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The Alpha Decay of 240Am t 
~, 

D. J. Gorrnan and F. Asaro 

We have observed for the first time alpha 
decay in the odd-odd nucleus 240Am. 

The main alpha group was first detected 
as a broadening of the 5.389 MeV alpha group 
of 241Am during the course of experiments 
on the alpha decay of 239Am. 1,2 In an effort 
to produce a better sample of 240 Am, we bom
barded 200 -300 mg of 239Pu fluoride 
(99.9730/0 239Pu; 0.0001% 241pu) with 18 MeV 
deuterons in the 88-inch cyclotron at the Law
rence Radiation Laboratory, Berkeley. 

Mter purification of the americium by 
standard techniques, 2 the alpha spectrum was 
obtained using a 6-mm Au-Si surface barrier 
detector with a resolution (FWHM) of 20 keV, 
and recorded by a 400-channel pulse-height 
analyzer. The resultant spectrum is shown 
in Fig, 1. The decay of the two larger 240Am 
peaks was followed for several days, and they 
were found to decay with a half-life of approx
imately 51 hours, 

Channel 

Fig, 1. 240 Am alpha spectrum--smoothed 
by computer, (XBL 708-3644) 

The gamma spectrum of 240 Am exhibits 
K x rays and two strong y rays with energies 
of 888,8 and 987.5 keV3 coming from the elec
tron capture decay. Assuming that all elec
tron ca,ftures give rise to one of these y 
rays3, ,5 the branching ratio of the three ob
served alpha groups is 1.9Xl0-4 %, 

The energies, abundances, and hindrance 
factors 6 for the observed alpha groups are 
given in Table I. The small magnitude of the 
hindrance factors is indicative of favored 
alpha decay. 7 

Table I. 
240 Am alpha groups 

Alpha particle Intensity Hindrance 
energy (MeV)a (% ) factor 

5.378±0.001 86.8±1.0 2.0 

5.337±O,O02 12.0±0.4 8.1 

5.286±0.003 1. 23±0.10 39 

a . 241 240 
RelatIve to Am (5.486 MeV) and Pu 

(5.168 MeV). 

To determine the nature of the states pop
ulated in the favored alpha decay, we calcu
lated the rotational constants and the energy 
differences between the ground and first ex
cited states for the different combinations of 
Nilsson proton and neutron states available. 
In only one case did the calculated energy dif
ference match the measured one of 41 keV. 
We therefore assign the ground state of 240Am 
as a KITI = 3-3 state composed of Nilsson 5/2-
[523] proton and 1/2+ [631] neutron orbitals. 

240 The Q value for the Am alpha decay, 
as estimated from closed decay-energy 
cycles, is 5.6 MeV. 8 This is substantially 
higher than that indicated by the highest en
ergy alpha group we detected. Further de
cay-scheme studies on the y ray transitions 
following the favored alpha decay should lead 
to a definite Q value. 
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The Electron-Capture Decay of 240Am t 

C. M. Lederer, D. Gorman, and F. Asaro 

The electron-capture decay of 240 Am has 
been studied with Ge(Li) y-ray spectrometers 
(singles and Compton supression), a Si(Li) 
electron spectrometer, and an x-ray y-ray 
coincidence system employing two NaI(TI) de
tectors. The y-ray spectrum (Table I) is 
dominated by two strong lines from a state at 
1030.67 keY in 240pu. Conversion coefficients 
and subshell ratios (Table II) establish their 
multipolarities as E2 with very little MI ad
mixture. From the multipolarities and the 
absence of other transitions, the state is 
as signed spin-parity 3+. Table III shows 
some additional results derived from x-y 
coincidences and intensity balance considera
tions. 

Figure 1 shows the decay scheme. The 
ground state of 240Am has been assigned 
lrrK 3-3 and a Nilsson configuration 5/2-
[523] p 1/2+ [631] .1 Almost 1000/0 of the de
cay populates the ¥-030.67-keV state. The en-

240 pU 

ergy of this state and log ft for the EC transi
tion (5.8) are consistent with the as signment 
1/2+ [631]n 5/2+ [622]n' The capture transi
tion is analogous to the strong transition ob
served in the decay of 239Am, 

(log ft "" 5.9). 

5/2-[523] -,> 

p 
2 

5/2+ [622] 
n 

According to this interpretation, transi
tions between the 1033.67-keV state and the 
ground- state band of 240pu should be analo
gous to the principal y -ray transitions in 
239pu following 239 Am electron capture de-
cay: 

MHE2 
5/2+[622] - 1/2+ [631] , n n 

except that in 240 pu there is an additional 
order of K-forbiddenness. On this basis, al
lowing for the higher transition energies in 

<V 
& 
~ 

!

Jf:!:> 0,:)' 294.2 

0,' '" o,o,"'~ 
()I' 42.88 

a 

Fig. 1. Decay scheme of 240 Am. 
(XBL 712-2946) 
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Table 1. 
240 

Gamma-ray spectrum of Am. 

E 
'I 

(keV) 

42.9
c 

99.0 c 

152.4±1.0 
249.7±1.0 
251.8±1.0 
303.7±1.0 
343.7±1.0 
382.1±1.0 
447.8±1.0 
507.9±1.0 
555.4±1.0 
600.7±1.0 
606.7±1.0 
697.8 
888.83±0.05 
916.1±0.2 
934. 6±0. 5 
938.0±0.6 
959.1±0.5 
987.79±0.06 

1033.5±0.3 
1036.0±0.3 
1089.8±1.0 
1094.6±0.3 
1120.3±0.4 
1135.0±0.3 
1137 .4±0. 5 
1180.2±0.3 
1190.0±1.0 
1195.5±0.4 
1219.2±0.3 
1223.0±0.3 
1294.0±0.3 

I a 
'I 

(% ) 

0.012 (3) 
0.020(3) 
0.005 (2) 
0.009(2 ) 
0.049(5) 
0.053(5) 
0.013(4) 
0.072(6) 

""0.01 
0.014(6) 
0.070(8) 
0.035(8) 

25.1 (4) 
0.087(6) 
0.025(3) 
0.007(3) 
0.037(4) 

73.2(10) 
0.010(1) 
0.015 (2) 
0.0031 (6) 
0.016(1) 
0.011(1) 
0.048(3) 
0.0073(20) 
0.0101 (8) 
O. 0005±0. 0003 
0.0026(5) 
0.035(2) 
0.007(1) 
0.009(1) 

I .. b 
transitIon 

(% ) 

112±14 
30±3 

0.04 

25.5 

74.1 

a. Normalized to 100% for the total EC de
cays, with the assumption that there is no di
rect EC decay to the ground-state band (see 
text). 
b. From the measured 'I -ray and electron 
spectra and some theoretical conversion co-
efficients. 5 Approximately equal to I 
where not given. 'I 
c. Not seen in they-ray spectrum. 

240pu and assuming that the additional K
forbiddenness hinders both E2 and M1 com
ponents by a factor of "" 100, one expects the 
transitions to be an equal mixture of M1 and 
E2, with lifetimes on the order of 5 nsec. 
This prediction obviously disagrees with the 
observed multipolarities « 3% M1) and life
times (;5 1 nsec). 

The disagreement in the mixing ratios 
must be ascribed to enhancement of the E2 
components, since retardation of the M1 com
ponents would widen the discrepancy between 

3 

the observed and predicted lifetime of the 
state. A probable mechanism for E2 enhance
ment would be admixture of the InK =: 3+2 
member of the gamma-vibrational band into 
the 3+3 state. If the vibrational E2' s have a 
strength of "" 5 single-particle units, an ad
mixed amplitude of;:: 0.3% would be required 
to explain the strength of the observed E2 
transitions. However, if the 3+3 and 3+2 
states are mixed to this extent,it is difficult 
to explain the apparent lack of EC feeding to 
the (unobserved) 3+2 state in the same 
amount. 

Another difficulty with the proposed in
terpretation is the extreme weakness of the 
electron-capture branch to the 4+3 state. It 
is noteworthy that a parallel anomaly, failure 
of the 

5/2-[523] - 5/2+[622] 
p n 

transition to populatZ}he spin-7/2 member of 
the band, occurs in 9 Am decay. 2 

Other states of 240 pu are inferred from 
energy differences between the very weak 
'I rays. The Kn =: 0 - and 0+ bands are well 
established from the decay of 244Cm3 and 
240mNp.4 Transitions between the latter 
band and the ground-state band are too weak 
to have been observed in the present experi
ments. 

Some additional new states are grouped 
into tentative bands in Fig. 1. The highest 
observed level, at 1337.1 keY, lies above the 
EC decay energy calculated from the K/total 
capture ratio by two standard deviations; 
either the decay energy is slightly higher, or 
they rays are incorrectly assigned. 

A puzzling problem, bearing on the pro
posed admixture in the 3+3 state, is the lo
cation of the gamma-vibrational band in 
240pu. A state of 938.1 keY populated by 
240mNp decay, as signed as 2+ (K=:2) in Ref.4, 
seems more likely from its decay properties 
to be a 2-2 state. The 959.0-keV state ob
served in our experiments is a possible candi
date for the 2+2 state, although the branching 
ratios differ slightly from the systematics of 
'I bands. A state at the same energy, seen 
in the decay of 240mNp, 4 appears to have very 
different branching ratios from those observed 
in our experiments; it would seem that 
either the transitions involved (916.1 and 
959.1 keV) are complex or have been placed 
incorrectly in the 240mNp and/or 240Am de
cay schemes. 



Table II. Conversion coefficients and m.ultipolarity as signm.ent for 240 Am. transitions. 

Theoretical value 

Measured Assigned 
Transition Coefficient value E1 E2 E3 M1 M2 m.ultipolarity 

42.9 CLHL2)/L3 1.2±0.1 1. 64 1.21 1.26 207 2.3 E2 
L/M 3.7±0.3 3.97 3.60 2.65 4.10 3.44 

99.0 (LHL2J/L3 1. 67±0.15 3.03 1.61 1. 90 225 4.12 E2 

152.4 "'M 0.47±0.13 0.00837 0.482 8.88 0.332 3.26 (E2) 

888.83 "'K 0.0112±0.0004 0.000405 0.0114 0.0260 0.0544 0.118 E2«40/0M1) 

K/L3 39±20 112 60 41 1480 316 

987.79 "'K 
0.00952 a 0.00338 0.00952 0.0212 0.0412 0.0886 E2«30/0Ml) 

K/L 3.77±0.11 5.77 3.82 2.50 5.15 4.42 

Ll/L2 1 5+1·0 
. -0.5 7.84 2.18 1.18 7.96 6.34 

(LHL2)/L3 20±2 20.1 18.7 20.8 286 84.0 

a. Theoretical E2 value assum.ed. The m.axim.um. Ml content (30/0) is derived from. the m.easured 
K/L and (LH L2 )/L3 ratios. As sum.ing this lim.it, the calculated value of "'K (987.79) is 

0.00 952 ~~. 00095 

Table III. Results derived from. y-K-x ray coincidences and intensity balance 

-10 
+1/2 (1030.6 level): < 7Xl0 sec 

K x rays/y ray 

E 
Y 

keV Coincidence 

888.83 0.561±0.015 

987.79 O. 566±0. 015 

Calculated a EC(K)/EC(K+L+ ... ) to 1030.6 level: 0.588±0.015 
240 240 b 

QEC' Am. ~ Pu 1030.6 level: 273±15 

-> 240pu ground state: 1304±15 keV 

K vacancies/decay not accounted for } 

by EC transitions to states above g. s. 

band or K conversion of y rays 

0.04±0.03 

Net EC to g. s. band from. K vacancies: < 100/0 

Feeding of ground-state band from. intensity balance 

02+ state: 12~ii% 

04+ state: 4±3 0/0 

a. As sum.ing a K-fluorescence yield of 0.96 

Singles 

2.52±0.07 

O. 81±0. 03 

b. Calculated for an allowed or first-forbidden nonunique transition from. the 
form.ulas of Brysk and Rose 6 , 7 
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Energy Levels of 249Bk 

M. D. Holtz and J. M. Hollander 

The results of an experimental and theo
retical study of the levels of 249Bk populated 
by the alpha decay of 253Es have been dis
cussed previously. 1,2 In those studies a de,.. 
tailed examination of the conversion electron 
spectra of 24 9Bk was made, but only prelimi
nary gamma spectra were taken. Recently a 
detailed examination of the gamma spectrum 
of 249Bk from 0-1500 keV was made with the 
use of a 10 cm3 planar Ge(Li) detector. 

The 253Es source was obtained from the 
Lanthanide, Actinide Chemistry Group at this 
laboratory. The meticulous chemistry done 
by this group, combined with the fact that the 
E s fraction was obtained from a milking of 
253Cf done at the Oak Ridge National Labora
tory, resulted in a source practically free of 
impurities, and with a very high (5000:1) 
ratio of 253Es to 254Es. 

A series of spectra was taken over a four 
month period and analyzed with the use of the 
SAMPO program of Routti and Prussin. 3 The 
experimental results are shown in Tables I 
and II. The level scheme of 249Bk is shown 
in Fig. 1. Although many new transitions 
were observed, very few new levels have been 
found. The higher energy transitions ob
served in this study were related to the levels 
postulated by Lederer in his study of a!-,{ co
incidences4 in the decay of 253Es. 

From a theoretical point of view, the 
most interesting transitions newly observed 
are the interband transitions from the K = 5/2+ 
band to the K = 3/2 - band, and from the 
K = 5/2+ band to the I = ± 2 levels in the 
ground state 7/2+ band. The former are the 
previously unobserved El transitions while 
the latter are expected to be pure E2 transi-

5 

tions. Previously only the stronger, predom
inantly Ml, transitions between the K = 5/2+ 
and K = 7/2+ bands have been seen. Thus, 
we observe in these experiments Ml, El, and 
E2 transitions from single states in the 
K = 5/2+ band to several states in the K = 7/2+ 
and K = 3/2- bands. We can,therefore, test 
the consistency of theoretical formulas for 
Ml, El, and E2 transition probabilities. 
From Nilsson, 5 the probability for a'{ transi
tion of multipole order }.. is 

T(') = 8TT(}..+1) 1 (w)2}"+l B (,) 
I\. 2 11 c I\. , 

}"[(2}..+1) 1 1] 

where w is the frequency and B(}..) is the reduced 
transition probability. For a comparison of 
Ml and E2 '{ transitions to the same state, 
this equation reduces to 

T(Ml) 37 c
2 

T(E2) = -2-
w 

B(Ml) 
B(E2) 

The B(Ml)' s and the B(E2)' s may also be ob
tained from Nilsson. 6 Using Nilsson's form
ulas and assuming no mixing between the 
K = 5/2+ and K = 7/2+ bands, we calculate, 
as an example, 

T(Ml)428.9 
T(E2) = 3000 . 

335.1 

Expe rimentall y we find+ that the ratio is 40. 
If we allow the K = 5/2 and K = 7/2+ bands 
to mix via a Coriolis inte raction, however, 
there should be a collective B(E2) between a 
level in the K = 5/2+ band and its admixed 
component in the K = 7/2+ band, and vice 
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Fig. 1. Level scheme of 24 9Bk. 
(XBL712-2947) 

versa. These B(E2)'s are calculated from 
the formula 7 

where Q
O 

is the intrinsic quadrupole moment. 
The Conolis mixing is determined from the 
energy spacings of the levels. 1 QO was taken 
to be 11.5 b, as calculated by Szymanski. 8 
Using this formula, 

T(M1)428.9 

T(E2)335.1 
26, 

which is in much better agreement with ob
servation. This indicates that the E2 transi
tions are collective and arise from the 
Coriolis mixing of the bands. Similar results 
were obtained for all of the T(M1)/T(E2) 
ratios. 

6 

The experimental T(M1)/T(E1) ratios are 
in suprisingly good agreement with the theo
retical ratios one obtains using Nilsson's 
formulas. 5 As an example, experimentally 

T(M1)389.1 

T(E1)349.6 
189 . 

Using Nilsson's formulas we calculate the 
ratio to be 87. Coriolis mixing of like parity 
bands does not significantly affect the result. 

Thus, considering only Nilsson's first 
order contributions to the M1 and E1 moments 
and as suming collective E2' s, there is good 
general agreement between the theory and the 
experimental data. The Weisskopf hinderance 
factors for the E1 transitions are between 
10- 3 and 10-4 . 



Table I. Gamma-ray energies and intensities, K-conversion coefficients and multipolarities 
for interband transitions between known levels in 24 9Bk. 

Assignment 
E " Intensity EXEerimental Theoretical 

Calculated 
KiIC~KfIf " 7 O'K Ml E2 multi polarity Eer O'(x 10 ) 

5 5 7 7':< 389.1 2640 0.64':0:' 0.64 0.054 1000/0 Ml 
~:o~ 

5 5 7 9 347.2 18.0 0.88 0.065 

5 5 3 3 380.3 38H2 0.69 0.056 

5 5 3 5 349.6 14.0 0.87 0.064 

5 5 3 7 306.5 2.7 1.3 0.080 

5 7 7 7 428.9 604 0.45±0.03 0.50 0.045 Ml + (11 ± 7) % E2 

5 7 7 9 387.1 1810 0.65±0.08 0.66 0.054 pre dominantl y Ml 

5 7 .... 711 335.1 14.9 0.97 0.069 

5 7 ->- 3 7 346.3 17.2 0.89 0:065 

5 7 3 9 291.1 3.5 1.4 0.086 

5 9 .... 7 7 474.9 34.9 0.34±0.04 0.38 0.048 Ml + (12 ± 12) % E2 

5 9 7 9 433.1 289 0.49±0.03 0.48 0.045 predominantly Ml 

5 9 7 11 381.1 555 0.66±0.06 0.68 0.055 predominantl y Ml 

5 9 .... 7 13 319.1 3.7 1.1 0.075 

5 9 3 7 392.1 13±10 0.63 0.053 

5 9 3 9 337.3 5.4 0.96 0.068 

511 .... 7 7 541.9 2.4 0.26 0.031 

511 .... 7 9 500.1 16.8 0.30±0.10 0.33 0.035 predominantly Ml 

511 .... 7 11 448.2 69.5 0.35±0.04 0.44 0.042 Ml + (23 ± 12) % E2 

511 .... 713 386.0 130±50 0.59±0.20 0.66 0.054 predominantly Ml 

511 .... 7 15 312.8 0.4±0.2 1.2 0.078 

5 11 .... 3 9 404.5 0.56 0.58 0.050 

513 .... 711 503.8 2.0 0.32 0.035 

5 13 .... 7 13 441.7 8.5 0.47±0.14 0.46 0.043 predominantl y Ml 

513 .... 7 15 368.4 35.0 0.45±0.15 0.72 0.058 Ml + (41 ±. 25) % E2 

~:~ 

55 .... 7 7 means 5/2 5/2 .... 7/2 7/2, etc. 

'~':Normalized to give pure Ml. 
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Table II. Gamma-ray energies and intensities for all observed gamma-ray 
lines not included in Table I. 

E 
'{ 

(keV) 

41.9 

43.0 

51.8 

55.1 

62.1 

66.9 

73.3 

74.7 

78.4 

84.6 

93.7 

98.1 

113.4 

121.8 

135.4 

145.2 

162.6 

168.3 

180.2 

'{ Intensity 
7 

Eer a (x 10 ) 

479 
':<: 

80 

476 

191 

104 

97 

83 

52'~':' 

28 
>:<:>:<: 

17 

69 

97 

56 

67 

15 

28 

1.4 

5.2 
1.4 ~o:, 

E 
'{ 

(keV) 

189.9 

283.4 

312.7 

421.3 

425.1 

456.7 

468.8 

477.2 

487.7 

494.2 

514.4 

518.5 

524.0 

549.4 

560.4 

567.0 

'{ Intensity 

Eer a (x 10
7

) 

0.60 
>:(>~ 

0.69 
0.4'~':' 

10.6 

24.2 

1. 7'~':' 

8.7 

12 

0.2 

0.7 

0.7 

11 

5.7 

3.2 

4.0 

5.1 

>~o~ 

>:<>:< 

E 
(keV) 

585.2 

616.3 

621.5 

653.0 

663.8 

669.4 

761.9 

768.2 

900.2 

932.3 

946.3 

1040.4 

1075.0 

1106.4 

1266.5 

'{ Intens ity 
7 

Eer a (x 10 ) 

3.7 

0.42 
0.17':0:' 

0.2 >~* 

0.35 

0.49 
>:<::::<: 

0.42 ':":' 

2.9 

0.83 

4.6 

0.76 

0.28 

0.52 

0.14 
1. 6 ~,,:< 

>:< 
The intensities of transitions below 200 keY are unreliable because of absorbtion of low energy 

gamma rays in the source and in its double walled container. 

':"~The existence of this transition in 249Bk is in doubt. 
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In-Beam Studies of Mo and Ru Isotopes 
with (a, xn) Reactions (concluded) 

C. M. Lederer, J. M. Jaklevic, and J. M. Hollander 

The most recent report of this project
1 

included extensive level schemes of 96,97,99, 
101, 102Ru and 94 Mo. New level schemes for 
95,96,97, 98Mo and 98, 100Ru are shown in the 
accompanying figures. They are based on 
data obtained from ,(-ray singles, beam-,( de
lay, beam-,( angular correlations, and ,(,(-co
incidence measurements. 

(10+) 

[7-] 
=(8+)--== 

3+ 
4+ 

4+ 
2+ 

2+ 

0+ 

96 
42Mo54 

4795 /5 
3 

4584 4533~4 

2 
1978 ~6 1869 

1628 
/4 1498 

4 

Fig. 1. Level scheme of 96Mo studied via 
the (D!, 2n'() reaction. (XBL7010-3958) 

9 

A more complete description of the re
sults and analysis of the level schemes in 
terms of systematics and shell-model calcula
tions are contained in two papers submitted to 
Nuclear Physics. 
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Fig. 2. Level scheme of 98Mo studied via 
the (D!, 2n'() reaction. (XBL7010-3957) 
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Quadrupole Moment of the First Excited State in 36Ar 

K. Nakai, t F. S. Stephens, and R. M. Diamond 

A series of experiments 1,2 has been car
ried out at the Berkeley Hilac to measure 

, quadrupole moments of the first excited states 
of even-even nuclei in the 2s-1d shell. The 
method used was to measure the reorientation 
effect3 in projectile Coulomb excitation; the 
sensitivity to the effect is a factor of five or 
more greater than in the usual target reori
entation method, so that the uncertainties in 
the results are correspondingly reduced. The 

11 

nuclei whose first-excited-state quadrupole 
moments were previously measured using this 
method1 ,2 are 20, 22Ne, 28Si, 32S, and 40Ar. 
Recently a number of Hartree-Fock calcula
tions have been published for the 4n nuclei in 
the 2s-1d shell. 4 The experimental results 
on the shapes of 20Ne, 24Mg (prolate shape 
QO > 0) and 28Si (oblate shape QO < 0) are 
reasonably well reproduced by tlie calcula
tions, but the result on 32S (QO > 0) is not. 



Table 1. Summary of the least-squares fitting. 

Z06 
Pb target values 

B(EZ, 0+ -- Z+) 

e Z X 10-S0 cm4 

9.1±0.6
a 

Q(Z+) 

b 

+o.sIQ 1 r 
0.0 

-0.5IQ 1 r 

O.o±o.sIQ Ib 
r 

36 Result for Ar 

B(EZ, 0+ -- Z+) 

eZX 10-S0 cm 

3.Z±0.S 

3.Z ± O.S 

3.Z±0.5 

>:< 
3.Z±0.S 

4 
Q(Z+) 

b 

+0.091 ± O. OSZ 

+0.107 ± O.OSZ 

+0.1Z4 ± O. OS2 

+0.11 ±0.06 
>:( 

aReference S. 

b Assumption: 1 Q 1 is the value calculated from the B (EZ) using the rigid-rotor model. 
r 

,', 
. Pos sible systematic errors of (±S%) have been included. 

The change of sign of QO between Z8Si and 
3ZS appears to indicate a difficulty in pre
dicting deformations of nuclei in this region 
of the Zs-~d shell. We then became inter
ested in 3 Ar, and so measured the static 
quadrupole moment of the first Z+ state of 
this nucleus by the same method as in the 
previous experiments. The details of the 
method are described in Ref. 1. 

36 The Ar beam was accelerated to ~ 1S0 
MeV in the Hilac and then struck a Z06pb tar
get (~ l.S mg/cmZ). Gamma-ray spectra, in 
coincidence with a ring counter for particles 
scattered at 1600 

, and with a circular par
ticle counter at 90 0

, have been taken simul
taneously. The ratio of the '(-ray yields of 
the projectile, 36Ar(Z+, 1. 970 MeV), to those 
of the target, Z06Pb(Z+, 0.803 MeV), at each 
angle (R 90, R 160) we re obtained, together 
with the double ratio 1l = R 160 /R 90, as shown 
in Fig. 1. The solid line s in the figure are 
the best fits obtained by least-squares fitting 
using the deBoer-Winther Coulomb excitation 
program. The two parameters determined in 
the fitting were: 1) the intrinsic quadrupole 
moment QO from the B(EZ, 0+ -- Z+), and 
Z) the ratio of the static quadrupole moment 
Q of the Z+ state to the rotational moment Q r 
deduced from QO' For the target excitation, 
the B(EZ, 0+ -- Z+) in Z06pb is known, 5 but 
the static moment of the Z+ state is not, so 
that we assumed Q(Z06Pb, Z+) = O.O±O.S 
1 Qr(Z06Pb , Z+) I. This assumption introduces 
some uncertainty into the result; however, 
as dis cus sed in the previous paper, 1 this 
method of comparing with target excitation 
measured simultaneously has a number of 
advantages. 
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Fig. 1. Result of the experiment and analysis. 

The solid lines are the best fits and the 
dashed lines show the curves for Q = 0 or 
± 1 Q I. The arrow indicates the safe en
ergy; E s ' defined in Ref. 3. (XBL 706-3184) 



Corrections have been made for: 1) the 
attenuation of the '{ -ray angular distribution; 
2) the finite solid angles of both particle and 
'{ detectors; and 3) the change of detection 
efficiency of '{ rays due to the recoil motion. 
The lack of data on the transition probabili
ties between the ground or first excited state 
and the other low-lying states in 36Ar made 
the correction for effects due to those states 
ambiguous. These effects were estimated 
using deformation parameters determined 
from inelastic scattering experiments, 6 and 
rather conservative errors were included for 
these corrections. The static quadrupole mo
ment obtained is 

with the positive value of the moment indi
cating an oblate shape for the nucleus. 

In Fig. 2 we have added the new point to 
a model-dependent plot of QO in 2s -1d shell 
nuclei which was published previously. 2 
Three noticeable features in this plot are the 
remarkably similar magnitudes of I QO I ob
tained from the values of B(E2, 0+ - 2+) mea
sured for the seven doubly-even nuclei, the 
rather large positive static moment QO of 32S, 
and the fact that the static moments are z 30% 
larger than the rotational value for the light 
nuclei, 20, 22Ne, 24Mg. 
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Fig. 2. Intrinsic quadrupole moments, QO' 
in the 2s-1d shell nuclei. The present 
result on 36Ar has been added to the fig
ure from Ref. 2. The circles indicate 
the QO of the first-excited 2+ states de
duced from measured static quadrupole 
moments by: the present method (double 
circles), the method of the Chalk River 
group7 (closed circles) and that of the 
group at Heidelberg8 (open circles). The 
squares indicate the values calculated 
from measured B(E2, 0+ - 2+) values. 
The intrinsic moments of odd-A nuclei 
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Electric Hexadecapole Transition Moment in 152Sm t 

-,-
F. S. Stephens, R. M. Diamond, N. K. Glendenning, and J. de Boer 

-,-

The present study of an E4 transition mo
ment in 152Sm began as the evaluation of a 
correction to measurements 1 of B(E2; 2+-4+) 
from Coulomb-excitation studies. It became 
apparent that this particular correction was 
not very well known and could be rather large, 
especially when light projectiles were used so 
that double-E2 excitation is weak. The accu
rate determination of the B(E2; 2+ - 4+)value 
from lifetime measurements 2 made it pos sible 
to combine that result with the Coulomb exci
tation measurements and determine the E4 
moment. 

The experiment consisted of an accurate 
determination of the intensity of the 4+ - 2+ 
'I-ray transition in 152Sm relative to those of 
the 2+ - 0+ transitions in 152Sm and 150Sm 
following Coulomb excitation with 4He ions. 
Targets of both natural samarium and en
riched 152Sm were measured at each bom
barding energy. This method provides ac
curately known standard peaks (122 and 334 
keV). Gamma-ray spectra were simultane
ously stored as singles events and as coin
cidences with 4He ions backscattered through 
anangle of about 160 deg. These two types of 
measurement are about equally sensitive to 
the effect of an E4 transition moment, but dif
fer markedly in their sensitivity to many other 
effects. Thus the agreement of the singles 
and backscatter results greatly reduces the 
probability that an important effect has been 
overlooked. 

An overall view of the possibilities for 
measuring E4 transition moments using this 
method is contained in Fig. 1. We have used 
the following notation: 

(0+11 cnt(E4) 114+) =fpr4Y40d3r 

= JB(E4;0+->-4+), 

where p is the nuclear charge density. The 
effect of an E4 moment on the cross section 
for populating the 4+ level of 152Sm in coin
cidence with backscattered 4He ions (da) is 
shown, normalized to the cross section with 
no E4 moment (da

O
)' This behavior changes 

very little with projectile scattering angle, so 
that the corresponding curve for the singles 
measurements differs by only a few percent. 
The general shape of this curve is caused by 
the dominance of the direct E4 transition, 
which depends quadratically on the moment. 
The weaker interference term (linear) causes 
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Fig. 1. Relationship between the E4 moment 
and a) the normalized cross section 
(backs catter) for populating the 4+ state of 
152Sm with 10.4 MeV 4He ions, and 
b) the deformation parimeter, 134, using 
a radius of RO = 1.2 A1 3F (see text). 

(XBL 703-2496) 

the asymmetry about zero. Also shown in 
Fig. 1 is the relationship of the E4 moment to 
the deformation parameter, 13

4
, which will be 

defined below. This curve has been construc
ted by adjusting 13

2
, for each value of 13

4
, so 

that the measured B(E2; 0+ - 2+) value in 
152Sm is reproduced. The asymmetry of this 
curve relative to zero is caused by the posi
tive second-order contribution to the E4 mo
ment from 132' The asymmetries in these two 
curves make it unlikely that one can measure 
negative E4 moments by this technique, since 
reasonable values 3 of 134 (2: -0.2) do not give 
rise to sufficiently large negative E4 moments 
to cause measurable deviations in the cros s 
section. This situation renders improbable 
one of the two pos sibilities for the moment 
that would otherwise result from a given 
cross-section measurement. Small positive 
values of 134 , however, should produce readily 
measurable effects in the cross section. 

The experimental details and corrections 
have been given in a fuller report of this 
work. 4 An effect that has not yet been evalu
ated is the possibility of quantal corrections 
to the s emiclas sical calculations used. The s e 
would be expected to lower the calculated 
cross sections 5 (increase our E4 moment) 
and could be as large as a few percent. In 
Fig. 2 we have plotted the ratio of the ob
served cross section, (a), against the bom
barding energy. The error bars on the data 
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Fig. 2. The Uleasured eros s sections for 
populating the 4+ level of 152SUl nor
Ulalized to the appropriate calculated 
value with no E4 UloUlent, plotted against 
the bOUlbarding energy. The solid points 
are for enriched 152SUl targets and the 
open ones are for natural saUlariuUl tar
gets. The triangles and circles are back
scatter and singles results, respectively. 
The dashed and solid lines are the calcu
lated results for backscatter coincidences 
and singles, res.rectively, with 
< 0+ II 'ht(E4) II 4 > = +0.35 eb2 . 

(XBL 703-2495) 

points do not include any of the systeUlatic un
certainties involved in the analysis. The 
dashed and solid lines show the values for the 
backscatter and singles data, respectively, 
corresponding to an E4 UlOUlent of 
+(0.35 ± 0.11)eb2 , which is the best fit to the 
data below 11 MeV. 

If we aSSUUle the nucleus to be a rigid, 
uniforUlly-charged rotor with a sharp surface 
defined by: 
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we can evaluate 13
2 

and 13
4 

froUl the Uleasured 
E2 and E4 transihon UlOUlents. /Taking the 
charge radius to be RO = 1.2 A1 3 F , we find 
13 = (+) 0.259 and 134 = +0.058±0.032 in 152SUl. 
ne sign of 13

2 
has been assuUled to be positive 

in this analysIs. These values of f3A. depend 
on the radius used and change roughly as RO-A. 
The inclusion of still higher UlOUlents would 
probably affect the deduced deforUlation pa
raUleters slightly. It is interesting to try to 
cOUlpare this shape of the charge field with 
the shape of the nuclear field Uleasured by 
Hendrie et al. , 6 who found 132 = +0.246 and 
134 = +0.048 for the above value of RO' These 
appear to be quite siUlilar, but it is not really 
clear that this is the proper way to cOUlpare 
these two sets of results. The present value 
of 134 is also in reasonable accord with theo
retical estiUlates 3 of nuclear shapes. 
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Lifetime of Ground-Band States in 154Sm 

t * :j: R. M. Diamond, G. Symons, J. Qui%ert, K. Nakai, 
K. H. Maier, tt J. R. Leigh, and F. S. Stephens 

It is well known that the energy spacings 
of the first few ground-band levels of doubly
even deformed rare-earth nuclei are, to a 
first approximation, in agreement with the 
rigid-rotor expression, 

E1 = A1(1 + 1); (1) 

however, in detail, they diverge from this 
simple formula to a greater or lesser degree. 
There seems to be a number of causes for 
this behavior, the most prominent being 
Coriolis anti pairing , centrifugal stretching, 
and fourth-order cranking model corrections.1 
These effects should also cause deviations of 
transition probabilities from the expectations 
of the simple rigid-rotor formula, 

BO (EZ;I ..... 1-Z) 

= B (EZ·Z ..... 0) (IZ001IZI-Z0)Z 

0' (Z ZOO Iz ZOO) Z 
(Z) 

For centrifugal stretching the deviations in 
the transition probabilities may be directly 
related to those in the energy-level spacings, 
but for the other two effects the relationships 
are not known. For them even the sign of the 
deviations is not known. So it is not clear 
overall whether the transition probability dif
ferences will be larger, smaller, or similar 
in magnitude, or even of which sign, com
pared with the differences in the energy 
spacings. 

For good rotors, both sets of differences 
are expected to be small. This makes the 
deviations in B(EZ) values particularly diffi
cult to observe. We have chosen to stud¥ the 
ground-band transition probabilities in 1 4Sm 
by the direct-distance Doppler-shift 
method, Z, 3 because we believe that it cur
rently gives the most accurate values of the 
B(EZ)'s. 

A schematic drawing of the experimental 
arrangement is shown in Fig. 1; it is essen
tially the same as in previous studies. 3 A 
collimated beam of 146 MeV 40Ar ions from 
the Berkeley Hilac passes through the aper
ture in a Si-ring counter and strikes a 
1 mg/cmZ target of 154Sm metal which has 
been stretched tight and flat. The recoiling 
(Coulomb - ) excited nuclei gamma cascade 
to ground, either while in flight or after 
stopping in the lead-covered plunger. The '{ 
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Fig. 1. Schematic representation of direct
difference Doppler-shift arrangement; 
'{ and '{ represent the shifted and un
shifted g~mma transitions, respectively. 

