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NUCLEAR CHEMISTRY DIVISION ANNUAL REPORT, 1967 

Lawrence Radiation Laboratory 
University of California 

Berkeley, California 

January 1968 

A. NUCLEAR SPECTROSCOPY 

1. NUCLEAR SPECTROSCOPY STUDIES ON 237 Np 

E. Browne and F. Asaro 

We have studied the alpha spectrum of 237 Np with 17-keV full-width-at-hali-maximum (FWHM) 
resolution and have made studies of the y-ray spectrum in coincidence with a particles of given 
energy and with other y rays. The relatively high efficiency of the surface-barrier Au-Si detec­
tors led to a more accurate determination of some alpha group intensities. Some discrepancies 
with respect to earlier studies of this isotope with magnetic spectrographs were found. 1, 2 Table 
A. i-I gives our alpha energies, intensities, and hindrance factors. 

The 237 Np singles y-ray spectrum had been measured in detail previously by M. Holtz. 3 
About 25 y rays were observed in our work in a variety of singles and coincidence experiments. 
The most interesting of these was a 94.7 -keY y ray found in coincidence with the (unresolved) a­
particle groups which populate the 103.8- and 107.8-keV states. Thus a possible state at 94.7 keY 
was indicated. This y ray was also observed in y-y coincidence experiments with the 143.3- and 
117.4-keV y rays as gates. The FWHM was 2.4 keY at 122 keY for this last experiment. A tran­
sition of about 88 keY from the 94.7 -keY level to the 1/2 spin state of the ground-state band would 
have been masked by the high-intensity 86.6-keV y ray in this latter measurement. Even with a 
resolution (FWHM) of 1.1 keY in our singles spectrum the ~ 88-keV y ray was not observed. Some 
indication of this y ray, however, had been seen by M. Holtz 3 in a y-ray spectrum of 233Th. If 
233Th has a considerably lower population to the 86.6-keV level of 233pa than 237Np, it should 
redu.ce the relative intensity of the 86.6-keV y ray, thus enhancing the possibility of observing the 
~ 88-keV y ray. 

We irradiated 5 mg of 232Th in the Berkeley Research Reactor for 2 min. The gamma spec­
trum was measured about 10 min after the end of the irradiation with a very-high-resolution (0.84 
keY FWHM at 122 keY) Ge detector. Gamma rays of 86.6, 88.1 and 94.7 keY as well as others 
were found which decayed with a hali life of about 20 min, the hali life of 233Th. No significant 
amount of 233pa was detected. In order to confirm the position of the 88.1-keV y ray, y-y coin­
cidence measurements were made with the 143.3-keV y ray of 237Np as the gate at a resolution 
(FWHM) of 0.89 keY at 122 keY. The 88.1-keV transition was observed in this measurement, and 
hence goes from the 94.7 -keY state to the 1/2 spin member of the ground-state rotational band. 

A partial-decay scheme of 233pa based on our experimental data is shown in Fig. A.1-1. The 
94.7-keV state is probably the 3/2(651) Nilsson state, and the level at 86.6 keY is probably the 
5/2 member of the same rotational band. The previous assigrunent of the 5/2(642) Nilsson level to 
the 86.6-keV state very likely should apply instead to the 237.9-keV state. This latter state would 
then receive the favored alpha decay. The high alpha population to the 86.6-keV level could be due 
to a Coriolis admixture with the favored rotational band. The unusual energy spacing and inversion 
of the 3/2 and 5/2 rotational members of the 3/2(651) Nilsson state could be due to a Coriolis in­
teraction with the 5/2(642) and 1/2(660) Nilsson states. 
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Table A. i-I. Alpha groups of 237Np. 

a-Particle energya Excited state Intensity Hindrance factor 
(MeV) (keV) (% ) 

4.865 ± 0.003 0 2.6 ± 0.2 3.0X102 

4.857 ± 0.003 "" 9 0.3 ± 0.1 3.3X10 3 

4.809 ± 0.002 57 2.93 ± 0.44 1.1X102 

4.792 ± 0.006 ""75 ""3 9 X10 

4.781 ± 0.002 86 48 ± 9 4.4 

4.763 ± 0.003 104 31 ± 9 5.1 

4.703 ± 0.003 165 1.30 ± 0.17 4.5X 10 

4.688 ± 0.004 180 0.37 ± 0.15 1.2X10 2 

4.658 ± 0.002 211 3.54 ± 0.11 7.74 

4.633 ± 0.002 237 6.46 ± 0.13 2.78 

4.591 ± 0.003 279 0.39 ± 0.04 2.4X 10 

4.570 ± 0.003 300 0.4 ± 0.04 1.6 X 10 

4.507 ± 0.004 365 0.04 ± 0.02 5 X10 

a. All alpha energies relative to Kondrat· ev· s value of 4.781 MeV for 0'86' 
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2. INFLUENCE OF CORIOLIS COUPLING, PAIRING, 
AND OCTUPOLE VIBRATION-PARTICLE COUPLING 

ON l!.K = -1 E1 TRANSITIONS IN 177Hft 

F. M. Bernthal and J. O. Rasmussen~' 

UCRL-17989 

The strong influence of Coriolis -admixed components on the l!.K = ± 1 electric dipole transi­
tions in odd-mass deformed nuclei is now well recognized. 1, 2 Several authors have considered 
the effects of Coriolis mixing in attempting to explain anomalies in experimentally observed 
branching ratios of E1radiation. Although considerable success has been realized in predicting 
and accounting for E1 branching ratios that strongly violate Alaga l s rules, relatively poor agree­
ment with experiment has resulted from all attempts to explain quantitatively the absolute E1 
transition strengths. 

The 16 E1 transitions arising from the decay of 161-day 177mLu to high-spin members in 
177Hf provide an exceptionally rigorous experimental test for theoretical study of .6.K = -1 E 1 
transitions. Singles spectra of the decay of 177mLu have been taken with the anti-Compton Ge{Li) 
spectrometer at Livermore (7 cm 3, resolution 1.1 keY at 122 keY) and a high-resolution (0.77 keY 
at 122 keY) Ge{Li) crystal in our Laboratory. In Fig. A. 2-1 we display for reference the now 
well established decay scheme of 177mLu. With the exception of the three transitions added from 
this work and the slightly altered half-life of 177mLu, 3 the scheme is the same as reported and 
modified by earlier workers. 

Table A. 2-1 shows the composite relative intensity data for the 14 E1 transitions observed to 
date. Also shown are the derived experimental values of B{E1). The lifetime of the 321-keV 
level has been measured by Berlovich et al. 4 and found to be T1/2 = (6.9±0.3) X 10-10 sec. By 
use of this value and the M2/E1 mixing ratio 0.18 for the 321-keV E1, 5 it is possible from rela­
tive intensity measurements to calculate directly the reduced strengths of the three E1' s leading 
from the 9/2+[ 624] band head. All other values of B{E1) have been derived by using the rota­
tional model of Bohr and Mottelson, assuming Q O = 6.85 barns. In contrast to the similar analy­
sis first performed for 177Hf by Alexander et al., 6 which neglected the effects of Coriolis mixing 
in the 9/2+[ 624] band, we have now taken into account the contributions of Coriolis -mixed com­
ponents to the intraband transition strengths. The Nilsson wave amplitudes 7 for the Coriolis­
mixed components originating from the i13/2 shell model state were obtained by Holtz in a matrix 
diagonalization. 8 

It has been shown by Grin and Pavlichenkov1 and by Vergnes and Rasmussen, 2 using analyses 
equivalent in their conclusions, that a simple first-order perturbation treatment that regards the 
principal and Coriolis -mixed 177Hf E1 matrix elements as two adjustable parameters can ex­
plain quite successfully the observed E1 branching ratios. In Fig. A. 2-2 we show the results 
of such an analysis applied to the 177Hf E1 intensities from this work. 

As indicated in Ref. 1, the terms which should be considered up to first order in the analy­
sis of the 177Hf E1I s are the following: (a) the principal 9/2+[ 624] -+ 7/2-[ 514] component; 
(b) the Coriolis-admixed (K = 7/2+) -+ 7/2-[ 514] components; (c) the 9/2+[624] -+ (K = 9/2-) 
Coriolis -admixed components. We have obtained an estimate of the wave-function coefficient for 
the Coriolis -mixed 7/2+[ 633] component in the 9/2+[ 624] band from the band-fit matrix diagonal­
ization mentioned earlier. The mixing of K = 9/2- components into the 7/2-[ 514] band was esti­
mated by a simple first-order perturbation treatment. Use of the normalized initial and final 
wave functions and treatment of the E1 matrix elements as three adjustable parameters yielded 
a fit to within 20% of the experimental absolute E1 transition strengths. Figures A. 2-3 and 
A. 2-4 show the normalized three-parameter fit in comparison with the simple two-parameter 
treatment and with experiment. 

Recent developments 8, 9 in the theoretical interpretation of the collective octupole vibration­
al mode in deformed nuclei and its apparent application to the .6.K = 0 class of E1 transitions 10, 11 
have suggested a similar important influence on l!.K = 1 E1I s, all of which apparently have rela­
tively large .6.K = 0 Coriolis-mixed components. 

In our calculations we have followed the approach of Faessler et al. , 12 who suggest the 
vibration-particle coupling Hamiltonian 

H vp 

.. 
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which for Ll.K = 0 E1 transitions mixes the octupole band of the final state with the initial state, and 
vice versa. The only other quantities needed for the calculation are the octupole transition ampli­
tude, < a~) = -n/'-'2B3E3' and the collective E1 strength associated with the octupole vibration, 
B ll(E1). The recent publication of Donner and Greiner 10 offers estimates of the collective di­
p5J.~ and octupole strengths in this region. The pertinent relation given in Ref. 13 is 

B(E1) 
B (EI) 

sp 
(1) 

where C
9 

is the giant dipole wave function admixture coefficient for the (Ki = 0- -+ ~ = 0+), 
IKi - J3 = 0 cl~ss of E1' s .. 

We have thus calculated the reduced transition strengths in 177Hf taking into account pairing 
reduction, the influence of the Coriolis RPC (rotation particle coupling) perturbaf.kn, and the 
second-order vibration-particle perturbation which mixes the initial and final states of the Ll.K = 0 
E1 components. Since the relative phases of the collective E1 components are not known, we al­
lowed that these be arbitrary. It was found that a single phase of the same sign as the 
7/2+[633] -+ 7/2-[514] single-particle component gave the most satisfactory results. We have 
allowed variation of only the single parameter < a 3), the octupole amplitude. Pairing reductio» 
factors have been calculated as suming A., the chemical potential, to be at or near the energy E. j 
of the grou~d-state 7/2-[ 514] Nilsson orbital. 

Table A. 2-II shows the results of our calculations for 177Hf, together with the values of B(E1) 
calculated using the simple three-parameter fit described earlier. Absolute values of B(E1) ob­
tained for the appropriate choice of < a3) in several cases of interest are displayed. Column 1 
(NC) under''rnicroscopic theorY''shows the results obtained when all assumptions with regard to 
Coriolis mixing and pair reduction are taken into account and the calculations are performed with­
in the Nilsson model, but no octupole mixing is assumed. Columns 2 and 3 (NCO and NCG' ) show 
the results for a calculation similar to that in column 1, but with inclusion of the octupole-particle 
coupling influence. In column 4 we include a tabulation of the results obtained using pair reduction 
factors calculated by Vergnes and Rasmussen 2 from the BCSwave functions for N = 105. 

The general applicability of the interpretation of I Ll.KI = 1 E1 transitions in terms of Coriolis 
coupling, pairing, and vibration-particle coupling remains to be shown, but the results of our 
calculations for the nucleus 177Hf indicate that the theoretical basis for the quantitative interpreta­
tion of E1 transitions in odd-mass deformed nuclei is established. 

Prior to publication of this paper we received a copy of the thesis of R. Piepenbring (Univer­
sity of Strassburg) wherein the influence of collective octupole components on I Ll.KI = 1 E1 transi­
tions is discussed. That work and also the earlier published letter of Monsonego and Piepenbring13 

independently suggested the importance of the collective octupole components in interpreting E1 
transitions in odd-mass deformed nuclei. 
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Table A. 2-I. Experimental relative intensities and derived reduced 
transition stren~ths for 177Hf E1I s. 

Initial spin Final spin E'{ Intensitya B(E1) 

(keV) (MeV _F 3) X 10 5 

9/2 7/2 321. 3 8.8(5) 0.034(4) 
9/2 9/2 208.3 524(21) 9.2(6) 
9/2 11/2 71.7 7.2(4) 3.1(2) 

11/2 9/2 313.7 10.0(5) 0.66(5) 
11/2 11/2 177.0 27.8(1.2} 10.3(7} 
11/2 13/2 (17 .2) 
13/2 11/2 305.5 14.2(6} 2.32(13} 
13/2 13/2 145.8 7.7(5} 11.6(9} 
15/2 13/2 299.0 12.6(7} 4.3(3} 
15/2 15/2 117.2 2.0(2) 11.5(1.3} 
17/2 15/2 291.4 8.4(8} 7.0(7} 
17/2 17/2 88.4 0.32(8} 9.4(2.4} 
19/2 17/2 292.5 6.7(7} 8.9(9} 
19/2 19/2 69.2 0.088(30} 8.6(2.9} 
21/2 19/2 283.4 2.9(5} 11.0(2.0} 
21/2 21/2 ( 41. O) 

a. Normalized to 105.4-keV '{ ray = 100. 

Table A. 2-II. Theoretical values of B(E1} for 177Hf. 

Spin Reduced stren~th B(E1} (MeV _F3) X 10 5 

Initial Final Three pa-
Microscopic theory Experiment 

K=9/2+ K=7/2- rameter fit 

NCa NCOb NCOl c NCOBCSd \~~ 
9/2 7/2 0.034 3.4 0.031 0.038 0.034 0.034(4} 
9/2 9/2 7.5 0.74 10.0 6.3 2.4 9.2(6} 
9/2 11/2 3.5 0.05 6.5 3.9 1.6 3.1(2} 

11/2 9/2 0.69 2.1 0.69 0.42 0.70 0.66(5} 
11/2 11/2 9.7 0.87 12.4 7.8 2.9 10.3(7} 
11/2 13/2 7.6 0.006 11.5 6.9 3.1 
13/2 11/2 2.6 1.3 3.5 2.3 2.3 2.32(13} 
13/2 13/2 10.1 0.77 11.9 7.4 2.8 11.6(9} 
15/2 13/2 5.0 0.74 7.0 4.6 4.4 4.3(3} 
15/2 15/2 9.7 0.59 10.4 6.4 2.3 11.5(1.3} 
17/2 15/2 7.3 0.34 10.7 7.2 6.8 7.0(7} 
17/2 17/2 8.9 0.40 8.6 5.2 1.9 9.4(2.4} 
19/2 17/2 8.2 0.14 13.6 9.2 9.1 8.9(9} 
19/2 19/2 7.9 0.24 6.8 4.0 1.4 8.6(2.9} 
21/2 19/2 11.0 0.01 16.3 11.2 11.8 11.0(2.0} 
21/2 21/2 6.9 0.10 5.1 2.9 0.93 

a. Calculations in the Nilsson model, including Coriolis mixing and pair-
reduction factors. Assumes A. =€.7~2-[514]' (a3) = 0, andR O = 
(U9/2+[624]U7/2-[514]-V9/2+[624] 7/2-[514]) = 0.42. 
b. Nilsson model, Coriolis coupling, pair reduction and octupole-particle 
cou~ling included in calculations. Assumes A. = 6 7/ 2 _[ 514]' (a3) = 0.170, 
RO - 0.42. _ 
c. Assumes A. =&7/2-[514] +60 keV, (a3) = 0.142, RO = 0.34. 

d. Assumes A. =[7/2-[ 514] +70 keV, BCS solution, (a3) = 0.142, RO = 0.16. 



,J 

UCRL-17989 

.. 
o 
as 
N 

a 

t 268.8 

.. .. 
<Ii 
;;; 

t -,--"--j--L_ I 2 1.6 

., ~ 

~ ! r 6.8 Day, 

2 " .'2 (404) 

-7 -

.·f ["4) 

• f 

V 

J;7>;;-:1i"~~;:::;~'~~1155;.4'- 1301.3 

14.16 

:..,.....,.u:..,---+- 1086.9 

'-r~-t-.-"'- 882.8 

:r-... ...L.I-r- '08.4 

'i . .--"'--r-,.-J4- 555.1 

1'''''''+----''- 426.6 ., .. 
~ 

~::>.L----''--__ ~21.~ 

•. f )624) 

MUB-4062C 

Fig. A.2-1. The decay scheme of 177mLu with additions from this work. 

A.2 



A.2 -8- UCRL-17989 

16.0 

1000r------------------------------------------------, 

I 00 Ie-

_--10 :-
0-< ..... 

I I 
~H 

~~ 
al all.Ole-

Relative reduced strengths for 

EI transitions from K=t+ to K=f­
bond in 177Hf 

II II 
~-~ 
ll_~ 
2 2 %-~ -,-,-,-, 

2-2" 

[3AIOQa's rule 

o T~~~r~'i~n~~J~~~O 
JIIJ) ElIj;u!rlment 

Fig. A. 2 - 2. Diagram of the E1 branching ratios in 177 Hf 
from the data in Table A. 2-1 and the simple two-parameter 
theory of Refs. 1 and 2. 

30.0 

28.0 
111 Lum _ I77Hf E 1 transitions 

I> 1·0 

26.0 

'" .... ~ 

Q 12.0 : 

./ .... 

~ ""I'" 
.. 

...::- 8.0 - --- , 
~ <»I'" ./ h 
~ .:< ... h 

:.i// h 

177Lum _177Hf EI transitions 

l>I '-1 
4.0 

0.0 

-2.0 
0.0 2.0 

~-o- Theory (3 parameters) 
- Experiment 
_._----- 2 -parameter theory 

(without normalization) 

8.0 10.0 

Fig. A.2-3. The normalized three-pa­
rameter fit of absolute reduced E1 
strengths in 177Hf for the tlI = -1 
class of transition. Derived from 
the form 
B(E1) = [Mo(4 1 9/2-1IIf 7/2) + 
M1"'Ii(IiH)-(9/2)(7/2) (Ii 1 7/2 Ol~ 7/2) 

+ M 2"'If(If H)-(7/2}(9/2) 

(Ii 1 9/2 01 ~ 9/2)] 2, with MO = 
5.5X10- 3, M1 = 3.4X10- 2, and 
M2 = -4.5XHT-4. 

12.0 

~ 24.0 

...IN 22.0 

-I'" --
- 20.0 

::; 
"I'" 
- 18.0 

~ -
16.0 

14.0 

12.0 

o--Theory (:3 parameters) 

o-E .. periment 
____ 2-porometer theory 

(without normalization) 

10.0L---i9--~1'1--.1~3--~15~-T-17,--'1~9--,2~1-~ 
"2"2"2"2"2"2 "2 

S pi n. I 

Fig. A.2-4. Normalized three-param­
eter fit of the reduced E1. strengths 
in 177Hf for the tlI = 0 class of 
transition. 

\, 



: ) 
\ 7 

UCRL-17989 

o U ~J 0 

-9-

OJ 

'". 
. , 
r.;) 9 

3. 3 He ACTIVATION ANALYSIS FOR FLUORINE 

D. M. Lee, J. F. Lamb, and S. S. Markowitz 

A.3 

A rapid, nondestructive method for determination of fluorine by 3He activation has been de­
veloped. Preliminary work suggests a wide range of application to both organic and inorganic 
samples. The absolute excitation function for production of 20F by the reaction 19F(3He, 2p)20F 
is also given. 

Targets of LiF, vacuum evaporated onto platinum foil and covered with thin tantalum foil, 
were used to measure the absolute excitation function shown in Fig. A.3-1. Irradiation was per­
formed at the Hilac at 3H~ ion beam energies of 2 to 25 MeV, adjusted by use of aluminum de­
graders. The beam intensity was about 0.5 flA. The decay of the 10.7-sec 20F activity induced 
in the target was followed by measuring the associated 1.63-MeV y ray, using a NaI(T1) detector 
coupled to a multichannel analyzer operated as a 400-channel scaler. The irradiation chamber, 
rapid sample-recovery system, and counting procedures have been previously described. 1 Also 
shown in Fig, A. 3 -1 is the absolute excitation function for production of 18F by the reaction 
19F(3He, a)18F. The data shown agree very well with values previously published. 2, 3 

Fluorine analysis by 3He activation using the induced 20F activity is relatively free from in­
terferences caused by other activities which might be induced in the sample. The only obvious 
interference would be 20F activity induced in any 180 present in the sample. However, the 180 
content of natural oxygen is only 0.2%. Other interferences could result from induced activities 
having an associated y ray in their decay close to 1.63 MeV. Usually spectrum and decay-curve 
analyses allow separation of such activities. An analysis based upon the production of 18F is also 
feasible in some cases, but the chances for interference are much greater because the activity 
can be measured nondestructively only by following the decay of the 511-keV 13+ annihilation radia-. 
tion. Since 13+ emitters are most common among the products of 3He-induced reactions, the decay 
curves obtained by following the 511-ke V photopeak maybe quite complicated for many types of 
samples. Samples containing oxygen could n9t be analyzed by following 18F decay because of the 
high cross section for 18F production from 160. 4 

A .number of targets were analyzed nondestructively for fluorine to test the accuracy of the 
method. The results are shown in Table A. 3-1. All targets except the Teflon °foils and the last 
three in the table were prepared by vacuum evaporation. The last three were preFared by ho­
mogenizing small amounts of PbF 2 with precipitated platinum (approx. 200 mg/ cm ) and pressing 
the mixture into a thin foil. These samples approximated "thick target" analysis for trace fluorine. 
The error values shown in Table A. 3-1 are based on counting statistics only. 

The sensitivity5 of the nondestructive analysis, estimated from the excitation function in Fig. 
A.3-1, is about 0.5 flg/cm 2 F. For a target such as calcium, assuming a negligible background 
under the 1.63-MeV photopeak, this corresponds to about 18 ppm fluorine. For these calculations 
a beam intensity of 1 flA, counting efficiency of 1 %, irradiation time of 1 half-life, and a counting 
interval sufficiently short that the decay of 20F could be followed were assumed. The sample 
thickness was ca1culated6 with the restriction that the cross section vary by only 5% as the sample 
is traversed. More thorough investigations of interference and sensitivity are now in progress. 

Footnotes and References 
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2. O. D. Brill', Soviet J. Nucl. Phys. 1, 37 (1966). 
3. John D. Mahony, Reactions of He with Light Elements: Applications to Activation 

Analysis (Ph. D. Thesis), UCRL-11780, Jan. 1965. . 
4. S. S. Markowitz and J. D. Mahony, Anal. Chem. 34, 329 (1962). 
5. Sensitivity is defined here as the flg/ cm2 of F whose induced 20F activity would result in 

detection such that (1 is 10% of the photopeak counts, where 

(1 = .J(12 + (12 
peak background 

6. C. Williamson, J. P. Boujot, and J. Picard, Tables of Range and Stopping Power of 
Chemical Elements for Charged Particles of Energy 0.05 to 500 MeV, Centre Dr Etudes Nucl~aires 
de Sacla y, Report CEA-R 3042, 1966. 
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Table A. 3-I. 3He activation of fluorine. 

Sample F present F found 
(m!:l/cm2 ) (mg/cm2) 

LiF #13 1.68 standard 

LiF #14 1.24 1.16±0.01 

LiF #16 0.82 0.82±0.01 

LiF #21 0.77 0.72 ± 0.02 

LiF #19 0.53 0.53±0.02 

LiF #22 0.25 0.23±0.03 

LiF #12 1.03 1.02±0.01 

Teflon (CF 2) #1 1.85 1.90 ± 0.01 

Teflon #2 0.93 0.90±0.02 

PbF 2 #1 0.28 0.25±0.05 

PbF 2 #2 0.22 0.20±0.05 

Pt+PbF 2 #1 1. 53 standard 

Pt+PbF 2 #2 0.32 0.32±0.06 

Pt+PbF 2 #3 1.28 1.22±0.02 

3He ion beam energy = 17.5 MeV. 
Beam current = 0.5 jJ.A. 
Irradiation time = 10 sec. 
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Fig. A. 3 -1. Excitation functions for 
production of 20F and 18F from 19F. 

4. EXCITATION FUNCTIONS FOR NUCLEAR REACTIONS INDUCED 
IN 16 0 BY BOMBARDMENT WITH 3- TO 20-MeV 3He++ IONS 

D. M. Lee, J. F. Lamb, and S. S. Markowitz 

Bombardment of 160 with 3He ++ ions of energies up to 20 MeV produces a number of nuclear 
reactions with reasonably large cross sections. Among the products of these reactions are 
17F{66 sec}, 140( 71 sec}, 150{ 124 sec), 11C(20.3 min}, and 18F ( 110 min). Each of these nu­
clides decays by positron emission or by a combination of positron emission and electron capture 
to the ground state of a stable daughter with the exception of 140 , whose 13+ decay leads almost 
entirely to a 2. 31-MeV fir st exc ited level. The excitation functions for total production of sev­
eral of these nuclides by bombardment of 160 with 3He have been studied previously. 1-3 Our 
present work is to extend this data to higher energies and to measure those excitation functions 
which have not been previously reported. This m~re complete picture will facilitate a better 
choice of irradiation and counting procedures for He activation analysis of oxygen. The sensi­
tivity and detection limits for analysis of oxygen in several materials h'1ve been estimated, based 
upon several of these reactions under specific conditions and at a fixed He energy. 4 The com­
plete set of excitation functions will allow more flexibility in analysis of samples which may pro­
duce interferences which vary as a function of 3He energy. 

The oxygen targets were prepared by anodic oxidation of tantalum foils 5 with natural H 20 
in the electrolyte. Irradiations were performed at the Hilac, with aluminum foil degraders used 
to adjust the beam energy. The activities of the irradiated samples were determined by using a 
3X3 in. {diam} NaI(Tl) scintillation detector coupled to a multichannel analyzer to follow the de­
cay of the photopeak resulting from 13+ annihilation. The resulting complex decay curves were 
computer-resolved by use of a least-squares code. 

The absolute excitation functions measured are shown in Fig. A.4-1. The functions for 
66-sec 17F and 71-sec 140 were not resolvable in the 13+ annihilation radiation decay curves 
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because of the similarity in half-lives and are therefore shown as a composite curve in the figure. 
Data are not yet complete for the pure 160(3He, an) 140 function as measured by following the 
2.31-MeV photopeak from 140 decay. 
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Fig. A.4-1. Excitation functions for the 
production of 150, 11C, 18F, and 
17F + 140 from 160. 
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5. EVAPORATION OF THREE TO EIGHT NEUTRONS 
IN REACTIONS BETWEEN 12C AND VARIOUS URANIUM NUCLIDESt 

Torbjorn Sikkeland, JaroITlir Maly, and Donald F. Lebeck 

A good fit has been obtained to the peaks of ITleasured cross section curves for (12C, xn) re­
actions with 233U, 234U, 235U, 236U, and 238U as targets. The fit involved (i) calculation of the 
cOITlpound nucleus cross section by the use of the parabolic approxiITlation to the real part of the 
optical ITlOdel, (ii) ITlodification of Jackson's forITlula for P x to include fission and angular ITlO­
ITlenturn effects, (iii) use of the r n/r f forITlula by FujiITloto and YaITlaguchi. A typical fit is 
shown in Fig. A. 5-1 with 238 U as target, and the results of the r n/rf analysis are surnITlarized 
in Table A. 5-1. 

The latter two forITlulas are based on the assUITlptions that the teITlperature is independent of 
excitation energy, that the teITlperature for fission is equal to that for neutron evaporation, and 
that r n/r f is independent of angular ITlOITlenturn. This internal consistency between these for­
ITlulas is only qualitative. The value of the teITlperature (as used in the forITlula for P x ) is 
1.20±0.05 MeV, which is significantly higher than 0.59±0.05 MeV, which was found to fit the 
r-;]I£ data. 

In the analysis we obtained a value of 4.5 keV for the quantity 112 /2~. It is interesting to note 
that for a spherical rigid nucleus with A = 250 the value of that quantity is 3.6 keV, and deforITled 
nuclei, in this region of the periodic table, have 112/2~ values (as deduced froITl the rotational 
energies near ground state) of about 7 keV. 

SiITlilar good fits to the shapes of experiITlental curves were obtained with ITlodifications to 
the Jackson forITlula in which T is proportional to the square root of the excitation energy. And 
we have not ruled out the possibility that r n/r f varies with angular ITlOITlentUITl and excitation 
energy. 

It therefore appears that the good fit of the forITlulas for P x and r n/rf is fortuitous. How­
ever, their usefulness should be evident. They have few adjustable paraITleters and they are 
relatively easy to use. They can be used in ITlass assigllITlents and in the prediction of cross 
sections in nucleosynthesis. 

We have a few reITlarks regarding the conclusion drawn by Donets et al. that r n/rf increases 
with increasing bOITlbarding energy. 1 They used the unITlodified Jackson forITlula, and values for 
O'CN were taken froITl those calculated by ThOITlas using the square well ITlodel. 2 These values 
are too high at the barrier. 3 This error decreases with increasing E.. This results in experi­
ITlental r n/rf values that are too high for the lowest x, i. e., for the rowest excitation energies, 
and thus give the apparent effect that r n/rf increases with E.. We believe that a variation of 
r n/r f with Ei has not yet been experiITlentally deITlonstrated for nuclei in the heavy-eleITlent 
region. 

We thank Dr. Albert Ghiorso for help in the experiITlents and the Hilac crew for furnishing 
excellent beaITls of 12C ions. One of us (J. M.) expresses his gratitude to the International 
AtoITlic Energy Agency, Vienna, Austria, for a research grant. 
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Table A. 5 -1. Results of the analysis of experimental maximum cross sections obtained in 
U( 12C, xn)Cf reactions. Symbols not defined in the text are, At = mass number of target 
nucleUj' Ap = mass number of the product nucleus. The calculated values for (aCNPx)m~ 
and rn ~f were obtained by the use of the formulas by Jackson and Fujimoto and Yamaguc 1, 
respectIvely. 

At x A E. a L:.E (aCNPx)max A r n/rf l' /r p 1,max x,max av n f 
(MeV) (f.Lb) (mb) (exp) (calc) 

238 4 246 67.5 62 2.0 26 248.5 O. 28±0. 03 0.30 

238 5 245 73.5 100 1.5 260 248 0.26±0.01 0.25 

238 6 244 83.5 15 0 400 247.5 O. 22±0. 01 0.23 

238 7 243 "'95 3.0 0.5 550 247 0.21±0.01 0.20 

238 8 242 ",115 0.29 1.0 520 246.5 0.20±0.01 0.17 

236 3 245 67.5 2.5 0 1.5 247 0.13±0.03 0.19 

236 4 244 70 22 0 48 246.5 0.17±0.02 0.17 

236 5 243 77.5 9.8 0 300 246 0.15±0.01 0.14 

236 6 242 88 2.1 1.0 420 245.5 0.15±0.01 0.13 

235 3 244 67.5 1.5 0 0.75 246 0.14±0.04 0.15 

235 4 243 70.5 8.8 0 80 245.5 0.11±0.02 0.13 

235 5 242 77.5 5.0 -0.5 270 245 0.13±0.01 0.12 

234 4 242 72 4.0 1.0 90 244.5 0.089±0.009 0.098 

233 3 242 67 0.37 -1.0 2.0 244 0.060±0.016 0.087 

10 3 

Fig. A.5-1. Experimental cross sections, 
afB plotted versus 12C energy, E i , for 
2 U(12C, xn)250-x Cf reactions. The 
symbols and corresponding values for 
x for the experimental points are, 
0, 4n; 0, 5n; +, 6n; A. 7n; O. 8n. 

4n 
The curves represent the function 

10
2 

aCNPx (modification I). normalized 
at the peak to the experimental points. 
The energy scales for the curves are 
displaced L:.E MeV relative to that of 
the figure. Values for L:.E are given 
in Table A. 5-1. 
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6. ON-LINE a SPECTROSCOPY OF NEUTRON-DEFICIENT 
ACTINIUM ISOTOPES 

,'< 
Kalevi Valli, William J. Treytl,' and Earl K. Hyde 

In the Nuclear Chemistry Division Annual Report 1966 we reported preliminary results 1 of 
a study on neutron-deficient actinium isotopes. The study has been completed and a detailed 
description is given in UCRL-17405. 

The actinium study is an extension of our previous work on the neutron-deficient isotopes of 
polonium and astatine, -Z radon, 3 francium, 4 and radium. 5 Actinium isotopes 209Ac through 
215Ac were studied at the heavy-ion linear accelerator by bombardment of 197 Au with 20Ne, 
203Tl with 160, 205Tl with 160, and 209Bi with 12C. The on-line techniques were essentially 
the same as in the previous studies: 2 reaction products recoiling from a thin target were slowed 
down in a helium atmosphere, swept through a small nozzle onto a catcher foil in an adjacent 
vacuum chamber, and detected with a Si(Au) surface-barrier detector. However, the short half­
lives made some improvements necessary. To decrease the transport time of the activity the 
volume of the helium-filled chamber was greatly reduced, the helium pressure was increased, 
and the gas flow was directed in a more linear, nonturbulent way. Figure A. 6-1 shows a sche­
matic diagram of the present apparatus. 

Half-lives and accurate alpha energies were measured for the actinium isotopes. Excitation 
functions were determined both for the actinium isotopes and for their alpha-active daughters in 
the four target-projectile combinations. The assignments of the actinium isotopes are based on 
these curves, on systematic trends in alpha-decay properties, and on half-life data. 

Some typical alpha spectra from the reaction 203Tl(16 0 ;xn)219-X Ac are shown in Fig. A. 6 -2. 
Some excitation functions from the reactions 203Tl( 16 0;xn)219-X Ac and 197 Au(20Ne ;xn)217 -xAc 
are shown in Figs. A. 6-3 and A. 6-4, respectively. 

Footnote and References 

'~Present address: U. S. Naval Radiological Defense Laboratory, San Francisco, California. 
1. Nuclear Chemistry Division Annual Report 1966, UCRL-17299, Jan. 1967, p. 23. 
2. William Treytl and Kalevi Valli, Nucl. Phys. A97, 405 (1967). 
3. Kalevi Valli, Matti J. Nurmia, and Earl K. Hyde, Phys. Rev. 159, 1013 (1967). 
4. Kalevi Valli, Earl K. Hyde, and William Treytl, J. Inorg. NucLChem. 29, 2503 (1967). 
5. Kalevi Valli, William Treytl, and Earl K. Hyde, Phys. Rev. 161, 1284 (i9b7). 
6. R. D. Griffioen and R. D. Macfarlane, unpublished results, 1<Jb1. 

Table A. 6-1. Present results compared with previous reports. Following a-energy standards 
were used: 212po 8.7854 MeV, 215Po 7.3841 MeV, 219Rn 6.8176 MeV, 211Bi 6.6222 MeV. 

This work Griffioen and Macfarlane (Ref. 6) 

Isotope Alpha energy Half-life % Alpha energy Half-life % 
(MeV) (sec) (MeV) (sec) 

215Ac 7.602±0.005 O.17±O.O1 

214Ac 7.212±0.005 8.2±0.2 52±2 7.24 12 33 
7.18 12 33 

7.080±0.005 8.2±0.2 44±2 7.12 12 33 
7. OOO±O. 015a 8.2±0.5 4±1 

213Ac 7.362±0.008 0.80±0.05 7.42 '" 1 

212
Ac 7.377±0.008 0.93±0.05 

211Ac 7.480±0.008 0.25±0.05 

210Ac 7.462±0.008 0.35±0.05 

209Ac 7.585±0.O15 0.10±0.05 
a. This peak is probably complex. 

'-
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Fig. A.6-2. Three alpha spectra 
showing actinium and daughter 
activities from the 
203Tl( 160, xn)219-XAc reac­
tions. Note that the alpha ener­
gy scale of the spectrum at 
135 MeV ion energy is differ­
ent from the other two spectra. 
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Fig. A.6-1. Schematic diagram of the 
apparatus. For 197Au + 20Ne re­
actions the following values were used: 
chamber depth from target to back 
window 3.6 cm, absolute helium pres­
sure 1.7 atm, helium flow rate 
90 cm 3/ sec. For other reactions the 
helium pressure was varied to obtain 
maximum yields. 
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second ITlaxiITla COITle froITl the 11.80/0 205Tl present in 
the target. 
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Fig. A.6-4. Excitation functions 
of the actiniUTIl, radium, and 
radon activities produced in the 
197 Au(20Ne, xn)217 -xAc 
reactions. 
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7. NEUTRON-DEFICIENT THORIUM ISOTOPES 

Kalevi Valli and Earl K. Hyde 

10 5 

180 200 

XBL677 -3560 

We have almost completed a study of light throiUTIl isotopes as a further extension of our work~~ 
on neutron-deficient isotopes of several elements in the re2ion above lead. We have produced 
thorium isotopes 213Th through ,217 Th by bombardment of 06Pb with 160 at the heavy-ion linear 
accelerator. 

Our previous studies* have shown that other reactions compete with the regular compound­
nucleus reactions and that this competition becomes increasingly important as the atomic number 
of the compound nucleus increases. In the work reported here, formation cross sections for the 
alpha-emitting thorium isotopes produced by 206Pb(160ixn)222-XTh are severely reduced by fis­
sion and by direct reactions that produce great amounts of actinium, radium, francium, and 
lighter elements "directly." 
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Because of the low production rates and the short half-lives of the thorium isotopes it was 
necessary to make additional improvements on the performance of the apparatus shown in Fig. 
A.6-1. The target chamber was made still smaller, the nozzle was replaced by a capillary, and 
the flipping wheel was abandoned in most experiments. Instead, the activity was collected direct­
ly onto the front surface of an alpha detector, or on a surface close to an alpha detector. The 
average transfer time of the activity was a few milliseconds; activities with shorter half-lives 
(216Ac, 0.4 msec) could be seen in reduced intensities. 

A summary of our thorium results is given in Table A. 7 -I. The assignments are based on 
excitation functions of the thorium isotopes and of their daughters. The a-particle energies of 
the four new thorium isotopes are shown in Fig. A. 7 -1 and compared with isotopes of lighter 
elements with 126 or fewer neutrons. 

A detailed description of this work will be given in UCRL-1S026, in preparation. 

Footnote 

';<See references in the preceding report A. 6. 

Table A. 7 -I. Summary of Th results. 

Isotope 

214Th 

213Th 

217Th 

Alpha 
energy 
(MeV) 

7.921±0.00S 

7.S22±0.00S 

7.393±0.00S 

7.331±0.O10 

7.6S0±0.010 

7.690±0.O10 

9.2S0±0.010 

Half-life 0/0 

(sec) 

O. 02S±0. 002 

1.2 ± 0.2 40±3 

1.2 ± 0.2 S2±3 

1.2 ± 0.5 S±3 

0.12S±0.02S 

0.1S0±0.02S 

<O.Smsec 

Fig. A. 7 -1. Alpha-decay energies of 
the four new thorium isotopes plotted 
versus neutron number and compared 
with isotopes of lighter elements. 
Solid circles indicate ground-state 
decay, open circles represent decay 
to excited states of the daughter 
nucleus, and triangles represent 
isomeric states. 
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8. COULOMB EXCITATION OF 235 U 

F. S. Stephens, M. D. Holtz, R. M. Diamond, and J. O. Newton 

The 235 U nucleus has been studied by Coulomb excitation, using 4He , 160 , and 40Ar projec­
tiles. Three collective bands based on the 7/2-[743] ground band were observed. These include 
the KO+2(11/2-) and K O-2(3/2-) gamma vibrational bands and the 7/2- beta vibrational band. In 
addition two single-particle rotational bands (5/2-[752] and 9/2-[734]) were also observed. These 
two bands, together with the ground band, are components of the h5/2 orbital, which provides all 
the negative parity levels in the 126-184 shell. Because of their expected purity and the high j 
value these levels lent themselves to a detailed Coriolis calculation, which will be discussed 
shortly. B(E2) values for excitation of the strongest electron and ,{-ray lines were measured. 
The proposed level scheme is shown in Fig. A.8-1. In these experiments, 0.003- to 0.05-cm­
thick foils, 92,,/0 235U and 8% 238U by mass, were bombarded with projectiles of various energy 
at the Hilac. The electron spectra were taken on a small wedge-gap spectrometer, and the '{-ray 
spectra were taken with Ge(Li) detectors. Generally 238U foils were also bombarded under the 
same conditions to aid in the analysis. These spectra were taken during the beam bursts (5 msec 
beam pulses 40 times per second), while a second spectrum of equivalent length was usually taken 
between the bursts and subtracted from the former to eliminate the '{ radiation from 235U radio­
active decay. 

In order to see the greatest number of rotational states 0.01-cm-thick 235U foils were bom­
barded with 182-MeV 40Ar ions. 4He and 160 projectiles were used for the B(E2) measurements 
and also for the electron and '{-ray energy measurements of singly excited lines. Some examples 
of these spectra are shown in Figs. A. 8-2 and A. 8-3. 

By using the 40 Ar spectra, levels up to spin 25/2 could be identified in the ground band, up to 
13/2 in the 5/2-[752] band, and up to 13/2 in the 9/2-[734] band. All these levels were fitted to 
within 0.5 ke V with a three -parameter Coriolis calculation. This calculation also accounted for 
the admixed amplitudes between the 5/2-7/2 and 7/2-9/2 pairs of bands as indicated by the abso­
lute B(E2) values, and for all the relative E2 and M1 transition probabilities observed. In this 
calculation all the state~ arising fro.m the j15/2 orbi.tal were included. Wher: the bands were not 
observed we used the NIlsson energIes 1 at deformatlOn y) = 5.5. All the rotatIonal energy calcula­
tions were done in nth-order perturbation theory by use of the computer program BETABLE, 
written by T. Clements. This program repeatedly solves the secular determinants for all the I 
values involved, simultaneously adjusting all the parameters until a best least-squares fit to the 
experimental data is made. The results of this calculation are best shown graphically. By use of 
the usual rotational formula the energy difference between two consecutive states in a rotational 
band can be written 

E I - E(I_1) 

21 

2 
fi 

Thus a plot of [EI - E(I_1)]/2I vs 212 should give a straight line with slope B and intercept fi 2/2;s. 
The three-parameter fIt is shown in Fig. A.8-4. The oscillations are due to the influence of the 
K = 1/2 band. In this calculation fi2/2;s is a variable as well as the Coriolis matrix elements be­
tween the K = 3/2 and 5/2 bands and between the K = 5/2 and 7/2 bands. The ratio obtained from 
the relative B(E2) values experimentally observed is used to set the matrix element between the 
K = 7/2 and 9/2 bands at three quarters of the K = 5/2 to 7/2 value. This program gives a very 
reasonable rotational constant of 6.5 keV while cutting the 3/2-5/2 matrix element by 20% and the 
5/2-7/2 matrix element by 46%. 

Of the five bands excited in 235 U, we ascribe basically collective character to three. These 
three have more or less the expected properties for such bands, and a detailed examination of 
these properties has been given in a fuller report2 of this work. The other two excited bands 
together with the ground band are basically single-particle states, and their properties seem to 
be adequately given by Coriolis-admixed Nilsson wave functions. 

References 

1. S. G. Nilsson, Kg!. Danske Videnskab. Selskab Mat. -Fys Medd. 29, No. 16 (1955). 
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2. F. S. Stephens, M. D, Holtz, R. M. Diamond, and J. O. Newton, Coulomb Excitation 
of 235U (UCRL-17976, Dec. 1967), to be submitted to Nucl. Phys. 
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Fig. A.8-1. Levels Coulomb excited in 235 U. 
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Fig. A.8-2. Electron spectrum of 235U Coulomb excited by 78-MeV 160 projectiles. 
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Fig. A.8-3. Gamma-ray spectra of 235U in tge region 400 to 1000 keY. The three spectra 
correspond to Coulomb excitation by 4He, 1 0, and 40Ar projectiles, as indicated on the 
figure. . 

Fig. A.8-4. Rotational spacings of bands 
in 235U. The points are the experi­
mental data, with the height of a point 
indicating the error limits, and the 
lines are those corresponding to the 
three -parameter Coriolis calcula-
tion. 
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9. ENERGY LEVELS IN 154Dy 

M. Neiman t and David Ward 

The y ray;s associated with the 13 decay of 154Ho have been studied by use of a Li-Ge detector. 
The reaction 148Sm(11B, 5n)154Ho at 75 MeV bombarding energy was employed. The beam was 
provided by the Berkeley Hilac. Counts were recorded in the time interval between beam bursts 
of the machine, and the spectrum is shown in Fig. A.9-1. The half-life of the activity was found 
to be 3.25 ± 0.1 minutes, and y rays assigned to 'f54Dy on the basis of their half-life are shown in 
Table A. 9-1. A y-y coincidence measurement using two Li-Ge detectors was also performed. 
Spectra are shown in Fig. A.9-2. 

The "in-beam" spectrum of 154Dy in the reaction 139 La (19F, 4n)154Dy at 86 MeV has also 
been studied. The prominent transitions of the ground-state quasi-rotational band are indicated 
in Fig. A.9-3. The anisotropy of the angular distribution of the y rays with respect to the beam 
direction was also determined. The results are tabulated in Table A. 9-1. 

A level scheme is proposed in Fig. A.9-4, based on the results of the "in-beam" work, co­
incidence data, and consideration of the energy sums and intensity balance. Previous work has 
shown that the 2+'" 0+ transition is at 335 keV; however, no level scheme was proposed. 1, 2 
That the levels 906.0, 1252.4, and 1659.4 keV have spins 2+, 4+, and 6+ is suggested mainly by 
the strong resemblance of the level scheme to those of the other 88-neutron nuclei 150Sm and 
152Gd. 3 In Table A. 9-1 the classifications A and B denote reasonably certain and tentative 
assignment respectively. 

It is possible that the levels given tentatively as 2+', 4+', and 6+' form a quasi beta-vibra­
tional band, 4 the 0+' level which would be expected at around 600 keV being undetected in the 
experiments described here (viz, 150Sm and 152Gd). The ~ decay of 154Ho offers interesting 
possibilities for the detailed study of collective levels in 1 4Dy, since rarely does i3 decay popu­
late levels of such high angular momentum. It is clear that the decaying level in 154Ho must 
have an unusually high spin. Recently Hahn et al. 5 have assigned an a decay of half-life 
11.8±1.0 minutes to 154Ho--whether this level, or the l3-decaying level observed in these ex­
periments in the ground state, can not be decided from the present experiments. Further study 
of the levels in 154Dy would involve spectroscopy of the conversion electrons; in particular, the 
transitions J' - J should have strong EO admixtures if the levels J' have characteristics of a 
13 -vibrational band. 
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Table A. 9-1. Gamma rays assi~ned to 154Dy. 

154 ~ 
Decay of Ho 

154
Dy 139La(19F.4n)154Dy 

Transition Relative Transition Relative Anisotropy Assignment 
energy intensity energy intensity 
(keV) (keV) 

159.7±0.2 3.9± 0.3 

289.2±0.2 4.3 ± 0.3 

295.8 ± 0.2 12.8±0.3 295.8±0.3 7±2 -0.4 ± 0.15 

310.3±0.25 3.0±0.3 

334.7±0.25 100 334.7 ± 0.25 100 0.53 ± 0.08 2+ - 0+ A 

346.5±0.3 12.5±0.7 4+' -2+' B 

407.0 ± 0.3 24.5± 0.7 406.8 ± 0.4 9±3 0.8 ±0.3 6+' - 4+' B 

412.5±0.3 84 ±3 412.5± 0.3 100± 5 0.6 ±O.1 4+ - 2+ A 

434.9 ± 0.4 2.5±0.3 6+'- 6+ B 

439.8±0.5 29±4 -0.36±0.05 

444.2 ± 0.4 5.1 ± 0.3 

448.0±0.5 8±3 2.0 ±1 

471.9±0.6 2.5±0.4 

477.4±0.4 56 ±2 477.6 ± 0.4 85± 5 0.8 ±O.1 6+ - 4+ A 

488.0±0.5 11 ± 2 0.2 ±0.2 

505.2 ± 0.4 16.2±0.5 4+' - 4+ B 

523.8 ± 0.4 16 ±0.4 524.1 ± 0.4 73± 5 0.7 ±O.1 8+ - 6+ A 

557 .3± 0.4 45± 5 0.6 ± 0.15 10+ - 8+ A 

570.6 ± 0.5 10 ±2 2+' - 2+ B 

589.0± 1 30± 5 0.3 ± 0.15 

616.0±1 22±4 0.3 ± 0.15 

637.0 ± 1 21 ±4 0.8 ± 0.3 

726.5±0.7 13 ±2 (7±.8+)-8+ B 

815 ± 0.7 13 ±3 (7±, 8+)-6+' B 

906 ±1 1. 5 ± O. 5 2+'- 0+ B 

1249.5±1 16 ±2 (7±.8+)-6+ B 

/ 
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10. NUCLEAR SPECTROSCOPY FOLLOWING 40 Ar , xn REACTIONSt 

David Ward, F. S. Stephens, and J. O. Newton'~ 

We have studied they rays emitted as the final step in the deexcitation of 40Ar , xn reaction 1 3 
products. Previous studies of this type have used projectiles ranging froTIl protons to 19F ions. -
The advantages of using very heavy projectiles are: (i) considerably greater linear and angular 
TIlOTIlentUTIl are iTIlparted to the cOTIlpound systeTIl; (ii) accessibility is provided to regions of the 
periodic table that cannot easily be reached with lighter ions, and (iii) the very neutron-deficient 
cOTIlpound systeTIls can usually be produced with lower excitation energy, resulting in greater 
product specificity. 

That it is feasible to TIlake spectroscopic TIleasureTIlents following 40 Ar, xn reactions is 
shown in Fig. A.10-1, where spectra resulting froTIl 124,122, 120Sn (40Ar, 4n)160, 158, 156Er 
reactions are shown. We have also TIlade the 88-, 90-, and 92-neutron Yb isotopes by bOTIlbard­
ing separated Te targets, and the rotational transitions thus identified are shown in Table A-10-I. 

The peak cross sections (at'" 160 MeV) for the 40Ar ,4n reactions were TIleasured on the 
assUTIlption that the 4+-2+ transition represents the entire cross section for producing the 4n 
product. This seeTIlS very likely, as there is essentially no drop in the rotational transition in­
tensities until TIluch higher in the bands. Our preliTIlinary estiTIlate is that the 40Ar, 4n cross 
sections peak around 200 TIlb, and, adding an eTIlpirical correction for the 3n and 5n reactions, 
we obtain 40Ar, xn cross sections of'" 400 TIlb. This TIleans that angular TIlOTIlenta up to about 
50 fI are contributing to the xn reactions. This iTIlplies that the upper liTIlit to the observed 
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ground-band rotational spectra depends on the nuclear energy levels rather than being a limitation 
imposed by the available angular momentum. 

We also have an estimate of the cross section for evaporated a particles from 40 Ar reactions 
on 124S n and 130Te at 160 MeV, and find them to be around 100 mb. Thus it appears that most of 
the total reaction cross section for 40 Ar on Sn and Te targets at this energy still goes into com­
pound nucleus formation and subsequently into neutron emission. Even if a considerably smaller 
fraction of the total reaction cross section goes into these reactions, it seems likely that spec­
troscopic studies will be possible following xn reactions with considerably heavier ions. 

Footnotes and References 

tpaper presented at International Conference on Nuclear Structure, Tokyo, Japan, September 
7-13, 1967 (UCRL-17568, June 1967). 
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2. G. B. Hansen, B. Elbek, K. A. Hagemann, anaW. F. Hornyak, Nucl. Phys. 47, 529 

(1963). 
3. F. S. Stephens, N. L. Lark, and R. M. Diamond, Nucl. Phys. 63, 82 (1965). 

Table A. 10-1. Rotational transition energies. 

N=92 N = 90 N = 88 

Transition n:;OEr Hi2Yb !5SEr ibO
Yb 

i5b
Er !5SYb 

2 - 0 126.2 166.5 192.7 243.0 344.4 357.9 

4-2 264.3 320.2 335.7 395.3 452.9 476.0 

6-4 376.3 436.2 443.8 508.8 543.2 548.3 

8-6 464.6 521.2 523.8 588.7 618.2 

10 - 8 532.1 569.4 579.7 ~636 ~675 

12 - 10 579.4 608.7 
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11. COLLECTIVE LEVELS IN 
NEUTRON-DEFICIENT EVEN CERIUM NUCLEI 

David Ward, F. S. Stephens, and R. M. Diamond 

A.1'i 

Th t ' 136,134,132,130, 128C h b d' d d' 4 ' , e 'I-ray spec ra ot eave een stu ie unng HI, n reactions, in 
which a given cerium nucleus was the finalproduct. The reactions (20Ne,4n) on 
116, 114,112,110Cd, and (160,4n)on 124, 12Z, 120, 118, 116Sn , were employed. Heavy-ion beams 
were provided by the Berkeley Hilac

6 
Excitation functions and angular distributions of the y rays 

were measured, and in the cases 13 ,132, 128Ce, '1-'1 coincidence experiments using two Li-Ge 
counters were performed. These measurements enabled us to assign the transitions of the ground­
state quasi-rotational band with considerable confidence. Typical spectra are shown in Figs. A. ii­
i and A. 11-2, and the partial level schemes in Fig. A. 11-3; the results are tabulated in Tables 
A. 11-1 and A. ii-II. 

As would be expected from the work of Clarkson et al. 1 on the isotopes of Ba and Xe, these 
lightCe isotopes show increasingly collective behavior as the neutron number is decreased. This 
is evident from the drop in the energy of the first 2+ level, and the increase in the ratio E4:E2 
with decreasing N. 

We were not able to assign they rays of 126Ce from the reaction 110Cd(20Ne , 4n)126Ce , and 
we conclude that the intermediate nuclei involved in this system are sufficiently neutron-deficient 
that the evaporation of charged particles is of probability comparable to that for neutrons. This 
is evidenced by the products of 20Ne, a2n and ZONe, 2p2n reactions shown in Fig. A.11-2. We also 
note that the peak cross section for, the 20Ne,4n reaction on 112Cd (215 millibarns) is considerably 
less than that for the same reaction on 114Cd (310 mb). It seems likely that the use of other tech­
niques will be necessary to study systems as neutron-deficient as 126Ce . For example, the reac­
tion HI, a2n appears to offer further possibilities, such as 100Ru(32S, a2n)126Ce. The techniques 
could be extended to taking 'I spectra in coincidence with the evaporated a particles. 

The energy levels have been analyzed by using the Harris equation, 2 

1 2 2 
E J = '2 w (10 + 3cw ), 

The results are shown in Table A. ii-III. The spaCings differ considerably from those of the 
rotational model: EJ = AJ(J+1), and it will be seen that the effective moment of inertia, 
(Er E J _2)/(4J-2), decreases rapidly with increasing spin. This is probably due to several effects, 
such as centrifugal stretching3 and the Coriolis anti-pairing effect. 4 The Harris-model param­
eters 10 and C are a convenient meeting point between the data and theoretical calculations in­
cluding these effects. Such calculations have recently been performed for nuclei at the end of the 
rare earth region,S and it would be of interest to extend them to the cerium region. In this 
cerium region the deviations of the level spacing from the rotational model are much larger than 
in the rare earths; however, the Harris equations give fits of a comparable quality. . 
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Table A. ii-I. Energies E, relative yields I, and anisotropies A, for the ground-band transitions. 
(The anisotropy should generally lie in the range 0.33 to 0.75 for stretched E2 transitions..-Ref. 6.) 

136
Ce 

124Sn{16 0,4n) 

134Ce 

122Sn{160,4n) 

132Ce 

120S n {16 0 ,4n) 

116C d{20Ne,4n) 

130Ce 

118Sn {16 0,4n) 

114Cd{20Ne,4n) 

E 

I 

A 

E 

I 

A 

E 

I 

A 

E 

I 

A 

2 - 0 

552.0 

100.0 

0.25±0.04 

409.2 

100.0 

0.42±0.04 

325.4 

100.0 

0.61±0.03 

254.1 

100.0 

0.40 ± 0.04 

Transitions 

4-2 

761.6 

99.0 

0.19±0.06 

639.3 

89.0 

0.47 ± 0.08 

533.5 

97.0 

0.53±0.07 

456.7 

86.0 

0.49± 0.07 

6-4 

(899.0) 

19.0 

0.05±0.2 

813.9 

62.0 

0.63±0.15 

683.8 

73.0 

0.43±0.1 

613.4 

82.0 

0.57±0.1 

8-6 

946.5 

40.0 

0.45 ± 0.15 

787.8 

52.0 

0.72 ± 0.15 

729.0 

61.0 

0.87±0.15 

10 - 8 

---------------------------------------------------------------------------------------
128Ce E 207.3 399.9 550.6 662.5 (725.5) 

116Sn{16 0,4n) I 100.0 73.0 72.0 59.0 24 

112Cd{20Ne ,4n) A 0.41 ± 0.03 0.60±0.1 0.59±0.15 0.59 ± 0.15 

Table A. ii-II. PrOIninent non - ground - band tr ans itions. 

Nucleus Energy Relative Anisotropy 
(keV) intensity 

136
Ce 664.8 75 -0.05 ± 0.04 

134Ce 907.0 24 0.9 ± 0.2 

132Ce 570.5 28 0.79±0.16 

802.0 16 0.44 ± 0.15 

828.7 28 1.2 ± O. 3 
130Ce 503.3 29 0.53±0.1 

756.3 30 0.50±0.12 
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Table A. 11-III. Harris -model fits. 

Nucleus Energy levels (keV) Parameters 

2+ 4+ 6+ 8+ 10+ 12+ 10 C rms Deviation 

(X10 3) (X 108~ (% ) 
136Ce Expt. 552.0 1313.6 2213.0 

Theory 552.1 1312.6 2214.0 3224 4325 5503 1.947 2.533 0.17 

134Ce Expt. 409.2 1048.6 1862.0 2809 

Theory 407.2 1060.1 1864.0 2783 3796 4889 5.018 2.682 0.92 

132Ce Expt. 325.4 858.9 1542.7 2331 

Theory 324.1 866.0 ,1542.6 2321 3182 4114 6.898 4.095 0.51 

130Ce Expt. 254.1 710.7 1324.1 2053 

Theory 252.7 719.4 1325.0 2035 2830 3699 10.25 4.311 0.81 

128Ce Expt. 207.3 607.3 1157.8 1820 (2573) 

Theory 205.7 613.8 1162.3 1818 2561 3379 13.43 4.389 0.64 

8+ 2808.9 
(to+1 2573 

8+ 2331 ( 6+ 2213 ) 

8+ 2053.1 

8+ 1820.3 
6+ 1862.4 

6+ 1542.7 
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2+ 254.1 

0" 0 0+ 0 0" 128 Ce 130Ce 132Ce 
0 0+ 134

Ce 
0 0+ 136

Ce 
0 

Energy levels in light Cerium nuclei 

XBL6711- 5587-A 

Fig. A. 11-3. Energy levels of the ground-state quas'i-rotational 
band in the light even cerium nuclei. 
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12. SYSTEMATICS OF ENERGY LEVELS IN EVEN NUCLEI 

David Ward, F. S. Stephens, and R. M. DiarrlOnd 

Recent results in the field of HI, xn y-ray spectroscopy1 show that the 88- to 90-neutron dis­
continuity between vibrational and rotational behavior, which is very noticeable for Z = 62 and 64, 
tends to diminish for higher Z, and is scarcely present at Z = 70. This is shown in Fig. A.12-1. 
A similar behavior has been previously noted in the Z = 76 to 78 region of the periodic table. 2 

Mallmann has plotted E J /E2 against E4/E2 for the ground-state rotational bands of even 
nuclei, and concluded that tlie levels exhibit a smooth behavior between the rotational and vibra­
tionallimits. 3 We have prepared a similar plot, shown in Fig. A. 12-2, with considerably more 
data. We have plotted here only the data up to spin eight; the higher spin values contain fewer 
data points and are very similar to those shown. In this type of plot a one -parameter relation­
ship can be represented by a point, as indicated by the rotational and harmonic oscillator (vibra­
tional) points shown, and a two-parameter relationship gives a line. We have shown five such lines: 
(i) the two-term series expansion in I(H1) (labeled :\+B), which is quite bad except for the very 
good rotors1 (ii) the centrifugal stretching models 4 - (labeled D. C. ); (iii) the recent relationship 
due to Sood based on treatments of molecular rotation; (iv) the remarkably simple empirical 
relationship used by E¥ri8 and others, 9 Er = kI(H1) + aI or EI = AI(HN); and (v) the equations of 
Harris, 10 EJ = (1/2)w (~O + 3c( 2 ), J(J+ 1) = w2(;s 0 + 2c( 2 )2. We draw several conclusions from 
this plot: (a) the data fall remarkably closely on a single line between the rotational and harmonic 
oscillator limit, as previously noted by Mallman, (b) for the reasonably good rotors (E4/E 2 > 3) 
the relationship of Sood gives the best fits, and (c), considering the whole region, it appears that 
the Harris equations give the best fit. 

This plot serves as an objective comparison of these models with regard to their capability 
of reproducing the energy-level spacings. Because the models vary so widely in their complexity 
and physical content we feel that this comparison, although useful for a number of purposes, is 
not to be considered an evaluation of their worth or validity. More information is needed to de­
termine what is really happening in the nucleus as the angular momentum is increased in the 
ground-state band. 
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13. POTENTIAL-ENERGY EFFECTS IN 
HEAVY-ION TRANSFER REACTIONSt 

R. M. Diamond, A. Poskanzer, F. S. Stephens, W. J. Swiatecki, and D. Ward 

Nucleon transfer reactions have been rather extensively studied with light projectiles (Z <S; 2) 
on a wide variety of targets. With heavy projectiles (Z > 2), however, these studies have been 
carried out mostly with light targets. 1 The few studies made using both heavy projectiles and 
medium or heavy tar§ets have been done radiochemically', and have been mainly concerned with 
neutron transfers. 1- Recently, however, the reaction (12C, 13N), which transfers a proton from 
the target to the projectile, has been studied radiochemically with of heavy targets, 4 and the 
results yielded much lower cross sections than expected from the neutron transfer cases. Also, 
in a recent radiochemical study of 12C and 14N on 115In, it has been foundS that the loss of two 
protons by the target appeared to be much less probable than the corresponding gain of two protons 
by the target. 
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In the t>resent work, using a power-Iaw-type particle identifier systeITl with seITliconductor 
detectors, we have studied the proton transfers in both directions, using five targets between Ni 
and Au, and four projectiles between 10B and 14N. 

FroITl spectra such as those shown in Fig. A.13-1, we could easily integrate the total yield 
of a given eleITlent, as the separations between different eleITlents were quite good. However, it 
was ITlore difficult to integrate accurately the isotopes of a given eleITlent, and we estiITlate an 
average uncertainty of around 30% in the ratio due to this effect, although in one or two cases 
with poor statistics it could be as large as a factor of two. Although it is clear that these reac­
tions are cOITlplex, we found a general trend that the transfer of a proton froITl a heavy target to 
the projectile is less favored than the transfer in the other direction. 

The quantitative interpretation of these transfer reactions would undoubtedly be difficult. As 
with any dynaITlical process it would involve several steps, of which the first would be an analysis 
of the potential energies of the relevant nuclear configurations, in particular the energies of the 
target and projectile in close proxiITlity before and after transfer. Indeed, it has been recognized 
for SOITle tiITle that the ITlasses--or ITlore precisely the Q-values--affect the yields of the products 
of transfer reactions. The Q-values refer, however, to the ITlasses of infinitely separated nuclei, 
and the relevant energy in transfer reactions ITlust also include the CouloITlb interaction energy. 
If one considers the target and projectile as two spheres in close proxiITlity, one can easily write 
down the expression for their electrostatic interaction energy and, using the saITle separation 
distance, also for the interaction energy following the transfer of particles. It is apparent that 
systeITls in which the projectile loses protons are favored by the CouloITlb interaction energy, 
sinc:e (~t + 1)(Zp - 1) < (Zt - 1)(Zp + 1). Here Zt and Zp are the atoITlic nUITlbers of target and 
proJectlle. 

To test these energy considerations we have plotted in Fig. A. 13-2 the ratio of yields 
(projectile + p)/(projectile - p) against (a) the difference in Q-values for the reactions, ~Q, and 
(b) that difference plus the difference in CouloITlb interaction energy, ~Q + ~E. We calculated 
interaction energies using projectile -target distances deduced frOITl the experi~ental conditions 
theITlselves (boITlbarding energy and e); the results do not differ significantly froITl what would be 
obtained by assu'TIing tangent spheres whose sizes were given by a radius paraITleter equal to 
about 1.4 F. 

The correlation in Fig. A. 13-2b is rather good, in that the 10B , 11 B , and 14N results fall 
approximately on a single curve which goes through the point of equal yields for ~Q + ~Ec = 0. 
The points for 12C, although lying on a different curve (for a reason that is not obvious to us) 
also confirITl the existence of a correlation between yield ratios and potential energy differences. 
Moreover this curve also passes approximately through the neighborhood of the equal yield point 
when ~Q + ~Ec = 0. There is considerable scatter of the points in Fig. A.13-2, part of which 
ITlay be due to experiITlental error, but which may also reflect real effects not included in this 
siITlple treatITlent. It is apparent, however, that the correlation in Fig. A. 13-2b is a great im­
proveITlent over that in Fig. A.13-2a, where Coulomb interaction energy is not included. 

More extensive experiITlents will be necessary to deterITline the extent of validity of the cor­
relation between yields of transfer reactions and the relevant potential energy changes of two 
nuclei in close proxiITlity. Since such a correlation is, however, not at all unexpected from first 
principles, we believe it ITlay not be premature to point out SOITle of the consequences of the 
existence of this correlation. 

For any given pair of nuclei the most direct ITlethod of estiITlating the potential energy or 
ITlass is to add to the experimental ITlasses of the nuclei the electrostatic interaction energy. In­
sofar as the average trends of nuclear masses are known to be reproduced by the liquid drop 
ITlodel,7 it should be possible to predict what the gross average trends of transfer reaction yields 
should be, based on a study of the elementary probleITl of two tangent charged polarizable spheres. 
The results have been discussed briefly in the full report of this work. t 

What we have proposed specifically here is that the asymITletry in the direction of proton 
transfers, as well as the apparent gross differences in proton and neutron transfers, can be 
understood by considering the relevant potential energies of the systems. These energies have 
been approxiITlated by the ITlasses at infinite separation (Q values) plus a CouloITlb interaction 
energy term. The latter terITl is iITlportant when heavy projectiles and targets are involved, and 
its inclusion brings the proton data into reasonable accord with expectations. A convenient 
qualitative way to view the energetics of the proton transfer process is to realize that most 
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projectiles in contact with a heavy target nucleus constitute a proton-rich region compared with 
the target nucleus. This (for most projectiles) provides a driving force for the transfer of protons 
into the target nucleus rather than out of it, and the effect is the larger the greater the difference 
in the charge densities (i. e., neutron/proton ratios) of the target and projectile. 
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14. 
54 54 

THE Fe(p, pI y) Fe REACTION 

J. Moss, D. L. Hendrie, D. Landis, and R. H. Pehl 

A powerful tool in assigning spins to nuclear levels consists of observing the an9.ular dis­
tribution of y rays in coincidence with nuclear reaction particles emitted at 180 deg. The use­
fulness of this method has, heretofore been limited because of the necessity of using poor-reso­
lution NaI gamma detectors in order to obtain good counting efficiency. 

The advent of large -volume germanium detectors coupled with the development of a high­
count-rate amplifier system2 enables us to extend this method to a wide range of new problems. 

The 54Fe (p, pI )54Fe reaction was chosen for the first experiment because 54Fe is a single 
closed shell nucleus with comparatively little spectroscopic information available about its ex­
cited states. The bombarding energy was chosen to be 9 MeV to remain below the threshold for 
the (p, n) reaction. 

The y rays were detected by a germanium counter of "" 40 cm3 intrinsic- volume. It was 
made from a 3.4-cm-diameter pulled crystal by drifting lithium into a 5-cm-Iong piece from five 
of its six sides to a distance of 13 mm. The measured capacity of this detector at 2000 V bias 
was 34 pF. No noise increase was observed up to 2000 V; measurements at higher bias have not 
yet been made. The protons were detected by an annular lithium-drifted silicon counter placed 
on the beam axis at 180 deg; it intercepted particles scattered from 166 to 172 deg, subtending 
a solid angle of 0.115 steradian. The full-energy peak efficiency at our distance from the target 
of about 3 in. for the germanium counter ranged from 0.180/0 at 412 keY to 0.0190/0 at 3160 keY. 
An abbreviated electronic schematic is shown in Fig. A. 14-1. The outputs from the preamplifiers 
were fed into high-rate linear amplifier systems described in Ref. 2 This system utilizes pole­
zero cancelation to restore the pulse tail to the base line, and includes a pile-up rejector which 
insures that any pulse that is passed through the linear gate is not within 10 f.lsec of another pulse. 
The high-rate amplifiers have a fast and a slow output; the former is used for fast timing and the 
latter for energy analysis. A time-to-amplitude converter was used to make the fast coincidence; 
this allowed us to collect a large number of chance events for correction to the true coincidence 
spectrum by observing events in which the proton y rays were generated in different cyclotron 
beam pulses. The gated particle and gamma energy signals were fed into an analog multiplexer 
and sub:requently into a 4096-channel successive-approximation analog-to-digital converter 
(ADC). The ADC also accepted six logic signals, two of which selected the real and random 
portions of the time spectrum and the rest of which were used for displaying gamma spectra in 
coincidence with different particle groups. The events were stored in a 1250-event buffer and 
then written on IBM compatible tape. The data are then finally analyzed on a CDC-6600 computer. 

Figure A. 14-2 shows a single spectrum of 9-MeV protons scattered from 54Fe . Figures 
A. 14-3 and A. 14-4 show the spectra of y rays in coincidence with protons scattered from the 
states at 3.299 to 3.344 MeV (unresolved in proton spectrum) and 3.829 MeV respectively. These 
spectra, which are representative of a strongly excited state and a weakly excited state, respec­
tively, were obtained after 15 hours of counting at e = 55 deg. There are 2322 counts in the 
759-keV peak in Fig. A. 14-3 and 298 counts in the 2421-keV peak in Fig. A.14-4. 

Complete angular distributions are not yet available; however, some idea of the statistical 
precision required to assign spins may be obtained from Fig. A.14-5, which shows the angular 
distributions of y rays from the states for which spectra are shown. 

Although experiments will be more difficult when working above other reaction thresholds, 
we believe that it is presently possible to deduce spins of the stronger excited states by this 
method, using germanium counters. Branching ratios may be obtained for even weaker states, 
since the statistical precision required is not so great. 
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B. NUCLEAR REACTIONS AND SCATTERING 

1. THE EMISSION OF a PARTICLES 
IN BOMBARDMENTS OF HEAVY ELEMENTS WITH a PARTICLES 

G.Chenevert, t 1. Halpern, t B. G. Harvey, and D. L. Hendrie 

It has been observed in bombardments of heavy elements with a particles between 40 and 50 
MeV that a broad spectrum of a particles is emitted. 1, 2 At the more forward angles this spec­
trum is quite flat from energies in the neighborhood of the Coulomb barrier height to energies 
near the elastic scattering peak. As one goes backward in angle the a-particle spectrum begins 
to fall off more and more with increasing a-particle energy. The integral of the cross section 
over energy also drops off rapidly at backward angles. This last feature indicates that the in­
elastic particles are mainly the products of a direct reaction. It is not clear, however, which 
nuclear degrees of freedom are being excited in these scatterings, especially when the residual 
nuclei are left in very highly excited states. It was decided to pursue this problem by making use 
of the higher incident a-particle energies that are available at the 88-inch cyclotron. 

Targets of tantalum, gold, and lead were bombarded at energies of 42, 50, 65, and 90 MeV, 
and a-particle spectra were observed at angles between 20 and 160 deg, generally in 20-deg steps. 
It was found that the distributions at forward angles resemble those that had been seen at the lower 
bombarding energies. Thus at 30 deg the observed inelastic spectrum is still quite flat (z 1 mb/sr 
MeV) at a bombarding energy of 90 MeV. This implies, for example, that there is a considerable 
probability for a high-energy a .particle to lose almost all of its available energy (and essentially 
all of its orbital angular momentum) in collision with a heavy nucleus. 

Figure B. 1-1 shows a typical set of spectra observed at 65 MeV. It was not possible to obtain 
useful data forward of 30 deg because of backgrounds due to slit scattering. It is hoped that with 
improvements in beam optics and in counter design it will be possible to make such observations. 
It would be of interest, for example, to see whether the cross section passes through a maximum 
at some forward angle, as one would expect from elementary models for the (a, a' ) reaction. 

Although the observed spectra are more or less featureless, a few gross structures are ap­
parent. For example, the forward-angle spectra of lead show a prominent bump at excitation 
energies between 10.0 and 24.0 MeV (Fig. B. 1-1). This bump is most conspicuous at 65 MeV 
bombarding energy. At 42 MeV bombarding energy there is a significant depression in the spectra 
of Ta, Pt, and Au at about 8 MeV excitation energy. The meanings of these structures are not 
yet understood. 

The bump which appears near EO', z 20 MeV at 160 deg becomes increasingly prominent as 
the bombarding energy is increased. Such bumps appeared for all the targets and are isotropic 
for backward angles. These features suggest that the bumps represent evaporated a particles. 
This suggestion is confirmed by quantitative estimates of a-particle evaporation rates, made 
by using conventional statistical theory. 

