch width, for cyclohexanone-water 
mixtures. 
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The boiling heat-transfer clata ~ere co~pared tq the correlations pro­
posed by Mumm, Dengler, Rohsenow, an4 Grossrn1'in a'n,d Schrock. No attempt 
was made to for'mulate a new correlation because of the limited range of con­
ditions investigated. The nonboiling heat-transfer data were compared to the 
Dittus-Boelter and Sieder-Tate correlations. The local total pressure gra­
dients· in two phase flow were ce.rrelated by th.e Martin'elli patar:neter, Xtt, 
for turbulent two-phase flow. · · ' · 

7. RESISTANCE TO POTENTIAL FLOW 
THROUGH A CUBICAL ARRAY OF SPHE;RES (*) 

Robert E: Meredith and Charles W. 'I,'obias, 

Precise conductivity measurements on tnodels :secticm:ed out from a 
cubic lattice of ·spheres _in a continuous medium i:r{dica:te lh~t th.e effective 
conductance of such a system deviates from the values·, predicted by Lord 
Rayleigh's analytic solution of this potential distr:ihutio~ problem. Deviations 
become particularly significant when the spheres apprbad:t close packing, and 
when the conductance of spheres is much greater than that o.f the continuum. 
By use of a differenLfunctlon for potential, and by consideration of higher 
terms in the serie§ expression for the potential in the continuous phase, 
Rayleigh's results are modi'fied, yieldingan analytical'exp~ession that rep­
resents effective conductance satisfactorily i'n the concEmtration region: ap-
proaching close packing. · 

::~ 

Abstract of published paper, J. Ap-pl. Phys. 31, 1270 ( 1960) .. 

··. ,: 

8 . NONEQUILIBRIUM THERMODYNA1.1IC THEORy 
FOR CONCENTRATION PROFILES IN LIQUID EX~;RA~TION (*) 

Alphonse Hennico and Theodore Vermeulen. 

The pattern or "profile" of .concentration change in eath of the two 
countercurrent streams' within a packed extraction colurrin involving a three­
component nonelectrolyte. system, is generally aspurned to follow either branch 
of the mutual-solubility curve· for. the system. In the work reported here, 
such concent:;-ation profiles have been computed fo.i an idealized extraction 
process, and the profile's have been· found to depart from the equilibrium 
curve. 

The idealized extraction postulated here has the folloWing character­
istics: It involves a system with thermodynamically defined equilibrium be­
havior, rather than with known experimental behavior. Mass -transfer­
coefficient ratios are held constant at any one steady-state condition of opera­
tion (or "run") but are varied in different runs. A modified 'activity !5radient, 

I 

~~ 
Abstract from paper embodying MS. Thesis by Alphonse Hennico, UCRL-9415, 

Sept. 1960. 
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derived both for molecular diffusion and for penetration-theory conditions, 
is postulated to govern mass transfer and is used in place of the usual con­

. centration driving potential. 

The calculations show that the concentration profile for the raffinate 
will usually be carried into a metastable condition, represented by a locus 
inside the equilibrium curve. The extract compositions always remain ap­
preciably outside the equilibrium curve. Solute depletion, mainly, is found 
to explain the result for the raffinate phase, in much the same way as temper­
ature lowering leads to supersaturation in binary solutions. Solute enrich­
ment is the cause of the extract-phase behavior. The distance between the 
calculated concentration paths and the equilibrium curve depends on the values 
of the mass-transfer coefficients, as shown in Fig. F.S-1. Raffinate streams 
for different runs, v ith a solute (C) mole fraction of 0.30, are shown on the 
left-hand side of the figure; the corresponding extract compositions start 
with 'pure solvent (B) as shown on the right. 

Values of the number of transfer units obtained from the exact concen­
tration profiles can differ as much as 10 o/o from the values given by the usual 
equilibrium-curve approximation. Because the deviation is no greater than 
this, the usual approximation is a good one. Nevertheless, when either in­
ternal or outlet streams from an extraction column are sampled, a full com­
position analysis should be made without assuming that they correspond to 
the points on the equilibrium curve. 

9. LONGITUDINAL DISPERSION IN 
TWO-PHASE CONTINUOUS-FLOW OPERATIONS: 

SOLUTION AND TABLES FOR CONCURRENT FLOW (*) 

Terukatsu Miyauchi, Alice K. McMullen, and Theodore Vermeulen 

The mathematical derivation of solutions for longitudinal dispersion in 
chemical-process equipment, carried out previously by Miyauchi for counter­
current flow, has been extended to the case of concurrent flow. These re­
sults are particularly applicable to certain types of heat exchangers, flash 
evaporators, and line-mixing solvent extractors. The extent of completion 
of the process, in dimensionless form, is given as an analytical function of 
rates of dispersion in the two phases, over-all heat- or mass-transfer co­
efficient, partition coefficient, rates of fluid flow, and fractional height in 
the equipment. 