(XBL 708-3633) 

rays are observed in a Ge(Li) detector placed 
behind the plunger at 0 0 to the original beam 
direction and operated in coincidence with 
backscattered (148 0

- 160°) 40Ar projectiles 
detected in the ring counter. Since the vel
ocity of the recoiling Sm nuclei is "" 3.4% 
that of light, the Doppler-shifted transition is 
moved to a sufficiently high energy to be 
clearly resolvable from the unshifted line. 
Changes in the distance between the target 
and the plunger can be measured to 0.003 mm. 
Such changes vary the relative intensities of 
the shifted and unshifted transitions, allowing 
determination of the mean lifetime of the (up
per) state involved, if the average recoil vel
ocity is also known. 

At each distance the intensities of the un
shifted and shifted transitions have been inte
grated and corrected for accidental coinci
dences and for background. Additional small 
corrections have been made for the small 
changes in solid angle at the Ge counter due 
to the change in position of the lead plunger; 
for the variation in the Ge counter efficiency 
with shifted '{ -ray energy; and for the change 
in the angular distribution and in the solid 
angle at the Ge counter caused by the motion 
of the recoiling nucleus. 

A semilogarithmic plot is shown in Fig. Z 
of the fraction of unshifted intensity for the 
8+ ->- 6+, 6+ ..... 4+, and 4+ ..... Z+ transitions vs 
the target-plunger distance. Actually, two 
further corrections must be applied in the 
data analysis: one for the feeding of the level 



Table 1. 154 B(E2) Values for SITl 

Energy T1/2 
Transition (MeV) (p sec) 

2- 0 81. 99 3017±38 

4- 2 184.9 172.7±5.0 

6- 4 277.4 23.34±0.69 

8- 6 359.1 6.17±0.62 

Distance (mils) 

100 150 200 250 300 

0.1 

0.01 ::-~--:':--~~":'.--'---::'c~----::'-=---'----ic:--L----:-':::--'-~'-::----' o 8 16 24 4q 48 56 
Distance (mils) 

Fig. 2. The fraction of each transition in 
154SITl which is unshifted in energy vs 
the distance between target and plunger. 
The sYITlbols are the experiITlental points; 
the lines are the cOITlputer best fits al
lowing for one stage of feeding. 

(XBL711-2569) 

of interest by transitions froITl a higher-lying 
state; and another for the attenuation of the 
angular distribution of the 'Y rays by the hy
perfine field of the unpaired electrons of the 
recoiling ion. The results of a cOITlputer 
least-squares fit are shown as the solid line 
in Fig. 2, and the deduced half-lives are 
given in Table!. It should be noted that the 
lifetiITle of the 2+ level has not been ITleasured 
in this study, but is taken as the ITlean value 
of two direct electronic ITleasureITlents, 4,5 
which agree to within 1"70 . 

FroITl Table I it can be seen that the 
presently ITleasured B(E2) values fit the 
2+ - 0+ transition ITloITlent, and within their 
experiITlental errors are in agreeITlent with 
the expectations of the rigid-rotor forITlula, 
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B(E2; 1- 1-2) 

aT (c
2 

b
2

) 

eXEeriITlent rotor 

5.003 0.843±0.021 (0.843) 

0.277 1.186±0.037 1.205 

0.074 1. 374±0. 047 1.328 

0.032 1.49±0.15 1. 391 

Eq. (2). Still better accuracy would be 
needed to see if the deviations are consistent 
with a sITlall degree of centrifugal stretching, 
as a cOITlparison of the deviations in the ener
gy-level spacings for 154SITl and 152SITl sug
gest that the forITler are"" 4 tiITles sITlaller 
than the latter. When this factor is carried 
over to the B (E2) ITleasureITlents, the ex
pected deviations are just the order of the 
present experiITlental errors. 
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. 157 159 
The Isotopes of ' Er h~ve been 

studied following (12C, 3n) and (40Ar, 3n) re
actions on isotopically enriched targets of 
148, 150Sm and 120, 1Z2Sn , respectively. Gam-
ma-gamma coincidence measurements have 
been performed and establish the schemes 
shown in Figs. 1 and 2. Singles Ge{Li) spec
tra have been recorded in-beam and following 
the beam on time scales ranging from 
"" 100 nsec to"" 100 hlsec. 

The prompt de-excitation proceeds pre
dominantly by E2 transitions between mem
bers of a positive parity band, considered to 
arise from strong Coriolis mixing between 
the states of the i 13/2 Nilsson orbit. The 
13/2+ .... 9/2+ transition has not been ob
served in either isotope due to its low energy, 
though it is determined in 159Er by the decay 
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of the 11/2 - [505] state to both the 9/2+ and 
13/2+ levels. The energy of this transition is 
expected to be approximately the same in both 
isotopes. 

The ground-state sfins of both nuclei have 
been nleasured as 3/2. In 157Er the 9/2+ mem
ber ofthe mixed positive parity band decays via 
an E3 transition to the ground-state, assigned 
as 3/2 - [521]. The half-life of the 9/2+ state 
has been measured in a solenoid electron
spectrometer, the decay being observed be
tween the Hilac beam bursts (every 200 msec 
for this purpose). Only one transition was ob
served. Its E3 nature being established by 
the K/L/M ratios of the conversion electrons. 
The absence of an M2 transition to the 5/2-
member of the ground-state band might imply 
a rotational constant;: 30, apRroximately 
2.5 times that of 159Er. The 159Er level 
scheme is very similar to that of 161Er, 2 the 



Table 1. 

Isotope State Transition M ul ti polarity Hindrance factor 

76±6msec 

E3 4 

325±30nsec (70 ± 20nsec) 

9/2+ - 7/2 3/2- [521] E1 

11/2- [505] 600±60nsec (7.5±0.7f1sec) 

11/2- - 9/2 3/2- [521] 

11/2- - 7/23/2- [521] 

11/2 - - 13/2+ 

M1 

E2 

E1 

E1 

E1 

3.0X10 5 (49X105) 

2.0X10 3 (24X103) 

3.4X10 8 (9.5X10 8 ) 

4.2X10 8 (24X108) 11/2- - 9/2+ 

11/2 - -->- 11/2+ 8 
- - - - - (3.7 X 10 ) 

9/2+ state decaying only to the 12 3/2 - [521] 
level. The 11/2 - [505] level is als 0 populated 
in the reaction and, as in 161Er, 2, 3 decays to 
members of the ground band and the positive 
parity band. The half-lives of both the 9/2+ 
and 11/2- states have been measured using a 
chopped beam and standard time-to-amplitude 
conversion techniques. 

The half-life results are summarized in 
Table I, and the decay characteristics of the 
11/2- and 9/2+ levels of 15 9Er and 161Er 
are compared. The hindrance factors relative 
to the single particle estimate, associated 
with the same transitions in these two isotopes 
would be expected to be similar. The most 
significant difference involves the decay of the 
11/2 - [505] state to the ground band. Both 
the M1 (11/2- - 9/2-) and E2 (11/2- - 7/2-] 
transitions of 159Er are more than an order 
of magnitude faster than those in 161Er. The 
difference is possibly indicative of changes in 
the Coriolis mixing in all these states, which 
arise from high-j Nilsson orbits where the 
mixing might be significant. 
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Coriolis coupling calculations are being 
performed to fit the positive parity states. 
Similar calculations have been performed2 

for the heavier isotopes of Er, and it will be 
interesting to see how well this description 
applies to the less well-deformed isotopes 
studied here. 
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Rotational Bands in Odd-Odd Holmium Isotopes t 

J. R. Leigh, F. S. Stephens, and R. M. Diamond 

The following reactions have been used to 
populate high-angular-momentum :;;tates in 
160Ho ~nd i62Ho; 154Sm(11B, 5n) 1bOHo, 
159Tb( He, 3n) 160Ho and 160GdeLi, 5n) 
162Ho. The schemes presented in Fig. 1 are 
established by y-y coincidence measurements. 
Angular distribution measurements indicate a 
series of cascading M1-E2 transitions, where 
the E2 admixture is a few percent. Excitation 
functions indicate increasing angular momen
tum up the band. 

- 162 The 6 state of Ho has been as signed 
as the p 7/2- [523] n 5/2+ [642] configuration~ 
Comparis on of the band intensity and that of 
the decay of the 106 keV 6- level suggests that 
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Fig. 1. Level schemes for 160Ho and 162Ho . 
Relative transition intensities are indi
cated and are thofje obtain1ct following 
154Sm (11B, 5n)1bOHo and °GdeLi, 5n) 
162Ho reactions. (XBL 707 -3363) 
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the observed band is based on this 6- state. 
In 164Ho, three rotational levels have been 
attributed2 to this same 6- configuration, and 
the similarity of that band to the one discus sed 
here lends support to the present assignment. 
(The similarity of these two bands would be 
even more striking using an alternative assign
ment discussed in Ref. 2.) This 6- configura
tion should also occur in 160Ho and the band 
observed there is most probably also based on 
this state. The 169 keV level is tentatively 
as signed as the 6 - state; with this as signment 
a pos sible configuration for the 118 keV would 
be 5-, p 7/2- [523] n 3/2+ [402]. 

The rotational sequence has been fitted 
with the expression 

EI = EO + AI(I + 1) + BI2(I + 1)2 + CI
3

(I + 1)3 

+ (_1,r+KA (I+K)! (1) 
2K (I - K)! 

The band has three rather striking properties: 
1) an apparent moment of inertia approxi
mately twice the rigid-bod?; value (A = 3.3 keV 
for 162Ho and 3.5 keV for 60Ho ); 2) a posi
tive rotation-vibration interaction te rm 
(B = + 22 eV for 162Ho and +21 eV for 160Ho); 
and 3) a small oscillating term of order 
10-14 keV for both. This is precisely the be
havior expected from highly Coriolis-mixed 
bands, and is not surprising in this case since 
bands based on the proton and neutron states in
volved in this configuration show large Corio
lis mixing in neighboring odd-A H o 3 and Er4 
isotopes respectively. 

Coriolis mixing in odd-A nuclei has been 
treated rather comprehensively4, 5 and the 
largest effects come from the unique-parity, 
high-j Nilsson orbits within each shell. 
In the odd-odd case, coupling can take place 
through both proton and neutron states and 
many more states become important. For the 
present band in 162, 160Ho , both the proton 
and neutron occupy the above mentioned or
bitals for their respective shells, namely the 
h11/2 and i13/2 orbits. 

The lowest-order effect of the mixing on 
the level spacing is to increase the apparent 
moment of inertia in the band. Thus, neu
tron states associated with the i13/2 orbit in 
odd-A nuclei in this region have moments of 
inertia close to the rigid-body value 6 or 
above in special cases. 7 Likewise, the h 11 / 2 
proton states have exceptionally large mo-



ments of inertia, though less dramatic than 
those of the above neutron states. The 
coupling of these two states in the 6- band 
combines the contributions to the moment of 
inertia due to each one, producing the enor
mous effective moment observed. In such 
highly compressed bands there is a general 
higher-order effect leading to positive B 
terms, in accordance with the observations 
on the present bands. 

The oscillation in the energy levels ob
served in strongly Coriolis-mixed odd-A 
bands can be described as due to the succes
sive coupling of states with K, K - 1 .. " etc. 
back to the 1/2 band; the decoupling param
eter of this band being responsible for the 
oscillation. The magnitude of the oscillation 
is reduced at each stage and hence is smallest 
for highest K. In the odd-odd case, K = 0 
bands generally exhibit a displacement of the 
even-spin levels relative to the odd-spin ones8 

which can be transmitted to the K = 6 band. In 
the case of r2n = r2 = 1/2, the Coriolis mixing 
of the K = 0 and I<f= 1 bands gives a contribu
tion to this displacement. For the r2 = 1/2 
bands of interest here, namely n 1/2+[660] 
and p 1/2 - [550] , the Coriolis effects will be 
large and likely to dominate other sources of 
displacement. If so, one can predict A2K 
(Eq. 1) to be negative. This is, indeed, in 
accordance with the observed sign. However, 
the last term of Eq. 1 does not reproduce the 

observed I dependence of the oscillation very 
well, probably due to contributions from other 
bands and from higher-order terms. 
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The Ground-State Bands of the N = 126 
212Rn and 214Ra Studied by 

Nuclei 
(HI, xn) Reactions 

K. H. Maier, J. R. Leigh, R. M. Diamond, and F. S. Stephens 

Of the even nuclei with the magic neutron 
number N = 126 above 208pb, only the level 
scheme of 210Po has been studied. 1 Ac
cording to the shell model, the configuration 
(h9/2)Zn (n = 1,2,3) should be most important 
for the 0+, 2+, 4+, 6+, 8+ levels of the 
" ground-state band" in these three nuclei. In 
2fOpo the lifetimes of all the levels except 
for the 2+ are long enough to be measured 
electronically, so we could expect to be able 
to measure not only energies, but also life
times and pos sibly magnetic moments, thus 
gathering enough data for a more detailE1d 
understanding of these nuclei. ; 

212Rn: An excitation function of the re-
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action 209Bi eLi, 4n) 212Rn showed three 
strong y rays at 138.2, 227.6, and 1273.7 keV. 
The maximum yield lies between 42 and 46 
MeV 7Li energy, which agrees with the ex
pected value for a 4n reaction. A y-y coin
cidence measurement for the same reaction 
showed all three lines to be in coincidence. 
The order of the sequence (Fig. 1) could be 
established through the relative intensities of 
the lines. Preliminary measurements showed 
all three lines to have a common half-life of 
about 1 }-Lsec. The delay:ed conversion elec
trons from the 205TI (11B, 4n) 212Rn were 
then examined with a pulsed beam. Their in
tensities together with those of the delayed y
lines established the 138 and 227 keV transi-
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Fig. 1. The ground-state bands of the 
N = 126 nuclei 210po (Ref. 1), 212Rn, 
and 214Ra. (XBL 712-2815) 

tions to be of E2 multipolarity. The 8+- 6 + 
transition could not be seen, setting an upper 
limit of 60 keY to its energy. But since the 
lifetime is unreasonably long for a 138-keV 
E2 transition, we assume the reaction has to 
proceed to a large extent through the (unseen) 
low energy 8+ - 6+ transition. A time dif
ferential measurement of the g factor using 
the 204Hg (12 C, 4n) 212Rn reaction with a 
pulsed beam gave g(8+, 212Rn) = (0.88±0.04) 
i-LN and T 1/ 2 = (1.0±0.1)i-Lsec. Simultaneously, 
it showed tliat the A2 coefficients of the 227 
keY and 1274 keY lines agree with the values 
for stretched E2 transitions. 

214Ra : This nuclide was produced by 
means of the 206p b (12C, 4n) reaction. An 
excitation function taken simultaneously for 
y rays and for the known a particles from its 
decay showed the three strongest lines in the 
spectrum at 180, 256, and 1381 keY to belong 
to 214Ra. A common half-life T1/2=67± 3 i-Lsec 
was found in a pulsed-beam measurement. 
All three lines are in coincidence, too. A de
layed conversion electron spectrum revealed 
one more strong transition of 47 ± 3 keY and 
is consistent with E2 assignments to all lines, 
although it does not determine the multipolar
ities unambiguously. An attempt failed to 
make 214Ra via 204Hg (160, 4n), in order to 
preserve the alignment and measure the mag
netic moment and the angular distributions. 
This seems to be due mainly to the fact that 
the compound nucleus decays mostly by fis
sion. The striking feature here is the 67 fJ-sec 
half-life ofthe 8+ - 6+ transition which corre
sponds to less then 10-3 single particle units. 
We therefore have to convince ourselves that 
the half-life is really connected with this tran
sition. The 47 keY transition is limited to 
E2 or M2 multipolarity from its energy, half
life, and the intensity of the Land M conver
sion electrons. We can eliminate M2, as the 
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8+ level should be populated strongly and we 
find no prompt or much faster component 
« 10%). This same fact makes it unlikely 
that the delay is connected with a transition 
into the 8+ level. Such a transition would have 
to be below 45 keY to escape detection, and 
most likely M2 to explain the lifetime, and 
there is no reason to expect such a transition. 

One very similar case is known. In 94Ru 
an 8+ - 6+ transitiQn of 145 keY shows ahalf
life of 71 i-Lsec. 2 94 Ru is 6 protons short of 
the doubly magic 100Sn and the lroton holes 
are mainly in the g9/2 shell. 2 4Ra consists 
of 6 protons in the h9/2 shell added to the 
208Pb core. So the explanation probably is 
the same in both cases. The seniority scheme 
allows prediction of the E2 moments of 212Rn 
and 214Ra from those in 210po (Ref. 3) 

for the seniority v = 2. Indeed, the lifetime 
of the 8+ level in 212Rn is about 9 times that 
found in 210po as predicted. Though neither 
transition energy is measured, they cannot 
significantly influence the lifetimes (as long 
as they are high enough for L conversion to 
take place) as the transitions proceed pre
dominantly by electron conversion. 

The g factors of the 8+ levels in 210po 
and 212Rn coincide within the small errors, 
being 0.91 ±O.01 i-LN and 0.88±0.04i-LN' 4 re
spectively. So the 8+ level in 212Rn seems 
to be well described by a (h9/24) configura
tion with seniority v = 2. 

The lifetime found in 214Ra, h06"ever, is 
50 times that predicted for an (h9/2 ) con
figuration from the 210po lifetime. If we 
assume the wave function for 214Ra to be 

6 
x= AI (h9/ 2 )1 = 8+, v = 2/ 

+ B I (h9/24) (l)"", 
I = 8+, v = 2 I = 0/ 

with j standing for any other orbit such as 
i13/2 or f 7/ 2 or a mixture, we can get a com
plete cancellation of the two matrix elements 
for A = ± B = 1/2. The pairing interaction is 
likely to admix such components. The spacing 
between the 0+ and 2+ levels and, in fact, the 
increasing spacing in this series of nuclei, 
indicates the importance of the pairing inter
action. It is, howeve r, ve ry striking that the 



cancellation is so cOITlplete in 214Ra and in 
94 Ru; es4ecially as the lifetiITles of the 6+ 
level in 9 Ru and of the 4+ level in 214Ra are 
ITluch less, though still very significantly, re
tarded. One also expects the saITle type of 
adITlixture to occur in 212Rn, but its ITlagni
tude should be sITlaller and it should have con
siderably less effect on the half-life due to the 
like signs of the ITlOITlents in this case. There 
should be no effect on the ITlagnetic ITlOITlent. 
So the agreeITlent with the siITlple prediction 
is quite reasonable. 
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An atteITlpt to look at Th, the next 

nucleus in the sequence, with the 204pb 
(160 , 4n) reaction was unsuccessful. We saw 
only a SITlooth background in the 'I-ray spec
truITl. By looking at fission products direct-

ly and their characteristic x rays, it becaITle 
clear that the reason for this was that fission 
dOITlinated the decay of the cOITlpound nucleus. 
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Some Limitations in the Production of 
Very Neutron-Deficient Nuclei t 

F. S. Stephens, J. R. Leigh, and R. M. DiaITlond 

Heavy-ion reactions have been used for a 
nUITlber of years as a ITleans of producing and 
studying neutron-deficient nuclei. The fusion 
of a target and projectile nucleus inevitably 
tends to produce a neutron-deficient cOITlpound 
systeITl due to the increasing neutron excess 
of heavier nuclei along the valley of beta sta
bility. These cOITlpound systeITls are produced 
with considerable excitation energy, which 
usually results in the evaporation of a few 
particles. For heavier nuclei, the CouloITlb 
barrier inhibits the evaporation of charged 
particles resulting (norITlally) in a strong 
preference for evaporating neutrons. This 
tends to produce still ITlore neutron-deficient 
products. As the cOITlpound systeITl becoITles 
very neutron-deficient, however, proton evap
oration cOITlpetes with, and eventually dOITlin
ates over, neutron evaporation, resulting in 
products which are less neutron-deficient. 
This cOITlpetition constitutes a liITlit on our 
ability to produce very neutron-deficient prod
ucts using this ITlethod, and the present work 
has explored the nature and location of this 
liITlit in the region of the periodic table be
tween tin and lead. Above Pb, fis sion begins 
to cOITlpete with particle evaporation froITl the 
cOITlpound systeITl and this changes the situa
tion rather cOITlpletely. 

In order to find the liITlit in producing neu
tron-deficient products nuclei, we ITlust evalu
ate two things. These are (1) which cOITlpound 
systeITl can be produce and (2) what parti
cles will be evaporated froITl this systeITl. The 

23 

first of these is easy to evaluate under any 
given conditions for a particular projectile
target cOITlbination. Since accelerators will 
soon be available that can accelerate any nu
cleus, we have chosen, as a reasonable con
dition, only that both target and projectile 
ITlust exist in nature. This is not an ultiITlate 
liITlit, but seeITlS likely to be the best achiev
able in the near future. One can then easily 
deterITline the lightest cOITlpound nucleus (LCN) 
that can be produced for each eleITlent. In 
Fig. 1 this liITlit is shown as the heavy line. 
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Fig. 1. Section of the chart of nuclides 
showing the location of the various lines 
discussed in the text. (XBL 706-3153) 



The question of which particles are evap
orated from a compound nucleus clearly de
pends on the relative effective binding ener
gies. For neutrons, these effective binding 
energies do not differ from the usual binding 
energy, 2 but for protons they must include an 
effective Coulomb barrier. We believe this 
effective barrier can be best determined em
pirically from the proton-neutron relative 
evaporation rates near the point where they 
are equal. We have used the very simple re
lationship 1 

P ip = 
n p 

(1) 

where P and P are the probabilities of 
evaporatthg a neufron and proton re9.-pectively, 
B is the neutron binding energy, B'" is the 
effective proton binding energy, an! T is the 

'k nuclear temperature. One can see that Bp' 
can be determined from Pnipp since B is 
available from the mass tables and T fs not 
very important if Pnip p "" 1. We",then obtain 
the effective Coulomb oarrier, E~, from 

!>:~ 

B 
P 

:>!<; 

= B + E P c 
(2) 

where B is the proton binding energy from 
the massPtables. We can then scale Ec to 
other elements on the as sumption that 

~, 

E = k 
c 

z 
(3) 

where k is a number (presumably near one) 
that is evaluated from the measured E~. This 
method has the enormous advantage that er
rors in B n , B p ' or Eq. (3) are normalized 
out at the point where Pnipp is measured, 
and only relative errors from this point are 
important. For the region we are interested 
in, around Pnipp "" 1, the value chosen for 
T is not very important, but it is critical for 
calculating Pnipp far from this region. We 
have used T = 1.5 MeV. For alpha evaporation, 
we have used the simple empirical values 
ppiPa = 3 for the Ce region and PpiPa=2for 
the Os region. 

In the Ce and Os regions, we have mea
sured the relative yields of two or more re
action products, from about 10 different com
pound nuclei. These determine k to be 
0.85±0.05, where the uncertainty in k re
flects the rms deviation between the calcu
lated and experimental results. This value 
of k determines the point of equal probability 
of emission of a proton and a neutron to about 
± 1. 5 amu, and this line is shown in Fig. 1. 
Also indicated in Fig. 1 are lines where the 
maximum yields obtainable have fallen to 10- 6 
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and 10-12 of the compound nucleus cross sec
tion. The proton and neutron drip lines are 
the two widely-spaced lines. 

In Fig. 2 are shown calculations which 
are relevant to producing Ce product nuclei. 
We show here the cross sections (relative to 
those of the compound nucleus) to be expected 
from several types of reactions which pro
duce Ce product nuclei of various mas s 

~2n 

2 /. 4n 
p" /" 

10-1 

120 124 128 

A (Ce, final product) 

Fig. 2. Expected yields (see text) of Ce nu
clei resulting from various reactions. 

(XBL 706-3148) 

numbers. Several conclusions may be drawn 
from this plot. The first is that above mas s 
128 the HI, xn reactions are the best, and 
should give yields of 500/0 or higher. A sec
ond is that the HI, xp reactions never have 
large yields because sufficiently neutron-de
ficient compound nuclei cannot be made. (The 
short vertical bars terminating a line indicate 
the limit in producing compound nuclei for 
that reaction.) If one wants to make a particu
lar Ce nucleus, 126Ce for example, then 
Fig. 2 immediately shows that the best re
actions to try are 2p, 2n, or 2p2n (p2n should 
also be in this group, but the three-particle
out reactions have been omitted for the sake 
of clarity). In fact, the 2n reaction has re
cently been found to work very well in this 
case. We further see that 12i±Ce can only be 
produced in "" 3 times poorer yield - by 2n or 
2p2n (or p2n) reactions. Such knowledge is 



extremely useful in trying to identify these 
products. Figure 2 also illustrates the im
portant fact that the highest possible yields 
for producing the Ce nuclei begin to drop off 
rather sharply below mass"" 126. Below 
mass 120, there is no significantly better way 
to produce the Ce nuclei than by the 4n reac
tion, and the highest possible yield is less 
than 0.010/0. This is already well below the 
yield required for in-beam spectroscopic 
studies of the type currently being made 
("" 100/0), so that such studies can only be 
made down to mass about 124. However, 
some types of out-of-beam experiments, such 
as those using on-line isotope separators or 
the study of alpha or proton emitters, can 
work with much lower yields, so it is useful 
to extend these calculations to lower yields, 
and this has been done in the full report of 
thes e results. 

In conclusion, we believe it is now pos
sible to estimate rather reliably the expected 
yields for very neutron-deficient products of 
compound-nucleus reactions. Preliminary in
vestigation also gives results that are in ac
cord with data in the Kr region, so that this 
rather simple approach seems to have valid
ity over a large portion of the periodic table. 

Footnote and References 

t Condensed from UCRL-20422, December 
1970; submitted to NucL Phys. 

1. See for example: G. Rudstam, Arkiv for 
Fysik 36, 9 (1966). 

2. We have used: W. D. Meyers and W. J. 
Swiatecki, UCRL-11980, May 1965. 

Alpha Decay of Neutron-Deficient Osmium Isotopes t 

J¢rn Borggreen':< and Earl K. Hyde 

Alpha decay is energetically pos sible in 
elements below lead, but in general the alpha 
decay energies are so low that this mode of 
decay is not observed. The most neutron-de
ficient isotopes have larger alpha decay en
ergie s, and alpha emis sion has been observed 
to compete with electron capture or positron 
emission in the decay of light isotopes of ir
idium, platinum, gold, and mercury produced 
by heavy ion reactions 1 , 2, 3 or by high-energy 
proton spallation. 4 Many more cases of alpha 
decay remain to be discovered among the neu
tron-deficient isotopes of these and lighter 
elements. The present study is a contribution 
to this task. Guided by the predictions of Siivola,5 
we investigated the alpha decay of 1720s, 
17 30s , and 1740s produced by bombardment 
of 164Er with beams of 160. Gamma-ray 
measurement techniques were used to mea
sure the extent of competitive decay by elec
tron capture or positron emission. The con
tribution of alpha emission is less than 0.30/0 
in all cases even though these nuclei have 10, 
11, and 12 fewer neutrons, respectively, than 
1840s __ the lightest of the beta stable isotopes 
of osmium. Nonetheless, the slight probabil
ity for alpha emission is important for testing 
the reliability of published mas s predictions 
for nuclei far from beta stability. 

The experiments were performed at the 
heavy ion linear accelerator. The primary 
reaction used was 164Er(160,xn)18U-xOs at 
bombarding energies between 160 and 110 
MeV, a range which allows evaporation of up 
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to eight or nine neutrons. The maximum 
available beam energy was 10.3 MeV /amu; 
lower beam energies were obtained by in
serting stacks of 1. 72 mg/cm2 aluminum foils 
in front of the target. Targets of 2.5 mg/cm2 

thicknes s were prepared by molecular plating 
of erbium oxides onto 1. 7 mg/cm2 Ni foils, 
starting with erbium oxide of varied isotopic 
composition. 

The targets were mounted in a small hel
ium-filled reaction celL The recoiling prod
uct nuclei were stopped in helium, rapidly 
transported out of the reaction zone in a 
stream of helium, and collected on a plate 
positioned in front of an alpha detector made 
of semiconducting silicon. The helium-jet 
transfer technique and the associated tech
niques for control of data recording are de
scribed in our previous articles. 6,7 

The range of the recoil atoms in erbium 
for t~e energy region of interest was calcu
lated to lie between 1.1 and 1. 6 mg/ cm2 . The 
recoil ranges in He of 2.2 atm pressure were 
estimated from measured ranges of Dy re
coils 13 to cover the region 1.6 - 2.2 cm, 
which is larger than the actual chamber length 
of 1.3 cm. These ranges, compared with the 
target thicknes s and the path length in He, 
assure that the recoils which are stopped in 
the helium are produced in the same effective 
thickness of target material independent of 
bombarding energy. 



In the initial series of experiments, ac
tivity was collected on a foil positioned di
rectly in front of a stationary detector and a
particle spectra were measured continuously, 
except that data recording was blocked during 
the 4-msec beam bursts. Figure 1 shows an 
alpha spectrum recorded during the bombard
ment of 164Er with 134 MeV 160. The error 
in the determination of the energy of the un
known groups was estimated to be 10 keV-.
Spectra from the products of the 164Er + 160 
reaction were recorded at many beam ener
gies for equivalent amounts of integrated 
beam, and the yield of specific alpha peaks 
was determined as a function of 1 to ene rgy. 
Yield curves for three of the alpha groups 
are shown in Fig. 2. 
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Fig. 1. Spectrum of alpha particles emitted 
by products isolated from 164Er target 
bombarded with 160. The 210po peak at 
5.30 MeV is due to a contamination of the 
detector surface from other reactions. 

(XBL 705-2894) 

The significant half-lives in this study 
fell in the range of seconds. For their mea
surement we used a technique discussed pre
viously 7 in which a two-position collector 
plate was employed. Alpha active products 
were collected for some preselected number 
of seconds at one collector position after 
which the collector was flipped with a sole
noid-activated drive in order to position the 
sample in front of an a detector. Alpha 
pulses were then recorded in eight time pe
riods. At the end of the 8th period, the col
lector was flipped back to its original posi
tion and a second sample was counted while 
the first was receiving new activity from the 
helium jet. Decay curves for two alpha 
groups measured by this method at a beam en
ergy of 154 MeV are shown in Fig. 3. In ad
dition, a decay curve was determined for the 
4. 76-MeV a group at a bombardment energy 
of 120 MeV. 
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The curve is the result of a neutron evap
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To obtain sufficient information for the 
assignment of the observed alpha groups, 
measurements were made with the following 
target-projectile combinations: 164Er + 160, 
166Er + 160, and 164Er + 14N. 

In order to confirm the mass assign
ments and to measure the extent of partial 
decay by orbital-electron electron capture 
and/or positron emission, 'I-ray measure
ments were made of the daughter and grand
daughter products in the beta-decay chains. 
These measurements are described in the 
more complete report. 

The isotopic assignments were made by 
a comparison of the experimental yield curves 
for the 5.105, 4.94, and 4.76 MeV alpha 
groups with theoretical curve shapes calcu
lated with the aid of Sikkeland's formula 9 for 
the evaporation of 6,7, and 8 neutrons from 
the compound nucleus (See Fig. 2). These 
assignments were confirmed by the analysis 
of the 'I-ray data, which showed a maxima in 
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the yields of products of electron-capture de
cay chains at the proper energyo The possi
bility of proton emission was consideredo 

A summary of the data on three new os
mium isotopes is given in Table 10 

Table 10 Summary of data on Os isotopeso 

a energy Half-life a-branch 
Nuclide (MeV) (s) (0/0 ) 

1720s 50105 ± 00010 19± 2 :s 003 

1730s 4094±0001 16± 5 00021 ± 00006 

1740s 4076±0001 45 ± 5 00020 ± 00004 

Footnotes and References 

t Pres ent addres s: Niels Bohr Institute, 
Risp, Denmarko 

>:'Condensed version of report UCRL-19596, 
July 1970; to be published in NucL Physo 

10 A. Siivola, NucL Physo A92, 475 (1967)0 

20 A. Siivola, NucL Physo 84, 385 (1966)0 

30 Ao Siivola, UCRL-11828, 1965. 

40 Po G. Hansen et aL, Phys. Letters 28B, 
415 (1969)0 ---

5. A. Siivola, Arkiv Fysik 36, 413 (1967). 

60 Jo Borggreen, K Valli, and K Ko Hyde, 
Physo Revo C ~ . .' 1841 (1970)0 

70 K Valli and K Ko Hyde, Physo Rev. 176, 
13 77 (1968)0 

80 Po G. Steward, Ph. Do thesis, University 
of California, UCRL-18127, 19680 

9. To Sikkeland, Arkiv Fysik 12., 539 (1967). 

On-Line a-y and y-y Study of 26-msec 220Ac 

Richard Eo Eppley and Earl K Hyde 

This study was initiated as part of a con
tinuing study at the Hilac of neutron-deficient 
a emitters in that portion of the heavy element 
isotope chart lying just above the 82 -proton 
and 126-neutron shellso The helium trans
port technique has played an indispensable 
role in gaining information on a-decay ener
gies, nuclear half-lives, and excitation func
tions for the heavy-ion reactions involvedo 
However, few decay schemes have been de
veloped for nuclei in this region other than the 
placement of energy levels based on the a-de
cay energies. In most instances this is due 
to the fact that there are only one or two a 
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groups, so that the decay schemes are quite 
simpleo Another reason is the difficulty of 
studying species with very short half-lives 0 
The recent successes of the helium transport 
technique for on-line studies of a decay has 
prompted us to explore this technique in the 
acquisitionofy singles, a-y coincidence, and 
y -y coincidence spectra for the decay of 
short-lived nuclei in the same regiono 

220A . k d' . 1 h c was pIC e SInce Its a p a spec-
trum has at least eight a groups, which hold 
promise of an interesting decay schemeo 
These a groups have been reported recently 
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tube,and deposited on the catcher foil 
where they are counted. 
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by Bprggreen, Valli, and Hyde 1 and are 
listed together with their relative intensities 
in Table 1. The same experimental apparatus 
was used except that the recoil products were 
transported over a longer distance (24 in. ) be
fo~e they were. collected and counted. Figure 
1 IS a schematlc representation of this appa
ratus. In brief, the recoil products were 
thermalized in the reaction cell by helium at 
a pres sure of 2 atm, swept through the capil
lary tube (1. D. = 0.023 in.) into an evacuated 
chamber, and collected on a metal plate. 
The collected activity was counted, between 
beam bursts, by an annular surface barrier 
detec.tor in the case of a particles and by a 
Ge(Ll) detector for they activity. More de
tails can be found in Ref. 1. 

2From tf~ a stud~ previously reported, 1 
the 08pb ( N,3n)2 0Ac reaction at 75 MeV 
of bea.m energy was chosen for the present 
experIments. As expected, the major experi
mental difficulty was they-ray background. 
Owing to the experimental arrangement, the 
'I detectors were located close to the beam. 
Beam scattering caused a large flux of both 
fast and slow neutrons in the vicinity of the 
detectors. Even though counts were regis
tered only between beam bursts, this flux 
proved to be large enough to preclude any 
chance of obtaining significant 'I-ray singles 
spectra on 220Ac. This background was re
duced considerably by use of shielding in the 
form of cadmium sheets, lead bricks, and 
borax bricks. 

It was found, however, that the vast ma
jority of these unwanted events were rejected 
by an a-y coincidence circuit. The electron
ics consists of a fairly standard setup. The 
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coincidence events were determined by a 
time-to-amplitude converter (TAC) whose 
start and stop pulses were derived from the 
preamplifier pulses via fast discriminators. 
The computer hardware and data-taking pro
gram allowed the storage of the coincidence 
events from each detector, along with the 
TAC output as a single event on magnetic 
tape. This tape was later sorted, event by 
event, to determine which 'I rays were in co
incidence with particular a transitions, and 
vice versa. Some results of an 220Ac a-y co
incidence run are shown in Figs. 2 and 3. 
The integral 'I spectrum is shown in Fig. 2 
along with a gated spectrum resulting from 
sorting on the 7.85 MeV a peak and the prompt 
time peak. Figure 3 shows the integral a 
spectrum along with the spectrum resulting 
from s orting on the 154 keV 'I peak and prompt 
time. They energies shown on Fig. 2 are 
preliminary, but should be correct to ± 1 keV. 