Before discussing the analysis of the data, it is worth calling attention to one uncommon fea­
ture of the observed evaporation spectra. They correspond to evaporations which take place from 
nuclei excited to a fairly narrow band of excitation energies and are therefore particularly suited 
to theoretical analysis. This narrowness can be appreciated from the data shown in Fig. B.1-2. 
The steepness of the excitation function for a-particle evaporation implies that after one or two 
neutrons are evaporated the chance to emit an a particle becomes much smaller than it is to start 
with. It is easy to understand why a (and other) particles which are not normally evaporated at 
low energy become increasingly probable at higher energies. The relative chance of evaporating 
a particle goes roughly as exp(-~E/T), where T is the nuclear temperature and ~E is the extra 
energy cost of emitting the particle in question compared with the cheapest particle, the neutron. 
For large ~E, a function of this form grows rapidly with increasing T. Because of the high 
Coulomb barrier for a particles and heavy targets ~E is large, and a-particle evaporation is 
therefore severely inhibited until the higher excitation energies available in the experiment pre­
sented here. 
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In analyzing the results, statistical theory was used to predict (i) the shape of the evaporation 
spectrum, (ii) its absolute magnitude, and (iii) its rate of growth with increasi~ bombarding en­
ergy. It was found that the major uncertainties in computed cross sections (d a /dEdr.!) were 
associated with uncertainties in (a) the parameter "a" in the commonly used level density formula 
for nuclei, 3 (b) the so-called inverse cross section for ZO-MeV a particles striking a heavy nu­
cleus, and (c) the difference in a-particle and neutron binding energies to the initial compound 
nucleus. It was found that with normally accepted values for these parameters, it was possible 
to fit the observations quite well. There were some slight discrepancies, which can in part be 
accounted for by refinements of the simple theoretical formulation used. A paper discussing the 
observed evaporation spectra and their implications is being prepared. 
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2. DETERMINATION OF Y40 AND Y60 COMPONENTS 
IN THE SHAPES OF RARE EARTH NUCLEIt 

D. L. Hendrie, Norman K. Glendenning, B. G. Harvey, O. N. 
H. H. Duhm, t J. Saudinos, Tt and J. Mahoney 

Jarvis, ~~ 

The rotational spectra of nuclei in the rare earth (A = 152 to "" 190) and actinide ( A = 220 to 
250) regions, implying large permanent deformations, have been long known. The electric quad­
rupole moments of these deformed nuclei have been accurately determined by several methods. 
It is certainly associated largely with a Y Z component in the nuclear radius. The knowledge 
about possible higher components Y4 and Y6' however, has been very tenuous up to now. Al­
though calculations have predicted a Y 4 component in the uranium region, 1, 2 the evidence from 
alpha-decay studies is ambiguous. 3 Inelastic deuteron scattering near the Coulomb barrier has 
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provided evidence for the existence of such moments in the rare earth nuclei, but the magnitudes 
and even signs of the moments were not well determined. 4 Here we report a systematic study of 
the shape of deformed nuclei in the rare earth region through excitation of the ground-state rota­
tional band by alpha particles. S We scattered a well-collimated and analyzed beam of SO-MeV a 
particles on several metallic foils of isotopically pure elements in the rare earth region. Angular 
distributions were taken with a cooled lithium-drifted multiple counter array. Special care was 
taken to keep backgrounds low and to maintain resolutions of about SO keV. Since we have mea­
sured the differential cross sections to the various rotational levels of the ground state up to the 
6+ and sometimes 8+ we are in a position to determine the shape up to Y 6 of the nuclear field pro­
duced by the ground state. 

In our analysis of the data we assume that the alpha-nucleus interaction can be represented by 
a deformed complex optical potential and that the nucleus is a perfect rotor, at least up to the 8+ 
state. We calculate the cross section to members of the ground-state band by solving numerically 
the coupled differential equations that follow from this picture, without further assumptions. 6 
Coulomb excitation effects were found to be significant and were treated on an equal basis with the 
nuclear excitation. The multipole expansion of the interaction, the number of partial' waves, and 
the number of coupled channels were all carried to convergence, so that we have an exact numer­
ical solution of the scattering model. 

Since we treat explicitly the rotations, the optical potential should be essentially the same as 
that in the neighboring spherical region, since in both cases it must carry only the effects of the 
omitted intrinsic excitations. 6, 7 Therefore, the same optical potential was used with only minor 
adjustments throughout the region from the spherical nucleus 1~8Sm through the deformed region 
to 17 8Hf. This means that essentially only the shape parameters of the optical potential had to be 
determined in the analysis. We parameterize the shape according to 

R = RO( 1 + 13 2 Y20 + 134 Y40 + 136 Y60). 

Figure B. 2-1 shows the data and calculation for 1S4Sm . Notice that the. only agreement occurs 
for 134 = +0. OS, and that the experimental d<:Lta are reproduced in detail, including location of dif­
fraction peaks, absolute magnitude of the cross sections, and even depths of the minima of the 
various states. The dashed and dotted curves show the disagreement with the data that is obtained 
when 134 is respectively 0.0 and -O.OS. We see in this way that the value of 134 is quite precisely 
determined. 

The agreement is somewhat improved for almost all the nuclei by including a small negative 
136 term. This term has been included in the best-fit curves shown for three of our target nuclei 
in Fig. B.2-2. Here we easily see such changes in the data as shifts in the position of maxima, 
and smaller amplitudes of oscillation which, we find, imply' a change in the sign of 134 with in­
creasing target mass. 

Our results are summarized in Table B. 2-1 and Fig. B. 2-3. From a preliminary exploration 
of deeper potentials it is already indicated clearly that our deformation parameters scale as 13 rO 
as has been suggested. 8 Accordingly in the presentation of our results we quote values of 13 rO' or 
more precisely l3(ro/1.2). To see whether the values of 134 determined by our analysis can be 
understood in terms of the single-particle structure of nuclei, we have calculated this component 
in the shape by a simple method due to Harada. 2 These calculated values are compared in Fig. 
B. 2-3 with the values determined from the analysis of the data. It is gratifying that this simple 
model reproduces very well the observed trend characterized by larger positive 134 deformations 
near the beginning of the deformed region, decreasing to large negative values at the end. and 
agrees well with a more realistic calculation by Nilsson and his co-workers. 9 

We thank Claude Ellsworth for the fabrication of ·the targets and Noel Brown for his efforts 
on the computer program. 
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Table B.2-1. Deformation paraITleters, ~ = (r o/1.2)13, obtained by our analysis 
of 50-MeV alpha scattering. The optical potential paraITleters used were about 
V = 65.9, W = 27.3, rO = 1.44, a = 0.637, with only very slight adjustments to 
individual nuclei. 
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154Sm . The coupled-channel calcula­
tions corresponding to values of 13 4 
equal to +0.05, 0.0, and -0.05 are 
cOITlpared. In the latter two cases 
the optical potential radius and 13 2 
were readjusted so as to achieve the 
best possible agreeITlent with the 0+ 
and 2+ state. These results illustrate 
the extreITle sensitivity to 134' es­
pecially since differences in the 4+ 
and 6+ cross sections of an order of 
magnitude appear at certain angles. 
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Fig. B.2-2. Coupled-channel calculations of the differential cross sections for 50-MeV a 
particles of three nuclei exhibiting respectively +. O. and - values of /34 are compared with 
the data. The shape parameters in each case are exhibited in the figures . 

Fig. B. 2-3. Calculated and measured 
values of /34' Solid lines indicate the 
values of 134 calculated in first-order 
perturbation theory based on the 
Nilsson scheme. The values of /34' 
multiplied by (rO/1.2). that were ob­
tained from an analysis of the scat­
tering data are shown by solid dots. 
The error bars indicate our feeling 
of the precision with which the pa­
rameters can be extracted. 

• 1 

.08 

.06 

.04 

.02 
{34 

Or-----------~~~------------------_4 

-.02 

-.04 

-.06 

-.08 

~I 

-.I 2 '--'--;1-!;5;;'0L......J.-'---'-;1~6c;;0:'--'L......J.-'--;-!17!;;0~.L.-..J----1.--;1';;:80;f--'---L......J.--;1±90='--'-' 
Mass 

)lBL670- ':se6A 



B.3 -48-

3. COMPARISON OF 3 He AND a SCATTERING 
BY USE OF DWBA ANALYSIS 

H. H. Duhm, t B. G. Harvey, D. L. Hendrie, J. Saudinos, * 
J. Mahoney, W. Parkinson, t and O. N. Jarvistt 

UCRL-17989 

In order to utiliz'e the DWBA method of analyzing nuclear reaction results, one must obtain 
the distorted waves which describe the incoming and outgoing particles. The most commonly 
used procedure is to utilize the wave functions derived from an optical-model analysis of elastic 
scattering of the corresponcr.r,g particle at an appropriate energy frQrp the relevant (or nearly 
neighboring) nucleus. The Mg(d, t)23Mg, 24Mg (d, 3He )23Na, and Z'±Mg(3He , a)23Mg reactions 
reported separately induced us to study the elastic scattering of 35- and 47.5-MeV 3He' s from 
24Mg. Moreover, comparison of 3He and a elastic and inelastic scattering results provides 
further information on the differences between the nuclear interactions of the two projectiles, and 
yields a further check on the 24Mg(a, a' ) result reported previously. 1 Spectra from the two reac­
tions are shown in Fig. B.3-1. 

As expected, the results are similar for the two projectiles. The 4.12-MeV 4+ level and 
5.22-MeV 3+ level are wel1 described as higher members of rotational bands. 2 They are not ex­
pected to be, and are not, able to be fit with the first-order DWBA approach. The success of a 
DWBA fit to the 6.00-MeV 4+ state, especial1y with the a-particle results, implies an addition 
p. = 4 contribution beyond that expected from a col1ective rotational model. 

In Table B. 3-1 we see some sample optical parameters for the various reactions. Two dif­
ferences are noted, which persist for al1 the many ambiguous optical potentials that were located. 
Whereas only four parameters (V, W, rO' a) were needed to fit the alpha data, it waiO always 
necessary to use independent imaginary radius (rw) and diffuseness (aw ) to fit 3He data. 
In addition, the 3He results always required a more diffuse wel1 than the a results, indicating a 
less we1l-defined interaction radius 3 for the 3He , s. 

The optical-model and DWBA fits are shown in Figs. B. 3-2 and B. 3-3. The transition 
strengths for several levels derived from these fits are shown in Table B. 3-11. Transition 
strengths derived from the other potentials found are very similar, provided one uses complex 
coupling and compares 13 X rO and not 13 alone. However, comparison between the strengths 
determined from alpha and 3He scattering se.em to be less consistent. Whether a spin-flip process 
available to the 3He only, or a full coupled-channel treatment of the reaction can resolve the dif­
ference is sti1l under investigation. 

Footnotes and References 
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Table B. 3-1. Typical optical-model parameters obtained 
in the elastic scattering from 24M~. 

E V rO a W rw a w 
3He 35.0 116.4 1.02 0.87 16.1 1. 76 0.812 

3He 47.5 116.0 1.02 0.87 16.6 1.76 0.812 

a 49.2 196.6 1.34 0.58 53.5 

Table B. 3-II. Comparison of deformation parameters from 3He and 4He 
inelastic scattering from 24Mg. 

Level 13 X rO 

Eex 
35-MeV 3He 47.5-MeV 3He (MeV) iTT 49.2-M-eVa 

1.37 2+ 1.68 1.77 1.77 

4.23 2+ 0.49 0.55 

6.00 4+ 0.68 0.49 0.48 

7.60 3- 0.65 0.60 

8.35 3- 0.79 0.61 

B.3 
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Fig. B.3-1. Sa:mple spectra fro:m the 24Mg(a, a' ) and 24Mg(3He , 3He • ) reac­
tions, indicating the relative strengths of the levels and the experi:mental 
resolution, backgrounds, and contaminants. 
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Fig. B.3-3. Data for optical-model and 
DWBA fits for the 24Mg(3He, 3He ' ) 
reaction at 47.5 MeV. 

4. EXCITATION FUNCTIONS AND ANGULAR DISTRIBUTIONS OF 
ALPHA PARTICLES SCATTERED FROM 12 C , 24 Mg , AND 58 Ni 

J. R. Meriwether, C. Glasshauser, B. G. Harvey, D. L. Hendrie, J. Mahoney, 
L. Marquez, E. A. McClatchie, H. G. Pugh, and J. Thirion 

The differential cross section for elastic scattering and inelastic scattering to the first ex­
cited state of 12C, 24Mg, and 58Ni was measured as a function of angle and incident energy. 

Sixteen lithium-drifted-silicon detectors were arranged at 6 -deg intervals from 20 to 110 
deg. The output from each detector was individually amplified and routed into 256 channels of a 
ND-160 4096-channel pulse-height analyzer. The counting rate into the analyzer was reduced by 



o 
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discriminating against all but the high energy portion of each energy spectrum. After a sufficient 
number of events were accumulated in each of the sixteen spectra the data were transferred to a 
PDP-5 computer, where the appropriate alpha groups were integrated and the cross sections 
determined. 

At each incident energy between 24.25 and 40.0 MeV the spectra from the counters were ob­
tained for both 24Mg and 58Ni. The entire assembly of counters was then rotated 3 deg so that 
spectra could be obtained from 23 to 113 deg. This resulted in angular distributions with 32 points 
at 3-deg intervals. The incident energy was then changed by 250 keV and the entire procedure 
repeated. The 12C data were obtained in a similar manner, but only· from 25.5 to 33.0 MeV. 

These data points define a surface whose properties are determined by the variation of the dif­
ferential cross section as a function of the scattered particle angle and the incident energy. The 
large amount of data obtained is indicated by the fact that there are about 2000 points in the sur­
face determined by the data from the elastic scattering by 24Mg. 

Some typical results are shown in Figs. B. 4-1 through B. 4-3,where the cross section as a 
function of energy is plotted at specific angles. The broad structure (best seen in Fig. B. 4-3) is 
due to the shift of the diffraction pattern with energy. The sharp fluctuations seen for 12C and 
24Mg are as yet unexplained. 58Ni does not show any of this latter structure. 

Fig. B. 4-1. Excitation function of elas­
tically scattered a particles on 12C 
from 25.5 to 33 MeV. 
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Fig. B.4-2. Excitation function of elastically scattered Q! particles on 24Mg 
froIn 24.25 to 39 MeV . 
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Fig. B.4-3. Excitation function of elastically scattered Q! particles on 58Ni 
frOIn 24.25 to 39 MeV. 
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5. SCATTERING OF 17.8-MeV PROTONS FROM 58 Ni , 
AND 60 Ni SPIN AND PARITY ASSIGNMENTS FOR LEVELS OF 58 N i 

O. N. Jarvis, t B. G. Harvey, D. L. Hendrie, and Jeannette Mahoney 

The purpose of the experimental work presented here was to provide data for comparison with 
the microscopic description of inelastic scattering formulated by Glendenning 1 and Glendenning 
and Veneroni. 2 The results of this comparison have been presented elsewhere. 1, 3 In this paper 
the experimental results are compared with DWBA calculations using collective form factors. 
The proton energy of 17.8 MeV was chosen because elastic polarization data (but no cross sections) 
were already available for the two nickel isotopes. 4 For comparison of theoretical predictions 
with experimental level energies and with scattering results, it is necesf!ary' to know the spins 
and parities of the nuclear levels. Several new assignments were made for 58Ni by a study of the 
scattering of 50-MeV a particles. 

Experiments were performed with momentum-analyzed beams from the 88-inch cyclotron. 
Scattered particles were detected in cooled (_25° C) Si(Li) counters, giving energy resolutions of 
about 30 keY (FWHM) for protons and 60 keY for a particles. 

The energy level scheme for 58Ni is shown in Table B. 5-1. We discuss here only those spin 
and parity assignments resulting from this work. The 2.773-MeV level gives an (0',0'1) angular 
distribution in phase with the elastic angular distribution at large angles, indicating either nega­
tive parity or double excitation. It seems most unlikely that a negative parity state could lie so 
low in energy. Since other evidence 5 suggests a spin of 2 or 3, we conclude that it is probably 
the 2+ member of thE< two-phonon triplet. 

The 2.900-MeV level is very weakly excited by (0',0'1 ); it has previously been assigned a spin 
of 1. 5 We therefore conclude that it must be 1+ rather than 1-. 

A strong assignment of spin ° can be made for the 2.940-MeV level by comparison of its 
(p, pI) angular distribution with that for the well-known 0+ level of 60Ni at 2.286 MeV. Its weak 
excitation by (0',0'1) is consistent with this assignment. It is the only candidate for the 0+ member 
of a two-phonon triplet. 

The 3.414-MeV level has previously been assigned a spin of 2 or 3. 5 Because of its weak 
(0',0'1) excitation, we prefer 3+. By the same argument, the 3.588-MeV level--previously assigned 
a spin of 1 or 2 (Ref. 6)--is probably 1+. The 3.773-MeV level has been assigned spin 3; the weak 
(0',0'1) excitation implies positive parity. Finally, comparison of the angular distributions for the 
4.103-, 4.405-, and 5.59-MeV levels with DWBA calculations strongly suggests spins 2+, 4+, and 
4+ respectively. 

Optical model analyses were made both for the elastic differential cross sections and for the 
polarization data (for 58Ni and 60Ni). The final optical model parameters are given in Table 
B.5-I1. The angular distrlbution and polarization fits for 58Ni are shown in Fig. B.5-1. Similar 
results were obtained for 0Ni. It was found necessary to simultaneously fit the cross section 
and polarization data for consistent results. 

Distorted-wave Born-approximation calculations, using both real and complex deformed 
potentials, were made. The use of complex deformed potentials gave better agreement with the 
experimenta) results. (The spin-orbit part of the potential could not be deformed, but this is 
expected to have little effect upon the results~) The calculations included Coulomb excitation as 
apossible excitation mode. The 132 and 133 values obtained for the first 2+ and first 3- levels of 
5lfNi and 60Ni are shown in Table~. 5-II1. The results of the (p, pI) and (0',0'1) experiments for 
58Ni agree very well. For both 5 Ni and 60Ni the particle scattering results are in excellent 
agreement with electromagnetic measurements of 132' (Since the quantity actually measured in 
scattering experiments is f3LR, where R is the interaction radius, rather than 131.; alone, the 
results shown in Table B. 5-III have all been renormalized to a radius R = 1..25 A'il 3 F. 

A more complete account of this work may be found in O. N. Jarvis,B. G. Harvey, D L. 
Hendrie, and Jeanette Mahoney, The Inelastic Scattering of 17.8-MeV Protons from 58Ni, baNi, 
and 120Sn , and the Determination of Spin and Parity Assignments for 58Ni from a Particle 
Scattering (UCRL-17352, Jan. 1967 ),Nucl. Phys., in press. 
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Table B. 5-I. Level scheme of 58Ni. 

Energy Spin and 
(MeV) parity 

0 0+ 

1.456 2+ 

2.458 4+ 

2.773 2+ 

2.900 1+ 

2.940 0+ 

3.035 2+ 

3.260 2+ 

3.414 3+ 

3.524 4+ 

3.615 4+ 

3.773 3+ 

3.895 2+ 

4.103 2 

4.291 ? 

4.35 ? 

4.405 ? 

4.472 3-

4.519 ? 

4.540 ? 

4.75 4+ 

4.90 ? 

4.95 ? 

5.07 ? 

5.10 ? 

5.45 ? 

5.59 4+ 
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Table B. 5-IL Optical-nlOdel parameters for proton scattering at about 17.8 MeV. 

Iso- V a r W 1 a r V 
v v w w s 

tope 

58Ni 46.94 0.781 1.25 10.90 0.432 1.304 4.39 

60Ni 46.45 0.846 1.25 11. 90 0.465 1.279 5.48 

58Ni 47.21 0.770 1.25 10.98 0.434 1.289 4.04 

60Ni 47.42 0.843 1.25 12.60 0.448 1.282 4.74 
58Ni 46.75 0.678 1.25 13.07 0.389 1.259 9.06 
60Ni 46.59 0.754 1.25 14.19 0.422 1.261 8.89 

Note: Potential depths are given in MeV, lengths in F. 

Fig. B.5-1. Results of the optical-model 
calculations for protons scattered from 
58Ni at 17.7 MeV. The cross-section 
data are presented as ratios to the 
Rutherford scattering cros s sections. 
The solid lines are the best fits to 
cross-section and polarization results, 
the dotted lines were obtained from 
parameters chosen to fit only the 
cross -section data. 
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Table B. 5-Ill. Values of the deformation parameters for the collective levels 
derived from the present data compared with other results. 

Target J1T Q 2 4 5 6 7 8 9 10 
(MeV) ____ ~-~~P!~~------ Real ~~~6_ M~'[tp-,J~.'J 17.5 MeV 40 MeV C.E. 50 MeV ------------------

(a+P) a (a+P) a DWBA C.C. (P. p') (p.p' ) (a. a') 

58 Ni 
2+ -1.456 0.21(0.20) 0.24(0.20) 0.22(0.20) 0.25(0.22) 0.24 0.21 0.21 0.18 0.18±0.01 0.21 

3- -4.472 0.16(0.15) 0.17(0.16) 0.15(0.15) 0.17(0.16) 0.19 0.15 0.18 0.15 

60Ni 2+ -1.332 0.21(0.20) 0.25(0.20) 0.24(0.195) 0.24(0.22) 0.30 0.26 0.21 0.21 0.20±0.01 

3- -4.038 0.17(0.17) 0.18(0.17) 0.15(0.145) 0.16(0.15) 0.22 0.17 0.16 

Notes: Present (P. p') results are given in the first four columns. (a+P) denotes results from optical model potential 
which fitted both cross -section and polarization data, etc. "COITIplex" and "Real'l refer to the interaction form factor. 
The first column contains our preferred (p, pi) set. The values for f3L contained within parentheses were obtained without 
Coulomb excitation as a possible excitation ITIode. 

Columns 5 and 6 show the results of Eccles et al. (Ref. 7) using DWBA and coupled-channels calculations. 
Columns 7 and 8 show the (p, p' ) results of Roberson and Funsten (Ref. 8) and of Fricke and Satchler (Ref. 9). 
Column 9 gives the averaged results obtained in electron scattering and Coulomb excitation work (Ref. 10). 
Column 10 gives our (a, a' ) results. . 
The results quoted in columns 8-10 have been corrected to R = 1.25 A 1/3 (see text). 

6. THE EXCITATION OF UNNATURAL-PARITY STATES 
BY INELASTIC a SCATTERING 

Mary F. Reed, David L. Hendrie, Bernard G. Harvey, and Norman K. Glendenning 

In previous a-scattering experiments on 24Mg , approximately constant shapes were found 
for the angular distributions for the elastic an<\. natural-parity states at different incident a­
particle energies when compared on QR plots. However, for the 3+ unnatural-parity state, two 
wide peaks appear at low incident a-particle energies and move to smaller values of QR as the 
energy is increased. Alpha-scattering experiments were carried out at the 88-inch cyclotron to 
see whether the 2- unnatural-parity states in 20Ne and 160 behave in the same way. 

Figure B. 6-1 shows the experimental angular distributions for the 2- unnatural-parity state 
in 20Ne. These results and those for the elastic and natural-parity states are similar to those 
found for 24M .!t, except only one broad peak is present in the unnatural-parity state angular dis­
tributions for -ZONe. Figure B. 6-2 shows the experimental results for the 2- unnatural-parity 
state in 160. In this case the angular distributions for the 2- state behave more like those of the 
natural-parity states. Thus the wide peaks found for the 24Mg and 20Ne cases do not seem to be 
characteristic of unnatural-parity states in general. 

24Mg and 20Ne are deformed nuclei whose low-lying levels are usually describid as members 
of rotational bands with strong coupling between the different states in the bands. 1 0, on the 
other hand, is spherical in its ground state, and its level structure is usually described in terms 
of the shell model with only weak coupling between the excited states. These differences in level 
structure and coupling strengths may give rise to the observed differences in behavior found in 
the 24Mg and 20Ne angular distributions as compared with those for 160. To test this hypothesis 
we are planning experiments to investigate a 4- state in the spherical nucleus 208pb. 

The reaction mechanisms in the two cases above may be different. Simple direct mecha­
nisms involving a single excitation with a well-defined transfer of angular momentum are not 
allowed in the excitation of unnatural-parity states by a particles. 4 Allowed mechanisms are 
compound nucleus formation and decay, excitations through an intermediate state, and a coupling 
of the orbital angular momentum of the incoming a particle with a spin flip of one or more of the 
target nucleons. Theoretical investigations of the compound nucleus and cascade mechanisms 
have been carried out for the 3+ state in 24Mg at incident a-particle energies of 50 and 81 MeV. 
No theory has yet been formulated for the spin-flip mechanism. 

A Hauser-Feshbach computer code 5 was used to generate angular distributions, assuming 
the compound nucleus mechanism. The very small cross sections obtained allowed us to con­
clude that this mechanism does not play an important role in the excitations at these energies. 
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The cascade or multiple excitation mechanism was investigated by means of a coupled­
channel computer code. 6 The coupled-channel formalism corresponds to the physical situation 
in which a nuclear level is produced by both single excitations, if allowed, and all the possible 
combinations of multiple excitations. The 2- states in 160 and 20Ne may be made by 1. = 3 plus 

B.6 

1. = 2 double excitation, while the 3+ in 24Mg may be 1. = 2 plus 1. = 2 excitation. In these calcula­
tions a modification of the program SEEK7 is used to fit the elastic angular distributions and ob­
tain the starting optical-model parameters--V, W, r = ri' r c ' and a = ai. These parameters as 
well as the nuclear shape parameters were then put into the coupled-channel program and ad­
justed as necessary to give the best overall fit to both the shapes and magnitudes of the experi­
mental angular distributions. The results obtained for 50 MeV are shown in Fig. B.6-3. The 
values of the parameters used are given in the figure. A search of parameter space complete 
enough to give good fits to all the 221Mg levels has not been completed; nevertheless the shape and 
magnitude for the 3+ angular distribution are fitted well enough to suggest very strongly that, in 
this case at least, a multiple excitation mechanism can account for the experimental results. 
Whether this will be true for 160 and 20Ne remains to be investigated. Similar results were ob­
tained in a comparison of coupled-channel calculations with our 81-MeV data for this reaction. 
Vincent, Boschitz, and Priest8 have also used this formalism to calculate angular distributions 
for comparison with their 42-MeV a-scattering results on 24Mg and found fairly good agreement. 
Thus, these results allow us to conclude that the multiple excitation process may account for the 
excitation of the unnatural-parity state in 24Mg at these a-particle energies. 
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THE 208Pb(d, t) AND (d, 3He) REACTIONS 
WITH 50-MeV DEUTERONS 

W. C. Parkinson, t D. L. Hendrie, H. Duhm, ~~ J. Mahoney, and J. Saudinost 

B.7,8 

Considerable evidence has accumulated recently that in heavy nuclei the radius of the proton 
distribution is somewhat smaller than the radius of the neutron distribution. It is of interest to 
deter.mine whether the effect is observable in a comparison of neutron and proton pickup reactions. 
The (d, t) and (d, 3He ) reactions oh 208pb are favorable ones to study, since in each case the par­
ticle is presumably picked up from reasonably pure single-particle states, and a change of 10% in 
the radii or the diffuseness of the nuclear surface should result in a factor-of-two difference in 
the cros s section. 

The absolute diffe2lwtial cross sections of the six lowest-lying levels of 207pb and the four 
lowest-lying levels of TI, excited by the 208pb(d, t) and (d, 3He) reactions respectively, have 
been measured for 50 MeV incident deuteron energy. In addition, the absolute differential cross 
s~ction has been measured for the elastic scattering of 47. 5-MeV 3He ions on 208Pb. The excita­
tion energies and level assignments in both 207Pb and 207TI are in agreement with previous mea­
surements. 1 The measured differential cross sections are being compared by use of a DWA ana­
lysis. The analysis is being carried out in cooperation with G. R. Satchler of Oak Ridge, using 
optical-model parameters determined from the measured 3He elastic scattering data, and from 
deuteron elastic scattering data at 52 MeV. 2 . 

References 

tPermanent Address: University of Michigan, Ann Arbor, Michigan. 
*Permanent Address: Max Planck Institute fUr Kernphysik, Heidelberg, Germany. 
tPermanent Address: CEN, Saclay, France. 
1. G. Muehllehner, A. S. Poltorak, W. C. Parkinson, and R. H. Bassel, Phys. Rev. 159, 

4 (1967); S. Hinds, R. Middleton, J. H. Bjerregaard, O. Hansen, and O. Nathan, Nucl. PhyS:-
83, 17 (1966). 

2. G. Wagner (Max Planck Institute, Heidelberg, Germany), private communication. 

8. HIGH SPIN PROTON-NEUTRON TWO-PARTICLE LEVELS 
IN THE MEDIUM-MASS (54 ~ A ~ 70) REGION 

C.- C. Lu, M. S. Zisman, and B. G. Harvey 

Previous experiments with (a, d) reactions in light nuclei have shown a greater tendency for 
capture of the two particles in high-spin levels of the (J)2 configuration1, 2 than in low-spin levels. 
The search has been extended to the medium-mass region by using the 50-MeV a-particle beam of 
the Berkeley 88-inch cyclotron. 

The (a, d) and (a, t) reactions were carried out simultaneously on separated isotope targets 
52Cr, 54,56Fe, 59Co, 58,60, 62Ni, 63Cu, and 64,66, 68Zn at four angles to search for levels of 
(g 9/2)~+ configuration. Identification of the deuterons and tritons was accomplished with a 
Goulding-Landis-type particle identifier. 3 Excitation energies of the strongly populated levels 
in the (a, d) reaction are given in Table B.8-I. A typical energy spectrum is shown in Fig. B.8-1. 

A plot of the -Q value of formation of the most strongly excited levels, -Qf' as a function of 
Aresidual' Fig. B.8-2, shows a regular decrease with increasing A, which indicates that the 
levels chosen are Erobably of similar configuration, possibly (g 9/2)~+. It was found, however, 
that in 54Mn and 5 Co it was necessary to choose the second most sttongly populated level in 
order to obtain a smoothly varying plot of -Qf vs Aresidual. This is not unreasonabl~, since the 
(a, t) spectra (see Fig. B. 8-3) show that f 7/2 single-particle proton capture predominates over 
the g 9/2 single-particle capture in these nuclides, and thus we might expect large levels with 
f 7/2 protons to appear in the (a, d) reaction in addition to the (g 9/2)2 levels. In the higher-mass 
region the g 9/2 proton capture is predominant, and here we find that the most strongly populated 
level should be chosen. 
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For the two odd-A targets, 59Co and 63Cu, there are no strongly populated levels in the 
(a, d) spectra. This is consistent with previous results. For a target with ground-state spin 
J c f 0 a multiplet of (2Jc + 1) states can be formed from vector coupling J c to the tot~l J of the 
captured pair. In the present case, the ground-state spins are 59Co(Jc = 7/2-) and 3Cu(Jc = 3/2-), 
and we expect that the capture strength will be distributed over many states in the allowed multi­
plet. This has the effect of decreasing the strength of the high-spin level relative to the other 
states made in the reaction, and a single strongly excited level is no longer observed. 

Due to the large angular momentum transfer in the (a, d) reaction we expect to populate levels 
with high spin. In the medium-mass region, using a simple shell-model picture, we mi~ht expect 
levels with (f 5/2);+, (f 5/2, g 9/2h_, and (g 9/2)6+ configurations to appear. The (f 5/2)5+ level 
should not appear strongly in the high-A region (e. g., 6~Zn), where we have a largely fllled f 5/2 
neutron shell. Since the -Qf vs Aresidual plot shows no discontinuity at higher A, the (g 9/2)~+ or 
(f 5/2, g 9/2)7 _ configuration may be indicated. Further work will be required in order to establish 
the configuration of these states. 

The residual interaction energies for the neutron-proton pair in the well-known (d 5/2)~+ 
level in 14N and the (f 7 /2)~+ level in 34Cl have been determined from the single-particle 
energies and the excitation energies of the two-particle states. The experimental results are in 
agreement with shell-model calculations (see Table B. 8-II) based on the potential of True, 4 using 
the Talmi integrals to evaluate the diagonal matrix elements as discussed by Moshinsky and 
Brody.5 Calculations for the (g 9/2)§+ configuration are in progress. 
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Table B.8-I. 
levels 

Final 
nucleus 
54Mn 

56Co 

58Co 

60Cu 

62Cu 

64Cu 

66Ga 
68Ga 

70Ga 

High spin [probably (g 9/2)~+] 
in the (a, d) reactions. 

Energy level Q 
(MeV) (M~V) 

9.47 ± 0.05 -20.04 

8.92 ± 0.03 -19.85 

6.79 ± 0.03 -18.27 

5.99 ± 0.03 -18.58 

4.75±0.03 -17.12 

4.57 ±0.03 -16.60 

2.99 ± 0.03 -16.00 

2.88 ± 0.03 -15.40 

2.88 ± 0.03 -14 r 69 

Channel 

Fig. B.8-1. Deuteron energy spectrum 
for the reaction 64Zn (O', d)OOGa at 
e(lab) = 20 deg, with E(O') = 50 MeV. 
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Table B.8-II. Diagonal matrix elements. 

Matrix element 

[(d5/2)2 J =5, T=0IVI(d5/2)2 J =5, T=O] 

[ (f 7/2)2 J = 7, T=OIVI (£7/2)2 J =7, T = 0] 

a. Ref. 6. 
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X BL681- 1760 

Fig. B.8-2. Relationship between the 
mass number A of the product nucleus 
and the Q value of formation of the 
levels [probably (g 9/2)~+] strongly 
populated by the (a, d) reaction. 

Levels Empiricala Calculated 
(MeV) (MeV) (MeV) 

14N 8.963 4.05 

4.17 
18F 1.119 3.89 

26
Al 8.27 3.56 

30p 7.03 2.92 
34

Cl 5.2 3.1 2.61 
40Sc 0.60 2.62 

1000 

g.S. 
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Fig. B.8-3. Triton ener3y spectrum for 
the reaction 54Fe (a, t)5 Co at e(lab) = 
14 deg, with E(a) = 50 MeV. 

9. THE UNBOUND NUCLIDE 7Bt 

* Robert L. McGrath, Joseph Cerny, and Edwin Norbeck 

The mass and width of the ground state of the T z = -3/2 unbound nuclide 7B have been measured 
by using the 10B(3He , 6 He )7B reaction. These data, together with those recently reported1 on 7 He , 
complete the mass -seven isospin quartet in which all members are unbound with respect to T = 3/2 
particle-decay modes. 

A 50-MeV 3He beam generated by the Berkeley 88-inch cyclotron was used to bombard a 280-
f.Lg/cm 2 carbon-backed 10 B target, and reactions induced on a 300-f.Lg/cm 2 11B target were used 
for energy calibrations. Since (3He, 6He ) reactions on light targets typically have laboratory­
system cross sections of '" 1 to 4 f.Lb/ sr, a particle identification system for low-yield nuclear 
reactions was employed. This system utilizes two four-counter semiconductor telescopes, and 
has been previously described. 2 The 0He energy spectra taken at 14.1 deg (lab) arising from bom­
bardment of both 10B and 11B targets are shown in Fig. B.9-1. The original data were summed 
over ten channels to improve the statistics; the overall resolution was about 230 keV. Because of 
a 7"10 11B impurity in the 10B target, there is a small peak in the upper spectrum of Fig. B.9-1 
that corresponds to the 8 B ground state. 
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The close similarity of the Q values and kinematics of the 10B (3He , 6 He )7B and 
11B(3He, 6He)8B reactions made the latter useful for energy calibrations. The reported 8 B level 
structure 3 consisted of the ground, 0.78-, and 2.17-MeV states. Since a 2.17-MeV excitation for 
the 8 B second excited state appeared inconsistent with the 11B(3He , 6 He )8 B data, the 10B (p, t)8 B 
reaction was investigated at six angles with 43.7 -MeV protons. Triton peaks corresponding to 
the 10C and 140 ground states, due to 12C and 160 targgt contaminants, offered excellent energy 
calibrations. The excitation and width (FWHM) of this B state wer1 found to be 2.33±0.04 MeV 
and 390±40 keV; this new excitation was adopted in establishing the B mass. 

Figure B. 9-2 shows a 6 He energy spectrum constructed by summing data from both telescopes 
placed at 14.1 deg and subtracting the 8 B impurity spectrum; the cutoff at 26.2 MeV corresponds 
to the lowest energy that could be reliably counted in both systems. The 4He + 3p, 6 Be + p, and 
5Li + 2p thresholds are marked alon~the energy axis; the broad peak at about 29.8 MeV is attrib­
uted to the unbound ground state of B. Expected shapes of three-, four-, and five-body phase­
space distributions are indicated by the dashed, solid, and dot-dashed lines, respectively. The 
data suggested that the 7B peak is superimposed on a continuum background composed of the 
5Li + 2p or the 4He + 3p phase-space distributions (or both); the peak in the inset is the result of 
subtracting from the raw spectrum the 5Li + 2p distribution normalized as shown in the figure. 
Spectra at two other angles, 10 and 19.65 deg (lab), were obtained in order to check the kine­
matical behavior of the peak shown inlig. B.9-2. At both angles the energy and widtf of the ob­
served peak were consistent with the B assignment. The mass excess [1ZC = 0] of B was 
found to be 27.94 ± 0.10 MeV. Its width was determined to be 1.6 MeV with no background sub­
traction, and 1.3 or 1.4 MeV, respectively, with the 5L i+ 2p or 4He + 3p distributions normalized 
as shown in Fig. B. 9-2 subtracted from the data. A representative width for the 7B ground state 
of 1.4±0.2 MeV may be taken from these results. 

It is of interest to test the ability of the isobaric multiplet mass equation (IMME)4 to relate 
the masses of members of an unbound quartet. One can predict the 7B mass using the known 
datum 1 on 7He and revised excitations for the 7Li and 7 Be members acquired from both a re­
analysis of previously published data 5 from the 9Be(p, 3He)7Li and 9Be(p, t)7Be reactions and an 
analysis of new data on these reactions utilizing a 45-MeV proton beam. Our final values show the 
lowest 7Li T = 3/2 state to lie at 11.28±0.04 MeV, while the lowest 7 Be T = 3/2 state lies at 
10.97±0.4 MeV. The resulting 7B mass excess is predicted to be 27.76±0.17 MeV, which is 
seen to be in good agreement with experiment. This agreement is interesting, since the members 
of the quartet become increasingly unbound to allowed decay modes in moving from 7He to 7B so 
that their wave functions could be quite different. Unfortunately, no theoretical estimates are 
available concerning the magnitude of expected deviations from the IMME in such multiplets. 
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Fig. B.9-1. 6He energy spectra from 
the 10B(3He, 6He)7B (top) and 
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Fig. B.9-2. A composite 10B (3He )6He)7 B 
energy spectrum obtained by summing 
data from two counter telescopes at 
14.1 deg (lab) and subtracting the 8 B 
impurity spectrum. Particle thresh­
olds are marked along the energy 
axis and the shapes of three-, four-, 
and five-body phase-space distribu­
tions are given by the dashed, solid, 
and dot-dashed lines, respectively. 
The four-body curve has been sub­
tracted from the spectrum to obtain 
the peak in the inset, which is tt­
tributed to the ground state of B. 

10. MASS AND SPECTROSCOPIC MEASUREMENTS IN THE 
COMPLETED MASS 21 AND 37 ISOSPIN QUARTETSt 

* Gilbert W. Butler, Joseph Cerny, S. W. Cosper, and Robert L. McGrath 

The measurement of masses of nuclei far from stability permits one to evaluate the various 
theoretical approaches toward prediction of the limits of particle stability. 1 In addition, mass 
measurements

i 
in conjunction with other data, permit a further study of the isobaric multiplet 

mass equation (IMME): M(A, T, T z ) = a(A, T) + b(A, T)Tz + c(A, T)T~. Since this equation relating 
the masses of members of an isospin multiplet contains three coefficients, its validity can be 
independently checked only if four or more members of such a multiplet with T ~ 3/2 are known. 

The mass 21 and mass 37 iSQspin quartets (the former includes 21F , 21 Ne , 21Na, and 21Mg, 
the latter 37 CI, 37 Ar, 37K, and :.7 Cal have been studied in a series of nuclear reaction experi­
ments at the 88-inch cyclotron. Whereas the T = 3/2 states in the T z = -1/2 and +1/2 nuclei were 
readily located bI one- and two-nucleon transfer reaction investigations (discussed later)-and the 
masses of both 2 F and 37CI (Tz = +3/2) were already known-in orde; to complete the quartets 
it was necessary to emEloy the three-neutron transfer req.ction (3He, He) to measure the masses 
of the T z = -3/2 nuclei21 Mg and 37 Ca via the 24Mg(3He , bHe)21Mg and 40Ca(3He, 6He)37Ca re­
actions. 

Due to the low (3He , 6He ) cross sections [.;; 1 fJob/ sr (lab) for A> 16], an improved particle­
identification system en:J.ploying two transmission .6.E detectors and an E detector has been 
developed3 to permit their measurement. Pulses from these detectors were amplified and fed to 
a triple-counter particle identifier, which has been discussed in detail in Ref. 3. 
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A residual background in the 6He region of the particle-identifier spectrum of this improved 
system arose from the fact that the chance coincidence of a 3He particle and a deuteron traversing 
the counter telescope within the resolving time of the slstem could produce an energy loss and 
hence an identification signal very similar to that of a He particle. Two approaches were fol­
lowed in order to reduce these chance coincidences. First, a pile-up rejector 3 was designed so 
that events which consisted of two particles traversing the counter telescope spaced in time by 
~ 47 nsec were rejected-thus restricting all chance coincidence events to those occurring in a 
single cyclotron beam burst. Second, the two L:l.E pulses together with the Etotal and particle­
identifier pulses for each event in any desired region of the identifier spectrum were recorded in 
an on-line PDP-5 computer and were later individually analyzed by using the known detector 
thicknesses and range-energy relations in silicon. This procedure both rejected some coincidence 
events and enabled us to attach a higher degree of reliability to the "good" events. 

Data from the 37 Ca experiment are presented in more detail, since it had a considerably 
lower yield than the 21Mg experiment. The mass of 37Ca was determined via the 
40Ca(3 He , 6 He )37Ca reaction at 55.9 MeV, and Fig. B.l0-l presents a triple-counter particle­
identifier spectrum from Jhis experiment. Corrected 6He energy spectra from two independent 
observations of the 40Ca( He, 6He)37Ca reaction are shown in Fig. B.l0-2. Each 6He spectrum 
contains two sharp states which correspond to the ground and first excited states of 37 Ca. An 
average cross section for the 37Ca ground-state transition at 11.2 deg (lab) was 0.175 fJ.b/sr, and 
the Q-value was determined to be -24.27 ±0.05 MeV, which corresponds to a 37Ca mass excess 
of -13.24±0.05 MeV (12C = 0). The first excited state of 37Ca appears at an excitation energy of 
1.62 ± 0.03 MeV. 

The mas s of 21 Mg was determined by the 24 Mg (3 He , 6He) 21 Mg reaction at 55.9 MeV. An 
average differential cross section for the 21Mg ground-state transition at 14.1 deg (lab) was 
0.84 fJ.b/sr, and the average Q-value was determined to be -27.22±0.12 MeV, which corresponds 
to a 21Mg mass excess of 10.62 ± 0.12 MeV. Four excited levels of 21Mg were observed with 
average excitations of 0.22 ± 0.03, 1.27 ± 0.06, 1.62 ± 0.04, and 1.89 ± 0.04 MeV. 

The 22 Ne (d,t)21 Ne and 22 Ne (d, 3He )21 F reactions were. studied simultaneously at a bombard'­
ing energy of 40 MeV in order to characterize the T = 3/2 states in 21Ne. An energy level at 
8.92±0.040 MeV was determined to be the lowest T = 3/2 state in 21Ne on the basis of angular 
distribution and energy systematics. The 23 Na (p,t)21Na reaction was studied at 42 MeV in order 
to locate T = 3/2 levels in 21Na. A 21Na energy level with an excitation energy of 8.92 ± 0.03 MeV 
was presumed to be the lowest T = 3/2 level, since this excitation agreed witf. the value of 
8.90±0.04 MeV reported earlier. 4 Finally, the 39K(p,t)37Kand 39K(p, 3He) 7 Ar reactions at 
45 MeV were used to locate the lowest T = 3/2 levels in 37K and 37 Ar, which were found at ex­
citation energies of 5.035 ±0.025 and 5.010 ±0.030 MeV in 37K and 37 Ar, respectively. 

The completion of the mass 21 and mass 37 isospin quartets permits two further independent 
tests of the parabolic character of the isobaric multiplet mass equation (IMME), since the co­
efficients can be determined from three of the members of a quartet and then used to predict a 
mass for the fourth member. A list of the T z = - 3/2 nuclei whose mass excesses have been 
measured, together with the coefficients and the predictions of the IMME for the four isospin 
quartets which have been completed to date, is presented in Table B.l0-I. In all four of the 
completed isospin quartets there is very good first-order agreement between the predicted and 
experimental mass excesses, within the relatively large experimental errors, which indicates 
that the IMME is accurate over a fairly large variation in atomic number. An apparent discrep­
ancy in the much more accurate mass 9 quartet data 5 was interpreted as indicating a possible 
need for the inclusion of a higher-order term d(A, T)Ti in the IMME, but unfortunately no explicit 
theoretical estimate of the magnitude of such a coefficient is available. It is clear from Table B.l0-I 
that such a d(A, T) coefficient is no greater than < Z > ac, where < Z > is the average atomic number 
of an isospin quartet and a is the fine-structure constant. Theoretical predictions of the magni­
tude of the expected second-order corrections would be quite valuable. 
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Table B. 10-1. Isobaric multiplet mass equation predictions and calculated coefficients. 

Isobaric multiplet mass equation: 

M(A, T, T z ) = a(A, T) + b(A, T)T z + c(A, T)T; [+ d(A, T)T;] 

T = -3/2 
Mass excess b(A, T) c(A, T) [d(A, T)] (Z) ac z Experimental Predicted 

Nucleus (MeV) (MeV) (MeV) (keV) (keV) (keV) 

9c 28.99(7 O)a, b 

9c 28.916(5( 28.961(29) -1.332(7) 278(11) 7(5) 9 
130 23.11(70)b 23.10(49) -2.180(16) 254(15) -1(14) 12 
21Mg 10.62(120) 10.59(152) -3.545(51 ) 154(43 ) -5(32) 12 

37Ca -13.24(50) -13.24(118) -6.176(39) 176(33) 1(21) 24 

a. All errors are in parentheses and are given in keV. 
b. See J. Cerny, R. H. Pehl, G. Butler. D. G. Fleming, C. Maples, and C. Detraz, 

Phys. Letters~, 35 (1966). 
c. See Ref. 5. 

Fig. B.10-1. Triple-counter particle­
identifier spectrum from 55. 9-Me V 
3He ions incident on a 40Ca target. 
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Fig. B. 10-2. Two independent 6He energy spectra from the 
'i0Ca(3He, 6He)37Ca reaction at 55.9 MeV; the data from both 
systems were kinematically corrected to 11. 2 deg. Each 
block represents one count and the block width is 100 keV. 

A SEARCH FOR T ,. 3/2 STATES IN 5 Li , 5 He, 

Robert L. McGrath, Joseph Cerny, and S. W. Cosper* 

UCRL-17989 

The problem of the existence of the 5H isotope has been the subject of numerous investiga­
tions. 1 Since (!?, t) and (p, 3He) reactions readily populate analog states, 2 one can also attempt to 
study the T = 3/2 states in 5He and 5Li to obtain information on this multiplet. However, a 
previous unsuccessful search3 for the mass five T = 3/2 states utilizing these two-nucleon trans­
fer reactions has already been reported. 

We have performed several further experimelJ.ts, attempting to locate T = 3/2 states in vari­
ous mass-5 nuclei. The first was a repeat of the "fLi(p, t)5Li reaction with improved counting 
statistics; no new reasonably narrow states were observed, which is an indication that the T = 3/2 
state(s) must lie at fairly high excitation (probably above 20 MeV) and be broad. 

Secondly, data on coincidences between tritons, 3He , s, and alphas (see below) resulting f;om 
reac~ions of p + 7 Li have been collected in order to study the decay properties of intermediate He 
and Li states. Three - or four -particle final states, resulting from a nuclear reaction, are dis­
tinguished by the kinematics if the momenta of two particles are determined. 4 Available T = 3/2 
decay modes for both 5He and 5Li intermediate states lead to four-particle final states, whereas 
T = 1/2 decay modes yield either three- or four-particle final states. Consequently, coincidence 
data between tritons or 3He particles corresponding to formation of 5Li or 5He states, and triton, 
3He, or a particles corresponding to particle decay of these states, can provide a sensitive probe 
for the location of T = 3/2 states. Six two-dimensional energy arrays consisting of coincidence 
events between the above particle types were obtained by using two L1E-E semiconductor telescopes 
together with an on-line computer. 

A t'T,ical coincidence array is shown in Fig. B. 11-1, in which tritons were counted at 40 deg 
and and He's at -70 deg. The three- and four-particle final states are cleanly separated in the 
figure, and the kinematic curves for these final states are shown in the arrays. Projections of 
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both the three- and four-particle events onto each energy axis are given; the phase-space volume 
is given by the dotted lines for comparison with the data. Qualitatively the remaining triton- 3He 
data are similar to those shown in Fig. B.11-1. Data were collected at two pairs of angles 
(50, -60 deg) and (40, -70 def ) so that triton- 3He projections at four angles were obtained. Pro­
jections of the four-particle He- 3He and triton-triton data are shgwn in Fig. B.11-2, where the 
four-particle spectra have been transformed to the recoil 5He or Li coordinate systems. In 
general the four-particle spectra in both figures simply rise with increasing excitation energy and 
possess no well-defined peak structure which might be associated with the sought analog states. 
Calculated four-particle phase-space distributions have been fitted by eye to the spectra in Fig. 
B. 11-2 for comparison. The fits approximate rather well the shapes of the spectra extending 
from the experimental cutoffs up to about 27 MeV excitation energy in both 5He and 5Li. There 
appears to be no. indication of mass-5 T = 3/2 states in these four-particle data, implying again 
that the sought analog states are very broad. 

A third experiment was the observation of BB ions from reactions of a particles on 9 Be tar­
gets, which permits direct examination of the 5H system. A 129-MeV a-particle beam was used 
to bombard a self-supporting 650-J.l.g/cm 2 9Be target. Signals from two four-counter telescopes 
were fed to two triple-counter particle identifiers, which have been previously described. 5 Fig­
ure B. 11-3 presents the BB spectra; no sharp states are evident in the data from either telescope. 
Instead, the spectra rise rather smoothly above the threshold for 5H particle stability (relative to 
decay into t + n + n). We have attempted to fit the spectra with arbitrary combinations of three-
and four-particle phase-space distributions, but with little success. Both spectra exhibit a re­
sidual "peak" extending from near 'the threshold to about 20 MeV excitation in 5H, peaking in both 
cases at 11.6 MeV excitation above threshold. This peak can certainly not be associated with a 
single state of 5H. Whether it results from several broad states or angular momentum or both, 
or other effects not considered in the phase-space calculations, is not clear. It is possible to set 
an upper limit on the cross section of a well-defined state of 5H. If the state is narrower than 
about 1 MeV and lies lower than 1.5 MeV above the threshold, it would have been obvious in the 
data if it possessed an average cross section at ;the two angles larger than 22 nb/sr or, in other 
words, larger than 1/25 the cross section for the 12C(a, BB)BLi g. s. reaction. If 5H is just bound, 
then it would be apparent in the data if the average cross section were about 1/BB that of BLi g. s. 
reaction. 

We find no evidence for mass-5 states having the expected T = 3/2 decay properties. In the 
vicinity of 20-MeV excitation in 5L i (the region of interest with respect to the particle stability of 
5H) cross-section upper limits for well-defined T.= 3/2 states can be estimated which are sub­
stantially smaller than ~,t), (p, 3He) cross sections for formation of T = 3/2 states in other nuclei. 
Further, the 9Be(a, BB) H data exhibit no peaks which can be associated with sharp 5H states. 
Therefore we conclude from these data that the lowest mass-5 T = 3/2 states exist at relatively 
high excitation above the relevant three-particle decay thresholds, and hence arg quite broad. 
These results are qualitatively consistent with the theoretical predictions 6 that H is unbound by 
at least several MeV. 
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tCondensed from Phys. Rev. 165, 1126 (1968). 
f.'Present address: Physics Department, University of Southwestern Louisiana, Lafayette, 
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Fig. B.11-1. A triton (40 deg) 3He (-70 deg) coincidence spectruTIl. The solid 
lines in the two-diTIlensional array are the three- and four-particle final-state 
kineTIlatic curves. Projections of the data onto both energy axes are shown; 
the phase-space distributions are given by the dashed lines for cOTIlparison. 
If 5H is bound, the excitation of the lowest T = 3/2 state of either 5He or 5L i 
is less than:;:, 19.5 MeV, which is indicated by the arrow in the four-particle 
spectra. 
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12. THE LOCATION AND DECAY MODES OF THE LOWEST 
J1r = 1/2-, T = 3/2 STATES IN 11B AND 11C 

S. W. Cosper, Robert L. McGrath, Joseph Cerny, C. C. Maples, 
Donald G. Fleming, and George W. Goth 

B.12 

The simultaneous observation of tritons and 3He particles resulting from the proton bombard­
ment of p-shell T z = +1/2 target nuclei has been shown to be an effective method for locating low­
lying T = 3/2 states in the T z = -1/2 and T z = +1/2 nuclei produced by these reactions. 1 We wish 
to report the observation of low-lying T = 3/2 states in 11C and 11 B which have been located by 
use of the 13C(p, t}11C and 13C(p, 3He}11B reactions. These states have been assigned T = 3/2 
on the basis of angular distributions and cross section ratios. As an additional test of the isospin 
purity of these states, their decay schemes have been investi~ated through coincidence measure­
ments between the tritons or 3He particles forming the T = 3/2 states and energetically allowed 
charged-particle decays. 

Triton and 3He energy spectra and angular distributions were obtained in two separate ex­
periments using 43.7- and 50.5-MeV proton beams from the 88-inch cyclotron. A 3-in. -diameter 
target gas cell, covered with O.1-mil Havar, contained methane enriched to 93% in 13C. Signals 
from two independent three-detector telescopes--each consisting of a 149ft ll.E detector, a 3060ft 
E detector, and a 510ft E-reject (anticoincidence) detector--were amplified and fed to power-law­
type particle identifiers. 2 Gating signals generated by the four channels of the particle identifier 
routers were used to route the total energy signals into the appropriate 1024-channel quadrant of 
the pulse-height analyzers. 

Figure B. 12-1 presents energy spectra of tritons and 3He particles resulting from 50.5-MeV 
proton bombardment of 13C. The insets in each section of the figure are an expanded graph of 
that portion of the complete spectrum bracketed by arrows from which the T = 1/2 continuum 
background, indicated by the dashed line, ha~ been subtracted. Each inset contains a rather large 
broad peak, located at 12.47 ± 0.06 Me V in the (p, t) and 12.94 ± 0.0'5 Me V in the (p, 3He) spectra, 
with widths of 550 ± 50 and 350 ± keY, respectively. The angular distributions of these two states 
at Ep = 50.5 and 43.7 MeV are shown in Fig. B.12-2. The (p,t) and (p, 3He) differential cross 
sectlOns are identical within counting and background subtraction statistics, as expected for 
transitions to T = 3/2 states. 

Intermediate coupling calculations by Cohen and Kurath3, 4 and by Boyarkina 5 predict that 
the lowest p-shell T = 3/2 state in 11B should lie between 12.5 and 13.7 MeV excitation; a simple 
Coulomb calculation predicts 12.78 MeV excitation for the 11B T = 3/2 state based on the 11Be 
first excited state. These predictions are all consistent with the measured excitation of 
12.94±0.05 MeV for the relatively large peak in the (p, 3He) energy slectrum in Fig. B.12-1. 
In addition, the angular distributions of these two states in 11C and 1 B exhib~t the characteristic 
L = 0 behavior expected. For the above reasons, the 11B':' (12.94 MeV) and l1C~~ (12.47 MeV) 
states are assigned T = 3/2, and are the analogs of a low-lying state in 11Be. Since the parity of 
the 11Be ground state is positive 6 and the second excited state of 11Be lies at 1.78 MeV, these 
T = 3/2 states are analogs of the first excited state of 11Be at 0.32 MeV~ 

Reference to Fig. B. 12-3 shows that the 11B 12.94-MeV state and the 11C 12.47-MeV state 
each have only one open T = 3/2 particle decay mode, i. e., via emission of an L = 1 proton to the 
10Be g. s. and to the 10B 1.74-MeV T = 1 state, respectively. Except for the isospin selection 
rule, these states might decay via a number of other modes illustrated in the figure. Thus a 
test of the isospin purity of these mass-11 states is achieved by determining the fraction of iso­
spin-allowed decays. Coincidence events between triton and 3He particles forming these states 
and the charged-particle decay modes shown in the figure were obtained by using two ll.E-E 
counter telescopes located at +30 and -85 deg in conjunction with an on-line computer. Fractional 
branching ratios for decay of the T = 3/2 states were calculated by comparing the number of 
coincidence events corresponding to the various residual states shown in Fig. B. 12-3 with the 
number calculated on the basis of the triton or 3He singles counts recorded in the +30-deg tele­
scope and the geometry of the -85-deg telescope (since the T = 3/2 states have spin 1/2, their 
decay is isotropic in the mass-11 coordinate system). We obtain 70±25%for decay of the 11B 
state to the 10Be ground state, and 92±25'1'0 for decay of the 11C state to the 10B 1.74-MeV T = 1 
state. Qualitatively, these results support the T = 3/2 assignment. Further support for the 
conclusion that these T = 3/2 states decay predominantly via emission of an L = 1 proton to the 
mass-10 T = 1 states comes from the calculated ratio of 11C/11B penetrabilities of 1.33, which 
agrees with the experimental width ratio of (550 ± 50)/ (35,0 ±50) = 1. 57 ± 0.27. 
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13. ISOSPIN-FORBIDDEN DECAY OF THE 
24Mg 15.43-MeV 0+ T 2 STATEt 

Robert L. McGrath, S. W. Cosper, and Joseph Cerny 

Even though the locations (and very large upper limits on the widths) of many 0+ T = 2 states 
in T z = 0 nuclei are known, 1, 2 no further information on their properties is available. Since in 
general no T = 2 particle-decay channels are open for these T = 2 states, they are expected to be 
relatively sharp. Their isospin-forbidden particle decays are of particular interest, since they 
provide a sensitive measure of the isospin impurity admixed into these states by charge-dependent 
forces (Coulomb plus nuclear). Although attempts to determine the particle-decay properties 
and total widths of these states through their observation as "twice T-forbidden" compound nucleus 
resonances in proton scattering have been made--a technique successfully applied to T = 3/2 
states 3, 4_- sol e l y negative results were obtained. 3, 5,6 

In order to be certain that a typical T = 2 state does indeed possess a total particle width 
comparable to its gamma width (~r article ~ r y)' and to sufficiently establish its decay proper­
ties to ascertain whether its explora~ion by compound resonance techniques is feasible, the iso­
spin-forbidden particle decay of the 24Mg 0+ T = 2 state populated in the isospin-allowed 
20Mg(p, t)24Mg reaction has been investigated. This particular T = 2 state was chosen because 
previous searches for it in resonance experiments were unsuccessful3, 6 and because its low 
proton-decay energy makes it accessible to standard electrostatic accelerators. 

Figure B. 13-1 shows all the probable 7 decay modes open to the 24Mg T = 2 state. Utilizing 
the 42.1-MeV proton beam of the Berkeley 88-inch cyclotron, we have measured coincidences 
between tritons forming this state at 15.43±0.07 MeV excitation and decay protons [E:rnax(lab) = 
3.9 MeV] or a particles [Emax(lab) = 6.1 MeV] leading to the 23 Na or 20Ne levels indlcated by 
heavy lines in the figure. Figure B. 13-2 presents the layout of the three three-counter telescopes 
employed; E-reject detectors were used to reduce background. Tritons leading to the T = 2 state 
were identified8 in system 1 placed at the L = 0 peak angle of 22.4 deg lab. Fast and slow coinci­
dences were required between tritons and (a) identified protons in system 2 or 3 or identified a 
particles in system 2 (solid angles of 3.5X 10- 3 sr) or (b) particles stopping in the ~E detector 
of system 3 (solid angle of 8.0X10- 3 sr). Because of the small solid angles of systems 2 and 3, 
arising from the need for particle identification, the low cross section for tritons populating the 
T = 2 state (da/dO::::: 100 f.Lb/sr), and a counting rate limitation of 30000 cps in the system 1 
E-detector, an average of only two coincidence events per hour in both systems from the decay of 
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this state was obtainable. Forty hours of coincidence data were recorded in four 512 X 512 arrays 
on magnetic tape, utilizing an on-line PDP-5 computer; the cumulative triton singles data were 
stored in a 1024-channel pulse-height analyzer. The spin-zero :r.roperty of the T = 2 state 
(I' ~ 35 keV9) guaranteed an isotropic decay with respect to the 4Mg c. m. system--thus detailed 
angular correlation measurements were not required to extract decay widths. 

Data from several coincidence arrays are presented in Fig. B. 13-3 through B. 13-5. Figure 
B. 13-3 shows the triton coincidences with particles stopping in the D;E detector of system 3; 
coincident particles which lost more than 1.8 MeV in this detector were required by kinematics to 
be a particles. Alpha decays leading to the 20Ne ground and first excited states lie inside the 
two bands on the figure. These bands are established from the curve given by three-body kine­
matics adjusted for finite counter geometry, energy losses in the target, and electronic resolution. 
(Events corresponding to energy losses of less than 1.8 MeV in the D;E detector are probably due 
to triton-proton coincidences.) Figure B. 13-4 shows the array arising from triton coincidences 
with identified protons in system 3. The bands encompass decays to the ground and first excited 
states of 23Na. 

A triton singles spectrum is shown at the top of Fig. B. 13-5; the resolution (FWHM) of the 
T = 2 peak is about 180 keV. Below this spectrum are displayed projections of bands from three 
of the coincidence arrays onto the triton axis. The 23Na ground and 0.44-MeV state projections 
contain data from systems 2 and 3; data for the other 23Na levels come only from system 2. The 
20Ne + a data are obtained from system 3. 10 

Counts attributed to the decay of the T = 2 state were obtained by summing the projected spec­
tra over the appropriate triton energies and subtracting (a) the chance background and (b) the 
"real" continuum background. The continuum was assumed smooth, and was calculated by inter­
polating the projected count level averaged over 15 channels on both sides of the T = 2 peak. 
Fractional decay widths for each observable decay mode were obtained by compa:dng its net co­
incidence counts to the number predicted from the triton singles data after the isotropic decay of 
the T = 2 state in 24Mg had been transformed from the c. m. system to lab, assuming 100% decay 
via that particular mode. 

The sum of all fractional widths for decay to the six lowest 23Na levels and the lowest two 
levels of 20Ne is 1.30 ± 0.20, This sum should be ~ 1.0; although the discrepancy is outside one 
standard deviation, it is considered to be statistical. There is, of course, no way to be certain 
that a small state does not lie underneath the T = 2 state 11 and, perhaps, decayanisotropically. 
Further, from the nature of the projected data in Fig. B.13-5, such a state would more probably 
a-decay. However, since the major peaks in the projected spectra associated with the T = 2 
decays center precisely about the relevant triton energy, and since the triton singles peak shape 
coupled with an absolute comparison of the 26Mg(p, t)24Mg(T = 2) with the 26Mg(p, 3He)24Na(T = 2) 
angular distribution data12 implies < 10% "contamination," we consider a significant contribution 
from such a small state to be improbable. In any event, no such problem could affect the con­
clusion that the major decay mode of the 24Mg T = 2 state is via proton decay to the 23Na g. s. , 
making it possible for compound resonance experiments to explore this state. Figure B.13-1 
presents our data on the decay of the T = 2 state. 
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G. T. Garvey, Isobaric Spin in Nuclear Physics, ed. by J. D. Fox and D. Robson (Academic 
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14. THE 15 N (p, t)13 N AND 15N(p, 3He)13 C REACTIONS AND THE 
SPECTROSCOPY OF LEVELS IN MASS 13t 

Donald G. Fleming,'~ Joseph Cerny. Creve C. Maples, 
and Norman K. Glendenning 

The nuclear spectrosco~3 of the mass-13 nuclei may be examined by comparison of the 
15N(p, t)13N and 15N(p, 3He ) C reactions populating mirror final states. Little work on com­
parisons of these reactions to final states other than isobaric analogs has been reported. 1 We 
attempt to fit both the shapes and magnitudes of the (p, t) and (p, 3He) transitions with distorted­
wave Born approximation (DWBA) calculations, 2, 3 thereby testing the mass-13 wave functions 
of Cohen and Kurath4 over 15 MeV of excitation. 

These reactions were induced by a 43.7 -MeV proton beam from the 88-inch cyclotron on a 
99% 15N2 gas target. The particles were detected by a (dE/dx-E-Erej) counter telescop'e system 
which fea a particle identifier. 5 Figure B. 14-1 presents energy spectra of the 15N(p, t)13N and 
15N(p, 3He):f3C reactions taken at 15 deg, and indicates the spin and parity of the observed levels 
together with their excitations. Typical energy resolutions (FWHM) of 150 and 180 keV were ob-



, , 
::J 

UCRL-17898 -81- B.14 

tained for tritons and helium-3, respectively. Levels were observed up to 15 MeV of excitation 
in both 13N and 13C, and angular distributions were obtained for all the observed levels between 
Bc. m. Z 10 to 90 deg (except for levels of 13C above 12 MeV, which were seen only to 70 deg). 
Figure B. 14-2 presents an energy level diagram for 13N and 13C with dotted lines connecting 
mirror states. 

Since appropriate elastic scattering data were not available in either the entrance or exit 
channel, the optical-model parameters were obtained from an examination of the "best fit" 
parameters available in the literature. The best overall potential combination was determined 
from fitting the 15N(p, t) 13N transitions alone, since only single L transfers are allowed. A 
triton potential utilizing a sum of single-nucleon potentials with surface absorption (derivative 
Saxon- Wood) gave the best overall fits to the data. The exit channel parameters were taken to be 
the same for tritons and 3He. 

Considerable theoretical interest has been concentrated on nuclei in the 1p shell within the 
framework of the intermediate coupling model. Two-nucleon structure factors 3 (GNL$JT) have 
been calculated for all the 15N(p, t)13N and 15N(p, 3He )13C transitions by using coefficlents of 
fractional parentage derived from Cohen and Kurath' s complete intermediate-coupling wave func­
tions. 4 Harmonic oscillator wave functions were assumed for the single-particle states in the 
nuclear structure calculation, and the oscillator parameter v was taken to be 0.32 F-2, in accord 
with.the value used by True in his shell-model calculation of the 1p levels in 14N. 6 

The following new spin and parity assignments have been made: (i) the 7.38-MeV level in i3N 
was confirmed as 5/2- and the mirror level in 13C was found at 7.55 MeV; (ii) the 8.93-MeV level 
in 13N is known to be 112- and the mirror level in 13C was found at 8.86 MeV; (iii) the mirror to 
the 9.48-MeV 3/2- in 13N was found at 9.52 MeV in 13C, although the analysis indicated that this 
level is probably not composed primarily of a (1p)9 configuration and hence is· not predicted by 
intermediate coupling calculations; (iv) a new level was seen in 13N .at 10.78 MeV, and is thought to 
be 1/2- with its mirror in 13C at ii.09 MeV; (v) the ii.88-MeV level in 13N was confirmed as 
3/2- and the ii.80-MeV level in 13C is thought to be the mirror; and (vi) a level was found at 12.40 
MeV in 13C and assigned as 7/2-. . 

An attempt was made to utilize the two-nucleon transfer theory3 to account for the relative 
cross sections found in the 15N(p, t) 13N reaction. Relatively good agreement was obtained between 
theory and experiment, although adjustment of the oscillator parameter, v, of bound state wave 
functions for excited states was necessary. 7 As our adjustment of v does not markedly affect the 
amplitudes of the wave functions of Cohen and Kurath, 4 these wave functions must be regarded as 
giving a good description of the final states populated in the 15N(p, t)13N reaction. 

Footnotes and References 

tCondensed from Phys. Rev., Feb. 20, 1968. 
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report; Donald G. Fleming, A Comparative Study of (p, t) and (p, 3He) Reactions on Light Nuclei 
(Ph. D. thesis), UCRL-17790, Aug. 1967. 
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1 5. ENE R G Y D E PEN DEN CEO F 26 M g ( p, t) 24M g AND 1 2 C (f' t) 1 0 C 
L = 0 AND L = 2 ANGULAR DISTRIBUTION SHAPES 

S. W. Cosper, ':' H. Brunnader, Joseph Cerny, and Robert L. McGrath 

During a rece%t experiITlent 1 in which the lowest T = 2 (15.43 MeV; 0+) state in 24Mg was 
populated via the 2 Mg(p, t) reaction, it was noted that the typical L = 0 triton angular distribution 
of this state 2 showed a ITlarked ITlagnitude and shape deterioration when the incident proton energy 
was lowered froITl 38.7 to 32.5 MeV. That both the ITlagnitude and shape of this angular distribu­
tion could undergo such a drastic change with only a 6-MeV change in incident proton energy near 
Ep"" 35 MeV appeared to be of considerable interest for three reasons: (a) Most other L = 0 and 
L = 2 (p, t) angular distributions, priITlarily involving relatively high c. ITl. energy tritons, had 
shown a nearly static shape which changed slowly with target ITlass nUITlber (coITlpare Refs. 3 and 
4)--a fact which had been used to assign L = 0 or L = 2 transfer to unknown (p, t) and (p,3He) 
angular distributions; (b) this ITlagnitude and shape deterioration, if not predicted by current two­
nucleon transfer theory, could cause uncertainties in the spectroscopic inforITlation extracted 
froITl SOITle (p, t) reaction data; and (c) any experiITlents directed toward establishing the location2 

or decay properties 1 of T = IT z I + 2 states via (p, t) investigations would require knowledge of the 
conditions under which the cross section to these high isospin states was a ITlaxiITluITl. 

In order to obtain further data concerning this phenoITlenon, proton beaITls of .various energies 
frOITl the Berkeley 88-inch cyclotron were used to bOITlbard targets of 26Mg and 12C. The re­
sulting tritons were identified by ITleans of a ll.E-E detector telescope and a power-law-type 
particle identifier. 5 Angular distributions of tritons leaving 24Mg in its ground, 1.37-MeV (2+), 
and 15.43-MeV (0+, T = 2) states, as well as angular distributions froITl the 12C(p, t)10C ground 
and 3.35-MeV (2+) states, were investigated. The L = 0 (p,t) data are shown in Fig. B. 15-1 and 
the L = 2 data in Fig. B.15-2. In both figures the solid curves represent two-nucleon transfer6 
distorted-wave Born approxiITlation (DWBA) fits to the data, where each fit has been individually 
norITlalized. Real and iITlaginary well depths were allowed to vary SITloothly with energy; the 
actual values of the paraITleters used followed quite closely the approxiITlate expressions pre­
sented in Fig. B.15-1. The two-nucleon transfer DWBA clearly reproduces the general features 
of the observed shape variation of these (p, t) angular distributions with incident proton energy. 

The ITlagnitude and shape deterioration of the angular distribution of the 15.43-MeV 24Mg 
state at low energies is readily apparent in Fig. B.15-1. The first ITlaxiITluITl, beyond zero deg, 
of the characteristic L = 0 shape, clearly seen frOITl 50.0 down to 38.7 MeV, has disappeared at 
Ep = 32.5 MeV -the cross section in that angular region having decreased by alITlost a factor of 
8. The other two L = 0 distributions in Fig. B. 15-1 also show cOITlparable ITlagnitude and shape 
deterioration at the lower incident proton energies. Further, the L = 2 angular distributions 
shown in Fig. B. 15-2 also tend to deteriorate at lower proton energies. 

Figure B. 15-3 presents a sUITlITlary of these data and their DWBA fits. Noting this figure, 
one sees that the ITlost striking property of the three L = 0 transitions is that they all seeITl to 
reach a ITlaxiITlUITl intellrated and first ITlaxiITluITl cross section at E t (c. ITl. ) "" 17 ± 2 MeV. The 
L = 2 transition to the Oc (3.35 MeV) state also shows this behavior. In contrast, both the 
integrated and first ITlaxiITluITl cross sections for the 24Mg (1.37 MeV) state are still rising at 
E t (c. ITl. ) "" 8 MeV. An interCOITlparison of Figs. B.15-1, B.15-2, and B. 15-3 shows that the 
characteristic (p, t) L = 0 and 2 shapes begin to deteriorate below E t (c. ITl. ) '" 10 MeV. Hence 
assig=ent of L-transfer values to unknown (p, t) transitions by cOITlparing their angular distribu­
tion shapes to known transitions could possibly be ITlisleading if the incident energy is such that 
E t (c. ITl. ) .;;; 10 MeV. Since the DWBA appears to reproduce the observed energy dependence of 
these (p, t) cross sections quite well, spectroscopic inforITlation extracted froITl (p, t) Teaction 
data using the DWBA should not be affected by this observed strong energy dependence. 
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Fig. B.15-1. Some L = 0 triton angular distributions resulting from the proton bombardment 
of 26Mg and 12C at various incident energies. The solid 'curves are two-nucleon transfer 
DWBA fits which wer~ generated by using the parameters shown in the figure plus proton 
radii of 1.15 F (for 2 Mg) and 1.04 F (for 12C) and triton radii of 1.25 F in both cases. 
(Ep' and Eexc are the incident proton energy and the excitation of the state being fitted in 
MeV, respectively.) Each fit has been independently normalized to the data. 



B.15 -86-

Fig. B. 15-2.
6 

Some L = 2 triton angular distributions 
from the 2 Mg(p, t) and 12C(p, t) reactions at vari­
ous incident proton energies. See legend of Fig. 
B.15-1. 
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16. HIGH-RESOLUTION FAST-NEUTRON SPECTROSCOPY 
OF THE REACTION 9Be(p, n)9B AT 20 MeVt 

R. J. Slobodrian, H. Bichsel, * J. S. C. McKee, f and W. F. Tivol 

The reaction 9Be (p, n)9 B was studied at 14.1 MeV laboratory energy by Saji1 with a proton re­
coil neutron spectrometer operating typically at 5% resolution. We have measured neutron spectra 
produced in this reaction by 20-MeV protons. Figure B. 16 -1 shows a drawing of our detector as­
sembly. It consists of a suitable collimation system, a radiator of protons (recoils from a thin 
film of polyethylene), and a solid-state detector telescope consisting of two detectors (ll.E, E). 
The electronics includes low-noise preamplifiers, amplifiers, particle identifier circuits, 2 and 
multichannel analyzers. 