Numerical results for a large number of typical conditions, obtained on 
the IBM 701 computer, are given in tabular form in report UCRL-9112. Typ­
ical profiles, as plotted from the tables, are shown in Fig. F.9-l. In this 
figure, PB is a dimensionless number, for either phase x or phase y, which 
decreases as mixing increases; A is a phase-capacity ratio (or "extraction 
factor 11 ); N 0 x is the number of transfer units, based upon the true transfer 

>,<Summary of UCRL-9112, March 1960. 
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Fig. F. 8-1. Calculated concentration profiles showing 
the effect of th~ kB/koc andkA2/k0c_ratios.: 
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rate; X and Y are ratios of the transfer that has occurred (in the two phases) 
to the transfer that could ultimately occur under countercurrent conditions, 
with l.;;:X = Y /A; and a dagger ( t) indicates the values that would apply if the 
arbitrary designation of :X and y phases were reversed. 

l 0. A DIGITAL COMPUTER PROGRAM FOR TRIBUTY.L PHOSPHATE 
SOLVENT-EXTRACTION COLUMN DESIGN 

Donald R. Olander 

The calculation of the number of theoretical stages required for the 
solvent'-~xtraetiori separation of heavy-metal nitrates by tributyl phosphate­
diluent mixtures is an extremely laborious affair. Conventional methods, 
which employ measured equilibrium data in conjunction with a graphical anal­
ysis, cannot cope with systems containing more than two components. Fu:i-ther­
mote, the treatment a£ multicomp'onent systems invariably involves the time­
consuming gam·e of guessing raffinate concentrations of some o£ the components, 
the validity of which can be verified only after completion o£ the entire step­
by-<tstep column computations. This work describes a method which, by use 
of .an analytical form for the distribution behavior, permits the evaluation of 
the correct unspecified raffinate concentrations and the determination of the 
number o£ theoretical stages in the scrubbing and extraction sections of a 
center -fed column. Because of its complexity, this multi component problem 
is virtually unapproachable except by means of a lar.ge Cligital computer. 

The stagewis.e numerical pro;¢ed';lre dif~ers in one major particular 
from that employed for ·multiccrinp'onent dfsttJ..lation or extraction of organic 
solutes which do not dissociate or react in~~ither phase; the variation o£ the 
distribution coefficients with composition, ·which necessitates the step-by­
step technique, cannot be characterized solely by deviations from ideality 
expressed through VanLaar, Porter, or Mar gules equations. For the in­
organic systems to be considered here, the distribution coefficients would 
be strongly cone entration-dependent even for ideal solutes, because of the 
dissociation of the solute in the aqueous phase and its complexing with the 
tributyl phosphate (hereafter abbreviated TBP) in the organic phase. These 
two effects are expressed for the 2:th component by the over-all reaction 

+a. 
M 

1
(aq)+ai NO;(aq)+bi TBP(org);,;2:-M(N0 3)ai · bi TBP(org), (1) 

..) ·., . 

fbr which the mass-action constant is 

K. ( 2) 
1 
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Equation (2) can be rearranged to a more useful form for the stage-wise 
computation, that is, as a distribution coefficient, 

D. 
1 

b· 
[ TBP J 1 

( 3) 

Thus, the equilbria for each component can be describ~d solely by thr~e 
constants, Ki, ai, and bi. Furthermore, the effect of all otqer, extractable 
solutes is implicitly included in the nitrate ion and TBP concentration ·terms. 

The program assumes an aqueous feed consisting of q. nitric acid solu­
tion of the heavy-metal nitrates, e. g., UOz(N03)z, La(N03)z,Th(N03)4· 
A maximum of 5 macro and 15 trace constituents can be accommodated. 

The usual criterion for minimum flow rates--i.e., simultaneous 
attainment of equilibrium at the feed stage in both sections"' ~has been shown 
to be inapplicable to these systems. However, no analyticq.l method has been 
devised for determining the true limiting flow rates. 

The reliability of the·.entire computation rests primarily upon the validity of 
the ideal equilibrium expressions represented by Eq. (3). There is no longer 
any serious doubt that complexing reactions between heavy-metal nitrates and 
oxygenated organic solvents such as TBP do in fact occur. However, the 
process is sufficiently involved that the simple approach represented by Eq .(3) 
(with concentrations replacing activities) does not yield complexing constants 
that are independent of concentration level. This could be partially remedied 
by including an activity coefficient term, which would convert the distribution 
coefficient expression to 

I b. l a. b. 
(l+ai) 1 

,Y±i YTBP 
D. = K 1 [N03] 

1
(TBP] 

1 I i ( 4) 

l, 
I > 

1 i 
y c. J 1 

where y ± i is the mean molar stoichiometric activity coefficient of the 
aqueous inorganic nitrate, and YTBP and Yci the molar activity coefficients 
of the uncombined TBP and the complex in the inorganic phase. Equation (4) 
applies to every extractable component present, and separate Y±i and Yq 
terms are required for each. 

The omission of undeterminable activity coefficient terms in the equilib­
rium expression severely limits the usefulness of the method, which must 
be regarded solely as an order-of-magnitude approximation to the true number 
of theoretical stages. 

The Ki values employed in the computation should be those correspond­
ing as closely as possible to the concentration ranges encountered in the par­
ticular separation. 
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G. THESIS ABSTRACTS 

On the following pages the abstracts of theses issued in 1960 are re­
produced from the original documents. 