These spectra represent 11. 5 hours of 
beam time and point up a difficulty with this 
type of on-line experiment. The coincidence 
rate is low and a compromise must be 
reached between beam time expended and the 
minimum statistics required. By analysis of 
the time spectrum resulting from such a run, 
those transitions in prompt coincidence can be 
separated from those in delayed coinddence. 
In this manner we have determined that the 
134-keVy transition originates from a state 
having a 71 ± 5 nsec half-life. Single particle 
estimates for proton transitions of this energy 
yield half-lives of 49 and 122 nsec for E2 and 
M2 transitions, respectively, after correc
tion for internal conversion. 

The integral 'I spectrum shows this 134-
keV 'I transition to be the most intense. This 
suggests placing the transition as proceeding 

Table 1. 220 Ac a energies and intensities 

a-particle energya 

7.61±0.02 

7.68±0.02 

7.790±0.010 

7.850±0.010 

7.985±0.010 

8.005± 0.010 

8.060 ± 0.010 

8.195±0.010 

aTaken from Reference 1. 

Relative intensitya 

23 ± 5 

21 ± 5 

13±2 

24± 2 

4±2 

5±3 

6±1 

3±1 
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from the first excited state of 216Fr, a con
clusion which is consistent with the a decay 
results in Reference 1. Another prominent 
feature of the integral '{ spectrum is the pres
ence of very intense francium K x rays. This 
implies that a sizable fraction of the Fr de
excitations are accomplished by low energy 
transitions having appreciable internal con
version. 

The bulk of our data is yet to be analyzed, 
so we do not present a decay scheme at this 
time. In addition to the a-,{ experiments, we 
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are presently analyzing results of '{-'{ coin
cidence experiments. Our preliminary re
sults convince us of the applicability of the 
helium transport technique to coincidence 
studies of short-lived nuclei. 

Reference 

1. J¢rn Borggreen, Kalevi Valli, and Earl 
K. Hyde, Phys. Rev. C~, 1841 (1970). 



Characteristics of Fragments Produced 
in the Interaction of 5.S Ge V Protons with Silver 

Earl K. Hyde, Gilbert W. Butler, t 
and A. M. Poskanzer 

Fragments ejected from silver targets 
inserted in the 5.5 GeV external proton beam 
of t~e. Bevatro~ were detected by a telescope 
of slh~on semIconductor detectors incorpo
rated 1ll a power-law particle-identifier sys
tem. Individual isotopes of the elements 
from hydrogen to nitrogen were resolved (see 
Fig. 1). 
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Fig. 1. Typical particle spectra of fragments 
ejected from silver targets bombarded 
with 5.5-GeV protons. The telescope for 
part (a) consisted of a 100 fLm .6.E detec
tor and a 1500 fLm E detector. The tele
scope for parts (h), (c), and (d) consisted 
of a 61 fLm E detector and a 250 fLm E de-
tector. (XBL 705-2837) 

Above nitrogen, isotopic resolution was 
lost, but it was possible to resolve elements 
up through silicon (see Fig. 2). The energy 
spectra of individual isotopes were deter
mined. This required the use of several tele
scopes containing detectors of different thick
nesses. Some extrapolation of the data was 
required at the lower energies because of an 
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Fig. 2. Spectrum of elements ejected from a 
7.1 mg/cm2 silver target and measured 
in a telescope with a 20 fLm .6.E detector. 

(XBL 705-2846) 

instrumental cutoff. Some typical energy 
spectra showing curves derived from data 
taken at 90 ° to the proton beam are displayed 
in Fig. 3. Similar sets of data were taken at 
20°, 45°, 135°, and 160°. The energy spec
tra were extrapolated and integrated to ob
tain the angular distributions of the fragments, 
and the results are given in Fig. 4. The inte
gration of these curves in turn resulted in the 
set of total cross sections given in Table 1. 

This study has resulted in a detailed set 
of data on the energy, angular distribution, 
and yield characteristics of 13 light fragments 
from the breakup of the silver nucleus. The 
data are being examined to obtain insight on 
the nature of nuclear reactions between GeV 
protons and complex nuclei. The results are 
being compared with a similar set of data pre
viously obtained by us 1 on uranium targets. 
The data are also being compared with those 
obtained previously by numerous investigators 
by means of nuclear emulsion techniques. 
These literature reports deal principally with 
the hammer tracks of 8Li, but some heavier 
fragments were studied by the track-area 
method of identification. 

Many of the fragment characteristics are 
superficially like those expected from nuclear 
evaporation. However, our attempts to fit 
the observed properties to a simple evapora
tion model incorporating isotropic emission 
from a moving system were not successful. 
The analysis required multiple choices of nu-
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Table 1. Total cross sections and forward-to
backward ratios for fragments from silver ir

radiated by 5.5-GeV protons 

Fragment 

1H 

2H 

3
H 

3
He 

4
He 

6
He 

6
Li 

7Li 
8
Li 

9Li 

7Be 
9Be 

10
Be 

(J' (mb) 

3993
a 

1239
a 

687
a 

345b 

2031 

19.2 

55.1 

68.6 

12.8 

2.6 

17.4
c 

15.4 

10.1 

FIB 

1.23 

1.16 

1. 36 

1.30 

1.38 

1.50 

1. 74 

1.42 

1.39 

1.38 

aHydrogen yields refer only to that part of the 
spectrum lying below 28, 32, and 42 MeV for 
the isotopes 1H, 2H , and 3H, respectively. 

bIn the 3He case, a correction of 8.8'70 was 
applied for the unmeasured part of the spec
trum lying above 90 MeV. 

c Absolute value determined by radiochemistry 
(see appendix of Ref. 1); all other values in 
this table are normalized to this value. 

clear temperature, and no choice of param
eters provided a satisfactory description of 
the spectra at all angles. The discrepancies 
were particularly bad for Li, Be, and B. 
Some mechanism causes pronounced favoring 
of emission in the forward hemisphere. The 
Coulomb barrier parameters derived from 
the analysis were quite low- -approximately 
half of the expected values. 

Comparison of our data with literature 
data on 8Li showed rough agreement, but a 
similar comparison with data on heavier iso
topes obtained by the track-area identification 
method revealed some gross discrepancies. 

Footnote and Reference 

tpresent address: Chemistry Division, 
Argonne National Laboratory. 

1. A. M. Poskanzer, G. W. Butler, and 
E. K. Hyde, Phys. Rev. C 3, 882(1971); see 
also UCRL-18996, 1970. -



Spontaneous-Fission Half-Life of 
258 Fm and Nuclear Instability t 

* * * ~. K. Hulet, J. F. Wild, R. W. Lougheed, 
J. E. Evans, '.' B. J. QualheiITl, ':' M. NurITlia, and A. Ghiorso 

As shown in Fig. 1, the spontaneous -fis
sion half-lives of nuclei with neutron nUITlbers 
greater than 152 decrease rapidly with in
creasing N (nuclei with ITlore than 157 neu
trons were unknown until now). Because of 
the perturbation introduced by the 152-neutron 
subshell, theoretical extrapolations of spon
taneous-fission (SF) lifetiITles for nuclei with 
neutron nUITlbers above 156 are contradictory 
and allow the possibility of a recovery of sta
bility at this level. Since theory was hopeful 
while the trend of experiITlental half-lives was 
pessiITlistic, it becaITle iITlportant to search 
for an even-even nuclide well past the 152-
neutron subshell. 
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Fig. 1. SysteITlatics of the spontaneous -fis
sion half-lives of even-even isotopes of 
the heavie st eleITlents. 

(XBL712-2952) 

Our search centered upon 258FITl, since 
we believed the fis sionability of a nucleus con
taining 158 neutrons would not be influenced 
by the localized effect of the 152-neutron sub-
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shell. Thus, the SF half-life of 258FITl would 
serve as an iITlportant guide to the nuclear 
stability of even heavier nuclei. We expected 
the principal ITlode of decay of 258FITl to be 
spontaneous fission, since we estiITlated the 
SF half-life to be less than two hours, where
as systeITlatics indicated a 70 -200 day partial 
half-life for Cl! decay. 

Many experiITlents designed to identify 
258FITl were perforITled over a period of five 
years. Previously we ITlade atteITlpts to de
tect the spontaneous-fission decay of this nu
clide in ferITliuITl, cheITlically separated from 
the debris of therITlonuclear explosions, 1 in 
reactor-produced fermiuITl, after electron
capture decay of 258Md, 2 and from short neu
tron irradiations of 257Fm. 3 No fission 
events assignable to 258FITl could be detected 
in these experiITlents, although it was shown 
that the half-life was greater than 50 years 
or less than 0.2 sec if forITled with a 1 b cross 
section froITl 257FITl. 3 

In the experiITlents we are now reporting, 
258FITl was produced in the (d, p) reaction by 
the bOITlbardITlent of 257FITl with 12.5 MeV 
deuterons. The quantities of 257FITl needed 
to ITlake such bombardITlents successful were 

Fig. 2. Schematic of target and drum-mica 
system. Deuterons strike the 257Fm 
target (a) after passing through alumi
num degrading foils (h) and tantalum 
collimator (c). The atoms of 258Fm re
coiling from the target are caught on the 
surface of rotating drum (e), and their 
decay by SF is recorded in short strips 
of mica (d) attached in a continuous 
band to drum housing (f). An Cl! detector 
(g) was used for monitoring the recoil 
efficiency of the targets. 

(XBL712-2951) 



unavailable until the Hutch thermonuclear 
test, which produced a total of 0.25 mg of 
257Fm. 4, 5 A very small fraction, 5 X 109 
atoms of 257Fm, was chemically separated 
from'" 10 kg of rock debris after the explo
sion. After extensive chemical purifications, 
a weightless sample was isolated which was 
electroplated onto 0.013 -mm-thick beryllium 
foil giving a 2.2-mm-diameter target. 

The fermium target, facing away from 
the incoming beam, was clamped into a water
cooled collimating assembly containing alum
inum degrading foils which reduced the energy 
of the Berkeley Hilac deuteron beam from 
20.4 to 12.5 MeV. The target assembly to
gether with the detection system, schemati
cally shown in Fig. 2, were enclosed in an 
evacuated box connected with the Hilac beam 
tube. 

The technique
6 

for detecting spontaneous
fission events from the decay of 258Fm re
quired the collection of 258Fm recoil atoms 
on the rim surface of a large drum rotating 
at high speed. Surrounding and facing the 
drum-surface were stationary strips of mus-
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Fig. 3. Decay curve for spontaneous fissions 
as signed to 258Fm. Net fis sion tracks 
from five bombardments have been 
summed. (XBL712-2950) 
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covite mica, in which onl¥ fission tracks are 
recorded. The atoms of 58Fm were caught 
and carried on the surface of the drum until 
they decayed, leaving a track in the mica 
which was readily identified at 200 X magnifi
cation, after etching in hot hydrofluoric acid. 
In these eXperiments, we used a 25-cm-dia
meter drum rotating at a preset frequency be
tween 1500 and 3275 rpm with a gap of 0.8mm 
between the surfaces of the mica and drum. 

A total of 680 net fissions was counted in 
five bombardments (see Fig. 3). In every ex
periment, the half-life was found to be within 
380 ± 40 fLsec although the drum speed was 
changed from one experiment to the next; the 
lowest speed was 1500 rpm and the highest 
was 3275 rpm. No fissions other than back
ground were observed at 75 rpm. Between 
the fourth and fifth bombardment, the target 
was chemically repurified from all actinide 
elements, and the 380 fLsec SF activity was 
found again in undiminished yield. We have 
concluded this activity can belong only to 
258Fm, since it was produced from the 257Fm 
targets and not from a similar target con
taining 1010 atoms each of 257Fm daughters 
(249Bk, 249Cf, and 253Es1 mixed with 42 ng 
of uranium and 0.1 ng of 2 9pu. 

A cross section of 35 mb was measured 
for the formation of 258Fm with 12.5 MeV 
deuterons. This cross section is consistent 
with known (d, p) cross sections for fissile 
targets which average'" 50 mb when bom
barded with 11-13 MeV deuterons. 7 It is also 
10-30 times larger than cross sections ex
pected for compound nucleus reactions with 
deuterons, the reby excluding products from 
reactions such as (d, n), (d,2n), etc. Lastly, 
we believe fission isomers are very unlikely 
since their formation cross sections by (d, p) 
reactions are typically less than 2 fLb. 7,8 

The exceedingly short half-life of 258Fm 
has led us to conclude that heavier even-even 
nuclei are becoming catastrophically unstable 
toward fission. Therefore, it seems unlikely 
that many such nuclei with N > 158 will be 
identified in the future until a region is 
reached where filling of the next proton or neu
tron shell (298114 ?) will add a necessary 
measure of stability. We further conclude 
that reactor production of heavy isotopes will 
cease at 257Fm and that although thermonu
clear explosions, such as the Hutch experi
ment, may have produced heavier nuclides, 
these were not detected in the debris 4 , 5 be
cause of their excessively short SF lifetimes. 
Finally, we note that theoretical predictions 
of SF lifetime s fail to forecast the severe 
shortening of half-lives for neutron-rich iso
topes. Figure 1 shows that the experimental 
fission half-lives, at a constant Z, attain a 



maximmll at or near beta stability and de
crease symmetrically with decreasing or in
creasing neutron numbers. The divergence 
between theoretical and measured values be
comes especially serious for even-even nuclei 
well beyond the 152-neutron subshell. A~ an 
example, the difference amounts to 2: 10 for 
258Fm, when our half-life is compared to the 
estimates of Johansson, 9 Viola, 10 and of 
S. G. Nils son. 11 In view of such large dis
crepancies' we conclude that the fission bar
riers calculated from single-particle effects 
superimposed upon the liquid-drop model are 
not realistic for estimating half-lives. In 
particular, the neutron number seems to have 
little influence upon the barrier heights (de
formation energy) of the heavier isotopes of 
the trans plutonium element. This lack of 
strong neutron dependency, within the Nilsson 
formulation, 11 may arise from misplacing 
the position of the neutron levels or from un
derestimating the reduction in surface energy 
of a liquid-drop caused by neutron-proton 
asymmetry at the nuclear surface. 

We are pleased to acknowledge the ex
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ating crew, and to thank Christina Jung for 
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Melvin Coops in separating 257Fm from the 
bulk of the Hutch rock debris. 
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New Isotopes of Mendelevium and Einsteinium 

Pirkko Eskola 

Four new alpha-active mendelevium iso
topes with masses 248-251 have been pro
duced by bombardin~ 241 Am and 243 Am tar
gets with 12C and 1 C ions. The apparatus 
used was the same as the one described in 
our study of hahnium1 or in some more detail 
in Ref. 2. The half-lives, a-particle energies 
and the target-projectile combinations are 
given in Table 1. The mass number assign
ments of the activities are mostly based on ex
citation functions. In the case of 24-sec, 
8.03-MeV 2 4 9Md, a genetic relation with the 
daughter, 1.3-min, 7.70-MeV 245Es, has also 
been established. Such genetic links have not 
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been as readily observed for other isotopes 
because of large electron capture branching 
in the daughter or parent atoms, or in both. 

A comparison of the observed alpha-de
cay energies with those predicted byWapstra3 

shows that the former are consistently lower 
by some 300 keY. This can be understood in 
terms of the single-particle level scheme of 
Nilsson et al. 4 According to the scheme, 
there is a fairly large gap between the 101st 
(7/2-[514.J) and the 99th (7/2+[633 tJ) pro
ton levels. Alpha decay from the 7/2-[514 n 
state, the predicted ground state of odd Md 



Table I 

a-particle 
energr Ways of 

Half-life [MeV production 

243
Es 20 ± 2 sec 7.90±0.04 

233U+15N 

244
Es 40 ± 5 sec no alpha 23~+15N 

248
Md 6 ± 2 

241 12 
sec 8.32 ± 0.02 Am+ C 

24 9Md 24 ± 3 sec {24~ +12C 
8.03 ± 0.02 24 ~+12C 

250Md 53 ± 5 sec 7.73±0.02 24~rn-(2C,13C 
251

Md 4.0±0.3 min 7.53±0.02 24~m-t 2C ,13C 

isotopes, to the 7/2+[633 , ] state, the ground 
state of odd Es isotopes, is greatly hindered 
because of a change of both parity and relative 
orientation of intrinsic spin. Therefore, the 
favored alpha decay from the 7/2 [514'] state 
of Md to that of Es is much preferred even if 
the level in the latter lies several hundreds of 
keV above the ground state. 

The previous1: unknown einsteinium iso
topes 244Es and 2 3Es were produced in 
bombardments of a 233U target with 15N ions. 
The 40-sec 244Es was observed only indirect-

ly through the decay of its EC daughter 244Cf. 
The excitation function for the 244Cf activity, 
recoiled onto the detectors as a result of the 
decay of the 40-sec activity, is consistent 
with that of a 4n-reaction. The as signment 
of 20-sec, 7.90-MeV alpha activity assigned 
to 243Es is also based on an excitation func
tion measurement. 

The results given in Table I are prelimi
nary; further details will be published after 
a more thorough analysis of the data. 
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Evidence for Isomeric Transitions in254No and 250Fm 

A. Ghiorso, K. Eskola,':'p. Eskola, and M. Nurmia 

D . d' 1 f 257 Rf . d urlng our stu le s 0 we nohce 
that two nuclides, 254 No and 250Fm, were 
being mysteriously transferred from the 
wheel, where they were deposited by the gas 
jet,to the" mother" crystals. 2 After elimi
nating othe r pos sible explanations, we have 
corne to the conclusion that the transfer is 
probably caused by nuclear recoil imparted 
by isomeric transitions in these nuclides, the 
half-lives being 1.8±0.3 sec for 250mFm 
(Fig. 1) and 0.20± 0.05 sec for 254mNo. These 
isomers apparently decay predominantly by 
gamma transitions to their ground states; so 
far we have seen no evidence for other modes 
of decay. 

36 

Footnote and References 

~, 

On leave of absence from Department of 
Physics, University of Helsinki, Helsinki, 
Finland. 

1. A. Ghiorso, M. Nurmia, J. Harris, K. 
Eskola, and P. Eskola, Phys. Rev. Letters 
22, 1317 (1969). 

2. For a description of the crystal-shuttle 
system see A. Ghiorso, UCRL-18633 (to be 
published). 



200 

100 

10 

10 2 4 6 
Sec 

8 10 12 

Fig. 1. Formation of 250mFm in bombard
ment of 24 9Cf with 1 2 C. In this experi
ment, five mother-crystal stations were 
used and the wheel was stepped from one 
station to the next every 3 sec. The 
~oints indicate the number of counts from 

50gFm recorded while the mother crys
tals were shuttled off the wheel (.). 

Formation of 250mFm from the 249Cf 
(4He, 3n)250mFm reaction. Seven crys
tal stations were used and the wheel was 
stepped every 1.06 sec cA). 

(XBL712-2954) 

259No, A Long-Lived Nobelium Isotope 

A. Ghiorso, K. Eskola, P. Eskola, 
and M. Nurmia 

Following a report
1 

that a long-lived 
nobelium activity assignable to 25')No had 
been chemically isolated at ORNL, we have 
bombarded 248Cm with 180 in order to obtain 
further nuclear spectroscopic information on 
this interesting nuclide. We used the seven
station crystal-shuttle system described 
earlier2 at a wheel-cycling rate of 30 minutes 
per station. 

80 x~ 
100 

60 

40 

25<1F 
Z19 

xl 

2S9No 
7.52 

248Cmt180 

30 min/spectrum 

24 .uAhr 
94MeV 

SUM 

The series of alpha-particle spectra dis
plal,ed in Fig. 1 resulted from bombardment 
of 48Cm with 94-MeV 180 ions. The some
what broad peak centered at 7.52 MeV is due 
to 259No; it excitation function is consistent 
with the 248Cm(180,a3n)259No reaction. A 
least-squares analysis of data from several 
bombardments gave a half-life of 57 ± 10 min. 

References 

1. Robert Silva, private communication. 
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Fig. 1. A series of alphaifrarticle sf:ectra 
from a bombardment of 24 Cm with 80 at a 
wheel-cycle rate of 30 min/station. The sum 
of the seven spectra is plotted topmost. 
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Studies of Lawrencium Isotopes with 
Mass Numbers 255 through 259 t 

K. Eskola,':'p. Eskola, M. Nurmia, and A. Ghiorso 

The Lr isotopes were produced by bom
barding a 249Cf or a 248Cm target with heavy 
ions from the Berkeley Hilac. The 290 -f.1g/cm2 

249Cf target had 60 f.1g of isotopically pure 
249Cf electrodeposited from isopropyl alcohol 
solution in an area of 0.21 cm2 on a 
2.2 -mg/ cm2 Be foil, on which 80 -fLg/ cm2 Pd 
had been sputtered. The 41-f.1g 248Cm target 
was also prepared by the molecular plating 
method and had an area of 0.18 cm2 . The 
isotopic composition of the target was as fol
lows: 244Cm(2.00/0), 245Cm(0.060/0), 246Cm 
(3.40/0), 247Cm (0.0070/0), and 248Cm (94.50/0). 
The crystal-shuttle system used in the exper
iments has been described elsewhere. 1-3 

Preliminar~ results on the decay char
acteristics of 2 5Lr have been reported by 
Druin. 4 His studies of alpha activities produced 
by bombarding 243Am target with 160 ions 
indicated that 255Lr has a half-life of about 
20 sec and an a-particle group at 8.38 MeV. 

We have produced a 22-sec alpha activity 
with an a-particle group at 8.37 MeV by bom
barding the 249Cf target with lOB and IB 
ions, and a 243 Am target with 160 ions. The 
series of a-particle spectra displayed in 
Fig. 1 resulted from bombardment of 249Cf 
with 65-MeV lOB ions. The use of the SAMPO 
computer program5 made it possible to re
solve the 8.37-MeV group into two components 
of 8.35±0.02 MeV (~500/0) and 8.37±0.02 MeV 
(~ 500/0). A least-squares analysis gave a 
half-life of 22 ± 5 sec for the activity. Most 
of the other activities present belong to well
established isotopes of No and Fm, or were 
induced by a lead impurity in the target. The 
alpha group at 7.75 MeV is too prominent to be 
due to 255No only, and it has been tentatively 
assigned to 45-sec 250Md known to have a 
group at this energy. It is also most diffi
cult to distinguish between the contributions 
of 249Fm and 251Md in the 7.54-MeV peak. 
The latter has been found to have a half-life 
of about 4 min and the most prominent a
p~rticle group at 7.53 MeV by bombarding 
243Am target with both 12C and BC ions. 6 

The a-particle spectra shown in Fig. 1 
were recorded by the movable detectors when 
facing the wheel. The combined spectra re
corded by these same detectors when in off-
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Fig. 1. A series of a-particle spectra pro
duced by bombardments of 2'!9Cf with 
lOB ions. The individual spectra show 
the total counts recorded at each of the 
s even stations by the two movable detec
tors when facing the wheel. The sum of 
the seven spectra is plotted topmost. The 
wheel-cycle rate, the integrated beam 
reading and the bombardment energy are 
indicated in the figure. (XBL 7011-6266) 

wheel position, and by the stationary detectors 
facing them, were analyzed to find out if 
there were counts that arose from the decay 
of 251Md, the alpha-recoil daughter of 255Lr. 
All together six alpha-decay events were ob-



served between 7.5 and 7.6 MeV; the total 
number of counts assigned to 255Lr was 129. 
The calculated ratio of detected mother events 
to detected daughter events is 2.5, which is 
approximately one-tenth of the observed ratio. 
Thus 251Md seems to decay predominantly by 
electron capture, which is also borne out by 
greatly reduced apparent reaction cross sec
tions, as measured by alpha decay. 
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Fig. 2. A comparison of a-particle spectra 
resulting from bombardments of 249Cf 
with 59-MeV and 71-MeV 11B ions, as 
well as 65-MeV 10B ions. In each case 
the first two time subgroups (12.5 sec 
following the end of each collecting pe
riod) have been excluded to eliminate 
short-lived activities, such as the 
3.2-sec 256No. (XBL 7011-6267) 

Further proof that the 8.37 -MeV a-parti
cle activity arises from the decay of 255Lr 
was furnished by excitation function studies. 
In Fig. 2, the a-yarticle spectra from bom
bardments of 24';JCf by 11B ions at 59 MeV and 
71 MeV and by 10B ions at 65 MeV are plotted 
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for comparison. The spectra represent the 
sum of the spectra recorded by the detectors 
in the on-wheel position, and in all cases the 
first 12.5 sec (the two first time subgroups 
out of the four at the first detector station) 
have been excluded to reduce interference 
from short-lived activities. 

The excitation functions for the activities 
resulting from bombardments of 249Cf with 
11B ions and characterized by half-lives of 22 
sec, 31 sec and 0.6 sec, and the most prom
inent a-particle groups at 8.37, 8.43, and 
8.87 MeV, respectively, are plotted in Fig. 3. 
The relatively large uncertainties for the 
8.37-MeV alpha activity (255Lr) reflect the 
difficulty of separating it from the complex 
a-particle spectrum of 256Lr. The facts that 
the excitation functions for the 8.87 and 
8.43 -MeV activities reach their maxima at 
about the same energy, and that the maximum 
fo r the 8.37 -MeV activity is about 10 MeV 
higher, rore consistent with the activities being 
produced by 3n, 4n, and 5n reactions, respec
tively. 
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Fig. 3. Excitation curves for Lr activities 
produced in bombardments of 249Cf with 
11 B ions. The error bars indicate an un
certainty of one standard deviation. 

(XBL 706-6221) 

We have produced a 31-sec alpha activity 
assignable to 256Lr by bombarding 249Cf with 
11B ions. The a-particle spectra displayed 
in Fig. 4 results from a bombardment of the 
249Cf target with 59-MeV 11B ions. The sum 
spectrum is shown in Fig. 2 (excluding the 
first 12.5 sec following an irradiation, as dis
cussed earlier). An analysis of the spectrum 
by the SAMPO computer program5gives the 



Table I 

a-particle 
Half-life energy Intensity 

[sec] [MeV] (% ) 
255

Lr 22± 5 8.37±0.02 - 50 

8.35±0.02 - 50 

256
Lr 31 ± 3 8.64±0.02 3±2 

8.52 ± 0.02 19± 3 

8.48± 0.02 13 ± 3 

8.43±0.02 34±4 

8.39±0.02 23 ± 5 

8.32±0.02 8±2 

257
Lr 0.6± 0.1 8.87±0.02 81 ± 2 

8.81 ± 0.02 19 ± 2 

258
Lr 4.2±0.6 8. 68± 0.02 7±2 

8.65±0.02 16± 3 

8.62± 0.02 47± 3 

8.59± 0.02 30±4 

259
Lr 5.4±0.8 8.45±0.02 100 

energies and intensities shown in Table I for 
the a-particle groups of 256Lr. A least
squares analysis of the decay data yielded a 
value of 31 ± 3 seconds for the half-life. 

257
Lr 

The 8.6-MeV, 8-sec a-particle activity 
discovered in Berkeley in 1961,7 and shown 
to be an isotope of elelllent 103, was tenta
tively assigned to lllass nUlllber 257. Subse
quent work in Dubna failed to confirlll such an 
as signlllent, and experilllents carried out by 
bOlllbarding a 243Alll target with 180 ions sug
gested that 257Lr has decay properties very 
silllilar to those of 256Lr with 8.5 < Ea 
< 8.6 MeV and T1/2 = 35 sec. 8,9 

In our bOlllbardlllents of the 249 Cf target 
with 15N ions, with the prilllary goal of 
lllaking isotopes of elelllent 105, a pronounced 
8.87 -MeV, O. 6-second a-particle group ap
peared in the spectra. By producing this ac
tivity using five different projectiles--iiB, 

a-decay Upper lilllit 
hindrance for EC 

factor ("/0 ) Ways of production 

40 

2.4 30 243 Alllt160 

2.0 24 9C£+10 B , iiB 

490 20 
246

Clllt
15

N 

30 249Bkt12C 

36 249C£+ 1iB 

8.8 

9.7 

1.6 

2.1 15 
246

Cmt
15

N 

6.0 249Bkt12C 

24 9C£+iiB, 12 C , 13 C , 

14N , 15
N 

55 5 
246

Clllt
15

N 

19 
248

Clllt
15

N 

5.4 249Bkt12C 

6.8 249 C£+15 N 

1.1 
248Clllt15

N 

12C, 13C, 14N and 15N--on the 249Cf target, 
we have concluded that the activity lllUSt be 
due to 257Lr. The excitation function for the 
257Lr activity produced by iiB ions is shown 
in Fig. 3. It is the unexpectedly low peak 
cross section of about 7 nb for the 
249Cf(11B,3n) 257Lr reaction that helped the 
0.6-sec activity to escape identification in 
earlier experilllents. The excitation functions 
for the 0.6-sec, 8. 87-MeV and the 4.2-sec, 
8.6 -MeV alpha activities produced by 15N ions 
on 249Cf are displayed in Fig. 5. In addition 
two llleasured cross sections, one for each 
activity, are plotted and labeled 257Lr and 
258Lr. These are results frolll a 36-x,A-h 
bOlllbardlllent of 249Cf with 81-MeV 1 N ions. 
It is evident that the ratio of the cross sec
tions changes drastically when 15N is sub
stituted by 14N. Such a behavior is in ac
cordance with the assignlllents of the activ
ities to 257Lr and 258Lrj for then in one case 
the reactions would be 24 9C£(15N, a3n)257Lr 
and 249Cf(15N, a2n)258Lr, and in the other 
249Cf(14N, a2n)257Lr and 249Cf(14N, an)258Lr. 
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Fig. 4. A series of a-particle s4ectra pro
duced by bombardments of 2 9Cf with 
11 B ions. Both the arrangement of the 
spectra and the data pertinent to the bom
bardment correspond to those in Fig. 1. 
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The complete display of the series of a
particle spectra produced by bombardments 
of 249Cf with 15N ions is presented in Ref. 1. 
Results of an analysis of the complex a-parti
cle groups at 8.6 MeV and 8.87 MeV by the 
SAMPO computer program are shown in 
Fig. 6 and are given in numerical form in 
Table I as energie s and intensities of the a
particle groups assigned to 257Lr and 258Lr. 

258Lr 

Bombardments of both 249Cf and 248Cm 
by 15N ions produced an 8.6-MeV, 4-sec 
alpha activity assignable to 258Lr. A series 
of a-particle spectra from the latter target
projectile combination (248Cm, 15N) is dis
played in Fig. 7. The excitation curves for 
the 8.6-MeV and 8.45-MeV activities produced 
in bombardments of 248Cm by 15N ions are 
shown on the right-hand side of Fig. 5. The 
peak cross section for the 8.6-MeV activity is 
attained about 8 MeV higher than that for the 
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Fig. 5. Excitation curves for the activities 
assigned to 257Lr, 258Lr, and 259Lr 
produced from either bombarding 249Cf 
or 248Cm with 15N ions. The asterisk 
and the arrow, labeled 257Lr and 258Lr 
respectively, indicate the cross section 
and an upper limit for the cross section 
for producin~ the activities by bombarding 
249Cf with 1 N ions. (XBL 7010-6259) 
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Fig. 6. A fit by SAMPO computer program 
to the 8.5 - 9.0 MeV a-particle energy 
region in the sum spectrum resulting 
from bombardments of 249Cf with 15N 
ions. The ~adruplet at about 8.6 MeV is 
as signed to 58Lr and the doublet at about 
8.85 MeV to 257Lr. The peaks at 6.538 
MeV (210, 211Fr) and 6.773 MeV (213Fr) 
were used for both shape and energy cal-
ibrations. (XBL7012-6272) 
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8.45-MeV activity, which is compatible with 
the former being produced in a 5n reaction. 
This activity was also observed in bombard
ments of 249Cf with 12C and BC ions 2 , 3 and 
in a bombardment of a 244pu target with 19F 
ions. 

Because decay properties of the a-parti
cle daughter 254Md are unknown, but one ex
pects it to decay predominantly by electron 
capture, we looked for the a-particles emit
ted by 3.2-h 254Fm in the off-wheel position. 
For 620 observed decays of 258Lr, some 
300 decays in the 7.13-7.22 MeV range were 
observed. Accounting for the losses due to 
decay and to geometry factors, as well as for 
the fact that each movable detector only 
spends half of its time in the off-wheel posi
tion, one would expect to detect some 200 de
caSs of 252Fm atoms corresponding to the 
25 Lr atoms. The excess of daughters is 
probably due to direct production of 254Md , 
the electron-capture daughter at which then 
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transfers onto the detectors with low effi
ciency. 

The 8,45-MeV, 5,4-sec alpha activity 
was produced in bombardments of 248Cm 
with 15N ions, as shown in Fig. 7. The ex
citation function of this activity presented in 
the right half of Fig. 5 does not exclude the 
pos sibility that the activity could be as signed 
to 260Lr. However, one would then be puz
zled by the absence of 259Lr, which as a 4n
reaction product should have a cross section 
of the same order of magnitude as a 5n reac
tion. That a 3n-reaction product does not 
show up in the spectrum is understandable in 
the light of the small cross sections observed 
for 3n reactions in this region in general. 

A summary of experimental data obtained 
in this study is presented in Table 1. Alpha
decay hindrance factors have been calculated 
using the spin-independent (.l =0) equations of 
Preston. 1() Because we have not done any 
y-ray spectroscopy to support the level 
scheme information, only qualitative discus
sion of finer details of nuclear structure is 
possible. A cursory glance at alpha-decay 
hindrance factors in Table I shows that for 
each isotope there are transitions with a hin
drance factor of less than 10. Such low hin
drance factors for odd nuclei are character
istic of favored alpha decay, which leaves the 
last odd particle in the same orbital in the 
daughter as in the parent. According to the 
single-particle level scheme of Nilsson 
et al. ,11 the 103rd proton should occupy the 
9/2+[624 t ] level in the region of 250 < A 
< 270, and for deformation parameter 
E '" 0.24 and E4 distortion of 0.04. A transi
tion from the 9/2+[624 f] level to the 
7/2-[514'] level--which seems to be the 
ground state for several Md isotopes--is 
strongly hindered because of a change in 
parity as well as in relative orientation of 
orbital and intrinsic spin components A and 
Z;. 

In the case of 255Lr it is possible that 
the broadness of the 8.37-MeV a-particle 
peak, which has been interpreted as being 
caused by two a-particle groups of approxi
mately equal intensity, may instead be due to 
summation of y rays or conversion electrons 
coincident with the 0' particles. 

As suming that the 8. 81-MeV O'-'particle 
group of 257Lr populates the 11/2+l624 f ] 
state, i. e., is the first member of the rota
tional band built on 9/2+[624 t ] Nilsson level, 
one obtains a reasonable value of 5.5 keY for 
the rotational constant 1'12/2:S. Both of the 
odd-odd isotopes 256Lr and 258Lr have com
plex a-particle spectra. However, it is dif-



ficult to give even speculative Nilsson assign
ments to any of the levels populated in Md 
daughter isotopes on the basis of hindrance 
factors. Assuming that the odd proton is in 
9/2+[624 f] state, the 153rd neutron is in 
1/2+[620 t] state, and 155th neutron is in 
7/2+[613 t] state, an application of the 
Gallagher-Moszkowski rule gives a ground
state spin of 5- and 8- to 256Lr and 258Lr, 
respectively. 