The direct application of solid-state detectors to neutron spectroscopy has been recently 
studied and discussed. 3,4 The (n, a) reactions in silicon are so numerous that such use is at 
present impractical for spectroscopic purposes. 4 Birk et al. 3 considered the spectroscopy of 
6-MeV neutrons detecting proton recoils from a proton radiator using a single silicon detector. 
Such a method becomes impractical at higher neutron energies due to the (n, a) reactions in silicon. 
At higher energies the proton recoil detection with silicon detectors depends vitally on the coinci­
dence requirement between the ll.E and E detectors. 1, 5 A refinement is achieved by means of a 
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particle identification systeIn. 2 A detailed description of our spectroIneter and possible iIn­
proveInents will be published elsewhere. 6 

Conaiderable effort has been vested in the search for a state in 9 B analog to the 1. 7 -Me V 
state in ':IBe. A state at about 1.4 MeV in 9B was first reported by Marion et al. 7 and was also 
weakly seen at SOIne angles by Saji1 in his 9Be(p, n)9B experiInent. More recent work on 9B was 
carried out through reactions in wffcj a charged particle was detected, like 12C(p, a)9B, 8, 9 
10B(3He, a)9B, 10 and 10B(d, t)9B. ,2 Sy=ons and Treacy8 observed a broad peak in the spec­
trUITl of the reaction 12C(p, a)9B at a channel energy of approxiInately 1.4 MeV. They calculated 
a fit to the observed peak, using the notation and procedure of Barker and Treac?13 with a chan­
nel radius of 4.35 F and an energy 9f 1.7 MeV. Bauer et al. 9 reached states of B through the 
reactions 12C (p, a), 9Be(p, n), and bLi(a, n), using a particles between 12.7 and 18.3 MeV and 
protons at 6.3 and 7.4 MeV. They concluded that there was no state of 9 B at 1. 7 MeV. However, 
it should be noted that a broad peak with barycenter at about 1.4 MeV is visible in the spectra of 
Bauer et al. 9 froIn 12C(p,a)9B at 12.7 MeV, as well as in the other reactions they studied, in 
agreeInent with the results of Sy=ons and Treacy. 8 

Our experiInent was perforIned at 20 MeV lab energy, with protons froIn the Berkeley 88-
inch variable-energy cyclotron. To reduce background the beaIn was accelerated as 40-MeV 
H~. Figure B. 16-2 contains SOIne saInple spectra, showing evidence for a peak at about 1.4 MeV 
in the neutron spectra. 'In addition the state assigned an energy of 3.07 MeV by Saji1 is seen 
cOInpletely resolved in our spectra, and we assign to it an energy of 3.16 ± 0.07 MeV. The 
9Be(p, n)9B tiIne-of-flight spectra of Bauer et al. 9 at 7.4 MeV and 15 deg lab angle show a peak 
at about 3.1 MeV, and the saIne is true for the 6Li(a, n) spectra at 14.4 MeV at several angles. 
Figures B. 16-2b and B. 16-2c show also indications of peaks at 2.8 and 1. 7 MeV, but further 
experiInental work is needed in this regard. 

SOIne COInInents are in order concerning the 1.4-MeV peakd:n the spectra of the 9 B nucleus. 
It seeInS reasonable to relate it to the threshold of the channel Li + a, located at 1.685 MeV 
(R ef. 14) in the 9 B systeIn. The relation between thresholds and states has been discussed by 
Baz, 15 Inglis, 16 and others. The conclusions indicate that it is Inore probable to observe states 
near thresholds than elsewhere. 

The 3.16-MeV peak appears consistently in the neutron spectra reaching 9 B through reactions 
X(x, n)9B, but it is absent in charged particle spectra. 

We gratefully acknowledge the help of T. M. Chan with the design of the neutron spectroIn­
eter asseInbly; J. Meneghetti, who supervised its construction; and R. Lothrop, who Inade the 
Si detectors. The cooperation of the 88-inch cyclotron crew and supporting personnel is highly 
appreciated. 
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Fig. B.16-1. Schematic of the collimator, 
radiator and detector telescope assem­
bly of the neutron spectrometer. 

Fig. B.16-2. Sample spectra obtained 
in this experiment. The n-p cross sec­
tion has not been unfolded, as it does 
not alter the spectroscopic content ap­
preciably. Solid lines have been drawn 
to help the eye. The energy labels on 
the peaks result from conversions of 
pulse height to energy. 
(a) Particle identifier spectrum. Dis­
criminators were normally located at 
A and B to select the proton recoils. 
However, a dis pIa y of the energy spec­
trum of pulses above B did not show any 
structure. 
(b) Spectrum at 9 deg lab, using a 9Be 
target of 18.8 mg cm- 2 with L::.E-E co­
incidence requirement and no particle 
identification. The radiator thickness 
was approximately 0.08 mm. 
(c) Spectrum at 12 deg lab, same tar­
get as (b) with coincidence require­
ment and particle identification. At 
this angle we find evidence for the 2.8-
Me V state and indications of a peak at 
1.7 MeV. 
(d) Spectrum at 17 deg lab, obtained 
with a 4.70-mg cm- 2 '1Be target and 
detection conditions as in (c). The struc­
ture of the spectrum near 2.33 MeV is 
consistent with the 12-deg spectrum of 
(c), although the statistics is poorer. 
The resolution of our neutron spec­
trometer, unfolding the target thick-
ness effect, was 200 keV near 18 MeV, 
i. e., 1.1 %. 
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17. A SEARCH FOR EXCITED STATES OF 3 He t 

R. J. Slobodrian, J. S. C. McKee, * D. J. Clark, 
W. F. Tivol, and T. A. Tombrello! 

UCRL-17989 

The possible existence of a bound trineutron 1 has stimulated the search for states of the 
three-nucleon systems, although conflicting evidence has been reported recently with respect to 
the original experiment. 2 Kim et al. 3 have investigated the reaction p + 3He at 30.2 MeV lab 
energy, and have observed peaks in the proton spectra at 8.2, 10.2, and 12.6 MeV excitation. 
Such peaks were observed at two laboratory-system angles and were interpreted as a possible 
indication of states of the 3He nucleus. The cross section for excitation of the 10.2~MeV state 
was estimated to be about 2X 103 fLb/sr at elab = 15 deg, and somewhat lower values were ob­
tained for the other two states. In contrast, at 25 MeV lab energy Austin et al. observed no peaks 
in the p + 3He interaction4 and established a limit of 250 fLb/sr for the cross section for such 
states of 3He , from this reaction. 

On the other hand Baldin5 has predicted the existence of a state within the energy region in­
vestigated. 

Warner et al. 6 have investigated the 4He + 3He reaction, and their conclusion was that no 
peaks (attributable to unbound T = 1/2 levels of 3He ) were observed down to a cross section of 

. about 300 fLb/ sr. 

We have investigated the 3He + 3He interaction at 44 and 53 MeV lab, using the 3He beam of 
the Berkeley 88-inch isochronous cyclotron. The 3He spectra were detected by using Si detector 
telescopes together with an electronic particle identifier circuit, 7 over a wide an2;ular range from 
5 to 42 deg lab angles. Calibration spectra were obtained from the reaction 14N (3He, 3He l }14N~~. 
The identified 3He energy spectra were recorded by use of a 4096-channel analyzer. Figure B.17-
1 exhibits the general features of the measured spectra, and Fig. B. 17 -2 shows for comparison 
a spectrum obtained under identical experimental conditions from 14N + 3He. The analysis of our 
spectra is consistent with the absence of sharp peaks to a limit of about 120 fLb/sr, and up to 
about 30 MeV excitation for the smallest angle measured. 

In conclusion, the 3He + 3He interaction can reach both T = 1/2 and T = 3/2 states, and our 
results indicate that no such states are excited down to cross section values much lower than those 
mentioned by Kim et al. 3 for the p + 3He interaction. 

We acknowledge the assistance of D. Landis with the electronic equipment, J. Meneghetti 
with the mechanical part of the experiment, and R. Lothrop, who made the Si detectors. 
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Fig. B.17-1. Sample spectra at 44 MeV. Peaks corresponding to a cross section of 120 f.Lb­
sr- 1 are drawn for comparison. The low-energy cutoff is due to the AE detector thickness 
of the telescope. Thresholds and "states" are indicated by arrows. (a) 5 deg lab, (b) 10 
deg lab, (c) 20 deg lab, (d) 31 deg lab. Spectra (a) and (b) show an electronically attenuated 
elastic group. 
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Fig. B. 17 - 2. Comparison spectrum from 
14N(3He, 3He)14N'"i< at Blab = 15 deg, 
taken under identical experimental 
conditions. The arrow points to a peak 
of cross section 90 flb/sr. 

THE 2p FINAL-STATE INTERACTION IN THE 
3 He (3 He , a)2p REACTIONt 

R. J. Slobodrian, J. S. C. McKee,'~ W. F. Tivol, D. J. Clark, and T. A. Tombrellot 

Recent letters 1, 2 have reported on the 3He (3 He , a)2p reaction at 26 MeV1 and at 11.96 MeV 
lab energy, 2 bearing evidence for the p-p interaction. The spectra at 26 MeV have not been 
analyzed theoretically. A fit using the Watson-Migdal formalism 3 was produced for the 11.96-
MeV spectra, 2 but the agreement is partially obscured by the pa interaction (5Li), prominent at 
the angles investigated. 

There is interest in reactions leading to the 1S0 state of two nucleons with regard to the de­
termination of the scattering parameters of the n-n interaction. 4 The usefulness of the deuteron 
breakup reaction nd .... nnp for such purpose has been questioned, and the Watson theory seems to 
be misleading in this interaction. 5 The existing data on the mirror reaction pd .... ppn indicate 
that the pn interaction obscures the effects of the pp interaction. 6, 7 On the other hand the peaks 
observed in angular correlation measurements are sharper than predicted by the Watson-Migdal 
formalism. 8 This would explain the discreE,anc y between the value for the nn scattering length 
an from the d('lT-, O)2n (Ref. 9) or the 3H (d, He)2n reactions, 4 and the values obtained from the 
nd experiments. 1 ,11 It !.hould be noted that the scattering lengths required to fit the spectra 
from the p(3He, d)2p, 2H ( He, t)2p (Ref. 12), and 3H (n, d)2n (Ref. 13) reactions seem larger than 
the currently accepted values of these quantities. The reaction 2H (t, 3He )2n may also require a 
large value of an' but no data are presently available. The physical fact is that such reactions 
lead asymptotically to three particles in the final state, and this is true for Breit-Wigner reso­
nances between pairs of particles, as well as for virtual or antibound "states." Thus, neither 
the Breit-Wigner resonances nor the virtual states are true quantum mechanical states. The 
Eisenbud interpretation14 of a rapidly increasing phase shift as a time delay leads to the definition 
of a physical lifetime for resonant and virtual states, and both manifest themselves by peaks in 
the energy spectra of the third particle. They can be interpreted in terms of poles in the scat­
tering amplitude of two particles, and the question is how well can one extract the pole parameters 
from the spectrum shape (or "line" shape) of the third particle. Hence reactions leading to the 
2p system and a third particle are useful to test a given theoretical formalism, if there is domi­
nance of the pp pole. 

We h~ve studied the 3He {3He , a)2p reaction at 43.7 and 54.0 MeV lab energy (at target center), 
using the He beam of the Berkeley 88-inch variable-energy cyclotron. The experimental tech­
niques were basically t~e same as described elsewhere. 4 The large positive Q is quite helpful 
for the detection of the He spectra over a sizable angular range, between 5 and 42 deg lab (10 
to 90 deg c. m.). A prominent peak near the high-energy end of the a-particle spectra was ob­
served (Fig. B. 18-1a and c). Its angular distribution follows a pronounced diffraction pattern 
with minima (Fig. B. 18-1b) deeper than usual even for particle transfers leading to particle-
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bound states or long-lived resonances. The angular distributions at both energies are shown in 
Fig. B. 18-2a and b together with fits based on a diffraction picture of the reaction mechanism. 15 
The PWBA is inadequate in fitting the relative values of successive maxima or the positions of 
the minima. The "interaction radii" ri in excess of 4 F lend support to a peripheral picture of 
the reaction mechanism, consisting of an 1. = 0 nucleon tranfer. More complicated processes, 
like charge exchange, are excluded. The energy spectra are compared with the Watson-Migdal 
formalism predictions, using the formulae contained in Ref. 4 and the known pp scattering length, 
excluding the vacuum-polarization correction, a p = -7.7 F. 16 Figure B. 18 -3 contains sample 
spectra showing a good agreement between the tlieory and the experimental results, over a con­
siderable angular range. Hence the study of the reaction 3H(t, a)2n should prove relevant in ob­
taining additional information on the nn interaction. It should be interesting to ascertain whether 
the 3H (t, a)2n reaction yields a scattering length in agreement with the 3H(d, 3He)2n reaction, 4 and 
thus also with the 7T-d experiment. 9 If there is agreement, then properly chosen reactions, with 
an outgoing third particle having a sharply defined boundary, may allow a more precise and com­
plete determination of the 1S0 nn scattering parameters. 

We gratefully acknowledge the support of D. Landis with the electronic equipment, of R. 
Lothrop, who made the solid-state detectors, and of J. Meneghetti for his part with the mechan­
ical setup of the experiment. 
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Fig. B. 18 -1. 4He spectra from the 
reaction 3He + 3He - 4He + 2p. A 
pulser group is seen at the far right. 
(a) At 17 deg lab with 43.7 MeV bom­
barding energy. The arrow indicates 
the interval expanded in Fig. B. 18-
3b. (b) At 10 deg lab (near the first 
minimum. of the 2p enhancement), with 
43.7 MeV bombarding energy. (c) At 
16 deg lab with 53.0 MeV bombarding 
energy. 
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Fig. B.18-2. Angular distribution of 
the 3He + 3He - 4He + 2p peaks inte­
grated to a value at which they drop 
to 1/ e of the value at the maximum.. 
The solid line corresponds to a fit 
with J5(q, r.), the dashed line is the 
PWBA fit. l(a) Data at 43.7 MeV. The 
J5(q, ri) fit was calculated with ri = 4.6 F. 
The PWBA fit was obtained with ri = 
5.5 F. (b) Data:- at 53.0 MeV. The in­
teraction radii are respectively 
ri = 4.2 F and ri = 5.0 F for the J6(q, ri) 
and PWBA fits. 
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Fig. B.18-3. The solid lines are fits to 
the 4He energy spectra obtained with 
the Watson-Migdal formalism using 
a p = -7.7 F, after folding in the ene r gy 
resolution and the effect of the finite 
angular resolution of the detector (ap­
proximately±0.3 deg. The solid dots 
are the experimental points. (a) Spec­
trum at elab= 5 deg and 43.7 MeV 
bombarding energy. (b) Spectrum at 
elab = 17 deg and 43.7 Me V bombard­
ing energy. (c) Spectrum at elab 
5 deg and 53.0 MeVbombarding 
energy. ' 
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19. HIGH-PRECISION MEASUREMENT OF 
PROTON-PROTON POLARIZATION BETWEEN 10 AND 20 MeVt 

R. J. Slobodrian, J. S. C. McKee,~" H. Bichsel, t and W; F. Tivol 

B.18,19 

There are few measurements of polarization in pp scattering below 30 MeV. The measure­
ment by Alexeff and Haeberli1 at 3.3 MeV resulted in small positive values. However, Knecht 
et ale 2 have concluded that there is no way to reproduce such values with any combination of S-, 
P-, and D-phase shifts, and hence that they must be in error. There is also a measurement at 
16.2 MeV (Ref. 3) at 50.2 deg c.m. that produced a value 0.006±0.007, and another at 17.5 MeV 
(Ref. 4) at 45 deg C. m. with a value 0.0125± 0.02. Clearly both experiments were, not inconsis­
tent with a very small polarization (positive or negative). 

High-precision measurements at about 45 deg c. m. have been performed recently in the 
region at and above 30 MeV. 5 The polarization is consistently positive, and becomes zero at 
about 30 MeV. At low energies the polarization is an effect of higher order with respect to the 
spin correlation parameters. 6 Most recent efforts have dealt with measurements of the latter. 7 
However, at: 11.4 MeV the scattering is overwhelmingly singlet, and thus the spin correlation 
measurement ceases to yield useful information. 

A high-precision measurement of the polarization in the range between 10 and 20 MeV may be 
helpful to the numerous groups that have carried out analyses of nucleon-nucleon scattering below 
30 MeV (Refs. 5, 7-11). We have measured the polarization asymmetry in proton-proton scatter­
ing at 9.6, 15.6, and 19.7 MeV, using the variable-energy polarized beam facility of the Berkeley 
88 -inch cyclotron. 

The proton beam is produced with nearly 100% polarization by scattering of Cl' particles from a 
liquid-nitrogen-cooled high pressure hydrogen target. The energy of the beam was determined by 
measuring its range in aluminum. The beam was aligned by first mapping it with a slit mounted 
on a remotely controlled ionization chamber, and subsequently orienting the scattering table on 
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the beam line, using a telescope. Thereby an alignment to ±0.05 deg is accomplished. A similar 
accuracy is obtained in the alignment of the detector collimators. A spin precession solenoid was 
used to reverse the spin of the proton beam. To restore the beam barycenter a magnet was used 
in conjunction with a split ionization chamber that was permanently monitoring the beam direction. 
In order to minimize and compensate possible effects due to the spin precession solenoid it was 
operated half the time precessing the spin clockwise, and half the time counterclockwise. Care­
ful tests indicate that no asymmetry is produced by the spin precession solenoid. 

The hydrogen target was a cell with a continuous aluminum window 0.0019 in. thick, operated 
at about 3 atmospheres at room temperature. The gas was 99.99% pure. The detection was ef­
fected with two pairs of CsI(Tl) scintillator detector telescopes and associated electronics, as 
shown in Fig. B.19-1(a). At 20 MeV the b.E crystals were 0.010 in. thick at forward angles and 
0.005 in. near 45 deg lab. At lower energies the spectra were very clean, without the coincidence 
requirement of the telescopes, and therefore the b.E detectors were not used. The spectra were 
measured by setting the detectors at symmetrical angles with respect to the beam. Short runs 
were taken, monitoring the total beam with a second ionization chamber coupled to an electrom­
eter integrating circuit and recycling unit. Our procedure has proven in empirical tests to pro­
vide asymmetries free of systematic errors down to about ±0.1%. Figure B. 19-1(b) shows the 
geometrical layout of the experiment. 

The 20-MeV data seem to be consistent with the trend as a function of energy established by 
the recent measurements at 30 and 50 MeV (Ref. 5) and the Harvard results. 12 The implications 
of our polarization results can be explored in terms of S, P, and D waves. The reader is referred 
to Ref. 9, where the effect of including F waves is shown to be small at 23.6 MeV. Figure B.19-
2 summarizes our results (tabular values are available upon request). 

In the light of our analysis we can state that the OPE assumption seems to be inadequate to 
account for the observed values of the polarization, and that a sizable amount of spin-orbit inter­
action is necessary to account for the observed node in the polarization. However, the data at 
9.6 and 15.6 MeV cannot exclude the usual OPE assumption, and further experimental work car­
ried out in the small-angle region, below 15 deg lab, done with high precision, may provide a 
final answer to the questions posed in the work reported here. 
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Fig. B.19-2. Summary of experimental 
polarization asymmetry. The "theo­
retical" curves were calculated with 
programs adapted for the CDC 6600 
computer, with slight changes from the 
originals of D. J. Knecht (Ref. 2). 
(a) Data at 9.6 ~eV. The solid line 
corresponds to Po = 3.71 deg, 
3P1 = 1.71 deg, 3P2 = -2.29 deg, 
1 D2 = 0.20 deg. The dash-dot line 
corresponds to 2.75, 1.25, -1.75, and 
0.13 deg, in the same order. The 
dashed line corresponds to 4.23, 
-2.07, 0.45, and 0.14 deg; it gives the 
pattern typical of OPE. 
(b) Data at 15.6 MeV. The solid line 
corresponds to 3PO = 4.2 deg, 
3P1 = 2.0 deg, 3P2 = -2.0 deg, and 
1D2 = 0.3 deg. 
(c) Data at 19.7 MeV. The solid line 
corresponds to 3P1 = 7.73 deg, 3P1 = 
4.23 deg, 3P2 = -2.77 deg, 1D2 = 
1.19 deg. The dash-dot line corre­
sponds to the phases 9.04, -2.96, 1.84, 
and 0.8 deg, consistent with OPE. The 
dashed line is obtained from the Dubna 
phases (Ref. 9) up to and including the 
D wave. 
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Fig. B.19-1. Schematic drawing of the 
electronics and geometrical layout of 
the experiment. 
(a) Block diagram of the electronics. 
CF: cathode follower; LA: linear am­
plifier, CC: double coincidence, LG: 
linear gate; T i : detector telescope. 
(b) Schematic drawing of the experi­
mental apparatus. IC: ionization cham­
ber; T i : detector telescopes; Q: quad­
rupole lens; S: spin precession sole­
noid; TM: tickling magnet (for the 
restoration of the beam barycenter). 
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20. SMALL-ANGLE BEHAVIOR OF THE POLARIZATION 
IN p-d ELASTIC SCATTERINGt 

J. S. C. McKee, ~~ A. U. Luccio, R. J. Slobodrian, and W. F. Tivol 

Recent data frOlTl this Laboratory1 on the polarization of protons elastically scattered from 
deuterium in the energy range from 11.0 to 19.1 Me V indicated the development of a negative 
polarization close to the known minimum in the elastic scattering cross section at 120 deg c. m. 

A negative polarization was also observed at the lowest angles investigated in the data ob­
tained at 11.0 and 13.2 MeV, in contrast to Wisconsin measurements 2 in the same energy interval. 

The experiment presented here was carried out as an investigation into the small-angle be­
havior of the polarization, and results are shown in Fig. B. 20-1. Part (a) of the figure shows 
previous data from this Laboratory at 11.0 MeV, Part (b) shows the present data obtained at 
11.6 MeV, and Part (c) shows the previous results for an energy of 13.2 MeV. 

The context of the small-angle points in Fig. B. 20-1(b) is such as to indicate a mlmmum in 
the observed asymmetry distribution at around 29 deg c. m. angle, for this energy. These data 
interpolate well between the results shown in Parts (a) and (b) of the figure. Comparison with 
the earlier results indicates that the minimum moves forward with increasing energy. 

The experiment presented here was carried out by using the polarized beam facility of the 
88-inch variable-energy cyclotron at Berkeley, which provides protons of approximately 100% 
polarization. 

For measurement of the asymmetry distribution in pd scattering at lar9.e angles (greater 
than 22 deg lab), the equipment used was similar to that already described. 

The target pressure was 3 atm absolute, and pulses from all telescopes were routed to 
quadrants of a Nuclear Data 4096-channel pulse-height analyzer. At forward angles extended 
counter arms were used to support small-geometry collimators and additional l!.E counters of 
0.004-in. CsI(Tl). The coincidence requirement between pulses from E and l!..E counters pro­
duced very clean spectra. The E counters were 0.030 in. thick for small-angle work, and the 
collimation system defined an angular acceptance of Blab'" 1 deg. A spin precession solenoid 
was used to reverse the spin of the incident proton beam at each angle investigated. Background 
from sources other than charged particles was found to be entirely negligible. 

The study of pd interactions is experimentally the simplest of the nuclear three-body sys­
tems. Nonetheless, there is as yet no adequate theory to describe the interactions involved, and 
no predictions of pd polarizations are presently available below 40 MeV. In the nd case, how­
ever, the theoretical work of Purrington3 including tensor forces suggests a negative polariza­
tion for angles forward of 45 deg c. m., at 10.0 MeV neutron energy. The inclusion of Coulomb 
and spin orbit effects in the pd case might well add an oscillatory behavior to the present form 
of this distribution. An interesting observation can be made from an examination of small-angle 
pd elastic scattering data in the energy range from 9.7 to 13.9 MeV, 4-6 and near the minimum 
seen in Fig. B.20-1. Rodberg 7 has pointed out that there may be a relation between the zeros 
of polarization and the maxima and minima in cross-section data. He has discussed observed 
polarization in terms of the optical model, and found that a spin-orbit interaction when introduced 
as a small additional part to the real central potential can reasonably predict observed asym­
metries. 

The present results have been examined from this point of view, and data on elastic scatter­
ing and polarization at 90 deg c. m. are used to predict a value for the depth of the spin orbit 
potential (V so) when an interaction radius of 1.56 F and a value of -43 MeV (Ref. 8) are used for 
the real part of the central interaction (V c). 

The value obtained for V so is 1.0 MeV for an incident nucleon energy of 11.6 MeV. When this 
value is further used to predict the polarization in pd scattering at 30 deg c. m., a result of 
0.014 is obtained, in reasonable agreement with our observed results. The position of the two 
zeros in polarization at small angles is also well reproduced from a study of the shape of the 
elastic scattering cross section in this angular region. Our results are thus consistent with spin 
orbit effects in the pd interaction. 
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Fig. B.20-1. Data obtained at three en­
ergies, 11.0, 11.6, and 13.2 MeV, for 
the asymmetry (E) in pd scattering. 
Parts (a) and (cl are previous data 
contained in Ref. 1; part '(b) is the data 
from this experiment. The open cir­
cles are obtained by using the small­
angle collimation and coincidence sys­
tern; all other data are obtained by the 
methods of Ref. 1. Errors shown are 
statistical. The dashed lines indicate 
comparable positions for a zero in 
polarization at each energy. 
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C. NUCLEAR STRUCTURE THEORY 

1. POSSIBLE OBSERVATION OF 
VACUUM POLARIZATION EFFECTS IN THE 1S0 pp STATEt 

R. J. Slobodrian 

Vacuum polarization effects (VPE) have in the past provided remarkable confirmation of pre­
dictions of quantum electrodynamics (QED), 'like the correction of the Lamb shift. 1 More recently, 
however, the validity of QED at small distances was questioned by experiment. 2 Later work by 
the collaboration Hamburg-Columbia3 proved to be in contradiction with the work of Ref. 2 and con­
firmed the validity of QED to momentum transfers up to 400 MeV I c. 

The VPE on p~ scattering, and hence on pp interaction, have been calculated in the past by 
Foldy and Eriksen and also by Heller. 5 Both calculations are in agreement except for minor dif­
ferences due to the alternative methods used in the computation. The absolute accubacy or valid-
ity of the corrections due to the VPE on pp interaction has not been established yet. This point is 
important for the determination of the shape parameters of the effective range expansion, or equiv­
alently for a proper choice of a potential describing the S-wave interaction. Very-low-energy 
scattering experiments (below 300 keV in the laboratory system) may provide clues concerning this 
point. However, no accurate data exist at present and the experimental difficulties are consider­
able. 

Recent experiments have sh~wn that reactions involving two protons and a third particle in the 
final state are dom~nated by the So nucleon-nucleon interaction. This is the case for 3He(d, t) 2p 
(Ref. 7,8) or 3He( He, a) 2p (Ref. 9). So far a reasonable agreement has been found in fitting the 
spectra with formulas based on the Watson-Migdal final-state interaction theory. 10, 11 The center­
of-mass spectra are given by 

(1) 

where C(,,) = 2rr"/(e2rr" - 1) and he,,) = Re ~rl(-~") 1 -In(,,), " = e 2/tw (v is the relative velocity 
of the pp system, E the relative energy), '{ r =(rl~ 1t,2 (r is the effective range), p(EO) is the 
phase space factor, ~PI g(<l» 12 is a reaction-~cha~is£-depe£dent factor, function of the momen­
tum transfer. The factorization of the transition matrix element into terms dependent on the 
nucleon-nucleon pole and the momentum tran,sfer pole i!) valid for direct or peripheral nucleon 
transfer reactions, as it corresponds to the assumptions of the Watson-Migdal theory. Expression 
1 does not include VPE, as it is simply obtained from the linearized effective- range expansion of 
the function 

2 
K = RC (,,) k cotan 00 + h(,,), (2) 

where R = t,2 IMp e 2 , 00 is the 1S0 phase shift. Foldy and Eriksen 
4 

calculated the corrections 
.6.K on the basis a£ first-order perturbation theory, 

00 • 

S V (r)u
2

(r)dr, 
o vp 

(3) 

where V is the vacuum polarization potential. The correctionl are highly nonlinear at low 
relative ~ergies. Using the values of .6.K of Foldy and Eriksen, one can correct the "line shape" 
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of the 1S0 state of two protons for VPE, including a term ~K/R in the effective range expansion. 
Figures C. 1-1 and C.1-2 summarize the results of the computation and its application to the 
3He{d, t)2p reaction. Laboratory spectra are shown for obvious practical considerations. 

Some discussion is in order concerning the actual observability of the effect. A spectrum 
shape measured with high statistical accuracy (O.1 0/0) and high energy resolution and precision 
(down to a few keY) should provide a good test of the correctness of the calculated VPE. However, 
it is not yet known if the third-particle spectra are described theoretically to that accuracy by ex­
pression 1. If such accurate investigation proved to depart from both the corrected and uncor­
rected line shape, it may be due to the neglect of other interactions, but not necessarily due to a 
breakdown of QED. The following more lengthy experimental path may then prove useful to fur­
ther pursue the point. The reactions T{d,3He)2n and T{T, 4He)2n performed with the same 
degree of experimental accuracy could provide the spectrum shape when the electrostatic field is 
switched off. Subsequently, turning on the electrostatic interactions, and properly handling the 
electromagnetic corrections, 12 one can calculate the spectrum of the mirror reactions both with 
and without VPE. 

Clearly, agreement would mean another brilliant confirmation of OED, disagreement could be 
blamed on its failure or to other unknown factors related to charge asymmetry of nuclear forces. 
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Fig. C.1-2. Overall view of the corrections of the line shape and correction 
factor. Note the sizable range over which the correction is nonlinear. 

2. A VIRTUAL BOUND STATE IN SBet 

H. E. Conzett 

The observed asymmetric peak in the 7Li(p, a) a reaction at 5.6 MeV has been interpreted in 
terms of two resonances corresponding to two levels in SBe at excitations near 22.1 and 22.5MeV. 1 

Also, the SOO-keV resonance in the 6Li (d, a) a reaction2 has been assumed to correspond to the 
22.5-MeV level. 3 The tentative assignments of J = 2+ to both levels by Jet;0nymo et al. 3 have been 
supported by more complete analysis of the data,4 and the recent study of Li(d, a) a reaction at 600 
keV with polarized deuterons confirms the 2+ assignment of the 22.5-MeV level. 5 

Since the 6Li + d threshold corresponds to a SBe efcitation of 22.2S MeV, it seems possible to 
explain the experimental results in terms of a single 2 state near 22.1 MeV. If it has some 
6 Li + d parentag e

6 
as can be expected so near threshold, its deuteron reduced width would require 

its decay via the Li + d channel in addition to its known decay into the open alpha, proton, and 
neutron channels. Hence it could be gn excellent example of a virtual bound state; that is, it is 
bound by some 150 to 200 keV in the Li + d channel but can decay via the open channels. The re­
sultant width (near 1 MeV) provides a large energy overlap of the state with the deuteron channel, 
so that without the barrier penetrability factors the 6 Li(d, a) a cross section would show a Breit­
Wigner resonance behavior corresponding, however, to a negative resonance energy. Thus, it 
would display only part of the high-energy side of the resonance peak. The barrier penetrability 
factors would reduce the cross section to zero at threshold, providing a resulting peaking in ac­
cord with that observed experimentally. 

This virtual bound state could also account for the asymmetry of the peak in the 7 Li(p, a) a 
cross section at 5.6 MeV. That is, the total width, r= r + r + r , is the sum of the partial alpha, 
proton, and neutron widths below the deuteron threshold ras sRmirrg negligible decay via the 3He 
and triton channels). Above threshold it is augmented by the deuteron partial width, rd, so this 



u I 

UCRL-17989 -105-

region of the resonance peak should show a broadening due to the increase in the total width. 
Again, this is in qualitative agreement with the observed behavior. 

C. 2, 3 

In addition to the obvious advantage of describing the experimental results in terms of a single 
2+ state rather than two, the identification of a nuclear virtual bound state should have consjderable 
intrinsic interest because of its rarity. The analogous strange-particle resonance, the YO (1405), 
has received considerable attention as a virtual pound state. 6 
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3. INADEQUACY OF THE SIMPLE DWBA TREATMENT 
OF COMPARATIVE (p, t) AND (p, 3He) TRANSITIONS t 

Donald G. Fleming,'~ Joseph Cerny, and Norman K. Glendenning 

We have tested current theories of direct two-nucleon transfer reactions by comparing (p, t) 
and (p, 3He) transitions on odd-mass nuclei leading to mirror final states. In particular our data 
on proton-inducedfeactions on 15N at 43.7 MeV and on 13C at 49.6 MeV as well as the data of 
Hardy and Skyrme on the p + 31p reaction at 40 ~eV have been investigated. Many mirror tran­
sitions have been analyzed with DWBA calculations in an attempt to fit both angular distributi0:f,s 
and crosslgecti0f: ratifs. As an example, Fig. C. 3-1 shows the fits obtained for the 15N(p, t)1 N 
g.if. and N(p, He)1 C g. s. transitions with a spin-independent nucleon-nucleon interaction, 
A = AT(the sipglet-even strength of the two-body potential is denoted by AS and the triplet-even 
strength by A ); in general, good results for the shapes of the angular distributions are obtained 
with this interaction. Howe3er, agreement between theory and experiment for the cross-section 
ratios of mirror (p, t) to (pS He) transitions improves in every case with the inclusion of a strong­
ly spin-dependent force (A = 0.3 AT) in the nucleon-nucleon interaction (see Ref. 3). An exa:mple 
of this can be seen in Fig. C.3-2, dealing again with the above transitions. 

The inclusion of this strongly spin-dependent force, however, does not produce satisfactory 
agreement in all cases, as can be seen from the data in Table C. 3-1. The (p, t) transitions are 
still found to be generally stronger than expected, relaJive to the (p,3He) transitions. Further, 
three transitions (denoted by a in the table) have been observed in which the experimental ratio of 
these cross sections exceeds The theoretical upper limit of 4/1 which arises if both transitions 
proceed solely via S = 0 transfer of the nucleon pair. Two possibilities, both of which introduce 
coherent effects, may account for this result: (i) interference terms arising through a spin-orbit 
interaction in the optical potential, 4 or (ii) interference terms between a direct reaction contribu­
tion and a core-excitation contribution to the cross section. The former explanation is somewhat 
preferred, especially when one notes (Table C. 3-1) that the examples that are oujside this limit 
arise from highly populated final states-thE; strongest transition in the 15N(p, t)1 N data and the 
second and third strongest in the 13C (p, t) 1iC data. 
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Table C. 3-1. Mass 13 and mass 11 experimental and theoretical integrated cross sections. 

Final 15N (p, t) 13 N 15 N (p, 3He) 13C CT T(P, t) R R state 
CTT (f.1b) CTT (f.1b) R theory theory 

i IT exp 3 A S= AT A S=0.3 AT 
(10 to 90 deg) (10 to 90 deg) CTT(p, He) 

c. m. c. m. 

1/2- 941 308 3.16 0.635 1.46 

3/2- 652 573 1.14 0.686 1.50 

5/2- 1271 270 4.72 a 1.71 2.72 

------------------------------------------------------------------------------------
Final 13 C (p, t) HC 13C (p, 3He) 11B CT T(P, t) R R state theory theory 

CT T (f.1b) CT T (f.1b) R = 
J7T exp 3 AS = AT A S =0.3 AT 

(10 to 80 deg) (10 to 80 deg) CTT(p, He) 

c. m. c. m. 

3/2- 1320 359 3.68 1.34 2.44 

1/2- 310 63 4.92a 1.51 2.74 

5/2- 425 90 4.72 a 0.402 1.01 

3/2- 167 58 2.88 0.875 1.84 

aTransitions in which the experimental ratio exceeds the theoretical upper limit for both 
transitions proceeding solely via S = 0 transfer of the nucleon pair (see text). 
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Fig. C.3-1. Angular distributions fo~ 
trans~tions to the ground s~ates of 1 N 
and 1 C populated in the 1 N(p, t) and 
15N(p,3He) reactions, respectively. 
The curves are DWBA fits to the data 
for a spin-indy>endent nucleon-nucleon 
interaction, A = AT. The theoretical 
curves have been separately and arbi­
trarily normalized to the data at forward 
angles. The optical ITlOdel parameters 
used are discussed in the original UCRL 
report. 
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4. SURFACE-DELTA-INTERACTION MODEL FOR 
NUCLEAR STRUCTURE ANALYZED BY 

PROTON INELASTIC SCATTERINGt 

Amand Faessler, ,~ Norman K. Glendenning, and A. Plastinot 

UCRL-17989 

As is well known, the S-wave phase shift for nucleon-nucleon scattering decreases with in­
creasing relative energy until it eventually becomes negative around 115 MeV, reflecting the re­
pulsion at short distance. Inside the nucleus, the relative energy of two interacting nucleons is on 
the average rather high, so that a reduction in their interaction energy may be expected. At the 
surface, however, the relative energy is low enough that there will be a net attraction in the S 
states. Of course this behavior is not automatically reproduced by the phenomenological forces 
with which it is convenient to work in nuclear- structure calculations. Moszkowski and Green 1 

were thus led to introduce a phenomenological force with the above surface localization assured 
by the inclusion of a delta function, which allows the force to be effective only when the interact­
ing particles are at the nuclear surface. This they called a surface delta interaction (SDI). The 
zero range and sharp localization are naturally simplifying assumptions which it is hoped will sim­
ulate an authentic phenomenon. 

The SDI has been applied in a number of situations and in particular to the nickel isotopes, 1 
where also a conventional residual interaction, of finite range and effective throughout the nuclear 
volume, has been employed. 2 In both cases the so-called two-quasi-particle Tamm-Dancof approx­
imation was made in solving the many- body problem. 

In this paper we calculate inelastic proton cross sections to a number of states in the nickel 
isotopes, thus subjecting the above nuclear descriptions to a test. The scattering problem was 
treated by numerically solving the relevant coupled differential equations. 

Scattering Theory 

Since the nuclear states are here described in terms of their nucleonic structure, the inter­
action of the scattered particle with the nucleus is by way of a two-nucleon potential rather than 
the one- body deformed potential used in macroscopic treatments. For the form of the interaction 
between nucleons we use 

where r, (J' are the position and spin coordinates of the scattered particle, and ri' (J'i of the ith 
nucleon in the nucleus. The spin scalar and vector parts Vo and V 1 depend in general on the iso­
spin so that, as noted previously, 3 neutrons and protons may be expected to scatter differently in 
exciting the same nuclear state (except when the excitation is characterized by T = 0). 

If we use some simple ideas about the free two-nucleon potential, we find that for protons scat­
tering from sta~es described by neutron correlations, the spin-dependent part V 1 is small com­
pared with VO. Recent evidence from the analysis of scattering on the zirconium isotopes also 
supports this conclusion. 4 Nevertheless, the direct interaction that should be used may be very 
different from the vacuum interaction, as discussed qualitatively elsewhere, 3, 5 and may quite 
likely depend upon the region of the periodic table and the details of the nuclear description. This 
is so because, in practice, both the structure and scattering calculations are carried out in trun­
cated spaces of the basic states. This causes the interaction within the truncated spaces to be 
modified from the free interaction by terms referring to the eliminated part of the space. It may 
therefore be referred to as an effective interaction-effective within a prescribed subspace of basic 
states. Its structure may be very complicated, since, in principle, it can be both nonlocal and 
complex-valued. Our approach corresponds to parameterizing it, assuming for simplicity that its 
off-diagonal matrix elements may be parameterized, as above, as a real local central potential of 
Gaussian shape. For the range we take 1.85 F, such as has often been used in shell-model calcu­
lations. For most of our calculations V 1 = 0, but the effect of spin dependence was examined for 
60Ni. 
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The diagonal elements of the effective interaction are not calculated in the same way, but in­
stead are represented by a spherical optical potential. There are two reasons for this departure 
from a strict microscopic description. The first is that the elastic scattering, represented by the 
diagonal parts, is a highly coherent process (every nucleon must recoil) and is therefore hard to 
calculate accurately. The second is that there may be important contributions from channels that 
are not explicitly treated. Such contributions can be accounted for 'approximately in the optical po­
tential. This makes a phenomenological treatment of the diagonal parts desirable even if the first 
difficulty could be surmounted. 

Results 

Two-quasi-particle states 

Proton cross sections fo·r the coupled system COmpTlSIng two 0+, four 2+, and one 4+ state in 
the nickel isotopes of mass 58, 60, and 62 were calculated by use of the two-quasi-particle descrip­
tion of these isotopes. Two nuclear descriptions were used, one based on the surface-delta-inter­
action calculation of Faessler and Plastino, 1 and one on the volume finite-range interactions cal­
culation (referred to for brevity as VFI) of Arvieu, Salusti, and Veneroni. 2 A sample result of 
the coupled-channel calculations for 60Ni obtained by ~sing these microscopic descriptions can be 
compared in Fig. C.4-1, where the experimental data are also shown. 

The parameters of the calculation consist of those describing the optical-model potential and 
the direct interaction between nucleons. The optical-model parameters are essentially fixed by 
the elastic scattering and therefore are not available for adjustment of the excited-state cross 
sections. The scalar form factor of the collective 2+ state is dominant over its vector form fac­
tor, so that Va can be determined by adjusting it to obtain agreement in magnitude with this level. 
The angular distributions based on both structure calculations are seen to be in quite good agree­
ment with experiment. The strength Vi of the spin-dependent part of the interaction is relevant 
only for those higher-lying states whose vector form factor (giving rise to spin-flip transitions) is 
comparable to the scalar form factor. Since the wave functions of these states are not established, 
we cannot use them to determine Vi' As remarked earlier, there is some reason to believe that 
V1« Va· We therefore have performed most of our calculations with Vi = O. In comparing the 
results for the higher-lying levels with experiment it should therefore be kept in mind that no ad­
justment of parameters was made.· 

In Fig. C. 4-2 we do show the effect of taking various values for Vi' including a repulsive 
value. The cross section of the collective 21 state is insensitive to any of these variations, as 
are several of the others. The 24 level, which has a vector form factor of magnitude comparable 
to its scalar, is quite sensitive to the value of Vi' especially the polarization. However, there 
are no data available on this level, which lies presumably in the region above 3 MeV. The excited 
0+ level, which cannot be excited directly by the spin-flip interaction, nonetheless is fairly sensi­
tive to Vi' especially the polarization due to its coupling to other excited states. There are no po­
larization data, and the computed differential cross section is not in good agreement with the data. 

Two-phonon states 

The available experimental evidence concerning so-called two-phonon states indicates consid­
erable departures from the pure harmonic vibrational model. The evidence consists of the some­
times large splittings between the members of the two-phonon triplet, deviations from the pre- + 
dicted intensity rules for E2 radiation, and the finite static quadrupole moment of the two-phonon 2 
state in those nuclei for which the measurements have been made. Nevertheless, some of the two­
phonon character is expected to persist, though it may be shared by other neighboring states. The 
type of nuclear- structure calculation described by the two-quasi-particle TDA does not produce 
two-phonon states, because they involve four-quasi-particle configur~tions which were not includ­
ed. However, we can use the coherent operator that produces the 21 state to generate a "two­
phonon" triplet of wave functions. Presumably these are not eigenfunctions of the problem, and 
would mix with neighboring two-quasi-particle states, but we can consider them as an extreme 
limit. The form factors by which each member of the triplet is connected to the collective 21+ 
state can be obtained easily upon using the quasi-boson commutation rules for the two-quasi­
particle operators. The coupled equations for proton scattering on a model nucleus having ex­
cited states consisting of two 2+ states calculated in the two-quasi-particle model, including the 
collective one, plus a triplet of states built on the latter, were solved, and the results are shown 
in Fig. C. 4- 3. 
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Discussion 

We take the point of view that the reaction calculation has been handled well enough to allow 
conclusions to be drawn about the nuclear description by comparing calculated cross sections with 
the data. It is true that the direct interaction is subject to considerable uncertainty as discussed 
earlier. Assuming a real central potential with a fixed r~nge about that of the vacuum interaction, 
the one well depth Vo was determined by the collective 21 state. Variation of the remaining pa­
rameter Vi was not successful in achieving an over-all agreement for all the remaining levels. 
The effective interaction may be more complicated than the one used, so that our criticism of the 
nuclear description of these nuclei is somewhat blunted. Nevertheless, we reach the tentative con­
clusion that aside from the fair success with the collective 2+ state, the two-quasi-particle method 
has not so far provided, and possibly cannot provide, a very satisfactory description of the states 
that are weakly coupled to the ground. Some of the angular distributions are not bad, but often the 
absolute cross sections are in error by a factor of 2 to 3. 

Footnotes and References 

tAbbreviatedversionofPhys. Rev. 159, 846 (1967). 
*University of Freiburg, Freiburg, Germany. 
!University of California, Los Angeles, California. 
1. A. Plastino, R. Arvieu, and S. A. Moskowski, Phys. Rev. 145, 837 (1966). 
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(1964). 

3. N. K. Glendenning and M. Veneroni, Phys. Rev. 144, 839 (1966). 
4. G. R. Satchler (unpublished). 
5. N. K. Glendenning, Lectures, Inelastic Scattering and Nuclear Structure at International 

School of Physics "Enrico Fermi," Course XL (UCRL-17503, Aug. 1967). 
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5. RELATION BETWEEN THE OPTICAL POTENTIAL FOR 
SPHERICAL AND FOR DEFORMED NUCLEIt 

Norman K. Glendenning, D. L. Hendrie, and O. N.Jarvis"~ 

The elastic scattering cross secti~ns of spherical and de5~rmed nuclei are qualitatively differ­
ent even for such close neighbors as 1 8Sm (spherical) and 1 Sm (deformed). This is illustrated 
for 50-MeV a particles 1 in Fig. C. 5-1. The slope is steeper and the amplitude of the oscillations 
smaller for the deformed nuclei. This difference reflects the stronger coupling to the excited 
states in the deformed nucleus. The optical potential (Table C. 5-1) that reproduces the elastic 
scattering accordingly must be, and is, quite different in the two cases. 

Conceptually, the optical potential was introduced to reduce an infinite-channel problem to a 
one-channel problem (the usual optical model for elastic scattering) or a few-channel problem 
(the optical model and coupling between a few low-lying levels). By construction it carries implic­
itly the effects of all the eliminated channels on those that are treated explicitly. 2 The eliminated 
channels include the intrinsic excitations which are present in all nuclei, as well as rotations in 
the case of deformed nuclei. It is mainly the rotations which give rise to the difference in the 
elastic optical potentials, as we now show. 

To ~scuss conveniently the difference between the two cases, we introduce Feshbach's ex­
pression for the optical potential, 

( 1) 

where the sum C is over all the omitted channels, or in the case of the elastic optical potential, 
over all channels save the elastic. Except for those states which couple strongly to the ground 
state, such as collective levels, the sum will be dominated by the region of high level density in 
the nucleus. We can think of breaking the sum up into two parts, therefore, consisting of the sum 
over the low-lying collective states, and the sum over all others, 

Uel = Us + l 
Collective 

1 (2) 

The sum over noncollective states U is now dominated by the high excitation region of the nucleus 
because of the high level density thele, and should be essentially the same for all nuclei in a broad 
range of mass; the subscript s then denotes its smooth behavior. The more enhanced the collec­
tive states are, the larger the second term will be and hence the more the elastic optical potential 
will deviate from the smooth behavior we attribute to Us. 

We can easily test this division of the optical potential into a part which is peculiar to each 
nucleus due to the particular nature of its collective states, and a part which is slowly varying 
from nucleus to nucleus. This can be done by solving the coupled system comprising the elastic 
and collective channels. Once the collective channels are treated explicitly, they no longer con­
tribute to the effective interaction. In other words, the second term of Eq. 2 is removed from the 
optical potential of the coupled system. We search empirically for a parameterization of the re­
maining interaction. 

As an example of a deformed nucleus we choose 154Sm, which we treat as a rigid rotor and 
include explicitly the levels of the ground-state rotational band up to and including the 6+ state. 4 
We treat explicitly the collective vibrational 2+ state in the spherical 14~Sm nucleus, employing 
the macroscopic description. After a search for the potential parameters we find that a single po­
tential gives rise to the excellent agreement shown in Fig. C.5-2. In fact the same potential can 
be usecr with only minor adjustments, from the spherical 148Sm throughout the deformed region 
up to 1 8Hf. We identify this potential as Us. It is given on the second line of Table C. 5-1. We 
note that it is quite similar to the elastic potential U 1 for the spherical nucleus. This is under­
stood in view of our discussion following Eq. 2 and die weaker collectivity of the spherical nucleus. 
They differ in Wand a in just the way expected. 
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This understanding of the optical potential has two important consequences. We are interested 
in determining the nuclear shape in the deformed region by analysis of inelas tic alpha scattering 
through a solution of the coupled system. 5 Whereas it may have been assumed that the param­
eters of the problem include the optical parameters as well as the shape parameters 132 , 134' .. " 
we have shown that the former are essentially determined by the scattering on a neighboring sphel'­
ical nucleus, and that the same potential can be used throughout the deformed region with only very 
slight adjustments. 

A second consequence concerns the search for systematics in elastic optical potentials. It is 
clear that whenever strong collective states exist, the elastic potential will be anomalous. Only 
when the contribution of the collective states to the optical potential is removed will the system­
atics appear, since it is Us that is smoothly behaved. 

Footnotes and References 

tCondensed from UCRL-17935, Nov. 1967, submitted to Phys. Letters. 
*Perrnanent address: AERE, Harwell, Berkshire, England. 
1. The experimental results are due to B. G. Harvey, D. L. Hendrie, O. N. Jarvis, H. H. 

Duhrn, J. Saudinos, J. Valentin, and J. Mahoney. Similar systematic differences have been 
found in proton scatterings by P. Stoler, M. Slagowitz, M. Makofske, and T. Kruse, Phys. Rev. 
155, 1334 (1967). 
-- 2. For a fuller discussion of this see N. K. Glendenning, Inelastic Scattering and Nuclear 
Structure, to be published in Proceedings of the International School of Physics "Enrico Fermi, " 
Course XL (Academic Press, New York, 1967). 

3. H. Feshbach, Ann. Phys. (N. Y.) 19, 287 (.1967). 
4. For details see Ref. 2. -
5. See Paper B. 2, this report. 

Table C. 5-1. Optical-model parameters corresponding to 
Woods-Saxon shape and a uniform charge distribution 
with a correct quadrupole moment. 

V W r a 

148Sm elastic only 65.5 29.8 1.427 0.671 

Coupled channels 65.9 27.3 1.440 0.637 

154Sm elastic only 34.6 29.4 1.404 0.819 
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Fig. C.5-1. The elastic scattering of 50-
MeVa particles from samarium isotopes 
which span the spherical (A=148) to de­
formed (A=154) region. Note the system­
atic trend to weaker oscillations and 
steeper slope of the envelope of maxima 
with increasing collectivity. Solid lines 
are elastic optical-model calculations of 
the cross section. The data are from 
Ref. 1 . 
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6. CALCULATIONS OF THE FLATTENING OF IDEALIZED NUCLEI 
DURING HEAD-ON COLLISIONSt 

" ,. 
Jaromir Maly and James Rayford Nix 

C.6 

When two nuclei closely approach each other they tend to flatten as a result of their mutual 
electrostatic forces. The amount they flatten depends upon the relative magnitudes of the electro­
static interaction (which is a function of their charges and separation) and of three of their funda­
mental nuclear properties: (i) stiffnesses against deformation, (ii) inertias with respect to de­
formations, and (iii) viscosities. If the electrostatic interaction is large enough, and each of 
these three properties is sufficiently small, the nuclei will flatten appreciably; otherwise, they 
will remain essentially spherical. Since the liquid-drop model represents the average trends of 
nuclear masses in the periodic table, 1 liquid-drop stiffnesses are expected to also represent an 
average. Z-4 and a calculation of the flattening of colliding nuclei on the basis of the liquid-drop 
model should give the average flattening of nuclei throughout the periodic table. We therefore 
study the flattening that would be experienced by nonviscous idealized liquid drops in head-on col­
lisions. 

In Fig. C. 6-1 the total c. m. kinetic energy E required during head-on collisions to bring two 
such idealized nuclei within range of their effective nuclear forces is plotted as a function of the 
atomic mass number A of the target (or projectile), for three choices of projectile (or target). 
[ The target (or projectile) atomic number Z is taken to be related to A approximately according 
to the course of the line of beta stability.] The kinetic energy E is given in units of the energy V 
that would be required to bring two spherical drops (corresponding to infinite stiffnesses. infinite 
inertias. or infinite viscosities) within range of their nuclear forces, viz.,. 

In this equation Z1 and Zz are the targets and projectile atomic numbers. e is the electronic 
charge, R1 and R Z are the target and projectile radii, and t is the distance beyond the nuclear 
radius to which nuclear forces are effective. The five values chosen for t span the range of dis-
tances relevant to firm and gentle contacts. The ratio of the surface- energy constant to th~ 
Coulomb- energy constant, which enters these calculations, is taken from Green's analysis. It 
is seen from the figure that the energy required to bring together two nonviscous idealized heavy 
nuclei is increased as a result of flattening by as much as 350/0 (about ZOO MeV). 

Measurements of the flattening experienced during head-on collisions between pairs of nuclei 
throughout the periodic table would yield directly information concerning a certain combination of 
nuclear s~ffnesses, inertias, and viscosities. Although estimates of the viscosity coefficient are 
available, less is known about this quantity than about the other two. Existing information con­
cerning stiffnesses 3• 4 and inertias4 could therefore be used in conjunction with data on flattening 
to infer a value for the coefficient of nuclear viscosity. Although the accurate determination of 
this quantity would require calculations that use shell-affected stiffnesses and inertias, the pres­
ent liquid-drop results may nevertheless prove useful in the study. of transition nuclei (nonrnagic 
spherical nuclei), whose stiffnesses are expected to equal approximately those of liquid drops. Z-4 

Footnotes and References 

tResume of Contribution No.7 .ZO to International Conference on Nuclear Structure, September 
7-13, 1967, Tokyo, Japan (UCRL-17541. June 1967). 
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Fig. C.6-1. The energy required to 
bring together the nuclear fields of 
two nonviscous idealized nuclei. 
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7. REALISTIC NUCLEAR SINGLE-PARTICLE HAMILTONIANS 
AND THE PROTON SHELL 114 t 

," Heiner Meldner'-

A simple ansatz for a dominating one- body operator in a realistic nuclear Hamiltonian is 
made and compared with similar attempts. The proposed model represents single-particle 
wave functions as s elf- consis tent solutions of an integro- diffe rential equation. Thus, all info r­
mation about the single-particle part of a nuclear many- body system is expres sed by a kernel, 
which contains a total of five physical parameters. In this way (see Table C. 7-1) it is possible 
to obtain a fit to 

(a) nuclear charge density distributions, including isotope effects, 
(b) is proton levels as measured in (e, e l p) scattering, and 
(c) total binding energies or nuclear mass defects, while 
(d) reproducing the shell-model spin assignments and mass structure. 

Unlike local potential or non- self- consistent models, the present Hamiltonian allows a cal­
culation of the eigenvalue spectrum as well as nuclear masses for different occupation functions. 
Hence orbital rearrangement energies can be estimated. 1 In the presence of fluctuating re­
arrangement energies, a gap in the eigenvalue spectrum does not necessarily lead to a physical 
shell effect (magic number) in the masses as a function of nucleon numbers. However, in this 
realistic model, the partial derivative a E/az of the total binding energy (mass) changes con­
siderably at the proton number Z = 114. Table C. 7-II shows that this shell effect has about the 
same magnitude as the observed ones at established magic numbers close to the line of beta sta­
bility. This confirms an earlier suggestion made by this author2 on the basis of a gap in the pro­
ton eigenvalue spectrum at Z = 114. 
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tShortened version of Paper (UCRL-17801, Sept. 1967) to be subm.itted to Phys. Rev. 
*NATO Fellow. On leave from. Freie Universitiit Berlin, West Berlin, Germ.any. 
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2, Ref. 23 in W. D. Myers and W. J. Swiatecki, Nucl. Phys. §.i, 1 (1966); H. Meldner, 

Arkiv Fysik 36, 593 (1967). 

Table C. 7-I. Experim.ental and calculated 
binding energies of som.e nuclei close to 
the line of beta stability. 

Binding energ:i (MeV} 

Nucleus Exp. Calc. 

44Ca 380.9 380.3 
88

Sr 768.5 777.5 
118Sn 1004.8 1017.9 
140

Ce 1172.8 1189.0 
208pb 1636.4 1636.4 
300

114 2140.5 

Table C. 7 -II. Experim.ental and calculated 
m.ass differences at closed shells ± one 
nucleon for the established m.agic num.­
bers and for Z = 114. 

Mass 
Magic differences (MeV) 
num.ber Nuclei Exp. Calc. 

N = 20 
41Ca _ 40Ca 8.4 8.4 
40Ca _ 39Ca 15.6 15.3 

Z = 20 
41Sc _ 40Ca 1.1 1.1 
40Ca _ 39K 8.3 8.0 

N = 28 
49Ca _ 48Ca 5.0 0 
48Ca _ 47 Ca 10.1 13.3 

Additional com.parisons with expe~hm.ental 
data give, e. g., is proton level in Ca: Z = 28 
experim.ental 77±14 MeVA calculated 79 MeV; 

63Cu _ 62Ni 6.1 2.7 
62Ni _ 61Co 11.1 13.9 

rm.s charge radius for 4uCa: experim.ental l :, 
3.35±0.1 F, calculated 3.14 F; and rm.s charge U 
radius for 208Pb: experim.ental 5.42±0.03 F, N = 50 

89S r 

88S r 

_ 88S r 6.8 5.3 
_ 87Sr calculated 5.44 F. 11.1 11.7 

Z 50 
119Sb _ 118Sn 5.2 2.3 
118Sn _ 117In 9.9 10.7 

N = 82 
141Ce _ 140Ce 5.5 3.3 
140Ce _ 139Ce 9.1 8.6 

Z = 82 
209Bi _ 208 pb 3.8 3.3 
208 p b _ 207T1 8.0 5.5 

N = 126 
,209pb _ 208 pb 3.9 3.2 
208 pb _ 207pb 7.4 5.4 

287 115_ 286 114 0 

Z 144 
286 114_ 285113 3.4 

301115_ 300114 0.1 
300114_ 299113 5.2 

The piiring correction is assum.ed to be 
15/A 1 2 MeV. Additional com.parisons with 
experim.ental data give, e. g., for relative rm.s 
charge radius differences (.6.R/R) X 3A, for 
41Sc _ 40Ca: experim.ental 1.8 ± 1.8, calculated 
2.0; for 209Bi - 208pb: experim.ental 1.2 ± 0.4, 
calculated 0.9. 
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8. NUCLEAR ORBITAL REARRANGEMENT ENERGyt 

Heiner Meldner'~ 

On the basis of self-consistent calculations, orbital rearrangement energies are estimated to 
be comparable to level differences in nuclear potential wells. Hence it is an unjustified simplifi­
cation to identify such level spacings with mass differences observed, e. g., in nucleon transfer 
reactions. 

Although it seems to be a common procedure to fit energy eigenvalues in static Woods-Saxon 
or oscillator potentials to the spectra of nucleon transfer reactions, 1, 2 the "agreement" achieved 
this way is of little Significance, since mass differences can be compared quantitatively with the 
energy eigenvalues in a given well only if further simplifications are possible. For example, one 
must assume that orbital rearrangement energies are small co'mpared with the observed mass dif­
ferences. It is quite obvious from this investigation that these rearrangment energies can be 
large and can be rather different for different orbitals. 

The examples shown in Fig. C. 8-1 indicate that for the first hole states in 47Ca, 207 pb , and 
207 Tl the level spacings are respectively 7.6, 2.0, and 1.5 MeV in the ground state and 6.0, 1.7, 
and 0.5 MeV in the excited state, whereas the calculated mass differences are 2.5, 1.6, and 1.2 
MeV. The experimental mass differences are 2.6, 0.57, and 0.35 MeV. 3 This kind of discrep­
ancy indicates also that a reasonable calculation has to take into account residual two-body inter­
actions. Hence eigenvalue differences of single-particle Hamiltonians, rearrangement energies, 
and level shifts due to residual two-body forces all seem to be of the same order of magnitude. 

Therefore, it is also futile to infer, for example, 4 an anomalous effective mass around the 
Fermi level by simply identifying level spacings with mass differences, i. e., by completely ne­
glecting rearrangements and residual interactions. 

Footnotes and References 

tShortened, slightly modified version, Nuovo Cimento 53[ 1], 195 (1968). 
~'NATO Fellow. On leave from Freie Universitat Berli~West Berlin, Germany. 
1. See, e. g., R. Woods, P. D. Barnes, E. R. Flynn, and G. J. Igo, Phys. Rev. Letters 

11, 453 (1967); R. O. Ginaven, A. M. Bernstein, R. M. Drisko, and J. B. McGrory, Phys. 
Letters 25B, 206 (1967); D. Eccleshall, and M. L. Yates, Phys. Letters 11, 301 (1965); E. Rost, 
University of Colorado preprint COO-535-570. 

2. G. E. Brown, Unified Theory of Nuclear Models and Forces (North-Holland Publishing 
Co., Amsterdam, 1967), p. 20. 

3. C. M. Lederer, J. M. Hollander, and 1. Perlman, Table of Isotopes, 6th Ed. (John Wiley 
and Sons, New York, 1967). 

4. G. E. Brown, J. H. Gunn, and P. Gould, Nucl. Phys. 46, 598 (1963). 
5. L. R. B. Elton, Phys. Letters 25B, 60 (1967). 

Fig. C.8-1. Binding energies and single­
particle levels for the ground state and 
the first excited one-hole state in three 
doubly magic nuclei. For medium and 
heavy nuclei this model reproduces sur­
prisingly well rms radii, 1s proton levels 
as observed in (e, e'p) reactions, -and 
total binding energies (see paper C. 7). 
The above examples are expected to es­
timate lower limits, since orbital re­
arrangement is likely to be least for 
nuclei with one hole in a closed shell 
(Ref. 5). 
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NEUTRON SEPARATION ENERGIES AND THE 
SUPERMULTIPLET THEORY 

Martin G. Redlich 

C.9 

In Wigner's superrrl1lltiplet theory of nuclear structurel, 2 the consequences of the assumption 
of the neglect of spin-dependent two-nucleon interactions upon the wave function 'Ii (1, .. " A) of a 
nucleus with mass number A are investigated. An early, remarkable success of this theory is 
the differentiation between allowed favored and unfavored f3 transitions. In recent years, there 
have been indications 3 , 4 from nuclear masses that the wave functions of the supermultiplet theory, 
which is an LS coupling theory, may be rather accurate even for heavy nuclei. In view of the suc­
cess of the j-j coupling shell theory, it seems important to examine further the consequences of 
the supermultiplet theory's mass formula. 

This formula is obtained2 with the additional assumption of "uniform nuclear matter." It is 
just 

E(A, s) = a(A) + -tb(A) X(s)· ( 1) 

Here, E is the binding energy and S = (P, P', P") is a set of nuinbers 2 which specify the sym­
metry of the wave function; X is a simple function of S. The functions a(A) and b(A) should 
vary smoothly with A, but are not otherwise determined by the theory. For the ground state of a 
nucleus, S can be obtained from A and the neutron number N. From Eq. 1 it is easy to derive 
a formula for the neutron separation energy S (A, N) and for the difference between the neutron 
separation energies of two isobars with neutro~ numbers N and NO' This difference is 

D(A, N) = Sn (A, N) - Sn (A, NO)' 

D (A, N) depends upon b(A), but not upon a(A). Here, b(A) is assumed to be a single constant for 
each NO' It is determined approximately by the experimental D(A, N) values for N.O· For 
A < 108, the valu~ of b(A) assumed here is approximately the one of the curve of FIg. 2 of Fran­
zini and Radicati; for larger A, it can be considered as representing an extrapolation of their 
curve. 

In the upper part of Fig. C. 9-1, the solid circles give the theoretical values of D(A, N) for 
NO = 57. Thus D(A, 57) = O. The points are connected by two parallel broken lines, reflecting 
the even-odd difference in S. For other NO' similar lines are obtained, but with different 
slopes for different values ofnb(A). All values of D(A, N) that can be obtained from experimental 
data5 are shown by crosses. In general, there are several crosses for each N, corresponding to 
different A. In the lower part of Fig. C.9-1, the quantity 

t:.= t:.(N) = D(A, N) 't - D(A, N)th exp eory 

is plotted. The bar indicates an average over all values of A for which data are available. 

In Fig. C.9-2 there are curves of t:. vs N for NO = 55 and 51. There is a sharp drop after 
N = 50 for both curves. Such a drop can be expected from the j-j coupling shell theory. The 50th 
neutron is exceptionally strongly bound (has a large Sn) compared with either the 51st or the 55th 
neutron. Similar curves are obtained for neighboring values of NO' An examination of the data 
available for N > 30 shows that rather good agreement with the supermultiplet theory s prediction 
is generally obtained, except near N = 50, 82, and 126. For N < 30, there are considerable 
fluctuations both in b(A) and in t:.. 

It may well be that a wave function specified by the supermultiplet theory is quite a good ap­
proximation for the ground state of nearly all those nuclei which are not in small "islands of j-j 
coupling" near the magic neutron or proton numbers. The effect of the spin-dependent part of the 
two-nucleon interaction upon the wave function may normally be rather small. 
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Fig. C.9-1. The upper part shows the 
prediction by the supermultiplet theory 
for D(A, N) with NO= 57. The theoretical 
points are connected by the two parallel 
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for each N correspond to different values 
of A. The bottom part shows the average 
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10. NUCLEAR STRUCTURE, FISSION, AND ELEMENT 114 

S. G. Nilsson 

Single-particle energies have been calculated1 for a deformed well of the type 

where p and f,t are expressed in "stretched coordinates" so that 

4 4 
and where (p )N denote the average value of < p ) as evaluated over an Nt shell. 

The total energy is expressed essentially as a sum of the corresponding single-particle ener­
gies with a pairing energy added according to the usual BCS prescription. To this is then added 
the Coulomb energy of a homogeneously charged body of a shape given by the equipotential sur­
faces of the potential proportional to p 2. 

The total energy is studied as function of € and € 4.' The superimposed condition of the con­
servation of volume of enclosed equipotential surfaces IS enough to assure an equilibrium distor­
tion, in agreement with experimental findings as to both quadrupole and hexadecapole moments. 
In Fig. C. 10-1 the 134 deformations 2 bf the potential are compar~d with empirical results for rare 
earth nuclei as obtained from inelastic alpha scattering analysis. Similar calculations are ex-
hibited for actinide nuclei in Fig. C.10-2. Also the total deformation energy appears in rough 
agreement with the mass-data systematics. 

However, in determining fission barrier energies the potential chosen fails at large distor­
tions, which fact may be connected with some insufficiencies in the p4 term or in its treatment 
(only couplings within every Nt shell are included). 

To improve on this point and possibly to be able to make predictions about lifetimes of iso­
topes of Z = 114 (Fig. C.10-3) we have started, in cooperation with R. Nix of this Laboratory, 
a program which essentially amounts to normalizing the results based on the nuclear potential so 
as to correspond on the average to the ~iquid-drop theory. This is ffected with the help of an 
averaging procedure due to Strutinsky. By the latter procedure the shell correction energy, 
5 E , is calculated as the energy obtained by the straightforward application of the model 
ene<i-~yrlevels minus the corresponding energy obtained from smeared single-particle levels. This 
quantity 5 Ecorr is then added to the liquid-drop energy. Prelim.inary results of calculation fol­
lowing this program (S. G. Nilsson and R. Nix) are encouraging. 
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Fig. C.10-1. Hexadecapole deformation 
134 in the rare earth region com.pared 
Wlth experim.ental and theoretical val­
ues of Ref. 3. Recent reevaluation of 
the data has resulted in a small in­
crease in the experim.ental Sm. 134 val­
ues and a sm.all decrease in the Yb 
and Hf values. The theoretical 134 
values of Wand Os are som.ewhat un­
certain, as they are based on too sm.all 
anum.ber of grid points. 
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D. FISSION 

, ... ' , 

t * 1. ELECTRON-INDUCED FISSION IN 238 U , 20 9 Bi , AND 181 Ta 

H. R. Bowman, R. C. Gatti, R. C. Jared, Go#tKilian, L. G. MOl.:.~tto, l S. G. Thompsqll, 
M. R. Croissiaux, tt,~* J. H. Heisenberg,l n R. I:iQfstadter,TT L. M. Middleman, TT 

and M. R. YearianTT 

Electron-induced fission of 238U, 1 20 9Bi , and 181 Ta produced by electrons of energy 250 
and 500 MeV from the Stanford Mark III Linear Accelerator has been observed. The fission events 
were produced in thin targets placed in a standard scattering chamber, 2 and the fragments were 
detected by using the mica technique. 3 In the 238U targets, the fissions were also observed with 
semiconductor counters, and preliminary results on the energy spectra of the fragments were ob­
tained. The conditions of the experiments and the measured cross section results are indicated 
in Table D.1-I. 

The pulse-height distribution of fission fragments from electron-induced fission of 238U along 
with the spectrum obtained (by using the same experimental conditions) from spontaneous fission of 
252Cf are shown in Fig. D.1-1. Both these spectra are distorted as a result of the severe elec­
tronic pulse clipping (20 nsec) which was required for these measurements. The 238U spectrum 
is probably displaced upward in pulse height by the residual background of low-energy pulses de-
2~'Bted in coincidence with the fission fragments. It can be seen, however, that the spectrum from 

U contains two peaks and therefore seems to indicate the predominantly asymmetric fis sion 
mode which is characteristic of excitation energies less than about 40 MeV for this isotope. 

The electron beam was found to be relatively free of bremsstrahlung radiation, the latter 
being separated in the beam transport system.2 by deflecting the electron beam twice before it 
enters the heavily shielded target area. However, in order to be certain that the fission events 
observed as described above were, in fact, produced by electrons and not by background radia­
tions, four independent checks were carried out in the following manner: 

(i) The fission background in 238U induced by bremsstrahlung associated with the 250-MeV 
electron beam was measured with both mica and fission counters after the electron beam had been 
deflected 2.5 cm away from the target while the target itself was maintained in its standard posi­
tion. The fission rates observed by both methods were less than 10/0 of the rates observed when 
the electron beam impinged on the target. 

(ii) The dependence of the fission rate in the 238U target on thickness of aluminum radiator 
placed in front of the target was measured by using a solid state detector. The results obtained 
with a 250-MeV electron beam are shown in Fig. D.1-2. The point "at zero thickness represents 
the effect of the electron beam itself without the addition of any absorber, and the horizontal line 
therefore represents the electron-induced fission rate. The increase in fission yield correspond­
ing to points above this line is due to bremsstrahlung-induced fission. The increase in yield ob­
served on introducing the thinnest aluminum radiator is in approximate agreement with a calcula­
tion based on known photofission cross sections. 4 

(iii) The general background in the region ::it: 5 cm from the target was measured by placing 
pieces of 238U, 235U, and "232Th clamped between sheets of mica in this location during the 250-
MeV electron bombardments and counting the tracks produced in the mica. Under these conditions 
the fission rates were much less than 10/0 of those observed from the 238U targets during the com-
parable electron bombardments. 238 

(iv) The effect of the bremsstrahlung generated by the electron beam within the U and 
209Bi targets has been evaluated by means of the known bremsstrahlung fission cross sections 
and found to contribute less than 10/0 to the measured electron-induced fission cross sections. As 
far as the tantalum measurement is concerned, no bremsstrahlung fission cross section was avail­
able, so that the photofission contribution could not be calculated; therefore, the measured cross 
section for Ta should be considered only as an upper limit. 
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PreliITlinary ITleasureITlents of the angular distributions of fission fragITlents froITl 238U bOITl­
barded with 250-MeV electrons were ITlade by using both the ITlica technique and seITliconductor frag­
ITlent detectors. The distributions showed less than 10% deviation froITl isotropy, such a deviation 
being within the expected error s. 

We note that the cross sections for fission induced by electrons as given in Table D.1-I are 
ITlore than an order of ITlagnitude below the breITlsstrahlung-induced fission cross sections at COITl­
parable ITlaxiITluITl energies. 4 Although the quantitative explanation of the large decrease in cross 
sections in going to lighter eleITlents is a subject for ITlore detailed analysis, it can be understood 
in a rough qualitative way in terITlS of excitation through the giant resonance. Ihe fission barrier 
for 238U (6 MeV~ is below the giant resonance, while for 209Bi (24 MeV) and 18 Ta (28 MeV) the 
fission barriers lie higher than the ITlaxiITluITl of the giant resonance peak, and absorption in the 
latter cases ITlust take place froITl the high-energy tail of this peak. 

The results reported above are only preliITlinary. It is of interest to extend the cross-section 
ITleasureITlents over a ITluch larger energy range, to ITleasure SOITle ITlass distributions, and to con­
firITl the evidence that the fragITlent angular distributions are isotropic. It should also be possible 
to deterITline whether excitations other than the giant resonance absorption are responsible for the 
excitation of the nuclei. 

Electron-induced fis sion, besides being interesting in itself, has a built-in energy discriITlina­
tor (the fission barrier) of very wide range (5 to 50 MeV) that allows a siITlple differential analysis 
of the energy transfer in electroITlagnetic processes. ExperiITlentally, the detection of fission 
fragITlents, with ITlica or electronic devices, is siITlple and very efficient, so that it can be used 
with great advantage in the experiITlents with ITlediuITl or heavy eleITlents. 

Footnotes and References 

t Slightly ITlodified version of UCRL-17864, Oct. 1967, to be published in Phys. Rev. Letters. 
*Work partially supported by the U. S. Office of Naval Research, Contract [Nonr 225(67) l. 
~On leave froITl Laboratorio di RadiochiITlica, Universita di Pavia, Pavia, Italy. 

ttDepartITlent of Physics and High Energy Physics Laboratory, Stanford University, Stanford, 
California. 

**Present address: Institut de Recherches Nucl~aires, Universit~ de Strasbourg, Strasbourg, 
France. 

UWork supported in part by the "BundesITlinisteriuITl fur Wissenschaft und Forschung," 
GerITlany. 

1. Yu. N. Ranyuk and P. V. Sorokin, Physics Express 9[4], 14 (1967); [condensed froITl 
Yadern. Fiz. 5, 531 (1967)]. -

2. T. Janssens, R. Hofstadter, E. B. Hughes, and M. R. Yearian, Phys. Rev. 142, 922 
(1966). 

3. 
4. 
5. 

P. B. Price and R. M. Walker, J. Appl. Phys. 33, 2625-2628, 3407 (1962). 
J. A. JungerITlan and H. M. Steiner, Phys. Rev.106, 585 (1957). 
W. D. Myers and W. J. Swiatecki, Nucl. Phys. 81--;1: (1966). 

Table D.1-I. Expe riITlental results. 

Method Fission cross section 

Target Thickness used 250-MeVe 500-MeVe 

238
U 

a 2 -27 2 -2.7 
92 85 fJ.g/CITl Mica (6.0 ±1.2) X 10 CITl (9.4±1.9) X 10 CITl 

238
U 162 fJ.g/CITl 

2 
Counter 

-27 2 -27 
92 

(5.0±1.0)X 10 CITl (7.0±1.4)X10 CITl 

209B · 1 ITlg/ CITl 
2 -29 2 -28 

83 1 
Mica (2.3 ±0.5) X 10 CITl (1.4 ±0.3) X 10 CITl 

181
T 4 ITlg/ CITl 

2 -31 2b 
73 a Mica 3.9X10 CITl 

235 /238 -4 . U U = 1.12X 10 in target saITlple. 
Not corrected for photofission contribution [see (iv) in textl. 

a. 
b. 