Papers elsewhere in this report cover work described in theses by 

John Gilmore (Paper B. 5), 

John Thomas Holmes (Paper F. 3), 

Ru-tao Kyi (Paper D. 24), 

Alla;n Harvey Reddoch (Paper D. 25), 

Robert LeRoy Sani (Paper F. 6), and 

William R. Wilcox (Paper F~ 2). 
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l. ELECTRONICAND NUCLEAR PROPERTIES OF SOME RADIOACTIVE 
RARE~EAR TH ELEMENTS 

Amado Y. Cabezas 

Lawrence Radiation Laboratory 
University o£ California 
~erkeley, California 

August 9, 1960 

ABSTRACT 

Ground-state nuclear spins of thirteen radioactive rare earths 

(lanthanides) have been _measured by the atomic-beam :magnetic-reson­

ance method. Ground levels (J) and corresponding g values of four 

rare earths have been determined. Ground- state electronic configura­

tions have been inferred for the following elements: 

Atomic Element Observed Ground~ state 
number ground levels electronic 

configuration 

61 promethium 
6 . ' 

H(5/2), 7 /2,9/Z 4f5 6s 
2 

66 dysprosium 51 4f10 6s 
2 

67 holmium 
48 

(4f11 6s 
2

) ( 115/2) 

68 erbium 3H 4f12 6s 
2 

6 

The configuration as signed to holmium is tentative in view of 

the me~surement I :: 0 for Ho 
166

• which does not allow an unambiguous 

determination of the J levels. The basis of the assumption is the close 

agreement between the measured gJ and the pure Ru·ssell-Saunders 
4 

value for 115/ 2 . 
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In addition, these electronic properties have also been verified 

for the following rare earths: 

Atomic 
number 

59 

60 

62 

64 

65 

69 

Element 

praseodymium 

neodymium 

samarium 

· gadoiini urn 

terbium 

Observed ground 
levels 

4 
1
9/2 

5 . 
14 

7. . 
·F(O),l,2. 

9b 
2, 3, 4, 5 

6 . 
H 15/ 2 and 

Ground- state 
electronic 

configuration 

4f
3 

6s 
2 

4f
4 

6s 
2 

4£
6 

6s 
2 

4£
7 

5d 6s 
2 

4£9 6s 
2 

and 

( [i Fb' .
20

3/2] 15/2, 13/2 

11/2) (4£8 5d 6s 2') 

thulium· 
2 . 
F7/2 4£

13 
6s 

2 

The following isotopes were used in these investigations. The 

half lives, nuclear ground··State spins, and J and gJ values are also 

stated; 

142 
Pr ( T l/2 = 19 hr) 

* with J = 9/2, 

I= 2 

gJ=-0.7311(3) 

I~-'-I I = 0. 3 0 ( 2) n rn I a! = 6 7. 5 ( L 0) Me, 

lbl =-c 7(2) M_c, lo I = 0.035(15) barns 

I:-: 5/2 ( T l/ 2 = 11.6 d) 
>'< 

with J :..~ 4' * gJ ::-: - 0.6032(1) 
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I 

Gdl59 

D 166 . y 

-, ' . {.. 

( T 1 I 2 = 2. 6 yr) 

with J = 512, 

J = 712, 

J = 912, 

( T 1 I 2 = 4 7 hr) 

with (J = 0) 

* J = 1 

J = 2 * 

( T 1 I 2 = 18 hr) 

* with J = 2 

J = 3 * 
J = 4* 

J = 5 * 

( T
112 

= 72 d) 

* with J = 1512 

J = 1512* 
. .. .. 

J = 1312 

J = 1112 
>:C 

( T 
112 

= 2. 3 hr) 

( T 
112 

= 82 hr) 

with J = 8 

( T 1 / 2 = 2 7 hr) 

with (J = 1512) 

UCRL-9566 
(from UCRL-9346) 

I= 112 

gJ = - 0. 286 (not observed) 

gJ = - 0.831(5) 

gJ = - 1.068 (4) 

I= 312 

(not observed) 

gJ = - 1.495(15) 

gJ = - 1.497(15) 

I= 312 

* gJ = - 2.6514(3) 

* gJ = = 2.0708(2) 

* gJ = - 1.8392(2) 
>:C 

gJ = - l. 725(7) 

I = 3 

* gJ = - 1:3225 

* g = - 1.4563 
J * g = - 1.4633 
J * 

gJ = - 1.5165 

I= 712 

I = 0 

g J = - l. 241 5 ( 3) 

I = 0 or I -:::/:: 0 with very 

small hfs (a<100 kc) 

gJ=- 1.1956(12) 
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Er 
169 

Er 171 

I'm 170 

Tm 
171 

The quantities 

( T 1/2 

( T 1/2 

with J 

( T 1/2 

with J 

I al 

I bl 

( T 1/2 
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= 
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9.4 d) 

7.5 hr) 

6 

129 d) 

7/2':' 

UCRL-9566 
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I = 1/2 

I = 5/2 

gJ = - 1.164(5) 

I = 1 

gJ = - 1.1412(2) 

200(3) Me, lf-1}0.26(2) nm 

1 , 0 1 0 ( 15) Me , I a! = 0. 6'1 ( 5) barns 

= 1.9 yr) I = 1/2. 

n1.easured elsewhere, but verified and directly involved 

in the experi;.nental observations are marked by an asterisk, Our 

origind.l results are unmarked. The numbers enclosed in the parenthesis 

denote the uncertainty in the last places of the figures quoted. 