An upper limit to EC branching for most 
of the Lr isotopes studied is given in Table I. 
These limits have been obtained by comparing 
the number of observed alpha-decay events re
sulting from the decay of Lr and No isotopes 
of the same mass number. It has been 
assumed that none of the No atoms were pro
duced directly by pxn-type reaction. Also it 
has been assumed that the EC branchings of 
the No isotopes are negligible. In the case of 
259Lr, no meaningful limit could be set for 
EC branching because 259No was highly dis
criminated against under the experimental 
conditions used. 

The alpha-decay energies plotted in 
Fig. 8, as a function of neutron number, 
represent either an estimate of Wapstra12 

or an experimental value obtained by taking 
the energy of the highest observed a-particle 
group and correcting it for recoil energy loss. 
In addition to the new data dis cus sed earlier 
in the text, tentative values for 248Md, 249Md, 
and 259No have been plotted. 

Perhaps the most interesting general 
trend discernible in the plotted experimental 
alpha-decay energies is the apparent reduc
tion in the spacing of curves for successive 
Z values above nobelium. It is most evident 
for the N = 155 isotopes, for which data are 
available up to hahnium. Although all the 
evidence for decrease in the rate of change 
for alpha-decay energies when going from No 
to Ha is based on odd-A isotopes, the phe
nomenon seems general enough to suggest 
that it is real and may be caused by a local 
shell effect or by a fringe effect of a more 
remote major shell. The latter could mani
fest itself as a transition region from a de
formed nuclear shape to a spherical one. 
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New Element Hahnium, Atomic Number 105 t 
>:~ 

A. Ghiorso, M. Nurmia, K. Eskola, J. Harris, and P. Eskola 

Using the same target of 249Cf that was 
instrumental in the discovery of the alpha
emitting isotopes of element 104,1 ruther
fordium, 2 we have produced with moderate 
yield a 1.6-sec, 9.1-MeV a-particle activity 
by bombardment with 15N ions at the heavy
ion linear accelerator (Hilac). By the alpha
recoil milking of a known isotope of element 
103 we have obtained evidence that assigns 
this new radioactivity unambiguously to an 
isotope of element 105. 

The procedures used in these new experi
ments were similar to those 'described in our 
previous communications. 1-3 

The element-105 reaction recoils were 
ejected from the target a short distance into 
helium gas at 620 Torr. They were pumped 
through a small orifice into a rough vacuum 
to impinge upon the periphery of a vertically 
mounted wheel which acted as a carrier. The 
wheel was periodically rotated to place the 
collected transmutation products next to a 
series of solid-state Si-Au surface-barrier 
detectors in order to measure their alpha
particle spectra. Half-life information was 
derived both from the relative numbers of 
counts detected at each station and from the 
decay of the activities while the wheel was 
stationary at each position. 

To measure the alpha-recoil daughters of 
these activities, each detecting crystal facing 
the wheel was periodically shuttled to a posi
tion opposite another similar detector, where 
at high geometry the two detectors together 
could analyze the daughter a-particle activity 
which had recoiled off the wheel into the crys
tal. At each detecting station there were four 
detectors, two" mother" crystals which al
ternately faced the wheel and two" daughter" 
crystals to alternately face the" mother" 
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crystals when they were shuttled off the wheel. 
Five stations were arranged at 39° intervals 
so that the same position on the 45-cm dia
meter wheel would not be reexamined by the 
detectors until all steps of the digital motor 
had been used. 

The information from each of the many 
detectors was amplified by modular units de
veloped in our laboratory and processed and 
stored by a PDP-9 computer and ancillary de
vices. Alpha-particle spectra were analyzed 
in 512-channel segments covering the range 
from 6 to 12 MeV with spontaneous -fission 
discriminators set to detect pulses greater 
than 30 MeV. The spurious count level was 
essentially eliminated by the use of judicious 
shielding and electronic-gating techniques. 

The a-particle spectra displayed in Fig. 1 
resulted from a series of bombardments of 
the 249Cf target with 15N ions. The individ
ual spectra show the total counts recorded at 
each of the five stations by the two movable 
detectors when facing the wheel. The sum of 
the five spectra is plotted topmost. The 
wheel-cycle rate was 1 sec and the shuttle 
period 50 sec. 

The complex group of peaks above 9 MeV 
is assigned to 260 105; by use of the SAMPO 
computer program4 it can be resolved into a
particle groups at 9.06 (55%), 9.10 (25%), and 
9.14 MeV (20%). For alpha-energy calibra
tion, the 6.773-MeV peak of 213Fr and the 
7.443-MeV peak of 211po were used. The ab
solute accuracy of the energy values is esti
mated to be 0.02 MeV. Calculations based on 
spin-independent (i= 0) equations of Preston5 
give hindrance factors 7, 20, and 33, respec
tively, for these transitions. The half-life of 
this activity is 1.6±0.3 sec. The branching 
by spontaneous fis sion is les s than 20%, or 
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Fig. 1. A series of a-particle s~ectra pro
duced by bombardments of 2 9Cf with 
15N ions. The alpha peak at 9.00 MeV is 
that of 216Fr, the daughter of 23-msec 
220Ac produced from the lead impurity in 
the target. Most of the 211po derives 
from electron-capture of 7.2-h 211At. 

(XBL 704-6171) 

alternatively, assuming that 260Rf is a very 
short-lived fission emitter, the electron-cap
ture branching is less than 200/0. 

The 8.87 -MeV peak as well as its 8.81-
MeV satellite belong to 0.7 -sec 257Lr, and 
the complex peak at 8.6 MeV belongs to 4.0-
sec 258Lr. 6-8 Several of the peaks with a 
lower alpha energy are present because of 
lead and mercury impurities in the target. 
Bombardment of lead and mercury targets 
with 15N ions ensured that the new activity 
was not produced by these impurities. 

The measured relative cross sections 
for the 9.1-, 8.87-, and 8.6-MeV alpha activ
ities at four different bombarding energies 
are plotted in Fig. 2. The peak production 
rate of the 9.1-MeV activity is about 1. 5 alpha 
counts per microampere-hour which corre-
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Fig. 2. Excitation curves for Lr and ele
ment-105 activities p'roduced in bombard
ments of 249Cf with 15N ions. 

(XBL 704-6170) 

sponds to a cross section of 3X10-33 cm2 

as suming a recoil-collection yield of 500/0 . 
The dashed curve in Fig. 2 is a calculated ex
citation function for the reaction 249Cf(15N, 
4n)260 105. It was calculated using the forma
lism of Sikkeland 9 and the same parameter 
values as in Ref. 9. 

The a-particle spectra shown in Fig. 3 
were recorded simultaneously with those dis
played in Fig. 1, but by the detectors in the 
off-wheel position, i. e., they arose from the 
decay of alpha-recoil-daughter atoms em~ 
bedded in the movable detectors. We belIeve 
that the a-particle events with an energy of 
8.2 to 8.6 MeV belong to the daughte r of the 
1.6-sec, 9.1-MeV activity for the following 
reasons: (1) The number of recorded events 
at successive detector stations diminishes 
with a half-life of 2 ± 1 sec; and (2) the ratio 
of counts in the 9.1-MeV peak in the mother 
spectrum to those between 8.2 and 8.6 MeV in 
the daughter spectrum is 234:84 = 2.8±0.4 
and agrees well with the calculated value 2.7. 
The 8.4-MeV daughter activity decays with a 
half-life of 30± 10 sec, which value is based 
on the distribution of counts in the four 12.5-
sec time subgroups of the 50-sec shuttle pe
riod. In the inset above the sum spectrum in 
Fig. 3 there is shown an alpha spectrum of 
30-sec 256Lr produced by the reaction 249Cf 
(11B, 4n)256Lr. 6 Because of the similarity 
of the sum spectrum with the spectrum in the 
inset, and the good agreement of the half
lives, the daughter activity is assigned to 
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256Lr and therefore the 9.1-MeV mother ac
tivity has to be 260 105. We find, in accord
ance with the Dubna group, 10 that the main 
feature of the a-particle spectrum of the 20-
sec 255Lr is a predominant group at 8.37 MeV. 
It would be very difficult to explain the spec
trum in Fig. 3 on the basis of the genetic se
quence 259105 -+ 255Lr. Another argument 
against the mother-daughter pair being 
259105 -+ 255Lr is that we did not observe the 
9.1-MeV activity in a 36-fLA-h bombardment of 
249Cf with 14N ions. 

In 1968 there was published a paper by 
Flerov et al. ,11,12 which purported to show 
the discovery of two alpha-emitting isotopes 
of element 105 produced by the bombardment 
of 243Am with 22Ne ions. The transmutation 
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products were carried by a gas stream 
through an annular solid-state detector to a 
collecting surface. In the gross spectrum 
they observed peaks with energies of 8.3, 
8.7, 9.0, and 11.6 MeV which were ascribed 
to known reaction products from lead and 
amerIClum. Delayed coincidences were ob
served between a-particle pulses of 8.8 to 
10.3 MeV with those from 8.35 to 8.6 MeV, a 
region which is occupied by 256Lr and, sup
posedly, 257Lr. In particular they seemed 
to find a statistically meaningful correlation for 
"peaks 'l at 9.4 and 9.7 MeV. They came to a 
preliminary conclusion that they might be de
tecting 261 105 with Ea = 9.4±0.1 MeV, 
0.1 < T 1!2 < 3 sec, and 260 105 with Ea 
= 9.7±0.1 MeV, T1/2> 0.01 sec. The rate 
of production of these events was extremely 
low; only ten delayed coincidences were ob
served in 400 fLA-h. We have shown in Fig. 4 
a compilation of their data on the coincident 
events arranged according to their energy 
range. Their gros s alpha spectrum is also 
shown and for comparison we have plotted the 
high-energy part of some of our data on the 
same energy scale. There appear to be simi
lar continua above 9.2 MeV in both cases, but 
they are not necessarily due to the same 
effect. In our experiments this high-energy 
tail for the most part is due to one or more 
very light nuclides produced by the interac
tion of the 15N ions with the Be substrate of 
our target. We have searched for delayed co
incidences between these high-energy a-par-

x.l 
5 

40 25lr 

8.87 

~ 30 
c 
ro 
-520 

40 

30 

20 

10 

xl 

200
105 

9.06 

BERKELEY 1970 
249Cf+'5N 
116).lAhr 
84MeV 

DUBNA 1968 
243Am+22Ne 
400jJ Ahr 
123MeV 

Energy of primary pulses (MeV) 

8.8-9259.25-955 9.55-980 9.80-10.3 

Number Ntof primary pulses 149 15 8 16 
Number N201 coincidences 19 5 5 2 
with 8.35-8.60 MeV ()( - particles 

Ratio N2/N1 (%) 13 33 62 11 

9.0 9.2 904 9.6 9.8 10.0 10.2 lOA 

Energy (MeV) 
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ported in this paper. (XBL 704-6169) 



ticles and the various lawrenciUITl peaks. We 
found none that was statistically significant. 

In addition to these negative findings it is 
unlikely that the 9.4- and 9.7-MeV" groups" 
can be due to 260 105 or 261 105 for the fol
lowing reasons: (1) Our present work shows 
that 260105 has an energy of ca. 9.1 MeV and 
(2) the daughter of 261 105, 257Lr, was ex
cluded froITl the Dubna delayed-coincidence 
ITleasureITlents because its energy and hal£
life are not the saITle as 256Lr, as assuITled. 
In view of these considerations it is difficult 
for us to ascribe any significance to the ITlea
ger data of the Dubna group regarding alpha
eITlitting isotopes of eleITlent 105. 

In honor of the late Otto Hahn we respect
fully suggest that this new eleITlent be given 
the naITle hahniuITl with the syITlbol Ha. 

In a cOITlplicated research effort such as 
this we obviously are indebted to ITlany people, 
but in particular we would like to expres sour 
gratitude for the continued e s s ential and 
patient as sistance provided by R. G. Le res, 
A. A. Wydler, C. A. CoruITl, A. E. Larsh, 
and D. F. Lebeck. The experiITlents were 
ITlade possible by the excellent perforITlance 
of the accelerator and for this we ITlust thank 
F. S. Grobelch and the Hilac operating and 
ITlaintenance staffs. As always we appreci
ate the interest and suggestions of G. T. 
Seaborg. 
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In Defense of the Berkeley Work Concerning 
the Alpha~Emitting Isotopes of Element 104 t 

A. Ghiorso, M. Nu rITli a , J. Harris, K. Eskola, ':' and P. Eskola 

Introduction 

Certain questions have been raised re
garding the validity of OU{ work reported in 
Physical Review Letters concerning the dis
covery of two alpha-eITlitting isotopes of ele
ITlent 104, rutherfordiuITl. Doubt was first 
expressed by V. A. Druin in the International 
Conference on Nuclear Reactions Induced by 
Heavy Ions 2 at Heidelberg, GerITlany in July, 
1969. These doubts were repeated in a paper 
subITlitted to Yadernaya Fizika3 in NoveITlber, 
1969 by Akapiev et al. In this saITle ITlonth 
the Robert A. Welch Foundation Conference 
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on TransuraniuITl EleITlents -the Mendeleev 
Centennial was held at Houston, Texas and 
the issues were discussed at length following 
the presentation of papers4 by A. Ghiorso 
and by 1. Zvara. Apparently this discussion 
did not sufficiently clarify the ITlatter because 
strong doubts were again published in 
AtoITlnaya Energiya by G. N. Flerov. 5 

In our paper
6 

on the discovery of an 
alpha-eITlitting isotope of eleITlent 105, 
hahniuITl, we carefully included answers to the 
ITlajor criticisITls, but in view of the continued 
charges ITlade by the Dubna group we feel that 



a detailed rebuttal is in order. This paper 
will attempt to perform this function and in ad
dition will present new evidence in support of 
our original work. 

Criticism and Rebuttal 

We will first present what we believe to 
be a fair statement of the major char~s 
raised by the paper of Akapiev et al., and 
then follow it with our answer. To help the 
reader follow the arguments we have produced 
two figures (Figs. 1 and 2) along with their 
captions from the original publication. 

1. The Berkeley group did not present alpha 
spectra of background activities that would be 
produced by the bombardment of lead impuri
ties with carbon ions and did not discuss any 
background effects. 
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Fig. 1. A series of alpha spectra of the ac
tivities produced by bombardment of 
24 9Cf with 71-MeV 12C ions. The top 
spectrum is the sum of the individual 
spectra from the four detectors. The 
8.60-MeV peak is probably due to 258Lr ; 
the peaks above that energy belong to 
257 104, with the exception of the one at 
8.87 MeV whose origin is uncertain. 1 
(See text of this paRer-i this peak is now 
known to be due to ""25 (Lr and 211mpo. ) 
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Fig. 2. A set of spectra from the mother
daughter experiment which demonstrates 
the ~enetic relationship between 257 104 
and 53No. The spectra recorded by the 
individual crystal pairs are shown on top 
with the sum of the last three pairs at 
the bottom. 1 (XBL694-4813) 

These statements are both true. Because 
of the stringent word and figure limitations 
set by Physical Review Letters there was no 
detailed discussion of this aspect of the ex
periments. Note, however, that we carefully 
stated that we had made bombardments with 
other ions and thus implied that suitable back
ground checks had been made. The fact that 
certain Pb-produced peaks in the alpha spec
tra, such as 214Ra and 209, 210,21ZRn, were 
labeled also implies that we were clearly 
aware of background effects that are caused 
by a lead impurity. The simple fact is that 
the element-104 alpha activities were so 
clearly above the background usually en
countered that this problem was almost ir
relevant. Thus we devoted the limited amount 



of space available to other more important 
phases of the experiment. 

2. Well-known Pb-produced nuclides do not 
decay with their proper half-lives, e. g. , 
30-min Z09Rn and 2.7-hour ZIORn. 

The main activity in the 6.043 MeV
labeled peak is due to 210Rn and arises as the 
alpha-recoil daughter of 2.6-sec 214Ra, which 
is produced from a tiny lead impurity in our 
californium target. Thus the 6.043 -MeV peak 
appeared to decay in the successive alpha 
spectra with a 2. 6-second half-life, since it 
was controlled by 214Ra. There must have 
been some 209Rn (which has the same alpha 
energy) present in this peak, since it is pro
duced as the daughter of 2.75-min 213Ra, but 
it was a minor component. 

3. The alpha-particle peak at 8.87 MeV can 
only be due to the 25-sec Zllmpo and thus 
cannot decay with a 3-second period. 

We were very careful to point out that the 
origin of the 8.87 -MeV peak was uncertain, 
and we did not claim that it was due to 257 104. 
From recent results we find that there are 
several sources that can contribute to this 
peak in the alpha spectra. 

a) One obvious source, of course, is 
25-sec 211mpo, as demonstrated in Fig:--4, 
where a lead target with some 50,000 
ng/cm2 has been substituted for the 2 4 9Cf 
target, which contains about 20 ng/ cm2 Pb 
impurity. The polonium activity has a 25-
second half-life, both as measured from the 
relative amounts of activity observed at each 
station and by the decay while the crystals 
are stationary. 

b) We now know that 257 Lr has a half
life of 0.7 seconds and a most prominent 
alpha group at 8.87 MeV, as opposed to the 
Dubna group' s 7 claim that it had a half-life 
of 35 seconds and an alpha energy of 8.5-
8.6 MeV. By resolving the 8.87-MeV peak of 
the repeat experiment (to be discussed later) 
into two components, we find that about one
half of the activity is due to 0.7 -sec 257Lr 
and the other half to 25-sec 211mpo. 

c) It is conceivable that 5-sec 257 104 
can have a weak alpha group at this energy, 
but this can not be resolved easily because 
of the interfering activities. 

4. All Berkeley half-lives in the heavy ele
ment region must be questioned because the 
apparent half-life of 30-min 7.43-MeV 250Fm 
is obviously only a few seconds. 

We now have fairly good evidence
8 

that 
250Fm has an isomeric state with a half-life 
of 1.8 seconds, and that some of the 250Fm 
will thus be transferred to the crystals in our 
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measuring system because of the recoil associ
ated with the isomeric transition. 

With only the evidence afforded by this 
unusual transfer phenomenon, the Dubna 
group suggested that all of our half-life mea
surements could be in error because of some 
undiscovered artifact of our system. Suffice 
it to say that we have obtained the same values 
for many nuclides as they have and most of 
these half-lives were measured before their 
published work. These measurements vary 
in range from 3.2 seconds 9 for 256No (which 
from 1963 to 1967 was quoted as 8 seconds by 
its Russian discoverers! 10) to 200 seconds ll 

for 255No. Aside from statistical considera
tions we have found no reason to question our 
decay periods. 

5. The construction and geometry of our 
setup causes" 3 seconds" to be a character
istic value in our measurements. In particu
lar, activity may be collected directly on the 
detector faces by gas - jet leakage around the 
wheel. 

To determine whether a small amount of 
activity could bypass the wheel and be collec
ted on the detector faces, we have performed 
an experiment to measure such an effect. 
Under our normal conditions some 2 X 10 5 

alpha counts of 214Ra were observed from 
carbon-ion bombardment of a lead target, 
with the wheel being cycled at a rate of 3 sec-
0nds per detecting station. The wheel was 
then stopped and the measurement repeated 
for an identical integrated-beam charfe. Not 
one count which could be ascribed to 14Ra 
was observed in any of the detectors. This 
was not particularly surprising to us since 
the volume through which the wheel is rotated 
is carefully shielded internally by lead sheets 
to reduce the fast-neutron degradation damage 
of the silicon detectors. We feel we can state 
categorically that in our system there is no 
significant direct transfer by a gas -leakage 
path. Our" 3-second half-lives" can only be 
the result of nuclear characteristics beyond 
our control. 

6. The half-lives of 257 104 and 259 104 could 
be much shorter because there is an excess 
of 25~No and Z55No on the first detector. 

This criticism must be answered in two 
ways. 

a) If there was such an excess of these 
two isotopes on the first detector, then why 
would not the alpha particles from their pre
sumed parents also be observed in this same 
detector? 

b) We never said that there was an ex
cess of either 253No or 255No in the first de
tector. The exces s activity was identified as 
254No (from its decay on the detector with a 



55±20-second half-life}. We used this iso
tope of nobeliuITl as a ITlonitor of the aITlount 
of "self-transfer" in the daughter-ITleasuring 
experiITlent. It now appears that this transfer 
was acco=.plished by the decay of another new 
isoITler, 254ITlNo, with a 0.2-second half-
life. 8 

7. The Berkeley experiITlent can be COITl
pared with a background run ITlade at Dubna 
with a lead-plus -carbon-ion bOITlbardITlent 
and this shows an overwhelITling ratio of 
211ITlpo to 214Ra. 

The Russian experiITlent is by no ITleans 
a suitable standin for our experiITlents on ele
ITlent 104. Our expe riITlent has been care
fully tailored to ITlaxiITlize the heavy nuclide 
yield and reduce that of interfering activities, 
so it should not be too surprising if our ratio 
of 211ITlPo to 214Ra is lower than in their ex
periITlent. We do know that there is SOITle 
211ITlpo in the 8.87 -MeV peak, but it has not 
affected the interpretation of the nearby 
alpha groups which belong to 257 104. It is 
clear that the Dubna systeITl operates differ
ently froITl ours because of the large aITlount 
of 213Rn (8.09-MeV peak) visible in their 
spectruITl. It appears to us that this can only 
be observed by decay frOITl gaseous atOITlS of 
radon in the vicinity of the detectors, since 
the aITlount is hundreds of tiITles larger than 
that which could COITle via electron-capture 
branching £rOITl the 6.77 -MeV 213Fe, no trace 
of which is visible in their spectruITl. 

New ExperiITlents 

The above stateITlents with their rebuttals 
we believe to be a fair sUITlITlary of the criti
cisITls leveled at our eXperiITlents. A ITlore 
satisfying answer, perhaps, is furnished by 
the following. 

249 12 
We have repeated the Cf( C,4n} 

257 104 .... 253No experiITlent with a higher 
efficiency and better resolution. A back
ground experiITlent was also perforITled with 
a 50 -fLg/ CITl2 lead target. This was not ex
actly a standin for the californiuITl experi
ITlent, serving only as a reasonable approxi
ITlation, but showed that 211ITlpo was not an 
iITlportant probleITl. The new eleITlent-104 
eXperiITlent gave statistically better inforITla
tion than the previous run, even though it was 
run in a shorter tiITle. 

The results of the repeat experiITlents 
are presented in Figs. 3, 4 and 5. The first 
one displays a series of alpha-particle spec
tra of the activities produced in bOITlbard
ITlents of the 249Cf target with 74-MeV 12C 
ions. The experiITlent was done with the 20-
detector systeITl, and the spectra shown are 
froITl the detectors in the on-wheel position. 
The wheel-cycle rate was 3 seconds per de-
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Fig. 3. A series of alpha-particle spectra of 
the activities produced in repeat experi
ITlents when bOITlbarding 249Cf target with 
74-MeV 12C ions. A 20-detector systeITl 
was used instead of the 8-detector one 
eITlployed in the eXperiITlents resulting in 
the spectra shown in Fig. 1. The wheel
cycle rate was 3 seconds in both series 
of experiITlents. (XBL 702-6141) 

tecting station. In cases where two activities 
contribute to the saITle peak, the approxiITlate 
ratio of the two is shown below the peak label. 
It should be noted that the 6.26 -MeV peak is 
predoITlinantly due to 248Cf, not due to 212Rn 
as indicated in Fig. 1. The 6.04-MeV 210Rn 
~eak has the apparent half-life of its ITlother, 

14Ra, because the observed events are 
ITlostly due to the decay of 210Rn atOITlS re
coiled into the detectors as a result of the 
alpha decay of 214Ra atOITls. 

The peak at 8.87 MeV results froITl the 
decay of 257Lr and 211ITlpO, both of which 
contribute about equal aITlounts. The assign
ITlent of the 0.7-sec cOITlponent to 257Lr was 
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confirmed in connection with the experiments 
on element iOS by a cross bombardment util
izing the 249Cf(HB, 3n)2S7Lr reaction. 

Figure 4 displays a series of alpha-par
ticle spectra of the activities produced in 
bombardment of a natural lead target by i2C 
ions under similar conditions to those in Fig.3. 
The ratio of 21URn/ 2 14Ra is smaller than in 
Fig. 3 because the decay of 210Rn was not 
followed equally long after the bombardment. 
Because of the differences in target thick
nesses and beam intensities, and about 
1. S-MeV difference in the bombarding energy 
of the 12C ions, the ratio of 211mpo(8.87 MeV) 
to 214Ra(7.14 MeV) is higher by a factor of 
two in the lead spectrum. 

The series of alpha spectra from the 
same experiment as in Fig. 3, but recorded 
by the crystals in the off-wheel position, is 
shown in Fig. S. The on-wheel off-wheel 
cycle, or shuttle period, was 100 seconds, 
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whereas the wheel-cycle rate was 3 seconds. 
The presence of 2S0Fm and 2S4No alpha-par
ticle peaks with apparent half-lives of 2 sec 
and 0.2 sec, respectively, is believed to be 
caused by isomeric states of these isotopes, 
as explained previously. The other peaks in 
the spectrum are caused by the decay of 
alpha-recoil atoms on the movable detectors. 

The apparent half-life of 2S3No obtained 
by measuring the amount of 2S3No recoiling 
at each detector station is 4.4 ± 1. 0 seconds. 
This is in agreement with the value 4.8 ± O. S 
seconds for 2S7104 as measured directly by 
the amount of activity observed at each sta
tion. Summing the detected daughter events 
by the four 2S-second time subgroups of the 
100-second shuttle period, one obtains a half
life of 90 ± 30 seconds for the 8. 01-MeV alpha
particle group, which is consistent with the 
iOS-second half-life9 of 2S3 No . The ratio of 
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counts in the alpha-particle peaks assigned to 
257 104 to those in the 8.01-MeV peak in Fig.5 
is 506:137 = 3.5. A calculation taking into 
account geometry and timing conditions gives 
a value 2.5. This difference could pos sibly 
be an indication of some 20-300/0 electron
capture branching in the decay of 253No. 

The same equipment was used to dis
cover another isotope of rutherfordium. This 
work12 characterized the 65-second alpha 
emitter, 261Rf, and showed conclusively that 
its 26-second daughter, 257No, was observed 
as the result of alpha-particle recoil-transfer 
from its mother. This discovery was con
firmed chemically when it was shown 13 by 
fast aqueous -chemistry expe riments utilizing 
this isotope that rutherfordium was a trans
actinide element. More recently this system 
was used in the discovery6 of an alpha-emit
ti(f. isotope of element 105, the 1.6-sec 
26 Ha. The fact that the radiations detected 
in these two sets of experiments were com
pletely different shows that there is no built
in constant background effect that could con
ceivably mislead us in our interpretations of 
other results. 

Summary 

We feel that we can safely draw the fol
lowing conclusions: 

1) The additional expe riments with 2
57 

Rf 
which have been described above fully confirm 
our original findings. 

2) The puzzling transfer phenomenon has 
been explained as the result of previously un
known isomeric transitions in the even-even 
nuclides, 250Fm and 254No. 

3) The unknown 0.7-sec 8.87-MeV activity 
has been determined to be due to 257Lr. 

4) There is no gas leakage effect in our 
system that can transfer activity directly to 
the detector faces. 

5) Our system does not have a "charac
teristic half-life due to some unexplained 
artifact. II 

In our opinion the performance and relia
bility of our experimental system is beyond 
reproach. The present multidetector shuttle 
apparatus is quite a complicated instrument 
which has required a great deal of develop
ment and testing, and its value as a research 
tool has been proven by the quality of the nu
clear spectroscopic data obtained for the 
seven isotopes of nobelium, five of lawrenci
um, three of rutherfordium, and one of 
hahnium which have been characterized up to 
the present time. 

We would like to express our appreciation 
to S. Bjp'rnholm, E. K. Hyde, and G. T. 
Seaborg for comments which were very 
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Beta-Delayed-Proton Decay of 9C 
t ,~ 

John E. Esterl, David Allred, J. C. Hardy, R. G. Sextro, and Joseph Cerny 

Observation of peaks in the delayed
proton spectruITl of 9C could deterITline energy 
levels in 9B, a nucleus whose lower levels 
are still not well characterized. 1 These 
levels, in particular those of negative parity, 
are of interest because they can be cOITlpared 
to the predictions of interITlediate coupling 
calculations, Z which have proved quite suc
cessful elsewhere in the 1p shell. Fortunately, 
13 decay froITl 9C should preferentially populate 
the levels of interest, since 9C should have 
J7T = 3/Z -, as does its ITlirror 9Li. 

The ITlethods of target preparation, activ
ity transport, particle identification, and data 
collection were described in detailpreviously.3 
Oxygen swept the 9C, which was produced by 
a 43-MeV proton beaITl via the 10B(p, Zn)9C 
reaction, to a shielded counting chaITlber. 
Protons were detected by a counter telescope 
consisting of a 14-fJoITl phosphorous-diffused 
silicon Ll.E counter and a 1.5-ITlITllithiuITl
drifted silicon E counter, and identified by a 
Goulding-Landis identifier. 

. Figure 1 shows the Rroton spectruITl fol-
lowing the beta decay of'oJC. Other data taken 
with a thicker (50-fJoITl) Ll.E detector showITlore 
intense peaks at 9.Z8 and 1Z.30 MeV because 
higher energy protons deposited insufficient 
energy in the 14-fJoITl detector to operate the 
electronics reliably. All peaks decayed with the 
saITle half-life, 1Z6.5± 1.0 ITlsec, and there
fore are believed to result froITl the decay of 
9C. This half-life agrees well with earlier 
work4 and results in an average value of 
1Z6.5± 0.09 ITlsec. Any contribution to the 
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Fig. 1. SpectruITl of delayed protons following 
the beta decay of 9C taken with a counter tele
scope eITlploying a 14-fJoITl Ll.E detector. 

(XBL 7010-4059) 
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spectruITl froITl 130 produced froITl a nitrogen 
contaITlinant in the sweeping gas is eliITlinated 
by its short half-life, 9 ITlsec, since counting 
began about 100 ITlsec after bOITlbardITlent. 

The peak energies were fixed by calibrat
ing the three higher energy peaks against the 
known3 spectruITl of 17Ne using the 50-fJoITl 
Ll.E counter. These peaks were then used to 
calibrate the data taken with the thinner Ll.E 
counter. The line on Fig. 1 shows the con
tinuuITllevel assuITled in the extraction of 
peak widths and energie s. Since previous 
delayed-proton experiITlents 3 with virtually 
identical apparatus had very low background 
levels, the continuuITl ITlust be cOITlposed 
alITlost entirely of protons. 

Table I lists the energies of all proton 
peaks observed, and tentat~vely correlates 
theITl with known states in B. The 4.97-MeV 
proton group has been assuITled to result froITl 
decay of the positive parity state of 4.85 MeV. 
Beta decay to this state is first forbidden and 
therefore would not be expected to be observ
able. However, the log ft values for allowed 
beta decays in the ITlirror nucleus 9Li are 
known5 to range froITl 5 to 6, whereas first 
forbidden transitions in 15C and 11Be have 
cOITlparable log ft values ranging froITl 6 to 
6.8. FroITl experiITlents 6 in which 9B was 
populated in the 10B(He3 , a)9B reaction and 
a-p coincidences were observed, the Z.80-MeV 
state (J7T = 3/Z+, 5/Z+) in 9B was found to 
decay alITlost entirely via proton eITlission to 
the ground state of 8Be, whereas the Z.33-MeV 
state (J7T = 5/Z-, 1/Z-) has less than a 0.5% 
branch via this channel. This selectivity in 
decay channel, if characteristic of all low
lying states, would ITlake it ITluch easier to 
detect protons froITl positive parity levels even 
if their feeding via beta decay was rather weak. 
SiITlilarly, since no states of spin (1/Z, 3/Z, 
5/Z) - in the region of 6 MeV are predictedZ by 
interITlediate coupling, the 6.10 -Me V proton 
group ITlay follow the decay of an unknown 
positive parity state forITled via first forbidden 
beta decay. 

The 3.45-MeV proton group could result 
froITl decay of a 9B state at 3.Z MeV. In fact, 
interITlediate coupling calculations Z predict a 
hitherto unassigned 3/Z- state at about 4.8 
MeV, but are unable to provide a reliable 
estiITlate for the strength of the beta decay to 
this state. Predictions Z of the ft value range 
over two orders of ITlagnitude, depending on 



Table 1. Delayed protons following the beta decay of 9 C(J 1T 
=: 3/Z-) . 

Corresponding state in 9B (MeV) Known state 

Proton energy a rb 1£ decaying 1£ decaying 
(MeV) (keV)a to 8Be(g. s.) to 8Be(Z.9 MeV) (MeV) J1T 

3.45±0.Z5 ZOO± 100 3.Z6±0.Z5 c (3.Z) (3/Z-) 

4.Z3 ± 0.Z5 1000± ZOO 4.04± 0.Z5 6.94± 0.Z5 4.05 (5/Z-) 

4.97± 0.15 400± 150 4.78±0.15 c 4.85 (3/Z,5/Z)+ 

6.10± 0.10 400± 100 5.91 ± 0.10 c 

d 
1800 ± ZOO 9.09±0.Z4 11.99 ± 0.Z4 1Z.06 (1/Z, 3/Z)-9.Z8±0.Z4 

1Z.30 ± 0.10
d 

450± 100 1Z.11 ± 0.10 c 1Z.06 (1/Z, 3/Z)-

aEnergies and widths are given in the center-of-mass system. 

b The width given is the full width at half maximum. 

c The relatively narrow width indicates that the proton group does not lead to the first excited 
state of 8Be(r =: 1.4 Me V). 

dThe ratio of the intensities of the 9.Z8- and 1Z.30-MeV groups is 1.0± O.Z. 

the parameter set used to determine the wave 
function. Even though Clough et al. 1 have 
tentatively assigned J1T =: 3/Z- to a level at 
3.Z MeV, the existence of a state at this 
energy has not been definitely established. 1,7 
Though further work is clearly necessary, our 
data are also consistent with a state at 3.Z 
MeV. 

The strong proton continuum probably re
sults from two sources. First, the levels of 
9 B are ~uite broad, as is the first excited 
state of 8Be (1.4 MeV), so the combination of 
many broad peaks tends to produce a feature
less spectrum. Second, a level in 9B may 
emit an Q! particle to form states in 5Li which, 
in turn, break up into a proton and another Q! 

particle resulting in an extremely broad dis
tribution of proton energies. There may be 
some contribution to the continuum from di
rect three-body decay. The existence of a 
large continuum and the suggestion from the 
work of Wilkinson et al. 6 that those states 
fed most strongly in beta decay may prefer 
to decay via 5Li have prevented the determi
nation of ft values and level energies'from 
the delayed-proton spectrum. 
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Beta-Delayed-Proton Decay of 130: 
A Violation of Mirror Symmetry t 

John E. Esterl, J. C. Hardy,';'R. G. Sextro, and Joseph Cerny 

Recent work
1

, Z has called attention to the 
existence of deviations from mirror symmetry 
in beta decay. In the case of the well-studied 
mass-1Z nuclei, the magnitude of electromag
netic, second-forbidden, isospin-mixing, and 
binding-energy effects have been evaluated1 

and found insufficient to explain the observed 
deviation. This lends support to the proposa13 
that there is an induced tensor term in beta 
decay. Since such a term is expected to 
cause the ratio (ft)+/(ft)- to increase line
earlyZ, 3 with (W"6 + Wo)' it is of particular 
interest to examine cases with large decay en
ergies. 

We have investigated the decay of 130 and 
compared it with that4 of its mirror 13B, 
since (wt + W~) for these nuclei is "" 30 MeV. 
13 0 is a beta-delayed-~roton emitter for 
which all the allowed f3 decays, except those 
to the ground state, lead to proton unbound 
levels in 13N. 