2 

2 

2 



"-

\ 
'"'-

--:"" ..... 

j'. 

,I 

-------

0 t.,} d U "J 
4 9 U 

UCRL-17989 -129- D.1,2 

200 

180 
.. U23B ___ 

160 o Cf 252 ____ 

~140 
Z 

~ LIJ 
> ~\ LIJ 
LL 120 .. .. 

" 0 I t 
tr I I 
LIJ I I 
~IOO 

, 
I I I :::> I I z , 
I 

LIJ I I > 80 I I 
~ I I 

...J 
,.,. I 'I 

LIJ I \ t I 
tr 60 I I I I , I 

I \. I 
'fI I 

40 
I 
I , 
I 
I 

20 I , 
" \ 

0 • 
0 50 60 70 

CHANNEL NUMBER 

XIIL670-S0lS 

Fig. D.1-1. Pulse-height spectrum of fis sion 

THICKNESS (162 RADIATION LENGTH) 
I 2 3 4 5 

9 

If) 
8 

!::: 
z 
::> 
>- 7 
a: 
<[ 
a: 
I-

6 
lD 
a: 
<[ 

~~ 
5 

'" 01 

3 
c PHOTOFISSION 
...J 4 
UJ 

>-
z 3 0 
If) 
If) 

u. 
2 

ELECTRON INDUCED FISSION 

< ') 
'"---,,,0 L-__ L-_.......JL-_.......JL-_.......JL-_--'.,-_--',--_--:-' 

.0 .2 .4 .6 .B 1.0 12 IA 
THICKNESS OF ALUMINUM (g/cm2) 

fragments. 

Fig. D.1- 2. Dependence of fis sion rate on 
radiator thickness. 

2. K x-RAY YIELDS OF PRIMARY 252 Cf FISSION PRODUCTS t 

* R. L. Watson, H. R. Bowman, and S. G. Thompson 

Several recent investigations have resulted in measurements of the yields of K x rays and con­
version electrons arising from the nuclear de excitation of primary (pre-beta-decay) fission prod­
ucts. 1-4 In these studies, the x-ray and electron yields were measured in association with the 
fragment masses, and the resulting distributions have provided new information about the general 
features of nuclear structure in the fission product region. 

This study was undertaken with the purpose of measuring the intensities of both the light and 
heavy primary fission product K x rays by taking advantage of the suitability of semiconductor de­
tectors for coincidence applications. One value of such a study is that the results can be directly 
compared with the bent-crystal spectrometer measurements 5 , 6 to shed additional light on the ori­
gin of the observed even-odd effect. In addition, a direct comparison can be made between this 
determination of primary K x-ray yield as a function of atomic number and the previous determina­
tions of prim.ary K x-ray and conversion electron yields as functions of mass. 

The energy spectrum of K x rays (measured with a 0.6-mm2 X 3-mm lithiu~-drifted silicon 
detector) arising from primary 252Cf fission products is shown in Fig. D.2-1. Since the x-ray 
groups contributing to this spectrum were not fully resolved, it was necessary to resort to a 
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least-squares peak-fitting procedure in order to determine accurate values of the x-ray intensities 
for each element. 

A computerized peak-fitting procedure was devised in which the four x-ray components com­
prising the K x- ray group for a given element (i. e., the Ka2' Ka1, K131, and Kl32 components) 
were represented by four Gaussian functions. Each Gaussian function of every x-ray group was 
rigidly defined by specifying its first moment, standard deviation, and area relative to the area of 
the Gaussian function representing the Ka1 x-ray component. A fit to the experimental data points 
was then achieved by varying, in combination, the areas of the various groups of Gaussian com­
ponents, utilizing the method of least squares. 

The final fitted x-ray distribution associated with the heavy fission products (Sn through Sm) 
is shown in Fig. D.2-2. As may be seen, the fit is quite good, and the fact that only one variable 
parameter was needed adds considerable confidence to the results. 

The yields of K x rays ~ fission are shown in Fig. D.2-3, plotted as a function of atomic 
number, and listed in Table D.2-I. Several noteworthy features are apparent; namely (a) a pro­
nounced even-odd fluctuation for atomic numbers 52 through 57, (b) a surprisingly low yield for 
xenon (Z = 54), (c) a maximum in heavy fission product x-ray yield occurring at cesium (Z = 55), 
and (d) a fairly smooth decrease in x-ray yield on either side of the maximum in the light-product 
x-ray yield, which occurs at technetium ~Z = 43). Hence, it is found that two of the characteristics 
observed by John et al. 6 and Canty et al. in the total (primary plus secondary) x-ray spectrum 
(i. e., the even-odd fluctuation and low xenon x-ray yield) are characteristic of the primary x-ray 
spectrum as well. It is noted, however, that the even-odd fluctuation arising from the primary 
fission products extends over a much more restricted region. 

In order to estimate the x-ray yields ffi. fragment, the independent fission yield of each iso-
tope formed in the spontaneous fission of Cf was calculated by using the prescription given by 
Wahl et al. 7 By summing the calculated independent yields of all isotopes having the same atomic 
numbers over mass, 

Y(Z) = t 
M=1 

Y
I 

(Z), 
M 

(1) 

the element yields, Y(Z), were then computed. By dividing the x-ray yields ~ fission by these 
element yields, the x-ray yields ~ fragment were obtained, and are shown in Fig. D.2-4, plotted 
as a function of atomic number. 

It is interesting to compare Fig. D.2-4 with Fig. D.2-5, taken from Kapoor et al., 2 in which 
is plotted the K x-ray yield per fragment versus fragment mass. For the most part, the general 
structural features are quite similar. Both figures exhibit sharp peaks in the light fission-prod­
uct regions with slight discontinuities to the right of the yield maxima, low yields in the vicinity of 
the doubly closed proton (Z = 50) and neutron (N = 82) shells, and a rather abrupt rise in yield in 
the heavy fission-product region. One striking feature in Fig. D.2-5 which seems to be missing 
in Fig. D.2-4 is the sudden drop in yield to the right of the maximum yield in the heavy fission­
product region. 

Most of the error in these determinations will most likely be restricted to the even mass 
chains, since the x-ray fluctuations are probably most pronounced between adjacent even-even 
and odd-odd products. In fact, if the fluctuation between these pairs is fairly systematic, then 
the x-ray yield measurements may average out in such a way as to give Z values which do not 
deviate appreciably from the true values after all. It is especially signifiA.nt, in connection with 
these considerations, to note that in the data given by Kapoor et al. 2 the largest deviations be­
tween the Zp values of complementary light and heavy fragments from a sum of 98 (ZPlt t ZPhy= 98) 

occur for heavy-fragment Zp values of 52.8, 55.4, and 56.1. The deviations for these values were 
0.4, 0.4, and 0.3 units respectively. 

Footnotes and References 

t Resum~ of Phys. Rev. 162, 1169 (1967). 
*Present address: Department of Chemistry, Texas A & M University, College Station, Texas. 
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Table D.t-i' K x-ray yields of prilnary 
5 Cf fis sion ,eroducts. 

Elelnent 
K x-rays p~r fission 

(X 10 ) 

3,8Sr 0.33 ±0.10 

39Y 0.54±0.07 

40 Zr 1.37 ±0.09 

41Nb 1.80 ±0.11 

42Mo 2.66 ±0.16 

43 Tc 5.36 ±0.32 

44Ru 3.77±0.23 

45Rh 1.76 ±0.11 

46Pd 1.82±0.12 

47Ag 0.84 ±0.07 

48Cd 0.24 ±0.10 

49In < 0.10 

50Sn 0.18 ±0.07 

51 Sb 0.48 ±0.07 

52Te 0.48 ±0.07 

531 3.54±0.22 

54Xe 1.64±0.11 

55Cs 7.45 ±0.45 

56Ba 4.35 ±0.26 

57La 6.11 ±0.37 

58
Ce 4.15 ±0.25 

59
Pr 3.96 ±0.25 

60Nd 2.50±0.17 

61 Pm 1.67 ±0.14 

62Sln 0.97 ±0.16 

( . t 
., 

(j 



D.2 

12 

10 -,., 
0 
X 8 
en -c: 
::l 6 
0 
0 

Q) 

> 
4 -c 

Q) 

0:: 
2 

0 
10 

-132-

15 20 25 30 
Energy (keV) 

UCRL-i7989 

Prompt K x rays from 252Cf 

fi ssion fragments 

35 40 45 

XBL671-355 

Fig. D.2-i. The energy spectrum of K x rays emitted by primary 25 2Cf fission 
products in coincidence with fission. The locations of the Ka- and Kj3-x-ray 
groups are indicated for most fission-product elements by brackets. 

a; 
§ 3 
c 

.r:; 
u 
... 2 
Q) 

Cl. 

Sn Sb Te 

190 210 

• i 

.i 

Xe Cs Ba 

230 250 

'" o 0 .. . 
o 

La 

270 

I 
Ce Pr 

290 

Channel number 

• Measured points 
o Calculated points 

1 
Nd 

310 

Pm Sm 

330 370 

Fig. D.2-2. The measured and calculated K x-ray distributions associated with 
the primar~ heavy fission products (Sn through Sm) formed in the spontaneous 
fission of 52Cf. The Gaussian fitting functions for the element cesium are 
shown by the solid curves. and the locations of the centroids of the Kai -x-ray 
components belonging to the other elements are indicated by arrows. 

/ 

/ 



\ J 

t -
U o 

UCRL-17989 

O.OS 

0.07 

0.06 
c 
a 

0.05 

"- 0.04 
~ 

a 
0.03 

Atomic number 

XBL674-2899 

Fig. D.2-3. The observed yields of K x rays 
per fission arising from primary 252Cf 
fission products within 93 nsec after fis­
sion. 

Fig. D.2-5. The observed yields of K 
x rays per fragment emitted within 50 
nsec after fission from primary 252Cf 
fission products, versus the final 
masses (Mf*) of the fragments. The top 
scale indicates the average atomic num­
ber associated with each fragment mass 
(taken from Kapoor et al., Ref. 2). 
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3. x-RAY-y-RAY COINCIDENCE MEASUREMENTS ON 
SHORT-LIVED FISSION PRODUCTS 

J. B. Wilhelmy, S. G. Thompson, and J. O. Rasmussen 

X-ray-y-ray coincidence measurements have been performed on short-lived fission products 
produced in the spontaneous fission of 252Cf. With the aid of_the high-resolution solid-state de­
tectors now available, it has become possible to resolve the K x-ray groups for the individual ele­
ments produced in fission. By performing x-ray-y-ray coincidence measurements the element 
from which the y ray was emitted can be identified. For the study of short-lived fission products 
this technique eliminates the necessity of performing the time-consuming radiochemical separa­
tions which have been the limiting factor in obtaining spectroscopic information on these isotopes. 
The fundamental limitation of this method is that not all y rays are in coincidence with K x rays. 
If the nucleus is decaying by 13- emission, the requirement for the coincidence is that there be a 
prompt y-ray cascade with at least one of the members undergoing internal conversion in the K­
electron shell. 

By use of this technique, measurements were made on the fission products from the spontane­
ous fission of 252Cf. A 10-fJ.g source of 252Cf (=:: 3. 7X 108 fissions/min) was electroplated onto a 
platinum foil. The source was covered with a gold foil of apprOXimately 1 mg/cm2 thickness and 
placed in the center of a 2-ft 3 Lucite box. A continuously moving belt was passed under the 
source, allowing the fission products to become embedded into the belt. The products were then 
transported to the counting position where x-ray-y-ray coincidence measurements were performed 
by use of a standard fast-slow coincidence arrangement. The x rays were detected with a lithium­
drifted silicon detector (2 cm2 X 0.3 cm), and a lithium-drifted germanium detector 
(8 cm2 X 0.8 cm) was used to detect the y rays. The coincident analog signals were stored event 
by event on a multiparameter pulse-height analyzer and then transferred onto magnetic tape. The 
magnetic tape was subsequently processed by a CDC 6600 computer to give y-ray spectra with re­
spect to x-ray energy intervals. Positive assignment of y rays to specific elements could then be 
obtained by using the computer to sort out and identify the x-ray spectrum which was in coinci­
dence with the y-ray line. The requirements for assignment are that both the Ka and KI3 x-ray 
groups be observed in coincidence with the y ray and that they have the correct energies and rela­
tive intensities. Half-life information was obtained for the isotopes by varying the transit time be­
tween the source and the detectors. Since the fission rate was a constant, the density of fission 
fragments on the belt decreased as the velocity past the source increased. Therefore, in the anal­
ysis of the half-life data, the observed counting rate was normalized to a constant density. 

Coincidence information was taken at 19 different transit times from as long as 135 minutes 
to as short as 0.27 second. Half-life information was obtained on about 350 y-ray lines in the 
energy interval from 60 to 650 keV. These have been tentatively assigned to approximately 75 
isotopes. Figure D.3-1 is an example of the computer-processed data and shows the y-ray spec­
trum obtained upon sorting on an x-ray energy interval containing the Ka x rays of neodymium. 
The indicated y rays have been assigned to transitions arising after the beta decay of 147Pr. The 
numbers above the peaks are the energies in keV, and the numbers in parentheses are the ob­
served half-lives for these lines. This spectrum was chosen as an example because it has a rela­
tively large number of y rays of varying intensities and is therefore indicative of the type of accu­
racy that is obtainable by this method. The literature value for the half-life of this isotope is 12 
min,1 and the values obtained experimentally were between 11.7 and 15.9 min, with both extremes 
being on low-intensity peaks. 

To complement the coincidence measurements high-resolution x-ray and y-ray singles are 
now being taken. This allows the utilization of the much higher efficiency of singles measure­
ments to obtain better intensities for the y-ray lines observed in the coincidence experiment, and 
it also permits the observation of y-ray lines which, due to the decay scheme, were not seen in 
the coincidence experiment. An interesting feature which can be seen readily in the y-ray singles 
measurements is the rapid rate at which the activity decreases when the transit time becomes 
faster than 1 sec. Figure D.3-2 shows four high-resolution y-ray singles spectra with times of 
transit between 2.7 and 0.27 sec. The two main features that can be noted are first, the complex­
ity of the singles spectra, and second, the rapid decrease of y-ray intensity as a function of time. 
It can be seen that there are no y rays with half-lives shorter than about 1 sec. This rapid falloff 
of y-ray intensity at short times is presumed to be consistent with beta decay theory, which 
predicts that there should not be beta decay shorter than on the order of 1 sec. 
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Figure D.3-3 is an example of a useful technique which becomes apparent upon study of the 
shorter-lived isotopes. This figure is a plot of counting rate versus time for a 258-keY y-ray 

D.3 

line observed in the high-resolution singles run. From the coincidence measurements it is known 
that this y ray is associated with a lanthanum K x ray. It is therefore assigned to a nuclear transi­
tion following the beta decay of a barium isotope. At short times the decay curve breaks away 
from the straight line and begins to turn over. This is because the barium isotope is being fed by 
its cesium precursor. The values of the ordinate intercepts of the two curves are then seen to be 
important. The bottom intercept is related to the independent fission yield of the barium isotope, 
and the top intercept is related to the cumulative yield of this isotope. The ratio of the independ­
ent to the cumulative yield depends on the mass number of the isotope. Using experimental values 
for the most probable charge of a mass chain (Zp)2 and assuming a Gaussian distribution about 
this Zp,3 one can calculate the independent-to-cumulative yield ratio for various masses of 
barium isotopes produced in the spontaneous fission of 252Cf. These ratios are shown on the 
figure, and are quite sensitive to the mass number. The experimental value obtained in this pre­
liminary run is 0.67±0.07, which is closest to mass 143. 

This example demonstrates the method by which the coincidence and singles measurements 
can be used in a complementary manner. Improvements are being made in this technique to give 
more precise determination of these numbers. It is hoped that they will be useful not only in 
making mass assignments but also for giving information about irregularities in mass yields about 
the Zp' 

The coincidence measurements have produced large amounts of data which give preliminary 
points of knowledge throughout the fission product region. With high-resolution singles it is pos­
sible to go back and follow more accurately the properties of these identified lines. Then, knowing 
the characteristics, it is possible to identify lines that were not seen in the coincidence experi­
ment because of their decay scheme. This, then, is a method of obtaining information on essenti­
ally all the short-lived isotopes produced in fission. 

References 

'\ 1. C. M. Lederer, J. M. Hollander, and 1. Perlman, Table of Isotopes (John Wiley and Sons, 
New York, 1967). 

2. S. S. Kapoor, H. R. Bowman, and S. G. Thompson, Phys. Rev. 140, B1310 (1965). 
3. A. C. Wahl, R. L. Ferguson, D. R. Nethaway, D. E. Troutner, and K. Wolfsberg, 

Phys. Rev. 126, 1112 (1962). 

Fig. D.3-1. y-Ray spectrum in coinci­
dence with Ka x rays of neodymium. The 
unbracketed numbers are the energies of 
the peaks in keY, and the numbers in 
parentheses are the measured half-lives 
of the line s in min. 
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4. INVESTIGATIONS OF THE RELATIVE STABILITY OF 
SUPERHEAVY NUCLEI 

Heiner Meldner t 

The fissilities of nuclei below the uranium region depend primarily on rather smooth average 
nuclear properties, even though in principle they should be determined from a highly complicated 
many-fermion system. Therefore, for such nuclei the fissilities can be expressed with reason­
able accuracy as a simple function of charge and mass numbers, as is done, for example, in the 
framework of the liquid-drop model. 

The stabilities (or lifetimes) are usually described in terms of fission-barrier heights. For 
medium and heavy nuclei, barrier heights decrease on the average with increasing mass number, 
although they do show some interesting fluctuations. In particular, barrier heights are system­
atically larger at closed shells (magic nucleon numbers). 

It turns out that the contribution to the barrier height due to shell closures (i. e., structure­
dependent tendencies to prefer spherical shapes) is negligible for the proton number Z = 50 and is 
about 30% of the total for Z around 82 near the beta stability line. In the region beyond Z = 110 
the average value or liquid-drop-model barrier becomes practically negligible, since it is quite 
small compared with the uncertainties in our knowledge of the structure-dependent contributions 
there. 

However, it is just this fact that makes experimental and theoretical research in the super­
heavy-element region so very hard and challenging. Since the nuclear stability there depends so 
sensitively on details of the shell structure, any information gained in this region can considerably 
improve our understanding of the nucleus. 

Theoretically the problem is to find a way to describe on the same footing the known gross 
nuclear properties, like total binding energies (masses), and small-structure effects or responses 
of the full system, like shell effects and isotope shifts. The region Z :: 114, for example, is then 
investigated by extrapolation. Naturally our confidence in such phenomenology increases when, 
with a very small number of fixed parameters, more independent nuclear structure data are re­
produced and the region of nuclei where this works is enlarged. This means that only an extreme­
ly good nuclear shell model calculation can be of help here. One such attempt is reported in 
Papers C.7 and C.8. Mathematically, the problem there is to solve numerically an integro-dif­
ferential equation. 

Footnote 

t NATO Fellow. On leave from Freie UniversiUtt Berlin, West Berlin, Germany. 



D.5 -138- UCRL-17989 

5. SHELL EFFECTS IN NUCLEAR LEVEL DENSITIES / 

A. Gilbert t 

In most nuclear theories it is assumed, at least as a first approximation, that there is an 
average nuclear potential, whose single -particle states are occupied by the nucleons as independ­
ent particles. The total energy is just the sum of the nucleon energies. Calculating the nuclear 
level density is reduced to a combinatorial problem: in how many ways can the nucleons be dis­
tributed among the single-particle states so as to get a given total energy? 

In the past, such calculations have assumed that the single-particle spectrum was a slowly 
varying function of energy. But the outstanding feature of the shell model is the presence of gaps 
in the spectrum, corresponding to closed-shell configurations. The work presented here incor­
porates this feature of the shell model. 

The single-particle spectrum that we consider is shown in Fig. D.5-1. The spectrum is peri­
odic in energy; d gives the distance between gaps and 0 the size of the gap. Between gaps the 
density of single-particle states is g = c A; g is written in this manner to facilitate the corre­
spondence with the Fermi gas model. 

This representation has been used to calculate expected densities of neutron resonances for 
nuclei in the vicinity of closed shells. Odd-even effects were taken into account simply by sub­
tracting from the excitation energy the pairing energy (for odd-A nuclei) or twice the pairing 
energy (for even-even nuclei). Pairing energies were obtained from the work of Myers and 
Swiatecki on nuclear masses. 1 

Table D.5-1 shows a comparison between experimental and calculated values of Pn , the den­
sity of neutron resonances, for nuclei in the vicinity of 208Pb. The parameter d was taken to be 
7 MeV; however, the results are not sensitive to this quantity. The parameter c is fixed by con­
sidering nuclei like 195Ft and 197Au; these nuclei are relatively far from closed shells, so that 
calculated resonance densities are not critically dependent on the size of the shell gap. A value of 
c = 0.067 MeV-1 seems appropriate. 

Once c is determined, the shell gap 0 is determined from the nuclei closest to the closed­
shell configuration (206Pb and 207Pb). This gives a value of 0 between 2.0 and 2.4 MeV. 

The results of such comparisons indicate that, with appropriate values of the parameters, 
this single-particle spectrum can be used to calculate neutron resonance densities. But the 
scheme has its limitations. The parameters that give the best fits to experimental data vary 
from one closed-shell region to another. There is some question about the significance of these 
parameters, in relation to actual shell-model spectra. The logical continuation of this work would 
be to redo the calculations with such spectra. This would probably require a more careful con­
sideration of pairing; some adaptation of the superconductor theory of the nucleus would be nec­
essary. 

Footnote and Reference 

t Present address: Lawrence Radiation Laboratory, Livermore, California. 
1. William D. Myers and Wladyslaw J. Swiatecki, Nuclear Masses and Deformations, 

UCRL-11980, May 1965. 
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Table D.5-I. A comparison of experimental and calculated level densities. The experimental 
values of Pn are obtained from the data on neutron resonances compiled by the 

Brookhaven group. 

Pn 
Target (experimental) 
nucleus (Mey- 1 ) 

195 Ft 58000±10000 

197 Au 62000 ± 4000 

206
Pb 22 ±10 

207 pb 18 ±10 

Fig. D.5-1. The assumed single-particle 
level density g as a function of the 
single-particle energy E. 
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6. A FOUR-DIMENSIONAL STUDY OF CONYERSION ELECTRONS 
AND K x RAYS FROM PRIMARY FISSION FRAGMENTS 

OF SPECIFIC MASS AND ATOMIC NUMBER 

R. L. Watson, t R. C. Jared, S. G. Thompson, and J. O. Rasmussen 

In a continuin~5;rogram of investigation dealing with the prompt radiations emitted in the spon­
taneous fission of 2Cf, an experiment has been performed in which the conversion-electron, the 
K x-ray, and the fission-fragment energies associated with specific fission events were all mea­
sured simultaneously. The value of such a study stems from the fact that the fission fragment 
energies may be used to determine the average fragment masses, and the x-ray energies specify 
the fragment atomic numbers. Hence, measuring these energies along with the energies of con­
version electrons in a fourfold coincidence experiment allows one to correlate conversion-electron 
spectra and x-ray intensities with fragment mass and atomic number. 

The experimental arrangement used is shown in Fig. D.6-1. A weightless source of 252Cf 
was located between two fission-fragment detectors in a highly convergent fringing field produced 
by a large electromagnet. The magnetic field was used to steer electrons emitted from fragments 
near the magnet symmetry plane 90 deg around the circular pole tips to a lithium-drifted silicon 
electron detector shielded from other radiations emitted at the source. 1 (Energy resolution 
:;:: 2.5 keY FWHM at 600 keY.) The fission source was positioned 1 cm from the magnet symmetry 
plane, and therefore only electrons emitted approximately 1 nsec after fission (the average time of 
flight for a fragment to travel to the magnet symmetry plane) were detected. Directly below the 
fragment detector-source axis was mounted a lithium-drifted silicon x-ray spectrometer having 
an energy resolution of 0.70 keY (FWHM) at an energy of 14 keY. 

The energy pulses from each detector (electron, fragment 1, fragment 2, and x ray) were 
analyzed by a Nuclear Data, Inc. multidimensional pulse-height analyzer, and recorded on mag­
netic tape event by event. The coincidence system was arranged in such a way as to allow the si­
multaneous analysis of the following event types: 
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Type 1. FragInent 1-fragInent 2-electron coincidences. 
Type 2. FragInent 1-fragInent 2-x-ray coincidences. 
Type 3. FragInent 1-fragInent 2-electron-x-ray coincidences. 
Type 4-9. Digital gain stabilizer coincidences for all detectors. 

Five diInensions of the InultidiInensional systeIn were required--one diInension for the output of 
each detector and one diInension for the identification of each coincidence event as one of the nine 
possible event types. 

The data obtained in the experiInent are currently being analyzed. A large aInount of rather 
cOInplicated sorting on the CDC 6600 cOInputer is required in order to extract the desired corre­
lations. AInong the priInary objectives of the analysis are: 

(i) Analysis of the electron spectra resulting froIn a sort of type 1 events with respect to frag­
Inent Inass. 

(ii) Analysis of the x-ray spectra resulting froIn a sort of type 2 events with respect to fragInent 
Inass. FroIn these spectra, it should be possible to deterInine the K x-ray yields as a function of 
both Inass and atoInic nUInber. 2 
(iii) Analysis of the electron spectra resulting froIn a sort of type 3 events with respect to both 

fragInent Inass and atoInic nUInber. These spectra should be considerably simplified froIn those 
sorted only with respect to fragment Inass--not only because the x-ray energy sort fixes the 
atoInic nUInber of nuclides contributing to each Inass-sorted spectruIn, but also because the K 
x-ray coincidence requireInent eliIninates all electron lines other than K conversion lines (in­
cluding Auger lines). 
As a preliIninary exaInple of the gross x-ray spectra Ineasured in this investigation, we present 
in Fig. D.6-2 a cOInparison between the (unsorted) x-ray spectruIn arising froIn a collection of 
type 2 events and the corresponding (unsorted) x-ray spectruIn arising froIn a collection of type 3 
events. 

Footnote and References 

t Present address: DepartInent of CheInistry, Texas A & M University, College Station, 
Texas. 

1. R. L. Watson, J. O. RasInussen, S. G. ThoInpson, and H. R. Bowman, Rev. Sci. Instr. 
38, 905 (1967). 

2. R. L. Watson, H. R. BowInan,'and S. G. ThoInpson, Phys. Rev. 162, 1169 (1967). 

Fig. D.6-1. ExperiInental arrangeInent for 
electron-fragInent 1-fragment 2-x-ray 
fourfold coincidence expe riment. 
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Fig. D.6-2. A comparison between (a) the 
unsorted x-ray spectrum in coincidence 
with both fission fragments and (b) the 
unsorted x-ray spectrum in coincidence 
with both fission fragments and a con­
version electron. 
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FIRST-CHANCE FISSION PROBABILITIES 
. FOR 1880s AND 1870s 

Luciano G. Moretto, t Raymond C. Gatti, and Stanley G. Thompson 

( b) 

Cs 

XBL682-1830 

The dominant modes of decay in intermediate and heavy nuclei at moderate excitation energies 
are fission and neutron emission; the total decay width rtotal can therefore be expressed as the 
sum of the fission width rf and neutron width r n. Fission does not occur only for the produced 
compound nucleus, but competes also at every stage of neutron evaporation. Fission occurring 
for the original compound nucleus is called first-chance fission, that occurring after the emission 
of one neutron, second-chance fission, and so on. It follows that the fission cross section is not 
simply related to the fission decay width rf or to the first-chance fission probability r£!rtota~ 
which are the quantities of interest for comparison with theoretical calculations. A simple way 
to evaluate the first-chance fission probability is to determine the total fission probabilitl as a 
function of excitation energy for two isotopes differing only by a neutron. Let us call Pi. total (E) 
the total fission probability of a compound nucleus of mass A and excitation energy E, ana 
Pi,-t~tal (E) the same quantity for the isotope of mas s A-1.. Neglecting angular momentum effects, 

w, fl ... '1.'0"1 IE) ~ r ,::.1 IE) , (1 -r ::.1 lEy J: -B n P~'~~"l IE - B n - <) gl< )d<. (1) 
where B = neutron binding energy, E = neutron kinetic energy, 

n 
g(E) = normalized distribution in neutron kinetic energy. 

The quantities pt~otal and PfA-t1t 1 can be obtained by dividing the experimental fission cross 
. b h' ., 0 a . sectlons y t e tota . reactlon cross sectlon. 

The first-chance fission probabilitl: has been determined for 1880s and 1870s. The He 4 -in­
duced fission cross sections of 182W, 83 W, and 184W.have been measured from 35 to 120 MeV 
bombarding energy. 

The experimental equipment consists of a fission chamber that allows the measurement of the 
fission fragment angular distribution; mica was used as a fission detector. From 55 to 120 MeV 
bombarding energy, a fission chamber of 6.35 cm radius was used; the targets were about 
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300-fLg/cm2 thick W03 on a 300-fLg/cm2 Al backing. For the lower energies, because of the very 
small fission cross section, a chamber of 2.84 cm radius was used; the targets consisted of a 
water-cooled copper block covered with more than 20 mg/cm2 high-purity silver (to prevent fis­
sions occurring on the copper impurities escaping from the target) on which =:I 1 mg/cm2 tungsten 
oxide was evaporated. Enough overlapping between the two sets of measurements was obtained in 
order to allow for internormalization. 

The fission cross section curves as a function of excitation energy are shown in Fig. D.7-1. 
To transform these quantities to total fission probabilities it is necessary to evaluate the total re­
action cross section; this has been determined here by an optical model calculation. The total 
fission probabilities are shown in Fig. D.7-2. These three curves can be used to evaluate, 
through Eq. 1, the first-chance fission probability for 1880s and 1870s. This calculation depends 
on the choice of g(E); we have chosen the traditional Maxwellian form, g(e:) = kEe-e:/T, where T 
is the nuclear temperature, related to the excitation energy by the relation E = an T2. The quantity 
an is a level-density parameter which, for a Fermi gas, is proportional to A; we have used the re­
lation an = A/10, which has been found reasonably successful in fitting neutron resonance data. 
A more refined way would be to determine an by fitting the lower-energy data where only first­
chance fission occurs with a theoretical expression for rf/rtotal' The first-chance fission proba­
bilities together with the total-chance fission probabilities for 1870s and 1880s are shown in 
Figs. D.7-3 and D.7-4. 

It is possible to see that at excitation energies higher than 50 MeV the higher-chance fission 
probabilities start being a relevant fraction of the total fission probability until, at very high en­
ergies, they become of the same order of magnitude as first-chance fission. 

An attempt will be made to fit the first-chance fission probabilities with theoretical expres­
sions based on the Fermi gas level-density formula. Because both the ground and saddle-point 
level densities are required, this will be an important test for the Fermi gas model over a wide 
range of excitation energies and for two different nuclear deformations. Furthermore, the two 
isotopes 1880s and 1870s are sufficiently far away from closed shells that shell effects should be 
unimportant, making the test even more significant. 

Footnote 

t Visitor from the Laboratorio di Radiochimica, Universit~ di Pavia, Pavia, Italy. 
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Fig. D.7-1. 4He-induced fission cross sec­
tions for 18ZW. 183W. and 184W. 
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Fig. D.7-Z. Total fission probabilities for 
1860s. 1870s. and 1880s. 

8 -- 18ZW 4 H 186*0 F' , -- 74 t Z e- 76 s- lSSlon 

--0-- 183W 4 H 187*0 F' , 
74 + Z e - 76 S - lSSlon 

184W 4 H 188* 0 F' , ---8--- 74 + Z e - 76 S - lSSlon 



D. 7,8 

-3 
10 

/' 
Mulliple-chance fiSSiO~y/ 

/ 
/ 

/ 

/ 
/ 

/ 

//-

/ First - chance fission 

I. 
/, 

I08~L-~~~~-L-L-L-L~~~L-L-L-~~~ 

20 30 40 50 60 70 80 90 100 110 120 

Excitation energy (Mev)-

XBL682-170B 

Fig. D.7-3. First-chance fission probabil­
ities for 1870s. 
183W 4 187*0 ' F' , 

74 + 2 He - 76 s- lSSlon 

-144- UCRL-17989 

-3 
10 

-4 
10 

Multiple -chance fission~/ / 

/ 
/ 

/ 
/ 

/ 

/' 
,/ 

I. 
h First- chance fission 

II 

I08~~~~~-L-L-L~~~L-L-~~~~-L-J 

20 30 40 50 60 70 80 90 100 110 120 

Excitation energy (Mev)-

XBL682- 1709 

Fig. D.7-4. First-chance fission probabil­
ities for 1880s. 
184W + 4 H 188~' " 

74 2 e 76 Os - F1SSlon 

8. POSSIBLE EVIDENCE OF LARGE PAIRING EFFECTS AT THE 
FISSION SADDLE POINT OF SOME POLONIUM ISOTOPES 

Luciano G. Moretto, t RayrrlOnd C. Gatti, Stanley G. Thompson, 
John R. Huizenga,* and John O. Rasmussent 

The fission saddle point represents a quasi-stationary state that can be studied within the 
unified model. 1 Therefore, it would be interesting to compare physical quantities, measured at 
the saddle and ground-state deformations, in order to determine the effects of large deforITlations 
in nuclei. Some recent experiments 2 , 3 on 240Pu seem to indicate that the pairing effects are 
larger at the saddle point than in the ground state. To determine the relation of this effect with 
the increase of deforITlation, the nuclei 210po and 211po, which are highly deformed at the saddle 
point, were studied. 
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. Fission-fragment angular distributions were measured for helium-ion-induced fission of 
206Pb and 207Pb, starting at an energy of = 3 MeV over the fission barrier. Since the fission 
cross section is small in the energy region of interest, mica was used to detect fission fragments. 
A schematic diagram of the fission chamber is shown in Fig. D.8-1. The radius of the chamber is 
28.40 mm, the diameter of the collimator is 1.59 mm, and its length is 22.35 mm. The position of 
the beam on the target is determined by the low convergence of the incoming beam, controlled by a 
quadrupole focusing lens positioned about 7 meters away from the collimator. The 4He beam was 
provided by the 88-inch variable -frequency cyclotron. 

The target consists of a water-cooled copper block on which more than 20 mg/cm2 of high­
purity silver has been evaporated in order to stop any possible fission fragments coming from 
impurities in the copper. The target material is deposited over the silver by partial (fractional) 
evaporation to minimize the amount of impurities. 

Theoretical angular distributions can be calculated on the basis of symmetrical-top wave func­
tions at the saddle point. The relevant angular momentum quantum numbers of an (assumed) axi­
ally symmetric nucleus at the saddle point (see Fig. D.8-2) are the total angular momentum I, its 
projection M on the space-fixed Z axis, and its projection K on the body-fixed symmetry axis. If 
the axial symmetry is preserved from the saddle to the scission point, then K is a good quantum 
number and the angular distribution will be 

W(e) = 21 + 1 I DI 12 (1) 
4T1' M,K 

I where DM K are the symmetrical-top wave functions. Since we choose the Z axis to lie along the 
beam direchon, the quantum number M is for our cases either exactly zero (for 206Pb + 4He, 
since both are spinless) or approximately zero (for 207Pb + 4He, which has M = ± t, since the spin 
of 207Pb is t). 

For large I and M = 0, a good approximation to Eq. 1 is 

W(e) =.Q. (12 sin 2e _ K2) 
4T1'2 

-1-
2 

To reproduce the actual angular distribution, an average must be taken over the distributions of 
K and 1. From statistical considerations, the K distribution is expected to be of the form 
exp(-K2/2K5)' K5 being the square of the standard deviation of the K distribution. 4 The I distri­
bution is determined by the reaction used to produce the compound nucleus, and is calculated here 
by using optical-model transmission coefficients. The final angular distribution is given by 

co 

W(e) a:: L (21 + 1)T
I 

1=0 
[ 

c-z " -1 2. 2 2 
I erf (1/ '\I'2KO)J exp(-I sm e/4KO ) (2) 

where erf denotes an error function and J
O 

a zeroth-order Bessel function. The experimental 
angular distributions are transformed to the center-of-mass system, and a least-squares fit is 
made with expression 2 in order to deduce K5' The K5 curves as a function of energy for 210po 
and 211po are shown in Figs. D.8-3 and D.8-4. 

210 . 2 
For Po, at about 3 MeV over the top of the barner, KQ = 2.3, far too small to be accounted 

for in terms of intrinsic excitations. In other words, this point should lie within the pailing gap • 
. On the other hand, at about the same energy above the saddle point 211 Po presents at KO value 

large enough to justify intrinsic excitations, as one would expect because of the odd-unpaired par­
ticle. The 211po curve follows the trend of the 210po curve remarkably well, but lies about 7 
units of K5 h~her. If this is interpreted as an odd-even effect, then the contribution of one quasi­
particle to KQ will be 7 units. As a qualitative check, we have calculated from a Nilsson diagram 
the average of the square of the n values about the Fermi level. At the maximum deformation for 
which Nilsson results are available (€ = 0.6) we find for 210po and 211po about 8 units for neu­
trons and 5 for protons (average over 16 levels), giving an over-all average of 6.5. 

Along the same line one should look for structures corresponding to the onset of two and four 
quasi-particle states in ~10Po, and three and five quasi-particle states in 211po. Actually in both 
cases the K5 curves present two flattenings that could correspond to the structures looked for. In 
210Po the flattenings occur at K5 :::1 15 and K5 :::1 27.5; these values are very close to two and four 
times the contribution of 7 units fo~nd for one quasi-particle. On the other hand, in 211po the 
flattenings OCcur at K5 :::1 21 and KQ:::1 35, again very near to three and five times the one-quasi­
particle contribution. 
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This interpretation seems to be consistent with the experimental data, and allows one to es­
timate the value of the ~ap parameter .6. at the saddle point of these two isotopes. The position 
of the lowest point in 2 OPo with respect to the barrier sets a lower limit of = 3 MeV for 2.6., and 
the position of K5_ structures due to the onset of different numbers of quasi-particle states sug­
gests 2.6. ~ 4 MeV. More work is inrrogress on 212Po, 20Spo, 213At, and 201Tl compound nu­
clei to compare with the 210po and 2 1po data. 

Footnotes and References 
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4. 1. Halpern and V. M. Strutinskii, in Proceedings of the Second International Conference 

on the Peaceful Uses of Atomic Eller ,Geneva, 1955, Vol. 15 (United Nations, Geneva, 1955), 
Paper No. P 1513, p. 40S. 
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Fig. D.S-1. Schematic drawing of the appa­
ratus used in measuring angular distri­
butions of fis sion fragments. 
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9. SEARCH FOR NUCLEI OF ATOMIC NUMBER 114 

H. R. Bowman, R. C. Gatti, R. C. Jared, L. G. Moretto, t 
W. J. Swiatecki, and S. G. Thompson 

Several theoretical investigations of the stability of nuclei which might exist above the region 
of presently known elements (Z > 105) have', suggested the following: 

(i) Fission barriers predicted from liquid-drop theory are approaching zero in the region Z = 114. 
Thus the existence of nuclei with half-lives long enough to permit detection could corne about only 
through the influence of special stability due to shells. 1 

(iij Several recent calculations 2- 6 seem to agree that Z = 114 is a strong magic number and that 
neutron numbers near 180 give additional stability. This may result in fission barriers in that 
neighborhood as high as 5 to 10 MeV. Estimates of half-lives for spontaneous fission, alpha de­
cay, and electron capture indicate that total half-lives for such nuclei could be rather long, in 
which case detection should be easily accomplished if targets and projectiles for producing them 
with reasonable cross sections were available. 

Beams of 40 A ions of energies up to 415 MeV are available at the LRL Hilac, and asa prelim­
inary step in a systematic search for elements near Z = 114 we have bombarded targets of 244Cm 
(300 fJ-g/cm 2 ) and 248Cm (150 fJ-g/cm 2) with argon in the attempt to observe products from reactions 
of the type 

248 40 284 
96 Cm + 18 A.... ~14 (170 neutrons) + 4n. 

The Coulomb barrier for this reaction is calculated to be about 216 MeV, and the peak yield of 
the (40A,4n) reaction should be in the region between 216 and 220 MeV. The width (FWHMj of the 
energy distribution of 40A ions is :::: 10 MeV. 

We have used two methods in the attempt to detect nuclei in the region of Z = 114. The .first 
involves a technique described by Ghiorso et al. 7 in which the reaction products are collected on 
a rotating drum and fission fragments from the decay of these products are detected by using mica. 
In the second method the recoil products are collected on a recoil catcher, and fission fragments 
are detected in mica (facing the catcher but shielded from the beam). 

The efficiency of the second method for collecting products undergoing decay on the recoil 
catcher was tested by bombarding 164Dy with 40A and observing the a decay of 199po (Ea= 6.06; 
T 1/2 :::: 4 min). The efficiency of collection was found to be greater than 950/0. The transit time 
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for a Z = 114 nucleus from target to catcher is ::=10- 8 sec, and nuclei having longer half-lives 
should be detectable. If the products undergo a rapid sequence of alpha or electron-capture de­
cays on the recoil catcher, at some stage a daughter in the highly unstable intermediate region of 
atomic numbers between Z = 105 and Z = 114 having a large branching in favor of spontaneous fis­
sion should occur and be detected. In order to be able to detect very long as well as very short 
half-lives the recoil catcher, in most of the experiments, was counted at the end of the bombard­
ment for Ct particles and spontaneous fissions. In no case were any significant events observed in 
times of the order 1000 min. 

The experimental arrangement is shown schematically in Fig. D.9-1. If the recoil products 
undergo binary fission after being stopped the fission fragments have their full energies in the di­
rection of the mica (i. e., 130 MeV est.), while the (prompt) fission of impurities in the catcher 
occurs while the compound nucleus is in motion and therefore the fission fragments have much 
lower energies (::= 50. MeV) in the backward direction. This makes itlossible to increase the sen­
sitivity for detecting Z ::=114 by covering the mica with ::=1.8 mg/cm of aluminum foil. (The av­
erage range of the recoiling Z = 114 nucleus should be about 1.5 mg/cm2 Al, while the range of its 
fission fragments should be 4.0 mg/cm2 in aluminum. In making these estimates we used Ref. 8.) 

The result of the preliminary runs made to date is that we have not detected any events that 
could with confidence be assigned to Z = 114. Table D.9-1 lists some of the upper limits we have 
deduced. We have seen varying numbers of fission tracks on the mica detectors, but as far as we 
can tell they may well be due to background events. We are now developing an improved system 
aimed at reducing these uncertainties and increasing the sensitivity of detection, we hope by fac­
tors of 10 to 1000. 

One conclusion of this work so far is that for a compound system with Z = 114 and 170 neu­
trons the cross sections cannot be larger than about a microbarn: the production of the relatively 
lighter isotopes of 114 will not be easy. On the other hand the calculations (in particular those of 
Nilsson and Nix) indicate that 170 neutrons, rather than the optimum N ::=180, may indeed not give 
sufficient stability, but that the addition of a few more neutrons would have a large stabilizing ef­
fect. (Predicted spontaneous fission half-lives increase by several powers of ten per added neu­
tron. ) 

We expect to increase the sensitivity of our detection system in the coming months, but the 
crucial factor in increasing the chances of making element 114 would seem to be the development 
of ion sources for .neutron-rich projectiles, especially 48Ca. 
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Table D.9-I. Measured cross sections as upper limits. 

Cross sections (upper limits) 

(10- 30 cm2) 

40
A 

Energy 
(MeV) 

215 

216 

223.5 

224 

229 

238 

241 

246 

21~ (Rotating-

226 

232 

druITl technique) 

Without Al cover 

1.0±0.2 

1.1 ±0.2 

6.6 ±0.6 

10.S±0.7 

1.6 ±0.16 

S.7±1.0 

1.1 ±0.1S 

Q.§ :l;,0.:2 __ 

0.046 ±0.008 

Background runs 
6.9 ±O.S 

0.8 ±0.3 

With Al cover 

0.6 ±0.2 

0.08 ±0.04 

2.9 ±0.7 

0.17 ±0.07 

Fig. D.9-1. Schematic diagram of experi­
mental apparatus. 
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SPONTANEOUS FISSION OF LIGHT FERMIUM ISOTOPES; 
NEW NUCLIDES 244Fm AND 245Fm t 

Matti Nurmia, Torbjorn Sikkeland, Robert Silva, and Albert Ghiorso 

D.9.,10 

X8L68Z-18" 

We have observed spontaneous-fission branching in the decay of 248 Fm and 246 Fm,using 
mica to scan a rotatin3-drum recoil-collection device. These nuclides were produced bO bombard­
i~ targets of 233U, 2 SU, and 236U with beams of 160 ions and targets of 239Pu and 24 Pu with 

C ions. The targets were about SOO f.Lg/cm 2 and the beam intensities about 2 f.LA over an area of 
0.2 cm2• The assignment of the fission activities to the above nuclides was made by com~aring the 
half-lives and excitation functions with those of the known alpha activities of 248Fm and 2 6Fm. 
The latter were obtained with semiconductor detectors in a conveyor-gas recoil-collection system. 
In the case of 246Fm the fission branching was large enough to allow simultaneous measurement 
of the alpha spectrum and the fission events in the conveyor-gas system. 
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In the course of these experiments, a new alpha activity of 8.15 MeV energy was observed in 
the bOITlbardITlents of 233U and 234U with 160 and of 239Pu with 12C. Figure D.10-1 shows the de­
cay curve and half-life obtained for this alpha activit"Z'33A co;nparison of the experiITlentally ob­
served excitation function with that cOITlputed for the U (1bO, 4n) reactia)ll froITl cOITlpound-nu­
cleus theory1 is shown in Fig. D.10-2. The activity was assigned to 245FITl on the basis of its 
production in the cross-boITlbardITlents with the expected excitation functions and from alpha-de­
cay systeITlatics. 2 

BOITlbardITlents of 239Pu and 240 Pu with 12C ions and 235 U and 236 U with 16 0 ions showed 
the presence of two distinct alpha activities of 8.18 and 7.87 MeV energy with half-lives of approx­
iITlately 5 and 30 sec. These activities were assignable to 247Fm, as recently reported by the 
Dubna group. 3 

Finally, a short-lived fission activity was observed in bombardITlents of 233 U with 16 0 ions. 
A decay curve and half-life for this activity are shown in Fig. D.10-1. The cross section for pro­
duction had the energy dependence expected for the (16 0 ,5n) reaction as shown in Fig. D.10-2. The 
activity was not produced in bOITlbardITlents of the saITle target with 14N ions. This was taken as 
indicating the activity is unlikely due to an isotope or isoITleric state of an eleITlent other than 
ferITliuITl. The above evidence suggests the assignITlent of 244FITl to this activity. 

A sUITlITlary of the observed properties of these nuclides is given in Table D.10-I. Also shown 
is a cOITlparison of the ITlaxiITluITl values in the production cross sections with those calculated ac­
cording to Re£. 1. Included are the energies at which the ITlaxiITla occurred. In all cases, the ex­
periITlental data are in reasonably good agreeITlent with the calculated values. It should be pointed 
out that an excitation function is only a neces sary and not a sufficient condition for the correct 
ITlass assignITlent of spontaneous fission activities, and that further experiITlental work is being 
carried out. 

The systeITlatics of the spontaneous-fission half-lives of the heaviest eleITlents, in the light of 
the results presented here, is shown in Fig. D.10-3. The new data on the ferITliuITl isotopes clear­
ly provide further support to the recent reassignITlent of the 2.3-sec fission activity froITl 254No 
(Refs. 4,5) to 252No (Refs. 2,6). They also serve to illustrate the draITlatic effect of the 152-neu­
tron subshell on the fission half-lives of the isotopes of the heaviest eleITlents. 

Footnotes and References 

tCondensationof article in Phys. Letters, 26B[2], 78 (1967). . i 
1. Torbjorn Sikkeland, in Proceedings of tne-Lysekil SYITlposiuITl, 1966 (to be pUbJished in 

Arkiv Fysik). 
2. A. Ghiorso and T. Sikkeland, Physics Today 20, No. 19, 25 (1967). 
3. G. N. Flerov, S. M. Polikanov, V. L. Mikheev, V. J. Plyuschenko, M. B. Miller, and 

V. A. Shechegolev, At. Energ. (USSR) 22, 342 (1967). 
4. Albert Ghiorso, in Proceedings Of the Second Conference on Reaction Between COITlplex 

Nuclei, Eds. A. Zucker, E. C. Halbert, and F. T. Howard (John Wiley and Sons, New York, 
1960). 

5. 
6. 

Albert Ghiorso, At. Energ. (USSR) 7, 338 (1959). 
A. Ghiorso, T. Sikkeland, and M. J-: Nu rITli a , Phys. Rev. Letters~, 401 (1967). 
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Table D.10-I. Summary of observed decay properties and production conditions. 

Alpha-decay (J (max.) Energy at (J 

Total energy Partial S. F. Method of (tJ.b) (max.) (MeV) 
Nuclide half-life (MeV) half-life Eroduction Exp. Calc. "ExE' Calc. 
244

Fm 3.3 ±0.5 msec - - - - - 3.3 ± 0.5 msec a 233 U (16 0 ,5n) 0.013 0.015 97 97 
245

Fm 4.2 ±1.3 sec 8.15±0.02 - - - - - - - - 233 U(16 0 ,4n) 0.20 0.11 93 91 
246

Fm 1.2 ±0.2 sec 8.24±0.02 15± 5 sec 239Pu(12C,5n) 0.33 0.40 78 80 
248 F rr.t 38 ±4 sec {7. 8 7 ± O. 02f80;'o~}10± 5 h 240pu(12C.4n) 1.3 3.8 71 72 7.83 ±0.02 20 0 

a. Assuming negligible alpha branching as predicted by systematics. 
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11. DYNAMICAL CALCULATIONS OF tTHE 
DIVISION OF IDEALIZED NUCLEI 

James Rayford Nix 

UCRL-17989 

We study the dynamics of the division of nuclei idealized as incompressible uniformly charged 
liquid drops with constant surface tension and nonviscous irrotational hydrodynamical flow. The 
shape of the nuclear surface is specified with six degrees of freedom, in terms of three smoothly 
joined portions of quadratic surfaces of revolution (e. g., two spheroids connected by a hyperbo­
loidal neck). Figure D.11-1 illustrates for three values of the fissility parameter x the se­
quences of shapes from the saddle point to scission, for initial conditions at the saddle point cor­
responding to 1 MeV of kinetic energy-: in the fission mode and 1 MeV in the mass-asymmetry mode. 
The parameter x is defined as tEc (0) /E~O), where E~O) and EJO) denote respectively the surface 
and Coulomb energies of the original spherical drop (with a sharp surface); the nuclei that corre­
spond approximately to these values of x are indicated in parentheses. 1 We observe that: 
(i) the time from saddle to scission increases substantially with increasing x; (ii) for small 
values of x the motion consists primarily of a constriction of the drop' s neck, whereas for large 
x the drop also elongates substantially; (iii) the mass -asymmetric component of motion is not 
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amplified into a large mass asymmetry during the descent as proposed by Hi1l2 and by Hill and 
Wheeler,3 but instead represents stable oscillations about a symmetrical division. This means 
that within the limitation of a parameterization that permits only binary division, the liquid-drop 
model does not suggest an explanation of the observed mass asymmetry in fission. 

In Fig. D.11- 2 we compare as a function of x the calculated (s olid curve) and expe rimental 
most-probable total translational kinetic energies of fission fragments at infinity. The dashed 
curve represents approximately the translational kinetic energy acquired by the fragments from 
their Coulomb repulsion after scis sion, and the dot-dashed curve gives the translational kinetic 
energy acquired by the fragments prior to scission. The increase in this quantity as x increases 
above =: 0.7 reflects the increased distance from saddle to scission and the greater prescission e­
longation at larger values of x. The experimental prescission kinetic energies were deduced 
from ex¥,erimental data on long-range Q! particles emitted during fission (open triangle4 and open 
octagon). The experimental total kinetic energies are most-probable (open symbols) and average 
(solid symbols) fragment kinetic energies from a variety of sources, but include only cases in 
which the mass distribution is symmetrical. The calculations (with no adjustable parameters1 ) 
reproduce both the correct order of magnitude and the correct trend with x of the kinetic energies, 
but a systematic difference of about 5% is evident. 

Footnotes and References 

t Resum~ of UCRL-17540, Contribution No. 7.21 to International Conference on Nuclear Struc­
ture, September 7-13, 1967, Tokyo, Japan. Figure D.11-2 has been updated. 

1. In converting from natural liquid-drop units to conventional units, and vice versa, we use 
the latest semiempirical mass-formula constants of W. D. Myers and W. J. Swiatecki, Arkiv 
Fysik 36, 343 (1967). 
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12. FURTHER STUDIES IN THE LIQUID-DROP THEORY 
OF NUCLEAR FISSIONT 

James Rayford Nix 

In a recent simplified treatITlent1 of the liquid-drop theory of nuclear fis sion, a ce rtain approx­
imation was employed to calculate the properties of the fission of nuclei lighter than about radiuITl. 
For such elements the calculations were found to reproduce, without the use of adjustable param­
eters, certain, but not all, of the properties of the experimental distributions in the masses and 
kinetic energies of the fragments at infinity. Because of the outcome of this study it was decided 
to perform analogous calculations with a more realistic parameterization of the nuclear shape, so 
that the predictions of the liquid-drop ITlodel would be known for the fis sion of the heavy elements 
as well as the light. Such calculations are described here for a parameterization in terms of 
three smoothly joined portions of quadratic surfaces of revolution (e. g., two spheroids connected 
by a hyperboloidal neck). 

The properties of the fission process that we calculate are the distributions in mass and ki­
netic energies of the fragments at infinity. The general procedure that we use for calculating 
these distributions is analogous to that employed in Ref.1, and consists of several distinct steps: 

(i) The potential energy, which is the sum of the surface energy and the Coulomb energy, is cal­
culated as a function· of the deformation coordinates, and the saddle point is located and its prop­
erties studied. The more important known saddle -point properties 2 are reproduced with amazing 
accuracy in the three-quadratic-surface parameterization over the entire range of the fissility 
parameter x from 0 to 1. The fissility parameter is defined as one-half the ratio of the Coulomb 
energy of the spherical drop (with a sharp surface) to the surface energy of the spherical drop. 
For values of x < 0.51 the paraITleterization is in fact more accurate than expanding the drop's 
radius vector in a series of 18 Legendre polynomials. 2 
(ii) The kinetic energy is calculated as a function of the coordinates and their time derivatives. 

This has been done both exactly (by solving Laplace's equation for the velocity potential) and by 
use of the Werner- Wheeler method, 3 which consists of approximating the internal hydrodynamical 
flow by the flow of circular layers of fluid. The Werner- Wheeler method was found to be suffici­
ently accurate for the distortions of primary interest in fission, and this method was used for 
most of the calculations. 
(iii) The frequencies and eigendisplacements of the normal modes of oscillation of the systeITl 

about its saddle-point shape are determined. ---
(iv) The transition-state method is used to calculate the probability for finding the system in a 

given state of motion as it passes through the vicinity of the saddle point. 
(v) The solution ~Hami1ton' s classical equations ~motion determines the ITlotion of the system 

from the saddle point on, for a given set of initial conditions near the saddle point. This final 
step converts the probability distributions for the states of motion near the saddle point into the de­
sired probability distributions for the observable characteristics of the fis sion fragments, namely 
their masses and kinetic energies. 

In this way we find that the ITlost probable mass division is a division into two equal parts. 
Thus, within the limitations of our parameterization and the Werner-Wheeler approximation for 
the kinetic energy, the liquid-drop model does not reproduce the observed mass asymmetry in the 
fission of the heavy elements at low excitation energy, as had been suggested by the calculations 
of Hi1l4 and Hill and Whe e le r. 5 

We present in Fig. D.12-1 the calculated most probable energies. The figure shows how the 
available energy, which consists of the sum of the energy release E I and the fission-barrier 
height Bf, is divided among the fragments at infinity. The division frf mto kinetic energy of trans­
lation Etian and vibrational energy E;'ib' The translational kinetic energy at infinit~ is, shown 
further divi~ed into the energy EfclS acquired prior to scission and the energy EfoS SC1S 
after scission. The prescission t~~~sslational kinetic energy is seen to increase ra1>'Uify as x in­
cre~ses above::::: 0.7. Similarly, the vibrational energy is ,shown further divided into the energy 
ES~blsk' acquired prior to scission and the energy EPC?bstSC1S acquired after scission. The sum of 

Vl ln Vl 
Etscis and ES~bisk' ,which is denoted by Eks~is, represents the system's total kinetic energy at rans Vl ln ln 
scission, and hence gives the most probable decrease in potential energy in going from the saddle 
point to scission. These calculations reproduce, without the use of adjustable parameters, both 
the correct order of magnitude and the correct trend with x of experimental kinetic energies, 
but a systematic discrepancy of about 5% exists. (We use the values of Myers and Swiatecki6 for 
the constants of the semiempirical mass formula. Our first three figures refer to the fission of 
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nuclei along Green l s approximation 7 to the line of beta stability.) 

The predicted distributions in both the masses and kinetic energies of the fragments are to 
lowest order Gaussian in shape. The full widths at half maximum of the mass distributions for 
various values of the nuclear temperature e at the saddle point are shown as functions of x in 
Fig. D.12 - 2. The predicted distributions are seen to become infinitely broad for values of 
x ~ xBG = 0.396, where the drops become unstable with respect to mass-asymmetric distortions. 8 
Figure D.12-3 is a similar plot of the full widths at half maximum of the translational kinetic-en­
ergy distributions. 

The predicted widths of the distributions in mass and kinetic energy are compared with the ex­
perimental data of Plasil, Burnett, Britt, and Thompson9 in Figs. D.1'2-4 and D.12-5, respectively. 
The variances of the distributions (which are proportional to the squares of the widths) are plotted 
as functions of the nuclear temperature e at the saddle point. The theoretical and experimental 
curves have not been normalized in any way. We observe that the theory accounts approximately 
for the magnitudes and slopes of the experimental points, but certain deviations are appari~t: The 
expe rimental points are consistently higher than the theoretical curves, the experimental 82 Pb 
slopes for both distributions are too large, and the experimental slopes for the remaining klnetic­
energy distributions are too small. 

The general conclusion reached from all comparisons that have been made is that the liquid­
drop model yields an approximate description of the distributions in mass and kinetic energy for 
the fission of the light elements at all excitation energies and the heavy elements at high excitation 
energy, but that, within the limitation of a parameterization that permits only binary division, it 
does not reproduce the observed properties of the fission of the heavy elements at low excitation 
energy. 

Footnotes and References 

t Resume of UCRL-17958, to be submitted to Nucl. Phys. 
1. J. R. Nix and W. J. Swiatecki, Nucl. Phys. 71, 1 (1965). 
2. S. Cohen and W. J. Swiatecki, Ann. Phys. (r:r;-y.) 22, 406 (1963). 
3. F. G. Werner and J. A. Wheeler, unpublished manuscript. 
4. D. L. Hill, Ph. D.dissertation, Princeton University, April 1951. 
5. D. L. Hill and J. A. Wheeler, Phys. Rev. 89, 1102 (1953). 
6. W. D. Myers and W. J. Swiatecki, Arkiv Fysik 36, 343 (1967). 
7. A. E. S. Green, Nuclear Physics (McGraw-HillBook Co., New York, 1955), pp. 185, 250. 
8. U. L. Businaro and S. Gallone, Nuovo Cimento 5, 315 (1957). 
9. F. Plasil, D. S. Burnett, H. C. Britt, and S. G-:- Thompson, Phys. Rev. 142, 696 (1966). 
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Fig. D.12-5. ComEarisons of theoretical 
and experimental9 variances of fission­
fragment kinetic-energy distributions, as 
functions of the nuclear temperature E> 
at the saddle point. for four compound 
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This value is in good agreement with the value obtained by conventional optical spectroscopy. 2 

A similar situation ~ertains when the atomic beam consists of radioactive 134mCs. Here, 
though, the hfs of both 6 S1/2 and 62P1/2 are smaller than for 133Cs , so that Stark tuning can 
bring about only one overlap of the beam-absorption lines with the lamp-emissi~2 lines. However, 
there are four possible overlap positions of the Stark- shifted energy levels of 1 mes beam atoms 
with the unshifted levels of 133Cs atoms in the absorption cell. As seen,in Fig. E. 1-3 these over­
lap positions correspond to minima in the observed intensity pattern. From the energy-level di­
agram it is clear that the separation between the minima a and j3 and between '{ and 6 corresponds 
to the hfs of the 62 P 1/2 state of 134mCs. These are experimentally seen to be equal. Moreover, 
the separ~~ions between a and '{ and between j3 and 6 should correspond to the hfs of the 62P1j2 
state of 1 Cs. This also agrees with ourobservations. From the observed separations we infer 

134m 2 . 
6.v (6 P 1/2) = 473 ± 60 MHz. 

In addition, from the position of the minima we obtain a new precision value for the 13.4mCs _133Cs 
isotope shift. We find 

-3 -1 isotope shift = + 1.4(2.0)X 10 cm , 

where the positive sign indicates that the shift is in the direction predicted by the n6rmal-volume 
effect. This value is substantially smaller than that reported in Ref. 1, where apparently an over­
ly optimistic assessment of the error was made. 

Footnote and References 

tCondensed from Phys. Rev. Letters 19,1(1967). 
1. R. Marrus and D. McColm, Phys.Rev. Letters.12, 813 (1965). 
2. H. Kleiman, J. Opt. Soc. Am . .,g, 441 (1962). 
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E. HYPERFINE INTERACTIONS 

1 . MEASUREMENT OF THE HYPERFINE STRUCTURE OF OPTICALLY 
EX.CITED STATES OF RADIOACTIVE ISOTOPESt 

Richard Marrus, EdrrlOnd Wang, and Joseph Yellin 

It has been shown recently 1 that the atomic-beam method can be extended to the study of iso­
tope shifts and the optical Stark effect in radioactive isotopes. We describe a way in which this 
method can be modified t~ obtain a substantial improvement in resolution. With this improvement, 
details of the hfs of the 6 P 1/.2 states of the cesium isotopes are revealed to a precision within 
about 50 MHz. It is felt thaf tfiis method should be generally applicable to the study of the hfs of 
optically excited states in any isotope (radioactive or stable) that can be deflected in an atomic­
beam app.'3ratus, and.we report here as a demonstration the measurement of the hfs in the 62P 1/2 
state of 1 4mCs (T 1/2 = 2.9 h). 

The basic apparatus (see Fig. E. 1-1) is identical to that of Ref. 1 except for the addition of an 
atomic- beam absorption cell. An atomic- beam flop-in apparatus is employed whose C region con­
sists of a pair of electric field plates with a gap of 0.035 in. The homogeneity of the electric field 
produced is estimated to be about 0.50/0 and is sufficiently good so that it does not contribute appre­
ciably to the line width. Light from a cesiwn-resonance lam~ illuminates the region in the gap. 
The light is filtered so that only the D1 transition (62 P 1/ 2 - 6 S1/2) is passed. In the lamp line, 
the hfs of the 62 P 1/.2 state is not completely resolved, and the lamp line consists of a doublet, the 
components of which are separated by the hfs of the ground state. With this apparatus, the preci­
sion is limited by the width of the lamp line, about 1500 MHz. However, the precision may be sub­
stantially improved by passing the filtered light through an optically dense cesium absorption beam. 
The effect of the absorption beam is to remove a doublet from each of the lamp lines. The two 
components of the doublet are separated by the hfs of the 62 P 1/2 state, and each component has a 
width of about 150 MHz (see the energy-level diagram in Fig. E.1-2). In principle, this width can 
be made as low as the natural line width, which for the cesiwn resonance line is about 10 MHz. 
However, such high precision would demand an electric field that is homogeneous and reproducible 
to better than 0.5X10- 3 at fields of almost 0.5X10 6 V/cm. This is presently beyond our capability, 
and accordingly, we have designed our absorption beam to achieve a width of about 150 MHz. 

The Cs atoms in the atomic- beam apparatus are state- selected by the narrow gap between the 
elecf3~c-field plates so that 13%entially we can refocus ~~ly atoms in the lowest hyperfine state (F= 3 
for Cs and F = 15/2 for m Cs ). The observed 1 Cs intensity pattern is shown in Fig. E. 1-2 
and can be understood with reference to the inserted energy-level diagram. Indicated directly 
a~~ve each of the observed intensity minima is the position of the Stark- shifted energy levels of 
1 Cs- beam atoms relative to the un shifted levels of atoms in the absorption cell. At zero electric 
field the absorption lines of the Cs atomic beam overlap the absorption lines of the Cs absorption 
beam, and a minimum in the intensity curve is observed. However, as the electric field is turned 
on, the Stark effect decreases the frequency of the absorption lines of the atoms in the beam appa­
ratus, and the observed signal increases. When the electric field is sufficient to shift the fre­
quency by an amount equal to the hfs of the excited (62 P 1/2) state, a second intensity minimum is 
observed. At higher electric fields the frequency is shiIted by an amount equal to the ground-state 
hfs, and the beam-absorption line is brought into resonance with the secondlamp-emission line. 
Here three intensity minima can be observed corresponding to the overlap positions indicated in 
the energy-level diagram. These three minima are equally spaced, and correspond to a shift by 
an amount equal to the hfs of 62 P 1/2. The unlabeled minima correspond to structure present in 
the lamp line. 

As can be seen from the energy-level diagram, the separation between the two minimwn points 
l'3~eled 0' and a corresponds to a Stark shift of the energy levels equal to 9192 MHz, the hfs of the 
1 Cs ground state. Using this as a calibration, and taking the separations 0'-13, '{-a, and a-€ as 
equal to the,hfs of the 62 P 1/ 2 state, we obtain 

D.v133(62P1/2) = 1167±40 MHz. 
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Fig. E.1-3. Observed 134mCs signal versus square ~~fPplied voltage. The minimum c< 
occurs when beam-absorption line 1 coincides with Cs absorption line A; 13 occurs when 
line 2 coincides with A; '{ occurs when 1 coincides with B; and 0 occurs when 2 coincides with B. 

2. SPINS AND ATTENUATION COEFFICIENTS OF THE 
86.5- AND 105. 3-keV STATES IN 155Gd t 

A. J. Soinski, E. Karlsson,~' and D. A. Shirley 

Despite several experimental investigations, 1-8 the spins of the 86.5- and 105.3-states in 
155Gd had not been determined with certainty. The E1 nature of both the 86.5- and 105.3- ffV 
transitions to the 3/2-ground state, 9 together with the log ft values for the beta decay of 1 Eu,10 
establish both states as having positive parity and spins of 3/2 or 5/2. Frg~ a measurement of 
the angular distribution of these two '{ rays following the decay of oriented 1 Eu, we have been 
able to make unequivocal spin assignments of 3/2 to the 105.3-keV state and 5/2 to the 86.5-keV 
state. In addition, we have derived values for the attenuation coefficients G2 for both '( rays. 
These values, G2(86.5) = 0.26 (8) for the decay through the 6.35-nsec, 86.5-keV state, and 
G2(105.3) = 0.80(9) for the decay through the 1.14-nsec 105.3-keV state, constitute the first ev­
idence for a time-dependent attenuation following the decay of oriented nuclei. 

Europium-155 was oriented in the neodymium ethylsulfate (NES) lattice into which Eu3+ grows 
substitutionally. The angular distribution of '{ rays following the decay of oriented europium nu­
clei in NES is given by 

( 1) 
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where gZ is a solid-angle factor, and the other terms have their usual meanings. 1Z The spin 
Hamiltonian governing orientat~on is pure quadrupolar, and for low degrees of orientation the ori­
entation tensor BZ is given by1 

P (1 ) 1/Z BZ '" - 3kT 5" 1(1 + 1)(ZI - 1)(ZI + 3) , (Z) 

where P is the quadrupole coupling constant, given by P =-(3eQ/4I(I-1»a E/a z. We have used 15\:u 
in the saf4e sample?;p' a nuclear thermometer. Its nuclear orientation characteristics have been 
studied, and BZ(1 '±}(T) was obtained from the angular distribution of the 1Z77-keV 'Y ray follow-
ing the decay of 154( E~) For a give1f)t.ttice the electri( t~Jld gradient at the nucleus is indepen­
dent of A. Thus B Z 15 = 1/Z(14/3) . (Q155/Q 154) B Z 1, where BZ(154) is known to be pos­
itive. 

The angular-momentum factors UZFZ have differenl?~gns for E1 decays through 3/Z+ and 
5/Z+ states, but their magnitudes depend on the spin of Eu (which we take as 5/Z) and, in the 
case of the decay through the 5/Z+ state, on the Fermi-to-Gamow-Teller mixing ratio in the al­
lowed beta decay. For decay through a 3/Z+ state, UZFZ = -0.Z944; and for decay through a 5/Z + 
state, UZFZ = +0.Z458 or +0.374Z for pure Gamow- Teller or pure Fermi decay, respectively. 
Since the Gamow-Teller-to-Fermi ratio is not known, we average the latter values to +0.310(64). 
Clearly a positive UZFZ indicates spin 5/Z, while a negative UZFZ requires a spin of 3/Z. We 
found GZBZ U ZFZ(86.5) = +0.014(3) and GZBZ UZFZ( 105. 3) = -0.041( 4) at T = 0.011 0 K. These values 
are obtained directly from the difference between the cold and warm count rate (see Fig. E. Z-1). 
If Q155/Q1,54>0 and GZ >0 for both states (both very good assumptions), then BZ(155 J >0, and 
1(86.5) = 5/Z and 1(105.3) = 3/Z. The pertinentdecay scheme with these assignments is shown in 
Fig. E. Z-Z. 

Having determined the spins, we can now make a more quantitative interpretation of the data. 
Of particular interest is the time dependence of GZ in intermediate states following beta decay of 
oriented nuclei. Relatively little is known about reorientation effects in ionic crystals. Earlier 
experiments in this Labor?-~ory had indicated that substantial attenuation could occur in a few nsec, 
but not in < 1 nsec. The 1 Gd results are thus of special interest because we might expect sub­
stantial attenuation in the6.4-nsec 86.5-keV level but little attenuation in the 1. 1-nsec 105. 3-keV 
level. Using Q = QO I(ZI-1)/(I+1)(Z1+3), and assuming Q (154)'" QQ(155), we can compare our re­
sults with theory to obtain GZ(86.5) = 0.Z6(8) and GZ(105.3) = 0.80(9), in excellent confirmation of 
these expectations. If we have made a systematic error in the analysis and ifGZ(105.3) is, in 
fact, 1, the derived value of GZ(86.5) is 0.33(10). Thus the ori~ntation in the 86.5-keV state'is 
strongly attenuated. None of the proposed theoretical models 1 accounts for this much attenuation. 
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Fig. E. 2-1. ~: Sum.m.ation of cold counts at O.011°K following 16 adiabatic dem.ag­
netizations. Lower: Difference between the total cold counts (aligned nuclei) and the 
total warm. counts (nuclei random.aly oriented at 1 0 K) for the sam.e series of dem.agne­
tizations. The spin assignm.ents 1{86.5) = 5/2 and 1{105.3) = 3/2 depend on the signs of 
these energies. 
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3. HYPERFINE STRUCTURE IN THE 253 Es EMISSION SPECTRUMt 

Earl F. Worden, * Ralph G. Gutmacher, * Ronald W. Lougheed, * 
James E. Evans,* and John G. Conway 

We have photographed some 253Es emission lines at high resolution and have determined the 
hyperfine structure (hfs) present. A total of six lines was observed; one line showed completely 
resolved hfs, three showed partially resolved hfs, and two were unresolved flag patterns. The 
line at 3498.10 A has eight well- resolved components. The 3555.34- A line has only five resolved 
hfs components, but their spacing and the total width of the line indicate the presence of eight com­
ponents. 

The Es emission lines were obtained by using an electrodeless lamp containing 0.6 j.1g of Es 
and 100 j.1g of Gd as anhydrous iodides. The emission lines were photographed with a 3.4-m Ebert 
spectrograph with a 300-lines/mm grating, blazed for use at angles near 60 deg. The reciprocal 
dispersion was about 0.3A/mm for the region investigated. 

The lamp performance was very poor, and its useful lifetime was about 10 minutes. For this 
reason, only a limited region of the spectrum from 3420 to 3805 A was photographed. The wave­
lengths and character of the Es lines observed are given in Table E. 3-1. Because of the nature of 
the source used, these lines are probably the most sensitive first-spectrum lines of Es in this 
spectral region. 

The 253Es was obtained from the beta decay of 253Cf and is isotopically pure. 

Footnotes 

lSubmitted to J. Opt. Soc. Am. 
Lawrence Radiation Laboratory, Livermore, California. 

Table E. 3-1. Einsteinium-253 lines observed from an electrodeless lamp. 

Width 

Wavelength 
(A! A 

3428.4540 0.055 

3498.1085 0.2198 

3555.3414 0.072 

3563.397 ::::0.065 

3792.9662 0.055 

3801.5204 0.067 

cm- 1 

0.47 

1. 795 

0.56 

::::0.52 

0.38 

0.46 

Character 

Unresolved flag pattern degraded to the violet. 
Weak. 

Eight well-resolved components degraded to the 
violet. Strong. 

Partially resolved flag pattern degraded to the 
red. Five resolved components. Medium. 

Unresolved pattern too weak to determine direc­
tion of degradation. Very weak. 

Partially resolved pattern. Four resolved com­
ponents. Weak. 

Partially resolved pattern degraded to the red. 
Four resolved components. Weak. 
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F. MASS SPECTROSCOPY 

AUTOIONIZATION OF HIGHLY EXCITED Ar+ 
IONS PRODUCED BY ELECTRON IMPACTt 

AInos S. Newton, A. F. Sciamanna, and R. Clampitt 

F.1 

It was previously shown that electron impact on argon produces long-lived highly excited 
states of Ar+ which undergo a transition to Ar++ near a metal surface. 1 At the time we found no 
evidence for the existence of a long-lived autoionizing state of Ar+ which Daly declared he had ob­
served. Z, 3 Further experimental work with a modified ion source has shown that both autoioniza­
tion and surface-induced transitions from the last slit contribute to the (M/q) * = 10 peak. In the 
experimental arrangement used, the Ar++ ions arising from surface -induced transitions at the 
last slit were about equal in number to the Ar++ ions resulting from autoionization after the last 
slit. 