The n1.agnetic dipole and electric quadrupole moments of the 

t dd dd 1 . F. 14 2 d . , l 7 0 1 1 d f . ·wo o . -o nuc e1 -r . · an J rn · are ca cu. ate. r.om:r:n~asure-

rnents of .tile hyper fine- structure separations. 
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2. A MASS-SPECTROMETRIC INVESTIGATION OF 
SULFUR VAPOR AS A FUNCTION OF TEMPERATURE 

M. Charles Zietz 
Lawrence Radiation Laboratory 

University of California 
June 15, 1960 

ABSTRACT 

A mass- spectrom.etric investigation was performed on sulfur vapor, 

which was in equilibrium with the condensed phase, in the temperature range 

of 1.20 to 210°C. The principal finding was that, in this temperature range, 

equ1libriun1 sulfur vapor contains appreciable quantities of s8 , s 7 , 56, and 

S5 only, 

The sulfur vapor emanated as a stnall well-collimated molecular beam 

frorn- a specially constructed source into an ionization chamber which was 

designed to exclude from analysis any sulfur vapor that had impinged on the 

walls or the hot electron filament. The ions were analyzed with a 6-in. -radius 

60-deg .. -deflection single-direction focusing mass spectrometer. The sulfur 

used for this study was purified by prolonged boiling with MgO followed by 

vacuun1 distillation. 

In addition to establishing the principal species in the vapor phase, the 
I . 

results of this work provided essentially identical ionization potentials for 

58, s 7 ,. 56, and s 5 of 9 .8± 0.4 ev. Also, the heat of vaporization of S 1 was 

calculated to be approximately 2.5 kcal greater than that of s8 . It was not 

possible to determine the quantitative composition of sulfur vapor. However, 

upper limits for s8 and s 7 at 120°C of 86% and 14o/o respectively were obtained. 

lt is proposed that Ss is the vaporizin¥ species and that S7, 56, and S5 

result frorn dissociation of Ss, and that all four molecules have a ring con­

figuration. 
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3 . THE ELECTRONIC STRUCTURE 

UCRL-9566 
(from UCRL-9293) 

OF OCTAHEDRALLY COORDINATED PROTACTINIUM (IV) 

John D. Axe 

Lawrence Radiation Laboratory and Department of Chemistry 
University of California, Berkeley, California 

July. 1960 

ABSTRACT 

The compound of Cs2ZrC16 .has been used as a matrix for the study 

of certain magnetic ~doptical properties of tetravalent protactinium. 

The experimental procedures, for the growth of cs2zrc1
6 

crystals and the 

incorporation of small.amounts of. other tetravalent ions into its structure 

. are discussed in some detail. 

The optical spectrum of tetravalent protactinium in this matrix 

has been investigated from 2000 A to 16 IJ.. Several features of the spectrum, 

as well as the results ofpara.:.mangetic-resonance absorption ,in these crystals, 

are attribu,ted· to single 5f electrons localized about the protactinium ions 

but subject to an cctahedrally symmetric perturbation due to the crystal 

lattice. 

I 

I 
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4.. I. BETA-SPECTROSCOPIC STUDIES IN THE PROMETHIUM REGION 

II. THE CORIOLIS INTERACTIOn IN DEFORMED NUCLEI 

Thomas V. Marshall 
(Thesis) 

May 1960 
Lawrence Radiation Laboratory and Department of Chemistry 

University of California, Berkeley, California 

ABSTRACT 

ll!-2 The new isotopes Sm and 142 
Pm have been produced by the re-

t . . J"l4?.( 4 ) 142 ac 1on sequence: l\Cl a, n Sm. 
~+, EC : 142 

-'---'----...,..., Pm • . The decay charac-

teristics of these isotopes have been determined. 
149 The gamma, beta, and conversion-electron spectra of Pm · have 

been measured and a decay scheme is proposed for this isotope. 

A method for calculating the effect of the Coriolis interaction 

on the energies of the rotational levels of a generalized, spheroidally 

deformed nucleus has been developed using a simple nuclear model, and 

the general effect of thi.s interaction on rotational bands iS discus·sed. 

Part of the energy level schemes of Pa231 and Pa233 have been inter­

preted in terms of rotational bands perturbed by the Coriolis interaction. 
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5. CHEMICAL PROPERTIES OF ASTATINE 

Evan H. Appelman 
(Thesis) 

UCRL-9566 

(from UCRL-9 02.5) 

Lawrence Radiation Laboratory and Department of Chemistry 
University of California, Berkeley, California 

january 1960 

ABSTRACT 

The a~ueous solution chemistry of astatine has been investigated 

:Jy extraction of the astatine into benzene and carbon tetrachloride and 

oy its coprecipitation with insoluble iodides, iodates, and periodates. 

Some of the experiments of previous workers have been repeated and 

amplified. 

A systematic study of the behavior of astatine as a function of 

the emf of an acid aqueous solution has been carried out, This study 

l1as confirmed the existence of the ( -1), (0), and (+5) oxidation states, 

::tnd of at least one intermediate positive state, A rough potential 

diagram for acidic astatine solutions has been proposed, No evidence 

for a (+7) state has been found. Iodine has been used as a nonisotopic 

carrier to fix the identity of the (0) state as Ati. In the course of 

this study photochemical reactions involving astatine have been observed 

:for the first time. 

The distribution of astatine between aqueous solutions and carbon 

tetrachloride in the presence of other halogens and halide ions has been 

investigated quantitatively, and evidence has been adduced for the species 

Ati, Ati2-, AtiBr-, AtiCl-, AtBr, AtBr
2
-, and AtC12 -~ The equilibrium 

constants relating these species have been determined. In connection with 

-~hese studies the distribution of IBr between cc14 and aqueous bromide 

:3olutii.ons has been accurately determined. 