A target of NZ gas was bombarded with a 
43-MeV proton beam from the Berkeley 88-
inch cyclotron. At"" 1/Z-sec intervals the 
gas was swept with helium into a shielded 
counting chamber. There, protons from 130, 
produced by the 14N(p, Zn)130 reaction, were 
detected and identified in a cooled L:!.E-E 
counter telescope, which fed a Goulding
Landis particle identifier. The signal from 
the 14-fJ.m L:!.E detector was required to be 
< 1 MeV to eliminate background coincidences 
between 0' particles and multiply scattered 
f3 particles from the decay of 8B. Identified 
protons were time-sorted into four groups in 
a pulse height analyzer, thus providing both 
lifetime and energy data. In addition, the de
cay of a selected proton peak was recorded 
with a 400-channel multiscalar. 

A proton spectrum from the decay of 130 
is shown in Fig. 1. All peaks shown have 
half-lives of less than 50 msec--much less 
than any light delayed-proton emitter other 
than 130. The proton grouj:>s can be 
assigned to known5 states in 1::1N as is shown 
in Fig. Z and Table 1. The widths of all 
assigned peaks were extracted and found com
patible with the known5 widths after correc
ting for the broadening due to nuclear recoil 
following beta decay. 

Our results for the higher energy peaks 
of Fig. 1 can be compared with proton reso-
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nance data. For the 8.92- and 9.5Z-MeV 
states, the fraction of proton decays that 
leads to the ground state of 1ZC is 0.70 ± 0.07 
and 0.65 ± 0.1Z, respectively. This compares 
well with the values of r el/r of 0.66 and 
0.58 derived6 from elastic and inelastic pro
ton scattering on 1ZC. The energy of the de
cay branch of the 7.39-MeV state to the first 
excited state of 1ZC is too low for us to ob
serve. Therefore the total number of proton 
decays from this state was calculated using 
the decay we observed to the 1ZC ground state 
together with the known6 , 7 relir of 
0.09±0.OZ. Similarly, the total number of 
decays from the 10.35-MeV level was calcu
lated using the measured8 r el/r of 
O. Z 7 ± O. OZ. Arrow B in Fig. 1 shows the ex
pected location of the ground state branch. 
Arrows A and C indicate the predicted loca
tion of protons from the known J7f = 1/z -, 
10.78-MeV state. 

The half-life of 130 deduced from a 
least-squares analysis of the data is 
8.95±0.20 msec. Our result agrees with the 
previous 9 value of 8.7±0.4 msec, so a 
weighted average of 8.9±0.Z msec was used 
for further analysis. 
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the decay of 130 
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Fig. 1. Delayed-IJroton spectrum following 
the decay of 1 O. The unbracketed en
ergies were used to calibrate the spec
trum. The arrows indicate the location 
of allowed but unobserved decays. All 
peak energies explicitly shown are in the 
center-of-mass system. 

(XBL708-3605) 



3/2- 17.760 

~ 13
0 ,.8+ 

2+ 6.377 

0+ 1.944 

12C + P 

0.13% _,5/2--10.35 

0.54% ~3/2- 9.52 

{

0.019 % _____ 

\1/2- 6.92 

0.40%\ 
5/2-- 7.39 

10.7% _____ 
,3/ 2-_3.51 

66.1 % _____ 
\1/2- 0.000 

13N 

Log ft+ 

5.6±.3 

5.16±.14 
4.73±.14 

5.22 ± .23 

4.52±.13 

4.10± .02 

Log ft-

4.59± .06 

5.33±.09 

4.45 ± .05 

4.04±.01 

1/2_=6.66/ 0 . 16 % 

5/2-_7.55 0.09% 

3/2 __ 3.66/ 7 •6 % 

,,,-10001 '" 
13C 

3/2- 13.437 

17.3 MSEC 
13 8 

0+ 4.946 

12C +n 

Fig. 2. Comparison of the decax schemes of 
the mirror nuclei 130 and 1 B. The 
spins, parities, and energies are taken 
from previous work as are the half-life 
and decay of 13B. The log ft values for 
the excited states of 130 were obtained 
using the ratio of ground state ft's indi-
cated in the figure. (XBL708-%04) 

13 
The ft values for B decay were calcu-

lated from the relative intensities of Jones 
et a1.4 and the recently measured10 half-life 
DfIT. 33 ± 0.17 msec. The results are listed 
in Table 1. As suming perfect mirror sym
metry for these transition rates and cor
recting for additional observed decay 
branches, the half-life of 130 is predicted to 
be 7.74±0.16 msec. The ratio of the true 
half-life to the predicted one is 1.15 ± 0.03, in
dicating a significant departure from mirror 
symmetry. It also reflects the ratio 
(Q:)+ / (Q:)- providing that the effects causing 
asymmetry are state independent. 3 

Individual ft values to all observed states 
in 13N were calculated from the measured 
proton intensities and the half-life, assuming 
that the ratio of the mirror ground state ft 
values was 1.15. The results are compared 
with ft values from 13B decay in Table I; 
they 'Zompare well with the relevant mirror 
decays. However, the contrary assumption 
of equal ground-state ft's yields a partial 
half-life for the ground state branch alone 
of 8.78±0.11msec, a value incompatible 
with the observed half-life of 130. The ratio 
of (Q:)+ / (Q:)- required by our results afrees 
well with that predicted by a linear fit to 
(wt + W;;) in 11 light mirror nuclei. 
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Allowed log ft values have been observed 
for all known5 J7T-= 5/2-, 3/2-, and 1/2-
levels through 10.35 MeV in 13N. This fixes 
the J7T of 130 as 3/2- in agreement with the 
prediction of the simple shell model. 
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Table 1. Beta decay of 130 and a comparison with its mirror, 13B . 

13N State Ep(c. m. ) Relative 0/0 of all 
13

0 
13

B 

(MeV) a J1T (MeV) intensity !3 decays 
b b c log ft log ft 

g. s. l/Z- 88.1±3.4 4.10±0.OZ 4.04± 0.01 

3.509 3/Z- 1. 565
d 

100 10.7±3.1 4.5Z±0.13 4.45± 0.05 

7.387 5/Z- { 1.010
e 3.4±1.i} 0.40 ± 0.19 5.ZZ±0.Z3 5.33±0.09 

5.48± 0.05 0.33±0.10 

8.92 l/Z-
{Z.56±0.05 

6.98
d 

1.5±0.3 } 

3.5±0.3g 0.54±0.16 4.73±0.14 4.59±0.08 

{3.1Z±0.05 0.43±0.15} 0.13±0.04 5.18±0.14 > 5.0 
9.5Z 3/Z-

7.58d 
0.8±0.l g 

10.35 5/Z- {3. 97±0.05 O. 13 ± 0 ~ 0 7 f} 0.019± O.OlZ 5.8 ± 0.3 
8.41 e 0.05±0.03 

3.44± 0.05h 0.3±0.1 0.030± 0.016 

6.38±0.05h 0.46 ± 0.10 0.050±0.018 

a. 

b. 

Energies, spins, and parities taken from Ref. 5, except as noted. 

The ground state ft was taken to be 1.15 times that of 13B . 

Calculated from ti":e data of Ref. 4 using a 13B half-life of 17.33±0.17 msec. 

Used to determine the energy calibration. 

c. 

d. 

e. Calculated value, unobserved in this experiment. 

f. 

g. 

h. 
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Our relative intensities agree with those of Ref. 9 for the two peaks observed in that work. 
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The Reactions 11 B(p, 3 He) 9Be and 11 B(p,t) 9B: 

Is There Strong Isospin Mixing in Mass 9? t 
):':f: tt 

J. C. Hardy, J. M. Loiseaux, Joseph Cerny, and Gerald T. Garvey 

If it is assumed that two-body forces are 
responsible for charge dependence in nuclei 
then, to first order, the masses of members 
of an isobaric multiplet are related by the so
called isobaric-multiplet mass equation 
(IMME). 

M(A, T, T z ) = ~(A, T) + £(A, T)Tz 

+ c(A, T)T2, 
~ z (1 ) 

By using second-order perturbation theory 
the IMME can be extended to include 1 the ad
ditional terms dT3 + eT4, where the coeffi
cients d and e are 1unCticfns only of off-dia
gonal matrix ~elements. 

Experimentally it is possible, by mea
suring the mas ses of all four members of a 
T = 372 quartet, to determine the magnitude 
of the coefficient d. What light this may shed 
on the extent of isospin mixing is illustrated 
by considering the interaction between two 
states--one with T = 3/2 and the other with 
T = 1/2--which appear in a ITzl = 1/2 nu
cleus. The perturbed energy of the T = 3/2 
level can be expanded in powers of T z ' where 
the coefficient of the T~ term is 2 

Here H(ib is the ith rank tensor component 
of the cliarge -dependent part of the Hamil
tonian and ET is the excitation energy of the 
state with isospin T. The corresponding am
plitude a of the T = 1/2 component admixed 
into the T = 3/2 analogue-state wave function 
is 

{ 
_1_< 2. IIH(1) II.!...> J6 2 CD 2 

± 1 < 3 
j- '2 

-V 10 
IIHg~ I I ~ >} , 

(3) 
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where the ± signs correspond to T z = ± 1/2. 
Under these restrictive limits of only two
state mixing, it is now possible to derive 
from Eqs. (2) and (3) several relationships 
which are otherwise model independent: 

(4) 

2 1 2 1 
a(-Z)-a(+Z) 

-1 
2~(E3/2 - E 1/ 2 ) . 

(5) 

Thus, it is evident that even if the d coeffi
cient is measured to be zero, isos-pln mixing 
cannot be precluded; and conversely, a sig
nificant d coefficient is compatible with no 
isospin mIxing in ~ of the IT z I = 1/2 nuclei 
but not in both. 

Recent results on measurements of d 
coefficients are given in Refs. 2 and 3. ff 
appears that the only quartet which displays 
a significantly nonzero d coefficient is in 
mass 9-9-this involves the ground states of 
9C and Li, and the lowest T = 3/2 states in 
9B and 9Be . It is then of particular interest 
to study the mass-9 system with a view to 
isospin mixing so as to discover what special 
circumstances have determined the size of its 
d coefficient. 

In probing this question previously, 
Janecke 1 has pointed out that two T = 1/2 
states of uncertain spin lie at '" 500 keY and 
'" 2500 keY below the 3/2 - (T = 3/2) analogue 
states in both 9B and 9Be; if one of these 
states were also 3/2 -, then it might well mix 
with the analogue state, perturbing its energy 
sufficiently to cause the observed d value. 
However, by assuming such two-state mixing, 
he requires very large off-diagonal Coulomb 
matrix elements and predicts isospin impuri
ties in the analogue state of '" 160/0 if mixing 
occurs with the nearer T = 1/2 state or'" 4% 
if it is with the other. 

It now seems unlikely from the measured 
widths of the levels involved that such large 
isospin impurities in the analogue state could 
occur, particularly in 9Be. All excited 
states in 9Be are unstable to neutron emis
sion and consequently almost all known 
T = 1/2 states have r,? 100 keY. The lowest 
T = 3/2 state, if it had pure isospin, would be 



bound to isospin-conserving particle decay 
and its width would be determ.ined by radiative 
decay. Certainly som.e im.purity m.ust be 
present since its width is known to be 0.4 
keV4, but the size of the im.purity will be ap
proxim.ated by o.4/r 1/2' where r 11z is the 
width of the T = 1/2 state with whiCli it is 
assum.ed to m.ix. For r1lz ~ 100 keY, the 
corresponding im.purity must be less than 
0.50/0. Since both T = 1/2 states suggested by 
J1inecke have widths of m.ore than 400 keV, 
such large im.purities as he suggests are im.
probable. 

It was hoped that two-nucleon transfer 
reaction studies m.ight clarify som.e of these 
points. As such, representative (p, t) and 
(p, 3He ) spectra are showninFig.1. Belowthe 
T = 3/2 analogue states at "" 14.5 MeV in both 
nuclei, these schem.es are the sam.e as those 
which appear in Ref. 4 and we see no evi
dence for additional states. However, above 
this energy we observe new T = 1/2 states at 
15.96±0.04 MeV in 9Be and at 15.29±0.04MeV 
and 15.58 ± 0.04 MeV in 9B; in addition there 
is a possible state or states at"" 15.13 MeV 
in 9Be. 

In discussing the possibility of two-state 
m.ixing, between the analogue state and a 
nearby T = 1/2 state, it is convenient to di
vide the approach between two pos sibilities: 
E1/2 < E3/2 and E 1/2 > E3/2' Considerinp; 
the first possibility, the m.ost intense T = 1/2 
level within a few MeV below the analogue 
state is that at 12.06 MeV, but even it is a 
factor of four weaker than the analogue state. 
Hence we can rule out the possibility of sig
nificant isospin m.ixing with T = 1/2 levels at 
lower excitation (see extended discussion in 
original paper). 

The eXperim.ental data im.ply that the pos
sibility of m.ixing with the two pairs of T = 1/2 
levels at higher excitation energy than the 
analogue m.ust be considered. For these 
levels E1/2 - E3/2 "" 750 keY and"" 1.5 MeV. 
Where E 1/ Z > E 3/ 2 , Eq. (5) indicates that 
the m.ixin In 9Be m.ust be greater than in 9B, 
and since the width of the T = 1/2 levels is 
approxim.ately independent of T z' this m.eans 
that the width of the T = 3/2 state in 9B m.ust 
be r < 0.4 keV, which is the width of its ana
logue in 9Be. At present only an experim.ental 
upper lim.it has been set5 and it is too high to 
test this hypothesis. Further, Eq. (4) can 
now be written: 

2 9 -1 
a ( Be) 2: d(E 1/ 2 - E 3/ 2 ) , 

or 

(6) 
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Fig. 1. Spectra of tritons and 3He particles 
from. the reactions i1B(p, 3He)':IBe and 
1iB(p,t)9B recorded at 31.5 0 for 1940 fiC. 
The energy level diagram. is taken from. 
Ref. 4 with additional levels at "" 15 MeV 
from. this work. The slight difference in 
the energy scale between 9Be and 9B is 
due to the effects of energy loss by the re
action products in the target and counter 
dead-layers. (XBL 702 -2350) 

where r 11z is the width of the T = 1/2 state. 
This indlcates that, if m.ixing with the 15.13-
MeV" state" is to explain the observed d co
efficient, then its width m.ust be r :;. 40 keV, 
while if the 15.96-MeV state is responsible, 
r ;S 80 keV. In either case, the im.purity in 
the analogue state m.ight be as little as 10/0. It 
does seem. unlikely, though, that a 3/2-
(T = 1/2) level at this excitation energy would 
be narrower than 40 keV, and in fact our data 
determ.ine the width of the 15.96-MeV level to 
be "" 300 keV. Thus it is im.probable that 
strong isospin m.ixing occurs with T = 1/2 
levels at higher excitation energy than the ana
logue state. 

The present results, taken together with 
previously m.easured level-energies and 
widths in 9B and 9Be , m.ake the possibility of 
very significant isospin m.ixing in the lowest
energy T = 3/2 analogue states rather rem.ote. 
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in the Reactions 
160(p, 3He) 14N t 

,~ :j: 
D. G. Fleming, J. C. Hardy, and Joseph Cerny 

Two-nucleon transfer reactions have 
proved to be a useful method for determining 
the spins, parities and isospins of nuclear 
states. We have studied the reactions 
160(p,t)140, 160(p, 3He)14N , and 160(d ) 
14N. Recent assignments for states in {fo, 
resulting from (3He, t) reaction1 studies, are 
confirmed and predictions using the (1 p) - shell 
wave functions of Cohen and Kurath2 are com
pared with the data. 

Following the distorted-wave Born ap
proximation (DWBA), the differential cross 
section for a two-nucleon pickup reaction 
£}(~, E)!I can be expressed in the following 
form if the effects of spin-orbit coupling are 
included: 3 

2sb ti L 
2s ti 

a 

J 

MO' aO'b 

NLST 

X L bsTITBTzB T T z ITA TZAI 

2 

(1 ) 

The notation is discussed in Ref. 3. 

In the calculations presented here we will 
assume that the interaction has zero range4 
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but we will examine the strength of the spin
and isospin-exchange terms in the interaction 
potential. If the two-body interaction Vij is 
written as 

v .. = U(r .. )[W + BP?'. - HP:. - MP?':], (2) 
1J 1J 1J 1J 1J 

where p?'. and P:. are the operators which 
exchange

1
ihe spin

1
-lnd isospin coordinates of 

nucleons i and j, then it has been shown5 
that D(S, T) in Eq. (1) can be expressed as 
follows: 

D(S, T) = 1 - (0.5 +liS, 1) (B + H) (3) 

Thus, the larger the exchange terms, the 
more the S = 1 term in Eq. (1) is reduced rel
ative to that for which S = O. 

An examination of the 160 (p, 3He )14N re
action provides a sensitive measure of the 
strength of the exchange terms. Since the 
160 ground state has T = 0, the isospin of the 
final states (T = 0 or 1) determines uniquely 
the spin transferred by this reaction (S = 1 
or 0, respectively). By comparing the rela
tive strengths of transitions with S = 0 and 1, 
and making use of Eq. (4) it will be possible 
to extract a value for (B + H). Actually the 
quantity which will be determined experimen
tally is R [see Eq. (1)], where 

R == 1 D (1 , 0) 12 = /1 - 1. 5 (B + H) /2 (4) 
D(O,1) 1 - 0.5(B + H) . 

Obviously, an accurate determination of R 
depends upon the reliability of the wave func
tions used for the initial and final states. 
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Fig. 2. Energy spectrum of the 160 (p, 3He ) 
14N reaction. (XBL678-3968) 

Here 14N is particularly advantageous since 
the wave functions of its ground and first two 
excited states have recently been examined ex
tensively6 as to their efficacy in reproducing 
a variety of experimental data. 

Those states produced by the (p, t) reac
tion in 140 have T = 1 and their analogues in 
14 N will be produced by T = 1 transfer using 
the (p, 3He) reaction. Since these are now 
analogous reactions, the (p, t) and (p, 3He) re
actions leading to T = 1 analogue states will 
have angular distributions with the same shape 
and relative magnitudes related by 

A == do/em (p, t) 

do/em (p, 3He ) 

(5) 
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Figures 1 and 2 present energy; spectra 
taken at 54.1 MeV for the 160 (p,t)140 and 
160(p, 3He)14N reactions, respectively; both 
were recorded simultaneously. The L = 0 
and 2 triton angular distributions are shown 
on the left-hand side of Fig. 3. On the right
hand side of the same figure are shown the 
(p, 3He) angular distributions to their known 
or suspected T = 1 analogues in 14N; the 
latter have been multiplied by (2kt/k3H ) to 
facilitate the comparison suggested by Eq. (5). 
The shapes of the dashed curves provide the 
best fit to the triton data. The same curves, 
but renormalized, were then drawn through 
the corresponding (p, 3He) angular distribu
tions. For two states which are analogues, 
the dashed curve should fit the (p, 3He) data, 
and the magnitudes of the distributions as 
they appear in the figure should be the same. 
These conditions are satisfied for the four 
pairs of states shown in the figure, thus 
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Table 1. Values for the ratio [D(1, O)/D(O, 1)]2 determined from experiments at 
two different bombarding energies, as suming various sets of 

wave functions and optical-model parameters. 

Wave function 
seta 

I 

II 

III 

IV 

V 

VI 

E = 43.7 MeV 
E 

1b 2b 

0.19 0.19 

0.19 0.19 

0.26 0.27 

0.30 0.31 

0.33 0.32 

0.33 0.33 

[D(l, O)/D(O, 1)] 2 

E 
E 

0.14 

0.15 

0.21 

0.25 

0.25 

0.26 

54.1 MeV 

0.15 

0.15 

0.22 

0.26 

0.26 

0.27 

Average 

0.17 

0.17 

0.24 

0.28 

0.29 

0.30 

a The references for these wave functions appear in Table V of the original paper. 

bThese numbers refer to the 3He optical-model parameters given in Table III of the original paper. 

The appropriate proton parameters were used for both bombarding energies. 

confirming them as analogues. 

The relative magnitudes of the angular 
distributions of the first four strong states 
produced in the (p, 3He) reaction are affected 
not only by the details of the wave functions, 
but also by the form of the interaction poten
tial or specifically by D(S, T). Since each 
transition is characterized by a unique value 
of S,then,[D(S, T)] 2 appears as a simple mul
tiplicative factor in the expression for the 
cross section, and the ratio R [see Eq. (4)] 
can be determined directly by comparison 
with the data. The results appear in Table I 
whe re they are tabulated as a function of wave 
function, optical-model parameters and bom
barding energy. Except for wave-function sets 
I and II, which were deemed generally less 
successfu16 in fitting experimental data, the 
range of R values is not large, although R 
is systematically lower for the higher bom
barding energy. A best value of R would be 
~ 0.28. The resultant B + H ~ 0.4 is not sig
nificantl y diffe rent from the fo rc e mixture s 
frequently used in shell-model calculations 5 
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53COm.: A Proton-Unstable Isomer t 

K. P. Jackson, C. U. Cardinal, H. C. Evans, N. A. Jelley, and Joseph Cerny 

A recently reported experim.ent
1 

has 
dem.onstrated the feasibility of using heavy
ion induced reactions to produce new nuclides 
of the A = 4n + 1, TZ = (N-Z)/2 = - 3/2 series 
of beta-delayed-proton em.itters. Protons 
em.itted from. the lowest T = 3/2 state in 49Mn 
were observed following the 40Ca(12C, 3n)49Fe 
reaction. As a natural extension of this pro
gram. a sim.ilar experim.ent was designed to 
produce 53Ni via the 40Ca(160, 3n) reaction. 
This com.m.unication reports an unforeseen 
result of these experim.ents--the observation 
of a proton activity for which the m.ost plausi
ble explanation is direct proton decay of an 
unbound isom.er in 53 Co produced in the 
40Ca(160, 2np) reaction. 

In the initial experim.ents designed topro
duce 53Ni, a natural calcium. target was bom.
barded with a pulsed beam. of "" 0.5 fLA of 
160 (4+) ions at energies up to 81 MeV pro
duced by the Harwell variable-energy cyclo
tron. Delayed protons were detected and 
their lifetim.es were m.easured with the sam.e 
system. as that described in Ref. 1, except 
that the sem.iconductor telescope consisted of 
a 23-fLm. .6.E counter followed by a 100-fLm. E 
detector and these fed a particle identifier. 2 
As shown in Fig. 1 (a), the identified proton 
spectra from. this reaction were dom.inated by 
a strong group near the m.inim.um. energy 
("" 1.3 MeV) required for reliable detection. 
In order to obtain energy spectra unaffected 
by the telescope cutoff, this low energy ac
tivity was also m.easured using a single 
50-fLm., totally depleted, silicon detector as 
shown in Fig. 1 (b). 

Both detection system.s always gave iden
tical results for this activity which can be 
sum.m.arized as follows: (a) the energy of the 
protons after correction for energy loss in 
the target is 1. 53 ± O. 04 MeV and their half
life is 245±20 m.sec; and (b) their excita
tion function indicates a threshold below an 
160 bom.barding energy of 39 MeV with a peak 
cros s section"" 8 fLb occurring in the region 
of 53 MeV (laboratory). The low threshold 
elim.inates 53Ni as a source of these protons, 
and irradiation of other targets indicated that 
the obs erved activity could not be attributed 
to any likely contam.inant. 

In order to investigate further the reac
tions of 160 on 40Ca, delayed '{-ray spectra 
were recorded with a Ge (Li) detector fol
lowing the bom.bt:rd.m.ent of a cal.cium. target 
with pulses of 1 0 lOns at energles below 
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Fig. 1. (a) An identified proton spectrum. 
arising from. the bom.bardm.ent of cal
cium. by 160 at 49 MeV. Protons between 
1.3 and 3.6 MeV could be linearly detec
ted. 

(b) A spectrum. recorded in a single 
50 -fLm. detector of the activity arising 
from. bom.bardm.ent of calcium. by 49 MeV 
160. The center of m.ass energy shown 
results from. assum.ing 53Com. to be the 
origin of this activity. Events below 0.6 
MeV arise from. the high beta background 
and those below 0.4 MeV are not shown. 
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50 MeV produced by the coupled injector and 
EN tandem facility at Oxford. As was antici
pated, prominent peaks were observed corre
sponding to the known3 cascades in 54Fe and 
50Cr following /3+ decay of the high-spin iso
mers 54Com and 50Mnm. Gamma rays were 
also observed which indicated a cross section 
of ~ 50 mb for the (160,2pn) reaction leading 
to 53Fem _ -a 2.5 -min isomer at an excitation 
of 3.04 MeV. 4 This isomer is presumed to be 
19/2-, T = 1/2 on the basis of its observed 
properties and shell-model predictions for 
high- s~in states with the configuration 
(f7/2)- . 

Considering the observed yield of 53Fem 
from the (160,2pn) reaction, it is reasonable 
to expect a significant p0f,ulation of its iso
bat.ic analogue state in 5 Co from the 
(1 0,2np) reaction. The mass excess of the 
53Co ground state is predicted to be -42.64 
MeV from the known mass of 53Fe5 and the 
Coulomb displacement energy calculations of 
Harchol et al. 6 From the known mass of 
52Fe,7 the binding energy of a proton in 53Co 
is then estimated to be 1.6 MeV and thus, 
53Com, the isobaric analogue state of 53Fem , 
must be unbound. If the observed proton 
group is attributed to the direct decay of 
53Com to 52Fe, one obtains a value of 8.42 
MeV for the mas s difference between the an
alogue isomer,s. This result is in adequate 
agreement with the value 8.30 MeV calculated 
in Ref. 6 for the corresponding ground states. 8 
The calculated threshold for the 40Ca(160, 2np) 
53Com reaction is 33.0 MeV, consistent with 
the experimental observations, and its excita
tion function agrees well with that expected 
from simple statistical model calculations. 9 

Based on 53 Com as the origin of the pro
ton activity, the probable decay scheme pre
sented in Fig. 2 is consistent with our data. 
The observed 245 msec half-life implies that 
the dominant mode of decay is by positron 
emission to 53 Fern. 

Proton emission apparently arises only 
as a weak branch in the decay of 53Com. A 
rough order of magnitude estimate of the par
tial lifetime for this branch can be obtained 
from the statistical model calculations; 9 at 
an 160 energy of 47 MeV the predicted ratio 
of 

a(16 0 ,2pn) is ~ 70 
16 -1-

a( 0,2np) 

while the observed ratio of 

15000 
--1-
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implying a partial half life ~ 50 sec. Since 
penetration through the Coulomb and .l = 9 
centrifugal barriers leads to an expected half
life of ~ 0.3 fLsec for 'Y~. = 1, this rough esti
mation implies 'Y~ ~ 6X10-9 for this very com
plex decay. A 0.7 MeV (c. m. ) proton group 
leading to the first excited (2+) state10 of 
52Fe is also energetically pos sible (with a 
barrier penetrability 50 times les s), but 
could not have been observed in these experi
ments. 

The best alternative explanation for this 
activity is of course to attribute it to beta-de
layed-proton emis sion. In this vein one must 
consider the ground states and isomers of all 
other nuclei for which the emis sion of beta
delayed protons of 1. 53 MeV is energetically 
pos sible. Of thes e the most reas onable ex
ample follows the assumption that the parent 
nuclide is still the isomer 53Com, but that 
its direct proton decay is too weak to be ob
served. One would then attribute the ob
served activity to delayed-proton emission 
following /3+ decay to a level in the region of 
9.08 MeV in 53Fe , as shown in Fig. 2. In the 
unlikely event that such a state were popu
lated by /3+ decay from 53 Com having a log !!.. 
as low as 3.8, such a branch would represent 
only 4X10-4 of all decays of the isomer. This 
would imply that the ratio a(53Com)/a(53Fem ) 
was at least one order of magnitude higher 
than expected on the basis of statistical model 
calculations. 9 Similar arguments and the ex
citation function data make it iml?robab~e that 
any other TZ = - 1/2, -1, or -3/2 nuclIde be
low 56Ni is the origin of this activity. In con
clusion, it is our opinion that the best explana
tion for the observed activitr: is the weak pro
ton radioactivity of 53Com. 1 

11.46 (19/2-) 

2.34 --- (l1/2-) 

1.33 --- (9/2-) 

o ---7/2-
53

Fe 
26 27 

,75---2+ 

9,90 0+ 

Fig. 2. The proposed decay scheme for the 
proton-unstable isomer 53Com. Ener
gies are given in MeV. The probable de
cay modes are given by solid arrows 
while the less-likely production of beta
delayed protons is indicated by dashed 
lines. (XBL708-6441) 
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Confirmed Proton Radioactivity of 53Com t 

Joseph Cerny, John E. Esterl, R. A. Gough, >:< and R. G. Sextro 

Reactions of 160 ions on 40Ca have pro
duced an activity1 whose most plausible ori
gin is the proton radioactivity of 53Com (19/2 -) 
(see Fig. 2 of Ref. 1). However, (a) these 
heavy-ion experiments could not without ques
tion attribute the activity to this nuclide, and 
(b) the possibility that the observed decay in 
fact arises through beta-delayed-proton emis
sion was not conclusively eliminated. This 
paper reports further experiments which def
initely establish the direct proton radioactiv
ity of 53Com. 

In order to confirm 53 Com as the parent 
nuclide, the external proton beam of the 
Berkeley 88-inch cyclotron was used to in
duce the 54Fe (p, 2n) reaction. Protons were 
detected in a counter telescope, consisting of 
a 14-fLm .6.E detector followed by a 50-fLm E 
detector, which fed a Goulding-Landis parti
cle identifier, as well as in a single 50-fLm E 
detector. These systems were mounted be
hind a slotted, rotating wheel, which con
trolled the duration of the beam pulse and pro
tected the counters during the beam-on inter
val. Pulsing was achieved by modulating the 
voltage on the cyclotron dee; proton beam in
tensities of up to 8 fLA on target were utilized. 
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An identified proton spectrum resulting 
from bombardment of an 840 -fLg/ cm2 54Fe 
target with 31. 8-MeV protons is shown on the 
top of Fig. 1. An analyzed beam of 3.39-MeV 
HZ. ions was used for energy calibration of both 
detection systems. From this calibration the 
energy of the proton group was determined to 
be 1. 57 ± 0.03 MeV. Half-life information was 
obtained by using a 400-channel multiscaler 
whose address was advanced by a quartz-crys
tal oscillator; the half-life of the protons was 
determined to be 242 ± 15 msec. Both the en
ergy and the half-life found in the 54Fe + p 
reaction agree excellently with those found in 
Ref. 1. 

An excitation function for the production 
of this proton activity is shown on the bottom 
of Fig. 1. Proton-beam energies were mea
sured using the high-resolution analysis mag
net of the cyclotron. The threshold for this 
activity is determined to be 26.3±0.4 MeV and 
the observed peak cross section is ::::: 0.5 fLb. 
This threshold agrees well with the eX:f.ected 
one of 26.14± 0.04 MeV, 2 based on a 5 Corn 
mass-excess of -39.44± 0.04 MeV constructed 
from the mass of 52Fe (g. s. ) plus a 1.60-MeV 
(c.m. ) proton. Since this fairly low thresh
old precludes formation of any other nuclide 
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Fig. 1. Top: An identified proton spec.1rum 
arising from the bombardment of 5 Fe 
by 31.8-MeV protons. The arrows denote 
the energy region over which protons 
could be observed. 
Bottom: The excitation function for the 
54Fe(p, 2n)53Com reaction. The scale 
on the ordinate approximates the absolute 
cross section in nb. (XBL709-3834) 

energetically capable of beta-delayed-proton 
emission, the excitation function data estab
lish 53Com as the parent nuclide. 

In order to confirm the proton radioactiv
ity of 53 Corn, the possibility of beta-delayed
proton emission must be eliminated. The 
only avenue for delayed-proton decay of this 
isomer that can be considered remotely pos
sible would be allowed beta decay--with a 
quite small log ft- -to a state near 9.08 MeV 
in 53Fe (see Fig. 2 of Ref. 1). This 13+ decay 
(end point'" 1.36 MeV) must then be followed 
by proton decay to the 6+ ground state of 
52Mn; in this case a short lifetime for pro
ton emis sion from the intermediate state 
would be expected due to the available low P. 
values and an anticipated larger reduced 
width (see Ref. 1). In order to determine 
whether such beta-delayed-proton emission 
occurs, a search for positron-proton coin
cidences in the decay of 53 Corn was conducted. 
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In this experiment, positrons were detected 
in a 0.5-cm-thick plastic scintillator which 
subtended a solid angle of 0.12 sr, while pro
tons were detected in the single 50-fJ-m detec
tor. An isotropic angular correlation is ex
pected following normal allowed beta decay. 3 

The coincidence experiments were con
ducted at a proton energy of 35 MeV. In or
der to monitor the correct operation of the 
coincidence electronics, positron - alpha
particle coincidences resulting from the de
cay of 20Na, produced via the 24Mg(p, an) re
action, were observed at intervals throughout 
the bombardment of 54Fe. The observed 0'

particle decay spectrum of 20Na shown in the 
top of Fig. 2 agrees with earlier work: 4 Co
incidences were observed between posItrons 
and 0' particles (or protons) in the fixed en
ergy range indicated by the arrows in Fig. 2. 
A coincidence resolving time of 4 nsec was 
obtainable over this narrow energy interval. 
The observed coincidence data corrected for 
chance-coincidence background for this 20Na 
decay are shown in the bottom of Fig. 2; ex-
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Fig. 2. Left: Alpha-particle energy spectra 
arising from the decay of 20 Na produced 
via the 24Mg(p, an) reaction on a 0.5-
mg/ cm2 natural Mg target. The energies 
indicated are the undegraded values. The 
data in the lower spectrum arise from co
incidences between positrons and those 0' 

particles in the energy region limited by 
the arrows in the singles spectrum. 
Right: Composite energy spectra arising 
from the bombardment of a 3 -mg/ cm2 
54Fe target and its 12C contaminant. The 
upper spectrum shows the 1. 57 -MeV (un
degraded value) proton peak arising from 
the decay of 53Com astride a background 
of a particles from 8B decay. The data 
in the lower spectrum arise from coin
cidences between positrons and protons 
or 0' particles in the energy region 
limited by the arrows in the singles spec
trum. The horizontal arrow in the coin
cidence spectrum indicates the expected 
position of the 1. 57 -MeV peak if preceded 
by positron emission. (XBL709-3836) 



cellent agreem.ent was found with the expected 
efficiency. 

The proton spectrum. following the decay 
of 53Com. observed in the 50-fLm. detector is 
also shown in the top of Fig. 2. Since the low 
yield of the isom.er prevented em.ploym.ent of 
the counter telescope due to its reduced solid 
angle, the proton peak rides on a background 
of a particles from. 8B decay produced in re
actions on the 54Fe target and on the 12C tar
get im.purity. Various subsidiary experi
m.ents established that the vast m.ajority of 
the background events between the arrows in 
the 53Com. singles spectrum. arise from. 8B 
decay and are not due to m.ultiply-scattered 
(3 particle s. As such, (3+ -a coincidence s due 
to this 8B background are to be expected. 