The Isatron ion source in a Dempster-type mass spectrometer (C. E. C. Model Z1-103B) was 
modified as shown in Fig. F.1-I. The last normal slit, SZ, was insulated from ground and sup­
plied various fractions of the ion accelerating voltage, V A' from taps in the high-voltage dropping 
resistor network. Slit S3 was added, and operated at ground potential. The slit S3 was modified 
to be (i) 0.76 mmthick and 0.76 mm wide, (ii) 0.76 mm thick and 1.0 mm wide, and (iii) 0.76 mm 
thick and 1.5 mm wide, covered on the side facing slit Sz with a gold screen of 8Z% transparency. 
The recording system was increased in sensitivity by a factor of 40 by use of a Loeneo Model Z1B 
electrometer with a 1012":ohm grid resistor in place of the CEC electrometer. The scan rate was 
reduced by a factor of 100 to accommodate ,the longer time constant of this electrometer. A 50-
liter inlet volume was used (rather than the original 3 liters) to decrease the leak rate from the in­
let system from the normal value of about ZO% per hour to about 1% per hour. 

For a transition involving a change of charge at some point in the ion-accelerating region, if 
an ion of mass M with a charge q is accelerated through a potential V1' and after the transition, 
the ion, with a Charge qz' is accelerated through a potential VZ' then the apparent mass, (M/q)*, 
at which the peak appears is given by 

For the autoionization of Ar + or the transition of Ar + to Ar ++ at the last slit, S3' 

Ar + autoionization> Ar ++ + e -

(1) 

(Z) 

or 
Ar+ surface.,. Ar++ +e-j (3) 

according to Eq. 1 the peak will appear at (M/q) * = 10.00. If, however, the transition occurs at 
Sz (Eq. 3) and Sz is at a potential VZ' then the peak appears at a mass greater than 10.00, ac­
cording to Eq. 1. 

In Fig. F.1-Z, the peaks at (M/q) * near 10 are shown with VSZ = 0.058 VA for 83 the gold 
screen (A), for S3 an open slit (B), and for VSZ = 0 (C). In Fig. F.1-3 the positions of these peaks 
with increasing VS Z are shown to follow Eq. 1 except for the intermediate peak in Fig. F.1-ZA 
and B. The interpretation of Fig. F.1-ZA is that the peak at 10.00 is from surface-induced transi­
tions at slit S3 (gold screen), the peak at (M/q) * = 10.58 is from surface-induced transitions at 
slit SZ' and the peak at (M/q) * = 10.10 is due to autoionization beyond slit S3. The rising base 
line between (M/q) * = 10.10 and 10.58 is due to autoionization in the space between Sz and S3. The 
position of the autoionization peak [(M/q)* = 10.10 in Fig. F.1-ZA and B], which should be at 
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(M/q) * = 10.00, can be qualitatively explained on the basis of the ion optics of the product ion of a 
gas-phase transition after slit 53' i. e., the position on the mass scale increases with increase in 
V52 as shown in curve B of Fig. F.1-3. 

* Proof that the peak at (M/g) ,= 10.58 in Fig. F.1-2A and B arises from surface-induced trans-
itions at 52 and the peak at (M/q)'" = 10.10 arises after the slits is shown in Fig. F.1-4, where the 
ion beam in the Isatron is scanned across slit 52 by varying the inner-focus voltage. At the best 
focus on 52 (Fig. F.1-4D) the peak at (M/q) * = 10.58 shows a double maximum: the first where 
the beam strikes one edge of the slit, then a minimum where the beam is passing through the slit, 
and a second maximum when it strikes the other edge. In contrast, the (M/q)~' = 10.10 peak shows 
a single maximum where the beam of Ar+ ions is passing through the slit, this maximum being at 
the same point as the minimum for the (M/q) * = 10.58 peak. 

Ionization efficiency curves of the three peaks in Fig. F.1-2A are shown in Fig. F.1-5. It is 
seen that the peaks at (M/q)~' = 10.00 and 10.58 follow one curve and that of (M/q)~' = 10.10 follows 
another curve. 4lthough both peaks are at a maximum at an electron energy of about 57 eV, the 
curve for (M/q)" = 10.10 shows a sharper maximum, falls off more rapidly at higher energies, 
and crosses over the other curve at lower energies to yield an appearance potential, AP which 
is greater by about 0.5 eV. It is concluded that different states are involved in the two processes. 
The autoionizing state must be a state of total energy slightly greater than the AP of Ar++. We 
had previously concluded that the states undergoing transition by surface induction were the high­
er Rydberg levels of Ar+. 1 The present data are consistent with this conclusion. 

In explaining the movement of the mass position of the peak due to autoionization with changes 
of VS 2 (Curve B, Fig. F.1-3), two considerations are involved. First is the difference in focus 
conditions when (M/q) * = 10.00 is collected but M/q = 40 must pass through slit 52. Since the 
Isatron is itself a mass spectrometer of low resolution (it is in the magnetic field), when VA and 
H, the magnetic field, are set to collect M/q = 10, to get M/q = 40 through S2 the beam must be 
deflected by changing the relative voltages on the focus slits, hence the beam does not pass 
through S2 in a normal (perpendicular) direction. Second, the slit system 52-53 is a divergent 
lens system, and increases the divergence by an amount proportional to the voltage applied. 

Coggeshall
4 

and Newton
5 

have derived the equations for the collection of metastable ions in 
Dempster-type instruments. These derivations implicitly implied normal trajectories of the par­
ent ion through slit S2' Figure F.1-6 is a schematic representation of the situation for collecting 
the product ion if the angle of divergence from normal is <1>. 

The equation for the apparent radius, r'\ at which the product ion is collected as a function 
of R, the radius of the parent ion; r, the radius of a normal ion; <1>, the angle of emergence from 
S2; and e, the angle traversed before transition is 

r'~ _ R2 + 2r2 - R
2

cos e + 2Rr cos (e + <1» - 2Rr cos <j> 
- R + 2r cos (8 + <1» - R cos e (4) 

and g, the displacement of the new center of r~' from the normal magnet center, is 

*2 2 2 * * e g = (R-r) + R + r - 2Rr cos <I> - 2r (R-r ) cos (e + <1» - 2R (R-r ) cos (5) 
" The peak cutoff occurs when r + g is equal to the outer radius of the analyzer tube or when 

r*- g is equal to the inner radius of the analyzer tube. 

In Fig. F.1-7 the field of collectible orbits for the autoionization of Ar+"'to Ar++ is shown as 
a function of <I> and e, the upper and lower solid lines being the outer and inner analyzer-tube cut­
offs. The intensity of the peak is proportional to e, the distance of travel in a collectible orbit, 
hence the time allowed for transition to occur. 

As <I> increases, both the apparent mass and the intensity (e values) of the peak increase. 
Therefore as the beam is diverged by increasing the voltage on S2' the center of mass of the re­
sulting peak due to autoionization should increase, as is observed. 

Footnote and References 
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Fig. F.1-1. Modified Isatron ion source. R = repellers, normally run at 
:::I 1.01 VA; S1 = ion-source first slit, run at VA; SF = ion-source focus 
slits, normally run at :::I 0.92 VA; S2 = ion-source last slit, normally 
grounded but now insulated from ground and run at VS 2 ; S3 = added slit, 
run at ground potential. All work reported here was done with a mag­
netic field equal to 984 gauss, at which (M/q) VA = 7540; i. e. , 
(M/q) * = 10 was scanned at VA = 754 volts. 
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* Fig. F.1-2. Peak profiles of (M/q) = 10 peaks in argon obtained by 
using modified Isatron ion source. 
(A) Slit S3 = gold screen, VS2 = 0.058 VA' 
(B) Slit S3 = 1.0-mm slit, VS 2 = 0.058 VA' 
(C) Slit S3 = 1.0-mm slit, Vs = O. 
Conditions: inlet pressure = 10001-1, Ie- = 75 I-1A, V - - 57.5 eV 
Peak intensities are on an arbitrary scale. e 
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Fig. F.1- 3. Shift in apparent mas s of 
(M/q) * = 10 peaks in argon with potential 
on slit S2. 
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Fig. F.1-4. Variation in 
peak intensities of the 
autoionizing (Art) * 
peak [(M/q)* = 10.12] 
(----), and the S2 sur­
face-induced transi­
tion peak [ (M/ q) * 

D 
O.F.= 0.952 VA 

= 10.69] ( ), as 
observed when the Art 
is scanned across slit 
S2 by varying the in­
ner-focus potential at 
selected values of the 
outer-focus potential 
(O.F.). 
Conditions: V S2 = 0.069 
VA, inlet pres sure 
= 1000 fL, Ie- = 75 fLA, 
Ve - = 57.5 eV, 
S3 = 1.0-mm slit. 
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Fig. F.1-5. Ionization efficiency curves 
for various components of the (M/q)'~ 
= 10 peak in argon. o (M/q) * = 10.00 peak from surface­
induced transitions at slit 53; o (M/q) '" = 10.58 peak from surface­
induc::ed tran",sitions at slit 52; and 
6. (M/q) = 10.10 peak from auto-

ionization of (Ar+) * beyond slit 53' 
Conditions: 5lit 53 - gold screen, 
V52 = 0.058 VA; 
inlet pressure = 1000 fl, Ie- = 75 flA, 
repellers = 1.011 VA' 
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Fig. F.1-6. 5chematic construction for deriving r* and g as a function of R, r, 
e, and <p. 
R = radius of parent ion; r* = apparent radius of daughter ion; r = normal 
radius of ions; 52 = Isatron last slit; 5c = collector slit; g = displacement of 
new center, C:~from normal center, CO; e = angle of travel of parent ion, MO' 
in trajector of radius R before transition; <p = deflection of ion beam M(j from 
perpendicular at slit 52' Construction shown is for deflections of <p toward 
the magnet center. 
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Fig. F.1-7. Field of collectible orbits for the autoionization 
(Ar+)* - Ar++ + e- as a function of the angle <I> of em.ergence of 
(Ar+) * through slit S2 and the angle e of travel on the Ar+ orbit 
before transition. Upper solid line is the outer cutoff by the anal­
yzer tube, lower solid line the inner cutoff by the analyzer tube. 
Dotted lines are isobars of apparent m.ass (M/q) * of the daughter 
(Ar++) ions. Positive <I> is for deflections toward magnet center; 
negative <I> is for deflections away from. m.agnet center. 

2. OPERATION OF AN ULTRAHIGH-VACUUM 
MOLECULAR BEAM APPARATUS 

FOR STUDIES ON EXCITED STATES OF MOLECULES 

R. Clampitt t and Am.os S. Newton 

UCRL-17989 

A brief report was previously given1 on the design of a m.olecular beam apparatus operating at 
pressures in the ultrahigh-vacuum. region. We now report on its perform.ance over a period of sev­
eral m.onths. 

In order to detect low-lying electronically excited states of m.olecules by electron ejection 
from. a surface, and to detect efficiently states above 5 eV, it is desirable to use a surface of low 
work function. Previous workers, using com.mon vacuum. techniques, succeeded in m.aintainin:r an 
active alkali m.etal deposit on the detector for periods of from. one-half hour to several hours. In 
our apparatus cesium. -coated particle m.ultipliers can be used for several months without loss of 
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activity by contamination; the lifetime of the cesium is not limited by background contaminants 
but solely by the chemical nature of the molecular beam. 

Vacuum Level 

The excitation chamber, pumped by a trapped diffusion pump (an ion pump was used origin­
ally but this was found to produce many high-velocity excited neutral molecules that reached the 
detector), and the detection chamber, pumped by a liquid helium-cooled surface, can be baked to 
450·C. After 20 hours' baking at about 250·C the pressure in the detection chamber lies between 
6X10-11 and 1 X10-10 torr, depending upon the previous history of the apparatus. The major 
gases contributing to the pressure are H 2 , CO, and CH4' In the presence of molecular beams 
such as HZ' NZO, C2H4' and C3H6 (z 101.3 mols/sec) the equilibrium pressure in the detection 
chamber is about 4X10-9 torr. Hence contamination of the cesium even by a chemically reac­
tive gas is minimal. The pumping speed of the helium-cooled surface for HZ at 1 X 10- 8 torr is 
z 1000 liters sec- 1 

More than 50 hr of operational time with N2 as the gas load has been achieved without signifi­
cant deterioration in cesium activity or vacuum level. With more readily condensible molecular 
beams significantly longer operational periods should be possible. 

Detectors 

Two types of multiplier have been used: one is a 16-stage windowless electron multiplier, 
the first dynode of which was coated with a film of antimony followed by cesium in the hope of 
producing cesium antimonide. An increase of about 100 in the photoelectric sensitivity of the 
cesium-coated surface over the antimony surface was observed by using light from a tungsten 
filament at 1200 to 1500·C. A similar increase was observed in the sensitivity to metastable N Z 
molecules. Figure F.2-1 shows the first differential of the excitation curve for the production of 
N Z by electron impact with an antimony surface used as the detector. Figure F.2-2 shows the ex­
citation function and its first differential after deposition of c3sium. It is seen that the effi~iency 
of detecting the peak at 11.0 eV (presumed to be A3~ + and B 'IT ) and the peak at 14.7 eV (C 'ITu) 
has increased relative to that for the peak at 12.7 eV (E3~ +). ifherefore it appears that the effi­
ciency of detecting excited molecules depends both on the revel of excitation and on the nature of 
the surface. The spectral response of the photoemis sive surface was not measured and so its 
composition is unknown. 

The other multiplier used was a 931A photomultiplier manufactured by RCA (almost identical 
to the 1P21). The composition of the dynodes is known to be CS3Sb, which exhibits a characteris­
tic spectral response curve. No light was detected at the photomultiplier when a N2 beam was ex­
cited, so the photon contribution to the N~ excitation curve is negligible. Excited N2 molecules 
were then detected by remote removal of the vacuum envelope of the multiplier (see following 
paper). Figure F.2-3 shows the resultant excitation curve produced by electrons of=s 0.1 eVen­
ergy spread. The E3~ + state peaks at ::::12.2 eV, in agreement with previous results. 4 This 
curve differs consideratly from that in Fig. F.2-Z for a cesium-coated surface of unknown com­
position and work function. 

More work is necessary on the effects of surface composition on the detection of electronic­
ally excited molecules. It will be particularly instructive to study the metastable excitation func­
tion during deposition of cesium metal on the surface and at the same time to monitor the spectral 
response of the surface. 
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Fig. F.Z-3. N~ excitation curve measured 
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3. A PHOTOMULTIPLIER FOR THE DETECTION OF 
MET AS TAB L E EL E C T RON I CAL LYE X CIT E D MOL E C U L E S 

R. Clampitt t and Amos S. Newton 

Introduction 

F. 2,3 

12 

XBL 6712-1956 

In the course of some work on the detection of long-lived excited states of molecules by elec­
tron ejection from the first dynode of an electron multiplier, we wanted to use a dynode surface of 
very low work function. A standard RCA nine-stage 931Aphotomultiplier (almost identical to the 
1PZ1) has CS3Sb-coated dynodes and exhibits a spectral response peak in the visible region. The 
photocathode of the 931A is not deposited on the glass envelope, as it is with most photomultipliers, 
and so it should make a very sensitive detector of metastable molecules if its vacuum envelope 
can be removed in a vacuum. This has been carried out in the detection chamber of the apparatus 
described in the preceding paper. 

Experimental Technique 

Figure F.3-1 shows the photomultiplier in position. The spectral response curve (S-4) is 
measured by using modulated light from a monochromator at the quartz window, H. The light sig­
nal is detected with a lock-in amplifier. The monochromator serves also to study the stability of 
the CS3Sb photocathode, A, during the impingement of a molecular beam. The glass envelope is 
not removed until the pressure is down to ~ ZX 10-10 torr in the detection chamber; a quadrupole 
mass filter is used to monitor the residual gases (mainly HZ, CO, and CH4)' A copper weight, D, 
of 500 g is suspended from the envelope by means of several steel wires C. The multiplier is 
clamped in a holder near its base. A nichrome wire, previously outgassed, and which is in con­
tact with a diamond-etched mark on the glass, is heated rapidly, whereupon the envelope breaks 
and falls with the copper weight into a bucket above the liquid helium pump. The envelope will. not 
fall without the encouragement of a weight, partly because it is held to the multiplier by sprung 
metal spacers. 

The support F is a hollow tube that can be filled with liquid nitrogen to cool the multiplier. 
A shield E surrounds the multiplier and is operated at a potential selected for minimum noise cUr­
rent; it can also be used to prevent ions from reaching the multiplier. The spectral response 
curve for the windowless photomultiplier was unchanged in the visible region, and it was found 
that the glass envelope transmitted 65% of light at 550 mfJo. The spectral sensitivity of the CS3Sb 
is unaffected by the impingement of such molecular beams as N Z' HZ' CO, NZO, C ZH4 , and C3H6; 
it was used to obtain all the time-of-flight data presented in the following paper. 
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Fig. F.3-1. Removal of the glass envelope of a 931A 
photomultiplier in an ultrahigh vacuum. 

4. TIME-OF-FLIGHT RESOLUTION OF 
ELECTRONICALLY EXCITED MOLECULES 

R. Clampitt t and Amos S. Newton 

UCRL-17989 

Some preliminary studies on excited states of molecules have been made with the apparatus 
described in a previous paper. There are several methods of operating the apparatus, and the use 
of time-of-flight techniques is described here. 

It is desirable to know the photon contribution to the measured excitation function for a meta­
stable molecule and also to determine whether the excited species is the parent molecule or a neu­
tral fragment. The resolution of an excited fragment can be achieved in the present apparatus only 
if it is formed with kinetic energy of dis sociation, in which case it becomes resolvable by its time 
of flight in the following way. The electron beam, usually 0.5 to 1 flA, is pulsed on for 10 flsec, and 
this pulse starts the time sweep on a multichannel analyzer operated in the multiscaler mode. If 
one uses 10 flsec channel residence time, and allows for a dead time per channel of about 12 flsec, 
one complete sweep of 100 channels can be made in = 220 flsec. The first channel registers photons 
resulting from optically allowed transitions, but the metastable molecules arrive at the detector 
much later. Figure F.4-1 shows the velocity distribution of krypton. The photon contribution is 
insignificant. Figure F.4-2 shows the H2* velocity distribution obtained with 15-eV electrons; the 
photon contribution is considerable. It has been supposed that the photon contribution to the ex­
citation functions of metastable molecules, obtained by molecular beam methods, is negligible due 
to the extremely small solid angle subtended by the detector to photons emitted in the excitation 
chamber. For hydrogen, at least, this is not so. The excitation curve for photon emission can be 
separated from the excitation curve for excited molecules by a method of delayed coincidence, 
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described below. 

Figure F.4-3 shows the velocity distribution of the excited species produced by electron iIn­
pact on Nz.0' The peak of the distribution corresponds to a Inass of about two, and so the ex­
cited species cannot be N20* but Inust be a kinetically energetic fragInent. 3 

,Delayed Coincidence MeasureInents 

To obtain the excitation function for the production of Hr by electron iInpact, without inter­
ference froIn photons, the scheIne shown in Fig. F.4-4 was used. The electron beaIn is pulsed 
on for 10 f.1sec at a repetition rate of 3300 Hz. This pulse triggers a raInp sweep of the electron 
energy and also starts the Inultichannel analyzer. The total scan tiIne for a hundred channels on 
the analyzer is chosen to equal the' sweep rate of the raInp, typically 40 Insec. The excitation 
function so obtained consists of both photons and Inetastable Inolecules. If now a square-wave 
pulse, synchronized with the electron beaIn pulse but delayed by 10 f.1sec, is used to gate on the 
pulse aInplifier, the analyzer registers only the signal froIn Inetastable Inolecules. Conversely, 
if the pulse aInplifiers are allowed to count only during the 10-f.1sec duration of the electron beaIn 
pulse, the photon excitation curve is obtained. The sweep rate of the raInp is very slow COIn­
pared with the electron beaIn pulsing rate, so that several pulses occur for each 0.2 V increase 
in electron energy. Figure F.4-5 shows the photon excitation curve for H2' Figure F.4-6 shows 
the Inetastable excitation curve; this exhibits the characteristic feature of resonance excitation 
of a triplet state, and is very siInilar to that reported previously by Lichten,1 using a Inolecular 
beaIn Inagnetic resonance Inethod. The present IneasureInent has resolved the discrepancy be­
tween Lichten I s curve and that obtained a few years ago in this Laboratory. 2 The latter included 
no correction for the photon contribution. 
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Fig. F.4-1. Velocity distribution of Ineta­
stable Kr atOInS at 17 eV electron iIn-
pact energy; 500 Hz pulse repetition rate. 
Full scale along the abscissa equals 
3 Insec. 
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Fig. F.4-Z. Velocity distribution of H~ 
at 15 eV electron energy; one division 
along the abscissa equals Z.2 msec. 
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G. CHEMISTRY 

1. DIPOLE MOMENTS OF SOME ALKALI HALIDE MOLECULES 
BY THE MOLECULAR BEAM ELECTRIC RESONANCE METHODt 

A. J. Hebert, F. J. Lovas, C. A. Melendres, C. D. Hollowell, 
T. L. Story, Jr., and K. Street, Jr. 

We have made rather accurate measurements of the dipole moments of a number of alkali 
halide molecules by the molecular beam electric resonance method. Our particular interest in 
these measurements was largely motivated by attempts to improve 1,2 the simple ionic model of 
the gaseous alkali halide molecules; however, they may be of some interest for other reasons also. 

A description of the apparatus used, the method of reducing the data, and some results for 
other alkali halides have been published previously;3-5 in the interests of economy of space only 
the results are given here. More detailed accounts of these measurements are available iri a se­
ries of unpublished Lawrence Radiation Laboratory reports, reference to which is given in Table 
G. i-I. 

Dipole moments for some of the molecules (NaBr, NaI, and RbCl) have not been reported pre­
viously, others represent only some improvement in the accuracy of measurement. Since the 
principal source of disagreement between dipole measurements made in different laboratories is 
likely to arise from uncertainties in the value of the Stark field used, we have included in Table 
G. i-I our measurements on LiF and KCl. LiF has been previously measured at Harvard6 and 
KCl has been recently measured at Nijmegen. 7 A comparison of these results indicates that in­
dependent Stark-field measurements at Harvard, Nijmegen, and Berkeley are in excellent agree­
ment. 

Footnote and References 

tUCRL-17962, Nov. 1967. 
1. K. Street, Jr., The Simple Ionic Model of the Alkali Halide Molecules. 
2. K. Street, C. D. Hollowell, and F. J. Lovas, An Extended Ionic Model of the Alkali 

Halide Molecules. 
3. A. J. Hebert, F. W. Breivogel, Jr., and K. Street, Jr., J. Chern. Phys. 41, 2368 

(1964). 
4. 
5. 

(1965). 

C. D. Hollowell, A. J. Hebert, and K. Street, Jr., J. Chern. Phys. 41, 3540 (1964). 
F. W. Breivogel, Jr., A. J. Hebert, and K. Street, Jr., J. Chern. Phys. 42, 1555 

o. L. Wharton, W. Klemperer, L. P. Gold, R. Strauch, J. J. Gallagher, and V. E. Derr, 
J. Chern. Phys. 38(5), 1203 (1963). 

7. R. van Wachem and A. Dymanus, J. Chern. Phys. 46 (10), 3749 (1967). 
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Table G. 1-I. Dipole moments. 

Molecule t Vibrational state, v Dipole moment function 
= u + u (v+.1) + ~ (v+.1) 2 u v e I 2 I 2 

v = 0 v = 1 v = 2 
u u

l 
u

ll e 

6 Li 19F a 6.32736(20) 6.41472(20) 6.50317(20) 6.28409(25) 0.08627(5) 0.00054(2) 
b 6.32764(100) 6.41211(100) 6.50341(100) 6. 28446( 100) 0.08612(3) 0.00060(2) 

7 Li 19 F a 6.3248( 10) 6.4072( 10) 6.4905(10) 6.2839(12) 0.08153(30) 0.00044(12) 
6 Li35Cla 7.1289(10) . 7.2168(10)... 7.3059(10)... 7 .0853( 13) 0.0868(4) 0.00056(14) 

c 7.1195(22)"< 7.2069(22)'" 7.2964(22)'" 

6 Li 37 CIa 7.1287(10) 7.2163(10) " 7. 3052( 10), .. 7 .0853( 13) 0.0864(5) 0.00064( 16) 
c 7.1192(22)~< 7.2071(22)'" 7.2972(22)'" 

39K35Cla 10.2688(10) 10.3288(15) 10.3877(22) 10.2384(12) 0.0610(9) 0.00055 (40) 
d 10.2 6900( 100) 10.32900(100) 10. 38945( 100) 10.23911(100) 0.05966(14) 0.00019(3) 

23
Na

35
Cl

e 9.0020(5) 9.0619(5) 9.1223(5) 8.9721(6) 0.05963(20) 0.00017(10) 
f 9.000(4) 9.061(4) 9.122(4) 

23
Na

37
Cl

e 9.0017(7) 9.0610(7) 8.9721(13) 0.0593(6) 
23

Na 
79 Br

e 
9.1183(6) 9.1715(6) 9.2246(6) 9.0918(13) 0.0531(7) 

23
Na

127
l
g 9.2357(30) 9.2865(30) 9.3368(30) 9.2103(30) 0.0507(8) 

85 Rb 19 F g 8.5465(5) 8.6134(7) 8.6809(9) 8.5131(7) 0.06650(28) 0.00026(12) 
h 8.5464(7) 8.6127(17) 

85 Rb 35clg 10.510(5) 10.564(5) 10.618(5) 10.483(6) 0.054(3) 
133Cs 19 F 9 7.8839(9) 7.9546(10) 8.0257(10)... 7.8486(1}) 0.0704(3) 0.00018(20) 

i 7.875(6) 7.9472(63)'~ 8.0 194( 66)"" 7.839(6)T 0.0722(3) 
j 7.878(3) 7.950(3) 7.842(3)':< 0.07229(12) 

133
Cs

35
Cl

g 10.387(4) 10.445(4) , .. 10.503(4) ':< 10.358(5) , .. 0.058(1) 
10.42(2) 10.476(22)"" 10.532(24) 10.392(20)'" 0.056(2) 

~These values were calculated here from data in the reference cited. 
tValues for Nal, KCI, RbCl, and CsCI were determined from J = 2 spectra, while all the others 
are from J = 1 spectra. All values are in Debye units. 
a. A. J. Hebert, C. D. Hollowell, T. L. Story, and K. Street, Jr., UCRL-17256, March 1967. 
b. Reference 6. 
c. D. T. F. Marple and J. W. Trischka, Phys. Rev. 103, 597 (1956). 
d. Reference 7. 
e. Carlos A. Melendres, A. J. Hebert, and K. Street, Jr., UCRL-17916, Nov. 1967. 
f. Lewis P. Gold (Ph. D. Thesis), Harvard University, Cambridge, Mass., November 1961, 
g. Frank J. Lovas, Radio-Frequency Stark Spectra of RbF, RbCl, CsF, CsCl, and Nal 
(Ph. D. Thesis), UCRL-17909, Nov. 1967. 
h. G. Graff, R. Schonwasser, and M. Tonutiti, S. Physik 199, 157 (1967). 
i. J. W. Trischka, J. Chern. Phys. 25, 784 (1956). -
j. G. Graff and O. Runolfsson, Z. Physik 187, 140 (1965). 
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2. SPECTROSCOPIC INVESTIGATIONS OF EINSTEINIUM IODIDEt 

R. G. Gutrnacher, * E. F. Worden, "" and J. G. Conway 

An electrodeless lamp containing 0.6 jJ.g of 253Es and 100 jJ.g GdI3 was prepared to observe the 
hyperfine structure of Es. The material in the lamp exhibited a bright self-luminescence which 
was activated by the radioactive decay of the Es. The lamp was used to photograph the self­
luminescence of E s 3+. At room temperature, the glow was green; at 77° K, it was bright orange. 
The low-temperature spectrum showed a broad band centered at 4700 A and three groups of lines 
in the red and near infrared. A group of five lines around 6700 A was the strongest feature. At 
room temperature, additional groups in the blue and green appeared. The data will be compared 
with theoretical calculations of the energy levels for the 5f1 configuration of Es IV. 

Footnotes 

tpresented at the Atomic Spectroscopy Symposium, National Bureau of Standards, Gaithers­
burg, Maryland, Sept. 11-14, 1967. 

""Lawrence Radiation Laboratory, Livermore, California. 

3 .. EXTENSION OF THE ANALYSIS OF THE CmI AND CmIl SPECTRAt 

E. F. Worden and J. G. Conway 

The ground configurations of C~I and CmIl 5f7 6d 7s 2 and 5f7 7s 2 respectively, and the low 
odd configuration 5f7 6d 7s of CmIl have been discussed previously. 1, 2 The levels of the lowest 
terms from the even configurations 5f8 7s 2 and 5f8 7s of CmI and CmIl have now been deter­
mined. These configurations lie unexpectedly low. The lowes~ le'2el of 5f8 7 s, 8F 6.5' is 2093.88 
cm- 1 above the ground level in CmIl and the lowest level of 5f 7s in CmI, 7F6' is only 1214.18 
cm- 1 above the ground level. The analagous separation in GdI is about 10000 cm- 1. This indi­
cates that in the adjacent heavier .actinides the configuration fn s2 may lie considerably lower 
than fn- 1 ds 2 , the separation being about 10000 cm- 1 greater than in the corresponding lanthanide. 

Footnote and References 

t Presented at the Atomic Spectroscopy Symposium, National Bureau of Standards, Gaithers­
burg, Maryland, Sept. 11-14, 1967. 

1. E. F. Worden, R. G. Gutrnacher, E. K. Hulet, J. G. Conway, and M. Fred, J. Opt. 
Soc. Am. 52, 1311 (1962). 

2. E.F'. Worden, and J. Conway, PhysicaE, 274 (1967). 

4. AIRBORNE SPECTROGRAPHIC OBSERVATIONS OF THE 
SOLAR ECLIPSE OF NOVEMBER 12, 1966t 

John G. Conway, William F. Morris, and C. Frederick Andrews* . 

On November 12, 1966, a total eclipse of the sun was observed from a C135 "flying labora­
tory" instrumented by the Lawrence Radiation Laboratory, Mid-totality occurred at 14 hr 18 min 
U. T. off the coast of Rio Grande, Brazil, at 35° 35' south and 49° 40" west. The aircraft, flying 
at an altitude of 33000 feet and at a ground speed of 550 knots, remained in the eclipse shadow for 
3 min 22 sec. 

During totality, the spectrum of the solar corona was photographed over a wavelength region 
extending from 3000 to 6750 A. Two spectrographs were employed in the airborne experiment. 
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The primary spectrograph, a Czerny-Turner F/6.3, was shock-mounted in the aircraft and illu­
minated with the coronal image by means of an automatic tracker. The instrument, equipped with 
a 1200 g/mm grating blazed at 5000 A, gave a linear dispersion of 9 A/mm. Two settings of the 
grating were required to cover the spectrum wavelength range of 3800 to 6750 A, which was pho­
tographed on Kodak type 103aF plates. 

The second instrument, a Hilger F/4 prism spec;:trograph, was mounted in a special carriage 
which allowed manual alignment of the instrument with the sun. During totality six exposures were 
taken in the wavelength region 3000 to 5400 A. The spectra were photographed on Kodak 103aO 
plates. 

In general, the objectives of the spectrographic observations were realized. It should be 
noted, however, that the intensity of the coronal light incident on the Czerny- Turner spectrograph 
was weaker than anticipated due, in part, to optical losses. Also there were solar prominences 
in the region observed. As a result, only two coronal lines, 5303 and 6374 A, were recorded in 
the high- resolution spectrum along with prominence emission lines due to H, He, and Call. The 
widths of the two coronal lines were measured to yield the calculated coronal temperatures listed 
in Table G.4-I. Limb-to-corona intensity profiles of the observed lines have been recorded. 
These are shown in Fig. 1. The unusual spatial profile of the Ca.ll lines in which Call reappears 
at a point 1 solar radius above the limb is not explained. The presence of Call in the middle 
corona is not consistent with the temperature prevalent in that region. 

Of the six spectra photographed on the Hilger F/4 spectrograph, five show coronal lines 
superimposed on chromospheric and prominence lines due to Till, Crll, Call, He, and H. One 
spectrum displays predominantly coronal lines with the exception of Call and HeI lines. The 
coronal lines observedowere 5~03 A, 4231 A, 3987 A, 3801 A, 3643 A, 3601 A, 3454 A, 3388 A, 
3327 A, 3170 A, 3073 A, 3021 A. 

Footnotes 

!Condensation from Astrophys. J. 150, 229 (1967). 
LRL, Livermore, California. 

Table G.4-I. Coronal temperature calculated from 
coronal line widths. 

Line 
Wavelength (A) Identification Half-width 

5303 

6374 

Fe XIV 

Fe X 

Fig. G.4-1. Limb- to-corona intensity 
profiles for Hat 4340 A, HeI at 5875 A, 
HeI at A, Fe x at 6374 A, Ca Hat 3968 
A, and Ca K at 3933 A. 

0.80±0.08 

0.81±0.08 

Temperature 
( 0 K) 

XBL673-2367 
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5. SUPERCONDUCTING MAGNETS FOR SPECTROSCOPyt 

John G. Conway, Sum.ner P. Davis, * and Richard J. WoHl 

One of the m.ost powerful tools used for the analysis of com.plex spectra is the Zeem.an effect. 
It is generally accepted that higher m.agnetic fields than can be produced by conventional electro­
m.agnets are needed. In recent years the m.agnetic fields achieved by superconducting m.agnets in­
dicate that spectroscopy can expect som.e help. We have taken spectra of rare earths in a super­
conducting m.agnet at fields of 50000 G, using m.icrowave excitation and a high-dispersion spectro­
graph. The spectra of Pm. and Er have been photographed and im.provem.ents are quite noticeable. 
The problem.s we have found are m.ostly with the storage of liquid helium. and with changes in the 
current, which cause the m.agnet to go conducting. These are m.ainly our experim.ental techniques 
and will have to be worked out. 

Footnotes 

tJ. Opt. Soc. Am.. 57, 583 (1967). 
i.<Departm.ent of Physics, University of California, Berkeley, California. 

6. TETRAVALENT Np INDUCED IN CaF2 BY '{ IRRADIATION 

J. J. Stacy, R. D. McLaughlin, N. M. Edelstein, and J. G. Conway 

The divalent state of all of the lanthanides can be stabilized in CaF2 by '{ irradiation. 1 Re­
cently we have shown that divalent Am. can likewise be stabilized inCaF2 . However, extension of 
this work to include Pu and Cm. showed that the tetravalent state is form.ed when the tripositive 
ion is irradiated. 3,4 We present here our results for Np in CaF2 . 

Single crystals of CaF2 doped with 0.1 to 0.2 wt % of 237Np (half-life, 2.16X10 6 years) were 
grown as described previously. 2 The absorption data for these crystals were obtained with a 
Jarrell-Ash Model 75, f/6 spectrograph and ~ Cary Model

5
14 spectrophotom.eter. From. a com.­

parison of our data with Krupke1s data for Np + in LaBr3' we conclude that our Np is initially in 
the 3+ state. From. Fig. G.6-1 it can be seen that in LaBr3 the spectrum. consists of definite 
groups of sharp lines, whereas in CaF2 it is considerably m.ore com.plex. This is due to (i) a 
larger crystal field splitting in CaF2 , and (ii) the existence of different site sym.m.etries in the 
charge- com.pensated CaF 2' 

When our crystal was '{-irradiated for 15 hours with a 60 Co source (7800 curies), it turned 
from. its original light green color to a deep blue. In addition to the Np 3+ peaks, an intense broad 
absorption appeared throughout the visible region and three new groups of sharp lines appeared. 4+ 
In Fig. G. 6-1 it is shown that these three groups agree extrem.ely well with the m.ost intense Np 
peaks reported by Waggener in D 20.·6 We were not able to observe the Np4+ peaks at ""1.2 fl. be­
cause the 3+ absorption was so intense in that region. Table G. 6-1 lists the Np4+: CaF2 wave­
lengths and their corresponding J values as calculated by Conway. 7 The assignm.ent of the 0.7-fl. 
group is not straightforward because of the calculation of four J levels in that region. The broad 
absorption in the visible region has been tentatively assigned to color centers. There still exists 
the possibility that this absorption is characteristic of divalent Np; however, we have no evidence 
to support this conclusion. 

When a trivalent ion is incorporated into the CaF 2. lattice, the extra positive charge m.ust be 
com.pensated. Different charge-com.pensating m.echamsm.s give rise to spectra characteristic of 
the particular

3
site sym.m.etry about the dopant ion. oWe investigated the high-resolution absorption 

spectra of Np +: CaF 2 in the region 9400 to 10000 A and found that only certain peaks dec reas ed 
in intensity upon '{ irradiation. Of 12 peaks studied, 8 rem.ained unchanged but 4 decre<lj'ed to 1/3 
their original intensity. From. this we conclude that there is a selective oxidation of Np +; that is, 
only certain sym.m.etry sites can be oxidized by '{ irradiation. Such a phenom.enon has been re­
ported for the reduction of trivalent rare earths in CaF 2,8 but never for their oxidation. 
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The Np4+ is not completely stable and decreases slightly in intensity over a period of a few 
months at room temperature. When4~he crystals are heated at 400 0 C for 20 minutes the color 
centers are bleached out and the Np structure is completely destroyed. This behavior can be 
accounted for by the model offered by Makovsky, 9 in which electron traps become localized at the 
vicinity of the 4+ ions. Reconversion occurs when these trapped electrons are released by ther­
mal agitation and recombine with the 4+ ion. 

Further work is in progress. 
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Table G.6-I. Lines that growinto Ca(Np)F2 crystaly irradiation. 

Wavelength 
{ A) 

7257 
7282 
7313 
7328 
7333 
7347 

9672 
9694 
9816 
9870 
9951 

16630 
16750 
16810 
16950 
16970 
17010 
17040 
17290 

Wave number 
{Cm- 1) 

13777 
13728 
13671 
13643 
13633 
13608 

10336 
10313 
10185 
10128 
10046 

6010 
5967 
5948 
5897 
5890 
5876 
5868 
5780 

J value 

15 7 5 3 
2'2'2'2 

3 
"2 

11 
2 
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Fig. G.6-1. Comparison of Cm spectra 
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7. ZERO-FIELD SPLITTINGS OF Am 2 + AND Cm 3 + 
IN CUBIC SYMMETRY SITES IN CaF 2 t 

N. Edelstein and W. Easley 

1. Introduction 

The lanthanide series has been extensively investigated in crystals of the fluorite type by elec­
tron paramagnetic resonance (epr) and optical spectroscopy. The trivalent ions in these crystals 
may be found in various symmetry sites, depending upon the conditions under which the crystals 
were grown. 1 The div:f.lent ions are found in sites of cubic s~mmetry. Two of the most studied 
lanthanide ions are Gd + and Eu2 +, the half-filled shell (4f7 , S7/2) configuration. For these ions 
in cubic symmetry the crystal field splittings are readily measured, although the mechanisms 
causing these splittings are not well understood. 2 

. V'!e have previously: reported th~ spin Hami~tonian parameters for Am2+ and Cm3+, the 5f7 

actimde analogs for Eu""l+ and Gd 3f-. The earher epr measurements were done at 9.2 GHz and 
temperatures of 4° and 1 0 K, and were obtained for these actinide ions doped in CaF 2 in sites of 
cubic symmetry. No resonance lines due to actinide ions ~ere seen at 77° K. In thIS paper we 
report epr measurements made at 35 GHz on Am2 + and Cm + in cubic crystal field sites in the 
CaF2 lattice. The larger magnetic field mixes into the ground crystal field state (r6) the next 
highest crystal field state (r8 ), which causes the measured g values to be anisotropic. From the 
anisotropy of the g value we have determined the zero-field splitting in these two ions. We also 
show that the simple point- charge model qualitatively explains the magnitude of the effects. 

Discussion and Results 

A free ion placed in a crystalline electric field undergoes a splitting of its total angular mo­
mentum J which is dependent upon the symmetry of the electrostatic field. We are interested in 
the case of a J = 7/2 state placed in a cubic symmetry site in the CaF2 lattice. From group 
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theoretical arguments, the J = 7/2 state in zero magnetic field will split into two doubly degener­
ate states, 1"'6 and 1"'7' and one quartet state, 1"'S. The Hamiltonian for this problem, including the 
Zeeman effect caused by an external magnetic field, may be written 

( f) 

The first term represents the Zeeman interactu:>n, where gJ is the Landeg value for the lowest 
free ion level, i3 is the Bohr magneton, and H is the external magnetic field. The last two 
terms represent the effect of the cubic crystalline field on the J = il2 manifold, where we con­
sider B4 and B6 as adjustable parameters related to the strength of the crystalline field. The 
On m terms are angular momentum operators of the appropriate symmetry. 4 

For zero magnetic field we find an exact solution for this Hamiltonian applied to the J = 7/2 
manifold, the energies of the levels being given in terms of b4 = 60B4 and b6 = 1260B6. The 
energy-level diagram is shown in Fig. G.7-1. If we choose the energy of the 1"'6 state to equal 
zero, the second column in Fig. G. 7-f shows the relative energies. If the crystal field splitting 
is much greater than the Zeeman interaction, then the zero field wave functions will be an accu­
rate representation and can be used to calculate g values of the crystal field energy levels. 

At higher magnetic fields the Zeeman term becomes important, and causes an anisotropy in 
the epr spectrum of the 1"'6 state, since this interaction mixes the 1"'S with the 1"'6 state. Fram 
the magnitude of the anisotropy we can determine the splitting of the 1"'6 - 1"'8 levels. The exper­
imental data are shown!s circles in Fig. G.7-2. We have plotted the g value of the 1"'6 state 
for both Cm3+ and Am + as a function of the angle of the magnetic field with respect to the unit 
cell axis of the CaF2 lattice. The magnetic field was rotated in the [110] plane of CaF2. In 
order to determine the values of the parameters b4 , b6' and gJ which would reproduce the ex­
perimental data, the Hamiltonian (Eq. f) was applied to the J = 7/2 manifold, which resulted in 
an 8 X 8 matrix with elements in terms of the above parameters, the magnetic field H, and the 
direction cosines of H relative to the cubic axes of CaF2 . A computer program was written 
which diagonalized the SXS matrix and calculated the g values for the ground Kramers doublet 
state. The values of b 4 , b 6, and gJ were varied until the best fit to the experimental data was 
found. 5 The calculated fits for Arn2 + and Cm3+ are shown in Fig. G.7-2 along with the 
values for the parameters. The solid line is the calculated g value for Am2+, the dotted line is 
for Cm3+. 

Unique values of b4 and b6 could not be determined from this analysis, as the anisotropy 
depended only on the 1"'6 - 1"'8 splitting. Therefore, there are any number of values of b4 and b6 
which can give the same splItting. The 1"'7 level is so relatively high in energy that our data are 
not sensitive to its position. We have determined the magnitude of the 1"'6 - 1"'S splitting as 
f3.4±0.5 cm- f for Cm3+:CaF2 and 18.6±0.5 cm- f for Arn2+:CaF2 . The gJ values were 
found to be 1.926f±0.00f and 1. 925S±0.001 for Cm3+ and Am2+, respectively. The absolute 
values of gJ are measured to the accuracy shown; however, the relative measurement of the two 
gJ values is about one order of magnitude better. " 

In the lanthanide series a recent survey has shown that for trivalent rare earth ions in cubic 
sites in the CaF2 lattice, the fourth-order term b 4 is about an order of magnitude larger than the 
sixth-order term b 6 . 1 This rati0

3
also prev1ls for Eu2 + in the CaF2 lattice. We have made 

this assumption, b 6 < b4' for Cm + and Am + and show in Fig. G.7-3 the energy-level diagrams 
for the crystal field levels with the values of b6 = 0, and -0.1 ern-f. For the purpose of com­
parison, we show the energy diagram of Gd3+ and Eu2+ doped in CaF2 in Fig. G.7-4. 

Our experimental results show that the crystal field splittings of the nominally SS7/2 actinide 
ions are approximately 250 times the values for the corres"ponding lanthanides. Clearly such a 
large effect must arise from the differences of the electronic structures of the two sets of ions. 
Such differences are quite significant, and arise because of the intermediate coupling effects in­
duced by the relatively large spin-orbit coupling energies of the actinide ions. The spin-orbit 
interaction matrix elements are diagonal in J but are not diagonal in Land S, so states of the 
same J but different L 3and S will be mixed. 6 For example, the leading terms of the ground­
state wave function of Gd + have been given by Wybourne as 7 

(2) 
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which shows that for gd3+ the ground state is approximately 98% pure 8S7/ 2 . Recent work on the 
optical spectra of Cm + has shown that the leading terms for the Cm3+ ground state wavefunction 
are8 , 

(3) 

so that it is only 790/0 pure 8S7 / 2 . However, the fourth-order crystal field operator will not split 
any of the three terms listed alSove, nor will there be any nonzero matrix elements between any 
combination of them. Therefore, the contribution to the zero field splitting from the intermediate 
coupled wavefunction will corne from a large number of small terms. We have calculated the zero 
field splitting cau2ed by these terms, using the electrostatic point charge model, and the results 
for Cm3+ and Gd + are 

(6) 

and 
3+ 3+ -4-1 b4 (Gd ) = 60B

4 
(Gd ) = -4.7X10 cm . (7) 

These numbers can be compared with the experimental values, 

3+ -1 
b 4 (Cm) t- -1.12 cm exp 

(8) 

(8b) 

We may also take the ratio of the calculated parameters and compare them with the ratio of the 
experimental parameters. We find 

b (Cm3+) 
4 exp 

b (Gd3+) 
4 exp 

243 (9) 

and 

511. (10) 

The signs of the calculated b4 parameters agree with experiment but the magnitudes are off. 
However, it has been shown that the lattice summation term (A~) in the simple point-charge model 
is not a good approximation, and one must consider the extended nature of the induced moments. 
For this reason comparison of the ratio of the calculated b4 terms with the ratio of the experimen­
tal b4 terms is a more valid criterion. We find that these ratios differ by approximately a factor 
of two. Considering the uncertainties in the parameters used, this agreement shows the interme­
diate, coupling mechanism accounts qualitatively in a very satisfactory'manner for the difference in 
the crystal field splittings between the half-filled shell configurations of the lanthanide and actinide 
ions. 
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Fig. G.7-1. The zero-field splittings of a 
J = 7/2 manifold in cubic symmetry. 

-I 
b4 = -1.433 em 

b 6 = -0.1 cm 
-1 

gJ = 1.9261 

em- I 

(45.1 ) 

13.4 ± 0.5 
o 

b
4

=-1.115em- 1 

b 6 = 0 

gJ=1.9261 

(35.7 ) 

13.4 ±0.5 
o 

-1.849 em-I 

-0.1 em- I 

1.9258 

(58.4 ) 

18.6 ± 0.5 

o 

b 4 =-1.549 em- 1 

b 6 = 0 

gJ 1.9258 

(49.6 ) 

18.6±0.5 

o 

XBL674 -2664-A 

Fig. G. 7-3. ~e zero-field splittings for 
the ions Cm + and Am2+ for the values of 
the fourth- and sixth-degree parameters 
shown. 
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Fig. G. 7-2. The measured g value as a 
function of the rotation of the dc mag­
netic field in the 110 plane of CaF2' 
The angle 0 deg corresponds to the 100 
direction. 
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8. THE AMALGAMATION BEHAVIOR OF HEAVY ELEMENTS. 
1. OBSERVATION OF ANOMALOUS PREFERENCE IN FORMATION 
OF AMALGAMS OF CALIFORNIUM, EINSTEINUM, AND FERMIUM 

Jarom.lr Maly t 

G.8 

The extraction of rare earths which g.ave a som.ewhat stable 2+ valence (like Eu, Sm., Yb), in 
alkali-m.etal am.algam.s is well known. 1- Related m.ethods which transfer these rare earth ele-
m.ents into am.algam.s by the electrolysis of water solutions containing alkali m.etals, acetates, and 
citrates are also well described in a num.ber of papers. 1, 7-11 

Som.e of these papers dem.onstrate m.ethods for the purification of Yb or Sm. and Eu from. 
neighboring elem.ents by m.eans of sodium. am.algam. extraction. Eu, Sm., and Yb m.ay preferentially 
replace Na in am.algam.s, often with a yield of m.ore than 50% in one extraction, when othe,r rare 
earths (which do not have +2 valence) are extracted 1- 4 , 6, 13, 14 or electrolyzed8 - 10 , 15, 1b with a 
yield of about only one-tenth the am.ount of Eu. 

The first application of these m.eth~~s tg> the actinide fam.ily, by use of a lithium.-am.algam.ated 
cathode during el1:1ctroly sis of actinium. ,1 or lithium.-am.algam. extraction of som.e actinides from. 
citrate solution, 1 was reported recently. Som.e experim.ents were perform.ed that dem.onstrate 
the possibility of using the sodium.-am.algam. m.ethod of separation of som.e transuranium. elem.ents 
from. others. Described below are som.e typical experim.ents, which show the possibility of high 
preferential extraction of Cf, Es, and Fm. in sodium. am.algam., or the possibility of electrolytic 
separation of Cf, Es, and Fm. on a m.ercury cathode, while Pu, Am., Cm., and Bk rem.ain m.ostly in 
the 0 riginal solution. 

Table G. 8-1 presents a sum.m.ary of the sodium. am.algam. extraction experim.ents. The ele­
m.ents were subjected to four succes sive 1-m.in extractions from. a solution of 150 A 7 M sodium. ac­
etate, by using 60 A of sodium. am.algam. (3.5 rriilliequivalents Na/m.l) m.ixed with the solution by 
sucking in and out of a pipette. The am.ount of HCI added to the sodium. acetate solution is given in 
the last colum.n. The am.ount extracted was determ.ined by a-pulse-height analysis and by f3 count­
ing of sources prepared from. the am.algam. phase by treating with HCl and electroplating. 

The data of Table G. 8-1 clearly show that Cf, Es, and Fm. are extracted with sodium. am.al­
gam. very sim.ilarly to Yb (and the other lanthanides which can exhibit 2+ valency). The actinide 
hom.ologs of Sm. and Eu--Pu and Am.--are extracted poorly.J < 10%) relative to Yb and Cf, but com.­
parably to the light lanthanides, like La, Ce, Pr, and Nd. 1 

Berkelium. is the least extracted of the actinides tested. In this respect it resem.bles terbium., 
which shows very low extraction. However, dysprosium., the lanthanide analog of Cf, shows very 
low extraction in the sam.e experim.ent in which Cf shows high extraction, :::: 1000 tim.es better than 
Dy, and close to Sm. or Eu in the lanthanide fam.ily. 

The results of four electrolytic experim.ents are shown in Table G. 8-II below. Experim.ents 1 
and 2 were perform.ed with the addition of 5 A or 0.5 N tertiary sodium. citrate; 3 and 4 were done 
with the addition of 50 A of 3 M HCI to the original m.irlure. 

Electrolyses were perform.ed for 30 m.in with a current density of 30 m.A/ cm.2 . The separated 
m.ercury phase was treated as in the extraction case. 

The results in Tables G. 8-1 and G. 8-II show that Cf, Es, and Fm. could be extracted or sep­
arated by electrolysis about 10 to 30 tim.es as efficiently as the lighter actinides. 

Both kinds of experim.ents described above gave extraction yields sim.ilar to those reported 
for the preferential extraction into sodium. am.algam.2 - 5 or preferential electrolytic separation on 
a m.ercury cathode of Sm., Eu, and Yb, which exhibit +2 valency in the lanthanide series. 15, 16 

Several authors 15 - 16 explain this preference in electrolysis by a m.echanism. in which they 
suppose that the Yb, Eu, and Sm. are first reduced to the 2+ state, before am.algam.ation or electro­
deposition. It seem.s logical to expect therefore that in the fam.ily of actinides, Fm., Es, or Cf m.ay 
form. a 2+ valence. 
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Table G. 8-1. Sodium amalgam extraction of lanthanide and actinide elements. 

Element 
0/0 Extracted 
and ratio to 149 Tb 151Dy 169Yb 239pu 241

Am 244cm 249Bk 252
Cf 

252
Es 25~HCl Cf extracted added ---

1 "/0 29 4.9 3.3 1.5 40 
Ratio to Cf 0.725 0.125 0.082 0.037 1.000 
20/0 33 2.3 2.1 1.8 45 90 
Ratio to Cf 0.732 0.051 0.047 0.040 1.00 2.00 ---
30/0 2.7 2.3 2.2 0.5 39 57 
Ratio to Cf 0.047 0.040 0.039 0.013 1.00 1.46 ---
40/0 5.6 3.3 3.3 0.9 51 50 50>", 3M 
Ratio to Cf 0.11 0.065 0.065 0.018 1.00 0.98 
50/0 6.7 5.4 4.1 1.4 60 61 50>", 3M 
Ratio to Cf 0.112 0.090 0.068 0.023 1.00 0.98 
60/0 0.15 62 5.1 3.0 2.6 68 75>", 2M 
Ratio to Cf 0.0022 0.912 0.075 0.044 0.038 1.00 
70/0 0.14 53 2.7 1.5 2.3 50 75>", 2M 
Ratio to Cf 0.0028 1.06 0.054 0.030 0.046 1.00 
8% 0.06 50 16.9 7.9 5.7 95 75>", 3M 
Ratio to Cf 0.0006 0.526 0.179 0.083 0.060 1.000 
9% 0.06 53 16.3 7.7 5.3 "'100 75>", 3M 
Ratio to Cf 0.0006 0.530 0.163 0.077 0.053 1.000 
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Table G. 8-II. Electrolysis of lanthanide and actinide ele:ments. 

Ele:ment 
Yield of Added to 
electrolyzed 169Yb 239pu 241A:m 244C:m 249 Bk 252Cf 252Es 252 F :m electrolysis 
ele:ments solution 

10/0 27 4.7 2.2 2.1 49 80 5 X.0.5N 
Ratio to Cf 0.55 0.096 0.045 0.043 1.00 1.63 Na citrate 
20/0 3.6 1.8 4.8 0.3 38 67 5 X. 0.5 N 
Ratio to Cf 0.095 0.097 0.126 0.008 1.00 1. 76 Na citrate 
30/0 5.1 3.2 5.2 1.6 71 75 50X.3M HCI 
Ratio to Cf 0.072 0.045 0.073 0.022 1.00 1.056 
40/0 5.3 2.8 4.8 0.6 55 60 50X. 3MHCI 
Ratio to Cf 0.096 0.051 0.087 0.011 1.00 1.091 

9. THE AMALGAMATION BEHAVIOR OF HEAVY ELEMENTS. 
II. DIPOSITIVE STATE OF MENDELEVIUM 

Jaro:mlr Maly and Burris B. Cunningha:m 

Mendeleviu:m-256 was p~<;~uced by irradiation with 41-MeV heliu:rn ions of an einsteiniu:rn' 
target consisting of""5 fJ.g of Es :mounted on a 4-:mg/c:m2 Be foil. Irradiation for 30 to 60 :min 
at a bea:m c~rrent of 50 to 100 fJ.A/ c:m2 (10 to 20 fJ.A through the target) yielded a!¥'roxi:mately 10 5 

ato:ms of 25 Md, which were collected on a Be catcher foil, along with 10 to 10 ,alpha d/:m of 3+ 
253Es knocked out of the target. The catcher foil was dissolved in 6 M HCI containing ""500 fJ.g La 
and precipitated as La(OH)3' This precipitate, containing the isotopes of Md and Es, was washed 
with 6 M KOH and water. The washed precipitate usually was dissolved in 200 X. of 1 to 3 M HCI to 
forlTI a "stock Md" solution. 

The extraction experi:ments usually were carried out fro:m a :mixture of about 1/5 of the" stock 
Md" solution in 1 M HCI, 100 X. of 7 M sodiu:rn acetate, 5 X. of 8 M a:rn:rnoniu:rn acetate, and selected 
a:mounts of HCI, as-shown in Table G:-9-I. The extractions were-perfor:med in a 3-:m1 cone, with 
250 X. of sodiu:m a:malga:m, containing ""3.5 :milliequivalent Na/:ml. The extracted actinide ele:ments 
were back-extracted fro:m the :mercury phase with 6 M HCI, neutralized by NH4 0H, and then elec­
troplated fro:m NH4 CI solution onto a Pt disk. 

The co:mpositions of the solutions used in electrolysis were' si:milar to those used for a:malga:m 
extractions. 

The electrolyses were carried out for 35 :min, with periodic interruption at 5-:min intervals 
for sa:mpling the :mercury phase. Current densities are given in Table G. 9-II. Following any 5-
:min period of electrolysis, the current was stopped, and after 1 :min of :mixing of both phases, 5 X. 
of :mercury was withdrawn by pipetting. 

The results are su:m:marized in Table G. 9-II. 

The results presented in Table G. 9-1 indicated that Md is extracted by sodiu:rn a:malga:m so:me­
what :more readily than is einsteiniu:m, and on co:mparison with results presented previously, 1 it 
appears that Md is extracted :more readily than californiu:rn. This suggests that Md2 + is :more 
stable than Cf 2 + or Es2+. The data presented in Table G.8-II de:monstrates a very substantial 
separation of Md fro:m Es by electrolysis. 

The expected analogy between T:m and Md led Seaborg2 to predict the relatively stable Md
2+ 

state in 1949. 

Accordingly, we sought direct evidence for a dipositive :ftate of :mendeleviu:m, and have at­
te:mpted to establish rough li:mits for the potential of the Md -f + e = Md2+ couple. To this end, 
various reducing agents were added to the" stock Md" solution, and BaS04 or EuS04 precipitated 
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from the mixture. The distribution of Es, 256Fm, and 256Md activities between the precipitate 
and supernatant solution was then determined. 

The results of these experiments are summarized in Table G. 9-II1. 

Details of the counting data obtained in an experiment with'V2+ used as a reducing agent are 
given in Fig. G.9-1. 

The growth of spontaneous fission (SF) activity in the BaSO fraction from V2 + reduction is 
clearly evident and indicates enrichment f.i Md by a factor of it to 15. The deviation of the SF 
decay curve in the precipitate from the Ti solution in comparison with the decay curve of the in-
put solution is also evident, and shows an enrichment of Md by a factor of only 2 to 3. From this 
last experiment it would appear that the standard reduction potential of the Md3+ + e = Md2+ couple 
is about -0.1 volt. 

The results suggest that the +2 state of mendelevium is more stable than the dipositive state 
of ytterbium, and even of europium. 

References 

1. J. Maly, The Amalgamation Behavior of Heavy Elements. 1. Observation of Anomalic 
Amalgamation of Californium, Einsteinium, and Fermium, UCRL-17526, May 1967. 

2. G. T. Seaborg, J. J. Katz, and W. M. Manning, The Transuranium Elements, Part II, 
National Nuclear Energy Series, Vol. 14B, Paper 21.1 (McGraw-Hill Book Company, Inc., 
New York, 1949). 

Table G. 9-1. Extraction of Md and Es by sodium amalgam. 

Experiment 0/0 Es %Md Amount 
number extracted extracted 1 M HCI added 

1 89 90-100 15 fll 

2 "" 100 90-100 75 fll 

Table G. 9-II. Separation of mendelevium from einsteinium by electrolysis. 

Experiment 
number 

1 

2 

Current 
density 

(rnA cm- 2) 

10 

5 

Ratio of spontaneous 
fission activity to 

alpha activity 
Original In 
solution mercury 

Maximum 6enrichment 
factor 25 Fm+ 256Md 

relative to Es 

31.5 

31.5 

" , , 
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Reducing 
ion 

Yb2+ 

Zn + Eu 
2+ 

Eu 2+ 

Cr2 + 

V 2+ 

Ti 3 + 

{) U 'J" - \. 

-195-

Table G. 9-III. Results of reduction of Md. 

G.9 

Precipitate Reduction potential Co rresponding Observed enrichment 
(volts) reaction £actor 

25 MdL256Fm. 

EuS04 -1.15 Yb3+ + e ...... Yb2 + 

EuS0
4 

-0.763 Zn2 + + 2e""" Zn 

EuS0
4 

-0.43 Eu3+ + e E 2+ ...... u 

BaS04 
-0.41 Cr3+ + e ...... CrZ+ 

BaS04 -0.255 V 3 + + e ...... V2 + 

BaS04 -0.1 Ti02 ++ ZH + e ...... 

Ti 3 + + H
2

O 

c 
E 

100 0 c 
E 

"- 0 
IJ.. o<l 
(f) ..... 

IJ.. 

! 
(f) 

c 
" !!! 0 c 

U " 10 0 
u 

18 

Hours 

XBL682-1800 

Fig. G. 9-1. Spontaneous3~ssion ~ecay of BaS04 fractions 
after reduction with Ti and V +. Curves 1a and 1b: 
decay curves of "stock Md" sOJutions (left scale, SF/30 
m.in)used for reduction with Ti + (1a, 22% of input) and 
V 3+ (2a, 34% of input). Curves 2a and 2b: decay curves 
of BaS0:t. fraction after reduction (right scale, SF/ 10 m.in) 
with Ti + (1b) and V2 +(2b). The arrows 1b and 2b show 
the separ'3tion tim.e (precipitation of BaS04) in the case of 
V2+ or Ti + reduction. 
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10. THE RADIATION-INDUCED "HYDROLYSIS" OF THE 
PEPTIDE BONDi 

Michael A. J. Rodgers, Harvey A. Sokol, and Warren M. Garrison 

We find that the 'Y radiolysis of oxygen-free solutions of model peptides such as the N-acetyl­
amino acids leads to liberation of the free amino acid as a major reaction product. As a specific 
example, the alanine 1 yield from N- acetylalanine in evacuated solution at pH 7 increases abruptly 
with increasing solute concentration over the range 0.05 M to 0.Z5 M and then levels off to a lim­
iting value of G(alanine) "" 1 at acetylalanine concentrations above 0.5 M. 

This radiation-induced liberation of free amino acid is quenched by second solutes such as 
hydronium ion, molecular oxygen, an~ chloracetate ion, all of which are known to be effective 
scavengers of the hydrated electron, eaq , formed in the radiation-induced step 

e 
aq 

( 1) 

A reciprocal-yield plot of G(alanine) as a function of chloracetate concentration is given in 
Fig. G.10-1, insert. 

The evidence is then that the reducing species, e;q, is specifically involved in the chemistry 
that leads to liberation of free alanine. Previous work has established that the oxidizing species, 
OH, is removed preferentially through H abstraction at the a-carbon position of acetylalanine,3,4 

OH + RCONHCHRZ -+ RCONHCRZ + HZO. 

Addition of OH scavengers such as formate ion has no effect on G(alanine). 

Now, if the removal of e - leads to reduction of the peptide linkage, e. g. , 
aq 

(RCONHCHR
Z

)- + HZO -+ RC (OH) NHCHR
Z 

+ OH-

then it is cl~ar that combination of RC (OH) NHCHRZ with like species or with the a-carbon rad­
ical RCONHCRZ would lead to formation of Schiff-base derivatives of the type R(R') C(OH)NHCHRZ' 
which compounds are labile and decompose R(R')C(OH)NHCHRZ -+ R(R')CO + NHZCHRZ to yield a 
carbonyl products and the free amino group. 

However, we find experimentally that the yield of carbonyl products is negligible, G.,; O.Z, and 
we conclude that reductive cleavage of the peptide bond cannot account for the appearance of free 
alanine in the present system. 

The concept that appears to provide a clue to the interpretation of the cheInistry of present 
system is that the radical products of e- and OH attack are ultimately removed not by.dimeriza­
tion (combination) but by disproportiona68n. Of course, disproportionation involving RC(OH) 
NHCHRZ and the a-carbon radical would lead simply to a reconstitution of the parent peptide, 

. . 
RC(OH) NHCHRZ + RCONHCRZ -+ Z RCONHCHRZ' (Z) 

However, since the reduced radical RC (OH) NHCHRZ is an amine species, it is likely to be in an 
adduct form in the presence of high concentrations of the peptide, 

RC(OH)NHCHR
Z 

+ RCONHCHR
Z 
~ 

RC(OH)NCHRZ 
I 

RC(~H)NHCHRZ . 

(I) 

Removal of the adduct radical (I) via the analog of reaction Z leads to formation of a Schiff- base 
(I), which, as shown in Eq. 3, can rearrange to give alanine and diacetylalanine, 5 
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RCONCHR2 

I (3) 

RC(OH)NHCHR
2 

(I) 

Our ITleasureITlents of G(acetic) are in good agreeITlent with this forITlulation. W.e find that the 
yield of free acetic acid is low,_ G';:; 0.3, and we also find that on ITlild differential hydrolysis of 
the irradiated solution additional acid is liberated to give G (acetic) :::: 1.5:::: G(alanine). 

Footnotes and References 

tBased on UCRL-17930, Nov. 1967, subITlitted to J. Am. CheITl. Soc. 
1. Alanine was identified chroITlatographically and assayed by the ninhydrin ITlethod; since 

aITlITlonia is produced as a ITlinor product and is "ninhydrin-positive." a correction was ITlade on 
the basis of a standard aITlITlonia assay after the method of Conway. 

2. C. J. Hochanadeland R. Casey [Radiation Res. 25. 198 (1965)] report the following 100-
eV yield for reaction 1: G

OH 
= 2.59. G

e
- = 2.58, G

H 
=0.55. G H = 0.45. G H 0 = 0.72 .. 

aq 2 2 2 
3. H. L. Atkins, W. Bennett-Corniea. and W. M. Garrison, J. Phys. CheITl. 2.!. 772 (1967). 
4. W. M. Garrison and B. M. Weeks, Radiation Res. Suppl. i, 54 (1964). 
5 .. Product I could, of ~ourse, be forITled through cOITlbination of RC(OH)NHCHR2 with nitro­

gen radlcals of the type RCONCHR. The latter are not produced through OH attack, but we cannot 
rule out the possibility that such species ITlay be fOrITled through "direct-action" processes at high 
solute concentrations. 

., 
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Fig. G. 10-1. G(alanine) as a function of acetylalanine con­
centration in oxygen-free solution at pH 7 under y rays. 
Insert: Reciprocal yield plot of G(alanine) as a function of 
chloracetate concentration in 1 M acetylalanine. 
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1Z. MECHANISM AND STOICHIOMETRY IN THE 
RADIOLYTIC OXIDATION OF PURINES AND AMINOPURINES 

IN AQUEOUS SOLUTION t 

John Holian and Warren M. Garrison 

We have recently shown that a principal action of y rays on the typical purine bases xanthine, 
hypoxanthine, and uric acid in oxygenated solution results in a preferential oxidation at the 4,5 
carbon- carbon double bond. 1 Oxidation of the base, B, may be represented in t~rms of OH 
addition to thi? 4,5 position, B + OH -+ B(OH), followed by B(OH) + 02 -+ B(OH) 0Z' 
HO Z + B(OH) O 2 -+ B(OH)OOH + 0Z' where B(OH)OOH represents a labile hydroxy-hydroperoxide 
intermediate which undergoes hydrolytic degradation to yield characteristic carbonyl products; 
the overall stoichiometry for the radiolytic oxidation of xanthine,. for example, is given by 

o 
II 

/C~ 
HN C--N 

I II II 
O=C" /~/CH 

N N 
H H 

o 
n 

/C'" 
HN C=O 

I I 
O=C" /C=O 

N 
H 

The 100-eV yield (G value) for carbonyl production in these systems depends on the chemical 
composition of the purine in question. With xanthine, the addition of OH at the 4, 5 position is 
essentially quantitative, i. e., G(alloxan) "" Z, which value approximates the 100-eV yield of OH 
radicals formed in water under y rays, GOH = Z.5. 2 With the amino purine, adenine, the car­
bonyl yield is quite low, G(mesoxalic acid) = 0.45; other purine bases give intermediate G(car­
bonyl) values. It is clear that there is an alternative path for oxidation of the purine nucleus that 
does not yield carbonyl products. 

We have just completed a quantitative study of reaction stoichiometry in the y radiolysis of 
oxygenated solutions of hypoxanthine and adenine, and find in these systems that a second mode of 
oxidation at the 4,5 position yields oxalic acid and urea as characteristic products. The irradi­
ated solutions were subjected to mild acid hydrolysis (Z N HCl, 90° C, 2 hr) to effect the quantita­
tive rel~ase of the various product species. Oxalic acid-;'as identified and determined by color­
imetric and by gas-chromatographic4 , 5 methods. Urea was assayed colorimetrically;6 prelim- 7 
inary identification and assay involved the use of urease. 7 Ammonia was measured after Conway. 
Methods used in the identification and determination of carbonyl products have been described. 1 
Typical data are summarized in Table G. 1Z-1. 

The formation of these observed products in the indicated yields is consistent with a formula­
tion in which all reaction is initiated by OH attack at the 4,5 position. That is, the hydrolytic de­
gradation of B(OH)OOH as represented in Eq. 1 occurs in parallel and in competition with a more 
extensive overall degradation which is typified as follows for hypoxanthine: 

~ 
/C" 

HN C--N 
I II I 

H, /\ /CH 
N N 

H 

COOH 9 
I + NH2-C-NHz + 2NH3 + ZHCOOH. 
COOH 

For bo.th hypoxanthine and adenine, the data of Table G. 1Z-I give the value 
G(-B) -[G(oxalic) + G(mesoxalic)] "" 0.5 which represents an upper limit for the yield of OH re­
action at sites other than the 4,5 position. 
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Footnotes and References 
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2. C. J. Hochanadel and R. Casey, Radiation Res. 2?, 198 (1965). 
3. M. Paget and .R. Berger, Bull. BioI. Phar:m. 70 (1938). 
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5. We are indebted to Mr. H. A. Sokol for the gas-chro:matographic deter:minations. 
6. R. M. Archibald, J. BioI. Che:m. 157, 507 (1945). 
7. E. J. Conway, Microdiffusion AnaVsi"s and Volu:metric Error (Crosby Lockwood and Son, 

Ltd., London, 1962. . 
8. Although the radiolytic oxidation of the purine bases can be satisfactorily represented in 

ter:ms of the degradations of the labile product B(OH)O.OH, it is to be noted that stoichio:metrically 
equivalent reactions of the radical inter:mediate B(OH)02 :may also be involved. 

13. 

Table G. 12-1. Product yields in the '(- ray-induced oxidation 
of hypoxanthine and adenine in oxygenated solution. a 

G(:mol/ 10 0 e V) 

Product Hypoxanthine Adenine 

- base 
a:m:monia 
urea 
oxalic acid 
:mesoxalic acid 

2.4
b 

8.8 
0.4 
0.75 
1.1 

2.1
c 

9.6 
0.5 
1.2 d 
0.45 

a. 10-
3 

M, pH 1.2 (adjusted with H2S04). 
b. Independent of hydrogen ion concentration over the range 
pH 1 to 7. 
c. Decreases to G(-B) = 1.2 at pH 7. 
d. Represents a co:mbined yield of :mesoxalic acid plus a 
lesser a:mount of glyoxylic acid. 

RADIATION CHEMISTRY OF ORGANO-NITROGEN COMPOUNDSt 

Warren M. Garrison 

The radiation che:mistry of the organic co:mpounds of nitrogen in their various ionic for:ms is 
of considerable intrinsic interest fro:m the strictly physicoche:mical standpoint, and also has i:m­
portant applications in nu:merous other areas of radiation research. A:mong these, for exa:mple, 
are the radiation-che:mical synthesis and :modification of nitrogenous che:micals and fibers, the 
radiation preservation and sterilization of foods and drugs, and, of course, the elucidation of the 
basic and ele:mentary processes of radiobiology. 

This paper treats so:me of the :more recent investigations of reaction :mechanis:m in the radioly­
sis of certain bio-organic derivatives of nitrogen. Included are studies of a:mino acids, a:mines, 
peptides, polypeptides, pyri:midines, and purines. The e:mphasis here is pri:marily on reactions 
in irradiated aqueous solution. Consideration is also given to a few solid-state syste:ms for which 
specific and detailed reaction :mechanisms have been outlined. 

Su:m:mary 

Oxidative dea:mination of a:mines and a:mino acids is induced by attack by OH radicals at the 
C-H linkage Of to the a:mino group. The characteristic products are a:mrnonia and a carbonyl. 
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Amino compounds containing the grouping NH~CH(R}COX, where X represents 0-, OH, OR, 
NHR, etc., undergo reductive deamination on reaction with e~q to give the corresponding fatty 
acid derivative. If more than one carbon unit separates the amlno and carbonyl groups, reductive 
deamination does not occur. 

The chemistry of reductive deamination indicates that e~q adds to the carbonyl double bond 
and that cleavage of the N-C linkage ensues on rearrangement of the reduced intermediate. Ob­
served correlation between pK of the NH; group and the velocity constant for the e- reaction are 
in accord with this formulation. aq 

Oxidati ve deg radation of subs tituted amines, including peptide s, is initiated by OH attack at 
the C-H linkage of the a-carbon atom. 

The hydrated electron adds to the peptide bond but N-C cleavage does not ensue. 

The reactions of OH and e- with the pyrimidine and purine bases occur almost exclusively 
at the carbon-carbon double borfdl. 

The actions of ionizing radiations on solid glycine and alanine in the absence of oxygen indicate 
that the electron escapes the parent ion and is subsequently removed through addition to adjacent­
C=O groups. The reduced intermediate looses ammonia on rearrangement. There is a marked· 
similarity in the radiation chemistry of the difunctional amino acids in the solid state and in aque­
ous solution (oxygen-free). This analogy does not hold in the case of certain trifunctional amino 
acids, e. g., cysteine and cystine. 

A major chemical effect of ionizing radiations on solid peptide derivatives of the aliphatic 
a-amino acids leads to the formation of amide and fatty acid through main-chain scission at the 
NH-CH(R} linkage. There is evidence that main-chain scission also occurs at the CHR-CO linkage. 

Footnote 

tsummary of paper (UCRL-17440, March 1967), to appear in Current Topics Radiation Res. 

14. EXTRACTION OF HCI04. AND HRe0 4 BY DILUTE SOLUTIONS 
OF TRIBUTYL PHOSPHATE IN CCI 4 ! JSOOCTANE, 

AND 1, 2-DICHLOROETHANE 

J. J. Bucher and R. M. Diamond 

A previous study of HCI04 extraction by dilute solutions of tributyl phosphate (TBP) in CCl4
1 

indicated a three- TBP-coordinated acid complex was formed in the organic phase. This study also 
showed at least one water molecule was always co extracted. By combining these two results a 
model for the acid complex structure was suggested: The complex has a hydronium ion core 
around which the maximum number of three TBP molecules are coordinated. It was also suggested 
this model could have general application as a guide for understanding acid extraction by other di­
lute solutions of 0 rganic extractants as well as by other TBP-diluent sys terns. 