A report is given of an unsuccessful attempt to obtain quanti-

tative information regarding the At ( -1) At (0) couple from the re-

actions of astatine with the As (III) -- As (v) couple. 

Incidental data is presented on the half-lives of At211 and Bi
207. 



G ··287- UCRL-9566 
(from UCRL-9 083) 

6. FISSION AND SPALLATION IN NUCLEAR REACTIONS 

INDUCED BY HEAVY IONS 

Glen E. Gordon 

Lawrence Radiation Laboratory and Department of Chemistry 
University of California, Berkeley, California 

May 1960 

ABSTRACT 

Several features of fission and spallation reactions proceeding 

through astatine compound nuclei formed by carbon-ion and nitrogen-ion 

bombardment have been investigated. The kinetic-energy spectra of the 

fission fragments were observed at various angles to the beam over a range 

of bombarding energies by use of two types of detectors, gas scintillation 

chambers and diffused p-n jun~.tions. Cross sections for neutron-evaporation 

reactions were determined by radiochemical measurement of the production 

of astatine isotopes. 

Analysis of the fission-fragment angular distributions according to 

the models by Halpern and Strutinski and by Griffin, together with the 

dependence of the fission and spallation cross sections on bombarding 

energy, suggests that fission is frequently preceded by evaporation of 

neutrons and charged particles. This result is explained on the basis of 

increasing probability for charged-particle emission with excitation 

. energy and hindrance of neutron evaporation at low energies due to angular­

momentum and level-density effects. The latter argument is also used to 

explain discrepancies between experimental and theoretical shapes of the 

excitation functions for neutron-evaporation reactions. Evidence has 

also been found that, in the astatine region, a larger total kinetic 

energy release is associated with symmetric fission than with the asymme­

tr;i:c modes. This is a reversal of the trend found in heavier elements. 

In order to obtain the data presented in the main body of the 

thesis, several supplementary investigations were necessary. These are 

discussed in the appendices. 
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7 • COINCIDENCE .MEASUREMENTS IN NUCLEAR DECAY -SCHEME STUDIES 

John P. Unik 
(Thesis) 

Lawrence Radiation Laboratory and Department of Chemistry 
University of California, Berkeley, California 

March 1960 

ABSTRACT 

The decay schemes of the isomers of Tc 95 and Tc97 have been 

studied by using high-resolution conversion-electron spectrographs, 

gamma-ray scintillation detectors, and 'coincidence te'chniques. 

The half-life of the 74.6-kev excited state in Np239 has been 

measured by the delayed coincidence technique as 1.2 ± 0.1 m~sec. 

The directional correlations of two gamma-ray cascades follow­

ing the beta decay of u237 to Np237 have been studied and the results 

are consistent with previous assignments of the total angular momenta 

of the excited states. An upper limit on the half-life of the 332-kev 

excited state in Np237 was determined to be 1.0 musec. 

Electron-electron coincidence measurements have been performed 

on the beta decay of Pa233. This work removes some of the ambiguities 

between previous coincidence work and the previously proposed decay 

scheme. 

The transmission of one half of the original electron-electron 

coincidence spectrometer has been increased by a factor of six without 

sacrificing resolution. This increased transmission was achieved by 

converting the original thin-lens magnetic field to a thick-lens 

triangular magnetic field. 

I 
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t ISSION OF GOLD WITH 112 ~Mev C 
12 

IONS: 
A YIELD-MASS AND CHARGE-DISTRIBUTION STUDY 

H, Marshall Blann 

( Th'e sis) 

Lawrence Radiation Laboratory 
University of Ca+ifornia 

Berkeley, California 

May 23, 1960 

ABSTRACT 

Fissio:1-product cross sections have been measured radio­

chemically and mass- spe'ctrometri.cally fori gold bombarded with 112 -Mev 
12 . ' 

C 1ons. Cross sections for 43 nuclides have been· measured for elements 
' . 

from nickel to barium .. Thirty'--six yields are either primary fission pro-

duct yi~ld~ (independent yields) .or have been corrected' (with less th.an 25o/o 

correction) so as to represent independent yields. ,The independent yields 

have been empirically systematized and a yield-mass curve has been con­

structed. ·The yield-mass curve is compared·with the yield,-mass curves 

obtained from the fission of bismuth with 22-Mev and 190-M~v deuterons. 

The yield systematics indica,.te that the sum of the mass numbers· of 

complementary fission products is 13±1 amu less than that of the compound 

nucleus, and the sum of t?e charges of complementary, fission products is 
' . 

two units less than_ that of the compound nucleus. It is postulated that 9±1 

neutrons and an alpha particle must have been emitted. Evidence is pre­

sented that at least three and possibly more of the neutrons are emitted 

prior to fission. 

The most probable charge of the fission products as a function 

of mass number has been determined empirically. It is shown that from 

mass number 80 to mass number 111 the Equql Charge Displacement (ECD) 

and Constant Charge Ratio ,(CCR) rules predict the empirical values 

equally well. For masses less than 80 and greater than 120 the ECD and 

CCR rules are shown to be equally poo:r, as the empirical distribution is 
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between them. The Minimum Potential Energy theory of charge 

distribution proposed by Present and modified and interpreted by 

Swiatecki is shown to predict the empirical points. over the entire mass 

region studied (A = 66 to A= 135) within experimental error (±0.2 charge 

unit). 
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9. SOME LOW -TEMPERATURE 
NUCLEAR ORIENTATION STUDIES 

James Frederick Schooley 

Lawrence Radiation Laboratory 
University of California 

Berkeley, California 

July 19, 1960 

ABSTRACT 

UCRL-9566 
(from UCRL-9 296) 

Nuclear ~-orientation experiments were performed on promethium-

144 included as.the tripositive ion in the crystal Nd (C 2 H 5so4 )3 · 9 H 2 0. 