Com.posite results for the coincidence 
runs corrected for chance-coincidence back
ground from. 37 hours of observation of the 
decay of 53Com. are shown in the bottom. of 
Fig. 2. The calculat~d coincidence back
ground arising from. B decay is indicated in 
the figure. No peak resulting from. (3+ -p co
incidence s - -which should lie in the re gion de
noted by the horizontal arrows--is observable 
in this spectrum.. After m.aking all the effi
ciency corrections including allowance for 12% 
loss due to electron capture 5 in this hypothet
ical decay, we would expect 65 ± 8 (3+ -p co
incidence events in the denoted region of in
terest, whereas we observe 0 ± 15 events 
after correction for the (3+ -a background due 
to 8B. The absence of this peak establishes 
the fact that the 1. 57 -MeV proton group 
arising in the decay of 53Com. is not preceded 
by positron em.ission. --

A review of the various m.odes of radio
active decay involving proton em.is sion has 
been given by Goldanskii 6 in which the pos
sibility of decay from. isom.eric states was 
also considered. Our results and those in 

Ref. 1 defining the properties of 53Com. es
tablish it to be the first exam.ple 6 of radio
active nuclear decay by direct proton em.is
sion. 
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Isospin Purity and Delayed-Proton Decay: 

J. C. Hardy,'~ John E. Esterl, R. G. Sextro, and Joseph Cerny 

/ 
. 33 17 

The T Z = - 3 2 nucleI Ar and Ne are 
both delayed-proton precursors. That is, 
m.any of their (3+ -decay branches lead to 
states above the proton separation energy of 
the appropriate daughter nucleus, resulting in 
proton em.is sion with the half-life character
istic of the preceding (3+ decay. Measure
m.ent of the energies and intensities of these 
proton groups determ.ines energy levels in 
the daughter nuclei. It can also yield the f!. 
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values for (3+ decay to these levels if it is 
pos sible to determ.ine the intensity of (3+ trans
itions to those states below the proton separa
tion energy. 

17 
For the case of Ne, decay to the only 

two states below the proton separation energy 
is first-forbidden and therefore quite weak. 
In the case of 33Ar, there are two allowed 
transitions that lead to bound states. The ft 



for the allowed ground-state decay was calcu
lated frOln that of the mirror decay, viz. 
33P....li:- 33S with a six percent correction 
for the deviation from mirror symmetry 
caused by a possible induced tensor coupling.1 
The intensity of the other allowed branch, 
that to the first excited state at 810 keV, was 
determined by observing its '{ decay to the 
ground state. 

17 33 
In both Ne and ArT one of the decay 

branches observed is the superallowed transi
tion to the T = 3/2 analogue state in the daugh
te r T = 1/2 nucleus. The log £t for such trans
itions can be calculated quite accurately since 
the strength of the decay is determined pre
dominantly by the Fermi matrix element, 
which in the case of T = 3/2 states is given 
by aft, where 1!,. is the amplitude of the 
T = 3/2 part of the analogue-state wave func
tion in the daughter nucleus. Thus any iso
spin impurity in the analogue state will cause 
the ft value to increase. Therefore, accurate 
mea"Surements of £t values for these transi
tions are fairly sensitive tests for isospin 
purity. 

3 
External He beams from the Berkeley 

88-inch cyclotron produced 17Ne and 33 Ar 
via (3He,2n) reactions on oxygen and sulfur 
targets, respectively. Figure 1 shows a dia
gram of the system used to collect and count 
33Ar in a low-background environment. In 
this arrangement CS2 vapor was bombarded 
for a time, and then helium was used to sweep 
the activity past the traps and up to the 
counting chamber. Then the line between the 
target and counting chambers was pumped out 
and the target was refilled. This proces s was 
repeated every second. For the production of 
17Ne, either the CS2 source was replaced by 
an oxygen cyclinder or a stack of Ti02 foils 
was used in a slightly different target chamber. 

The active volume of the counting chamber 
was conical with a counter telescope placed at 
the apex. The telescope consisted of a 1.0-
mm lithium-drift E counter and a phosphorous
diffused silicon b.E detector which ranged 
from 14 to 50 f.Lm in thicknes s depending on the 
experiment. Identified protons were time
sorted into eight groups of a pulse-height anal
yzer to provide simultaneous energy and life
time information. 

In both decay studies, '{-ray measure
ments were required. A 2 in. X 2 in. NaI(Tl) 
crystal was mounted externally at the base of 
the conical counting volume and was used to 
detect p-,{ coincidences (27" = 50 nsec) occur
ring in the decay of 17Ne. A 45-cc Ge(Li) de
tector was mounted in a similar position to 
detect '{ rays following the decay of 33 Ar. 
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Fig. 1. A schematic diagram of the apparatus 
used for the production of 33Ar. The se
quence of valve operation is shown at the 
bottom; valve on times are indicated. 

- (XBL708-3569) 

Figure 2 shows a sample proton spectrum. 
All peaks shown follow the decay of 33 Ar ex
cept the two labelled 17Ne, which resulted 
from an oxygen contaminant,and peak 11, 
which does not have the same relative intensity 
at higher bombarding energies. Energy cali
bration was obtained from another spectrum 
taken at a higher bombarding energy such that 
29S was produced via the 32S(3He , a2n)29S re
action. Since the excitations of the T = 3/2 
analogue states in 33Cl and 29p are well 
known,2 the positions of the two peaks re
sulting from these states provided an excel
lent energy calibration. 

The proton group energies were then 
us ed to establish the location of states in 17F 
and 33Cl as shown in Fig. 3 and Table 1. The 

\ 
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Fig. 2. Spectrum of delayed protons ob
served in a counter telescope with a 14-fLm 
b.E counter. The proton laboratory en
ergy is indicated at the top. 
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Table 1. (3+ branching ratios and ft values for 
+ -

33Ar (3 ~3Cl. 

Energy level
a 

Branching ratio 
b 

in 33Cl from 33 Ar log ft 

(MeV) ('70 ) (sec) 

0.000 18.1 ± 1.9c 5.03±0.05 

0.810 48.1 ± 3.6 4.44± 0.03 

3.983 0.40±0.04 5.71 ± 0.05 

4.123 0.43±0.05 5.64± 0.05 

4.442 2.50±0.26 4.76±0.05 

4.751 0.047±0.008 6.39±0.08 

4.838 0.31 ± 0.04 5.54± 0.05 

5.111 0.081 ± 0.013 6.03 ± 0.07 

5.455 0.57±0.06 5.05±0.05 

5.550 26.7 ± 2. 7 3.34±0.05 

5.675 0.55±0.06 4.97 ± 0.05 

5.744 0.37 ± 0.04 5.12±0.05 

5.882 o 23+0 . 13 
· -0.07 

5.26±0.18 

6.034 0.027±0.007 6.13±0.12 

6.125 0.O17±0.007 6.29±0.22 

6.254 0.58± 0.06 4.70 ± 0.05 

7.228 0.041 ± 0.008 5.35±0.09 

7.475 0.29 ± 0.03 4.35±0.06 

7.595 0.25±0.03 4.34±0.06 

7.767 0.O10±0.003 5.62±0.14 

8.084 o 23+0. 13 
· -0.07 4.05±0.20 

8.183 014+0. 13 
· -0.07 

4.17±0.30 

8.310 0.O17±0.004 4.98±0.10 

8.609 0.O17±0.004 4.71±0.12 

8.969 0.003 ± 0.0015 5.09±0.25 

a The values below 6 MeV are averages with 
other work. Above that energy they are from 
the present work only. 

b The ft values are calculated using (- 9.400 
±0.050)MeV as the mass excess of 33Ar and 
(173.0 ± 2.0)msec as its half-life. 

c This ratio is calculated by comparison with 
the mirror 33p decay. 

Fig. 3. Proposed decay scheme of 17Ne . 
The 17F level energies above 4 MeV are 
the values determined from the present 
experiment (except the 11.197 -MeV state). 160+p 

112+ Q5001 (1.I"k) 

512+ 0.000/ (0.53%) 

17F 

(6.6) 

(7.0) 
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Nucleus 

a See Ref. 5. 

Table II. Isospin purity of lowest T = 3/2 states in 17 F and 33 Cl. 

Experimental 
(sec) 

(1.93+0 . 17 )X10 3 
-0.29 

(2.18±0. 24) X 10
3 

Superallowed ft value feeding 
analogue state: 

Calculateda 

(sec) 

1.96X10
3 

1.82X10
3 

Limit 

(i. e. < (J) 2 = 0) 
(sec) 

::S 2.06X10
3 

::S 2.06X10
3 

Isospin 
purity 

(= 100a
2

) 
(% ) 

> 95 

81 ± 9 [95+ 5 ]b 
-10 

b The bracketed value- applies if < (J > 2 O. 

0+ 6.061 

2+ 4.518 

0+ 2.281 

32S + p 

1/2+ 11.605 
173 msec 

8.969 

8.609 r 34 % 
8.310 
~ 
~ 

7.767 
7.595 

~5 
7.228 

625~ 

/' 
/' 

/' 

/' 6.125 

6.034 

5.882 

1/2+ 5.744 
5.675 

T"3/2,112+ 5550 

3/2 + -4_838" " 

~ "-
3/2+-4.442 "-

3/2+ 4.123 

~3 

3/2+ 0.000 

1/2+ 5A55 

"- 3/2+ 5.111 

" 

48% 

18% 

6.29 ± .22 

6.13 ± .12 

5.26 ± .18 

5.12 ± .05 
4.97 ± .05 

3.34 ± .05 

5.05 ± .05 

6.03 ± .07 

4.44 ± .03 

5.03 ± .05 

results for the case of 17Ne resolve the pre
vious discrepancy3 in the lower energy levels 
of 17F in favor of the results of Harris et al. 
In the case of 33Ar decay, the lower energy 
levels in 33Cl agreed well with the known 
levels whereas several new levels at higher 
excitation were found. 

Analysis of the time-decay data yielded 
half-lives of 109.0±1.0 msec and 173.0±2.0 
msec for 17Ne and 33Ar, respectively. Ab
solute ft values were calculated using this in
formation as well as the relative intensities 
of the proton groups, ft values from mirror 
decays as described earlier, and, in the case 
of 33Ar, the ratio of protons to 810 keV y 
rays. The results are shown in Fig. 3 and 
Table 1. 

17 
Our results for Ne decay agree well 

with calculations4 of the levels in 17F which 
included up to two particles in the (2s, 1d) 
shell and one hole in the 1 p shell. They pre
diet ten 1/2 - or 3/2 - levels below 10 MeV 
while we observe nine. These calculations 
along with our measured log ft value for de
cay to the 3.105-MeV state in17F predict that 
between 800/0 and 85% of the antianalogue con
figuration resides in that state. 

Table II compares our results for super
allowed ft values to those predicted by a cal
culationS-which used the Nilsson model to cal
culate the Gamow-Teller matrix elements. In 
the case of 17Fe there seems to be no isospin 
impurity, but for 33Cl a considerable impur
ity is indicated if the calculations are correct, 
while an impurity is pos sible even in the limit 

. 33 
Fig. 4. Proposed decay scheme of Ar. 
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The 33Cl level energies below 6 MeV are 
averages of present and earlier work. 
Above that energy the values are from the 
present work only. (XBL709-3885) 



< 0)2 = O. The expanded section in Fig. 4 
shows another indication of isospin lllixing. 
The states near the analogue state in 33Cl ex
hibit increasing log it values as the states 
lllove farther away inenergy frolll the analogue 
state. If the alllount of lllixing in the four 
nearest levels is calculated by assullling 
< a)2 = 0 for these states, each state is found 
to have about 10/0 to 20/0 T = 3/2 strength. This 
is about the right alllount to account for the ob
served isospin illlpurity. Further, if the 
charge-dependent lllatrix elelllents for these 
states are calculated using second-order per
turbation theory, they are found to vary; frolll 
13 to 35 keV, in the range of the known6 ex
alllples for 0+ states. This evidence is only 
circulllstantial, however, and the observed 
clustering of log ft values lllay be coincidental. 
In addition only two of the nearby states are 
known to have J1T = 1/2+, which is required 
for lllixing to occur; the other states can only 
be restricted to J1T = (1/2,3/2)+. 

Footnotes and References 

t Condensed frolll Phys. Rev. C 3, 700 
(1971). 

':'Present address: Chalk River Nuclear 
Laboratories, Chalk River, Ontario, Canada. 

1. D. H. Wilkinson, Phys. Letters 31B, 
447 (1970). 

2. R. Van Bree, H. Ogata, and G. M. 
Tellllller, Bull. Alll. Phys. Soc. 13, 1402 
(1968); D. H. Youngblood, G. C.-Morrison, 
and R. E. Segel, Phys. Letters~, 625 
(1966). 

3. G. R. Salisbury and H. T. Richards,Phys. 
Rev. 126, 2147 (1962); R. W. Harris, G. C. 
PhilipS:-and C. M. Jones, Nucl. Phys. ~, 
259 (1962). 

4. B. Margolis and N. de Takacsy, Can. J. 
Phys. 44, 1431 (1966), and Phys. Letters.!2" 
329 (1965). 

5. J. C. Hardy and B. Margolis, Phys. 
Letters.!2" 276 (1965). 

6. S. D. Bloolll in Isobaric Spin in Nuclear 
Physics, ed. by J. D. Fox and D. Robson 
(Acadelllic Press Inc. , New York, 1966) 
p. 123. 

The Mass of 130 and the Isobaric Multiplet Mass Equationt 

Robert Mendelson, G. J. Wozniak, A. D 

Although the level energies of several 
isobaric lllultiplets with T = 3/2 have been de
terlllined, 1 only the A = 9 quartet has been 
llleasured with sufficient accuracy to observe 
a significant deviation frolll the quadratic forlll 
of the isobaric lllultiplet lllass equation, 
~M = ~ + ~Tz + ~T~. If this deviation is pa
rallleterized by an additional terlll i. T~ in the 
lllas s equation, then d has a value 2 of 
(9.2±3.7) keV. The nonzero value for d in
dicates that a first-order perturbation treat
lllent of the isospin-nonconserving operator 
(assullling charge-dependent forces of ten
sorial rank two or les s) is inadequate to de
scribe the A = 9 quartet. 

In order to investigate systelllatics that 
lllight appear in the i. coefficient, we have ac
curately rellleasured the lllass of 130, and we 
report new or illlproved values for the lllasses 
of 17Ne, 21Mg, and 25Si. 

The experilllents were perforllled with 
3He and 4He beallls frolll the Berkeley 88-

-,-
Bacher, J. M. Loiseaux, '" and Joseph Cerny 
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inch variable-energy cyclotron. The 130 
lllas s llleasurelllent elllployed sellliconductor 
counter-telescopes to observe the 160 (3He , 
6He)13 0 reaction and the calibration reactions 
12C(3He, 6He)9C and 12C(a, 6He)10C. Since 
the peaks due to 9C and 13 0 were separated 
by approxilllately 1.4 MeV, the known lllass 2 

for the 9C ground state provided an accurate 
energy calibration. The slope of the energy 
scale was deterlllined by observing the ground 
state and first-excited state (Ex = 3.3527 MeV)3 
in 10C produced by a-particle bOlllbardlllent 
of ethane. 

Two silllilar four-counter telescopes 
(consisting of 114-fL, 90-fL, 300-fL, and 500-fL 
counters) and electronic systellls were elll
ployed silllultaneously at equal angles on op
posite sides of the bealll axis. 4 Two particle
identifications were perforllled and cOlllpared 
using the signals frolll the two successive dif
ferential-energy-loss (~E) detectors and the 
third E detector. Subnanosecond pulse-shape 



Table 1. Completed 4n + 1, T = 3/2 multiplets. Values of a, band c are obtained from 
a least-squares fit to ll.M = ~ + ~Tz + ~T~; !:!. i'S the coefficient of an 

additional T3 term in ll.M. Errors, in parentheses, are in keV. z 

T = - 3/2 IMME z 
b d 

Mass excess Predictionc ~ ~ 

A (MeV) (MeV) (MeV) (MeV) (MeV) X2 (keV) 

9 28.906 (4)a 28.961 (22) 26.343 ( 4.0) -1.315 ( 2.0) 0.263 2.4) 6.16 9.2 ( 3.7) 

13 23.107 (15)b 23.102 (14)d 19.257 ( 2.2) -2.181 ( 3.4) 0.256 ( 2.7) 0.06 -0.8 ( 3.4) 

17 16.479 (50)b 16.508 (23)e 11.651 ( 3.7) -2.878 ( 5.4) 0.238 ( 8.1) 0.28 4.8 ( 9.2) 

21 10.889 (40)b 10.940 (24) 4.897 ( 4.8) -3.658 ( 6.8) 0.241 ( 6.4) 1.18 8.5 ( 7.8) 

25 3.839 (45)b 3.796 (42) -3.262 ( 8.1) -4.387 (10.6) 0.216 (10.8) 0.10 -3.5 (10.9) 

37 -13.230 (50)c -13.198 (91) -22.886 (11.6) -6.181 (14.6) 0.174 (14.6) 0.10 5.3 (17.3) 

aRe£. 2. 

bpresent work. For the 25Si measurement we have assumed that only the ground state is popu
lated. 

c Ref. 1. 

dAn improved value for the 13 N state [M. J. Levine and P. D Parker, Phys. Rev. 186, 1021 
(1969)] and for the 13C state [K. A. Snover, E. G. Adelberger and F. Riess, Bull. Am. Phys. 
Soc. 13, 1662 (1968)] has been included in the weighted average. 
e - 17 [ 

A new value for the ° state C. Detraz and H. H. Duhm, Phys. Letters 29B, 29 (1969)] has 
been included in the weighted average. 

discrimination was employed to reduce pileup 
due to 3He's and deuterons from the same 
beam burst, which can produce a false signal 
in the 6He region of the particle-identifier 
spectrum. 

Five parameters were recorded for each 
event: the total energy, two ll.E losses, 
particle identification, and pileup. Correc
tions were made and limits were placed on 
these parameters using an off-line computer. 
A typical set of spectra is shown in Fig. 1. 
The resolution was 200-300 keV. 

The 130 mass was obtained by averaging 
the Q values measured in each detector sys
tern. Two independent runs at E3H = 62.6 MeV, 
8Lab = 11. 65 deg and at E3 = 66~3~eV, 
8Lab = 12.19 deg were comI$rned to yield an 
1~0 mass excess of (23.107±0.015) MeV, 
based on a 9C mass excess of (28.906±0.004) 
MeV.2 The mass excess obtained is in excel
lent agreement with the previously measured 
value, (23.110 ± 0.070) MeV. 5 

17 21 25 . 
The masses of Ne, Mg and Sl, 

measured using similar techniques but with 
les s precision, are given in Table 1. 6 For 
the 17Ne measurement, a gas target con
taining a mixture of 970/0 -enriched 20Ne gas 
and C02 was used. Carbon-backed 24Mg 
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Fig. 1. Typical spectra representing approx
imately 25% of the total data. The short 
arrows indicate the region used in calcu
lating the centroids of the peaks. The 
long arrows mark the positions of these 
centroids. (XBL706-3042) 

(99% enriched) and natural Si02 targets were 
used for the 21Mg and 25Si measurements, 
respectively. The overall resolution for the 
solid targets was'" 175 keV. 

The mass of 17Ne (16.479± 0.050 MeV) is 
found to be in good agreement with a previous 



value 7 of (16.47±0.25) MeV. The new mass 
of 21Mg, (10.889±0.040) MeV, supersedes the 
previous measurement of (10.62 ± 0.12) MeV 
from this laboratory. 8 For the 25Si measure
ment, the group observed could be composed 
of both the ground and first-excited states 
which are expected to lie '" 30 keV apart. If 
the first-excited state is populated to a sig
nificant extent, the d coefficient will be 
slightly more positi;-e than that given in Table 
I, but it will still be consistent with zero. 
Values of a, b, c, and X2 determined by a 
linear-lea;-t-;-quares fit to the quadratic mass 
equation are also given in Table I. With the 
exception of A = 9, all are consistent with a 
value of X2;$ 1. Values for ~ are given in the 
last column of Table I. 

Our value for d, (-0.8±3.4) keV, for the 
A = 13 quartet is significantly less than the 
value, (9.2±3.7) keV, previously determined 
for A = 9. Since additional values of d for the 
quartets with A> 13 are also essentially con
sistent with zero, there does not appear to be 
a systematic increase in ~ with increasing 
average charge of the multiplet. This sug
gests that the nonzero d coefficient for the 
A = 9 quartet is not due primarily to charge
dependent forces of tensorial rank 3 orhigher. 
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Two-Nucleon Transfer Reactions 
Induced by Polarized Protons t 

J. C. Hardy, ':' A. D. Bacher,:j: G. R. Plattner, tt J. A. Macdonald, and R. G. Sextro 

The two-nucleon transfer reactions, (p, t) 
and (p, 3He), have been used in the past not 
only to determine spins, rarities and isospins 
of nuclear energy levels, but also to investi
gate wave functions for the states involved. 2,3 
Such studies have always used unpolarized 
projectiles. We present here a partial re
port on the asymmetries produced when these 
reactions are initiated by polarized protons; 
of particular interest is whether these asym
metries are characteristic of the quantum 
numbers of the transferred nucleons. We 
have investigated the (p, t) and (p, 3He) reac
tions at 43.8 MeV on 160 and 15N gas targets. 
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The external beam from the Berkeley 88-
inch cyclotron was 30-50 nA, with polariza
tion Ip I '" 0.75. Emitted particles were de
tected in two .6.E - E counter telescopes po
sitioned symmetrically on opposite sides of 
the incident beam. 

In general, at forward angles (8
1 

::.60°) 
the angular distributions of differenhil:P cros s 
sections for (p, t) and (p, 3He) reactions are 
characteristic of the transferred orbital an
gular momentum L and are reasonably well 
reproduced by DWBA calculations. In our 
experiment sixteen transitions were observed, 



of which eleven corresponded to unique sets 
of transferred quantum numbers. Since all 
L values, L < 3, were represented, it was 
hoped that these unique transitions might de
fine characteristic shapes for angular distri
butions of the analyzing power so that the 
ability of the DWBA calculations to reproduce 
them could be tested. 

However, a very striking result has 
emerged. Five (p, t) transitions were ob
served for which the transferred quantum 
numbers are L = 2 and S = O. Although these 
quantum numbers are the same for all five 
cases, the measured analyzing powers do not 
have the same angular distributions. They 
appear instead to be of two distinct types, one 
which agrees well with DWBA calculations 
(we shall refer to this as the II normal" type) 
and one which does not (" anomalous" type). 
This is particularly surprising in light of the 
success we have had in reproducing the shapes 
of the analyzing-power angular distributions 
for transitions with other L values, and in 
fitting cros s sections for all transitions, in
cluding the" anomalous" ones. 

The observed cross-section angular dis
tributions for the five, L = 2, (p, t) transi
tions are shown in Fig. 1, together with the 
distribution for the L = 0 ground state transi
tion, 160(p, t)140. Measured analyzing 
powers for the same transitions appear in 
Fig. 2. The DWBA calculations, whose re
sults appear in both figures, utilized optical 
model parameters taken from elastic scat
tering data which, for the protons, included 
polarization measurements. The results of 
two separate zero-range calculations are 
shown. They differ only in the choice of the 
form factor used to describe the radial wave 
function of the transferred nucleons; the 
solid line is the result of using harmonic os
cillator wave functions and the dashed line 
represents calculations which use Woods
Saxon wave functions. 

The agreement between calculation and 
experiment is seen to be good for the differ
ential cross section data in Fig. 1, and there 
is also reasonable success in fitting those ob
served transitions which are not shown. Simi
lar agreement is seen in Fig. 2 for the L = 0 
and" normal" L = 2 transitions, and again 
this is typical of the fits for all of the unique 
transitions. This success makes the disagree
ment with the analyzing powers for the" anom
alous" L = 2 transitions all the more striking. 
It must be emphasized that this is not simply 
a disagreement with theory, but that there is 
a significant discrepancy--virtually opposite 
phase in their analyzing powers--observed be
tween transitions in the same nucleus which 
are characterized by the same transferred 
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Fig. 1. Differential cross sections for some 
transitions from the reactions 160 (p, t) 
140 (labeled a) and 15N(p, t)13N (labeled 
b). Each transition is denoted by the spin 
and parity of its initial and final states 
and the excitation energy of the latter. 
The results of DWBA calculations are 
shown with each angular distribution; 
the solid line corresponds to the use of 
harmonic oscillator wave functions for 
the transferred nucleons, while the 
dashed line indicates Woods -Saxon wave 
functions were used. (XBL706-3058) 

quantum numbers. In attempting to under
stand the" anomalous" transitions, we have 
examined whether it is possible to reproduce 
their analyzing powers by making variations 
in (i) optical-model parameters, (ii) bound
state parameters, and (iii) nuclear wavefunc
tions (i. e. introducing sd-shell admixtures 
into the assumed p-shell wave functions). No 
improvement in the fitting of " anomalous" 
transitions could be effected. 

It does not appear possible within the con
text of the simple DWBA to explain both types 
of L = 2 transitions. Based on the 15N data, 
it is tempting to postulate coupling to the spin 



Asymmetries for reactions: 
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Fig. 2. Angular distributions of analyzing 
powers for the same transitions as in 
Fig. 1. The curves and labels have the 
same significance. (XBL706-3059) 

of the residual nucleus, since the two final 
states in 13N differ in that respect (3/2- and 
5/2 -). However no such explanation could 
apply to the three 2+ states in 140. Depend
ence on the L-S coupling of the transferred 
nucleons cannot playa significant role either, 
since the transferred nucleons in the (p, t) re
action must have predominantly S = O. The ex
planation may lie in the use of a more realis
tic interaction potential than the delta func
tion as sumed in calculations of the type fol-
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lowed here, or it may lie in a more compli
cated reaction mechanism- -i. e., two-step, 
knock-out, etc. But for these refinements 
to be effective, the basic terms which we have 
considered must be reduced considerably in 
the" anomalous" transitions relative to the 
"normal" ones. In 13N, where p-shell wave 
functions adequately account for the number 
of states observed, the relative magnitudes of 
the ground, 3/2-, and 5/2- states are reliably 
predicted by our calculations. Thus, there is 
no ~ priori indication that the normally domi
nant processes should be reduced or forbidden 
for the" anomalous" transitions. 

The (p, 3He ) transitions observed pro
ceed by more than one set of transferred 
quantum numbers (L, Sand J), and the proc
ess is described by the coherent sum of trans
ition amplitudes characterized by the same J 
but different values of Land S. The extent of 
the interference between these amplitudes de
pends upon the strength of spin-orbit coupling 
in the entrance and exit channels. The ob
served asymmetries are sensitive to these ef
fects and have been used in their investigation. 
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Polarization 
In p- 4He 

and Cross-Section Measurements 
Scattering from 20 to 40 MeV t 

* t A. D. Bacher, G. R. Plattner, H. E. Conzett, D. J. Clark, 
H. Grunder, and W. F. Tivol tt 

The scattering of protons from 4He has 
been particularly useful as a proton polariza
tion analyzer since it produces large polari
zations over a wide range of energies. Also, 
analysis of resonance effects corresponding 
to states in 5Li above the deuteron threshold 
are simplified if observed in the proton chan
nel because of the single channel-spin avail
able. In particular, a broad anomaly near 
an excitation energy of 20 MeV, which has 
been seen in the 3He (d, p)4He reaction1 and 
in d- 3He elastic scattering, 2 has not yet been 
explained unambiguously. Even though no ef
fect has been seen in p_4He cross-section ex
citation functions, 3 the 3He(d, p)4He data 
show that if the anomaly results from a state 
in 5Li, the state must have a proton width. 
Thus, because of the greater sensitivity to 
small changes in a partial-wave amplitude 
that is pos sible to polarizations than to cros s 
sections, p_4He polarization excitation func
tions could provide information important to 
the explanation of this anomaly. 

We have used the new axially-injected 
polarized proton beam from the 88-inch cyc
lotron to supplement and to improve previous 
p_4He elastic scattering data between 20 and 
40 MeV. External beams of 80-120 nA with 
polarization'" 0.75 were available. Angular 
distributions of cros s sections and polariza
tions were measured at 2 MeV intervals at 20 
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Fig. 1. Differential cros s sections and po
larizations in p_4He scattering hear 24 
and 26 MeV. (XBL705-2763) 
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laboratory angles between 17.5° and 150°. At 
each energy the relative uncertainty of the 
polarization is les s than ± 0.010. An absolute 
normalization with an uncertainty of les s than 
3% at all energies has been obtained by using 
the analyzing power of p_4He scattering near 
14.5 MeV. 4 Absolute cross sections were ob
tained by normalizing to the data of Ref. 3. 
As examples, Fig. 1 shows our results near 
24 and 26 MeV. Additional measurements of 
comparable precision were made in the region 
between 20 and 30 MeV to search for an effect 
corresponding to the anomaly discussed above. 

A contour plot of the experimental proton 
polarization is shown in Fig. 2. Measure
ments for the region between 16 and 20 MeV 
are taken from Ref. 4. The effect of the 
16.65 MeV 3/2+ state of 5Li is clearly seen 
near 23 MeV. Excitation functions were 
taken across this resonance to provide data 
for an improved determination of the reso
nance parameters 5 and to aid in the continua
tion of a phase-shift analysis to the higher 
energies. With the exception of this narrow 
resonance region, the analyzing power near 
Blab = 120° - 130° remains large, and these 
measurements provide an accurate proton 
polarization analyzer up to 40 MeV. A broad 
bump between 26 and 32 MeV is apparent in 
the contour plot at backward angles. This 
can be seen more clearly in Fig. 3, which 
shows an excitation function of the proton po
larization at Bcm = 102.2° (87.5° lab). The 

~6~~-~20~~~2~4-~~2~8~-~32~~~3~6-~~40~~-4~4~ 
EpIMeV) 

Fig. 2. Contour plot of the experimental po
larization in p_4He scattering. The num
bers on the contour lines are polariza-
tions in percent. (XBL 703 -2603) 
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sharp structure near 23 MeV is due to the 
3/2+ level, and the broad anomaly between 26 
and 32 MeV is seen to correspond in energy to 
that seen in the d- 3He elastic scattering cross
section data2 at Bcm = 90°, which is plotted in 
the insert of Fig. 3. 

Preliminary phase-shift analyses of these 
data have been made. Above 30 MeV the 
phas e shifts, as expected, vary quite smoothly 
with energy, and the addition of at least a 
small g9/2 contribution provides significantly 
bette r fits to the data than are pos sible with 
analyses limited to f waves. In the region 26 
to 32 MeV we have not yet found satisfactory 
fits to the data, indicating a nonsmooth be
havior of phase shift(s) with energy. Finally, 
the 23-MeV resonance is a d3/2 proton reso
nance, and our analysis shows the behavior of 
the d3/ 2 phase shift there to be characteristic 
of an Inelastic resonance for which r /r, 
the ratio of the proton width to total wPdth, is 
les s than 0.5. The ratio, r d/r P' of the deu
teron to proton widths at the resonance energy, 
Er can be calculated from the value of the 
d3/2 phase-shift parameter 

3/2 1']2 (E
R

) = 0.55 - 0.60. 
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Since 

calculation of the penetrabilitie s P d and P 
gives the ratio of the reduced widths p 

2/ 2 
'Yd 'Yp = 52 

for 1'] = 0.60. Analyses 5 of previous p_4He 
scattering data over this resonance had given 
a value near 70 for this ratio. Our more ex
tensive and more accurate data provide this 
lower value, and it agrees well with the ratio 
of deuteron-to-neutron reduced widths for the 
mirror state in SHe, 6 as would be expected 
on the basis of charge symmetry. 
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The 38Ar( 3He,t) 38K Reaction at 40 MeV 

t * G. Bruge, M. s. Zisman, A. D. Bacher, and R. Schaeffer 

In recent years, increasing use has been 
made of the (3He , t) reaction as a spectros
copic tool. 1 The emphasis of these studies 
has generally been to attempt a microscopic 
description of the reaction in mass regions 
near closed shells, where comprehensive 
shell-model calculations are available. From 
previous attempts 2 at a microscopic treat
ment of the (3He, t) reaction, it is known that 
a tensor term is required3 ,4 in the effective 
interaction in order to reproduce the ob
served preference for the higher L value in 
the experimental angular distributions for un
natural parity transitions. 

Recent calculations have also suggested 
that there are two distinct types of (3He , t) 
transitions which should show different sensi
tivity to the tensor term. These types are 
characterized by the shell-model states (j 
and j' ) involved in the transition: 

j = £ + 1/2 - j' = £' + 

j = £ + 1/2 ;: j' = £' 

1/2 ] 

1/2 

j = £ - 1/2 - j' = £' - 1/2 

Type 1 

Type 2 

For Type 1 transitions (e. g., f 7/ 2 - f7/2)' 
the calculated angular distributions for un
natural-parity states depend almost entirely 
on the tensor strength, although comparison 

2.88 , 
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with the experimental data does determine an 
upper limit for the central term. 4 For Type 
2 transitions (e. g., P1/z - Pi /2 or 
d3/z - d 3 / 2 ) on the other hand, the calcu
lated angu1ar distributions 4 depend mainly on 
the central force, although the tensor force 
contribution is not negligible. 

Unfortunately, the only Tg-pe 2 transi
tions studied experimentally, P1!,2 - P1/2 
in 14C(3He, t)14N and 14N(3He , t)t40, indi
cated that neither a pure centralS nor a cen
tral plus tensor6 force could reproduce the 
shape of the observed angular distributions. 
Whether the fault lies with the optical-model 
treatment or with an inadequate discription of 
the transition operator is not clear. How
ever, the measurements do suggest6 that the 
central force required for Type 2 unnatural
parity transitions is about four times stronger 
than the upper limit determined4 from Type 
1 transitions. In order to investigate fur
ther this apparent difference between the two 
types of (3He ,t) transitions, we have studied 
the 38Ar(3He, t)38K reaction. 

The experiment was performed with a 
40 MeV 3He beam from the Berkeley 88-inch 
cyclotron. The target was argon gas (en
riched to 94.40/0 38Ar) at a pressure of 120 
Torr, which was contained in a cell having a 
thin (0.68 mg/ cm2 ) nickel entrance foil and a 
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Fig. 1. Tfiton energy spectrum from the 
38Ar( He, t)38K reaction at e£ = 14°. 

(XBL713-3082) 
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2.1 mg/cm2 Havar exit foil. Tritons were 
detected with telescopes consisting of 0.25-
mm Ll.E and 3-mm E detectors which fed a 
Goulding - Landis particle identifier. 7 A 
triton spectrum at e p. = 14° is shown in 
Fig. 1. The overall resolution is 75 keV 
FWHM. Angular distributions for the first 
five levels of 38K from e c. m. = 11° to 50° 
are shown in Fig. 2. 

According to the wave functions of 
Dieperink and Glaudemans, 8 which reproduce 
the observed (3-transition rates rather well, 
three of the five 38K levels below 2.40 MeV 
[3+ (g. s.), 0+ (0.13 MeV), and 2+ (2.40 MeV)] 
are built mainly from the (d3722) configuration, 
while the other two levels [1 + (0.46 MeV) 
and 1 + (1. 70 MeV)] are composed of (d372)' 
(d322' sI12) and other components. As can 
be seen in Fig. 2, the angular distributions 
of the two 1+ levels are quite different. Pre
liminary DWBA calculations using the formal
ism of Ref. 4 indicate that these differences 
are probably not due to the wave functions, 
but rather to an inadequate description of the 
transition operator. Such differences in 
(3He , t) angular distributions leading to states 
of the same spin and parity have also been re
ported recently in other nuclei. 9,10 Results 
of preliminary calculations for the 3+ (g. s.) 
indicate that it is necessary to use a stronger 
central force for the Type 2 unnatural-parity 
transitions. 