To test the validity of this proposed model the extraction of HCI04 by TBP in other diluents 
was investigated. For this paper, the first of a two-part study, HCI0 4 extraction by TBP-isooc­
tane and -1, 2-dichloroethane was studied. Instead of using acid- base titration methods for deter­
mining the amount of extracted acid, as was done in the previous TBP-CCI4 system study, radio­
active perrhenate (Re04-) tracer was employed. Since the molecular structure and charge distri­
bution of Re04 - is simila_r to that of CI04-, it is found that this tracer anion can be used succes s­
fully as amarkerforCI04 although it is not identical in behavior. Because this radioactive tracer 
technique allows accurate dete rrnination of much lower 0 rganic phase acid concentrations than 
previously obtained, the TBP-HCI4(HRe04}-CCI4 system was also reexamined over a greater 
range of dilute TBP concentrations. 
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The extraction :may be expressed as 

+ -H + X + xH
2

0 + nTBP (org, ) 

+ H . nTBP· xH
2

0 ... X\org.) 

+ -H . nTBP' xH
2

0 (org.)+ X (org.), 

with the corresponding equilibriu:m constants 

G,14 

( 1) 

( 1') 

(2) 

(2') 

where [ J denote concentration, ( ) signify activities, y± is a :mean :molar activity coefficient, 
and subscript 0 :means the quantity is in the organic phase. 

From log-log plots of the organic acid concentration vs the aqueous acid activity, with the TBP 
concentration and water activity held constant, it can be determined whether the extracting species 
is an ion pair or a pair of dissociated ions. Such plots are shown in Figs. G. 14-1 and G. 14-2 for 
the tracer HRe04 out of HCI04 or HRe04, and the slope of 1.0 for the TBP-CCI4 and TBP-isooc­
tane syste:ms indicates an ion pair; the slope of one-half for the TBP-l, 2-dichloroethane system 
indicates a pair of dissociated ions. 

The value of n can be determined from log-log plots of the organic acid vs the equilibriu:m 
TBP concentration at a fixed aqueous acid activity. Such plots are shown in Figs. G· 14-3, G.14-4, 
and G.14-5 for the above TBP-diluent systems, and yield resolved values of n = 2 or 3 for 
TBP-CCI4 and TBP-isooctane and a slope of 1.5 for TBP-1, 2, -dichloroethane. The slope of 1.5 
results from plotting the square root of the organic acid activity, and indicates n = 3 for TBP-1, 
2-dichloroethane system. The :molar activity coefficients usedin this syste:m were calculated by the 
Mayer-Poirier :method. 2 

A number of approxi:mations have been made to calculate the constants quoted below. Mainly, 
activities have been replaced by molar concentrations. However, since the constants are eval­
uated at dilute concentrations this approximation is probably permissible. Nonetheless, these con­
stants are not true-equilibriu:m constants and consequently a different symbol, K n , will be used to 
signify the:m., The subscript n will serve to identify which TBP coordination complex is included 
in the constant. 

Diluent Acid 
Ka 

2 
Ka 

3 

isooctane HCI04 
1.8X10- 3 9 X10- 2 

CCl4 HRe04 
2.0X10- 3 4X 10- 2 

Kd 

HRe04 
3 -4 

1,2-dichloroethane 2.4X10 

In the previous study of HCI04 extraction by TBF-CCI4 only a three- TBP coordinated co:mplex 
was found. Obviously, this result is in disagree:ment with the finding of a 2TBP co:mplex, in addi­
tion to a 3TBP complex, in the present study. This previous result, however, can be attributed to 
the experimental circu:mstance of using TBP concentrations only ;;:0.037 M. The present data, 
with that restriction, would yield a good fit to a value of n = 3 alone. It is only when :more dilute 
TBP solutions are exa:mined that the existence of a 2TBP complex is clearly evident. 

However, in view of this new evidence, the question arises whether the previously suggested 
extraction :model is appropriate for interpreting acid extraction data. It is suggested that the hy­
dronium-core :model is still necessary to explain the present data. In each of the three diluent 
systems, over some range of dilute TBP concentrations, 3TBP co:mplexes were found. Without 
the existence of a hydronium ion, with its three positive charge sites, it is difficult to conceive 
how TBP coordination nu:mbers of three could be obtained. It is suggested that the appearance of 
a 2 TBP complex at lower TBP concentrations is :more a natural consequence of the stepwise 
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formation of coordination complexes than an indication of the breakdown of the proposed model. 
Obtaining lower-coordination-number complexes may be viewed as being analogous to the behavior 
found in metal complexes, where lower complexes can result in more dilute solutions of the com­
plexing reagent. Unfortunately, we cannot determine the water co extracted by the 2 TBP complex, 
at the low concentration where this species predominates, to prove that at least one water mol­
ecule is indeed involved. 

A further interesting result, graphically displayed in this study, is the difference of range 
over which a 2TBP complex is stable. In isooctane, the lower coordination complex predominates 
only to TBP concentrations of 0.0075 M; it is the major species up to 0.1 M in CCI4 . When one 
uses the results of isooctane as a measure of the intrinsic tendency for forming mixed complexes, 
it is clear that some additional factor is present to stabilize the 2TBP complex in CCI4' It is prob­
able that this factor is the CCl4 molecule itself, providing, by means of dispersion forces, better 
solvation of the hydronium ion and thus reducing the need for adding a third TBP molecule. 

Another factor that may be important in the extraction process is the role of the anion. A com­
parison of extraction data between 1, 2-dichloroethane and isooctane shows only 3TBP complexes 
in 1, 2-dichloroethane at TBP concentrations equal to or lower than those which in isooctane show 
evidence for a 2 TBP complex. It would surely be expected that 1, 2-dichloroethane would provide 
the extracted complex with" chemical" solvation equal to that of isooctane, and thus a turnover 
to a lower complex should be observed with the former diluent at a TBP concentration equal to or 
higher than with isooctane. However, the two systems have a major difference. The CI04 or 
Re04 anion is free of the cation complex in 1, 2-dichloroethane, while in isooctane the anion is 
electrostatically bound to it. It may be that the oppositely charged anion gives enough electro­
static solvation to the hydronium complex to t.end to displace one of the coordinating TBP mol­
ecules. That is, the presence of the anion may help stabilize a complex of lower coordination 
number. 

Part two of this study will consider the effects of still other diluents upon the extraction, and 
in later work the role of the anion, with use of more strongly interacting anions such as Br- and 
CI-, will be discussed. 

Footnote and References 

1. D. C. Whitney, and R. M. Diamond, J. Phys. Chem . .Jil. 209 (1963). 
2. J. C. Poirier, J. Chern. Phys. ~, 965 (1953). 
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Fig. G.14-1. Variation of acid content of organic phase with aqueous HCl04 
activity for TBP-isooctane concentrations of 0.073 M (lower line) and 0.367 M 
(upper line); and for TBP-CCI4 concentration of 0.367 M (middle line). 
0, uncorrected data; 0, data corrected for used-up TBP. 
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Fig. G.14-2. Variation of acid content of organic phase with aqueous HRe04 
activity for TBP-1, 2-dichloroethane concentration of 0.367 M. 0, uncorrected 
data; 0, data corrected for activity coefficients. 
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Fig. G.14-3. Variation of acid content of 
organic phase with TBP in CCl4 for 
aqueous HRe04 concentrations of 1.60 M 
(0) and of 2.91 M (0), uncorrected, un­
resolved data; -X, A, resolved n = 3 
lines; other dashed lines, n = 2; 0, data 
corrected for used-up TBP. 
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Fig. G. 14-4. Variation of acid content of 
organic phase with TBP in isooctane for 
aqueous HRe04 concentration of 0.870 M 
(0), and for aqueous HCl04 concentra­
tion of 4.00 M (0), uncorrected data; f::., 
resolved n = 3 line; other dashed line, 
n = 2. 
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Fig. G.14-5. Variation of acid content of organic 
phase with TBP in 1, 3-dichloroethane for aqueous 
HRe04 concentrations of 0.0100 M (0), and of 0.100 
M (0), uncorrected data; 0, data corrected for ac­
tivity coefficients. 
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15. EXTRACTION OF HCI04 AND HRe04 BY DILUTE SOLUTIONS 
OF TRIBUTYL PHOSPHATE IN BENZENE, 

1,3,5- TRIETHYL BENZENE, AND CHCl3 

J. J. Bucher and R. M. Diamond 

G.15 

In the first part of this study dealing with HCI04 or HRe04 extraction by tributyl phosphate 
(TBP), three types of diluents were used; isooctane, an example of a relatively inert hydrocarbon; 
CCI4, a halogenated diluent capable of moderate dispersion-force interactions; and 1,2-dichloro- , 
ethane, a solvent of relatively high dielectric constant. It was demonstrated that stepwise complex­
ing was occurring in two of these diluents and that CCl4 showed a solvent effect by stabilizing a 
lower TBP coordination complex. It was also shown that the interpretation of the extraction data 
was consistent with a model for the acid complex which has a hydronium ion as a core around which 
a maximum of three TBP molecules could coordinate. 

In this study the extraction of HCI04 or HRe04 with dilute TBP is examined in two more types 
of diluents: benzene and 1,3, 5-triethylbenzene, representing basic aromatic diluents, and CHCI3' 
an acidic solvent. The data are presented, as in part one, in the form of log-log plots with the 
aim of determining n, the TBP coordination number. As before, Re04 tracer was used to deter­
mine the organic-phase acid concentrations. 

A log-log plot (not shown) of organic acid vs aqueous acid activity at a constant TBP concen­
tration in benzene gave a slope of one, indicating the acid complex is ion-paired. Since the dielec­
tric constants of the other diluents used herein are also low, it will be assumed they also form ion­
paired extraction complexes. Thus the ion-pair equations and equilibrium constants, as outlined 
in part one, apply to these TBP-diluent systems too. 

In Figs. G. 15-1 and G. 15-2 the log-log plots of organic acid vs equilibrium TBP at a constant 
aqueous acid concentration are shown, and indicate n = 2 for TBP-benzene and TBP-CHCI3, while 
n = 2 and 3 for TBP- triethyl benzene. Thus, only 2 TBP complexes are formed in benzene and 
CHCl3 and a mixture of 2 TBP and 3 TBP complexes is extracted by triethyl benzene. The slight 
upturn of the extraction curve at TBP concentrations above 0.15 M in benzene may indicate that a 
3TBP complex is forming; however, the more likely explanation for this upturn, is the breakdown 
of the dilute solution behavior (constant organic-phase activity coefficients) upon which the analysis 
is based. Thus, data from TBP concentration> 0.15 M will be considered suspect. 

The constants, within the limitation noted in part one, are 

Diluent Acid K2 K3 

benzene HC104 
1.6X 10- 2 

triethyl benzene HCI04 
4.1X 10- 3 1.2 X 10- 1 

CHCl3 HRe0
4 

9 X 10- 4 

The range of 2TBP complexes in each of these diluents is greater than that found previously 
for the standard system: TBP-isooctane. It is suggested that the aromatic diluents are playing an 
active role, stabilizing the 2TBP complex. Both benzene and triethyl benzene have 1T-electron 
systems that could solvate the comple,x. That is, the 1T electrons allow the aromatic molecules to 
act as weak bases in coordination with the extracted hydronium ion, and so tend to displace TBP 
molecules from the complex. Providing a more adequa'te solvating medium also means better ex­
traction (relative to isooctane). Furthermore, a comparison between benzene and triethyl benzene 
indicates that the degree of interaction is in the right direction. Triethyl benzene has a 1T-electron 
density of only one-half that of benzene, per unit volume, and the 1T electrons, due to the attached 
ethyl groups, are probably not so accessible. Consequently a lesser range of 2TBP complex is 
expected than with benzene, as is observed, and the extraction is poorer. 

CHCI3 , like the above diluents, allows a long range of 2 TBP complex, but for a different rea­
son. The predominant feature of CHCl3 is its acidic hydrogen, which can readily coordinate with 
TBP to form a molecular adduct: CCI3H'" TBP. Thus, although the data for TBP-CHCI3 are 
plotted against the stoichiometric TBP concentration, the actual effective TBP concentration 
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(activity) is considerably less. This means the extraction is being examined, in effect, at more 
dilute TBP, where 2 TBP/H+ complexes are favored in the usual stepwise equilibrium. Another 
result should be a lowering in the observed value of Ka. As can be seen by comparing the con­
stants for benzene and CHCI3' the overall extraction is clearly depressed in CHCI3 , even though 
it has a dielectric constant nearly twice as large as that for benzene. 

[ TBP] 

Fig. G. 15-1. Variation of acid content of 
organic phase with TBP in benzene for 
aqueous HCI04 concentrations of 4.00 
M (uppe r curve) and of 1. 60 M (middle 
curve); in CHCl3 for aqueou;-HRe04 
concentration of 2.91 M (lower curve). 
0,0, uncorrected data: D, data cor­
rected for used-up TBP. 
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Fig. G.15-2. Variation of acid content of or­
ganic phase with TBP in 1,3, 5-triethyl 
benzene for aqueous HCI04 concentration 
of 1. 60 M. 0, unresolved data; 6, re­
solved n = 3 line; other dashed line, n = 2. 

16. THE SOLVENT EXTRACTION OF PERCHLORIC ACID 
AND THE SOLVATION OF THE P;ROTON 

D. J. Turner and R. M. Diamond 

The extraction of a monobasic acid from water into a dilute solution of a basic extractant in 
an organic diluent is largely determined by the balance of a competition between the extractant, 
the water, and the acid anion to solvate the proton in the organic phase. The role assigned to the 
diluent in such a model is a secondary one which is, no doubt, justified when a nonpolarizable, 
nonpolar diluent is used. However, additional, though small, cation solvation effects appear 
when diluents with polarizable 'IT electrons, such as benzene, are chosen, while the use of diluents 
with a large permanent dipole moment and higher dielectric constant may have a pronounced in­
fluence on the extraction. 

o 

In this work the relatively weak base 1-decanol has been used as extractant, and the effect of ;-..:b, 
using, on the one hand, isooctane (€ = 1.92, 25"), and on the other, 1, 2-dichloroethane (€ = 10.4, 25°) I J 
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as diluent has been studied. 

The equilibriwn for the extraction of water alone into the organic phase is maintained inde­
pendently of· other equilibria in the system, 

HZO + nROH(org) HZO' nROH(org), 

and a mixed concentration quotient may be written 

K= 
[HZO. nROH] 0 

(HzOHROH] ~ 
( 1) 

A log-log plot (Fig. G. 16-1) of organic-phase water concentration vs equilibriwn concentration of 
alcohol for the systems 1-decanol in isooctane (0.05 to 0.3 M) and in 1, Z-dichloroethane (O.OZ to 
0.5 M) gives, for the former, a slope n = Z.O (K = 0.Z5), i~., a Z:1complex, HZO· ZROH, while 
the latter has unit slope (K = O.Z), which is consistent with the formation of a 1:1 complex. 

Beyond the water concentrations required by the above equilibria, the excess of water'in the 
organic phase after equilibrating with aq. HCI04 (Z to 10 M) is a measure of the proton hydration 
in that phase. Data obtained from such investigations, and corrected for the extraction of water 
by the alcohol alone at the appropriate water activity in the aqueous phase, allow an estimate to be 
made of the proton hydration nwnber ata particular organic-phase acid concentration:. Dependent 
on the latter concentrations, the hydration nwnber ranges from Z to Z.5 for both diluent systems. 

A mixed concentration quotient for the partition of HCI04 between the two phases can be ex­
pressed 

[H"':xHZO' yROH ... CI04'] 0 

(H+)(CIO~)(HZO)X[ROH] b 

if the extracted species is ion-paired, or 

[H+. xHZO. yROH] [CI04'] 0 

{H+)(CIO~)(HZO)X[ROH] 6' 

(Za) 

(Zb) 

if the species is dissociated in the organic phase. Which case obtains is largely determined by 
the dielectric properties of the diluent. At a constant concentration of alcohol, a log-log plot of 
organic-phase acid concentration vs the product of the aqueous activity of acid and the water ac­
tivity raised to the power x (where x is the hydration number at a given organic-phase concentra­
tion of acid) should generate a line of slope 1 if case (Za) obtains, or of slope 0.5 if the extracted 
species is dissociated. Figure G. 16-1, where data are presented for the alcohol-isooctane sys­
tem, shows that the former result is realized and the extracted species is ion-paired. However, 
in Fig. G. 16-Z the similar treatment of data obtained from the alcohol-1, Z-dichloroethane system 
yields a curve whose gradient is 0.5 at the lowest concentrations and rises to a value between 0.5 
and 1.0 at higher activities. Such behavior strongly suggests that the extracted species is dis­
sociated and, consequently, organic-phase activity coefficients must be applied to the data at 
higher concentrations, where the curvature becomes pronounced. Activity coefficients were com­
puted from the Mayer-Poirier expression, using as many terms as were necessary for conver­
gence. Their introduction then lowers the points onto the line of slope 0.5, as shown in Fig. G.16-Z. 

Figure G. 16-3 shows the log-log dependence of the organic-phase acid concentration on the 
alcohol concentration in isooctane at a fixed concentration of aqueous acid. Expression Za indi­
cates that the slope of this line should yield a value y, the number of alcohol molecules which 
solvate the proton. After correction to equilibriwn concentrations, the gradient of the line that 
passes through the points is y = 3.0. 
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For 1, 2-dichloroethane systeTIls, the forTIlalisTIl shows that, since the extracted species is 
dissociated, the gradient of the line generated by the above plot will be y/2. In Fig. G. 16-4 the 
lines at two fixed aqueous concentrations of acid are of slope 1. 5, which, as before, indicates a 
trialcoholated extracted species. 

In both systems it is probable that the priTIlary solvation unit is a hydronium ion, H30+, with 
three TIlolecules of 1-decanol coordinated at the three sites of forTIlal positive charge on the hydro­
gen atOTIls. The presence of a trisolvated hydroniuTIl ion has been siTIlilarly inferred froTIl studies 
of the extraction of HCl04 by tributyl phosphate 1 and by trioctylphosphine oxide2 in CC14 as diluent. 

Additional water in the proton solvation unit either bridges between the hydroniuTIl ion and the 
alcohol TIlolecules, or, less likely, is hydrogen-bonded to the hydroxyl proton of the alcohol. 

The change in diluent froTIl isooctane to 1, 2-dichloroethane is not expected to lead to serious 
changes in the solvation nUTIlber of the proton, and it was found that the extracted cationic species 
was siTIlilar in the two diluents. The diluents are distinguished, however, by their influence on 
the interionic forces in the organic phase. In dichloroethane, where the dielectric constant is 
TIloderately high, the organic-phase species is dissociated at low concentrations, while at siTIlilar 
concentrations in isooctane the acid is predoTIlinantly associated, and extraction is poorer. 

0 

+ 
:r 
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Fig. G.16-1. Dependence of acid extrac­
tion on aqueous acid and water activities 
at fixed concentrations of 1-decanol in 
isooctane: 0, 0.314 M, A., 0.105 M, 
D, 0.0262 M 1-decanol; 0, t:.,0, data 
corrected to equilibriuTIl concentratio!lS 
of alcohol. 
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Fig. G.16-2. Dependence of acid extrac­
tion on aqueous acid and water activi­
ties at fixed concentrations of 1-decanol 
in dichloroethane: 0, 0.105 M, and 1:1, 
0.0209 M 1-decanol; 0, 0, data cor­
rected for organic-phase activity co­
efficient of extracted acid. 



./ 
." \. 
, !,,, 
, \ 

"') .t:~ 0 

UCRL-17989 -211- G.16 

o .---. 

1~7L-__ ~-U~~~~ __ ~ __ ~~~~ 
10- 2 10- 1 10° 

[I - decanol ] 
o XBL6712-5870 

Fig. G. 16- 3. Dependence of acid extrac­
tion on alcohol concentration in isooc­
tane at constant equilibriuITl aqueous 
concentrations of acid: 0, 0.950 M, 
D, 0.473 M; 0,0, data correctedto 
equilibrium concentrations of alcohol. 
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Fig. G.16-4. Dependence of acid extrac­
tion on alcohol concentration in dichloro­
ethane at constant equilibriu= aqueous 
concentrations of acid; 0, 0.105 M, and 
D, 0.983 M; 0, 0, data corrected for 
organic-phase activity coefficient of ex­
tracted acid. 
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17. SOLVENT EXTRACTION OF TETRABUTYLAMMONIUM NITRATE 
AND THE SOLVATION OF THE NITRATE ION 

D. J. Turner and R. M. Dia:mond 

The solvation nu:mber of the nitrate ion in a nonaqueous :mediu:m has been deter:mined by 
investigating the partition of tetrabutyla:m:moniu:m nitrate between its aqueous solution and dilute 
solutions of 1-decanol in 1, 2-dichloroethane. The effect of a polar diluent of :moderate dielectric 
~onstant (€;>s "" 10.2) is to disfavor less strongly the transfer into it of apair of oppositely charged 
lons fro:m tfie aqueous phase than would diluents with a lower dielectric contant, like benzene 
or cyclohexane. Although, to this extent, the diluent does influence the partition by electrostat­
ically solvating the extracted salt, the transfer is deter:mined largely by the short- range acid-base 
interactions between the anion and the :more acidic :molecules (water, alcohol) in the two phases. 
Further:more, specific in{eractions between the basic centers of either organic-phase co:mponent 
and the cation (C4H9)4 N are unlikely because of the structure and size of the latter. Solvation 
of the extracted salt :means, therefore, a coordination to the nitrate ion. 

Solutions of 1-decanol in 1, 2-dichloroethane (0.2 M and 0.5 M), were equilibrated with 
aqueous solutions of tetrabutyla:m:moniu:m nitrate (TBAN) over the range of concentrations 0.003 
to 0.14 M. At equilibriu:m, sa:mples fro:m the organic phase were transferred to a large, :mea­
sured excess of water and back-extracted. The resultant aqueous concentration-and hence, the 
equilibriu:m organic-phase concentration-of TBAN was deter:mined bya spectrophoto:metric:method. 

Assu:ming for the :mo:ment that the extracted salt is an ion pair, the reaction for the equilibriu:m 
:may be written Bu4 N+ + N03 + n ROH(org) + :mH20 = BU4N+ ... NO; nROH· :mH20 (org), for which 
the :mixed concentration quotient is 

[Bu4 N+ ... NO; . nROH· :mH
2
0] 0 

K = -( B-U-4..;;.N-+-)-(N-O-;-')(;....H-2-0-)-:m-[-R-O-H~] -~-=- ( 1) 

At the low aqueous concentrations of TBAN considered here, the water activity will re:main very 
close to unity, so Eq. 1 suggests that a log-log plot of organic-phase concentration of TBAN vs 
the equilibriu:m aqueous activity of TBAN at a constant concentration of alcohol should generate a 
line of unit slope if the salt is ion-paired in the organic phase. The plots so constructed in Fig. 
G.17-1 for 0.2 M and 0.5 M 1-decanol do, indeed, satisfy this require:ment. 

Equation 1 then further suggests that a value for n, the nu:mber of alcohol :molecules co:m­
plexed to each :molecule of organic-phase nitrate salt, can be deter:mined by :measuring the depen­
dence of the latter concentration on the equilibriu:m concentration of alcohol at a fixed aqueous 
activity of TBAN. Figure G. 17-2 shows the appropriate log-log plot for an initial aqueous salt 
concentration of 0.014 M. The line has a unit slope, which suggests that in this system only one 
alcohol :molecule solvates the nitrate ion. 

Further i:mportance then attaches to the proble:m of deter:mining :m, the hydration nu:mber of 
the extracted species. The presence or absence of co extracted water is the resultant of several 
factors. Water is :more acidic then 1-decanol and :may well be "able to approach the site of anionic 
charge :more closely than can an alcohol. Although these factors would tend to favor co extraction 
of water, there are considerations which oppose it. Various evidences suggest that the nitrate ion 
is not highly hydrated in the aqueous phase and that it is, indeed, a pronounced structure breaker 
in water. As with its co-ion, BU4 N+, the water structure tends to push the nitrate out into the 
less structured organic diluent, and so requires less extensive specific solvation by alcohol or 
water in the organic phase to overcome the positive electrostatic free energy change opposing the 
transfer. For this reason, TBAN gives significant extraction into 1, 2-dichloroethane even in 
the absence of alcohol. This nonalcoholated TBAN coextracts so:mewhat :more than one :molecule 
of water with it, and co:mbined with the high blank for water distributing into the 1,2-dichloro­
ethane diluent itself ("" 0.1 M), makes very difficult the determination of the water co extracted by 
the BU4N+ •.• NO:3 ·ROH co:mplex. Our data seem to indicate that the latter has"" 1 molecule of 
water associateawith it, although the accuracy is poor enough so that we cannot completely rule 
out an anhydrous species. Apparently the free energy recovered by ion-pairing and by the coordi­
nation of one alcohol per TBAN is almost sufficient to stabilize the organic-phase species 
[Bu4N+ •.. NO; . ROH] over the concentration ranges considered here. 

o 



J 

UCRL-17989 

o 

... ~ 
U 

- 213-

XBL6112-&811 

Fig. G.17-1. Dependence of nitrate extraction on 
aqueous activity of TBAN at a fixed concentration 
of 1-decanol: C,0.524M, 0, 0.209 M 1-decanol; 
0, 0, data corrected to constant equilibrium con­
centrations of 1-decanol. 
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Fig. G.17-2. Dependence of nitrate extraction on 
concentration of 1-decanol at a constant e~uilib­
rium aqueous TBAN activity of 1.34X 10-
(0.0129 M); 0, initial concentration of 1-decanol; 
0, equilibrium concentration. 
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SOLVENT EXTRACTION OF TETRAHEPTYLAMMONIUM FLUORIDE 
AND THE SOLVATION OF THE FLUORIDE ION 

D. J. Turner, A. Beck, and R. M. Diamond 

A previous paper treated the solvation of the hydroxide ion and showed that a solvent ex­
traction method was suitable for the experimental determination of the a1coholation of this ion in 
various organic diluents. 1 The work presented here provides an extension of the method to the 
fluoride ion, whichisisoelectronicwiththehydroxideion, but is not expected to show trisolvation 
as did the latter. By using extractants of widely differing acidity one might expect changes in the 
solvation number. Furthermore, an increase in the acidity constant should favor the coordination 
of the extractant rather than water to the anion, and may be expected to displace water entirely 
from the anion solvation sheath if the extractant is sufficiently acidic. In this work, the partition 
of tetraheptylammonium fluoride (THAF) between dilute solutions of benzyl and of decyl alcohol 
in toluene, and between dilute solutions of 1-naphthal and p-phenylphenol in toluene,was investi­
gated. 

Aqueous concentrations of THAF (0.0005 to 0.05 M) containing a small amount of 18 F tracer 
were equilibrated with solutions of alcohol over the concentration range 0.07 to 0.5 M. If the ex­
tracted salt is ion-paired in the organic phase, then a mixed concentration quotient for the parti­
tion can be written 

K= 
[R

4
N+ ... F-' mH

2
0. mROH] 0 

(R
4

N+)(F-) (H
2
0)m[ROH] ~ 

( 1) 

At the low concentrations considered here the water activity is close to unity, as are the aqueous 
ionic activity coefficients, and Eq. 1 can be simplified to 

K' (2) 

where [F-] 0 refers to the organic-phase salt concentration. A log-log plot of [F-] 0 vs 
[R4N+] [F-] for extractions by 0.193 M benzyl alcohol and by 0.433 M 1-decanol in toluene 
has, in both cases, unit slope, which is consistent with the assumption that the extracted salt is 
ion-paired. 

Equation 2 then suggests that a value for n, the alcoholation number, can be recovered if 
the extraction is studied as a function of alcohol concentration at a fixed aqueous concentration of 
THAF. Figure G. 18-1 shows such a log-log relationship wherein the line that passes through 
the points, corrected to equilibrium concentrations of benzyl alcohol, has a slope m = 4.0. An 
identical result holds also for extractions into 1-decanol. 

Data plotted for the extraction of THAF by a constant con~entration of the more acidic extrac­
tants, p-phenylphenol (7.39X10- 3..M) and i-naphthol (6.4X10- lVI) in toluene, give a log-log slope 
of 1, indicating that in both cases the organic species is again an ion pair. However, the depen­
dence of the extraction at a fixed aqueous concentration of THAF, 2.74 X 10- 4 M, on the concen­
tratio~of i-naphthol shows a discontinuity in gradient at a naphthol concentranon of about 
3 X 10- M. A line of slope 2 drawn through the lower points and extended to higher concentrations 
may tentatively be identified as evidence of a disolvated species. Subtraction of these concentra­
tions from the total experimental concentration [F-] 0 allows a division of the measured concen­
tration into a disolvate and a higher component. The line which passes through the latter (shown 
in Fig. G.18-2 after correction to equilibrium naphthol concentrations) then has a slope 3.5, 
suggestipp;the presence of a tetrasolvate. The extraction from an aqueous concentration of 
2.74X10 3 M THAF (Fig. G. 18-3) shows, unambiguously, a discontinuity at the same order of 
phenol concentration with a disolvated species below 3 X 10- 3 p-phenylphenol and a tetrasolvated 
species above this concentration. 

o 
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Studies of water coextracted into the organic phase show that (a little over) two m.olecules of 
water accom.pany the transfer of each fluoride ion into solutions of alcohol in toluene. That is, 
the organic-phase species [R4N~ .. F-] requires four m.olecules of alcohol to stabilize the ex­
tracted anion in the low dielectric m.edium., but since the acidity constants of water and the alcohols 
are not widely different, water is still able to com.pete with the alcohol m.olecules for solvating the 
fluoride ion, possibly bridging the position between the anion and an alcohol m.olecule, and two 
waters per anion are coextracted. 

However, the' acidity constants of the phenols used are probably seven or eight orders of m.ag­
nitude larger than those for the alcohols,and are greater by 10 6 than that for water. The first 
consequence of this is that over a wide concentration range a sm.aller num.ber of hydrogen bonds 
of superior strength are sufficient to m.eet the solvation requirem.ents of the anion in phenolic 
m.edia. Secondly, the water-anion interactions are relatively so m.uch weaker than the anion­
phenol interactions that the solvation com.petition is shifted com.pletely in favor of the extractant. 
Investigation of the water behavior showed that the extracted salt is anhydrous; the phenols have 
com.pletely displaced water from. the solvation sheath of the fluoride ion. 

Reference 

1. B. Argawal and R. M. Diam.ond, J. Phys. Chem.. !!2, 2785 (1963). 
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Fig.· G. 18-1. Dependence of fluoride ex­
traction on benzyl alcohol concentration 
at a constant equilibrium. aqueous fluo­
ride concentration.of 0.0116 M (upper) 
and 0.00463 M (lower): 0, initial alco­
hol concentrations; 0, equilibrium. al­
cohol concentrations. Dashed lines 
drawn with slope of 4.0. 
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Fig. G. 18-2. Dependence of fluoride ex­
traction on equilibrium. concentrations 
of i-naphthol in toluene at a constant 
equilibrium. aque2us fluoride concentra­
tion of 2. 74X 10- M; 0, total organic~ 
phase fluoride concentration; 0, total 
organic-phase fluoride concentration 
less concentration of disolvated species. 
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Fig. G. 18- 3. Dependence of fluoride extraction on 
equilibrium concentrations of p-phenylphenol in 
toluene at a constant equilibrium aqueous fluoride 
concentration of Z.74X10- 3 M; 0, total organic­
phase fluoride concentration; D, data corrected 
for extraction into toluene alone; 0, total organic­
phase fluoride concentration less concentration of 
disolvated species. 
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19. CRYSTAL STRUCTURES AND LATTICE PARAMETERS 
OF THE COMPOUNDS OF BERKELIUM. 

I. BERKELIUM DIOXIDE AND CUBIC BERKELIUM SESQUIOXIDEt 

J. R. Peterson':' and B. B. Cunningham 

The first structure determination of a compound of berkelium was carried ou~ in 19.6Z by 
x-ray diffraction of 0.004 fLg of BkO Z. 1 A cubic lattice parameter of 5.33 ±O.OZ A was derived 
from the indexing of four lines. With the present availability of microgram quantities of berke­
lium, a systematic study of the compounds of berkelium was undertaken. 

The berkelium used in this work was purified by solvent extraction and ion exchange. Mass 
analysis determined cerium and neodymium contents to be 0.Z7 and 0.06 at. %, respectively. 

This purified material was sorbed to saturation in single beads of cation- exchange resin for 
air calcination at"" 1Z00°C to form BkOZ. Hydrogen reduction of BkOZ at 600°C leads to the 
body-centered cubic, MnZ03-type BkZ0 3 . Reoxidation in air or oxygen at 600° C converts the 
sesquioxide back to the dioxide. The techniques used in this air calcination and subsequent hydro­
gen reduction have been published previously. 1-3 All samples were examined by standard x-ray 
powder techniques. 

Most probable lattice parameters were computer-determined, according to a least-squares 
tit of the differences between observed and calculated sinZe values. 4 Theoretical line intensities 
were calculated, 5 assuming the fluorite structure for BkOZ and the bixbyite structure for BkZ03. 
In both case-s all lines could be indexed on the basis of the assumed structures, and the agreement 
between observed and calculated line intensities was considered satisfactory. 

o 



o 
1.) 

. UCRL-17989 -217- G.19 

The observed lattice parameters for a few of the individual compound preparations along with 
their 249Cf content are listed in Table G. 19-1. The dioxide parameter increases with time 
(increasing Cf content), while the ses~uioxide parameter decreases with time. This is attributed 
to the relative sizes of the Bk4 +, Bk3 , and Cf3+ ions. 

A plot of the actinide dioxide lattice parameters is shown in Fig. G. 19-1. The data clearly 
show the "actinide contraction," but the cusp at Cm has no immediate explanation. Perhaps the 
evident cusp is caused by some of the parameters being derived from nonstoichiometric dioxides. 

A plot of the cubic lattice parameters of the lanthanide and actinide Mn20 3-type sesquioxides 
is shown in Fig. G.19-2. Both series of sesquioxides show the characterisflc 4f and 5f contrac­
tions, as well as the cusp at the point of the half-filled electron subshell. 

This series of isomorphic compounds lends it~flf to calculation of the corresponding cationic 
radii. That calculated for sixfold coordinated Bk is 0.954 A. Although such radii values should 
be regarded with caution and considered only as relative values, they are often very useful for pre­
dicting actinide crystal chemistry .on the basis of radius ratios and known lanthanide crystal chem­
istry. 

Footnotes and References 

:Inorg. Nucl. Chern. Letters 3, 327 (1967). . -Present address: Department of Chemistry, The University of Tennessee, Knoxville, 
Tennessee 37916. 

1. B. B. Cunningham, in Proceedings o·f the Robert A. Welch Foundation Conference on 
Chemical Research, VI, Topics in Modern Inorganic Chemistry, 1962. 

2. B. B. Cunningham, Microchemical Journal, Symposium, 1961. 
3. J. L. Green, The Absorption Spectrum of Cf 3 'f- and Crystallography of Californium 

Sesquioxide and Californium Trichloride (Ph. D. Thesis), UCRL-16516, Nov. 1965. 
4. D. E. Williams, Ames Laboratory Report IS-1052, 1964. 
5. D. K. Smith, A Fortran Program for Calculating x-Ray Powder Diffraction Patterns, 

UCRL-7196, April 1963. 

Table G. 19-1. Crystallographic properties of the berkelium oxides. 

Sample Film Compounda 249Cf Observedc 

±2ad 
Method of 

number number contentb aO preparation 
{atorri2o) { A} 

JRP- VIII 2560A Bk02 0.88 5.334 0.001 air ignition at 1200 0 C 

JRP-X 2564A Bk02 1.10 5.335 0.001 Bkz.03 + 02 at 600 0 C for 61 
mln 

JRP-XVII 2596A Bk0
2 

3.68 5.336 0.001 air-fired BkOi + HF at 
500 0 C for 6 min 

JRP-X 2568A Bk20 3 1.53 10.889 0.003 low-temp. Bk02 + H2 at 
600 0 C for 60 min 

JRP-IX 2572A Bk
2

0 3 1. 75 10.887 0.001 H2 reduction of higher 
oxide at 600 0 C for 64 min 

JRP-XV 2590A Bk20 3 3.26 10.885 0.001 air-fired Bk02 + H2 at 
600 0 C for 60 min 

a. The stoichiometries of both berkelium oxides were assumed. Direct determination was deemed 
impossible on the 0.2-fLg samples. . 
b. Calculated by assuming 249Bk half-life is 314 days. Other known contaminants: 0.27 at. % 
Ce, 0.06 at. % Nd. 
c. Calculated least-squares value using the LCR-2 program (Ref. 4). 
d. This represents the 95% confidence range reflecting only the internal consistency of the data 
for the individual preparation. 
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CRYSTAL STRUCTURES AND LATTICE PARAMETERS 
OF THE COMPOUNDS OF BERKELIUM 

II. BERKELIUM TRICHLORIDE t 

J. R. Peterson* and B. B. Cunningham 

G.20 

As part of a continuing program to investigate the crystallographic properties of berkelium, 
we report here our results for the UCl3-type hexagonal berkelium trichloride. 

The source of berkelium was the same as reported previously. 1 The line-green trichloride 
samples were prepared by treatment of the berkelium oxides with anhydrous HCI gas at :::: 520 0 C 
for three 10- to .12-min periods .inte~rupted by co~lin~, evacuation, and. admission. of fre~ HCI 
gas. The technlques employed ln thls' hyd~ochlorlnatlon have been pubhshed prevlOusly .. ,3 

All BkCl3 samples exhibited the UClrtype hexagonal structure. Powder data were treated aS4 before, 1 and theoretical intensity calctilatlOns were carried out with the atomic coordinates of UCl3 
assumed for BkCI3 . 

49 The observed lattice parameters of the individual trichloride preparations along with their 
2 Cf content are listed in Table G. 20-1. Film 2652A was a second exposure of sample number 
JRP-XVI (Film 2598A) after a time lapse. This was to see if the lattice parameters would shift 
noticeably toward those of CfCI3' as the californium content in the BkCl3 increased. The param­
eters clearly show the expected expansion in the a O parameter and shrinkage in the cO parameter. 

The observed lattice parameters were corrected for the known Cf and Ce contents in accor­
dance with Vegard1s Law, and then averaged to obtain aO = 7.382±0.002 A and Co = 4.127±0.003 
A. The error limits reported here were computed by using the 950/0 confidence level equal to 
(4.30/.J'N) .Jt;di

2/{N-1), where di is the deviation of the individual lattice parameters from the 
average value, N is the number of observations, and the factor 4.30 is the 95% confidence Student 
t value for three observations. 

Plots of the aQ and Co lattice parameters of the UCl3-type hexagonal actinide trichlorides are 
given in Fig. G.20-1. An anisotropic "actinide contraction" is clearly evident. Because of the 
anisotropiC's in this trichloride s eries, the concept of ionic radius should be regarded with consid­
erable caution. Calculations of interatomic distances and sixfold-coordinated trivalent ionic radii 
derived from the UCI3- type lanthanide trichlorides show a similar anisotropic contraction. Com­
parison of similarly calculated trivalent ionic radii shows almost identical values for the following 
lanthanide-actinide pairs: Gd-Cf, Eu-Bk, Sm-Cm, Pm-Am, Nd-Pu, Pr-Np, and Ce-U. 

By comparison of radius ratios and by analogy with known lanthanide trichloride crystal chem­
istry, one is led to the prediction that there will be a crystal structure change noted in the actinide 
trichlorides heavier than CfCI3' The confirmation of this prediction will have to wait until EsCl3 
is prepared and its crystal structure is determined. 

Footnotes and References 

!J. Inorg. Nucl. Chem. (to be published in Feb. 1968 issue). 
"Present address: Department of Chemistry, The University of Tennessee, Knoxville, 

Tennessee 37916. 
1. J. R. Peterson and B. B. Cunningham, Inorg. Nucl. Chem. Letters 3, 327 (1967). 
2. B. B. Cunningham, Microchemical J. Sympo!ium, 1961. -
3. J. L. Green, The Absorption Spectrum of Cf + and Crystallography of Californium 

Sesquioxide and Californium Trichloride (Ph. D. Thesis), UCRL-16516, Nov. 1965. 
4. W. H. Zacharias en, The Transuranium Elements, Part II, National Nuclear Energy Series, 

Vol. 14B (McGraw-Hill Book Company, Inc., New York, 1949), Paper 20.6, pp. 1473-85. 
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Table G. 20-1. BerkeliuITl trichloride lattice paraITleters (UClrtype hexagonal). 

249Cfa 
Observed lattice EaraITletersb {A) 

SaITlple FilITl content a O ±20- Co ± 20-
nUITlber nUITlber (atoITl ~~ 

JRP-XIV 2587 A 3.04 7.382 ±O.OO1 4.127±0.001 
JRP-XVI 2598A 3.68 7.384±0.001 4.127 ±O.OO1 
JRP-XVII 2600 A 3.90 7.383 ±O.OO1 4.125 ±O.OO1 
JRP-XVI 2652A 20.17 7.387±0.001 4.122 ±O.OO1 

a. Calculated on the assUITlption 249Bk half-life is 314 days. Other known contaITlinants: 0.27 
at. % Ce , 0.06 at. % Nd. 
b. Lattice paraITleters are the least-square values. The 20- error liITlits represent the 95% 
confidence range reflecting only the internal consistency of the data for the individual prepara­
tion. 
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Fig. G. 20-1. Lattice paraITleters (in ang stroITls) of the UCl
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- type 
hexagonal actinide trichlorides. 
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CRYSTAL STRUCTURES AND LATTICE PARAMETERS 
OF THE COMPOUNDS OF BERKELItUM. 
III. BERKELIUM OXYCHLORIDE 

~-J. R. Peterson' and B. B. Cunningham, 

G.21 

The preparation and crystallographic characterization of berkelium oxychloride are discussed 
in this paper. The source of berkelium was the same as reported previously. 1 Anhydrous berle­
lium trichloride samples 2 were treated at :::: 500 0 C with an HCI(g) - H20(g) mixture to produce the 
very pale green BkOCI samples. 

From the work of Koch3 on the thermodynamics of the reaction, AmC13(s) + H20(Q') "" 
AmOCI(s) + 2HCI1,), it was calculated that the vapor in equilibrium with a 9.5 to 10 M' HCI solu­
tion shouYd contaihgthe proper HCl/H20 ratio to drive the corresponding berkelium reaction to the 
right at 500 0 C. Dry nitrogen gas was used as an inert carrier gas for the HCI(g) - H 20(Q') mix­
ture. The N2 was bubbled through the HCI solution at room temperature, pas sea throug'l1' a quartz­
wool plug to remove spray, then through the quartz x-ray capillary containing the berkelium sample 
held at C 500 0 C, and finally through an H2S04 bubbler. Since the equilibrium constant favors tri­
chloride formation at low temperature, the oxychloride samples were cooled in vacuum or in a dry 
N2(g) atmosphere. 

Unlike berkelium trichloride, BkOCI is not hygroscopic. All BkOCI samples exhibited the 
PbFCI- type tetragonal structure. 4 The BkOCI powder patterns were of poorer quality than those 
obtained from other berkelium compounds, in that the high-angle lines were often light and diffuse. 
The powder data were treated as before, 1 with the atomic coordinates of AmOCI (Ref. 5) being as­
sumed for those of BkOCl. 

The observed lattice parameters for three individual oxychloride preparations along with their 
249Cf content are listed in Table G. 21-1. The three sets of lattice parameters were corrected for 
the known Ce and Cf contents, by assuming that the impurities formed ideal solid oxychloride solu­
tions with the berkelium (Vegards' Law). These "corrected" BkOCI parameters were then av­
eraged to obtain aO = 3.966:1:0.004 A and cO= 6.710:1:0.009 A, where the lattice parameter error 
limits are the 95 % confidence interval calculated by using the standard statistical method for the 
average of three independent determinations. 

A plot of the molecular volumes of the PbFCI-type lanthanide and actinide oxychlorides is 
shown in Fig. G.21-1. With the exception of UOCI (Ref. 7) the correlation is good, showing the 
familiar contractions in the lanthanide and actinide series. 

Similar to the UCl3-type actinide trichlorides, 2 the anion crowding is very ~evere in this 
PbFCI-type tetragonal structure. In BkOCI the oxygen-oxygen distance is 2.80 A, the chlorine­
chlorine distance, 3.34 A. The Bk-O distance is 2.32 A. whereas the Bk-CI distances are 3.07 A 
and 3.05 A. Both anion-a~on distances are considerably smaller than twice the crystal radii 
givfn by Zacharias en for ° - (1.46 A) and cr (1.81 A).8 Different values are obtained for the 
Bk + radius from the Bk-CI and Bk-O distances. These calculations clearly illustrate the limita­
tions of the ionic radius concept. 

Footnotes and References 

!UCRL-17766; submitted to Inorg. Nucl. Chern. Letters. 
"'Present address: Department of Chemistry, The University of Tennessee, Knoxville, 

Tennessee 37916. 
1. J. R. Peterson and B. B. Cunningham, Inorg. Nucl. Chern. Letters.l, 327 (1967). 
2. J. R. Peterson and B. B. Cunningham, Crystal Structure and Lattice Parameters of the 

Compounds of Berkelium. II. Berkelium Trichloride, to be published in J. Inorg. Nucl. Chern., 
Feb. 1968. 

3. C. W. Koch, Thermodynamics of the Trichlorides and Oxychlorides of Some of the 
Lanthanide and Actinide Elements (Ph. D. Thesis), UCRL-2286, Sept. 1953. 

4. W. Nieuwenkamp and J. M. Bijuoet, Z. Krist. 81, 469 (1931). 
5. D. H. Templeton and C. H. Dauben, J. Am. Chern. Soc. 75, 4560 (1953). 
6. D. E. Williams, Ames Laboratory Report IS-1052, 1964. 
7. S. A. Shchukarev and A. 1. Efimov, Zh. Neorg. Khim. ~, 2303 (1957). 
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8. W. H. Zachariasen, The Actinide Elements, National Nuclear Energy Series, Vol. 14A 
(McGraw-Hill Book Company;'I~~~"'New York, 1954), Chapter 18, pp. 769-96. 

Table G. 21-1. Berkelium oxychloride lattice parameters (PbFCl-type tetragonal). 

Sample number 

JRP-XVII 
JRP-XVII 
JRP-XX 

Film 
number 

2600A 
2610 A 
2612A 

249Cf 
Contenta 

(atom 0/0) 

3.90 
4.95 
5.16 

Observed lattice parametersb (A) 
a O ± 20' Co ± 20' 

3.964 ± 0 .003 
3.967 ±O.001 
3.965 ±O.001 

6.709 ±0.005 
6.711 ±0.003 
6.704 ± 0 .003 

a. Calculated assuming 24 9 Bk half-life is 314 days. Other known contaminants: 
0.27 at. % Ce, 0.06 at. % Nd. 
b. Lattice parameters are the least squares value (Ref. 6). The 20' error limits represent 
the 95% confidence range reflecting only the internal consistency of the data for the individual 
preparation. 
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Fig. G.21-1. Molecular volumes of the PbFCl-type 
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22. CRYSTAL STRUCTURES AND LATTICE PARAMETERS 
OF THE COMPOUNDS OF BERKELIUM. 

IV. BERKELIUM TRIFLUORIDEt 

J. R. Peterson~' and B. B. Cunningham 

The preparation and crystallographic characterization of two structural forms of berkelium 
trifluoride are discussed in this paper. The berkelium used in this work was derived from two 
separate purification cycles, both carried out as described previously. 1 Mass analyses of the 
two berkelium solutions showed the Ce and Nd contents to be 0.27 at. % Ce and 0.06 at. % Nd in one 
Bk solution, as contrasted with 9.53 at. % Ce and 0.03 atom percent Nd in the other. The presence 
of the Ce and Cf (from Bk decay) contaminants prevented the determination of accurate lattice 
parameters for BkF3' 

. \ 
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Berkelium. trifluoride sam.ples were prepared by treatro.ent of the oxides with a H2 (g) - HF(g) 
m.ixture at 600° C for 1 hr. The trifluoride sam.ples were either cooled rapidly to obtain the hlgb­
te!Dperature, trigonal m.odification, or cooled slowly to obtain the low-tem.perature, orthorhom.bic 
m.odification. The very pale yellow-green sam.ples were sealed in evacuated quartz capillaries for 
x-rayexam.ination. Further details of the hydrofluorination techniques can be found in Ref. 2. 

Berkelium. trifluoride was found to exist in both the LaFrtype trigonal structure, 3 charact4r­
istic of the lanthanide trifluorides of La through Pm and the YF3-type orthorhom.bic structure, 
characteristic of the lanthanide trifluorides of Sm. through Lu. 

The observed lattice param.eters of the individual trifluoride preparations along with their 
249Cf and Ce contents are listed in Table G. 22-1. Since CeF3 does not exhibit an orthorhom.bic 
m.odification, the YF3-type berkelium. trifluoride lattice param.eters were initially corrected for 
the known Cf content of the Bk sam.ple in accordance with Vegard's Law. 5 These "corrected-for­
Cf" orthorhom.bic BkF 3 lattice param.eters were then plotted versus the Ce content of the berke­
lium. sam.ple and extrapolated to zero Ce content to obtain "best estim.ates" for the lattice param.­
eters oforthorhom.bicBkF3 : aO = 6.70±0.01.A, bO = 7.09±0.01.A, and cO = 4.41±0.01.A, where 
the error lim.its reflect the uncertainties in the derivation of the lattice param.eters. 

Sim.ilarly for LaF3-type trigonal berkelium. trifluoride, since the trigonal m.odification of CfF3 
is unknown, the lattice param.eters were corrected for the known Ce content of the Bk sam.ple. 
These "corrected-for-Ce" trigonal BkF3 lattice param.eters did not vary in any regular fashion 
as the Cf content of the berkelium. sam.ple increased, so they were just "averaged to obtain "be~t 
estim.ates" for the lattice param.eters of trigonal BkF3: aO = 6.97±0.01 A and cO = 7.14±0.01 A, 
where again the lattice param.eters are rounded off to the nearest hundreth and the error lim.its 
reflect the uncertainties in the derivation of the lattice param.eters. 

Orthorhom.bic BkF3 sam.ples were easily converted to the trigonal form. by annealing at 600°C. 
The inversion tem.perature of BkF3 lies between 350 and 600° C, but could not be determ.ined m.ore 
precisely, since long-term. annealings of trigonal BkF3 sam.ples failed to produce significant trans­
form.ations to the orthorhom.bic form.. 

The trifluorides of Bk and Cf (Ref. 6) are the first of the a~tinide trifluorides to be prepared 
in the YF3-type orthorhom.bic m.odification. The calculated Bk + radii are consistent with a crys­
tal structure change, as expected by analogy with the lanthanide trifluorides. 

The calculated densities (x-ray) of the two berkelium. trifluoride m.odifications reflect the 
general trend noted in the lanthanide trifluorides that the high-tem.perature trigonal m.odification 
is the m.ore dense one. 
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Table G.22-1. Berkelium trifluoride lattice parameters. 

249Cfa Total Ce Observed lattice Earameters c (A) 
contentb Sample Film Structure content a o ± 2 (J' b

O 
± 2(J' Co ±2(J' 

munber number t~12e (atom fo) (atom fo) 

JRP-XXIll 2624A YF3 
7.03 0.27 6.695±0.004 7.086±0.004 4.407±0.003 d 

JP-VII 2691 A YF3 1.53 9.53 6.717±0.O15 7.114±0.011 4.409±0.005 
JP-X 2713 A YF3 5.16 9.53 6. 716±0.00 1 7.103±0.001 4.408±0.001 

JRP-XXI 2614A LaF3 5.26 0.27 6.973±0.002 7.143±0.003 
JRP-XXII 2619 A LaF3 6.20 0.27 6.965±0.003 7 . 140±0. 003 
JP- VII 2691A LaF3 1. 53 9.53 6.990±0.001 7.157±0.001 
JP-X 2716A LaF3 5.79 9.53 6.990±0.001 7.158±0.002 
JP-X 2734A LaF3 8.05 9.53 6.988±0.001 7.156±0.002 

a. Calculatedb assuming 24 9 Bk half-life is 314 days. 
b. Determined by mass analysis. See text. 
c. Lattice parameters are the least-squares value. The 2(J' error limits represent the 950/0 
confidence range reflecting only the internal consistency of the data for the individual preparation. 
d. The second phase in a predominantly trigonal BkF3 powder pattern. 

23. THE CRYSTAL AND MOLECULAR STRUCTURE OF CEMBRENE t 

Michael G. B. Drew, David H. Templeton, and Allan Zalkin 

A crystalline diterpene (C 20 H 32 ) called cembrene 1 or thunbergene 2 has been isolated from 
the turpentine oil of Pinus albicaulus, Punus thunbergii, and several other species of pine trees. 
Two inde%e~dent investigations by Dauben, Thiessen, and Resnick3, 4 and by Kobayashi and 
Akiyoshi ' have shown by systematic degradation and spectroscopic evidence that this hydro-
carbon is 1-isopropyl-4, 8, 12-trimethyl-2, 4,7, 11-cyc1otetradecatetraene, but failed to establish 
the stereochemistry of the double bonds. We have determined the crystal structure of this com­
pound by x- ray diffraction, confirming the molecular structure and showing that the ring is trans 
at three double bonds and cis only at the 4-ene: 

16 

9 

17 
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Crystals were kindly provided by Prof. W. G. Dauben of this University. Two crystals of approx­
i:mately the sa:me size (0.1XO.3XO.2 :m:m) were used in the experi:ment, each :mounted on the a 
axis. Preli:minary photographs by the Weissenberg technique showed an orthorho:mbic lattice. The 
cell di:mensions are 

.e.::: 6.224(4), .£::: 21.517(8), .£::: 13.794(6) A. 

These di:me~sions agree with those r~ported by Ibers. 7 With ~::: 4, the calculated density 7 
0.980 g c:m- agrees with the value observed by flotation, 0.98 g c:m- 3, again in accord with Ibers. 
Reflections are absent for hOO if h::: 2n+1, for OkO if k = 2nH, and for 00 E if E::: 2n+1. 
These rules are characteristic of space group P2

1
2

1
21.' and this choice is confir:med by the struc­

ture deter:mination. All ato:ms are in the general sef 01 positions: 

4(a) x, y, z; 1/2-x, -y, 1/2+ z; 1/2 + x, 1/2-y, -z; -x, 1/2 +y, 1/2-z. 

Intensities were :measured for 2045 independent reflections, of which 217 were recorded as 
zero, with CuKa radiation filtered through Ni by a e, 2 e scan technique. The first crystal was used 
to collect data for reflections for which 2 e < 110 deg; however, the intensity of the four standard 
reflections had unifor:mly dropped by approxi:mately 150/0 and the crystal was discarded. A second 
crystal was used for data in the range 100 to 140 deg, and here too the standard reflections for this 
crystal dropped by 150/0. No correction was :made for absorption. 

The structure of ce:mbrene was solve~ bg a statistical :method using the general principles laid 
down for noncentrosy:m:metric structures.' Ninety-eight reflections with lEI values greater 
than 1.67 were used in this calculation. An E :map (Fourier) was calculated by using the phases of 
only 98 reflections. A least- squares refine:ment confir:med that, of the top 20 peaks in this :map, 19 
were carbon ato:ms. The final carbon ato:m was located by a difference Fourier using all reflec­
tions. In the subsequent least-squares refine:ment, we gave zero weight to each reflection whose 
observed structure factor was less than twice the calculated standard deviation. A difference 
Fourier revealed the location of all the hydrogen ato:ms. All 309 para:meters (carbon anisotropic, 
hydrogen isotropic) by full-:matrix least squares for three cycles gave an R value of 0.063 (0.088 
for all data). The final coordinates and ther:mal para:meters for the carbon ato:ms in ce:mbrene are 
given in Table G. 23-1. 

Discussion of the Structure 

The .e. projection of the structure is shown in Fig. G.23-1, together with the C-C bond dis­
tances. This figure shows the enantio:morph which is consistent with the absolute configuration 
deter:mined by Dauben, Thiessen, and Resnick4 and Kobayashi and Akiyoshi. 6 Our x-ray data 
gave no evidence concerning this configuration. The fourteen-:me:mbered ring in the structure con­
tains four double bonds. The conjugated diene is transoid, with one double bond, C(2)-C(3), trans 
and the other, C(4)-C(5), cis. The other two double bonds, C(7)-C(8) and C(11)-C(12), are both 
trans. After the inclusion of the hydrogen ato:ms in the refine:ment, the C-C bond distances al­
tered considerably, the :maxi:mu:m change being 0.05 A. The four categories of angles in the ring 
follow a si:milar pattern: the C-C-C angles are larger when the central carbon ato:m is bonded to 
hydroogen(s) than when it is bondeod to carbon(s). The average bond distance for the C-H bonds is 
1.01A (:maxi:mu:m deviation 0.07 A) for the non:methyl hydrogen ato:ms and 0.98 (:maxi:mu:m deviation 
0.18 A) for the :methyl hydrogen ato:ms. These values are so:mewhat shorter than the standard 
C-H bond lengths, as is typical for x-ray diffraction work. The consistency of the C-H bond dis­
tances ~or the non:methyl hydrogen ato:ms agrees well with the standard deviations of the bonds 
("'0.05 A) calculated fro:m the least-squares refine:ment. All angles C-C-H and H-C-H for the 
internal ring ato:ms fall. within the range 102 to 124 deg. Figure G. 23-2 shows the .e. projection 
of ce:mbrene and the :mode of packing in the unit cell. 

Hydroxylated derivatives of ce:mbrene have been found in tobacco leaves and cigaret s:moke.f().44 
Most of these various co:mpounds have been related to 12-isopropyl-1, 5, 9-tri:methyl-4, 8,13-
cyclotetradecatriene-1,3-diol. NMR and degradation studies,10,:14 have shown that all1hree 
double bonds in the diol are probably trans. This structure deter:mination of ce:mbrene has con­
fir:med the close si:milarity between these two co:mpounds, for in ce:mbrene, the sa:me double bonds 
are also trans. Such a config,uration for both co:mpounds is co:mpatible with the proposed biosyn­
theses fro:m geranylgeraniol.'3, 11, 14 
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Table G.23-1. Final coordinates ( X 10 4 ) and thermal parameters (X 10 2 ) for the 
carbon atorn's in cernbrene. a 

Atom x y z B11 B22 B33 B12 Bn B 23 

C(1) 1958(6) 4701(2) 8296(2) 461{ 18) 351(13) 350(14) 37(15) 01(13) -33(12) 
C(2) 0792(6) 4548(2) 7371(3) 423(18) 367(14) 383(15) 71(14) 09(14) -29(12) 
C(3) 1356(6) 4100(2) 6765(3) 443(17) 359(14) 325(13) 48(14) -00(14) -02{ 12) 
C(4) 0186(7) 3924(2) 5876(3) 557(20) 415(16) 327(14) -09(16) -29(15) 46{ 13) 
C(5) 0893(9) 3445(2) 5330(3) 719(28) 512(20) 327(15) -40(20) -59(17) -11(15) 
C(6) 2746(9) 3034(2) 5519(3) 718(27) 512(19) 385( 16) 54(22) 70(19)-105(15) 
C(7) 2452(8) 2620(2) 6396(3) 535(21) 363(16) 4 72{ 17) 55(17) 10{ 17) -113{ 14) 
C(8) 3808(7) 2531(2) 7121(3) 431(18) 376(14) 535(19) 79{ 15) 15(16) -97(14) 
C(9) 3149( 10) 2130(2) 7972(3) 715(29) 327(15) 590(21) 112(19) -77(21) 03(15) 
C(10) 3044( 10) 2501(2) 8929(3) 696(28) 489(20) 461(19) 69(21) -67(20) 65(15) 
C(11) 1441(8) 3018(2) 8891(3) 533(21) 458( 18) 383(16) 44(17) -13( 17) 73{ 13) 
C(12) 1347(8) 3504(2) 9466(3) 661(23) 439( 17) 349(14) -27(18) 81(16) 58( 13) 
C(13) -0366(8) 3983(2) 9361(4) 562(23) 507(20) 505(20) 18{ 18) 207(20) o 1{ 17) 
C(14) 0459(9) 4646(2) 9173(3) 718(28) 460( 18) 395{ 18) 52(21) 133(20) -40( 16) 
C{ 15) 3041(8) 5351(2) 8264(3) 606(23) 370(16) 515(19) - 33( 17) -104(19) -21(15) 
C(16) 1505{ 12) 5884(2) 8076(4) 893(40) 366{ 18) 693(29) 91(23) 109(30) 03(19) 
C(17) 4877(11) 5349(3) 7527(6) 570(25) 586(26) 995(39) -57(24) 100(28) 162(28) 
C{ 18) -1733{ 10) 4296(3) 5601(4) 738(32) 598(25) 516(22) 36(23) -200(25) 16(20) 
C(19) 5943{ 10) 2826(3) 7187(5) 499(27) 912(37) 757(34) 39(26) - 62{2 6) 40(31) 
C(20) 2 920{ 17) 3600(3) 10281(4) 957( 48) 790(33) 457(23) 76(36) -142(29) -81(23) 

a. Standard deviations estimated by least squares for the least significant digit are given in 
parentheses. 
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Fig. G. 23-2 .. The a projection of cem­
brene. 

XBL 6711-6057 

Fig. G.23-1. Bond distances in cembrene. 

24. CRYSTAL AND MOLECULAR STRUCTURE OF 
1-BROMOTRIPTYCENE, Br-C

20
H

13 
t 

K. J. Palrner*and David H. Templeton 

Electric dipole moments of isomeric triptycene derivatives 1 and the infrared spectrum of 
triptycene2 ,3 support the conclusion that triptycene is a highly symmetrical and rigid mole~ule. 
The ultraviolet spectra of triptycene and a number of its derivatives l~d Bartlett and Lewis to con­
clude that inter-ring resonance occurs. On the other hand, Wilcox5 , concluded on the basis of 
quantum mechanical calculations that interaction between benzene rings is negligible. The investi­
gation presented here was undertaken to determine the length of the bridge bonds and thereby eval­
uate their bond character. In addition, 1-bromotriptycene, shown in Fig. G.24-1, cannot form 
without considerable deviation from normal values of one or more of the angles made by the bridge 
bonds. This study shows which bonds are strained and by what amount. 

The 1-bromotriptycene used in this investigation was obtained from Prof. A. Streitwieser, 
who had received it from Prof. L. Friedman. It was synthesized by the method of FriedJ:nan and 
Logullo.7 Dr. E. Ziegler checked the purity of this material by passing it through a gas-liquid 
chromatographic column. He found only one peak. Crystals of 1-bromotriptycene suitable for 
x- ray analysis were prepared by sublimation at approximately 250 0

• The crystals were rhombo­
hedral in shape. In polarized light the extinction is symmetrical and the birefringence is high; 
.Eo -axis views showed a uniaxial interference figure of positive character. 

Multiple-level Weissenberg and precession photographs were taken. The precession photo­
graphs are compatible with a Laue symmetry of '3'. Reflections were indexed on a hexagonal lattice 
and were found to obey the rule (-h + k + 1) = 3n. The primitive lattice is therefore rhombohedral, 
and the orientation of the rhombohedral lattice in the hexagonal lattice is obverse. The observed 
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density of 1.52 g cm- 3 requires six molecules per hexagonal cell or two per rhombohedral cell. 
The most probable space group, therefore, is ~"3", and the asy:mmetric unit is C6H4-(C2HB~) 1/3' 
Two-theta scaps at 1 deg take~f~ angle led to the following I:~xagonal unit cell: ~ = 11.85~(5) A, 
c = 17.574(9) A, V = 2,138.0 A , Z = 6, P I = 1.54 g cm , P bs = .1.52 g cm -3. Eshmated 
standard deviations (X 10 3) are given in pa'i-~£thesis. Intensity ~ata were collected by counting for 
10 sec with a stationary crystal and stationary counter at a takeoff angle of 4 deg. A total of 1050 
independent reflections was measured (maximum 2e = 150 deg), 35 of which were assigned ~ero 
intensity. Cu Ka x rays (A = 1.5418 A) filtered with Ni foil were used. The crystal used for in-
tensity measurements had dimensions of 0.088 X 0.088 mm X 0.118 mm. The absorption factor 
for this crystal is 35.0 cm- 1 , and f.LR is about 0.21 or less, making the absorption quite low. No 
corrections were applied to the data for either absorption or extinction. 

The three-dimensional Patterson function showed many well-resolved peaks. Since the 1-
bromotriptycene molecule has threefold sy:m:metry and there are six molecules in the hexagonal 
cell, the bromine and the two ali~hatic carbon atoms were assu:med to occupy the special positions 
.£ with para:meters (0,0, ± z), (2/3, 1/3, 1/3 ± z), and (1/3, 2/3, 2/3 ± ~). A straightforward in­
terpretation of the Patterson function led to the z coordinates of the bromil!e atom and the carbon 
atom bonded to it. A three-dimensional electron density map was then calculated by use of signs 
determined by the carbon and bromine atoms. The resulting map permitted evaluation of the pa­
rameters of the remaining seven carbon atoms in the asy:mmetric unit. The positions of the five 
hydrogen atoms were calculated. 

Fourier calculations of the electron density showed a peak at 0, 0, 0.46 about half as high as 
a carbon atom. Because of space limitations this position is impossible for any plausible chem­
ical impurity that we have been able to invent. Attempts to identify an error in the data which 
would produce the peak also failed. We suggest that this peak is the result of disorder of some 
kind, but we have failed to find a satisfactory model of the details of the disorder. Least-squares 
calculations with one-tenth of a bromine atom or with a carbon atom at that position improved the 
agreement slightly and at the same time shifted other atoms by small amounts. The differences in 
coordinate found in these refinements suggest that standard deviations of positions should be stated 
as about 0.02 A, rather than the values given in Table G. 24-1, to include the uncertainty introduced 
by our ignorance of the nature of the disorder. 

The positional and thermal parameters and their calculated standard deviations are listed in 
Tables G. 24-1 and G.24-II respectively for all atoms except hydrogen. These parameters were 
obtained by using all data, not refining the positional parameters of the hydrogens, and holding the 
temperature parameter of the hydrogens equal, but allowing it to be refined. The R value of this 
refinement was 0.123. 

The structure consists of three nonpolar molecular doublets arranged on the three threefold 
inversion axes of the hexagonal cell. The two molecules of each doublet are related by a center 
of sy:mmetry. The orientation of the benzene rings is shown schematically in Fig. G.24-2a. The 
heavy lines in Fig. G. 24- 2b represent the benzene rings of one molecule and the "dashed lines the ben­
~ene rings of the molecule related to it by the center of sy:mmetry. The solid circle represents 
bromine. 

The interatomic distances and bond angles are given in Tables G. 24-III and G.24-IV, respec­
tively. It is interesting to compare the value of the bond angles at C(1) and C(2) because these 
angles cannot all have their normal value in triptycene. The angles about C( 1) are within 2 deg of 
the tetrahedral value whereas the angles at C(2) are: C(1)-C(2)-C(7) = 110.7 deg; C(1)-C(2)-C(3) = 
128.5 deg; and C(3)-C(2)-C(7) = 120.7 deg. The two angles external to the benzene ring are dis­
torted approximately 9 deg from the usual value of 120 deg which can be interpreted as evidence 
that these bond angles are more easily distorted than are the sp3 tetrahedral bonds at C(1). 

The variation in the "observed bond angles and distances in the benzene ring may be due to the 
strain caused by the distortion of the C(1)-C(2)-C(3) bond angle, but is more likely a result of the 
molecula r di so rde r mentioned above. 

The C-Br bond distance (1.97 .A) is in excellent agreement with that determined by Robertson 
and Sheldrick8 in a-methyl D-galactoside 6-bromohydrin of 1.974 A. In both cases bromine is 
bonded to an aliphatic carbon atom. The C(1)-C(2) and C(7)-C(20) di~tances of ~.53 ~nd 1.51 A, 
respectively., are in good agreement with the expected value of 1.515 A for an sp -sp carbon 
bond. 9 It is concluded, therefore, that there is no interaction between benzene rings in 1-
bromotriptycene. Since the bond angles and interatomic distances are the same for both bridges 
(within the accuracy of this investigation), it appears that the bromine atom has a negligible effect 
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on adjacent bond angles and bond distances. 

We thank Professor A. Streitwieser for suggesting this probleITl, Dr. E. Ziegler for checking 
the purity, Dr. F. T. Jones for the deter=ination of the optical properties, Mrs. Kay S. Lee for 
taking the Weissenberg photographs, Professor A. Pabst for the precession photographs, and Dr. 
A. Zalkin for many helpful suggestions and the use of his computer prograITls. 
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Table G. 24-1. Final positional paraITleters and standard devi­
ations a in parentheses X 104 . 

AtoITl 

Br 
C(1) 
C(20) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
H(20)b 
H(3)D 
H(4)b 
H(5)b 
H(6)b 

x 

0.0 
0.0 
0.0 
0.1212(7) 
0.2241(8) 
0.3275(9) 
0.3249(8) 
0.2207(8) 
0.1198(7) 
0.0 
0.225 
0.405 
0.400 
0.225 

y 

0.0 
0.0 
0.0 
0.1184(7) 
0.2153(9) 
0.3147(8) 
0.3146(8) 
0.2154(9) 
0.1170(7) 
0.0 
0.215 
0.395 
0.390 
0.215 

z 

0.1052(1) 
0.2173(7) 
0.3595(8) 
0.2490(5) 
0.2099(6) 
0.2525(7) 
0.3291(6) 
0.3679(6) 
0.3282(5) 
0.420 
0.150 
0.220 
0.360 
0.430 

a. The standard deviations listed are those e.s.tiITlated by 
least squares. Because of disorder, as described in the text, 
the uncertainty is judged to be about twice as great as indi­
cated by these values. 
b. These paraITleters are not refined. 
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Table G. 24-11. Anis~tropic thermal parametersa and standard deviations in 
parentheses X 10 . 

Atom B11 B22 B33 B12 B13 B23 

Br 4.78(7) B11 3.73(9) B11/2 0.0 0.0 
C(1) 1.72(31) B11 2.38(53) B11/2 0.0 0.0 
C(20) 1.58(30) B11 2.94(58) B11/2 0.0 0.0 
C(2) 1.31(27) 1.46(29) 3.78(38) 0.74(23) -0.16(25) -0.12(26) 
C(3) 2.32(35) 2.51(36) 4.48(46) 1.33(30) -0.08(32) -0.53(32) 
C(4) 2.31(36) 1. 63( 32) 6.80(61) 1.16(29) 0.36(37) -0.39(35) 
C(5) 1.95(34) 2.09(34) 4.97(47) 1.07(29) 0.42(32) 0.91(32) 
C(6) 1.62(22) 2.97(25) 4.51(33) 1.38(20) 0.17(21) 0.88(23) 
C(7) 1.17(27) 1.48(29) 3.53(36) 0.46(23) -0.15(25) 0.18(25) 

a. Units are in A~ The temperature factors are in the form exp- L;13 .. h.h., so that 
13 .. = B .. b.b./4, where b.b. are reciprocal cell length. 1J 1 J 

1J 1J 1 J 1 J 

Table G. 24-11I. Interatomic distances 
(in Aj with standard deviations (X 10 2 ) 
for 1- bromotriptycene. 

Br - C(1) 
C( 1) - C(2) 
C(2) - C(3) 
C(2) - C(7) 
C(3) - C(4) 
C(4) - C(5) 
C(5) - C(6) 
C(6) - C(7) 
C(7) - C(20) 

1.97(20) 
1.53(1) 
1.37(2) 
1.39(2) 
1.42(2) 
1.35(2) 
1.39(2) 
1.37(2) 
1. 51(2) 

Table G. 24-IV. Interatomic bond angles 
(deg) with standard deviations (X 10 1) 
for 1-bromotriptycene. 

Br - C(1) - C(2) 
H(20) - C(20) - C(7) 
C(1) - C(2) - C(3) 
C(20) - C(7) - C(6) 
C(2) - C(1) - C(2) 
C(7) - C(20) - C(7) 
C(1) - C(2) - C(7) 
C(20) - C(7) - C(2) 
C(2) - C(3) - C(4) 
C(7) - C(6) - C(5) 
C(3) - C(4) - C(5) 
C(2) - C(7) - C(6) 
C(4) - C(5) - C(6) 
C(3) - C(2) - C(7) 
C(2) - C(3) - H(3) 
C(3) - C(4) - H(4) 
C(4) - C(5) - H(5) 
C(5) - C(6) - H(6) 

111.4(6) 
111.4(6) 
128.5(9) 
128.0(9) 
107.5(6) 
107.4(6) 
110.7(8) 
112.2(8) 
118. 1(9) 
120.0(9) 
121. 1(9) 
119.9(7) 
120.2(8) 
120.7(7) 
120.2(8) 
116.7(10) 
120.6(8) 
118.1(8) 
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Fig. G. Z4-1. 1- Bromotriptycene molecule 
with numbering system used in this in­
vestigation. The asymmetric unit is 
(BrC Z)1/3C 6· 
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Fig. G. Z4-Z. (a) The stacking arrangement 
of two 1-bromotriptycene molecules about 
a center of symmetry. (b) The packing 
arrangement as viewed down the c axes. 
The numbers refer to the z coordinate of 
the inversion center. 

Z5. CRYSTAL AND MOLECULAR STRUCTURE OF 
B IS( z, 4- PENTANE DIONATO) BIS( PY RIDINE N - OXIDE) NIC KE L(II), 

N i ( C 5 H 7 ° Z ) Z ( C 5 H 5 NO) Z t* 

William DeW. Horrocks, Jr.,t David H. Templeton, and Allan Zalkin 

Introduction 

Heterocyclic amine N-oxides act as oxygen donor ligands in a variety of transition metal 
coordination compounds. 1 Very recently structural studies have been reported for compounds 
which involve pyridine N-oxide acting as a bridging ligand between copper atoms;Z-4 however, no 
other structural work dealing with complexes of this class of ligand appears to have been done. 
Not long ago Kluiberand Horrocks 5 , 6 synthesized and studied complexes of the type bis(Z, 4-pen­
tanedionato)bis(heterocyclic amine N-oxide)metal (Ill), hereafter referred to as M(AA)Z(ligand)Z' 
where M = Co, Ni. These complexes belong to the class of neutral donor adducts of M{AA)Z of 
which the dihydrates, 7,8 M{AA)Z{HZO)Z' and dipyridinates, 9 M{AA)Z{C5H5N)Z,areknownandwhich 
involve trans octahedral coordination of the metal in the solid state. On the basis of an analysis of 
the dipolar (pseudocontact) contribution to the isotropic proton magnetic resonance shifts in solu­
tion in the complexes ~(AA)Z(L)Z' M = Co, Ni, L = pyridine N-oxide or y-picoline N-oxide, 
Kluiber and Horrocks estimated an average M-O-N angle in the range 115 to 130 deg for the coor-
dinated heterocyclic amine N-oxides. 10 These results were based on a tr<fns octahedral model 
for coordination which was suggested by the known solid- state structures 7- for the compounds with 
L = HZO, C5H5N. Clearly the detailed geometry of the coordination of heterocyclic amine N-oxides 
in general and the stereochemistry of M{AA)Z(C 5H 5NO)Z in particular are of interest. This article 
reports the results of the csystal and molecular structure determination of Ni{AA)Z{C 5H 5NO)Z. 
Earlier powder x-ray work showed the analogous cobalt complex to crystallize in two modifica­
tions, one of which was isomorphous and presumably isostructural with the nickel compound. 