Theoretical predictions of Elliott and Stevens regarding the fine­

structure splitting of the Pm +3 
electronic state 

5
14 have been 

confirmed. The magnetic hyperfine~structure parameter has been 
~l ~1 ~1 

measured and is 0.0063 em ± 0.0002 em or 0.0055 em 
~1 144 

± 0.0002 em for the nuclear spin of Pm equal to 5 or 6, 

respectively. On the basis of theoretical prediction of the hyperfine-

structure parameter, the nuclear magnetic moment can be calculated 

as 1.68 ± .14 nm or 1.75 ± .14 nm for the respective nuclear-spin 

choices. The John- Te lier splitting parameter has been measured as 
-1 

0.014 em 

Nuclear alignment experiments have been performed on 

neptunium ~239 included as the Np 0
2 

++ ion in the crystal U0
2 

Rb (N0
3 

)3 . 
0 

The temperature of the crystal was reduced to -0.14 K by contact 

with magnetically cooled MnS04 . (NH4 )2 so
4 

. 24H
2
0. Anisotropy 

was detected in the 106 -kev .gamma ray which depopulates the 392 ~kev 

l 1 · p 23 9 Th" · . d" h h 10- 7 l"f . eve 1n u . 1s an1sotropy 1n 1cates t at t e -sec 1 etlme 

of the 392 -kev leve 1 does not result in appreciable attenuation of the 

aniso"tropy or that the daughter state itself is aligned through its own 

hyperfine -structure interactions, 
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1 0. PERTURBATION OF ALPHA-GPJ1r1A ANGUT..Jffi CORRELATIONS 
IN TRANSURANIUJ:4: ISOTOPES 

Eileen Flamm 

Lawrence Radiation Laboratory and Department of Chemistry 

University of Californ:l.a.p Berkeley, California 

August 1960 

ABSTRACT 

The perturbation of alpha~gamma angular correlations has been 

studied in Am21~1, Am
243 and em24-3 by obsel"Ving alpha particles in coin­

cidence with gamma rays from daugb;ter nuclei recoiling into vacuum, air, 

aluminum, silver, ironp Mylar~ water and benzene. Attenuation coefficients 

below the hard core value for a static interaction were obtained in vacuum, 

indicating that fluctuating magnetic fields or electric field gradients are 

present at the daughte~ nuclei during the recoil motion. Significantly 

larger a.nisotropies 'W·ere obtained in nonmagnetic metals than in iron or in 

insulators. The magnetic and electric moments of the intermediate nuclear 

states in the alpha~gamma cascades are estimated and the configuration of 

the electron shell following alpha d.ecay is considered. Extra-atomic 

electric fields at the daughter nuclei during and after the recoil motion 

are discussed with reference to current theories of radiation damage and 

the chemical behav-ior of t.he actinides. The r~t:iuJ.ts and interpretations 

of llrevious alpha ... gamma angular correlations are reviewed. From the observed 
. 243 . ·. 

correlations in em 1 a lower limit can be set for the E2/Ml mixing ratio 

o2 
of the 278 kilovolt ganima ray in Pu239 and the sign of 5 is determined. 
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ll. SOME PROBLEMS OF CRYSTALLOGRAPHY 

Quintin C. Johnson 

Lawrence Radiation Laboratory 
University of California 

Berkeley, California 
August 1960 

ABSTRACT 

. Crystal Energy Calculations 

Calculations of minimum-energy-struc.tures have been made in 

an effort to ascertain the effectiveness of the Born expression for the 
-1 

energy of a crystal. This expression assumes an r attractive poten-

tial due to charge separation and an r -n repulsive force due to the Pauli 

effect. Application of this mo:lel to a number of problems of crystal 

chemistry indicates that ionic substances may be suitably described by 

the above potential. This is shown by a comparison of the minimum­

energy-structures of LaOCl, YOCl, SrBr
2

, brookite, and YF 
3 

to the 

acutal structures. Consideration of the CdC1 2 structure shows that 

van der Waals forces can not always be neglected. 

The Crystal Structure of Semicarbazide Hydrochloride 

The structure of semicarbazide hydrochloride, H
2

NHNCONH 2 · HCl, 

has been determined by single-crystal x-ray diffraction methods. The 

space group is P2 12 12 1 and the cell dimensions are a= 7.54 ± .02, 
. 0 
b = 13.22 ± .03, and c = 4.67 ± .02 A. The interesting nitrogen-nitrogen 

single-bond distance is 1.457 ± .007 ~. 

A Redetermination of the Crystal Structure of Tetramethylammonium 

Bromide 

In order to determine a fair I y reliable carbon-nitrogen bond 

distance in a quaternary amine, a redetermination of the structure of 

tetramethylammonium bromide, (CH
3

)
4

NBr, was carried out by single 

crystal x-ray diffraction methods. The results are in close agreement 

with work done by previous researchers. The carbon-nitrogen bond 
0. 

distance is equal to 1. 50± .02 A. Attempts to localize the hydrogen 

atoms were unsuccessful. 