Further calculations are being performed 
in an effort to find a force mixture which can 
be used for both types of unnatural-parity 
transitions. 
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The 14N (a ,d) 160 Reaction at 40 MeV t 

M. s. Zisman, E. A. McClatchie, ':' and B. G. Harvey 

For many years· it has been suggested 
1 

that certain states in 160 exhibit a rotational
band structure based on the 6.05 MeV O+level. 
This result has been reproduced with various 
calculations, 2 -5 which indicate that the nature 
of the lowest even-parity band is mainly 4p-4h. 
The 4p-4h nature of the rotational states is 
also indicated by their strong population in 
the four-nucleon transfer reactions 12C(7Li, t) 
160 6 - 8 and 12C(6Li ,d)160 , 7-9 which should 
preferentially populate 4p-4h states if the re
action corresponds to a direct a-particle 
transfer. However, the 6+ member of the 
band, at 16.2 MeV, 1 was found to be essenti
ally degenerate with a state observed in the 
14N(a,d)160 experiment10 at 16.16±0.10MeV 
and believed to be one member of a triplet of 
states whose dominant configuration is 

(The strong population of these states is ex
pectedfromthe systematics10, 11 of the (a,d) 
reaction in this mass region.) Since the 
ground state of 14N is mainly Op-2h, 12 a 
4p-4h state should not be populated strongly 
in the 14N(a, d)160 reaction. In order to help 
remove this ambiguity from the previous re
sults, it was decided to reinvestigate the 
14N(a, d)160 reaction with better resolution 
that the 250 keV attained in that work. 10 In 
this way we could improve the accuracy of 
both the positions and widths of the three 
states. 

The experiment was performed with a 
40- MeV a-particle beam from the 88-inch 
cyclotron. Energy analysis of the beam was 
provided by two uniform-field 110° bending 
magnets. Object and image slit widths of . 
1 mm produced a beam resolution, L!.E/E, of 
0.04%. The target gas was natural nitrogen 
(99.6"/0 14N) at a pressure of about 30 Torr, 
which was contained in a cell having a thin 
(0.22 m~/cm2) nickel entrance foil and a 
2.1 mg/cm2 Havar exit foil covering 315°. 
Deuterons were identified with a Goulding 
Landis particle identifier. 13 

A deuteron spectrum at ep' = 10° is 
shown in Fig. 1. The resoluhon was 66 keV 
FWHM for the sharp states of 160 . A biased 
amplifier was used to look selectively at the 
high-excitation region of 160, so the ground 
state does not appear at any angle, and the 
6.05 - 6.13 MeV doublet appears only at the 
more backward angles. Even with the 
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Fig. 1. Deute;ron energy spectrum from the 
14N(a, d)1bO reaction at e = 10°. 
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improved resolution, the three members of 
the previously observed triplet still appear as 
single states. The energies determined from 
this work for the three largest states are 
14.40±0.03, 14.82±0.03, and 16.24±0.04 MeV. 
Angular distributions for these levels are 
shown in Fig. 2. The widths for the states, 
with the experimental resolution subtracted in 
quadrature, are 30±30, 69±30, and 
125 ± 50 keV, respectively. 

As can be seen in Fig. 1, the states 
which are believed to be members of the ro
tational band (2+, 6.92 MeV; 4+, 10.35 MeV) 
are populated very weakly. Also, the width 
of the 16.24 MeV level seen in the (a, d) reac
tion is much smaller than the 320 keV re
ported for the 16.2 MeV 6+ state observed in 
the a - 12C resonance work of Carter et a1.1,14 
On this basis we feel that the strong level ob
served in the 14N(a, d)160 experiment at 
16.24±0.04 MeV is not the same as the rota
tional 6+ level at this energy observed in the 
a - 12C resonance 1 and four-nucleon trans
fer 6 - 9 experiments. Additional support for 
the existence of two different states at this 
energy comes from the 13C(6Li, t)160 data of 
Bassani et al. 15 The peak at 16.2 MeV ob
served in the (6 Li , t) reaction15 is much 
sharper than that obse;'6ved at the same excita
tion energy in the 12C( Li, d)160 reaction. 16 
If the three-nucleon transfer proceeds by a 
direct reaction, the states which are popu
lated would be mainly 1p-1%, 2p-2h, and 
3p-3h. Thus, neither the ( Li,t) or (a,d) re
action would easily populate the rotational 
(4p-4h) states, but both could reach 1p-1h 
and 2p-2h levels. 

A recent investigation of the 12 C (a, aO) 
and 12C(a,a l ) reactions 17 has shown that a 
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Fig. 2. Angular distributions of deuterons 
from the 14N(0', d)160 reaction leading to 
the 14.40, 14.82, and 16.24 MeV levels. 
Statistical errors are indicated for each 
point. The curves have no theoretical 
significance. (XBL706-3086) 

6+ assignment is preferred for the 14.79-MeV 
level of 160, in contrast with the previous low
spin assignment. 1 The strong population of 
the 14.82 ± 0.03 MeV state in the 14N(O' , d)160 
experiment suggests that it is this level whose 
dominant configuration is 

If our interpretation of the 14.40, 14.82, and 
16.24 MeV states as a 

triplet is correct, then the 16.24 MeV level 
seen in the (0', d) experiment should be a 4+ 
or 5+. The latter spin may account for the 
apparent absence of this level in the 12C + 0' 
reactions, since unnatural parity states 
should not be populated. 
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Nuclear Reaction Study of l40Ce 
(p,t), (p,p') and 138Ce by the (p,t) 

VIa the 
Processes 

Joseph D. SherITlan, Bernard G. Harvey, David L. Hendrie, and Michael S. ZisITlan 

In the last few years it has becoITle evi
dent that pairing theory in the fraITlework of 
pairing vibrations1 is providing an explanation 
for strong L = 0 transitions observed in 
(t, p) and (p, t) reactions. The essential idea 
is that the nuclear pairing field gives rise to 
collective ITlodes which are selectively popu
lated by the two-nucleon transfer reaction. 
These ITlodes are defined with respect to a 
vaCUUITl state and are specified by the nota
tion (n1' n2); n1 equals the nUITlber of pairs 
reITloved and n2 is the nUITlber of pairs added 
to the va CUUITl , (0, 0). The vaCUUITl state is 
usually associated with a closed-shell nu
cleus. The configuration (1,0) applies to a 
nuclear ground state two particles lighter 
than the vaCUUITl, whereas (0,1) refers to a 
nuclear ground state two particles ITlore 
ITlassive. The configuration (1,1) refers to an 
excited state of the closed-shell nucleus and 
is known as the pairing vibration. In the har
ITlonic approxiITlation (no interaction between 
the (1,0) and (0,1) quanta), the pairing vibra
tion energy is equal to the SUITl of the (1,0) 
and (0,1) energies. These ideas are ex
panded in Ref. 1; ITlore quantitative detail 
can be found in Ref. 2. 
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The experiITlental status up ~o 1968 has 
been sUITlITlarized by o. Nathan. Further ex
periITlental work is desirable to search for the 
predicted collective and noncollective4 ITlodes 
of excitation. We have chosen to study the 
(p, t) reaction on the 142Ce and 140Ce targets. 
ExperiITlental inforITlation obtained froITl the 
(p, t) reaction in this region (N = 82) is aCCUITl
ulating;5 (t, p) and (p, t) reactions on ITlost of 
the stable Ce isotopes are also being studied 
by the Los AlaITlos group. 6 

Sel£-supportint ITletallic-Ce foils were 
prepared. The 14 Ce and 140Ce targets were 
400 and 790 f.hg/CITl2 ± 20"/0 thick, respec
tively. A ITloITlentuITl-analyzed 30-MeV proton 
beaITl froITl the 88-inch cyclotron and a L!.E-E 
particle-identifying telescope were utilized to 
study the reactions. Deuteron and triton 
spectra were stored for the 142Ce target. 
Proton, deuteron, and triton spectra froITl 
the 140Ce target were stored. Resolution 
attained in the two experiITlents was approxi
ITlately 30 keV (142Ce) and 50 keV (140Ce). 

Figure 1 shows a triton spectruITl froITl 
142Ce (p, t). The ground state is strongly 
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Fig. 1. A triton spectruITl obtained froITl 
142Ce target. The proton-beaITl energy 
is 30 MeV and laboratory scattering angle 
is 27.5°. (XBL7012-4216) 
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populated, as is the 3.23 MeV state. These 
show an L = ° angular distribution. Most of 
the excitation strength, other than the ground 
state, lies at an energy of 3.23 MeV or 
greater. The state at 3.73 MeV shows a typi
cal L = 2 angular distribution. The only 
other state seen in this experiment with an en
e rgy greater than 3.23 MeV which could pos
sibly be assigned J7T = 0+ is at 5.57 MeV. 

Figure 2 is a 140 Ce (p, t) spectrum. The 
ground state is heavily excited, as are most 
of the low-lying states in 138Ce. The 0.786 
MeV exhibits an L = 2 pattern. Besides the 
ground state transition, the only remaining 
state to reveal an L = ° pattern is the weakly 
excited 2.32-MeV level. 

A 140Ce (p, pi) spectrum is displayed in 
Fig. 3. The strongly excited states in 140 Ce 
are the 1.59(2+), 2.09(4+), and the 2.47(3-) 
states. The level at 3.26 MeV has moderate 
strength; the (p, pi ) angular distribution sug
gests an L transfer greater than 4. Inelastic 
alpha scattering 7 on 140Ce indicates that a 
state at 3.25 MeV has J7T = 5-. By comparing 
the (p, pi ) and (p, t) reactions leading to the 
excited states of 140Ce, one notices that the 
two reactions populate different final states. 
The (p, pi ) strongly populates those states 



which are associated with instabilities to
ward deformation, i. e., low-lying vibrational 
states. In distinction to these, the (p, t) pref
erentially excites states whose structure is 
bas ed on pair correlations. 

Figures 4 and 5 show the L = 0 differen
tial cross sections deduced from the 142Ce 
(p, t) and 140Ce(p, t) experiments. The 
strongly excited 0+ level at 3.23 MeV in 140Ce 
can be associated with the predicted pairing 
vibration state. The ground-state transitions 
are enhanced as predicted by the pairing vi
bration model. The 5.57-MeV level in f40Ce 
does not yield an unequivocal L = 0 pattern. 
Extracting this state was difficult due to back
ground and an impurity peak. The anharmonic 
calculations of B. Sp'rensen4 predict the 
weakly excited 0+ states to lie above the 
pairing vibration in 140Ce and the ground 
state in 138Ce. The latter may be associated 
with the 2.32-MeV level. The 0+ states at 
1. 90 and 3.03 MeV in 140 Ce currently do not 
have an explanation based on neutron pairing 
states. 
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B. G. Harvey, J. Mahoney, J. R. Meriwether, t and D. L. Hendrie 

Recent experiments 1 on the four -nucleon 
transfer reaction (160 , 12C) are interpreted 
as a direct transfer of the nucleons to popu
late selectively four-particle n-hole states of 
high symmetry. The proce s s is loos ely called 
a transfer. 

It is therefore important to test the pro
posed reaction mechanism by forming a final
state nucleus in which there are well-known 
four-particle states. The best candidate is 
160 , ~hich has a rotational band of 4p-4h 
states based on the 0+ state at 6.05 MeV. 
The reactions 12C(160, 160 )12C (elastic and 
inelastic scattering of 160 from i2C) and 
12C(160, 12C)160 (a transfer) were therefore 
studied with a 70-MeV beam of 160 ions from 
the 88-inch cyclotron. Particles were de
tected with a .6.E(l1fJ-)-E counter telescope. A 
PDP-5 on-line computer identified the parti
cles by computing the function .6.E (E + EO 
+ K.6.E), where EO and K are adjustable pa
rameters. Energy resolution was about 400 
keV. 

Figure 1 shows the spectrum of particle 
types obtained at 25° (lab). The height of the 
C and Ne peaks compared with those of B, N 
and F shows the high probability for transfer 
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Fig. 1. Particle-type spectrum from reac
tion of 69.5-MeV 160 ions on 12C at 
30 0 (lab). (XBL713-3075) 

of two protons (probably as an a particle) to 
or from the beam particles. A short run with 
a thicker .6.E counter and a 75 -MeV beam, 



permitting resolution of individual mass num
bers in the particle -type spectrum, showed 
that the carbon peak consisted entirely of 12C. 
The range of the Ne ions was too small to per
mit identification in this experiment. 

Figure 2 shows the spectrum of 12C ions 
at 30 0 (lab). The 12C 4.43-MeV peak is 
broadened by recoil from the y-ray emission 
in flight. The spectra of 160 are similar, 
but decay in flight broadens all peaks (except 
the double ground state and the peak corre
sponding to 12C 4.43 MeV) so much that reso
lution of the 6.05 - 6.92 and 10.34 - 11 MeV 
doublets is not pos sible. 

The Q = 0 and -4.43 MeV peaks in the 12C 
spectra were least-squares fitted to a three
parameter energy scale, which showed that 
the peaks at Q '" -7 MeV and -10 MeV were 
due to the 160 levels at 6.92 MeV and 10.34 
MeV, respectively. A least-squares fit of 
50 values, including the Q = 0, -4.43, -6.92 
and -10.34 MeV points, was then used to iden
tify additional peaks of the spectra. The peak 
at Q '" -6 MeV gave Eex = 6.081±0.023 MeV, 
slightly favoring identification with the 
6.05-MeV a+ level rather than the 6.13-MeV 
3 - level. The nar rowne s s of the peak at 
10.34 MeV shows that it cannot be entirely due 
to the double excitation, 12C 4.43 MeV + 160 
6.05 MeV. A peak corresponding to an excita
tion of 14.7 MeV in 160 was observed at small 
12C angles; at larger angles it was broad, 
perhaps containing a contribution fr9m the 
double excitation, 12C 4.43 MeV + 1bO 10.34 
MeV. 

Careful analysis of the peak at Q '" 11 
MeV leaves its identification in doubt- -it ap
pears only in the neighborhood of 30° (lab). 
The corresponding excitation energy in 160 

Q) 
c 
c 

100.-~--,-~--'-~--'-~-~-'--'--'-''-~ 

30° LAB 
300JLc 160 (8+) 

~;} ~ 
~ ~ ~ 
q:2: r--
Q"," m 
F8~ 

~ 
::;; 
fij 
<D 
+ 
'" "' ~ 
$' 

> 
~ 

~50 
u 
"
Ul 

C 

'" o 
() 

'" '" " " ~ 

100 200 300 400 
Channel number 

~ 
.;, 

$' 
+ 
~ 
ci> 

:j 

500 600 

F · 2 E f 12C . 19. . nergy spectrum 0 Ions at 
300 (lab). (XBL713-3015) 

86 

is 10.95 ± 0.09 MeV, but the two closest known 
states (at 10.952 and 11.080 MeV) have spins 
0- and 3+, so that neither of them should be 
excited. In spite of its narrowness, the ll-MeV 
peak could be due to the double excitation 
12C 4.43 MeV + 160 6.05 + 6.13 MeV if the 
y-ray direction were strongly correlated with 
the 12C particle direction. 

+ At no angle was the 16.2-MeV 6 member 
of the rotational band observed. However, 
the Coulomb barrier for 12C + 160 may be 
responsible for its absence. The center of 
mass outgoing 12C energy is 7.77 MeV while 
the Coulomb barrier height is 14.37/rintMeV, 
where rint is the interaction radius parameter 
in fermis. The barrier is therefore higher 
than the 12C energy unless rint is greater 
than 1.84 F. This is an unreasonably large 
value. 

Figure 3 shows the 12C angular distribu
tions for Q = 0 and Q = - 4.43 MeV. The clear 
break at '" 90° (c. m. ) separates the scattering 
reaction (12C backward angles, 160 forward 
angles) from the transfer reaction (12C for
ward angles, 160 backward angles). 12C 
angular distributions at forward angles for 
Q = - 6.08 and Q = - 6.92 MeV are somewhat 
featureless. 

~he a-transfer reaction probably excites 
the 1 0 6.05-MeV 0+ ground state of the 4p-4h 
rotational band, and certainly excites the 2+ 
and 4+ band members at 6.92 and 10.34 MeV. 
Excitation of the 14. 8

6
MeV level in this reac

tion as well as in (Li ,d) and (a, d) is not well 
under stood; there are too many levels in the 
vicinity, and the resolution of the experiments 
is inadequate to be certain that the same level 
is excited by each reaction. 
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Deformation of 182W 

D. L. Hendrie, B. G. Harvey, J.-C. Faivre, and J. Mahoney 

Recent work at this laboratory1 has deter
mined in some detail the shapes of several 
rare earth nuclei. In addition to the previously 
known large quadrupole moments, precision 
measurements were made of hexadecapole 
moments and, with les s precision, some even 
higher moments. For this work, rather than 
directly specify the moments, it was conven
ient to parameterize the shape of the axially 
symmetric nuclear surface by 

where the betas are deformation param
eters determined from the experiment. Data 
were taken which showed a sy;stematic trend 
of f3~ ranging from +0.048 in 152Sm to -0.072 
in 1 8Hf. It would be more restrictive on 

those nuclear structure calculations which de
scribe this effect if the range of nuclei species 
were extended. At the low mass end of the 
range, the onset of quadrupole deformations oc
curs sharply upon the inclusion of 90 neutrons, 
so that measurements are not possible below 
152Sm or 154Gd. However, at the high end, 
the deformation decreases only slowly with 
mass, so that measurements in W, Os, Pt, 
and even Hg are possible. In particular, it 
is of interest to determine whether (34 con
tinues to go even more negative in the W, Os 
nuclei or (as some models predict) levels off 
and starts to go positive. 

182 
We have performed the W(a, a' ) reac-

tion at 60 MeV, exciting the known levels of the 
ground-state rotational band up to the 8+ level. 
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Fig. 1. Sample spectrum of the 182W (a, a' ) 
reaction showing the separation and lack 
of background for the ground-state rota-
tional band. (XBL7011-4152) 
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Data were taken with the 88-inch cyclotron 
magnetic spectrometer. The resolution of 
19-26 keV permitted the extraction of the 2+ 
states in to 15°, the smallest angle measured. 
Absolute cross sections to about 30/0 were ob
tained by normalizing the data to calculations 
at small angles, where the predominantly 
Coulomb scattering is quite insensitive to as
sumptions about nuclear parameters. The tar
get was a 75-fLg/cm2 isotopic metallic evapor
ated foil; its only contaminant of significance 
was 54Fe, which obscured the 182W peaks at 
a few angles. The focal-plane detector was a 
5-cm long by 1-cm high nuclear-triode posi
tion-sensitive solid-state detector. A sample 
spectrum is shown in Fig. 1. 

A preliminary analysis of the data is 
shown in Fig. 2, using the coupled-channels 
code of Glendenning. 2 The optical parameters 
used were identical to those of Ref. 1; (32 was 
scaled in the manner of Ref. 1 from the table 
of Stelson and Grodzins.3 From this prelim
inary fit we can see that (34 will not signifi
cantly increase from that of 178Hf, and that 
little, if any, (36 deformation will be needed 
to reproduce the data. 

References 

1. D. L. Hendrie, N. K. Glendenning, B. 
G. Harvey, O. N. Jarvis, H. H. Duhm, J. 
Saudinos, and J. Mahoney. Phys. Letters 
26B, 127 (1968). 

2. N. K. Glendenning, Proc. Intern. School 
of Physics" Enrico Fermi" Course XL 
(Academic Press, 1967). 

3. P. H. Stelson and L. Grodzins, Nuclear 
Data 1., 42 (1965). 

10.0 

1.0 

1.0 

<f) 

"- 0.1 .0 
E 

q 1.0 
'0 

"-
b 

'0 

o 

162W (a,a') 

50 MeV 

f32 = 0.19 

----f34=0 

--f34 =-0.06 

90 

Fig. 2. Cross sections for levels in the 
gr01.rg~-state rotational band excited by 
the W (a, a' ) reaction at 60 MeV. The 
solid and dashed curves are two calcula
tions using the coupled-channels code of 
N. K. Glendenning. 

(XBL713-3078) 

Evidence for the Full Thomas 
Form 

Scattering 
of the Spin-Orbit Potential from the 
of Polarized Protons on 20Ne and 22Ne 

A. D. Bacher, t R. de Swiniarski, ,;, D. L. Hendrie, A. Luccio,:f: 
G. R. Plattner, tt J. Raynal, ,;,,;, F. G. Resmini,:f::f: and J. Sherman 

It has been shown that a large hexadec
apole deformation ((34) was needed1 to repro
duce both the shape and the magnitude of the 
2+, 4+, and 6+ cross sections in 20Ne corre
sponding to the ground- state rotational band 
in this nucleus. In the coupled-channels cal
culations, the intrins ic deformation of the 
states was parameterized according to the fol
lowing definition of the nuclear radius 
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With the newly installed Berkeley polarized
proton source, the analyzing power of the 
ZONe (p,p') 20Ne and the 22Ne(p,p,)22Ne re
actions leading to the first few excited states 
in these targets has been measured. The ex
perimental aspects of this experiment have 
already been discussed2 and will not be pre
sented. The measured asymmetries for 20Ne 



and 22Ne (0+, 2+, and 4+ states) are shown 
in Figs. 1 and 2. They exhibit the silnilari
ties between the asymmetries for the 0+ and 
2+ states in 20Ne and 22Ne, and the large dif
ference for the 4+ measurements. 

Preliminary coupled-channels (rotational
model) calculations using the code of A. Hill 
have failed to refroduce the measured asym
metries in 20Ne when the parameters and 
deformations of Ref. 1 were used. This pro
gram included a deformed spin-orbit term 
either of the so-called Saclay type or or the 
Oak-Rid~e type, which both give very similar 
results. The failure of the collective model 
may indicate that the nuclear model may be 
too simple. However, since the cross sec
tions are reproduced so well, the discrepancy 
might well be due to simplifications of the de
scription of the s~in-orbit interaction in the 
optical potential. Recently, H. Sherif and 
J. Blair4 have obtained significant improve
ments for asymmetries when using DWBA 
collective-model form factors with the full 
Thomas form of the spin-dependent optical 
potentials. Such a deformed L. S. coupling 
has now been introduced in a coupled-chan
nel program5 which has been adapted to the 
University of Grenoble IBM 360-67 computer. 
The coupled-channel calculations with full 
Thomas term using the deformation of Ref. 1 
are shown in Fig. 1 for 20Ne, and a new cal
culation for 22Ne is shown in Fig. 2, together 
with some previously reported calculations. 2 

As can be seen from Fig. 2, only the 
full Thomas terms are able to reproduce the 
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shape of all asymmetries for the 0+, 2+, and 
4+ states in 20Ne. The agreement with the 
data is now very good at least up to 130°; the 
good agreement already obtained for the cor
responding cross sections still remains. On 
the other hand, this good agreement is com
pletely destroyed when 134 is set equal to 
zero. Such sensitivity of the asymmetries 
to the 134 defo rmation is much les s pronounced 
when the distor,ted spin-orbit term is not of 
the full Thomas form. 2 Figures 2 and 3 
show good fits for the 0+, i:l-, and 4+ cross 
sections and analyzing powers in 22Ne with 
132 = 0.47, and with only a very small value 
of 134' equal to 0.05. 

In conclusion, we can say that the values 
of 132 and 134 determined from the 20Ne cross 
sectlOns are still the best values for these 
deformations even when polarizations data are 
included. Moreover, the asymmetry data 
emphazise strongly the need of a Y 4 deforma
tion for the 20Ne ground-state rotational band. 
It is, on the other hand, extremely interesting 
to point out that the ground-state rotational 
band in 22Ne is very well fitted (cross sec
tions as well as asymmetries) with 132 = 0.47, 
whereas the 134 deformation needed is very 
small and is equal to 0.05. 

Since these data were not able to be fit 
with DWBA, including the full Thomas term, 
or by coupled-channels calculations without 
it, our results are strong evidence for the 
inadequacy of the more simple treatments of 



103~ ____________________ --. 

r--.. 10
1 

L 
IJl 
"-. 
.0 

E ---
(/) 

c 
a 

10
1 

u 
OJ 

IJl 

(/) 
(/) 

a 
L 

U 
10

0 

20 70 120 170 
Sc.m 

Fig. 3. (XBL713-3055) 

the spin-orbit interaction and of DWBA cal
culations. 
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Excitation of 
Scattering of Alpha 

a Strong Feature by the 
Particles from Heavy Nuclei 

D. L. Hendrie, C. Glashausser, t G. Chenevert, ':' 1. Halpern, ':' and N. Chant':' 

As part of a study of direct reaction spec
tra to very high excitation energies in residual 
nuclei, we report here some observations on 
the a, a' reaction in the heavy nuclei, Ta, Au, 
and Pb. The incident a-particle energies 
were 42,50,65, and 90 MeV and the outgoing 
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spectra were recorded for the full energy 
range extending from the incident energy down 
to "" 15 MeV, i. e., to well below the Coulomb 
barrier for a particles. The detection was 
carried out with solid-state counter telescopes 
which permitted us to distinguish a particles 



from all other particles,including 3He. 

The spectra observed in forward direc
tions all showed the expected excitations of 
individual low-lying levels in each of the nu
clei. At excitation energies above a few MeV, 
it becomes difficult to resolve individual 
levels and the spectra are found to be rather 
smooth and amorphous, except for a conspic
uous, broad, me salike structure that appears 
in all spectra at forward angles. This me sa 
is perhaps most striking in the 65 MeV bom
bardments on 208Pb. (The spectra 
seen with Au and Ta are very similar, but the 
cross sections are slightly smaller.) The in
tegral over angle and energy of the Pb differ
ential cross sections corresponding to the 
mesa is about 90 mb. The total (a, a l ) direct 
cross section is between 300 and 400 mb at 
the energies investigated, and constitutes an 
appreciable fraction ("" 1/6) of the reaction 
cros s section. 

It is seen that the edges of the mesa (in 
Fig. 1) are moderately sharp and that they 
appear to remain more or less fixed in ener
gy as the angle of observation is varied. The 
halfway point on the low-excitation energy 
edge comes at about 9 MeV of excitation and 
the higher excitation edge is at roughly 25 
MeV. When the incident energy is raised to 
90 MeV, the low excitation edge remains at 
9 MeV, but the higher edge is found to more 
up to 31 MeV. The mean cross section (in 
mb/ sr MeV) in the region of the mesa is al
most twice as large, at 30°, as the average 
cross section to excitations which lie below 
the mesa. The events of the mesa must be 
produced by some sort of direct interaction. 
This can be appreciated from the extreme 
forwardness of the observed angular distri
bution and from evidence that the yield of 
evaporated a particles is entirely negligible 
in the region of the mesa. 1 

Our attempts to understand the nature of 
the mesa events have led us to consider 
(1) the excitation of nuclear surface oscilla
tions by the a particles, (2) the collisions of 
incident a particles with individual nuclear 
nucleons, and finally as a special case of (2), 
(3) the possibility that at least some of the ob
served events might be due to pickup reac
tions in which 5He and 5Li are formed. 2 
Since these two nuclei are particle-unstable 
in their ground states, they quickly decay to 
a + p, and we detect the breakup a. 

The in-flight decay of 5He and 5Li have 
approximate kinematical features that fit 
some of the spectral characteristics of Fig. 1 
in a very natural way. Thus if we assume 
that these nuclei are formed only in their 
ground states, that these states are narrow 
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Fig. 1. Integrated cross section for the 
208Pb(a, a l ) reaction over an excitation 
range of 35 MeV for several forward
scattering angles showing the prominent 
"mesa" at forward angles. The dis
crete low-lying states of 208Pb are 
shown for one typical scattering angle 
for comparison purposes. 

(XBL 713 -3057) 

and that they break up isotropically, it fol
lows that the breakup a particles will have a 
mesalike spectrum. Furthers if the outgoing 
kinetic energies, EO, of the He and 5Li are 
equal to within a few MeV at all angles (as 
expected if the alphas tend to pick up mainly 
the least-bound nucleons), it follows that the 
observed a-particle spectra would be very 
nearly the same at all angles. With 
ER (the energy of the 5He ground state) ~ 
1 MeV and EO::::' 55 MeV (corresponding to an 
incident a-particle energy of 65 MeV), we find 
that the minimum a-particle energy from the 
decay of 5He will be "" 38 MeV. This corre
sponds in Fig. 1 to an "excitation energy" of 
"" 26 MeV. At an incident ene rgy of 90 MeV, 
the excitation energy at the same edge of the 



mesa, computed in the same way, is found to 
be 31 MeV. These values are in good agree
ment with the observed values mentioned 
earlier. Had we used for ER' the 5Li ground 
state energy ("" 2 MeV) rather than that of 
5He, the agreement would have been some
what less. This may mean that more pickups 
lead to 5He than to SLi. 

The pickup model does not, however, 
give the observed location ("" 9 MeV) for the 
low-excitation edge of the mesa. With the 
values of EO and ER given earlier, the width 
of the mesa would be 12 and 14-1/2 MeV for 
incident energies of 65 and 90 MeV, respec
tively. The observed spectra are half again 
as wide. Our tentative view is that we are 
dealing with two separate phenomena. The 
high-excitation portion of the mesa spectrum 
is presumably due to the pickup process, 
whereas the low-energy portion is due to 
some other process, yet to be identified. 

This view is given some semiquantitative 
support by the following facts. Along with the 
study of the 0',0" reaction involving large en
ergy transfers, ~arallel studies were carried 
out for the 3He, He' reaction at comparable 
bombarding energies. 3 It is found in the 3He 
studies that the cross section rises sharply 
at "" 9 MeV of residual excitation to about the 
same values as in the 0',0" bombardments. 
In the 3He, 3He' spectra there is, however, 

no mesa. The pickup mechanism would not 
be expected to playa role here becau~e of the 
lack of unstable but narrow states in He and 
4Li. Upon subtracting a constructed pickup 
spectrum from the full observed (0', 0") spec
trum, there is a remainder which resembles 
the measured(3He, 3He') spectrum both in 
shape and in magnitude. This portion of both 
spectra presumably arises from the scat
tering of 3He (or 0' particles) from either 
single particles or from collective degrees 
of freedom. Some calculations based on both 
kinds of models have been carried out, but so 
far they have not been succes sful in repro
ducing this sharp striking structure in the ob
served spectra. 
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Ground- and Gamma-Vibrational Bands in 
Even Os Isotopes from (a ,xn y ) and (p,xn y) Reactions 

T. Yamazaki, t K. Nishiyama, t and D. L. Hendrie 

In this paper we report on a systematic 
study of the ground bands and the gamma-vi
brational bands of even osmium isotopes 
(A = 182 - 188) by means of the in-beam '1-
ray spectroscopy following (0', xny) and 
(p, xny) reactions. Previous experiments ~y 
(0', xny) reactions, 1, 2 iHI, xny) reactions, 
and (p, 2ny) reactions, as well as by the ra
dioactive decays,5 have revealed transitional 
aspects of the collective levels in this region. 
The aim of the present work was to investi
gate the gamma-vibrational bands in tr,e neu
tron-deficient isotopes, 1840s and 18 Os, 
which were not known earlier. To this pur
pose, alpha- and proton-induced reactions 
were useful, since these reactions populate 
more side-band levels than (HI, xny) reac
tions do. 

182 184 186 Gamma rays of Os, Os, Os, 
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and 1880s were measured by use of W-t 2ny) 
and (p, 4ny) reactions on 185Re and 1 Re, 
and (0', 2ny) reactions on 182W, 184W , and 
186W. The external beams from the 88-inch 
cyclotron were used to induce the reactions. 
Typical bombarding energies were 14 MeV 
for (p,2n), 37 MeV for (p,4n), and 30 MeV for 
(a,2n). 

A Ge(Li) detector of 30 cc coaxial-type 
was placed at a distance of 20 cm from the tar
get and could be moved for angular distribu
tion measurements. The targets were pre
pared by depositing enriched-Re or W metallic 
powder onto 800-fLg/cm2 -thick mylar film. 
They were about 20 mg/cm2 thick. In order 
to search for isomeric levels, both prompt 
and delayed 'I-ray spectra were taken by the 
use of natural beam bursts. 



Since the lowest-lying excited band in 
even Os nuclei is the K = 2 ganllna-vibrational 
band, we expect in (p, xn) or (a, xn) reactions 
a y-ray spectrulll in which the ground-band 
transitions appear equidistantly in the low en
ergy region, and the intertransitions frolll the 
lllelllbers of the K = 2 band will forlll a COlll
plicated pattern in the higher energy region. 
The 2y ..... 2g , 4y ..... 4 , ----, transitions 
should be located as Ii cluster, as well as the 
2':1 ..... 0 g and 3y ..... 2g transitions. However, 
Slnce the Iy ..... Ig transition should always 
associatewiththely ..... (I-2)gtransition, and 
these two should be spaced by the known energy of 
the Ig ..... (I-2)g transition, it is still possible 
to assign each line reasonably well. COlll
paris on of the y-ray intensities in the 
different reactions were used to confirlll the 
identifications. 

For a salllple of the data, Fig. 1 shows 
y-ray spectra in the 184W(a, 2n) and 187Re 
(p,2n) reactions, where the known interband 
transitions are identified. The branching 
ratios of y rays frolll one level populated in 
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these reactions agree with those observed in 
the 186Ir decay. 

The present experilllent has revealed the 
K = 2 galllllla-vibrational bands in 1820s and 
1840s up to the 5+ lllelllbers. The energy 
syst~lllatics together with previous inforllla
tion is sUllllllarized in Fig. 2. The 2g + en
ergy decreases as the lllass nUlllber, where
as the 2y + energy increases. At A = 184, the 
2g + energy reaches a lllinilllulll, whereas the 
2y + energy reaches a lllaxilllulll. Thus a 
unique relation between the 2g + energy and 
the 2y + energy throughout the Os region is ob
served of: 

This relation is characteristic of the Os iso
topes. 

The K = 4 galllllla-vibrational state is 
known in 1900s. The 1353 keY level of 4+ 
spin in 1860s is presulllably the K = 4 band 

500 600 700 800 900 

Channel number 

Fig. 1. Galllllla-ray spectra in the 
184W (a, 2n)1860s and 187Re(p, 2n)1860s 
reactions. (XBL713-3053) 
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Fig. 2. Level systematics of even Os iso
topes revealed in the present work to
gether with the previous data. 

(XBL 713-3052) 

head, since it proceeds only to the K = 2 
band. The tentative level at 1280 keY in 1880s 
may also be the K = 4 band head, because it 
is populated by the decay of the isomeric 
state, which is supposed to have a large K 
quantum number. The fact that the K = 4 
band lies about twice as high as the K = 2 
band supports the interpretation of these 
levels in terms of the gamma vibration. 7 
The asymmetric - rotor mode1 8 postulate s the 
K = 4 energy to be four times larger than the 
K = 2 energy. 

The Os region provides a good test field 
to investigate the dependence of the popula
tion intensities of the (a, 2ny) reactions on the 
level sequences. Figure 3 summarizes the 
observed population intensities in (a, 2ny) re
actions normalized to the 4 g level. A charac
teristic feature is that as tne mas s number 
increases, the ground-band levels receive 
less intensity and the gamma-band levels 
ITlore. This fact can be ascribed to the change 
of the level sequence. In 1880s, the gamITla
band levels are lower lying and the level 
spacings within a band are larger so that the 
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Fig. 3. Observed population intensities of 
the ground and the gamma-vibrational 
band levels in (a, 2n) reaction. They are 
normalized to the intensity of the 
4+ ->- 2+ transition. (XBL713-3051) 
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gamma-band levels take more feeding froITl 
above and los e Ie s s to the ground band. A 
similar tendency has been observed in the Gd 
region. 9 
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Extension of Two-N ucleon Transfer 
Theory to Include Inelastic Processes t 

R. J. Ascuitto'~ and Norman K. Glendenning 

The existent treatments of the two-nucleon transfer reaction all neglect the effect of inelastic 
processes. There are two circumstances where this neglect is not justified. The first concerns 
a question of parentage. If in the reaction 

t + (A) ->- p + (A + 2), 

the configuration of the group of (A) nucleons is the same in the residual state of interest as in 
the target ground state, then the usual treatment may be valid. However, if the state of motion of 
any of the core nucleons is different, then a description of the inelastic processes that produced 
this difference becomes es sential, if in fact the state is excited in the reaction. 