Crystals of bis{Z, 4-pentanedionato)bis(pyridine N-oxide)nickel{II), Ni(C5H70Z)Z{C5H5NO)Z' 
were prepared by the method of Kluiber and Hor.rocks. 5 A crystal of approximate dimensions 
0.16XO.15XO.08 mm was chosen for intensity measurements and was mounted on a quartz fiber 
with the b axis (unique) of the monoclinic cell parallel to the spindle axis of the instrument. The 
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unit cell dimensions are a = 14.653 ±0.005 A, b = 16.972 ±0.005 A, c = 18.344 ±0.005 A, and 
13 = 100.74±0.05. Systematic absences for reflections suggested space groups Cc or C2/c. The 
density measured by flotation in a carbontetrachloride-methylcyclohexane mixture was 1.32 ±0.01 
g/cm3 , which compares favorably with the calculated density of 1.324 for Z = 8. With eight mol­
ecules per unit cell and the appearance of 2x, 2y, 2z peaks for nickel in the Patterson function, 
the centric space group C2/ c was chosen, and this choice was confirmed by the subsequent refine­
ment of the structure. All atoms occupy general positions, and no molecular symmetry conditions 
are imposed by crystallographic symmetry. Intensity data for the final refinement reported here 
were recorded on an automated GE XRD-5 diffractometer. Nickel-filtered copper radiation 
(A. = 1.54051 for K(1) and a e - 2 e scan technique were used. Of the 2319 nonequivalent reflections 
measured, 2113 were observed to be nonzero. 

A Patterson synthesis located the nickel and several of the adjacent oxygens. A least-squares 
refinement and subsequent Fourier synthesis disclosed the remaining atoms. Least- squares re­
finement proceeded with all 29 atoms, with only the nickel atom treated anisotropically, to a con­
ventional R value of 0.117, where R=1:IIFOI-IFc 11/1:IFOI. A difference synthesis disclosed 
all but one of the 24 hydrogens. When the hydrogens were Included and refined, R dropped to a 
final value

2
0f 0.097 for all reflections. The isotropic thermal parameters have the form 

exp(- B sin e/A.2 ), and the anisotropic temperature factor was 

where b. is the ith reciprocal axis. In some instances considerable displacement of the hydro­
gen froml the position expected on the basis of the heavy-atom structure was noted. Since the hy­
drogen positions in the present structure are of no particular chemical interest, no further con­
sideration is given to them here. The final heavy-atom parameters are given in Table G. 25-1. 

The crystal is composed of discrete molecules, Ni(AA)2(C 5 H 5NO)2' in which the six oxygens 
are coordinated to the nickel in a very nearly regular octahedral array. In Fig. G.25-1 the 
overall molecular geometry is illustrated along with the atom labeling, and average values of chem­
ically equivalent bond distances are given. A pair of stereoscopic representations is provided in 
Fig. G. 25-2 to Rermit the reader to appreciate the details of the geometry. The closest Ni-Ni ap­
proach is 6.882 A, which occurs within the unit cell for molecules related by x, y, z, and 1/2-x, 
1/2-y, -z. This juxtaposition is achieved by efficient molecular packing and no specific inter-
molecular interactions are indicated. 

The two pyridine N-oxide molecules occupy positions cis to each other in the coordination 
sphere of the nickel. This contrasts with the solid-state structures of M(AA)2 (H20)2 (Refs. 7,8) 
and M(AA)2 (C 5H 5N)2' 9 M = Co, Ni, in which the neutral monodentate ligands occupy trans posi­
tions. However, precedents for a cis coordination geometry in divalent metal acetllacetonate 
compounds are prj'vided by the crystal structures of [Ni(AA)2] 3,11 [Co(AA)214,1 and 
[Co(AA)2H20] 2. 1 These polymeric complexes involve a cis octahedral arrangement of the ter-
minal chelate rings. Also, complex anions of the type [M(AA)3-] (Refs. 14-18) necessarily in­
volve coordination of this sort. These findings, taken together, suggest that there is very little 
energy difference between cis and trans structures of this type. Crystal packing forces may very 
well determine the solid-state conformation in any particular example. 

The nickel-to-ligand atom distances appear normal. The average Ni-acetylacetonate oxygen 
distance found here (2.02 A) is in excellent agreement with those four;d for trans Ni(AA)2(H20)2 
(2.02 A), 8 and for the terminal chelate oxygens of [Ni(AA)2] 3 (2.q,1 A). 11 The average distance 
from the nickel to the pyridine N-oxide oxygen found here is 2.10 A. TlJ-is is slightly, but perhaps 
significantly, shorter than the nickel-to-water oxygen distance of 2.14 A in Ni(AA)2(H20)2.8 This 
indicates that of the two neutral oxygen donor ligands, pyridine N-oxide is the more strongly coor­
dinating. 

In the structure dealt with here the two independent pyridine-N-oxide molecules, P1 and P2, 
coordinate with Ni-O-N angles of 119.2 and 122.4 deg respectively. This angular coordination is 
to be expected from a consideration of the directional properties of the lone pair electrons on the 
oxygen, which form the coordinate bond to the nickel. The angle of approxi:rrately 120 deg suggests 
that a reasonable description of the bonding in pyridine N-oxide involves ..:!.E. hybridization on the 
oxygen (two lone pairs and the N-O bond pair), with the third lone in a pure .£ orbital. 

The internal distances and angles of the pyridine N-oxide ligand'3in particular the average 
N-O bond distance of 1.33 A, agree well with those recently reported for the bridging ligand in 
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[CuC.e 2(C 5H5NO)] 2' The pyridine N-oxide oxygens P10 and P20 are respectively 0.06 and 0.07 A 
out of the least- squares planes through the pyridine rings, 

The bond lengths and angles of the acetylacetonate chelate rings appear normal and compare 
well with those in the literature. The methyl carbons fall within 0.15 A of the least- squares 
planes defined by the oxygens and carbons 2, 3, and 4 of the chelate rings. As has been noted in 
other acetylacetonate complexes, 8 the central metal does not lie exactly in the plane of the chelate 
ring. In the present structure the nickel atom falls 0.17 and 0.46.A from the least-squares planes 
of rings R1 and R2 respectively. 

One of us (W. DeW. H., Jr.) thanks the Lawrence R".diation Laboratory for its hospitality 
during the course of this work. We are indebted to Mr. B. G. DeBoer, Dr. M. G. B. Drew, and 
Mrs. H. Ruben for considerable help and useful discussion involving all aspects of this work. 
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Table G. 25-1. Final positional and thermal parameters for Ni(AA)2 (C
5

H
5

NO)2' a 

Ni 

RI0l 

RI02 

RICl 

R1C2 

RIC3 

RIC4 

RIC5 

R201 

R202 

R2Cl 

R2C2 

R2C3 

R2C4 

R2C5 

PI0 

PIN 

PICl 

PIC2 

PIC3 

PIC4 

CIC5 

P20 

P2N 

P2Cl 

P2C2 

P2C3 

P2C4 

P2C5 

x 

0.2180(1) 

0.2769(3) 

0.1454(3) 

0.2933(11) 

0.2517(5) 

0.1900(6) 

0.1417(5) 

0.0766(9) 

0.3239(4) 

0.1535(3) 

0.4329(11) 

0.3399(7) 

0.2837(8) 

o .1946( 6) 

0.1391(10) 

0.1104(3) 

0.1198(4) 

0.0668(6) 

0.0730(7) 

0.1344(7) 

0.1918(7) 

0.1851(7) 

0.2851(4) 

0.3754(5) 

0.4022(7) 

0.4955(9) 

0.5628(9) 

0.5305(12) 

0.4379(9) 

y 

0.0537(1) 

-0.0262(2) 

-0.0321(2) 

-0.1409(6) 

-0.0987(4) 

-0.1354(4) 

-0.1037(4) 

-0.1547(6) 

0.0460(2) 

-0.1340(2) 

0.0913(9) 

0.0997(5) 

0.1616(5) 

0.1740(4) 

0.2433(6) 

0.0723(2) 

0.044 7( 3) 

-0.0142(4) 

-0.0408(4) 

-0.0098(5) 

0.0476(5) 

0.0754(5) 

0.1457(2) 

0.1582(3) 

0.2318(4) 

0.2487(6) 

0.1919(6) 

0.1144(7) 

0.0996(5) 

z 

-0.0443(1) 

0.0311(2) 

-0.1040(2) 

0.1043(6) 

0.0340(4) 

-0.0208(4) 

-0.0856(4) 

-0.1392(7) 

-0.1017(2) 

-0.1184(2) 

-0.1724(8) 

-0.1457(4) 

-0.1725(5) 

- 0.1602( 4) 

-0.1991(5) 

0.0155(2) 

0.0848(3) 

0.0997(4) 

0.1712(4) 

0.2262(5) 

0.2111(5) 

0.1387(5) 

0.0199(2) 

0.0272(3) 

0.0176(4) 

0.0314(5) 

0.0480(6) 

0.0570(7) 

0.0466(5) 

B 

b 

3.3(1) 

3.4(1) 

5.0(2) 

3.3(1) 

3.4(2) 

3.7(1) 

5.2(2) 

4.1( 1) 

3.3(1) 

9.1(3) 

5.2(2) 

4.6(2) 

3.7(1) 

5.3(2) 

3.2(1) 

2.9(1) 

3.4(2) 

4.0(2) 

4.8(2) 

5.2(2) 

4.5(2) 

3.7(1) 

3.1(1) 

3.7(2) 

5.2(2) 

5.6(3) 

5.5(3) 

4.4(2) 

a. Standard deviations indicated in parenthe ses refer to the leas t significant digit( s). The atom 
labeling conforms to Fig. G.25-1. The carbon (C), nitrogen (N), and oxygen (0) atoms are num­
bered serially within their respective organic moieties. Rl and R2 designate chelate rings 1 and 
2, while Pl and P2 refer to pyridine N-oxide ligands 1 and 2. These group designations precede 
the individual atom element symbols and numbers. 
b. Components of the anisotropic thermal tensor for Ni defined as in the text are: Bl1 = 5.30(10), 
B22 = 4.30(5), B33 = 4.62(5), B12 = -0.17(5), B13 = 1.13(5), B 2 3 = 0.24(4). 
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XBL677-4249 

Fig. G.25-1. Geom.etry of Ni(AA)2 (C
5

H
5

NO)2 with the average values of chem.ically equiv­
alent bond lengths indicated. 

XBL677-4248 

Fig. G. 25 -2. Stereoscopic pair of Ni(AA)2 (C
5

H
5

NO)2 m.olecules. 
m.ay be determ.ined by a com.parison witll Fig. G.25'-1. 

The labeling of the atom.s 
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26. CRYSTAL AND MOLECULAR STRUCTURE OF 
SULFUR NITRIDE-BORON TRIFLUORIDEt 

Michael G. B. Drew, David H. TeITlpleton, and Allan Zalkin 

In a recent study of the reaction of sulfur nitride, S4N4' with the boron trihalides, Wynne and 
Jolly1 isolated COITlpounds of the cOITlposition S4N4' BF3 and S4N4' BCI3 . Several other adducts 
of S4N4 with Lewis acids have been prepared in the past, 2 and Neubauer and Weiss 3 have pub­
lished a crystal structure deter=ination, by x-ray diffraction ITlethods, of S4N4' SbCI5 . In this 
report an analysis of the crystal structure of S4N4· BF3 confirITls that the boron atOITl is bonded to 
nitrogen. The ITlolecular shape is very siITlilar to that of the antiITlony chloride adduct, with the 
sulfur atOITlS nearl! planar. This conforITlation differs froITl that of S4N4' in which the nitrogen 
atOITlS are planar. 

Crystals of S4N4' BF3 were obtained froITl Dr. K. Wynne of this University. The diffraction 
data were obtained froITl a crystal of approxiITlate diITlensions 0.15XO.4XO.15 ITlITl ITlounted with b 
parallel to the instrUITlent axis. The crys tal was s tuck to the inside of a glas s capillary with the 
ends sealed. The stationary-crystal stationary-counter ITlethod was used to ITleasure 1393 inde­
pendent reflections (2 () < 50 deg) of which 174 were recorded as zero. During the course of the 
experiITlent, no significant change in intensity was detected. 

S4N4 'BF3 is ITlonoclinic with a = 7.114±0.005 A, b = 1~.418±0.007 A2 c = 10.754±0.008 A, 
13 = 95.40 ±0.06 deg, Z = 4, D = 2.11 g CITl- ,D = 2.0 g CITl- (by flotation). Space group 
P2/n (~~h)' with hO.e absentif h +.e = 2n + 1, ITl OkO absent if k = 2n + 1. All atOITlS are in gen­
eral poslhons 

4(e): ± (x, y, z; 1/2 - x, 1/2 + y, 1/2 - z). 

The structure was solved by use of the sYITlbolic addition procedure5 to deterITline the phases. We 
used only the ~2 relation, s Eb - s t EkE

h
_k , where s ITleans 11 sign of ", and E is the nor-

ITlalized structure factor. It was found that for this data set 69 independent reflections had I E I 
values greater than 2.0. An E ITlap (Fourier synthesis) was cOITlputed, using the 69 reflections 
with signs based on this procedure. The four highest peaks in this ITlap, near the corners of a 
square, were correctly assigned as the sulfur atoITls, and a nitrogen and a fluorine atOITl were also 
found. A Fourier synthesis of .6.F, based on the six atoITls, was calculated, and the rest of the 
structure of S4N4· BF3 was iITlITlediately discernible. With individual anisotropic ther=al paraITl­
eters there were 109 paraITleters. The final R was 0.069 for 1391 reflections (or 0.072 including 
the two of zero weight). It was noted that the signs derived froITl the ~2 relation were all correct. 
The final values of the paraITleters are listed in Table G. 26-1. 

The structure consists of an eight-ITleITlhered sulfur-nitrogen ring, with a BF3 group bonded 
to one of the nitrogen atOITlS through the boron. The B-N bond length (1.577 A) is siITlilar to that 
found in NN -diITlethylaITlinodibo rane 6 and in triITlethylaITline- borontrifluoride 7 (1. 55 ± 0.02 A, 1.58 
A). TheConfiguration of the NBF3 entity is unreITlarkable: the four atOITlS around the boron are 
approxiITlately tetrahedral, and the bond distances are as expected. 

The conforITlation adoptxd by the ring can be cOITlpared with tfose deter=ined in two previous 
studies: that of S4N4 itself" and that of the S4N4· SbCl5 adduct. The crystal structure of sulfur 
nitride shows a ITlo1ecule containing a slightly elongated tetrahedron of sulfur atOITlS with nitrogen 
atoITls added out froITl four of the edges. The four nitrogen atOITlS are planar to less than 0.01 A. 
Figure G. 26-1a shows a projection of this ITlolecule onto the plane of the four nitrogen atoITls; the 
sulfur atOITlS are approxiITlately 1.0 A above and below this plane. The average S-N bond dis­
tance in S4N4 is 1.616±0.010 A, and the average angles at Sand N are 105 and 113 deg. The 
distances between sulfur atOITlS on the saITle side of the nitrogen plane are 2.58 and 2.59 A, and the 
existence of p (]" bonds between these atOITlS has been suggested.~, 9 

In this structure, and in the SbCl5 adduct, it is the sulfur atOITlS which for= the square and 
the nitrogen atOITlS, the tetrahedron. In Fig. G. 26-1 b, c are shown the projections of these two 
structures upon the least-squares planes of the sulfur atoITls. For clarity, the chlorine atoITls in 
c have been oITlitted. The two configurations are reITlarkably siITlilar. In the BF 3 adduct, the 
dimensions correspond closely to ITlirror sy=ITletry across the ring (disregarding the fluorine 
atoITls). The diITlensions for the SbCl5 adduct deviate froITl this ITlirror sy=ITletry by as ITluch as 
0.07 A, but this structure was not refined, and high accuracy is not claiITled. We interpret the 
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lack of symmetry as an indication of the accuracy of the bond distances. According to this esti­
mate of the accuracy, there is no significance to the discrepancies of distances and angles between 
the two substance·s. 

In both cases the addition reaction has increased the short S-S distance across the ring from 
2.58 A to more than 3.8 A, clearly destroying whatever bonding exists between these pairs of atoms. 
The distances listed in Table G. 26-ll reveal how nearly planar the nitrogen and sulfur atoms, re­
spectively, are in the three structures, and how similar the two adducts are .. In each adduct, the 
nitrogen atom (N1) which is bonded to the adduct is much more out of the plane than are the others. 

The environm.ent of N1 in this structure may be compared to that of ~trogen in S4N4H4.10 
The S-N distances average 1.66 A in our compound, compared to 1.67 A in S4N4.H4' and they 
are significantly longer than the other bonds in the ring (1.54 to 1.59 A). Planar tngonal bonding 
was suggested 10 for S4N4H4' and we find N1 to be within 0.03 A of the plane of its three neigh­
bors.The bond angles S-N-S are not so similar (113 deg in our adduct, 122 deg in S4N4H4). 

The arrangement of the molecules in the lattice is shown in Fig. 26-2. The molecular pack­
ing is determined by several sulfur-fluorine contacts near the sum of the van der Waals radii, 
3.2 A, and there is no indication of any exceptional interaction between molecules. 

We have made no detailed analysis of the anisotropic thermal parameters, but inspection re­
veals that the largest amplitudes correspond approximately to torsional motion of the fluorine 
atoms around the axis of the B-N bond. None of the distances listed in this paper have been cor­
rected for thermal motion. 
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Table G. 26.1. Final coordinates (X 10 4 ) and thermal parameters (X 10 2 ) for S4N4· BF3·a 

Atom x y z B11 B22 B33 B12 B
13 

B23 

S1 4576(2) 6733(1) 2968(2) 350(7) 281(6) 481(8) 75(5) 98(6) -3(6) 

S2 6066(3) 6640(2) 0526(2) 516(9) 446(8) 311(7) 11(7) - 67(6) 72(6) 

S3 9549(2) 5453(2) 1731(2) 348(7) 426(8) 495(8) 68(6) 119(6) 35(6) 

S4 7877(2) 5697(2) 4103(1) 382(7) 397(7) 299(6) -38(6) - 68(5) -4(5) 

N1 5751(6) 5407(4) 3369(4) 278(19) 249( 19) 323(20) 39(16) 34(15) 10( 16) 

N2 4842(7) 7097(5) 1559(5) 319(22) 337(23) 493(27) 26(18) -50(19) 37(20) 

N3 7697(8) 5611(5) 0811(5) 465(26) 419(26) 339(23) -1(21) 99(19) -38(20) 

N4 9461(7) 5577(5) 3153(5) 280(21) 371(24) 511(27) 13(18) -41(19) 70(21) 

B1 5087(9) 3995(6) 3032(6) 315(27) 257(26) 327(28) 14(22) 68(22) 2(22) 

F1 4931(7) 3327(4) 4117(4) 1005(31) 368( 18) 395(18) -60(19) 248(19) 38( 15) 

F2 6421(5) 3402(3) 2393(4) 456( 18) 325(16) 561(20) 8(14) 180( 15) -88( 14) 

F3 3388(5) 4085(4) 2309(4) 366(17) 476(20) 794(26) -17(15) -149( 17) -135(19) 

aStandard deviations estimated by least squares for the least significant digit are given in 
parentheses. 

Table G. 26-II. Distances of atoms from least- squares planes, in A. 

Sulfurs Nitrogens 

S4N4 
ab 1.01, -0.98, 0.98, -0.99 0.00, 0.00, 0.00, 0.00 

S4N 4· SbC15 
cd -0.01, 0.01, -0.01, 0.01 -0.94, 0.35, -0.34, 0.21 

S4N4 ·BF 3 
d -0.02, 0.02, -0.02, 0.02 -0.92, 0.24, -0.48, 0.23 

a. Least-squares plane calculated through the four nitrogen atoms. 
b. Coordinates taken from Ref. 4. 
c. Coordinates taken from Ref. 3. 
d. Least-squares plane calculated through the four sulfur atoms. 
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FIGURE I 

XBL671- 418 

Fig. G.26-1. Projections of the three molecules S N
4

, S4N 'BF , and S4N 'SbCIS' In 
S4N4' the four nitrogen atoms are in a plane; in the other two, 1he sulfur a10ms are in a 
prane. 
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XBL 676-4127 

Fig. G. Z6-Z. Projection of S4N4· BF 3 down [100]. 

Z7. CRYSTAL STRUCTURE OF CS(B9CZH11}ZCot 

Allan Zalkin, Ted E. Hopkins, and David H. Templeton 

The salt CS(B9CZH11}Z Co was synthesized in the laboratory of Professor M. F. Hawthorne 1 

at the University of California at Riverside. A crystal structure study was undertaken to confirm 
the proposed structure of two icosahedra joined at the cobalt apex; this we proved to be true. The 
synthesizers of this material had hoped they had produced a compound in which the carbon atoms 
were not adjacent to each other; unfortunately, we found the carbon atoms to be disordered and 
therefore could neither affirm nor deny this hypothesis. 

A light brown parallelopiped- shaped crystal of dimensions "'0 .15XO.15 X O. 30 mm was selected 
and glued to the end of a Pyrex fiber in air. A total of Z051 independent intensities was measured, 
of which 144 were recoreded as zero. A stationary-crystal stationary-counter technique using a 
10- sec count for every reflection was used. 

Four formula units of (B9CZHj1}Z CoCs are in the monoclinic C-centered unit cell whose 
dimensions are a=11.698±0.005A, b=7.3~1±O.004A, c=21.207±0.006A, and (3=101.73±O.05deg. 
The calculated x- ray density is 1. 69Z g/ CITl. The density ITleasured by flotation is 1. 69 g/ CITl3 . 
The observed extinctions correspond to CZ/c or Cc, and good agreeITlent of observed and calcu­
lated structure factors was achieved in the centric space group, CZ/c. The Cs and Co atOITlS were 
located by the Patterson function. 

The cesium occupies the special fourfold position on the t,wofold axis, and the cobalt is on a 
center of symmetry at the origin. A difference function phased by these two heavy atOITlS revealed 
the positions pf the eleven boron and carbon atOITls. In attempting to locate the two carbon atoITls, 
we used the two criteria of teITlperature factors and interatoITlic distances. No two atOITlS stand 
out as carbon atoms on these bases, but the results are consistent with the carbon atOITlS being 
distributed in the pentagon adjacent to the cobalt in a disordered manner. Various ITlodels using 
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different ratios of Band C in the disordered positions were tried; temperature factors were af­
fected, but no significant changes in the distances in the icosahedral structure resulted. A differ­
ence function was calculated, and it showed the 11 hydrogen atoms.among the top 17 peaks. The 
final least- squares, performed with all 24 atoms of the structure included, resulted in an R of 
0.042. The coordinates and isotropic temperature factors for hydrogen were refined, and coordi­
nates and with anisotropic temperature factors for all the other atoms were refined. The real and 
imaginary components of the anomalous dispersion correction were applied to the Cs and Co atoms. 
Atoms 2, 3, 5, and 6 in the icosahedron were treated as half boron and half carbon atoms. The 
BiZ and B23 temperature factors of Cs were restrained to zero as required by the symmetry of the 
special position. The last shift in the parameter in each case was less than 0.001 of the estimated 
standard deviation of that parameter. The final set of parameters is shown in Table G. 27-1. The 
sets of positions are 

Cs in 4(e): ±(O, y, 1/4; 1/2, 1/2 +' y, 1/4); 

Co in 4(a): (0,0,0; 0,0, 1/2; 1/2, 1/2, 0; 1/2, 1/2, 1/2); 

Band C in 8(f): ±(x,y,z; x,y, 1/2+z; 1/2+x, 1/2+y, z; 1/2+x, 1/2-y,1/2+z). 

The anisotropic temperature-factor refinements were carried out primarily for the purpose of 
looking for hydrogen atoms. It has been our experience that it is often necessary to remove the 
anisotropies of the bonding atom in order to see the hydrogens in the difference Fouriers. With 
the exception of Cs, all the temperature factors appear to be fairly isotropic. 

The structure consists of a Cs + cation and a (BgC 2 H 11)2 Co-anion. The cesium ion is sur­
rounded by ten hydrogen atoms at distances from 3.(J0 to 3.34.A; the next nearest neighbors to the 
cesium atom are two boron atoms, at 3.67.A. 

The framework of the (B9 C 2H 11)2 Co- group is shown in Fig. G.27-1. The structure consists 
of two icosahedra in a staggered configuration joined at a common apex, which is the cobalt atom. 
The two carbon atoms are shown in disordered positions in the pentagon of atoms adjacent to the 
cobalt, occupying mainly positions 2, 3, 5, and 6. The interatomic distances in the framework 
are shown in Fig. G.27-2. Each atom with the exception of cobalt in the framework shown in Fig. 
G.27-1 has bonded to it a hydrogen atom. 

The above icos~hedral structure is very similar to that found in (B9C2H11)Fe(C5H5)2 and in 
(B9C 2 H 11)Re(CO)3' where there is no disorder of the carbon atoms. Because of the disorder in 
(B9C~H11)2CoCs, we cannot say if the carbon atoms are adjacent or not in each molecule, nor in­
deed 1f the crystal contains a single isomer or more than one isomer. 

We thank Professor M. F. Hawthorne and Dr. T. D. Andrews for providing us with the interest 
and the crystals that made this work possible. 

Footnote and References 

tCondensed from Inorg. Chem. 2" 1911 (1967). 
1. M. F. Hawthorne and T. D. Andrews, Chemical Commun. 19, 443 (1965). 
2. A. Zalkin, T. E. Hopkins, and D. H. Templeton, J. Am. Chem. Soc . .§2, 3988 (1965). 
3. A. Zalkin, T. E. Hopkins, and D. H. Templeton, Inorg. Chem. 2, 1189 (1966). 
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Table G. 27-I. Atomica and Thermal Parametersb in (B
9

C 2 H
11

)2 CoCs. 

Atom x y. z B11 B22 B33 B12 B13 B23 

Cs Oc 0.4060 1/4
c 7.46 3.05 4.30 Oc -1.11 Oc 

Co(1) Oc Oc Oc 1.75 2.30 2.13 -0.17 0.35 -0.13 

BC(2)d 0.1224 -0.1774 0.0476 2.5 3.3 2.9 0.3 0.3 0.0 

BC(3)d 0.1415 0.0369 0.0743 2.5 3.3 3.0 -0.4 - 0.1 0.0 

B(4) 0.0121 0.1172 0.0904 3.0 2.7 2.2 -0.2 0.4 -0.2 

BC(5)d 0.4146 0.4396 0.0744 2·9 2.8 2.6 -0.2 1.0 0.0 

BC(6)d 0.4823 0.2579 0.0470 2.8 2.7 2.7 -0.3 0.5 0.2 

B(7) 0.1959 -0.1381 0.1256 2.4 4.0 3.3 -0.1 -0.1 0.5 

B(8) 0.1267 0.4838 0.1538 3.5 3.5 2.5 -0.8 -0.1 -0.3 

B(9) 0.4810 0.4845 0.1537 3.4 3.2 2.4 -0.4 0.8 -0.2 

B(10) 0.4613 0.2594 0.1260 2.8 3.3 2.5 -0.6 0.4 0.2 

B(11) 0.0949 -0.3173 0.1087 3.1 3.0 3.4 0.0 0.2 0.3 

B(12) 0.0962 -0.1757 0.1761 3.3 3.3 2.8 -0.2 0.0 0.2 

H(2) 0.173 -0.233 0.015 2.2 e 

H(3) 0.197 0.111 0.062 2.5 

H(4) 0.490 -0.262 0.085 1.9 

H(5) 0.319 0.456 0.061 3.0 

H(6) 0.436 0.152 0.019 2.0 

H(7) 0.281 -0.165 0.139 2.1 

H(8) 0.177 0.139 0.186 0.6 

H(9) 0.432 -0.458 0.191 0.4 

H(10) 0.397 0.170 0.142 2.6 

H(11) 0.128 -0.455 0.113 1.1 

H(12) 0.128 -0.227 0.221 0.9 

a. Estimated standard deviations on the atomic positions for Co, B or BC, and Hare ±0.0005 'A, 
±0.005 'A, and ±0.05 'A respectively. 
b. The thermal parameters have the units A2. The estimated standard deviations on the thermal 
parameters of Co or Cs, B or BC, and Hare ±0.04 'A2 , ±0.2 'A 2 , and ±1.4 'A2 respectively. 
c. Parameter fixed by the space-group symmetry. 
d. Half boron and half carbon. 
e. Isotropic B in the case for hydrogen. 
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Fig. G.27-1. Framework of the (BqC2H-U>2 Co- ion. 
Hydrogen atoms, which are on each of me atoms 
with the exception of cobalt, are not shown. 
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Fig. G.27-2. Interatomic distances in the (B9C2H11)2Co 
icosahedra. Multiple circles indicate the dlsorderea 
positions containing half boron-half carbon atoms. 
Single circles represent borons. The estimated stan­
dard deviations on these bond lengths are ±O.01 'A. 
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28. CRYSTAL STRUCTURE OF THE RUBIDIUM SALT 
OF AN OCTADECAHYDROEICOSA.BORATE(2-) PHOTOISOMERt 

Barry G. DeBoer, * Allan Zalkin, and David H. Templeton 

G.28 

In the last few years, there has been considerable interest in the reactions of the B20H182-
ion and proposals have been made for the probable structures of the products. 1-8 The structure 
of the parent ion has been established4 , 5 as a pair of capped- square-antiprismatic polyhedra, of 
10 borons, connected by a pair of three-center bonds which join the .1-2 edge of one polyhedron to 
the 2' position of the other and the l' -2' edge of the second to the 2 position of the first. 9 Recently, 
Hawthorne and Pilling1 observed the isomerization of B20H182- in acetonitrile solution when ex­
posed to light from a mercury lamp. They predicted that the photoisomer was one of the two pos­
sible structures which result when two polyhedra, consisting of 10 borons each, are joined by a 
pair of B-H- B bridges, one between each pair of equatorial four- rings. This work was undertaken 
~o determine the geometry of the photoisomeri.zation prod~ct. The results prove that the g~o~etry 
IS the centrosymmetric (21m or C2h) alternative of the paIr suggested by Hawthorne and Plllmg. 

Crystals of the rubidium salt were sent to us by Professor M. F. Hawthorne of the University 
of California, Riverside. Part of this material was recrystallized from water by slow evaporation. 
A colorless crystal about 0.11XO.06XO~05 mm in size was secureej. to a Pyrex glass fiber for in­
tensity measurements. As the .material appears to be radiation- sensitive, a shutter excluded the 
x rays from the crystal except during the actual counting time. The measurements included 1175 
Laue-independent reflections, of which 240 recorded as zero. The intensities of several reflec­
tions that were measured at frequent intervals showed only small, random fluctuations. Pyro­
electricity was indicated by attraction of a crystal to the side of the glass Dewar after the crystal 
was quickly dipped into liquid nitrogen. 

Four formula units of Rb2B20H18 are contained in the orthorhombic unit cell with dimensions 
a = 12.344:1: .007 A, b = 19.014:1: .010 A, c = 7.260:1: .005 A. The calculated density of 1.58 gl cm3 

agrees with the value (1.57:1: .01 g/cm3 ) obtained by flotation in a mixture of carbon tetrachloride 
and dibromoethane. The Laue symmetry and observed extinction rules correspond to both the 
centric Pnma and the noncentric Pn2 1a. The positive test for pyroelectricity and the violations of 
Friedel's rule indicate the noncentric Pn2 1a, and this choice leads to a successful structure. 

The Patterson function calculated from the first data set was consistent with either one rubid­
ium ion in the eightfold Pnma or a pair of nearly centric rubidium ions in the fourfold Pn2 1 a. The 
latter was chosen because of the observed pyroelectric effect and the broadening of the Patterson 
peaks in the a and c directions. The zero coordinate of the y axis in the polar space group 
Pn2 1a was defined by requiring the two rubidium ions to have equal and opposite y coordinates 
in this and all subsequent refinements. A Fourier synthesis phased on the rubidiums was calcu­
lated and sixteen boron atoms were found. A difference Fourier was calculated on the basis of the 
2 rubidium ions and 16 borons, and the remaining 4 borons were located. 

Seventeen reflections were selected and examined 'for anomalous dispersion effects. These 
data showed that the wrong alternative had been chosen for the polarity. When the structure was 
inverted as required, a refinement of two anisotropic rubidium ions and twenty borons, including 
anomalous dispersion, gave an R of 0.136 on the 1175 data. Another difference Fourier showed, 
for all eighteen hydrogens,peaks ranging from 0.78 to 0.46 electronsl A 3 in reasonable positions. 
Many attempts at refining the hydrogen positions under various restrictions produced various 
degrees of agreement, various unacceptable temperature factors and boron-hydrogen distances, 
and much frustration. The structure was finally refined with each hydrogen in a calculated posi­
tion 1.2 A from its boron (~ 1.3 A in the case of the two bridging hydrogens) and constrained to 
"ride" on its boron. All hydrogens were also required to have the same temperature factor. 
The final R was 0.127 on all 1175 data and 0.073 on the 935 nonzero data. The final positional 
and thermal parameters are presented in Table G. 28-1. Observed and calculated values of 17 
selected anomalous dispersion data (hk£, hk£) clearly establish the noncentric space group, and 
are strong evidence of the correctness of the structure. 

The structure of the photoisomeric B20H182- anion found in this study is shown in Fig. G.28-1. 
This structure is the more symmetric one of the two possibilities postulated by Hawthorne and 
Pilling. 1 The anion has an approximate 21m (C 2h) point symmetry. A calculation

o 
of the anion's 

deviations from perfect 21m symmetry gave a root-mean-square deviation of 0.07 A (excluding 
B5'j see below). We feel that this is within the accuracy of the determination. Thus the non-
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centric nature of the space group is a result of an unsyITlmetrical arrangement (Fig. G.28-2) of 
syITlmetric pieces. 

There is no significance to the handedness found for the particular sample from which the 
data were obtained, and we would expect another crystal to have an equal chance of having either 
handednes s. 

An examination of the boron- boron distances given in Table G. 28-II shows that B5' is appar­
ently mislocated in a position too far from the apex and. too close to the opposite equatorial ring. 
We do not understand how this effect arises, but did exclude B5' from the calculation of the devi­
ations of the anion from 21m syITlmetry and from the calculations of average bOlon-boron distances. 
The average of 15 apical-equatorial distances (excluding B1'-B5') is 1.68±.04A, and the average 
of 28 equatorial-equatorial distances (excluding B5'-B8', B5'-B9', and the interbridging-boron 
distances) is 1.82 ± .05 A. The shortened interbridging-boron distances average 1.685 ± .05 A 
and the B-B distances across the B-H-B bridges average 2.04± .09 A. The errors quoted are 
root-mean-square deviations. The increase in calculated bond distances due to thermal motion is 
estimated to be :::: 0.02 A, or about half a standar~~eviation. These avera$es may be compared 
with those found 10 for the cuprous salt of BlOH10 ,which are 1.73 ± .02 A for apical-equatorial 
distances, 1.86 ± .03 A for distances within tIie equatorial rings, and 1.815 ± .01 5 A for distances 
between equatorial rings. 

The two rubidium ions are nearly centrically located, as can be seen from the table of atomic 
coordinates. The distance between one rubidium ion and the invert (1) of the other's position is 
0.062 ± .008 A. The rubidiums' nearest neighbors are hydrogens, none closer than 2.6 A. There 
are no borons nearer than 3.3 A. 

The B20H182- ion described above is not the only one that might be constructed by joining two 
B tO polyhedra with two B-H- B bridges involving adjacent borons in each B 10 unit. There are 
thIrteen isomers which may be so constructed, five of which are syITlmetric and the remaining 
eight of which form four enantiomorphic pairs. Other isomers involving bridging to nonadjacent 
atoms were not considered because of the drastic crowding of the fair of B-H groups that lie be­
tween any such nonadjacent pair. Hawthorne and Pilling mention "the formation of unidentified 
metastable intermediates" in the thermal reversion of the photoisomer studied here to the parent 
ion. Thus it may be that some or all of the isomers also exist. 

We thank Professor M. F. Hawthorne of the University of California, Riverside, for helpful 
discussions and for providing the crystals which made this work possible. 

Footnotes and References 

!Condensed from UCRL-17125, Sept. 1967. 
"'National Science Foundation Graduate Fellow. 
1. M. F. Hawthorne and R. L. Pilling, J. Am. Chem. Soc. 88, 3873 (1966). 
2. M. F. Hawthorne, R. L. Pilling, and P. 'M. Garrett, ibid. 87, 4740 (1965). 
3. M. F. Hawthorne, R. L. Pilling, and P. F. Stokely, ibid. 8=r;-1893 (1965). 
4. R. L. Pilling, M. F. Hawthorne, and E. A. Pier, ibid. 86,3568 (1964). 
5. B. L. Chamberland and E. L. Muetterties, Inorg. Chem-:-3, 1450 (1964). 
6. M. F. Hawthorne, R. L. Pilling, P. F. Stokely, and P. M. Garrett, J. Am. Chem. Soc. 

M, 3704 (1963). 
7. A. R. Pitochelli, W. N. Lipscomb, and M. F. Hawthorne, ibid. 84, 3026 (1962). 
8. A. Kaczmarczyk, R. Dobrott, and W. N. Lipscomb, Proc. Natl. Acad. Sci. U. S. 48, 

729 (1962). 
9. Numbering according to: R. Adams, Inorg. Chem. 2, 1087 (1963); see Fig. G.28-1. 

10. R. Dobrott and W. N. Lipscomb, J. Chem. Phys. 37, 1779 (1962). 
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Table G. 28-I. Final positional and thennal parameters in Rb2 B20 H 18' 

Atom x y z Ba 

Rb(1) -0.3714(2)b -0.0801(1) 0.3225(4) (c) 

Rb(2) 0.3688(2) 0.0801(1) -0.3299(4) (c) 

B(1) 0.039(2) 0.176(1) 0.566(4) . 4.4(6) 

B(2) 0.052(1) 0.219(1) 0.369(3) 1.1( 4) 

B(3) 0.158(2) 0.167(1) 0.457(3) 2.7(5) 

B(4) 0.069(2) 0.092(1) 0.499(3) 3.0(5) 

B(5) -0.044(1) 0.146(1) 0.407(2) 0.8(3) 

B(6) 0.140(2) 0.181(1) 0.218(3) 1.8(4) 

B(7) 0.162(2) 0.091(1) 0.315(4) 3.2(5) 

B(8) 0.022(2) 0.075(2) 0.275(4) 4.8(7) 

B(9) 0.000(2) 0.160(1) 0.174(3) 2.3(4) 

B(10) 0.096(2) 0.111(1) 0.110(4) 3.0(5) 

B( 1') 0.138(2) 0.389(1) 0.400(3) 2.9(4) 

B(2') o 095(2) 0.316(1) 0.293(3) 2.8(5) 

B(3') 0.077(2) 0.405(1) 0.195(3) 2.3(5) 

B(4I) 0.229(1) 0.421(1) 0.239(2) 0.9(4) 

B(5') 0.241(2) 0.329(1) 0.312(3) 2.4( 4) 

B(6') 0.081(2) 0.330(1) 0.048(3) 2.8(5) 

B(7') 0.172(2) 0.403(1) 0~005(4) 3.1(5) 

B(8') 0.287(2) 0.350(1) 0.104(3) 3.1(5) 

B(9') 0.188(2) 0.284(1) 0.153(3) 4.0(5) 

B(10') 0.204(2) 0.318(1) -0.062(3) 3.2(5) 

a. The units are ),2. 
b. The number in parentheses is the standard deviation in the least significant 
digit as derived from the least- squares matrix. 
c. The anisotropic temperature factors for Rb(1) are: ~11' 4.1(2);. ~22' 2.5(2); 
~33' 5.6(2); ~12' O. 7(1); ~13' 1.4(1); ~23' 0.3(1); and for Rb(2): ~11' 4.3(2); 
~22' ~'l(2); ~33' 3.8(2); ~12' -0.7(1); ~13' -1.1(1); ~23' 1.1(1), where the units 
are A . 

G.28 
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Table G. 28-11. Distances a (in A) in Rb2B20H18' 

AEex- ring Distance Intra- ring Distance Inter,- ring Distance 

B(1) -B(2) 1.66(3) B(2) - B(3) 1. 77(3) B(2) _B(6)c 1.72(3) 

-B(3) 1.67(3) B(3) - B(4) 1.82(3) B(6) -B(3) 1. 78(3) 

-B(4) 1. 70(3) B(4) -B(5) 1.87(3) B(3) - B(7) 1. 77(3) 

-B(5) 1.64(3) B(5) - B(2) 1.85(3) B(7) - B(4) 1. 76(3) 

B(10) -B(6) 1,64(3) B(6) -B(7) 1.86(3) B(4) -B(8) 1.76(4) 

- B(7) 1.73(4) B(7) - B(8) 1. 78(3) B(8) - B(5) 1.85(4) 

-B(8) 1.65(4) B(8) - B(9) 1.80(4) B(5) - B(9) 1.80(3) 

- B(9) 1.58(3) B(9) -B(6) 1.80(3) B(9) - B(2) 1.91(3) 

B(1') -B(2') 1.68(3) B(2')- B(3') 1.86(3) B(2')- B(6') 1.80(3) 

-B(3') 1.70(3) B(3')- B(4') 1.93(3) B(6')-B(3') 1.79(3) 

-B(4') 1.73(3) B(4')- B(5') 1.83(3) B(3')- B(7') 1.82(3) 

_B(5,)b 1.82(3) B(5')- B(2') 1.83(3) B(7')- B( 4') 1.88(3) 

B(10')-B(6') 1.73(3) B( 6').- B( 7') 1.82(3) B(4')- B(8') 1.82(3) 

-B(7') 1.73(3) B(7')- B(8') 1.88(3) B(8')- B(5,)b 1.66(3) 

-B(8') 1. 70(3) B(8')- B(9') 1.79(3) B(5')- B(9,)b 1.58(3) 

-B(9') 1.70(4) B(9')- B(6') 1.76(3) B(9')- B(2')c 1.65(3) 

across bridges 

B(2) - B(2') 1.98(3) 

B(6) -B(9') 2.10(3) 

a. These distances are not corrected for thermal motion. The terminal digits in 
parentheses are the standard deviations as estimated from the least-squares matrix 
in units of .01 A, However, we feel that the root-mean-square deviations from the 
averages given in the text of :::: .05 A are a better measure of the accuracy of these 
distances. 
b. Evidence that B(5') is displaced from its "true" position. 
c. Pairs of borons in the same B

10 
unit which are involved in hydrogen bridges. 
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Fig. G. 28-1. BZOH182- photoisom.er 
(term.inal hydrogens om.itted for 
clarity) . 
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Fig. G.28-2. One unit cell of Rb2 B 20 H 18 
seen down c axis (hydrogens om.itted). 
Num.bers on Rb ions are z coordinates 
as decim.al fractions of c; the centers 
of the B20 units are approxim.ately at 
z = 1/4 and z = 3/4. 
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AMPEROMETRIC TITRATION OF PALLADIUM(II) 
BY OXIDATION WITH HYPOCHLORITEt 

Ray G. CleITl and E. H. HuffITlan 

UCRL-17989 

Although the principal oxidation states of palladiuITl are 2+ and 4+, there has apparently been 
no analytical procedure reported for the oxidiITletric deterITlination of palladiuITl(II). That such a 
ITlethod is lacking is probably because no ITlediuITl has been found in which there is a favorable dif­
ference in the oxidation potentials of palladiuITl and an oxidant. For exaITlple, in a chloride ITledi­
UITl the potentials for the Pd(IV)/Pd(II) and Ce(IV)/Ce(III) couples are about the saITle, 1, 2 and 
perITlanganate cannot be used because it readily oxidizes chloride. The alkali ITletal and aITlITlO­
niuITl salts of hexachloropallad~uITl(IV) react with hot water to generate chlorine, and with aqueous 
aITlITlonia to liberate nitrogen. These facts would not lead one to expect oxidiITletry to be a fruit-
ful ITlethod fo r dete rITlining palladiUITl(II) unles s th.e oxidation po tential of the palladiUITl couple 
could be lowered considerably. 

A ITlethod has been found which utilizes, for the first tiITle, the oxidation of palladiUITl(II) to 
palladiuITl(IV) with hypochlorite. The titration has been ITlade feasible through the stabilizing in­
fluence of a 0.5 M chloride-0.05 M azide supporting electrolyte at pH 2 to 3 on the palladiuITl(IV) 
species. The titration end point is detected with a rotated platinUITl electrode at 0.5 V versus a 
saturated caloITlel electrode. The ITlethod is ITlost useful in the range (0.5 to 2.1 ITlg Pd; 0.01 M 
hypochlorite) slightly above that covered by spectrophotoITletry and below that conveniently aITl~ 
nable to graviITletry, with a precision of about 0.50/0. ForITlal potential ITleasureITlents of the 
Pd(IV)/Pd(II) couple in the recoITlITlended electrolyte gave values froITl 0.64 to 0.53 V on changing 
the pH froITl 2 to 3, with an attendant tenfold increase in azide ion concentration; the standard poten­
tial in a chloride ITlediuITl is 1.288 V. 1 

Figure G. 29-1 shows polarographic scans of the supporting electrolyte, supporting electrolyte 
plus palladiUITl(II), and supporting electrolyte plus hypochlorite, and Fig. G. 29-2 shows titration 
curves for 0.525 ITlg of palladiUITl at different pH values. Deviations froITl the expected ratio of 2:1 
hypochlorite to palladiUITl were found while developing the procedure, but these deviations are of 
no consequence when the titrant is standardized against palladiUITl. In addition to pH, the following 
variables were studied: chloride concentration, azide concentration, teITlperature, tiITle of titra­
tion, photoreduction of palladiuITl(IV), and concentration of palladiUITl. 

Table G. 29-1 shows the recovery of 0.525 ITlg of palladiuITl in the presence of large aITlounts 
of diverse ions, and Fig. G. 29-3 (XBL678-3895) shows the cation interferences giving waves at 
potentials greater than 0.0 V vs SCE. By polarographic cOITlparison (Figs. G. 29-1 and G. 29-3), 
iridiUITl(IV) is as strong an oxidizing agent as is hypochlorite. The potential selected is sufficiently 
positive that ITlost of the possible interfering ions do not give waves, yet sufficiently negative that 
excess hypochlorite is sensitively detected. 

r ~~ootnote and References 
'14 

t Presented at 11th Conference on Analytical CheITlistry in Nuclear Technology, Gatlinburg, 
Tennessee, October 10-12, 1967; Anal. CheITl .• in press. 

1. W. M. LatiITler, Oxidation Potentials, 2nd ed. (Prentice-Hall, Englewood Cliffs, N. J., 
1952), p. 203. 

2. G. F. SITlith, Cerate OxidiITletry (G. Frederick SITlith CheITlical Co., ColuITlbus, Ohio, 
1942), p. 22. 

3. A. F. Cotton and G. Wilkinson, Advanced Inorganic CheITlistry, 2nd ed. (Interscience 
Publishers, New York, 1966), p. 1035. 



UCRL-17989 

.. t , . 

lJ ~.,p tJ 

-251-

6 I) & 

Table G.29-1. Tolerance for foreign ions (0.525 rng Pd in each). 

Foreign 
ion 

Cr 
3+ 

Fe3+ 

Co2+ 

Ni2+ 

Cu2+ 

Zn2+ 

Rh3+ 

Ir4+ 

Pt4 + 

Au3+ 

Pb2+ 

Na2S04 
NaN03 

-c:: 
Q) ... ... 
:::J 

U 

1.0 

Amount added Pd found (rng) 
(rng) (average du:elicates) 

100 0.512 

100 0.527 

111 0.515 

116 0.526 

103 0.510 

108 0.530 

30 0.532 

2 0 

118 0.526 

20 0.526 

108 0.511 

1000 0.521 

1000 0.518 

1,·00" 

SE alone 

SE + Pd 2 + 

0.8 0.6 0.4 0.2 o 
Volts vs SeE 

XBL678- 3894 

Fig. G.29-1. Polarograrns of supporting electrolyte 
(SE) and reactants. 
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Fig. G.29-2. AITIperoITIetric titration of palladiuITI(II) 
with 9.61X 10- 3 M hypochlorite at various pH values. 
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Fig. G.29-3. PolarograITIs of diverse ions giving 
waves at positive potentials. 
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H. CHEMICAL ENGINEERING 

1. MATHEMATICAL REPRESENTATION OF BATCH CULTURE DATAt 

Victor H. Edwards* and Charles R. Wilke 

A generalized logistic equadon is proposed for the mathematical representation of batch culture 
kinetic data for bacterial growth and associated phenomena, 

K 
y=------

1 + exp[ F(t1 )] 

where F(t1) = some function of time, K = numerical constant, t1 = t - tL' tL = length of lag phase, 
t > tL' y = dependent variable, i. e., concentration of cells, product, or substrate. 
IntroQuction of the time scale, t1' permits better modeling of the lag phase. An equation of this 
form retains a number of advantages, even for fairly complex F(t1). These advantages include 
ease of use, physical meaning for at least some parameters, and constant limiting values of y 
at small and large values of t1. 

Although better choices of F(t) may exist, a simple polynomial was selected, giving the 
equation 

Z n 
F(t) = a O + a 1t + azt + ..• ant. 

As pointed out by Dewitt, 1 this particular form of the generalized logistic equation can fit many 
types of data of sigmoidal form. It is also easy to make initial estimates of the values of the pa­
rameters, simplifying its use. An additional advantage of this equation for modeling kinetic data 
is that at low values of y/K, exponential growth is well approximated, gradually going over to 
product-inhibited growth at large time values. The dependence of the specific growth rate on 
values of Y and t1 is shown by 

1 dy / z n-1 y crt = -(1 - Y K)(+ a 1 + Za Zt 1 + 3a3t 1 + .•. + nant 1 ) 

The generalized logistic equation thus meets the need for flexibility, being especially adaptable to 
systems with product inhibition. 

To reduce the labor of fitting the equation to the data, a computer program in Chippewa 
Fortran was written for use with, a Control Data 6600 computer. A method of nonlinear least­
squares curve fitting was used to fit the equation to the data. A linear least-squares method does 
not work because the generalized logistic equation is nonlinear in the parameters to be computed. 
The nonlinear method consists of making initial guesses for the values of the coefficients and 
correcting these initial guesses by repeated iteration until a desired degree of convergence is 
obtained. The method and a detailed outline of the computer program are given elsewhere. Z 
Many groups of data may be analyzed in sequence by the program. The program fits succeedingly 
complex forms of the generalized logistic equation to the data, statistically testing each suc­
ceeding equation until a fit is obtained that satisfies a X Z test. The computer program also 
tabulates observed and calculated values of the data, tabulates values of the calculated parameters, 
and prepares graphs comparing calculated and observed data. 

Results 

Both artificial and real batch culture kinetic data were supplied to the computer program to 
test its performance. Two examples of the results are described here. Further applications are 
reported elsewhere. Z 

One test of the equation was made by using data from an imaginary culture showing an expo­
nential increase of cell cOIicentration followed by a phase of constant cell concentration. For 
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convenience, these data are referred to as the exponential model. 

The artifical data values are listed in the second column of Table H.1-1 and are shown as 
open circles in Fig. H.1-1. The exponential data were taken from a table of exponentials. 3 If 
the imaginary data are plotted on semilog graph paper, the data representing the. exponential 
growth period fall on one straight line of positive slope and the points representing the stationary 
period fall on a second, intersecting, horizontal straight line. The slope discontinuity prevented 
the continuous function from fitting the curve perfectly and provided a stress on the model. These 
hypothetical results would never be achieved in practice, but a close approximation might be made 
by a culture growing on a synthetic medium limited by a carbon source if the inoculum were a 
young, adapted, and exponentially growing culture that would continue growing exponentially upon 
inoculation. Cell mass versus time would most likely follow a course well approximated by an ex­
ponential and a resting phase, although cell number might not, there being a tendency for cell di­
vision to continue for a short period even after exhaustion of the carbon source. Figure H.1-2 
and Table H.1-II compare the exponential model with the curves fitted by the computer for the 
first-degree polynomial (which is equivalent to the simple logistic equation) and for a fifth degree 
polynomial in the generalized form of the equation. The first-degree equation is satisfactory in 
the low values of cell concentration, but it is inadequate at high cell concentrations, giving an av­
erage relative error of 6.90/0. For the fifth-degree polynomial, the fit is good throughout, with an 
average relative error of less than 20/0. The equations fitted to the data are, respectively, 

N = 239.966 
1 + exp (5.5530-0.5389 t) 

and (1) 

N = 151.473 

1 + exp(5.01945 - 0.60037 t + 0.10757 t 2 - 0.040219 t 3 + 0.0059485 t
4 

(2) 

Use of Eq. 1 is clearly inconvenient without a computer or desk calculator. The fit of the specific 
growth rates calculated by computer is compared to the exponential model in Fig. H. 1-3. As 
can be seen, the first-degree equation again fails, particularly at high values of time and cell 
concentration, but the fifth-degree equation does a good job of representing a general form of the 
variation of the specific growth rate with time. Average relative errors in calculated specific 
growth rates were 9.60/0 and 5.40/0 for the first- and fifth-degree cases; better results could be ob­
tained by smoothing of the specific growth-rate data obtained by computer. 

A second test was made using the batch culture kinetic data of Luedeking. 4 Luedeking 
studied the lactic-acid-producing bacteria, Lactobacillus delbruckii. His data were especially 
useful as a test because he also tabulated graphically measured growth rates. 

The generalized logistic equation fitted to the cell-concentration data of Luedeking' s run 
number 13 has the form 

N= 
9.4906 

(3) 

The actual data are compared with the values calculated with Eq. 3 in Fig. H.1-3. An 
average relative error of 4.1 % resulted, with very good agreement between calculated and ob­
served data over the entire range of values. Growth rates determined from the data by graphical 
differentiation by Luedeking are compared with values calculated by analytical differentiation of 
Eq. 3 as shown in Fig. H. 1-4. 

Adequate representation of simple batch culture kinetic data may be obtained by using the 
generalized logistic equation. This is borne out both by the results discus sed here and by a con­
siderable body of other results presented elsewhere. 2 The generalized logistic equation can be 
used to describe the decrease of substrate concentration with time in a batch culture, although 
only the description of cell and product concentrations was attempted in this study. 
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For more complicated data, such as those obtained with the penicillin fermentation, the gen­
eralized logistic equation can be used only when adequate data are available over the entire range 
of interest. Convergence difficulties may also arise in fitting complex data with the method used 
here to compute parameters. By using a more sophisticated technique to determine the best 
values of the fittable parameters, the generalized logistic equation should be able to describe the 
more complex data, also. With the present approach, good results may be obtained2 by dividing 
complex data into two or more regions, as was done with the diauxie data of Monod, but this de­
creases the convenience of the method somewhat. The representation of the lag phase could be 
improved, .because use of the present method results in a discontinuity at the end of the lag phase. 
However, this disadvantage is not serious because the rate of product formation at the end of the 
lag is, not generally significant anyway. 

By using a computer program to perform the analysis, the data may be reduced quickly to an 
equation. The equation may be used to perform manipulations of the data (e. g., differentiation or 
interpolation), and physical meaning can be derived from the values of some of the parameters in 
the equation. The equation is a method of storing data concisely. The computer can also be used 
to prepare graphs comparing the observed data and the fitted curve. 

References 

1. C. C. Dewitt, Ind. Eng. Chern. 35, 695 (1943). 
2. Victor Henry Edwards and C. R.Wilke, Analytical Methods in Bacterial Kinetics 

UCRL-16398, Jan. 1967. 
3. Charles D. Hodgman, Robert C. Weast, and Samuel M. Selby, in Handbook of Chemistry 

and Physics, 40th Ed. (Chemical Rubber Publishing Co., Cleveland, 1958). 
4. R. L. Luedeking, The Lactic Acid Fermentation at Controlled pH: Kinetics of the Batch 
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Table H.1-I. Test of data-fitting with exponential model. 

Independent Dependent variable 
variable 

Calculated Calculated 
Given F(t) first degree F(t) fifth degree 

0 1.0000 1.0000 1.0000 

1 1.6487 1.5838 1.6773 

2 2.7183 2.7022 2.6915 

3 4.4817 4.5952 4.4136 

4 7.3891 7.7706 7.4159 

5 12.182 13.019 12.406 

6 20.086 21.485 20.194 

7 33.115 34.615 32.395 

8 54.598 53.794 53.921 

9 90.017 79.486 93.892 

10 148.41 110.19 138.12 

11 148.41 142.24 150.88 

12 148.41 171.30 151.47 
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Table H.1- II. Specific growth rates, exponential model. 

Independent Time 
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Fig. H.1-1. A comparison of exponential 
test data with first- and fifth-degree 
fitted curves. 
o Data; first-degree equation; 
- - - - fifth-degree equation. 

derivative of dependent variable 

Calculated Calculated 
F(t) first degree F(t) fifth degree 

0.535 0.478 
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0.491 0.474 
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0.360 0.526 
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Fig. H.1-2. A comparison of the specific 
growth rates of the exponential model 
with values calculated from the first­
and fifth-degree fitted equations. 
o First-degree polynomial; 0 fifth­
degree polynomial; exponential 
model. 
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Fig. H.1-4. Comparison of graphically 
measured growth rate of Luedeking (Ref.4) 
with values calculated as derivatives of 
the fitted curve. o Graphical differentiation; dif-
ferentiation of fitted curve. 

2. HEAT AND MASS TRANSFER BETWEEN FLUID PHASES 

Michael W. Clark, t William H. Brown, and C. Judson King 

This project involves studies of interphase heat and mass transfer between flowing gas and 
liquid phases. The apparatus employed is a closed horizontal rectangular channel, 3 in. wide, 
1 in. high, and 18 in. long in the direction of flow. Gas and liquid streams pass through in strati­
fied cocurrent or countercurrent flow. The channel is constructed of transparent polycarbonate, 
and is equipped with inlet and exit divider plates and with thermocouple probes and hypodermic 
tubing sample probes at the liquid exit and halfway along the flow path. The height of these probes 
above or below the liquid surface is adjustable, so that profiles of temperature and composition 
normal to the gas-liquid interface can be measured. The channel assembly is shown in Figs. H.2-1 
and H.2-2. 

During 1967 studies were made of the evaporation of highly volatile pure liquids and the evapor­
ation of a highly volatile component from liquid mixtures. A number of publications concerning 
the project appeared during the year. 1- 5 

A theoretical basis was developed for analyzing gas-~hase mass transfer in the channel de­
vice under high-flux high-concentration-level conditions. ,4 A necessary part of this develop­
ment was the computer solution under high-flux conditions of the Leveque equation representing 
mass transfer into a fluid with a linear velocity gradient and zero surface velocity. 
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Experimental measurements were made of the rates of evaporation of pure n-pentane and iso­
pentane into flowing nitrogen. 3,4 The results are in reasonable agreement with theoretical pre­
dictions made by incorporating the high-concentration and high-flux correction factors. These 
correction factors are substantial, as can be seen from the comparison of predicted vs experi­
mental values of the high-flux correction factor in Fig. H.2-3. In this figure e AB is the high-flux 
correction factor, and xAO is the mole fraction of solute at the interface. Evaporation was 
carried out under conditions such that the liquid vapor pressure ranged up to 70% of the total pres­
sure. 

Measurements were also made of evaporation rates of carbon disulfide, n-pentane, cyclopen­
tane, and ethyl ether from a nonvolatile n-tridecane solvent into flowing nitrogen. 3,5 These all 
represent situations in which the anticipated resistance to mass transfer is distributed more or 
less evenly between the gas and liquid phases. Figure H.2-4 shows results for one of these sys­
tems, that of nitrogen-cyclopentane-n-tridecane. In this figure Fs is the fraction of saturation 
attained by the gas phase in the channel, and XLA is the mole fraction of cyclopentane in the bulk 
liquid. The lower curve represents the theoretical prediction based upon the application of convec­
tive diffusion theory to both phases. The upper curve represents the prediction if the liquid phase 
resistance to mass transfer is somehow eliminated completely. 

At low concentration levels the agreement of experiment with theory was good in all systems. 
At the higher concentration levels a series of different tests showed that the liquid-phase mass­
transfer coefficient was increased above the value to be expected from simple convective diffusion 
theory. This behavior was, in turn, traced to the occurrence of interfacial mixing cells. An in­
vestigation of various stability criteria revealed that this interfacial cellular motion was most 
likely caused by gradients in surface tension brought about by concentration gradients resulting 
from the mass transfer. The cellular motion was found to arise at values of the Thompson group, 

Th = 
DABfJ. 

above 8000. In the Thompson group y is surface tension, C A is the concentration of one of the 
species present, y is distance normal to the interface, h is the depth of the zone over which the 
concentration gradient occurs, DAB is diffusivity, and fJ. is viscosity; (acAlay) and ~ were 
taken by analogy to the simple penetration model, ignoring the presence of cells. 

Critical values of XLA, above which mixing cells occurred, were 

Ethyl ether-tridecane 
n- Pentane -tridecane 
cyclopentane -tride cane 

XL
A 

0.014 
0.029 
0.071 

At XLA above 0.35, the gas-phase resistance became completely controlling for the ethyl ether 
system. The carbon disulfide system showed no influence of surface-tension-driven cells, since 
the surface tension of carbon disulfide is higher than that of n-tridecane. 

A unique correlation of the % increase in liquid-phase mas s -transfer coefficient vs the ratio 
of the Thompson number to the critical Thompson number (8000) was obtained for the three sys­
tems showing instability. For Thompson numbers between 8000 and 24000, the factor by which 
the liquid-phase mass-transfer coefficient is increased varies as the * power of the Thompson 
number. This behavior is similar to experimental results found for heat transfer due to natural 
convection driven by density gradients. 

Footnote and References 

t Present address: Dow Chemical Company, Walnut Creek, California. 
1. C. H. Byers and C. J. King, Gas-Liquid Mass Transfer with a Tangentially Moving Inter­

face: I. Theory, A.I.Ch.E.J. 13,628 (1967). 
2. C. H. Byers and C. J. King, Gas-Liquid Mass Transfer with a Tangentially Moving Inter­

face: II. Experimental, A. I. Ch. E. J. 13, 637 (1967). 
3, M. W. Clark and C. J. King, Mass and Heat Transfer Processes in Laminar, Two­

Phase Flow, UCRL-17527, June 1967. 
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4. M. W. Clark and C. J. King, Evaporation Rates of Volatile Liquids iii. a Laminar Flow 
System. Part I. Pure Liquids, UCRL-17655, Dec. 1967. 

5. M. W. Clark and C. J. King, Evaporation Rates of Volatile Liquids in a Laminar Flow 
System. Part II. Liquid Mixtures, UCRL-17656, Dec. 1967. 
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(cup mixing) as a function of liquid phase 
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cyc1opentane/tridecane evaporating into 
nitrogen. 0··. indicates experimental 
data, the lower solid line represents the 
predicted behavior using the high flux 
addition of resistances approach. Inter­
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1. INSTRUMENTATION 

1. DIFFERE NT IAL CIRCLE DIVIDERS 

Herman P. Robinson 

Two devices have been constructed for accurate angular settings (s ee Figs .!. 1-1 and I. 1-2). 
The first can be used as an attachment to a milling machine dividing head to produce virtually any 
number of divisions of a circle. The second is a table to be used in a horizontal position (axis ver­
tical) which can be set to any of 129240 positions. The principle of these devices has been dis­
cussed in the literatur e. 1, 2 Precision dividing t~bles are available commercially, but are gener­
a lly limited to 360 positions in the smaller sizes . The two devices herein described consist es­
sentially of two tables, wi th different numbers of teeth. The smallest angular setting possible is 
the difference between the minimum angular settings of the two sets, h ence the name differential 
divider. 

If two toothed wh eels res embling b evel gears are meshed face to face, the position of one 
wheel with respect to the other assumes some average position. If the wh eels are disengaged, and 
moved a number of teeth, the new position is again an average. Errors in tooth positions tend to be 
distributed, h ence the angle through which the wheels are moved is much more accurately fixed 
than would be exp ec ted from the absolute positional error of each tooth . Commercial dividers are 
constructed of steel, and the teeth are lapped together by a tedious process, r esulting in an expen­
s ive device, but one giving extremely accurate angle s ettings . Maximum erro rs of 0 . 25 arc sec­
ond are obtainable . 

For many purposes this accuracy is not needed, and more conventional machining techniques 
can be used. The milling machine attachment is constructed mainly of brass. A "top" wh ee l con­
tains 128 teeth on one face. A matching wh ee l ("vernier" ) contains 128 teeth on one face and 135 
t ee th on the opposite face. The "bottom" wheel has 135 teeth . A b etter choice would have been 
144 and 145 teeth, since the smallest division would b e obtained by separating the wh eels and mov­
ing the vernier one tooth, then meshing the wheels . Howeve r, tables are easily prepared for set­
tings to obtain any specified number of divisions . The to tal number of divisions pos sible is 
128 X 135 = 17280 . This is entir ely adequate for mos t wo rk on an ordinary milling machine, since 
the setting er ror need be no larger than 1/34560 revolution, or 38 arc seconds. The top wheel is 
g r aduated every 2 deg, the ve rnier contains 135 graduations, and the bottom wh eel has attached to 
it a glass plate and scribed line (indicator) for aligning the wheels to a desired setting. In addition, 
a bubble level is attached to the bottom wheel. The ve rni e r contains two small magnets, and the 
other two w h eels each have an iron plate inside acting as armatures . The magnets serve to hold 
the assembly together. A central loos e-fitting shaft guides the whee ls whe n they are separated, 
but otherwise d oes not contribute to the positioning of the whe e ls . Shown also in Fig.!. 1-1 is a 
mirror which can replace the bubble l evel so that the divider can "be us ed with an autocollimator. 

In use the device is mounted on the dividing head with work attached, and the dividing head 
turned until the bubble is l evel. This is the initial position . The wheels are separated and 
turned to the desired positions, then the teeth are engaged . The dividing h eac! is now moved until 
the bubble is again level. In this way the work has b een turned precisely through the desired angle . 

After constructing the divider, it was found that the wheels rocked slightly on some slightly 
irregular teeth. This was corrected by pressing the assembly together in an arbor press for all 
possible tooth positions. An estimated pressure of 1000 pounds was us ed. After this treatment, 
spot checks were made on the accuracy by comparing with a Griswold astronomical dividing head . 
The errors indicated we re not more than 10 arc seconds, which was the limit of accuracy of the 
Griswo ld divider. The setting of the differential device is very much faster, since only relatively 
coarse readings of whe e l positions have to be made. Also there is no backlash. 

The dividing table is also made of brass, and has a diamete r of 5 inches. The top whe el con­
tains 360 teeth, and the bottom one 359. The top wheel is calibrated every degree, and the ver­
nier whee l is divide d into 100 parts , so that angles are read directly to 0 .01 deg and can be 
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estima ted to 0 .002 d eg. Since the exact position must match the teeth, a table of actual angles 
possible can be consulted if greater accuracy is justified. The " pressing" of the teeth was done 
w ith too much pressur e , whi c h wo rk-hardened the teeth in the first f ew pres sings, and r esulted 
in a d evic e w ith a p e riodic e rror of ±23 arc seco·nds, or 0 . 006 deg. 

After calibration, the divider proved to be extremely us eful in aligning the pole face sectors 
on a 27-inch 3 He cyclotron . It is planne d eventually to a nneal the brass whe els and press them 
together with less pressur e in order to improve the setting accuracy. 

References 

1 . W. L. Bond, Differential Circle Div iding Machines, Rev. Sci. Instr. 37 , 1401 (1966). 
2. P. L. Garrett, Hi gh P e rformance Indexing Fixtures, ASME ConferenZ;Paper 64-Mech-

42, Octob e r 1964. 
3. " Ultradex" by A. A. Industri e s and "Millichex" by Michigan Tool Company. 
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Fig . 1. 1-1. Dividing h ead attachment. 
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Fig. 1. 1-2. Diffe r e ntial dividing table. 

2 TIME CODE GENERATORt 

Herman P. Robinson 

To facilitate the transmission of precis e time information within th e Laboratory, a time code 
generator has been constructed (s ee Fig . 1. 2-1) . It differs from commercial generators in that 
the time is given in t e rms of a continuous day count dating from any desired epoch, together with 
the d ecimal part of a day elapsed since 0 hours Unive rs a l Time (UT). The d ecimal information 
is tr a nsmitted to a millionth of a day, and updated eve r y microday (86.4 milliseconds). However, 
th e display is in units of t e n microdays. Conventional time code generators provide time in hours, 
minutes, and seconds, and the day count from th e beginning of the year. 

The time cod e is shown in Fig. 1. 2-2. It is p atterned after the IRIG standard Format A, but 
conveys more inform a ti o n because of the us e of a decimal system . 
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The day count presently being us ed is the Modified Julian Day (MJD), having as its epoch 0 
hours UT, 17 November 1858 . It wa s chosen simply because convenient calendars are available 
for conver ting b e tween MJD and the conventional date. The use of the continuous d a y count and 
decimal day is a convenience in calculations involving elapsed time as well as exact dating. 

The time code is transmitted over ordinary intercom circuits between buildings in the form of 
a dc level shift of about 6 volts. Receivers for the time code are d esc ribe d in the report following 
this one . 

The input to the generator is at 2.5 MHz, obtained directly from a frequency standard oper­
ating at the "atomic" frequen c y. Division by 216 produces 109 puls e s per day, which is the starting 
point for generating the code. Provision is made fo r offsetting the frequency by any amount from 
o to 1000 X 10- 10 in steps of 1 X 10- 10 , permitting conversion to UTC or UT2. The setting of the 
time is accomplished by using an external res e t pulse to s et the four l east significant digits, and 
internal pulses to advance the remaining di gits to the time desired. Power is supplied from the 
line, but if a line powe r failure occurs, a 12-volt storage batte ry takes over without interruption 
of the signal. Signals from a second clock can be compared with those in the generator. An alarm 
sounds if a disagreement develops, and a bit marker is added to the last position on the time code 
b efore the Po marker. This alerts the r eceive r to the fact that an e rror ~n time may be present. 

In the futur e it is planned to use most of the r emaining space in the time code to transmit the 
time in hours, minutes, and seconds for thos e users who want time information in this form. 

Footnot e 

t From UCRL-17884. 

XBB682-538 

Fig. 1. 2-1. Time code generator. 
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TIME CODE FORMAT- MODIFIED JULIAN DAY 
LAWRENCE RADIATION LABORATORY 

UNIVERSITY OF CALIFORNIA 

UCRL-17989 

I~'---------- T I ME FRAME I MICRODAY (86.4 MILLISECONDS) --------T-IM-E-__+----i/ 

o INDEX COUNT -- 10 20 30 40 50 

I 2 4 8 12481248 

3 9 7 o 9 2 3 4 

[ 

50 INDEX COUNT- 60 70 80 90 
TIME- '~ 

0.1 p.DAY INDEX MARKER 

P7 

5 6 POINT A --.1 

R ~ I MICRODAY REFERENCE MARKER 

P ~ POSITION IDENTIFIER, 0 .008 MICRODAY DURATION 

W ~ WEIGHTED CODE DIGIT, 0 .005 MICRODAY DURATION 

DURATION OF INDE X MARKERS, 0.002 MICRODAY 

EXAMPLE OF DATA AT POINT A: 

DATE : MJD 39709 

TIME : 0 .12345678 DAY AFTER 0 HOURS UT (GMT) 

NOTE: THE MODIFIED JULIAN DAY IS OBTAINED FROM THE 
JULIAN DAY BY SUBTRACTING 2 ,400,000.5 DAY S. 
MJD 0 BEGINS 0 HOURS UT ON NOVEMBER 17, 1858. 

UCLRL SEP TEMBER 5, 1967 13X 1642-3 

Fig. I. 2-2. Time code format. 

3. A RECEIVER FOR CONTINUOUS DAY COUNTING 

J. E . Arnold 

The ability of th e exp e rim e nte r to r e cord the b eginning and ending of a nuclea r experiment 
and having these times and dates r ecorded with the dat a has b een a difficult situation in the past 
at best . With the beginning of tra nsmission of timing code for continuous d ay counting (UC RL-
17884) the experimente r has, with a telephone line or intercom wi r e pair and the receive r, the 
ability to enter the information along w ith the d ata o bta ined in the experiment on a magnetic tape 
ready for computer data reduction . 

A prototype r eceiver has b een constructe d having two 12-decade memories: one for START 
time and one for current or STOP time . A 12-dec ade buffe r storage is us e d to provide parallel 
o utput capabilities. Ten d ecades of NIXIE di s play are employed . 

In us e, the START and STOP time memories are at the current time until the b e ginning of 
the experiment, then only the STOP time memory continues at the curr ent time . The display 
and its buffer storage are tracking the cu rr ent time unle ss the user pushes a switch to display the 
START time. This switch is disabled during th e r ead - out proc e ss. Output can be either serial 
or parallel 1-2-4-8 code. The first installation i s planne d to have the rec e i ve r controlled by a 
Victoreen 1600-channe l analyzer using a Kennedy magnetic tape deck as the r ead-out d evic e. 
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Flexibility has been kept in mind in the construction of the prototype, since one proposal in 
the transmission of the time code has been to include the normal civil time in the unused portion of 
the microday frame of transmission. The 12-decade memory occupies less than 4 by 6 inches of 
printed circuit board space, using only six integrated circuit modules. Future models can easily 
be tailored to the user's desires by adding or subtracting the number of plug-in printed circuit 
boards. 

The unit was constructed in an AEC NIM bin of a four-unit width. 

A general block diagram (Fig. I. 3-1) is included to show the overall view of the system. 
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Fig. I. 3-1. A receiver for continuous day counting. 
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4. GERMANIUM FET's POINT THE WAY TO 
LOWER-NOISE PREAMPLIFIERSt 

E. Elad and M. Nakamura 

A novel low-noise preamplifier for use with semiconductor radiation detectors is described. 
The preamplifier utilizes the low-noise characteristics of a cooled germanium junctionfield-effect 
transistor (JFET). 