/ 
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12, THE CROSS SECTIONS FOR THE FORMATION OF ASTATINE ISOTOPES 
MADE BY THE BOMBARDMENT OF BISMUTH-209 WITH HELIUM-3 

E. Thomas Strom 
(Master 1 s Thesis) 

Lawrence Radiation Laboratory and Department of Chemistry 
University of California, Berkeley, California 

August 19, 1960 

ABSTRACT 

Bismuth 209 was bombarded with He3 on the Berkeley Heavy-ion linear 

accelerator. Cross sections for the formation of astatine isotopes were 

measured. The experimental cross sections are compared with theoretical 

cross sections, calculated using the Jackson model. 

The ~esults of this work are compared with those of other workers and 

proposals for further research are made. 

I 
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13. N
15

{p, p2n)N
13 

REACTION INDUCED BY PROTONS 
OF ENERGY 0.4 TO 6.2 Bev . 

Linda Chang Sah 

Lawrence Radiation Laboratory and Department of Chemistry 
University of California, Be-rkeley, California 

August 1960 

ABSTRACT 

N
14 

and N
15 

were bombarded with protons in the energy range 0.4 to 
. 14 13 

6.2 Bev. Measured values of th·e absolute cross sect10ns for N (p, pn)N 

is 6mb over the stated energy range, which agree and supplement the previous 

measurements up to 3.0 Bev. The (p,pn) yield is higher than the (p,p2n) 

yield by a factor of 2 to 3 in the entire energy range of interest. 



G -296-
UCRL-9566 

(from UCRL-9332) 

14. OXIDATION POTENTIAL OF THE Ce(III)-Ce(IV) COUPLE 
AS A FUNCTION OF TEMPERATURE IN PERCHLORIC ACID 

SOLUTIONS: THERMODYNAMIC PROPER TIES 

Harry Lee Conley 

Lawrence Radiation Laboratory 
University of California 

Berkeley, California 

August 22, 1960 

ABSTRACT 

The temperature coefficient of the cerous-ceric oxidation potential has 

been measured in molal perchloric acid. Ef' dEf/dT, &I, .6.F, .6.S, and 6.Cp 

Ce(OH)+
3 

+ 1/2 H
2 

= Ce +
3 

+ H
2
0), 

C +4 I/2 H C + 3 H+ e +. z= e + 

( 1 ) 

( 2) 

at 25°C and a total cerium concentration of zero. Ef for Reaction ( 1) is in 

good agreement with the value found by Sherrill, King, a'nd Spooner. 6.H, 

6.F, and 6.S values for Reaction ( 1) at eerie perchlorate cone entra.tions of 

0.005 and 0.025 molal have also been determined and foundtobeingood agree­

ment with the calorimetric values of Evans and Fontana. Evans and Fontana 

worked with eerie perchlorate c'oncentrations of 0.005 and 0.025 molal, re­

spectively, in half-molal perchloric acid. 

From the temperature coefficient of the equilibrium constant KD' 6.H, 

b..F, and .6.S, have been determined for the reaction 

+3 +6 
2 Ce(OH) = Ce-:0-Ce + H

2
0 

at 25°C. , These results have been compared with those of Hardwick and 

Robertson. 

(8) 

·) 
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15. IONIC MASS TRANSPORT 

UCRL-9566 
(from UCRL-9079) 

BY FREE CONVECTION TO HORIZONTAL ELECTRODES 

Eugene Joseph Fenech 

(Thesis) 

Lawrence Radiation Laboratory and Department of Chemical Engineering 
University of California, Berkeley, California 

April 1960 

ABSTRACT 

Electrodeposition of copper from acid copper sulfate solutions 

onto horizontal electrodes facing upward is employed to investigate the 

mechanism and rate of mass transport under free-convection conditions. 

Mass-transfer rates are obtained by limiting-current measurements, and 

the distribution of current densities over the electrode Sl'.;'face is 

examined by the "sectioned-electrode" technique. 

Solution properties (concentration, viscosity, and density) and 

geometry (shape and size) are varied between broad limits. A physical 

model involving two distinct types of free convection is postulated by 

which the effect of geometry on mass-transfer rates can be explained. In 

the absence of a suitable mathematical model the data are correlated by 

the equation: 

Nu' = 0.122 (sc9/ 8 Gr)l/3 .d 
n 

where Nu', Sc, Gr, and d are respectively the Nusselt number for mass 
n 

transfer, the Schmidt number, the Grashof number, and the correction 

factor for electrode size. 

In the range of 2,000 < Sc < 50,000 and 4xlo6 < (sc9/ 8 Gr) < 

4xlo13 , 95% of the experimentally obtained mass-transfer rates are 

within ±6.7% of the values predicted by this correlation. 
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16.LONGITUDINAL DISPERSION IN BEDS OF FINELY DIVIDED SOLIDS 

Jerr;-/ Max Robinson 

Lawrence Radiation Laboratory and tepartment of Chemical Engineering 
University of California, Berkeley, California 

June 1950 

ABSTFACT 

Experimental determinations of the longitudinal dispersion co­

efficient and the Peclet number were made for three binary gas systems. 

The experimental technique involved measuring the dispersion of a step 

fUnction input to a column packed with glass beads. 

The diffusional model was employed to obtain the differential 

equation describing longitudinal dispersion in a packed column. This 

equation was solved with suitable boundary conditions, and the solution 

was used in the analysis of the experimental dispersion data. 

The experimental results show a variation in the Peclet number 

from 0.1 to 0.6, and in the eddy dispersion coefficient from 0.03 to 

1.0 cm2/sec for the Reynolds number range from 0.03 to 1.0. 

- I 
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17. CHARGED-PARTICLE-INDUCED FISSION: 

A MASS SPECTROMETRIC YIELD STUDY 

Yung Yee Chu 

Lawrence Radiation Laboratory and Department of Chemistry 
University of California, Berkeley, California 

November, 1959 

ABSTRACT 

The products from the fission of uranium induced by charged par­

ticles were studied in a mass spectrometer. Both u238 and u235 were 

bombarded with 45.7- and 24-Mev helium ions, and u238 was also bombarded 

with 730-Mev protons and 100-Mev carbon ions. The total chain yields in 

the region of the rare earth elements (mass 140 to mass 155) for most of 

the above bombardments and a thermal-neutron bombardment of u235 were 

studied by using the isotopic-dilution technique. Independent yields 

,.,ere measured fqr all the above bombardments for several shielded 

nuclides. 

The total chain yields in the mass region 140 to 155 constitute a 

smooth portion of the yield-mass curve, showing no obvious perturbations. 

The fractional-chain-yield results show that the charge distribution 

agrees best with the equal-charge-displacement rule, provided linear ZA 

values are used. In other words, the obvious shell effect in the ZA used 

in the fitting of thermal-neutron data is not appropriate in the medium­

energy fission (24- and 45.7-Mev helium ions here). The indications are 

that this process is closer to the higher-energy fission mechanism. A 

more practical distinction between the low-energy fission and the high­

energy fj_ssion :vmuld be required. It seems that the mechanism for the 

medium-energy fission should be somewhere between the equal-charge­

displacement rule using "non-shell..:affected ZA" and the constant charge­

to-mass ratio rule. 

The broad and asymmetric-shaped independent yield distribution for 

higher-energy fission ( 730-Mev proi~ons) with a given element was observed. 
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This can be explained by the multiplicity of fissioning nucle.i. In 100-

Mev carbon-ion fission of u238, the distribution showed a similar effect, 

but not as striking. 

The contribution of fission induced by secondary-neutrons in all 

the cyclotron bombardmentswas discussed. From the results of some 

other studies and the indications of this work, the contribution cannot 

be significant. 

The composition of stable isotopes of Ce, Nd, and Sm formed in 

high-energy fission is discussed. It has been concluded that it is 

not im~ossible that the natural abundance of these elements may be, 

in part, due to some kind of high-energy fission of heavy elements. 
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18. SOME NUCLEAR AND ELECTRONIC GROUND-STATE PROPERTIES 
OF Pa233, Am 24l and 16-hr Am24 2 

Joseph Winocur 

Lawrence Radiation Laboratory 
University of California 

Berkeley, California 

April 13, 1960 

ABSTRACT 

The atomic-beam, magnetic-resonance method has been used 

to study some properties of the nuclear ground- state and the low­

lying electronic states of three radioactive actinide isotopes. The 

following results were obtained: 

Isotope T l/2 I J gJ a(Mc) b(Mc) 

Pa
233 

27.4d 3/2 11/2 0.8141(4) +595(40) - 2400(300) 

9/2 0.8062(15) 

7/2 0. 7923(15) 

f.LI(measured) = 3.4(1. 2) nm 

241 
Am 458yr. 5/2* 7/2 >:< 1.9371(10) ±17 .144(8) + 123.82(10) 

Am
242 

16 hr 1 7/2 1.9371(10) ± 10.124(10) ± 69.639(40) 

The starred reElults are confirmations of earlier measurements made 

·by optical spectroscopy. 

The observed electronic energy levels of protactiniun1 very 

probably arise from the configuration (5f) 
2 

(6d) (7s) 
2

. Experimental 

transition intensities indicate that the ordering of these levels is 

probably inverted, From the observed hfs constants of Pa 
233 

and 

detailed calculations involving the electronic wave functions, we infer 

the following values of the nuclear moments: 
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Frorn the ratios of the hfs constants of the two americium 

isotopes, together with the optically measured nuclear moments of 

Am 
241

, it follows that 

242 
1-1

1
(Am ) = ± 0.33 nm 

242 -
Q (Am )= + 2. 76 barns. 

and 

A description of the experimental technique, and an analysis of 

the results are presented. 
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19 · Part One: NUCLEAR SPECTROSCOPIC STUDIES IN THE HEAVIEST ELEMENT REGION 

Part Two: AN ACCELERATIN} ELECTRON SPECTROGRAPH 

Royal G. Albridge, Jr. 
(Thesis) 

Lawrence Radiation Laboratory and Department of Chemistry 
University of California, Berkeley,· California 

April 1960 

ABSTRACT 

The decays of Np238 and Pa233 were studied by means of high­

resolution spectroscopic instruments. The proposed decay schemes were 

tested by comparing the experimental data with predictions of the Bohr­

Mottelson Theory of Deformed Nuclei. Previously unreported transitions 

were observed and some of these were used to assign new levels in the 

daughter nuclei, Pu238 and u233. Gamma-gamma coincidence techniques 

were used to study the electron-capture decay of em241 . The decay 

scheme is discussed in the light of data obtained. 

An accelerating permanent-magnet electron spectrograph for the 

detection of low-energy electrons was constructed, The instrument can 

·oe used as either a pre·- or postaccelerating spectrograph. The equip­

ment was used to study the low-energy electron spectrum of Pa233. 
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