Preamplifiers based on silicon JFET' s are currently used in most high resolution spectrom­
eters. 1 The advantages of the germanium FET over its silicon counterpart are closely related to 
the properties of the two materials at cryogenic temperatures. Germanium has inherently higher 
mobility than silicon and with lattice scattering being the dominant scattering mechanism down to 
liquid helium temperatures, the optimum mobility of germanium is much higher than that of silicon 
and is attained at much lower temperatures. Also, due to lower ionization energies of impurities 
in germanium, the density of free carriers in this material at low temperatures is higher than that 
in silicon. These two factors combine in germanium FET' s to give high transconductance (gm) at 
very low temperatures. 

It is well known that the main noise source of JFE T' s is the thermal noise of the channel. 
Thus it could be expected that lowering the temperature will result in reduced noise of the device. 

The described preamplifier employs germanium FET's operated at 4.2 oK to attain their high­
gain low-noise characteristics. The input stage consists of two p-channel JFET' s type TIXM12 in 
cascode. The g of these transistors at liqufa helium temperature is around 25000 micromhos 
and the input resTstance is in the region of 10 - 10 11 r2. Input capacitance is approximately 20 pF. 
The rest of the preamflifier is a conventional type amplifier using bipolar transistors, which was 
described elsewhere. 

Pulse generator resolution of the preamplifier for zero external capacitance is 0.3 keVFWHM 
(Ge) with a slope of 0.018 keV/pF. The very low sensitivity to external capacitance (detector) is 
a result of the relatively high input capacitance of the FET's, which on the other hand prevents the 
achievement of higher signal- to-noise ratio. 

The preamplifier was used with a low-capacitance silicon detector, and the obtained low­
energy spectra of 55Mn and 241Amare shown in Figs. I. 4-1 and 1. 4-2. The Ka andKj3lines o~ 55Mn, 
only 0.6 keV apart, are resolved and measured with 0.37-keVresolution. The spedrum of 41Am 
shows the fine structure of this source with some of the very weak lines (LTl' Lj36' Lv4) being re­
solved from the background noise. The La line (La = 13.96 keV, La2 = 13.78 k:eV) was measured 
with 0.42-keV resolution and the Lv

1
' and Ly linea (0.68 keV apart) were resolved. The Lj31 

and Lj32 lines (0.81 keV apart) previously bare~y resolved now show a 2:1 peak-to-valley ratio. 

Footnote and Reference 

tShort version of reports in Nucl. Instr. Methods 54, 308 (1967), and "Germanium FET-A 
Novel Low Noise Active Device" (UCRL-17818, Sept. 1967), presented at the 14th Nuclear Science 
Symposium, IEEE, Oct. 31-Nov. 2, 1967, Los Angeles, California. 

1. E. Elad and M. Nakamura, "High Resolution Beta- and Gamma-Ray Spectrometer," IEEE, 
Trans. on NS-14, No. 1, pp. 523-532 (February 1967), 13th Nuclear Science Symposium, Boston, 
Mass., 1966. 
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Fig. I. 4-1. Spectrum. of 55Mn x rays. Energy in keY. 
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5. RAPID x-RAY FLUORESCENCE ANALYSIS OF 
ARCHAEOLOGICAL MATERIALSt 

H. R. Bowman, R. D. Giauque, and 1. Perlman 

UCRL-17989 

A number of early (predynastic and dynastic) Egyptian artifacts were borrowed from the 
Robert H. Lowie Museum of Anthropology at the University of California at Berkeley to evaluate 
the usefulness of the recently developed x-ray fluorescence spectrometer in the identification of 
the chemical composition of archaeological materials. Over one hundred separate items were 
analyzed and recorded. Many times the analysis was made by simply holding the article in front 
of the spectrometer for one or two minutes. 

In brief, x- ray fluorescence analysis involves the measurement of characteristic x- rays ex­
cited in a sample by a primars- source of radiation. In our system we used a small radioactive 
source of gamma radiation c1 2 Ior 241Arn) for the primary radiation. The secondary radiation 
or characteristic x rays from the sample were detected with high-resolution solid-state detectors 
(either lithium-drifted-silicon or germanium) which are described in more detail elsewhere. 1 

The results of this investigation indicate that the x-ray fluorescence spectrometer does have 
a potential use in the field of archaeology although it is not clear yet what problems are more 
suited to it. The main features that may appeal to the archaeological investigator are: 

(1) The equipment is relatively easy to operate. 
(2) It provides a rapid means of identifying the elemental materials in a large number of 

articles. 
(3) It is portable and can be moved into a museum or into the field. 
(4) It can be used for quantitative results. 

An example of the rapid determination of chemical composition is shown in Fig. 1. 5-1, where the 
two sides of an early dynastic Egyptian mirror were analyzed. In the photograph we see side 
"A". The x- ray analysis on the right indicates that side "A" has a much higher tin content than 
side" B". These results suggest that side "A" was plated with a thin layer of tin, perhaps to in­
crease its reflectivity, although one cannot rule out the selective corrosion of one of the mirror 
surfaces. The point to be made here is not that the problem has been solved, but that a very 
rapid scan ("'30 sec on each side) did turn up a problem of potential archaeological interest. 

In many cases the primary gamma rays can be focused onto a particular part of the object. 
The article in Fig.!. 5-2 (labeled late dynastic bronze clamp) reveals exceptionally intense iron 
x-rays coming from the labeled locations. This iron may suggest the use of iron pins, nails, or 
rivets. The appearance of iron on this particular object sheds considerable doubt as to whether 
it belongs in such an early context. 

Preliminary measurements indicate that the x- ray fluorescence technique can be used for 
more quantitative results if one is willing to sacrifice a small amount of the material to be tested. 
About 100 mg of material can be taken and ground into a powder, incorporated into a cellulose 
matrix, and pressed into a wafer. The wafer is then placed in a standard sample holder and at­
tached to what is called a source-target assembly. This assembly is shown schematically in 
Fig. 1. 5- 3. The gamma rays from the source impinge upon the target material, which can be 
made of any element and excite target x rays characteristic of that element. The target x rays 
then impinge on the sample and excite sample x rays which are then detected by the x- ray detec­
tor. The target material can be varied for maximum analytical sensitivity. This source-target 
technique was originally developed by Rhodes 2 and in general reduces or eliminates many of the 
difficulties encountered in x-ray fluorescence analysis. 

A number of early sub-Saharan African glass beads from Mapumgubwe were used to evaluate 
this technique. We are indebted to Professor J. Desmond Clark for placing these beads at our 
disposal and informing us of their significance. The initial results (Table1.5-I show that quite aside 
from the coloring matter of the beads, a number of different types of glasses appear. The "A" 
series all contain lead, and in all except one, antimony was present (presumably added for opac­
ity). All but two of the "D" series contain lead and tin, but none antimony. There is a report that 
the use of tin in place of antimony occurred at a particular time. If so, the "A" and the "D" series 
fall on either side of this magic date. The two in the "D" series containing neither lead nor tin 
are very similar to the "C" series. Of special significance for an archaeologistis the fact that the 
"D" series from Skeleton #14 at Mapumgubwe has beads of two quite different chemical composi­
tions. This fact suggests that the beads which were traded up the Limpopo Riv.er to Mapumgubwe 
came from at least two different sites. 
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We would like to emphasize that the instrument and the techniques are new and will no doubt 
be improved with further application. There is certainly a potential use for it in the field of ar­
chaeology, but it will p.robably take the archaeologist himself, using the instrument either in the 
laboratory, museum, or in the field, to determine the manner in which the instrument can be best 
applied to his problems. 

Footnote and References 

t Resume of UCRL-17968 presented at the conference: Applications of Science to Medieval 
Archaeology, Los Angeles, California, October 26-28, 1967. 

1. Harry R. Bowman, Earl K. Hyde, Stanley G. Thompson; and Richard C. Jared, Science 
151, 562 (1966). 
-- 2. J. R. Rhodes, The Analyst 2i, 683 (1966). 

Table 1. 5-1. The analysis of sub-Saharan African beads (Iron Age) 
using the source-target x-ray fluorescence asssembly. 

Sample Sample 
No. 

A-1 Brownish red beads 

A-2 Pink beads 

A-3 Light- blue beads 

A-5 Blue beads 

A-6 Long light-green beads 

A-7 Da rk- blue beads 

A-8 Long dark-blue beads 

A-10 Bluish-green beads 

A-12 White beads 

C-1 Black beads 

C-2 Light- blue beads. 

D-1 Yellow beads 

D-2 Amber beads 

D-3 Turquoise beads 

D-4 Apple-green beads 

D-5 Blue beads 

D-6 Black beads 

} 

Sample origination 

Mapumgubwe 
S. Limpopo, rockshelter 

Mapumgubwe 
skeleton #23 

Map~mgubwe, eastern area 
Ex. 7, No.1, skeleton #14 

Maximum metal content if none reported. 

a. <0.30/0 if more than 50/0 Pb is present. 

Fe Cu Zn As Sn Sb Pb 
~ ill (0/0) ...r& ill .i?&L,J.:'M. 

1.3 1.7 0.5 4.3 

1.6 0.5 25.5 

3.7 0,.1 21.9 

2.1 <0.0527.4 

1.1 1.2 32.5 

2.2 1.8 9.8 

2.8 0.5 10.8 

1.2 2.1 12.7. 

4.2 0.1 13.6 

0.9 0.1 

1.5 <0.1 

1.0 1.0 5.9 

0.7 0.4 1.5 9.5 

1.1 1.5 1.4 0.3 

0.8 1.5 1.2 6.9 

1.5 <0.1 

1.0 

<0.2 <0.2 <0.1 <0.1a <0.1 <0.1 <0.1 
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Egyptia n bronze m irro r. Side "A" is shown in the photograph. 
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6. AN IMPROVED LIQUID-INK PEN ASSEMBLY 
FOR THE CALCOMP DIGITAL PLOTTER 

R. L. LaPierre, M. Nakamura, and R. Zane 

During the early part of 1967 we experienced difficulty in obtaining usable CalComp liquid-ink 
plots from our computer center. Close examination of the plots revealed that the problems were 
due mainly to poor performance of the ink-pen assembly. The faulty plots were sometimes due 
to the failure of the plotter to hold the pen in the pen-up position while moving between two noncon­
necting points. It'was also found that the pen-down operation of the assembly was marginal. 

Asimplifiedsketchoftheassemblyis shown in Fig. I. 6-1. Once the pen has been raised by cur­
rent surge, a small holding current in the solenoid keeps the plunger assembly in the pen-up posi­
tion. The force of gravity and the restoring spring return the plunger to the surface of the paper 
when the holding current is interrupted by a pen-down command. The mica spacer prevents having 
a magnetic latch in the up position and consequently little force is required to restore the pen to 
the down position. 

It was found that under some conditions the air gap introduced by the mica spacer can be too 
large to maintain the pen in the up position. The carriage assembly on older plotters is exposed 
to severe vibrations when the carriage and drum stepping motors are operated. In addition, the 
air gap is often much larger than the original design value because the mica spacer is deformed by 
exposure to ink spills and to cleaning agents. We found that it was best to remove the mica spacer 
and use a magnetic latch for the pen-up condition. Because of the latch it is necessary to use a 
stronger spring in the cap assembly. We use seven turns of O.016-in. spring steel wound with a 
pitch of 0.125 in. for a restoring spring. It requires a force of about 65 g to compress the spring 
to a height of 0.250 in.. compared with a force of less than 20 g for the original spring. 

The spring-loaded pin that is used to keep the pen from rotating was replaced with stainless 
steel. The original pins become permanently magnetized and are a restraining force on the down­
ward movement of the pen. 

With the modifications mentioned above, there is posit-ive pen-up and pen-down action over 
900/0 of the pen travel adjustment range. It should be noted that because of the wide dynamic range 
of pen travel available it is preferable to use pens that have a damping spring on the cleaning rod. 
Without the spring, the range of the pen travel adjustment is more limited because bounce of the 
cleaning rod will interrupt the flow of ink to the pen. 

Of course it is extremely necessary that the pens be kept clean to insure proper ink flow and 
that care be taken to protect the polished surface of the plunger, but with the positive action of the 
modified assembly the problems of liquid-ink plots have been minimized. 
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7. COMPUTER CONTROL SYSTEM FOR THE FIELD-
FREE SPECTROMETER 

Ron Zane 

A Digital Equipment Corporation PDP-8 computer is being incorporated into a system to col­
lect data from the Field-Free Spectrometer while at the same time controlling the operation of the 
spectrometer. The system will be capable of running a preprogrammed series of experiments 
without the need for operator intervention. 

The system hardware is almost completely designed and is presently being assembled and "de­
bugged" (Fig.!. 7-1). The system software is in the early stages of development. In its final form 
the system will not only acquire the data from a series of experiments but will perform a limited 
amount of on-line analysis. High quality graphic output will be available through incorporation of 
a CalComp model 565 plotter in the system. 



U U J o 9 

UCRL-17989 -273- 1. 7,8 

- ~ 
PDP- 8 ASR-33 I DEC/DTL-DTLlDEC I tetetype 

Interface 

DEC H icalcamp 5651 
typ8""35o 8 

plotter control 
and J 

type 340 

HTektroQ 5031 
CRT display 

1 I I J- IQI~4QI 
Interlock Output Multi- Real Tally 

register scoler time reader 
clack control 

13X 13X 
1580 13XI570 13XI550 13XI560 ~ + , + , , 

6 -24 A 8 
Output Input Output Input 

line lines lines 
XBL6B2-1827 

Fig.!. 7-1. PDP-8 data ac'quisition and control system. 

8. A MODULAR 1- TO 1. 2-kV POWER SUPPLY (13X1520) 

Ron Zane 

A high-voltage power supply of novel design has been added to the variety of general-purpose 
modules within the Nuclear Instrumentation Bin concept. The supply is intended to fill the need 
for a simple low-cost low-noise supply capable of operating a scintillation detector or other 
photomultiplier tube device. 

The supply is passively reguJated with a 1200- V zener diode string. It is protected by an 
overload circuit which will turn the primary supply off in the event that loads of approximately 3 
rnA are drawn. The overload circuit not only protects the supply from the effects of overcurrent 
but also greatly reduces the shock hazard to personnel using the equipment. 

The output voltage may be set for fOOO, 1100, or 1200 V by a front panel switch. It is antic­
ipated that the majority of uses will involve a positive output polarity. It is possible to build the 
units with a negative output polarity by reversing all diodes, substituting a PNP transistor for the 
NPN overcurrent protection transistor, and reversing the polarity of all tantalum filter capacitors. 

Line voltage variation over the range of 105 to 125 V ac produces an output voltage variation of 
less than 15 V dc. A variation in load current from no load to 2 rnA produces an output voltage 
variation of less than 25 V de. Output ripple is less than 20 mV rms at 2 rnA load current. 
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9. GERMANIUM DETECTOR SYSTEM DEVELOPMENT 

R. H. Pehl, F. S. Goulding, W. L. Hansen, D. A. Landis, D. F. Malone, 
R. C. Cordi, and G. 1. Saucedo 

UCRL-17989 

Progress in the development of germanium detectors continues to be largely determined by 
the quality of germanium crystals that can be obtained. Only Hoboken crystals have been bought 
during this year. 

The variation of the quality of detectors that can be made from different crystals is quite 
large, and there is a definite tendency for the detector quality to become worse as the crystal di­
ameter becomes l?/ger. In fact, we have not succeeded in making a high-quality detector « 2.5-
keV resolution at °Co) from crystals of greater than 4.0 cm diam. 

Because of the recognition that development of consistently good crystals of various sizes is 
the most important step that can be made in this program, work has begun on pulling single crys­
tals in our laboratory. Early results have been very promising; detectors approximately equal to 
the very best that we have made from Hoboken material have been made from crystals pulled in 
our laboratory. 

During the calendar year 1967, 36 detector systems were put into service. Many of these in­
corporated some degree of mechanical isolation from the cold finger to reduce the microphonic 
noise generated by the boiling liquid nitrogen. A new high- resolution high- rate preamp ampli­
fier system1 was used with most of these detectors. 

Reference 

1. F. S. Goulding, D. A. Landis, and R. H. Pehl, UCRL-17560, May 1967. 

10. THE ENERGY-RESOLUTION CAPABILITIES OF 
SEMICONDUCTOR DETECTORS FOR PARTICLES 

IN THE 10- TO 100-MeV RANGEt 

F. S. Goulding, D. A. Landis, and R. H. Pehl 

Recent advances in accelerators have resulted in the possibility of carrying out experiments 
with energy resolutions of about 0.020/0 FWHM. To fully utilize the energy-resolution capabilities 
of these machines, the system analyzing the reaction products must exhibit inherent fluctuations 
in the 0.02% FWHM region. Since existing semiconductor detector systems have not demonstrated 
this performance, we are driven to consider the use of very expensive magnetic analysis systems. 
In view of this we have attempted to make a serious estimate of the performance we can ultimately 
expect to realize with semiconductor detectors. 

Several factors determine the energy resolution of detector systems,. and their relative impor­
tance changes as a function of particle energy. We will deal with each of these factors in turn. 

Detector Noise 

The relative magnitude of the two components that contribute to detector noise depends upon 
such factors as temperature, applied voltage, amplifier pulse-shaping network time constants, 
etc. The first component, due to bulk leakage current, behaves in a reasonably predictable fash­
ion, the leakage and its associated noise becoming smaller as the temperature is reduced and the 
mean-square noise voltage increasing linearly with increasing amplifier time constant. The sec­
ond component, due to surface effects, is more difficult to predict; however, one can say that its 
value increases with increase in applied voltage, is dependent on the surface treatment of the de­
tector, and that its mean-square value increases very rapidly with increasing amplifier time con­
stant. Obviously, the common factor strongly influencing these two noise sources is the amplifier 
time constant, and from this point of view, the shorter the time constant, the better will be the 
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noise perform.ance. Decreasing the detector tem.perature decreases the bulk leakage current and 
also reduces the charge- collection tim.e in the detector. This is advantageous in that it perm.its 
use of shorter am.plifier ·tim.e constants. 

Using a shaping network of about 0.5 f1sec tim.e constant in the am.plifier, and a detector at 
-75"C, we can realize a total detector noise contribution to energy resolution of« 5 keY with no 
difficulty. Further reduction of the tem.perature is only possible if silicon exhibiting very little 
charge trapping is available. 

Input-Amplifying-Stage Noise 

Here we can use results obtained in work on high- resolution detector systenls for lowel'-energy 
applications and m.ake som.e reasonable extrapolations to higher energies. The detectors used in 
high-resolution nuclear reaction experim.ents exhibit capacities sm.aller than 5 pF. For high­
energy applications, the feedback capacitor in the charge-sensitive loop m.ust be increased from. 
the sm.all value used in low-energy applications--5 pF is a good general-purpose value. There­
fore, the total input capacity will be about 10 pF. 

A typical FET pream.plifier using an optim.ally cooled UC250 will exhibit a FWHM energy res­
olution of (2+0.1C) keY for a Gaussian shaping network peaking at 0.5 f1sec (where C is the added 
input capacity m.easured in pF). Therefore an input-stage noise contribution of 3 keY can be ex­
pected, and together with the detector noise, the total front-end noise should not exceed 5 keY. 

Noise Due to Later Stages of Amplification 

This is frequently a m.ajor source of noise in high-energy applications because of the use of 
general-purpose anlplifiers designed for use with all types of radiation from. 20-keV x rays to 100-
MeV particles. However, it is a sim.ple m.atter to design an am.plifier especially for the 10-100 
MeV range. Moreover, since the num.ber of stages of am.plification required is m.uch sm.aller than 
in general-purpose am.plifiers, the gain stability is also m.uch im.proved. 

Gain Stability 

By use of low-tem.perature-coefficient resistors and air-conditioned equipm.ent racks we are 
already achieving gain stabilities that are alm.ost adequate. However, servo stabilization of gain 
will probably be required for long experim.ents. 

Statistics of Charge Production in the Detector 

The statistical nature of the sharing of energy between ionizing and other processes results in 
a sE-read in the signal. The m.ean-square fluctuation in the num.ber of hole-electron pairs is given 
by N2 = F N,where F is the Fano factor and N is the num.ber of hole-electron pairs produced. Re­
cent m.easurem.ents indicate that the Fano factor in silicon is sm.aller than 0.15. Converted into 
energy, the FWHM spread due to this source is given by Estat = 2.35 ~EE. Since E = 3.70 eV 
for silicon at -75"C, we have Estq.t = 1.75 .[E keY, where E is the particle energy in MeV. The 
values given in Table 1. 10-1 and ,1. 10-II are calculated from. this relationship. 

Nuclear Collisions 

When heavy particles pass through an absorbing m.edium., part of their energy is lost by colli­
sions with the nuclei of the absorbing medium.. This energy appears in the form. of recoiling atom.s 
of the absorber which knock out further atom.s, producing virtually no ionization. Since only a 
sm.all num.ber of nuclear collisions occur in the track of particle, and the energy exchanges at these 
collisions are rather high, this causes rather a large statistical fluctuation in the output signal. 

This effect has been analyzed by Lindhard and Nielsen, 1 who show that the dom.inant result is 
due to the very-low-energy portion of the particle's track. 

For alpha particles: Enucl 6.4 keY FWHM. 
For protons: Enucl 0.7 keY FWHM. 
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Trapping Effects in Detector 

We have demonstrated that trapping effects are very significant in determining resolution at 
high energies, as the charge trapped is proportional to the energy of the incoming particle. Al­
though insufficient data exist on this problem it seems reasonable to assume that the spread in 
signal resulting from trapping is proportional to -!E. The effect varies a great deal with the 
quality of silicon used in the detector, but the use of good quality silicon at -75°C should result 
in no serious resolution degradation due to trapping for particles up to 100 MeV. 

Background y Pile- Up 

Recent work indicates that slight tailing on peaks observed in nuclear reaction experiments in 
this energy range may be due to '{ rays from the target producing signals at a high rate in the de­
tector. These superimpose on the signals and can cause loss of resolution and tailing. No simple 
method of eliminating this effect has been found, but use of a bending magnet combined with shield­
ing is an obvious (though fairly complex and expensive) solution if it is necessary. The use of a 
short amplifier time constant is also desirable to reduce these pile-up effects. 

Detector Temperature Variations 

The energy required to produce a hole-electron pair is a function of temperature. Measure­
ments indicate a change of between 0.01 and 0.020/0/ o C. We note that this could easily be a major 
limitation, and to make its effect negligible, the detector temperature should be controlled to 
±0.25"C. 

Summary of Results 

These various factors will be added together in quadrature since they are almost uncorrelated. 
The results are summarized in Tables 1.10-1 and L10-II. The final two columns of these tables show 
the predicted experimental energy resolution allowing 0.075 and 0.020/0 respectively for beam spread 
(FWHM). 

Footnote and Reference 

tUCRL-17556; submitted to Gatlinburg Conference on Semiconductor Detectors and Associated 
Circuits, May 1967. 

1. J. Lindhard and V. Nielsen, Phys. Letters ~ No.5, 209 (1962). 
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Table I. fO-I. Anticipated energy resolution for protons. 

ENERGY ELECTRONIC DETECTOR NUCLEAR BEAM BEAM TOTAL FOR TOTAL FOR 
STATISTICS COLLISIONS .075% .02"4 .075% .02% 

MeV keY keY keY keY keY BEAM BEAM 

75 10.5 
10 5 5.5 0.7 

2 7.7 

15 17.6 
20 5 7.8 0.7 

4 10 

22.5 25.0 
30 5 9.6 0.7 

6 12.4 
30 32.3 

40 5 11.1 0.7 
8 14.6 

37.5 39.8 
50 5 12.4 0.7 

10 16.7 

45 47.0 
60 5 13.6 0.7 

12 18.7 

52.5 54.8 
70 5 14.7 0.7 

14 20.9 

60 60.2 
80 5 15.7 0.7 

16 23.0 

5 
67.5 67.5 

90 16.6 0.7 
18 25.0 

75 75.0 
100 5 17.5 0.7 

20 27.0 

XBL 675-1463 

Table L fO-II. Anticipated energy resolution for alphas. 

ENERGY ELECTRONIC DETECTOR NUClEAR BEAM BEAM TOTAL FOR TOTAL FOR 
STATISTICS COLLISIONS .075% .02"4 .075% .02"4 

MeV keY keY keY keY keY BEAM BEAM 

7.5 123 
10 5 5.5 6.4 

2 10.0 

15 18.8 
20 5 7.8 6.4 

4 11.9 

22.5 25.8 
30 5 9.6 6.4 

6 14.0 

30 33.2 
40 5 11.7 6.4 

8 15.9 

37.5 403 
50 5 12.4 6.4 

10 17.8 

45 47.3 
60 5 13.6 6.4 

12 19.8 

52.5 55.0 
70 5 14.7 6.4 

14 21.8 

60 60.2 
80 5 15.7 6.4 

16 23.9 

67.5 67.5 
90 5 16.6 6.4 

18 25.8 

75 75 
100 5 17.5 6.4 

283 20 

XBL 675-1464 
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11. THE DESIGN AND PERFORMANCE OF A HIGH-RESOLUTION 
HIGH-RATE AMPLIFIER SYSTEM FOR NUCLEAR SPECTROMETRyt 

F. S. Goulding, D. A. Landis, and R. H. Pehl 

Introduction 

Improvements in electronic noise in preamplifiers, and the availability of germanium exhib­
iting a Fano factor of about 0.1, have made possible the achievement of an energy resolution of 2 
keV or smaller in germanium "V-ray spectroscopy in the i-MeV energy region. This has resulted 
in increasing emphasis on other factors such as the effect of counting-rate and rise-time sensi­
tivity of pulse-shaping networks upon resolution. 

Description of System 

The linear amplifier part of the system (shown in Fig.!. 11-1) is designed to develop unipolar 
pulses with a single short differentiator (1 fJ.sec) while all other unavoidable differentiating time 
constants are made very long (>0.1 sec). For the integrator, required to improve the signal-to­
noise ratio, we have chosen to use a modified version of the active integrator. 1 We thereby ob­
tain the almost Gaussian-shaped pulse shown in Fig. 1.11-2(a)--a shape which experience has shown 
to be very nearly optimum from the point of view of resolution with all practical detector-FET 
preamplifier combinations. A fast-output pulse is also provided [Fig. 1.11-2(b)J by the amplifier 
for use in timing and coincidence experiments, and for pile-up rejection purposes. 

The major design problem in the main amplifier is the removal of the 120-power supply 
ripple from the output. Since all the later stages are capable of passing frequencies as low as 
about 1 Hz, power supply ripple is a more serious problem than in more conventional amplifiers. 
It is avoided by careful attention to decoupling in the constant-current sources used as transistor 
loads in the operational amplifier stages which form the basis of the amplifier. 

The single unwanted differentiating time cons tant, which cannot be avoided in the sys tem, is due 
to the feedback network R 1C F in the charge-sensitive preamplifier. To correct this pole-zero can­
cellation2 is used, the amount being adjustable with a preset control mounted on the front panel. 

The following points on the preamplifier-detector combination are also worthy of note: 
(a) The detector is dc-coupled to the FET. This permits the use of the feedback voltage to mon­

itor detector leakage. It also reduces stray capacities on the FET gate as compared with ac 
coupled systems. 

(b) A delay time-constant box is inserted in the detector voltage supply line. Also included in 
this box is provision to inject a test pulse through the detector capacity. By matching the pulser 
peak height at the amplifier output to that of a known "V-ray peak, a direct measure of detector 
capacity can be made and its variation with voltage determined. 

(c) The FET is mounted together with a power Zener diode on a high thermal resistance 
(::::200°C/W) post which mounts onto the liquid-nitrogen-cooled part of the system. Adjustment of 
the Zener current allows optimization of the FET temperature. 

With correct adjustment of the pole-zero preamplifier decay correction, excellent results like 
those shown in Fig. 1.11-3, 1.11-4, and 1.11-5 are realized by using the amplifier to drive a pulse­
height analyzer. This is a vast imp.rovement in performance as compared with earlier systerrls 
used in our laboratory. However, as is evident in Fig. 1.11-5, trash between peaks is very signif­
icant at high counting rates. In order to produce a significant improvement in these results, the 
pile-up rejector system shown in block form in Fig. 1.11-6 has been designed. The slow-output 
signal from the amplifier, used for pulse-height analysis, passes through a linear gate to the 
analyzer only when the pile-up rejector signifies that the pulse is "uncontaminated" by the other 
pulses. The pile-up rejector makes the decision based on examination of the fast-output pulse 
from the amplifier. Its logic circuits perform three tests on a pulse before allowing it to be re­
garded as valid: 

(a) The pulse being considered must not have been preceded by another in a time interval 
shorter than an adjustable inspection time (variable from 5 to 25 fJ.sec). 

(b) No pulse must occur during the rise time and for 0.5 fJ.sec after the peak of the pulse being 
considered. 

(c) The pulse being considered must not contain a significant slow component. Since detectors 
vary in rise time the allowable "slowness" of a pulse is adjustable by the user. 

Only if these three conditions are met is the pulse allowed to pass through the linear gate 
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into the analyzer. 

Experimental Results 

Experimental results demonstrating the performance of the system used with three different 
detectors are given in Figs. 1.11-7 - 1.11-10. The following characteristics were measured on a 
5-cc planar detector using the complete amplifier and pile-up rejector system: 

(a) -v-resolution at low rates on 1.33-MeV line: 1.90 keY. Pulser resolution: 1.35 keY. Fano 
factor F: 0.08. 

(b) Resolution change at high rates (with complete 
Rate 
T'RHz 

10 kHz 
50 kHz 

system): 
Resolution 
2.0 keY 
2.1 keY 
2.35 keY 

Figures 1.11-7 and 1.11-8 should be compared with Figs. 1.11-3 and 1.11-5. They illustrate 
that, while causing no degradation in the spectrum at low rates, the pile-up rejector cleans up the 
spectrum considerably at high counting rates. The background between the 1.16- and 1. 33-MeV 
lines in Figs. 1.11-8 and 1.11-5 shows this very clearly. The next two figures are illustrations of 
the peak-to-Compton ratios achieved with different types of detectors. The best measured res­
olutions on the 1.33-MeV line were: 

5-cc planar (capacity 8 pF): 1.8 keY; 15-cc double drift (capacity 13 pF): 2.1 keY; 40-cc 
coaxial (capacity 45 pF): 2.7 keY. 

Although one might expect some degradation in resolution at low energies due to the effect of 
noise on the base-line corrector, very little indication of this effect is present at the energy of 57 Co. 
For lower energies there is little justification for using the pile-up system. 

Footnote and References 

tUCRL-17560; submitted to Gatlinburg Conference on Semiconductor Detectors and Associ­
ated Circuits, May 1967. 

1. E. Fairstein and J. Hahn, Nucleonics 24, 54 (1966). 
2. C. N. Nowlin and J. L. Blankenship, Rev. Sci. Instr.~, 1830 (1965). 
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Fig. 1. 11-1. Essential features of high-rate system. 
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Fig. 1. 11-2. Amplifier output pulse shapes. 
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Fig.!. 11-3. 5-cc planar detector; 60 Co spectrum at 2500 Hz (no pile-up system). 
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Fig. 1. 11-4. As Fig. 1. 11-3 but at 10 000 Hz. 
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Fig.!. 11-5. As Fig.!. 11-3 but at 50000 Hz. 
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Fig. 1. 11-6. Block diagraITl of'pile-up rejector and gate. 
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Fig.!. 11-7. 5-cc planar detector; 60 Co spectrum. at 2500 Hz (with pile-up rejector system). 
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Fig.!. 11-8. As Fig. 1.11-9 but 50000 Hz. 
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XBL 675-1481 

Fig. 1. 11-9. 15-cc double-drift detector; 60Co at 1 kHz (with pile-up rejector system). 
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XBL 675-1482 

Fig. 1.11-10. 40-cc coaxial detector; 
60 

Co at 10 kHz (with pile-up rejector system). 

12. ACCURATE DETERMINATION OF THE IONIZATION ENERGY 
IN SEMICONDUCTOR DETECTORSt 

Richard H. Pehl. Fred S. Goulding. Donald A. Landis. and Martin Lenzlinger 

Several groups 1. 2 have reported a rather large difference in the value of E. the average 
energy required to produce an electron-hole pair. for alpha particles relative to electrons in sil­
icon. Theyfoundvaluesof Ea = 3.61±0.01 eV and E _ = 3.79±0.01 eV at a temperature of 300 o K. 
Since we felt it was rather difficult to account for su~h a large difference we have undertaken an 
extensive program of determining E. either to convince ourselves that such a large difference 
really exists. or to obtain counter information. 

Figures 1. 12-1 and I. 12-2 summarize our results on Si. Over the temperature range studied. 
E appears to be a linear function of the temperature. Since the variation of the forbidden energy 
gap. E • with temperature is not a linear function: if our E data are plotted vs Eg {see Fig. 
1. 12- 3)gone does not obtain a linear relationship as would be expected from a siITlple model. 
Making a short linear extrapolation to 300 o K. we obtain E = 3.625 ±0.02 eV. in excellent agree­
ment with the published values.1. 2.4.5 This value does n~t include any "window" correction. but 
such a correction is less than 0.02 eV. 

However. the saITle extrapolation to 300 0 K results in E _ = 3.67 ±0.02 eV. considerably lower 
than the published values.1• 2 The errors placed on our valbes are based on an estimate of 
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systematic errors; since the same system was used for determining E and Ee -, the difference 
between these values should be determined very accurately. Thus, al~ough there may be a slight 
difference between EO! and Ee-' this difference now appears to be of the order of 10/0 instead of 50/0. 
Why our data exhibit much less difference has not been resolved. However, preferential hole 
trapping could account for the observed difference. When an alpha particle source is used the 
holes do not have to travel as far as they do when an electron source is used, consequently there 
is more chance of the holes being trappedin the latter case. This would decrease the amount of 
charge collected for the incident electrons, and the apparent value of E that is measured would in­
crease. 

Figure 1.12-4 compares our E _ data against the published values 2 as a function of temper­
ature. Note that not only are the E

e _ values we have measured lower, but the rate of change of 
E _ is less. This difference is moPe marked at colder temperatures, indicating that an apprecia­
bre amount of charge may have been trapped in the previous work. As can be seen from Figs. 
1. 12-1, 1. 12-2, and 1. 12-3, we find that the rate of change of E as a function of temperature is the 
same for electrons and alpha particles, whereas the previous work2 gave a considerably greater 
rate of change for electrons than for alpha particles. In fact, for EO! we not only agree in absolute 
value but also in rate of change with the previous work. 

In the second part of this experiment, one of our "thin window" Ge detectors 6 was studied 
over a temperature range from 90 to 180"K. 

Figures 1. 12-5 and 1. 12- 6 summarize our results on Ge. Over the temperature range studied, 
E in Ge does not appear to be a linear function of temperature as was the case for rio In fact, the 
degree of nonlinearity results in a linear relationship between E and the published variation of 
Eg for Ge within the accuracy of our data as illustrated in Fig. 1. 12-7. Making a short extrapola­
ti15n to 77°K, we obtain E = 2.97 ±0.02 eV for both electrons and gamma rays, in excellent agree-
ment with the published values. 2 ,7 For alpha particles we find the same E value as for electrons 
although the additional "window" problem makes these data less precise. To reduce the window 
problem, and to further the general investigation, E in Ge will soon be measured by using long­
range particles at the cyclotron. 

Since our initial measurements on Ge indicate that EO! "" E _, one is led to suspect that E "" E _ 
in Si also, and that the differences that have been observed ar~ not fundamental. However, ~e e 
data for Ge are not precise enough at present to use as a conclusive point against the Si results. 
The fact that the relationship between E and Ell: apparently is linear for Ge whereas it is not linear 
for Si is rather surprising, and certainly wortny of more study. 

Footnote and References 

t To be published in Nuclear Instruments and Methods, and in the proceedings of the May 1967 
Gatlinburg Conference that will be published in book form. 

i. C. Bussolati, A. Fiorentini, and G. Fabri, Phys. Rev. 136, A1756 (1964). 
2. F. E. Emery and T. A. Rabson, Phys. Rev. 140, A2089 (1965). 
3. R. A. Smith, Semiconductors (Cambridge University Press, New York. 1959), pp. 351-

352. . 
4. E. Baldinger, J. Gutmann, and G. Matile, Z. Angew. Math. Phys . ..!2, 90 (1964). 
5. G. Fabri, E. Gatti, and V. Svelto, Phys. Rev. 131, 134 (1963). 
6. F. S. Goulding and B. V. Jarrett, A Method of Making Thin-Window Germanium Detec­

tors, UCRL-16480, January 1966. 
7. S. O. W. Antman, D. A. Landis, and R. H. Pehl, Nucl. Instr. Methods 40, 272 (1966). 
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13. DIRECT VOLTA.GE CALIBRATION OF THE 
IRON-FREE J3 SPECTROMETER 

C. S. Fadley, G. L. Geoffroy, S. B. M. Hagstrom, and J. M. Hollander 

The calibration of any magnetic J3 spectrometer requires the accurate determination of a 
constant connecting electron kinetic energy (T) to the quantity measured experimentally, by means 
of the characteristic equation of the spectrometer. This equation is derived from the relation 

where Bp 
mO 
c 
e 

electron magnetic rigidity, 
electron rest mass, 
velocity of light, 
electronic charge. 

( 1) 

For an iron-free spectrometer the magnetic field B should be strictly proportional to coil current 
(I) and p is fixed, so the characteristic equation becomes 

T (Z) 

with obvious replacement of constants. 

The simplest techni~e for determining C is to measure the current corresponding to some 
primary Bp standard. 1, Another method is to measure the cu3rent ratios of two conversion 
electron lines whose energy difference is very accurately known. These two techniques have 
been applied to the Berkeley iron-free spectrometer and have given consistent results. 4 A third 
technique involves measuring the current corresponding to electrons emitted from an electron 
gun with precisely known accelerating voltage. 5 The method described below combines the prin­
ciples of the last two and gives a determination of C dependent only on current and voltage mea­
surements. 

With the aid of an apparatus designed for x-ray photoelectron spectroscopic work, 6 the cur­
rent of a certain photoelectron line (1

0
) is measured. A retarding field is then applied to the 

photoelectron source by means of an accurately measured voltage t:. T. The current of the 
shifted photoelectron line (IJ is then measured. The same is done for t:.T+ (= t:.T_) and 1+. The 
three equivalent equations for T are then 

T1 [A (CI+)Z + DZ] 1/Z D- t:. T, (3) 

T Z [A (CIO)Z + DZ] 1/Z D, (4) 

T3 [A(CIJ
Z 

+ DZ] 1/Z D+t:.T. (5) 

These equations are solved self-consistently for C and T by means of a trial-and-error computer 
program. The self-consistency or error parameter is 

( 6) 

a is minimized by varying C in steps of 0.0001 G-cm/A about a previously determined calibra­
tion constant for the spectrometer. Defining a in this way gives a cusp at the minimum and there­
fore permits very accurate determination of C (and thus T). The method could in principle be 
applied to radioactive electron sources and/or electron spectrometers with different characteris­
tic equations. 
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The photoelectron line used for calibration was that from carbon is electrons expelled from a 
powdered graphite sample by aluminum Ka radiation [denoted Cis, graphite (AIKa)]. This line 
has an energy of about 1200 eV. Ll.T was varied from 100 to 600 eV with no systematic change in 
th. e C values obtained. Variation of the x- ray flux by a factor of 20 also did not chan~e C signif­
icantly. The average values frorn nine measurements are C = 78.6949 ±0.0057 G-cm/ A, T = 1197.80 
eV, and a = 0.05 eV. The error quoted on C includes both random and systematic contributions. 

Unfortunately, there appear to be limitations on the type of sample that can be used for this 
calibration procedure. Attempts to use lines from two ionic crystals [Na1s, NaCI(AIKa) and 
Na1s, Na2SZ03 (AIKa)] were unsuccessful, apparently because of a screening of the accelerating or 
retarding potential. The effective potential w';f found to be 0.2-0.9 Ll.T and strongly dependent on 
x- ray flux. Such screening has been observed previously in NaCI but the exact cause is as yet 
unclear. A slight screening effect could even be present with the line C is, graphite (AIKa) but the 
constancy of ~ with variation in x- ray flux indicates the magnitude of any such effect is probably 
less than 3:10 . 

As an independent check, calibrations were made by using the Mg1s, MgO(CrKa 1) line as a 
primary standard. 2 This line has an energy of about 4100 eV. The measured energy of this line 
was found to vary systematically with x- ray flux, causing a corresponding change in C. This ef­
fect is shown in Fig. I. 13-1, where we use counts at peak intensity as an indicator of total x-ray 
flux. This shift in line position could be due to charging of the sample by the photoelectric emis­
sion. Such charging was investigated in the original Bp rneasurement of this line2 by comparing 
the energies of the two lines: Alis, Al deposited on Al (CuKa

1
) and Alis, Al deposited on insu­

lating Mylar (CuKa
1

). No shift was found between these lines, indicating negligible charging for 
this rnetallic sample even when it is insulated from the spectrometer. Our results, on .the other 
hand, indicate that the effect of charging could introduce an absolute error of up to 3: 10 in the Bp 
value assigned to the line Mg1s, MgO(CrKa

1
). Further investigation will be necessary, however, 

to determine the exact cause of the shift in FIg. I. 13-1. The C value obtained from eight measure­
ments on MgO at"'12000 peak counts/12 sec is C =78.7058±0.0047 G-crn/A. Charging and/or 
slight screening effects can thus easily explain the 1: 104 discrepancy between the two calibration 
techniques. . 
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Fig.!. 13-1. The effect of x-ray flux variation (as indicated by peak counts) on the location 
of the photoelectron line Mg1s, MgO (CrKa 1). Both the shift in line kinetic energy and the 
fractional change in calibration constant are shown. 

14. 88-INCH-CYCLOTRON DEVELOPMENT 

D. J. Clark, P. Frazier, A. Luccio, D. Morris, and F. Resmini 

The improvements made to the 88-inch cyclotron during 1967 included a number of new com­
ponents in the cyclotron and beam handling system, and some cave rearrangement. 

Internal Beam Region 

During a shutdown in January the normal ion source was moved from the top of the magnet 
yoke to the bottom. This provides space on top for the permanent installation of the axial injec­
tion system and polarized-ion source. The axial injection system of electric quadrupoles was re­
designed with a larger aperture using triplets instead of doublets. Studies of the beam optics were 
made through the section of increasing magnetic field in the 8-in. plug to optimize beam transport. 

In the acceleration region, the original "defining slits" in the dee were modified to be used at 
radii of 5-10 inches. An additional"half-turn" slit was installed to define the beam phase about 
180 deg after the ion source on the first particle revolution. This slit retracts behind the ion 
source when not being used. A new C ~robe was built with several separate sections for beam 
monitoring from 15-39 in. radius. A He ion source gas recovery system was installed. This 
system. recovers over 90% of the 3He gas, giving a large saving in 3He costs. A 10-in. oil dif­
fusion pump was installed on the dee tank with liquid nitrogen baffle. This gives a factor of 2 
lower pressure in the acceleration region. Another test was made on the new regenerative deflec­
tion system. with H. Kim. of the University of Maryland. This test verified the previous result 
that. the extraction efficiency was 50-70%, about the same as with the old deflector. However, 
there were still som.e problems in holding deflector voltage for the highest energies, so the old 
deflector was installed again. 
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External BeaITl Region 

In the external beaITl region, the switching ITlagnet regulation was iITlproved by using a nuclear 
ITlagnetic resonance probe in the ITlagnet gap, to feed the regulator. Fast vaCUUITl valve develop­
ITlent was done. By using gunpowder with a Teflon gate, a closing tiITle of 2 .ITlsec was obtained. 

Two new sITlall scattering chaITlbers were bunt for Cave 1, and a third beaITl line added there. 
In Cave 3 the BioITledline was ITloved to ITlake space for the high-resolution line to Cave 4. Cave4 
line was designed and the cave built. The two 110-deg ITlagnets are fabricated and being installed. 
A 1000-A transistor bank regulator was built for theITl and is being tested. 

BeaITl DevelopITlent 

BeaITldevelopITlent work in recent ITlonths has been ITlainly devoted to the investigation of a 
possible single-turn operation for the 88-:-inch cyclotron. That ITlode of operation consists in 
achieving a definite separation between all successive turns in the cyclotron, thus providing a 
spatially 'well-defined beaITl at the extraction radius. Single-turn extraction can only be attained 
if both the phase width of the beaITl and the aITlplitude of radial oscillations are severely restricted, 
e. g., by ITleans of suitable defining slits in the center of the ITlachine. Typical figures for the 88-
inch cyclotron should be 6-8 deg for the phase width and about 1 ITlITl for the oscillation aITlplitude. 

Although these restrictions are likely to liITlit the aITlount of accelerated beaITl, single-turn ex­
traction presents SOITle interesting features, which can be sUITlITlarized as follows: higher extrac­
tion efficiencies (in principle up to 100%) can be reached, thus ITluch reducing septuITl probleITls. 
The energy resolution of the beaITl produced by the cyclotron is iITlproved and could be, for the 
phase widths given above, of the order of 0.15%. Higher transITlission efficiencies and lower ovel'­
all background are in turn obtained when external energy analyzing ITlagnets are used. EITllttance 
of the external beaITl is iITlp'roved, giving better beaITl transport. 

Present single-turn extraction studies are carried out on the 30-MeV a beaITl (15-MeV deu­
terons). That choice has been deterITlined by the actual ripple of the rf voltage (0.80/0), which 
liITlits the nUITlber of turns that can, one hopes, be separated to about 120. This is approxiITlately the 
caSe of 30-MeV a's accelerated with 50-kV peak dee voltage {150 turns~ . The phase width of the 
beaITl is defined by a colliITlator set on the first half-turn of the accelerated particles. A width of 
6 deg is COITlITlonly used, which corresponds to a gap of about 1.5 ITlITl. The radial width of the 
beaITl is successively restricted to 2 ITlITl by a defining slit having a gap of the SaITle order and posi­
tioned at a radius of 6.5 in., where the beaITl energy is approxiITlately 0.85 MeV. 

ExperiITlental work on this beaITl is still in a preliITlinary stage. However, SOITle results are 
already available. A typical turn pattern of the internal beaITl, as given by a wire probe driven 
along a ITlachine radius, is shown in Fig. 1. 14-1. Turns are cOITlpletely resolved for 10 revolu­
tions. Then the pattern SITlears out, an effect due to the reITlaining radial oscillation. aITlplitude 
and the rf ripple. The turns are, however, still partially separated up to the extraction. 

The extraction efficiency reached to date is about 80%, depending on the tuning accuracy. 
This high efficiency indicates that the cyclotron operates, at least partially, with single-turn ex­
traction. External currents of 1 f.LA. have been obtained. However, no atteITlpts have been ITlade so 
far in order to establish the upper liITlit of the extracted beaITl intensity, which iSITlostly a prob­
leITl of source limits. 

MeasureITlents of the phase width, quality, and energy resolution of the external beaITl, which 
are of course needed in order to evaluate the possible advantages of single-turn extraction, are 
now in progress. 

Polarized-Ion Source 

The design of the polarized proton and deuteron source for the 88-inch cyclotron has been 
cOITlpleted, and the construction of the various parts is in progress. After a careful consideration 
of the possibility of purchasing the entire systeITl or cOITlponents frOITl industrial firITls, we decided 
to build the source ourselves at LRL, with the exception of the ionizer systeITl, which has been 
ordered froITl the ORTEC COITlpany. COITlpletion schedule of the source is for June 1968. 
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The scheme we decided to use resembles closely the successful source at Saclay, France. 
We have chosen, however, a different set of rf transitions, which appeared to us more simple, 
while leading to the same final resulting values of the proton and deuteron polarization. The in­
jection scheme into the cyclotron is axial, through a hole in the upper pole and yoke. Studies to 
improve the axial injection transport system are in progress. 

Figure 1. 14-2 shows the mechanical design of the source, mounted with its axis vertical 
above the cyclotron vault shielding. Atomic hydrogen or deuterium is produced from molecules 
in the discharge tub e (D), of the conventional "hairpin" design, driven by an rf power supply. An 
atomic beam is then formed by effusion from a nozzle and successive collimation through two 
holes in the walls of the "beam" (B) and "collimation" (e) chambers. B is evacuated by means 
of a 1600-cfm Roots pump and e by two 10-in. Hg diffusion pumps. 

Next, the beam is split into its magnetic components by a sextupole magnetic lens 50 cm long, 
with longitudinally tapered pole pieces (M). A set of two rf transitions, by the adiabatic passage 
method, operate the following interchanges of the population of sublevels (labeled according to 
their decreasing energies as "1", "2", ... ): 

Element Transition Freguenc:i: (MHz~ Polarization 

S "3" - "5" 331 P = -1 deuterons 
zz 

S "2" - "6" 458 P = +1 deuterons 
zz 

W " 1" - "4" 7.5 P -2/3 deuterons 
z 

W " 1" "3" 7.5 P -1 protons 

The vacuum box containing M, S, W is evacuated by means of a 10-in. oil diffusion pump. 

As a last stage, the ionizer (I) provides the ionization of the atomic beam by electrons con­
fined in a longitudinal magnetic field of about 2000 G. By reversing the sign of the field, it is 
possible to reverse the sign of vector polarization for protons or deuterons. In order to keep the 
background as low as possible in the ionizer region, its vacuum box has liquid-nitrogen-cooled 
baffles and is evacuated by an electro-ion pump. 

Fig. I. 14-1. Internal beam pattern with wire probe from 
39 to 5 in. radius (from left to right). The beam is 
15-MeV deuterons. The phase width is 7 deg with 50 
kV on the dee. Both half-turn and defining slits were 
used. 
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Fig.!. 14-2. Polarized-ion source design now under construction. Atomic hydrogen or deu­
terium is produced by the dissociator, separated magnetically by the sextupole. Transi­
tions take place in the following section,and a polarized-ion beam is given by the ionizer. 



u 

UCRL-17989 -297- J. 1,2 

J. THESIS ABSTRACTS 

On the following pages the abstracts of theses issued in 1967 are given as they appeared in 
the original documents. 

1. MASS .AND SPECTROSC·OPIC MEASUREMENTS OF COMPLETE 
ISO SPIN QUA R T E T SIN THE L I G H T N U C LEI 

Gilbert· W. Butler 
(Ph. D. Thesis) 

(From UCRL-17783) 

The mass 13, 21, and 37 isospin T = 3/2 quartets have been completed through a series of 
nuclear reaction investigations. A standardparticle identifier was used to measure the mass of 
the T z = -3/2 nuclide 130 via the l60(3He,6He)130 reaction at 65 MeV. An improved particle­
identification system, which employed two transmis sion (dE/dx) and one stopping (E) detector, 
was used to determine the masses of the T z = -3/2 nuclei 21Mg and 37Ca via the 24Mg(3He, 6He)21Mg 
and 40Ca(3He, 6He)37Ca reactions at 56 MeV. The first three T = 3/2 levels in 21Ne were estab­
lished by a simultaneous study of the 22Ne(d, t)21Ne and 22Ne(d, 3He)21F reactions at 39. 6 MeV, 
while the 23Na(p, t)21Na reaction at 42 MeV was utilized to observe the lowest T = 3/2 level in 
21Na. Excitation energies of the lowest T = 3/2 levels in 37K and 37Ar were determined via the 

_39K(p, t)37K and 39K(p, 3He)37 Ar reactions induced by 45-MeV protons. Data from the complete 
isospin quartets were used to test the isobaric multiplet ·mass equation and the various predictions 
of masses of neutron-deficient nuclei. Preliminary studies of the angular distributions of the 
160(3 He,6He) 13 0, 160 (3He, 6Li)13N, 160 (3 He , 7Li)12N, and 160 (3 He7Be)12C reactions at 70 MeV 

are also presented. 

2. MASS AND HEAT TRANSFER PROCESSES IN LAMINAR, 
TWO-PHASE FLOW 

Michael W. Clark 
(Ph. D. Thesis) 

(From UCRL-17527) 

High flux and high concentration level heat and mass transfer experiments have been carried 
out for several gas-liquid systems which exhibited resistance to transfer in both the. liquid and 
gaseous phases. These experiments were carried out in a horizontal, rectangular duct of high 
aspect ratio, iIi which the gaseous and liquid phases were contacted while moving in stratified, 
laminar cocurrent flow. A calculational method, which utilizes the principle of addition of the 
individual phase resistances in a trial and error manner, was developed and utilized to predict 
.the interphase high flux, high concentration level mass transfer behavior of the system. In order 
to ascertain the gas phase resistance for this model accurately, the equation of convective dif­
fusion was solved numerically for the case of a finite interfacial mass flux (high flux·) combined 
with a linear velocity profile away from the mass transfer interface (the Leveque model). The 
flux level correction factor obtained from this solution, which differed only slightly from the pene­
tration model correction factor, was confirmed experimentally be evaporating isopenta:ne and 
n-pentate Into a flowing nitrogen stream. 

During the course of the interphase mass transfer experiments a large reduction in the 
liquid phase resistance to mass transfer was observed at higher concentration levels of the 
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volatile cOJ:nponents. This reduction was ultiInately traced to a forIn of cellular convection in the 
liquid phase which appeared to be driven by surface tension variations brought about by the con­
centration gradients existing in the systeIn. The effect of this type of c::ellular convection upon 
the experiInentally observed, liquid-phase Inass transfer coefficients for several systeIns was 
well represented by a single correlation involving the ThoInpson number. 

3. PREPARATION AND CRYSTALLOGRAPHIC ANALYSIS OF 
CALIFORNIUM SESQUIOXIDE AND CALIFORNIUM OXYCHLORIDE 

J. C. Copeland 
(M. S. Thesis) 

(FroIn UCRL-17718) 

This study was undertaken to extend the knowledge of the physical and cheInical properties 
of californiuIn. The preparation and crystallographic analysis of a low-teInperature californiuIn 
oxide of near-sesquioxide stoichioInetry and of californium oxychloride have been carried out. 

In an earlier study, 6 >J. g of Cf24 9 were purified. The purification techniques and analytical 
Inethods used for analysis of purity are sUInInarized. Results of the purity evaluation indicated 
that the saInples were adequately pure with respect to lanthanides and other actinides, but that 
iInf.urities such as Ca or Al were potentially present. Because of the reasonably long half-life of 
Cf 49, the self-contaInination of the saInple since the tiIne of purification was sInall. 

Three saInples of the low-teInperature, cubic, Mn203 -type californiuIn "sesquioxide" were 
prepared. Two of these saInples, prepared by the hydrolysis of other californium cOInpounds, 
gave the saIne lattice p~raIneters, within the error liInits with the average lattice paraIneter 
being a = 10.838 ±,9.02 A. The third saInple, reacted in oxygen, had the lattice paralUeter 
a = 10.809 ±0.003 A. In an earlier study, the lattice paralUeter of an air-ignited oxide saInple 
was significantly sInaller than the paraIneter of the salUe saInple after heating in hydrogen. If 
these differences in lattice parameter reflect varying stoichioInetries, then this Inight be evidence 
for higher and/or lower oxidation states of californiuIn. The exact stoichioInetries of the oxide 
salUples prepared in this study are not known. 

Three saInples of californiuIn oxychloride were prepared and were studied by x-ray dif­
fraction techniques. The CfOCl had ~he tetragonal PbFCI-ty),e structure and gave the average 
lattice paraIneters a = 3.956 ±0.002 A and c = 6.662 ±0.009 A. 

The error liInits reported for the lattice paraIneters of CfOCl and "Cf203" froIn the 
hydrolysis reactions are based on a statistical analysis of the consistency of the group of lUeas­
ureInents. The liInits placed on the lattice paraIneter of the "Cf203" saInple froIn the reaction 
with oxygen represent the 950/0 confidence level and reflect the internal consistency of the data for 
that particular saInple. 

4. ELECTRON PARAMAGNETIC RESONANCE STUDIES OF 
R A D I O.A C T I VET RAN SIT ION - MET A L ION S 

Warren Cliett Easley 
(Ph. D. Thesis) 

(FroIn UCRL-17 699) 

Electron paralUagnetic resonance (EPR) was observed in 253d Ag 11 o In, present as Ag2+ in 
the [(iso-C3H7)2NCS212Ag cOInplex. Eleven hfs (hyperfine structure) lines were observed, the 
positions of the other two lines being obscured by other absorptions present in the saInple, and 
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the nuclear spin of 6 was confirlTled. A hfs constant allOlTl = (7.108 ±0.02)X10-3 ClTl- l was deter­
lTlined. A hyperfine anolTlaly of ~107, 109 = -0.40% ± 0.1% was observed for stable Ag2+ in this 
cOlTlplex, indicating that the hfs arises frOlTl contact interaction. A nuclear InOlTlent of 
~llOlTl = +3.55 ±0.04 nlTl was derived after a 3.7% hyperfine-anolTlaly correction. The nuclear 
lTlOlTlent does not agree with shell-lTlodel predictions using elTlpirical g factors, being low by 1 nlTl. 
It is suggested that the (g9/2)7 proton configuration ITIight be coupled to spin 7/2. This yields a 
lTlOlTlent of +3.54 nlTl. 

EPR experilTlents on yttriUlTl ethylsulfate single crystals containing terbiulTl isotopes in the 
ratios Tb158/Tb157/Tb158 = 2.5/1.6/1 were carried out at Q-band frequencies (35 GHz). The 
nuclear spin of Tb 158 was found to be 3 and by cOlTlparison with the observed hyperfine structure 
of Tb 159 and its known nuclear lTlolTlent, a lTlagnetic lTlOlTlent ~158 = 1.740 ±0.007 nlTl was cal­
culated. Transitions due to Tb 157 were not observed, presulTlably because they were obscured 
by the stronger Tb 159 lines. AssulTling 1159 = 1157 = 3/2, the following lilTlits were set on the 
value of ~157: 1.88:£ III 57s.2. 10. Tb 160 lines were also observed in YES single crystals. They 
gave 11 160 = 1.685 ± 0.008 nlTl. Nuclear alignlTlent experilTlents on T.b 158 in a single crystal of 
neodYlTliulTl ethylsulfate were also carried out in order to deterlTline a relationship between the 
quadrupole coupling constant and the lTlagnetic hyperfine structure constant. This inforlTlation, as 
well as existing nuclear orientation results on Tb 160, was cOlTlbined with the EPR data to obtain 
quadrupole coupling constants. Quadrupole lTlOlTlents calculated frolTl the coupling constants were 
found to be: 

158 160 
Q = 2.7 ± 0.5 barns and Q = 3.0 ± 0.5 barns. 

The first well-verified divalent actinide ion, AlTl2 + (5f7 , nOlTlinal 8S7 / 2 ), was stabilized in 
a calciulTl fluoride single crystal and characterized by EPR and optical spectroscopy. Reduction 
of the trivalent ion was obtained by solid-state electrolysis and/or as a result of the elTlission of 
ionizing a -radiation during the alTlericiulTl nuclear decay. The radiation-reduced crystals were 
observed to therlTloluITIinesce at SOooC; elTlitting radiation characteristic of the AlTl3 + ion. The 
electrolytically-reduced crystals did not therlTlolulTlinesce. EPR lTleasurelTlents at liquid heliulTl 
telTlperatures showed the r6 crystal-field state to be lowest in energy. The X-band EPR spectra 
were fitted with the following spin HalTliltonian paralTleters: 

. 243 -2 -1 
Igl= 4.490 ±0.002, IAI (AlTl )= (1.821 ±0.002)XIO ClTl , 

IAI (AlTl24l) = (1. 837 ± 0.002) X 10-2 ClTl- l , l41 = 1
243 

= 5/2 . 

Analysis of the alTlericiulTl hfs allowed the deterlTlination of a contact hfs constant (corrected for 
the effect of the crystal field) a c = (-) 9.01 XIO-3 ClTl- l . This is equivalent to a hyperfine lTlag­
netic field per unpaired 5f electron of (-) 285 kilogaus s. MeasurelTlents on isoelectronic 
244ClTl3+ (1= 0) at sites of cubic sylTllTletry were also carried out, yielding an isotropic g value 
which agreed within experilTlen~l error with that of AlTl2+. Two charge-colTlpensated sites with 
trigonal sylTllTletry about the [Ill] axes of the cube were also observed. The cOlTlponents of the 
g tensors were found to be: 

gil (site I) = 3.41 ± 0.02, gi(site I) = 6.88 ± 0.02 

gil (site II) = 2.69 ± 0.02, g l(site II) = 5.91 ± O. 02. 

Subsequent studies at Q-band frequencies allowed the cubic crystal-field splittings to be deter­
lTlined. The splitting between the ground r6 state and the first excited r8 state was found to be 
13.4 ±0.5 ClTl- l and 18.6 ± 0.5 ClTl- l for ClTl3+ and AlTl2+ at cubic sites in CaF2, respectively. 
The splittings are shown to be dueprilTlarily to the effects of interlTlediate couplings on the ground 
state wave function. 
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5. ANALYTICAL METHODS IN BACTERIAL KINETICS 

Victor Henry Edwards 
(Ph. D. Thesis) 

(From UCRL-16398) 

This three part thesis is mainly concerned with the development of methods useful in the 
study of the kinetics of bacterial growth and metabolism. In the first part of this work, a compre­
hensive review of the literature of mathematical models for bacterial growth is given. A compu­
terized method for the analysis of batch culture kinetic data is presented that fits a generalized 
logistic equation to the data. The fitted equations are useful for interpolation, integration, dif­
ferentiation, and other manipulations of the data. 

In the second part of this work, experimental data obtained with a salt tolerant strain of 
sulfate-reducing bacteria grown in both batch and continuous culture is presented and a novel 
continuous culture apparatus is described. The data, which were taken for use in evaluation of 
the feasibility of projects using these bacteria, are analyzed using the computer program 
developed in the first part of this work. The results are correlated and discussed in relation to 
some of the proposed models discussed in the first part of this work. 

In the third part of this work, a sophisticated apparatus for measuring bacterial cell-size 
concentration distributions is described. The technique, based on a resistance principle, is 
shown to differentiate between normal cells and heat-killed cells, a result that should be of 
considerable use in the study of bacterial sterilization kinetics. The apparatus is calibrated and 
used in obtaining information on the cell size under a variety of experimental conditions. 
A computer program for the analysis of the computer-coupled output is presented. The system 
described will provide a powerful tool in the study of microbial kinetics. 

6. THE MAGNETIC MOMENT OF PLUTONIUM-239 

John Faust 
(Ph. D. Thesis) 

(From UCRL-16999) 

The triple-loop technique of atomic-beam magnetic resonance has been used to determine 
the magnetic moment of plutonium-239 directly. The final measurement was carried out at a 
magnetic field of 720 gauss and the magnetic moment was found to be 

~I = +0.200(4) nm (corrected) , 

where the sign is measured to be positive. 

Hyperfine-structure measurements on plutonium-241 and tungsten-185 and tungsten-187 were 
attempted. These experiments involved the observation of four - and six-quantum transitions 
because of the inverted level ordering which was caused by the unusually large values of the 
quadrupole moments of all of these isotopes. 
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A COMPARATIVE STUDY OF (p, t) AND (p,3 He ) 
REACTIONS ON LIGHT NUCLEI 

Donald George Fleming 
(Ph. D. Thesis) 

(From UCRL-17790) 

J. 7,8 

The (p, t) and (p, 3He) reactions on l5N and 13C targets havebeen investigated. Transitions 
to mirror final states in the mass 13 and mass 11 final nuclei were studied over 15 and 12;5 MeV 
of excitation, ,respectively. Several new spin and parity assignments are made. In particular, 
the lowest lp shell T= 3/2 states in these nuclei have been identified. 

The DWBA predictions of the angular distributions arising from these (p, t) and (p,3He) 
transitions were generally found to well reproduce experiment. For the l5N(p, t)13N and 
l5N(p, 3He )13C reactions, these calculations were carried out using intermediate coupling wave 
functions to describe the final state; for the 13C(p, t)llC and l3C(p, 3He)11B reactions, pure jj 
configurations were as sumed. In addition to giving a good account of the observed angular distri­
butions' the DWBA calculations of relative cross sections for the (p, t) transitions were also found 
to be in good agreement with experiment. 

Comparative measurements of these (p, t) and (p, 3He) reactions populating mirror final 
states has been used to test some of the assumptions made in current theories of direct two­
nucleon transfer reactions. The agreement in cross section ratios of mirror (p, t) to (p,3He) 
transitions is found to improve in every case with the inclusion of a strqngly spin~dependent 
force in the nucleon-nucleon interaction, but overall satisfactory agreement is not obtained. 
The (p, t) transitions are found to be generally stronger than expected relative to their mirror 
(p, 3 He ) transitions and three cases are discussed where the experimental ratios of these cross 
sections exceed the theoretical upper litnit. Interference terms arising either through the spin­
orbit interaction in the optical potential or through a core-excitation mechanism are suggested as 
accounting for this result. 

8. POLARIZATION OF INDIUM NUCLEI IN FERROMAGNETS 
AND NUCLEAR MAGNETIC RESONANCE OF 

POLARIZED COBALT IN IRON 

Rondel James Holliday 
(M. S. Thesis) 

(From UCRL-17536) 

The hyperfine magnetic fields at In nuclei dissolved in iron and nickel were determined by 
low temperature nuclear orientation of l14mIn in iron and nickel. 57Co was used as the thermom­
eter. The results are: HindIn in Fe) = -295 ± 10 kG, Hint(In in Ni) = 42 ± 6 kG. 

Nuclear magnetic resonance was observed in 60Co nuclei polarized in iron at low tempera­
tures. The resonance frequency if 165.75 ±0.15 MHz. 
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9. RADIO FREQUENCY STARK SPECTRA OF 
R b F , R b C 1 , C sF, C s C 1, AND N a I 

Francis John Lovas 
(Ph. D. Thesis) 

(From. UCRL-17909) 

UCRL-17989 

The m.olecular beam. electric resonance m.ethod was used to m.easure the radio frequency 
Stark spectra of 85RbF, 87RbF, 85Rb 35Cl, CsF, C s 35Cl, and NaI. Weak field m.easurem.ents 
were m.ade on RbF to obtain accurate hyperfine structure constants. Interm.ediate to strong 
field m.easurem.ents were m.ade on all the above m.olecules to obtain dipole m.om.ent values for 
the three lowest vibrational states of the J= 1 or 2 rotational state. 

Work on a polarizable ion m.odel of the alkali halides which com.putes dipole m.om.ents, the 
m.olecular dissociation energy and the second coefficient of the Dunham. expansion of the potential 
energy is also presented. Good agreem.ent with experim.ental values is obtained. 

10. THE (3He, p) AND (a, d), TWO-NUCLEON STRIPPING REACTIONS 
ON l2C AND 16 0: MECHANISM AND NUCLEAR SPECTROSCOPY 

Nolan Farrin Mangelson 
(Ph. D. Thesis) 

(From. UCRL-17732) 

Spectra and angular distributions were obtained for the reactions and conditions listed: 
lZC(3 He, p)14N at E(3He) = ZO.l MeV, from. Blab = 8 0 to 170 0 for 14N excited states below 13 MeV 
excitation; lZC(3He,3He)lZC at E(3He) = ZO.l MeV, from. Blab = 8.5 0 to 6Z.5° for the ground 
state and 4.433-MeV state of lZC; 160(3He, p)18F at E(3He) = 19.8 MeV, from. Blab = 9 0 to 1700 

for 18F excited states below 11.3 MeV excitation; 160(a, d)18F at E(a) = 40.3 MeV, from. 
Blab = 8 0 to 80 0 for l8F excited states below 12.7 MeV excitation. 

Distorted-wave calculations of angular distributions 
(3 He, p) reactions were com.pared to experim.ental values. 
independent interaction potential was used. Nuclear wave 
discussed. 

and relative cross sections for the two 
Agreem.ent was found when a spin­

functions used in the calculations were 

Spectroscopic and configuration assignm.ents were m.ade or confirm.ed on the basis of 
excitation energy, angular distribution, com.parison of (a, d) and (3He, p) results, relative total 
cross section, and com.parison of experim.ental quantities to the DW calculations. The following 
assignm.ents were m.ade for 14N. A spin and parity assignm.ent of 2- and a tentative assignm.ent 
of 4+ were m.ade for the 9.388- and 10.85-MeV, T = 0 levels respectively. Suggested configura­
tions were m.ade for the 8.979-, 10.213-, and 10.85-MeV levels. 

Configurations and J7T values of 3+ and 4+ were suggested for 18F levels at 3.358 and 
5.504 MeV respectively. Configurations and J7T T values were confirm.ed for som.e levels and 
T= 0 assignm.ents were m.ade for a large num.ber of levels. A new 18F level at an excitation 
energy of 8.596 MeV was identified. 
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1 1 . THE SOLUTION ABSORPTION SPECTRUM OF Bk 3 + AND THE 
CRYSTALLOGRAPHY OF BERKELIUM DIOXIDE, SESQUIOXIDE, 

TRICHLORIDE, OXYCHLORIDE, AND TRIFLUORIDE 

Joseph Richard Peterson 
(Ph. D. Thesis) 

(FroITl UCRL-17875) 

J. 11 

The work reported here is the beginning of a systeITlatic study of the physical and cheITlical 
properties of berkeliUITl and its cOITlpounds. A total of -30 Ilg Bk24 9 was ITlade available for use 
in this study. The procedures used to purify the Bk24 9 solution are discussed in detail, as are 
the analytical techniques used to evaluate the purity of the Bk saITlple following each purification 
cycle. Repeated purifications were necessary to ITlaintain the Bk saITlples in a state of high 
purity, since Bk24 9 decays to Cf24 9 at the rate of -0.2% per day. 

The experiITlental techniques used to study the Bk3+ solution ,absorption spectruITl are dis­
cussed. One of these techniques, 'using a newly developed, light-pipe, ITlicroabsorption cell, 
ITlarks a significant advanceITlent in the further developITlent of experiITlental techniques suitable 
for heavy-actinide-eleITlent research. The cOITlposite results of the observed spectra yielded 
16 Bk3+ absorption peaks in the wavelength region 320 to 700 ITliJ.. The two ITlost intense peaks 
observed were at 418 and 474 ITliJ.. The experiITlentally deterITlined, electronic energy levels of 
Bk3+ are cOITlpared with theoretically derived values; however, no atteITlpt to fit the observed 
data to the theoretical energy level scheITle is ITlade. Mention is ITladeof an unsuccessful atteITlpt 
to observe the Bk4+ solution absorption spectruITl. 

A discussion of the techniques to prepare a series of cOITlpounds on a single, subITlicrograITl 
saITlple of ITlaterial is given. These techniques were eITlployed to prepare five cOITlpounds of 
berkeliuITl. The conditions used to prepare these five Bk cOITlpounds are given, along with a dis­
cussion of the treatITlent of the data obtained frOITl x-ray exaITlination of the cOITlpound saITlples. 

All saITlples of Bk02 exhibited the fluorite-type, face-centered cubic structure with the 
"purest" saITlple yielding a lattice paraITleter a o = 5.334 ± 0.001 A. The dioxide stoichioITletry 
was assuITled, as was that of the Mn203-type cubic sesquioxide. The "purest" saITlple of Bk203 
yielded a cubic lattice paraITleter a o = 10.889 ± 0.003 A. The effect of tiITle on both of these 
lattice paraITleters is noted. These lattice paraITleter error liITlits represent the 95% confidence 
interval reflecting only the internal consistency of the data for these particular preparations. 

The structure exhibited by BkC13 saITlples was the UC13 -type hexagonal structure having 
lattice paraITleters a o = 7.382 ±0.002A and Co = 4.127 ±0.003A. SaITlples of BkOCl exhibited 
the PbFC1-type tetragonal structure having lattice paraITleters a o = 3.966 ±0.004A and 
Co = 6.710 ±0.009A. The lattice paraITleter error liITlits reported for BkC13 and BkOCl are the 
950/0 confidence interval calculated using the standard statistical ITlethod for the average of three 
independent deterITlinations. 

BkF3 saITlples exhibited two crystal structures, a low-teITlperature, YF3 -type orthorhoITlbic 
structure and a high-teITlperature, LaF3-type trigonal structure. "Best estiITlates" for the lat­
tice paraITleters of these two BkF3 ITlodifications are: a o = 6.70 ±0.01 A, b o = 7.09 ±0.01 A, 
c o = 4.4l±0.01A (orthorhoITlbic)andao = 6.97±0.01A, c o = 7.14±0.01A (trigonal). Thelattice 
paraITleter error liITlits reported here are eITlpirical, reflecting the uncertainties in the derivation 
of the lattice paraITleters. 

COITlparisons of the lattice paraITleters of these berkeliuITl COITlpoun'ds with those of siITlilar 
actinide cOITlpounds consistently showed evidence of the "actinide contraction". Calculations of 
the Bk3+ radius frOITl the crystallographic data of Bk203, BkC13, and BkF3 are tabulated. With 
reference to these calculations the liITlitations of the concept of ionic radius are discussed. 
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12. STATISTICAL THERMODYNAMICS OF 
PARTICULATE FLUIDIZATION 

James A. Saxton, Jr. 
(Ph. D. Thesis) 

(From UCRL-11216) 

UCRL-17989 

In this investigation a statistical-thermodynamic theory of fluidization has been postulated, 
and an experimental assessment of its validity made. A literature survey of liquid theory and 
fluidization properties led to the choice of the smoothed-potential cell model of liquids for use 
in interpreting fluidization phenomena. Experimental measurements were made of expansion, 
viscosity, miscibility, and surface-tension behavior in water-fluidized glass-sphere systems. 

Both rotating-spindle and moving-sphere viscosity measurements were made. The agree­
ment between the results of the two techniques was found to be quite good. The data were 
analyzed in terms of our cell model using the hard-sphere viscosity expression of Collins and 
Raffel. By this analysis, the fluidized-bed parameter equivalent to thermodynamic temperature 
was found to be a function only of fluid properties, and to be proportional to the square of the 
fluidizing velocity. 

A 3/4-inch-diameter sampling tube was utilized for the investigation of miscibility in 
two-phase beds. Sampling confirmed the visually-observed interface, and indicated uniformity 
of concentration within each phase. The mutual solubility of different-diameter particles was 
found to diminish with increasing fluidizing velocity. Our cell-model analysis could be extended 
to two-phase systems due to the lack of dependence upon particle properties of the "nominal­
temperature" function. Results that lay within an order of magnitude of our experimental 
observation were achieved. 

Measurements were made by visual observation of waves created at the interface by a 
dropping cylinder. From the surface-wave data, the particle free volume at the surface was 
found to be less than in the bulk phase. 
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