The second circumstance when inelastic processes are crucial for a correct description 
arises when some inelastic transitions in either the target or residual system, or both, are so 
strong as to produce significant de excitation back into the elastic channel. In this circumstance 
the usual one -channel optical potential will not provide a good description of the relative motion 
in the vicinity of the nucleus, just where it is important for the description of the transfer reac
tion. 

In this paper we present the formalism by which inelastic processes can be incorporated into 
the theory of two-nucleon transfer reactions. The method that we use was described and justified 
in an earlier publication, 1 and may be referred to briefly as the source-term method. The theory 
is formulated in such a way that the particular structure of the nuclear states enters the descrip
tion of the reaction only through certain generalized two-particle coefficients of fractional parent
age. As an example these are calculated for a particular nuclear model, namely one in which the 
ground state is the BCS vacuum, and which has excited two-quasiparticle states as well as a 
"two-phonon" triplet which is built from the operator which describes the collective 21 state. 

For definiteness our notation refers to the (p, t) reaction, but the results are general, and we 
indicate at appropriate places how to interpret the formalism for other two -nucleon transfer re
actions. 

The method consists of writing down the coupled equations which describe the inelastic scat
tering of the projectile by the target, and a second system of coupled equations which would 
describe the scattering in the residual partition, in this case the triton and final nucleus, except 
that the second system is coupled to the first by a source term which describes the transfer 
process. Thus the inelastic processes are carried to all orders among the retained channels, but 
the asymmetric way that the source appears means that the reaction itself is treated as a weak 
process only in first order. This corresponds to the fact that (p, t) cross sections are typically 
an order of magnitude smaller than the strongest inelastic ones. 

We will describe the scattering in the initial partition of the system consisting of proton plus 
nucleus (A + 2) by a system of N equations which includes the strongly coupled channels and any 
others of interest. For each parity TT and total angular momentum I of the system, they are 

(T I + U (r) - E I )up~I(r) 
p p p p + L 

p" =I- pi 

TTl pTTl 
V I II (r)u ,,(r) 

p p p 
o. (1) 

The rationale for use of such a system for a microscopic description of inelastic scattering has 
been discussed in detail elsewhere. 2 Here U stands for a complex optical potential, which is 
a parametrization of the diagonal matrix elements of the effective interaction which enters the 
problem because we intend to solve it in a highly truncated space of nuclear states, and V is the 
direct interaction between the nuclear nucleons and the exterior particle. Matrix elements are 
taken with respect to the channel wave functions 
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(2) 

where iP is a nuclear wave function, Y is a spin-orbit function for the scattered proton, 1 and 
the square bracket denotes vector coupling. We use p to denote the whole collection of quantum 
numbers defining a proton channel 

p=lsjaJ 
p p p p p 

(3) 

When both p and pi appear in an equation, p is understood to refer to an entrance channel, and 
pi to any channel. The superscript p on u in Eq. (1) signifies that the system is subject to the 
boundary condition that only channels p, in which the nucleus is in its ground state, have incoming 
waves. 

The equations describing the final partition of the system are 

lTI plTI 
Vt, til (R)w til (R) plTI(R) 

,t' , (4) 

which are to be solved subject to the condition that there are only outgoing waves in triton chan
nels. These equations differ in structure from the preceding ones only in the addition of the 
source term p which represents the appearance of tritons in the channel t' due to the transfer 
process in the various channels pI of the initial partition. The rest of the paper is essentially 
devoted to the description of how this source is constructed, given the detailed microscopic struc
ture of the states in the target and residual nuclei. 

The source for tritons in the channel t l is equal to the sum of matrix elements describing 
the transfer processes leading to it from the various channels pI , 

=~ 
p 

plTI(R) 
Ppl ,tl ' (5) 

All coordinates in the matrix element are integrated except R. Here v represents the stripping 
interaction. In Ref. 1 we showed that this form for the source leads precisely to the usual dis
torted-wave Born approximation (DWBA) in the event that in our equations, the off-diagonal 
matrix elements of V describing the inelastic processes are dropped, and it leads to the result of 
Penny and Satchler3 when they are kept. 

We will evaluate the matrix elements appearing in the source term under the assumptions 
usually made in two-nucleon transfer theory. 4 The result can be written in the form 

(A~2 R)-
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This is written more generally than required for the (p, t) reaction (where only S = 0 transfer is 
allowed) so that we can cover other two-nucleon transfer reactions. Here L, S, J, denote the 
orbital, intrinsic, and total angular momentum carried by the transferred pair. The quantity 
A

LSJ 
is a geometrical factor defined by 

s 
J p 

S J A (p,t), 
s 

I 
(7) 

where r = Zl t 1. This factor is general for any particle transfer reaction when p is interpreted 
to refer to the lighter and t to the heavier of the light nuclides. 5 DO is a constant which collects 

together two normalization factors, Z Z (4 Z )3/4 
D O =g[<P10 (4Yj p )]p=o=g 7 ' (8) 

(9) 

Here X and X s are the spin functions of the triton and the proton and 

St p XS(a1a Z) = [X1/Z(a1 )X1/Z(aZ)]S (10) 

is the singlet or triplet spin function of the two transferred particles. For other reactions, see 
the original paper. 

~a a 
The function uL~J t (R) in (6) is a projected wave function which defines the radial motion of 

the center of mass of the transferred pair in the state a of the nucleus (A t Z) when their corre
lation corresponds to that in the triton, given that the reihaining nucleons are in the state at of 
nucleus (A). It can be written in general as 

~apat _ ~ ~ab 
u LSJ (R) - L..J /3ab (ap ' at)uLSJ(R) , (11) 

a::::::b 

where /3(a
p

' at) are generalized two-particle parentage factors. 4 

In this way of formulating the problem, the structure of the nuclei (A) and (A t Z) enters the 
description of the reaction only through the values of the parentage coefficients /3(a ,at). For a 
complicated structure calculation, these would depend upon intimate details of the galculation. 
However, for a simple model they can be exhibited explicitly, as we do now. 

The parentage coefficient given in Ref. 4 (there in L-S coupling) may be expressed in second
quantization notation, for equivalent particles, as 

/3 bJ(a ,at) == [J (1 to b)] -1/Z (il? J (At Z) II [dtdb
t

] J IIi!? J (A). (1Z) 
a p p a a p p a at t 

Here d t creates a particle in the state n 1 j m. The definition adopted for reduced matrix 
am aaa a 

elements i~ that of Racah. 6 However for transfer of a neutron and proton pair, when the isospin 
formalism is not used, the 0 ab factor should be omitted and d~ and db commute. 
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If the structure of the nuclear states is defined in terms of quasiparticles at related to parti
cles through,7 

t t ~ 
d =Ua tVa, 

am a am a am 
~ ja-m 
a = (-) a , 
am a,-m 

(13 ) 

where U and V are coefficients of the Bogolyubov-Valatin transformation, then 

(14) 

where 

As an example of the calculation of the parentage coefficients, we consider a simple model. 
If the ground state is described as the BCS vacuum, and excited states as two-quasiparticle states, 
then four types of parentage coefficients enter the problem, illustrated by Fig. 1. We write the 
two-quasiparticle wave functions for nucleus (A) as 

la(A)JM) = t L T]:~ (A)A iM(a, b) Iw ~ , (16) 

a,b 
where the sum on a, b is not ordered (i. e., both a, band b, a occur). Here Iw

A
) is the BCS 

vacuum, and similarly for nucleus JA t 2). Then the parentage coefficients for the four types of 
transitions numbered in Fig. 1 are 

where 

1 -:- 1/2 
(3abJ(1) = (-2' Ja ) Va (A t 2 )Ub (A)a ab a JO' (17) 
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J J 
P 

(18) 

(19) 

(20) 

(21) 

(22) 



Note that e represents the overlap of a two-quasiparticle state in (A) with one in (A+ 2). For the 
lowest collective 21 states in adjacent nuclei, this overlap will usually be close to unity. 

In analogy with the vibrational model, we may use the collective operator 

t _1","" a t 
Qa2M(A) = '2 L.,., TjabA )A 2m(a, b) (23) 

a,b 
corresponding to the lowest 21 state to generate a triplet of" two-phonon" states 

1 t t M 
la (A)J M \ = -- [Q2(A)Q2(A)]JP1wA)' 

p p ~ ~ p 
(24) 

and similarly for the nucleus (A + 2). The quasiboson commutation relations are approximately 
[assuming identical BCS vacuum for (A) and (A + 2)] , 

[Qa J M (A+2), Q:JM (A)]-= eta ,at )6 J J6 M M' 
ppp ttt P pt pt 

(25) 

The two-particle operator [d t d t] does not connect the vacuum ground state to the two-phonon 
states. The additional parentage factors needed are illustrated in Fig. 2. They computed in the 
quasiboson approximation to be 

(26) 

(27) 

(28) 

where the subscripts" col" denote that these quantities involve the amplitudes Tj of the collective 
21 states in (A) and (A + 2). In (26) and (27), e is the overlap between the two-quasiparticle state 
and the collective 21 state from which the two-photon states are built, whereas in (28) it is the 
overlap between the collective 21 states in the two nuclei. Therefore the coupling is weak except 
with another two-phonon state or with the collective 21 state, in which cases 8= 1. 

To summarize, a theory of two-nuclear transfer reactions which includes the effects of in
elastic processes has been formulated. In addition to the direct production of the final state from 
the target ground state, these processes allow for its production through intermediate states pro
duced by the inelastic scattering of the incoming or outgoing particle. The reaction is treated as 
the weak process it is, only in first order, but the inelastic processes are treated to all orders 
among the retained channels. The theory can be applied easily to microscopic calculations of nu
clear structure, because the entire content of such descriptions can be inserted into our formula
tion very concisely through reduced matrix elements of two types of operators; namely, the trans
fer operators [d t d~] J and the scattering [d t u

b
] J' evaluated between the nuclear states for the 

various configurftions a, b entering the structure calculation. This obviously makes all structure 
calculations readily accessible to use in calculations of transfer and scattering. However, for 
many-particle shell-model calculations the job requires an intimate knowledge of the conventions 
employed, and generally can be done best (or only) by the structure theorist himself. 
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Fig. 1. Four types of parentage coefficients 
occur in a nucleus with the vacuum 
ground state and two-quasiparticle ex-
cited states. (XBL694-2537) 
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Fig. 2. Microscopic two-phonon states have 
parentage coefficients connecting them 
to other two-quasiparticle states or to 
each other. (XBL694-2538) 

Assessment of Two-Step Processes in (p,t) Reactions t 

R. J. Ascuitto':< and Norman K. Glendenning 

Particle transfer reactions have been 
treated customarily as proceeding directly 
from the target ground state to the final state 
by a simple deposit or pickup of the trans
ferred particle (simple or composite) which 
leaves the other nucleons undistributed. 1 Un
doubtedly this is the dominant mechanism by 
which most low-lying levels are produced. 
However some nuclear levels, even at low ex
citation, will have a parentage that is based 
more on an excited state of the target rather 
than on the ground state. If this excited state 
is produced with appreciable cross section in 
inelastic collisions, then alternate modes of 
producing the final state in the transfer reac
tion are possible. These are the two-step 
modes that proceed through the intermediate 
state produced by inelastic collisions with the 
incoming or outgoing particle. 

The primary purpose of this investigation 
is to assess whether higher-order processes 
are likely to be significant in two-nucleon 
transfer reactions, and if so, whether there 
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are any special characteristics by which they 
can be distinguished from direct transitions. 
While this question would seem largely aca
demic as long as attention was focused on the 
lowest-lying states, it acquires ever more 
importance as improving experimental tech
niques allow detailed investigations of higher
lying levels whose parentage is expected to be 
more complicated. It is already evident that 
a number of interesting new phenomena in
volving second-order processes will be un
covered. 2 

It has been customary to compute by use 
of the distorted-wave Born approximation 
(DWBA) the cross section for those states 
that can be produced directly. 1,3 In this ap
proximation, the wave function for the relative 
motion between the nucleus and free particle 
in the entrance and exit channels is generated 
by a one-channel optical potential. However 
when inelastic processes are very strong, the 
usual optical potential may not provide a suf
ficiently accurate representation for these 



wave functions within the nuclear interior, 
just where they have their largest overlap 
with the nuclear wave functions appearing in 
the DWBA integrals. Since the optical pa
rameters are chosen so as to reproduce the 
observed elastic cross section, this assures 
that the wave function is correct in the exter
nal region. However if a particular inelastic 
transition is very strong, the population of 
the excited state becomes large enough that 
de excitation back to the ground state becomes 
significant. The process cannot be described 
by a one - channel optical potential and it pro
duces changes in the wave function in the nu
clear interior, just where it is needed in the 
reaction calculation. In this circumstance the 
inelastic processes playa role even for states 
that are produced directly in the transfer re
action. Therefore, as a secondary purpose 
of this investigation, we examine at what point 
the strength of inelastic transitions leads to 
significant errors in the usual DWBA for di
rect single-step transitions. 

The method that we use to include the 
multiple-step processes (sometimes referred 
to as core excitation) that proceed through ex
cited states of either target or residual nu
cleus has been described in previous publica
tions. 4, 5 (See also preceding report. ) 

To carry out the investigation described 
above, we adopt a model for a nucleus having 
a collectivity typical of spherical nuclei, 
which we refer to nominally as Ni. The 
ground state is taken to be a BCS vacuum. 
There are excited states of two-quasiparticle 
configurations, the lowest of which is the col
lective 2t state. 6 In addition we construct 
a triplet of two-phonon states by using the op
erator that creates the collective 2+ state. 
This state, which we sometimes call the one
phonon state, has the structure, 

t 
= B2 IBCS), (1 ) 

t 1 "" t t B 2 , M = "2 L.J 'llab [Q'a Q'b ] 2, M' (2 ) 

a,b 

where a == nlj, and Q' t creates a quasiparti
cle in the state a. Th~ 'll b are the configura
tion mixing amplitudes, jna the square brack
et denotes vector coupling. The two-phonon 
states are 

IJ) 
1 

ff 
t t 

[B2 B2 ]J IBCS ), J=0,2,4. 

(3) 

They have the special significance that they 
cannot be produced directly by the two-nu
cleon transfer reaction. This follows be-

103 

cause they are four-quasiparticle states and 
therefore cannot be connected to the ground
state vacuum by a two-particle process. Pre
sumably, in real nuclei ideal two-phonon 
states do not exist. In terms of quasiparticles, 
they would also have two quasiparticle com
ponents (and others). We shall comment on 
this again later after presenting our results 
for the idealized model described here. The 
main parent of the two-phonon states is, in 
any case, the collective 2+, and the two
nucleon transfer reaction connecting them to 
this state is enhanced in the same sense as 
the transition from the ground to the one
phonon state is enhanced. (The parentage am
plitudes in the two cases are equal within a 
statistical factor. ) 

Our model therefore possesses three 
kinds of states: the ground and 2+, which 
have a strong direct transition; the remaining 
two-quasiparticle states (0+, 2+, 4+), which 
have weaker direct transitions (however, the 
ground state is their main parent); and finally 
the two-phonon states, which have a strong 
transition from the collective 2t but which are 
not fed directly at all. 

To assess the effect of inelastic processes 
on the two-nucleon transfer reaction, we con
sider the (p, t) reaction on a moderately collec
tive nucleus, nickel, at a typical bombarding 
energy of Ep = 30 MeV. A complete body of 
data would consist of the elastic and inelastic 
cross sections of the 2+ collective state (since 
it is the most important intermediate state for 
those included in our model) in both the initial 
and final nuclei, at the appropriate energies 
of the (p, t) reaction. This body of data does 
not exist, but fortunately there is data on 
neighboring nuclei which is sufficient to de
fine the parameters realistically for our model 
calculations. 

The reaction we consider is 

E = 30 MeV. 
p 

(4) 

The Q of the reaction is -10 MeV. There 
exist proton data 7 at 30 MeV on 60Ni and tri
ton data8 at 20 MeV on 62Ni. These data we 
use to define the optical-model parameters 
for protons and tritons in Eq. (4), and it is 
shown in Fig. 1. The elastic cros s sections 
were computed by solving the coupled equa
tions for the set of states described above. 
The corresponding optical-model parameters 
are labeled C. C. in Table I. (The param
etrization of the Oak Ridge group is employed.9 
We also used an optical-model search routine 
to obtain parameters of the one-channel opti
cal potential that reproduce the same elastic 
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Fig. 1. Elastic cross sections are shown. 
The solid line represents two calcula
tions: (1) a coupled-channel one in
volving all the states described pre
viously and using the optical parameters 
labeled C. C. in Table I; and (2) a 
usual one-channel optical-model calcula
tion using adjusted parameters labeled 
"elastic" in Table I which reproduce the 
same elastic cros s section as the cou
pled-channel calculation. The dashed 
lines are also one -channel optical-model 
calculations but use the same parameters 
as the coupled-channel calculation. The 
differences show the effect of cou~ling to 
other states. Proton data is for 0Ni 
(Ref. 7) and triton data for 62Ni (Ref. 8). 

(XBL695-2749) 

cross section as obtained in the coupled-chan
nel calculation. These are needed for com
parison of our results for the (p, t) reaction 
with those predicted by the usual DWBA. The 
solid line in Fig. 1 represents both these cal
culations. The dashed line corresponds to the 
usual one -channel optical potential using the 
same parameters as in the coupled-channel 
calculation. The difference shows the effect 
of the coupling of other channels of which the 
collective 2+ is the most important. Figure 1 
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illustrates the importance of backward-angle 
scattering for determining the effect of the 
coupling on the optical-model parameters. 

In the calculations reported here, we did 
not include a spin-orbit term in the triton op
tical potential. The strength of this term is 
expected, on theoretical grounds, to be about 
one third that of the nucleon spin-orbit 
strength. We did include it in several calcu
lations, but its effect on the (p, t) reaction was 
very small. 

The strength of the inelastic transition to 
the 2+ collective state in both target and final 
nucleus is vital in our analysis because it is 
the parent of the two-phonon states. Again 
we have to rely on an extrapolation from 
other situations, but this is quite adequate 
for our purpo.ses. For tritons, 10 the cross 
gection to the 2+ state has been measured in 
b4Ni at 20 MeV. For protons, 11 we do not 
have data at the appropriate energy, but the 
reaction has been studied at 18 and 40 MeV, 
and we use the strength of the direct interac
tion obtained there. We are able to handle a 
direct interaction of the form 

(5) 

However, since the V 1 part is so unimportant 
for the excitation of the collective state, we 
have set it equal to zero in these calculations. 
The remaining two parameters V 0 and rO for 
protons and tritons are shown in Table II. 
The range parameter for tritons bears the 
kind of relationship to that for protons as de
scribed for other composite particles else
where. 12 It is larger because of the finite ex
tension of the triton. 

The strength of the interaction causing 
the (p, t) reaction is unimportant in our cal
culations because we treat the reaction in 
first order. Thus all our calculated (p, t) 
cross sections scale as the square of this 
strength. However, we belive our arbitrary 
units are approximately millibarns. 

Finally the single-particle bound-state 
wave functions, in terms of which the nuclear 
wave functions are expressed, are harmonic
oscillator functions htvinf a constant 

v = 0.25 F- 2 ( l\J ~e Zvr ). We confirmed 
(see later) that as concerns an evalulation of 
the role of inelastic processes, correction of 
the asymptotic behavior of the oscillator func
tions is not necessary. 

The complete calculation for the 62Ni (p, t) 
60 Ni reaction at 30 MeV is shown in Fig. 2. 
All the inelastic couplings between the eight 



Table 1. Optical-model parameters. The" elastic" ones yield the same elastic cross 
section as obtained in the coupled-channel calculation which uses the C. C. parameters. 

v W W
D rV rW rC a

V 
a

W 

triton 

C. C. -158.35 -22.9 1.094 1.22 1.506 1. 25 0.695 0.8 
elastic -149.04 -27. 4.313 1.274 1.576 1. 25 0.6559 0.8828 

proton 

C. C. -54. -2. -5.2 1. 09 1.3 1.2 0.772 0.64 
elastic -54.087 -3.239 -5.367 1.099 1. 295 1.2 0.772 0.601 

V r 
so so 

-5.74 1.022 

Table II. Parameters of the direct 
interaction causing inelastic transitions 

[see Eq. (5)]. 

Proton 

Triton 

-55 

-70 

1.85 

2.3 

states in each nucleus that are implied by 
their microscopic structure are included to 
all orders. 13 All the particle-transfer 
couplings leading from all target states to all 
final states are included with the strengths 
prescribed by their structure. 5,14 The fea
tures that determine the strength of this cou
pling between a pair of states are (1) the frac
tion of parentage of the state in the heavier 
nucleus that is based on the other nucleus, 
and (2) the degree to which the extra pair of 
neutrons are correlated in the way they exist 
in the triton. As expected, the ground and col
lective 2+ states have the largest cross sec
tions. Two very surprising facts can be 
learned from Fig. 2. First, the two-phonon 
states, which, as discussed above, can be 
excited only through higher-order processes, 
nonetheless have cross sections just as strong 
as the other noncollective states, running 
about one tenth that of the collective 2+ state. 
Second, the angular distributions are largely 
characterized by the multipolarity of the tran
sition, independent of whether the state was 
produced directly, or through an intermediate 
state. The polarizations of outgoing tritons 
from this reaction are shown in Fig. 3 and, 
like the angular distributions, are character
ized by the multipolarity of the overall transi
tion. Thus we find that under the typical cir
cumstances of this calculation there is nothing 
about the angular distributions or polarizations 
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a so 
0.688 

that can be used to distinguish multiple proc
esses from direct ones, and the probability of 
the higher-order transitions is as large as 
typical noncollective ones. 

In Fig. 2 we also compare a DWBA cal
culation of those states that can be produced 
in a single step with the full calculation. The 
DWBA cross sections were computed ac
cording to the usual prescription. For this 
comparison, that means that the optical pa
rameters were chosen to reproduce the same 
proton and triton elastic cross sections as 
emerged from the coupled-channel calcula
tion as shown in Fig. 1. One sees in Fig. 2 
discrepancies of up to a factor of 5 in abso
lute cross sections and up to nearly 2 in rel
ative cross sections. The DWBA in every 
case underestimates cross sections. Thus, 
even for a nucleus no more strongly collective 
than nickel, application of the usual DWBA 
leads to large errors in relative cross sec
tions. The higher-order processes do, in 
fact, playa very important role. This is 
shown in more detail in Fig. 4, where the 
cross sections of individual paths leading to 
the final states are shown. One sees that the 
direct route, if it alone were present, ac
counts for about half the cross section of the 
collective 2+ state. The other major contri
butions are the transition through the collec
tive 2+ state of the target (not shown), and 
through the ground state of the final nucleus. 
Although the cross section of this latter proc
ess is only about 1/6 that of the direct, its 
amplitude is about 400/0 of the direct process. 
Of course the cross section for exciting a 
state which can be reached in several distinct 
ways is obtained by squaring the sum of the 
amplitudes for the individual ways. 

Concerning the noncollective two-quasi
particle states (02' 22' 4 1 ) shown in Fig. 2, 
their main parent is the ground state, and 
they are produced almost exclusively through 
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Fig. 2. Calculated cross sections of the 
62Ni(p, t) reaction to ground and two
quasiparticle states are shown on the 
left, and" microscopic" two-phonon 
states on the right. Solid lines include 
multiple-step processes. Optical param
eters are labeled C. C. in Table 1. Mi
croscopic structure of the states was de
scribed previously. Dashed lines show 
DWBA calculations, using optical param
eters, labeled" elastic" in Table I, 
which reproduce the same triton and pro
ton elastic cross sections as the coupled
channel calculation. 

(XBL 704-2712) 
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the direct transition from the ground state. 
Even so, we see that the DWBA underesti
mates their cross sections. The cause for 
this, as discussed in the introduction, is the 
modification of the wave function in the elastic 
channel due to coupling to the 2+ collective 
state. This is an important effect even in 
such moderately collective nuclei as these. 

If it is true that in a nucleus as mildly 
collective as nickel the DWBA underestimates 
cross sections by as much as a factor of 5, 
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and fails in relative cross sections by a fac
tor of 2 or so, one may ask how weak must 
the collectivity of the intermediate state in 
the two-step process be before the errors are 
suitably reduced. In Fig. 5 we show a calcu
lation analogous to that of Fig. 2 except that 
the strength of the direct reaction causing in
elastic transitions has been reduced by ~. 
This cuts the inelastic cross section to the col
lective state by about 2, so that two-step proc
esses are correspondingly weaker. The 
DWBA calculation was again carried out by 



adjusting the optical parameters so that the 
elastic cross sections of the coupled-channel 
calculations for both protons and tritons were 
reproduced. The DWBA still underestimates 
the (p, t) cross sections but does considerably 
better than for the case of stronger collectivi
ty in Fig. 2. The relative cross sections are, 
however, in very good agreement with the full 
calculation, so that we may conclude that if 
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the collectivity of an intermediate state in a 
two-step (p, t) reaction is about half as strong 
as it is in nickel, then the DWBA works very 
well for those states that have the target 
ground state as their main parent. The cross 
sections to the two-phonon states, which can 
be produced only by multiple processes, are 
reduced by almost a factor of 2. In other 
words they scale, as expected, with the col
lectivity of the parent intermediate state. 

To summarize, we have studied two-
step proces ses in (p, t) reactions in a model 
which contains some states (a triplet) which 
have as their parent a state which has an en
hanced inelastic transition from the ground 
state, namely the collective 2+ state. We 
found that although these states can be 
produced only indirectly by two-step transi
tions through the parent state, their cross 
sections are comparable in magnitude with 
other noncollective states which can be pro
duced directly. This finding holds for a nu
cleus, namely nickel, in which the collectivi
ty of the intermediate state is only moderate. 
The two-step processes scale as the strength 
of the inelastic transition from the ground to 
the intermediate parent state. Therefore, 
since most nuclei are more collective than 
nickel, our result probably indicates a wide
spread phenomenon. Moreover, both angu
lar distributions and polarizations are char
acterized mainly by the multipolarity of the 
overall transition and not by the multiplicity 
of the reaction process. The two-step proc
esses therefore do not have a special finger
print, at least not under the typical conditions 
of our calculation. 

Presumably, in real nuclei, ideal two
phonon states such as we studied do not exist. 
Some of their character persists, since the 
radiative selection rules hold approximately, 
but they most likely possess admixtures in 
their wave function other than the two-phonon 

Fig. 4. Dashed lines represent cross sec
tions for ground and collective 2+ states 
corresponding to the direct (p, t) transi
tion from the ground to final state, if it 
alone were possible, while dotted lines 
represent two-step processes going 
through the collective 2+ state in either 
the proton or triton system or through the 
ground state of the triton system as 
marked by subscripts. The idealized two
phonon states do not have a direct transi
tion, as explained previously. Solid lines 
represent cross sections in which all in
elastic and transfer proces ses allowed by 
the structure of the states take place. 
Amplitudes of the individual processes 
add. (XBL704-2713) 
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by.[2. For our purposes this corre
sponds to a collectivity of the 2t state of 
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component of Eq. (3). Conversely, other 
near-lying states share the two-phonon char
acter. Suppose that a noncollective state has 
a 100/0 admixture of two-phonon character. 
Previously one would have ignored this com
ponent and calculated the cros s section to this 
state on the basis of those components that 
can be produced directly. Let us denote by F 
the amplitude that can be produced directly. 
Then in this approximation the cross section 
is F2. However, since we now know that the 
two-phonon state is excited as strongly as a 
typical noncollective state and that its angular 
distribution is nearly the same, then corre
sponding to the 100/0 admixture we should add 
F/.JTO to the above amplitude. The phase 
could vary anywhere from -1 to +1 with the 
result that the cross section for the admixed 
state could be anywhere from 0.4 to 1. 6 times 
the result based on the neglect of the 100/0 two
phonon admixture. 

Concerning those states which are pro
duced dominantly by the direct transition 
from the ground, the DWBA does underesti
mate their cross sections also, and seriously. 
This is due to changes in the wave function in 
the elastic channel induced by inelastic cou
pling to the collective 2+ state. We see no 
reason to believe that this effect is exclusive 
to the (p, t) reaction and suggest therefore 
that the DWBA also underestimates (d, p) 
cross sections more or less, depending on 
the degree of collectivity. Thus it appears 
that single-particle spectroscopic factors 
may be overestimated in the usual DWBA 
analysis. 

Although our findings give cause for pes
simism, we do point out that the so-called 
source-term method that we have used to in
clude higher-order processes in particle 
transfer reactions does provide a feasible 
means of incorporating these previously neg
lected proces ses. Moreover, if one suspects 
that special parentage relations exist among 
certain states, one can now explicitly com
pute the results of such relations. Two inter
esting examples have already been studied at 
this laboratory. 2 
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Confirma tion of Strong Second-Order 
Processes in (p,t) Reactions on Deformed Nuclei t 

* * R. J. Ascuitto, Norman K. Glendenning and Bent Sorenson' 

Direct nuclear reactions are thought 
usually to proceed in a single step from the 
ground state of the target to the final state. 
However, in our earlier investigations 1 on 
spherical nuclei it was found that it was im
portant to include higher order proces ses in
volving the production of an intermediate 
state, either before or after the transfer re
action, and involving an inelastic scattering 
event to complete the transition to the final 
state. No firm evidence one way or the other 
can be developed for spherical nuclei at this 
time. However, recent (p, t) experiments 
performed at MinnesotaZ on rotational nuclei 
have stimulated our interest in investigating 
these questions where the inelastic cross sec
tions are strongly enhanced, compared with 
the moderate collectivity characteristic of 
the vibrational nuclei. 

We adopt the Bohr-Mottelson adiabatic 
hypothe sis for the rotational wave functions 
of the ground-band members 3 

(
ZJ + 1) 1/Z J 

IJM) = ~ DMOX o . (1 ) 

We describe the internal wave function, X , 
as a BCS state4 constructed from ZO level~ 
around the Fermi surface. A pairing force 
of such a strength as to yield a gap parameter 
estimated by the Nilsson-Prior formulaS was 
employed. The single -particle wave func
tions from which the BCS state is construc
ted are eigenfunctions of a deformed Woods
Saxon potential. These eigenfunctions were 
obtained on a harmonic-oscillator basis com
prising 15 oscillator shells (0::::: Zn +.e ::::: 15). 
This large basis ensures a good representa
tion of the single -particle radial wave func
tions and the use of the oscillator basis facil
itates the calculation of the projected center
of·mass wave function of the transferred neu
tron pair. 6 The nuclear wave functions being 
thus defined, the (p, t) transitions between 
various rotational states of (A) and (A + Z) are 
determined by the parentage factors6, 7 

Here II a" denotes single-particle quantum 
numbers and dt creates a particle in such a 
state. In the flrst line the operators are ex
pressed in the laboratory frame of axis, and 
in the second line, in the intrinsic frame. 
Note the factorization of the parentage ampli
tude into a Clebsch-Gordan coefficient de
pending on the spin of the states, and a ma
trix element depending only on the multipo
larity and the intrinsic structure of the nuclear 
states. This means that all (p, t) transitions 
are proportional to the direct transition of the 
corresponding multipole (i. e., the form fac
tor for the 4-pole transition connecting 
Z~ ->- zt is proportional to the ot ->- 4p. 

Inelastic transitions in deformed nuclei 
can be very accurately described in terms of 
a deformed optical potential. 8 The nucleus is 
treated as a rigid rotor that can be set into 
rotation by interaction of the free particle 
with the deformed field. The optical potential 
in this case is an effective interaction which 
replaces an explicit treatment of intrinsic 
nuclear excitations, but the rotations are 
treated explicitly through solution of the ap
propriate system of coupled equations. 9 As 
discussed in detail elsewhere, the appropriate 
optical potential parameters will be those of 
nearby spherical nuclei. 9,10 For protons we 
use the average potential of Becchetti and 
Greenlees, 11 since only spherical nuclei were 
used in that analysis. For tritons we extrap
olated the average potential of Flynn et al. ,12 
with an assumed energy dependence oY
dV/dE = - 0.33 and dWjdE = o. These optical 
potentials together with the neutron potential 
for the bound states 13 are given in Table I. 

The shape of deformed nuclei in the rare 
earth region were determined very accurately 
through a careful analysis of alpha inelastic 
scattering 8 and that information is used here. 
Thus we have left ourselves with no adjustable 
parameters save a single normalization con
stant that scales all reaction cross sections. 
(No adjustments in relative cross sections 
are allowed.) 

[(2J +1)(1+6 b)]-1/2 (J II[d+d+]Lab IIJ ) 
paP a b LSJ t 

(2) 
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The method used to incorporate the var
ious indirect reactions with the direct single
step transition from the ground state is 
called the source term method and is de
scribed elsewhere. 1,7,15 The results of the 
complete calculation are compared inFig. 1 
with data of the Minnesota group. 2 The agree
ment is very good especially for the 0+ and 
2+ states. This agreement would not be sur
prising inasmuch as the conventional DWBA 
treatment of the (p, t) reaction is usually suc
cessful. However, for these deformed nu
clei, DWBA calculations are shown in Fig. 2. 
The same normalization was used as for Fig. 1. 
Now we see that whereas the 0+ and 4+ angu-
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Fig. 1. Cross sections for members of the 
ground-state rotational band in 174Yb 
produced by 19 MeV protons in the (p, t) 
reaction. Calculations include the in
direct modes of excitation due to inelas
tic excitation of rotational states in both 
the target and final nucleus, as well as 
the direct transition. The only adjusted 
parameter was an overall normalization 
which does not alter the computed relative 
cross sections. The experimental data 
is from the Minnesota Group (see Ref. 2). 

(XBL 7010 -4069) 
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Fig. 2. Two DWBA calculations without in
elastic proces ses are compared with ex
periment using the same normalization 
as Fig. 1. Note that the relative cross 
sections are in disagreement and the 2+ 
angular distribution does not resemble 
experiment. The solid curves corre
spond to the same optical model param
eters that were used in the coupled-chan
nel calculation of Fig. 1, while the dashed 
curves correspond to adjusted parameters 
that reproduce the proton and triton elas
tic scattering obtained in the coupled
channel calculation, and therefore corre
spond to the conventional DWBA. 

(XBL 7010-4068) 

lar distributions are in fair agreement with 
experiment, the 2+ is in complete disagree
ment. If these calculations were renormal
ized to the ground state, the cross sections of 
the 2+ state would still be much too large. 
Evidently for this state, indirect processes 
are very large and interfere destructively 
with the direct amplitude so as to alter the 
angular distribution shown in Fig. 2 and re
duce the cross section to bring about the agree
ment shown in Fig. 1. Indeed this is borne 



Table I. Potential parameters. Thos e labeled" C. C." were used in the coupled-channel 
calculation and are derived from Refs. 11 and 12. Those labeled" elastic" yield the same 

elastic cross sections obtained in the coupled-channel calculation. 

V W WD 
l' l' l' a a V l' a 

v w c v w s s s 

Proton 

C. C. -57.83 -1.48 - 9.5 1.17 1. 32 1.125 0.75 0.653 -6 .. 2 1. 01 0.75 

elastic -54.65 -1.48 -10.4 1.2 1. 27 1.125 0.698 0.893 -6.2 1. 01 0.75 

Triton 

C. C. -169. -12.6 0 1.16 1.498 1.125 0.752 0.817 0 

elastic -248. -13.6 0 0.938 1.346 1.125 0.846 1.141 0 

Neutron 

bound -46.4 1.241 

out by the calculations shown in Fig. 3. 
Cross sections corresponding to the three 
most important amplitudes feeding the 2+ 
state are shown. It can be seen that the di
rect amplitude is not much stronger than the 
indirect amplitudes going through the target 
2+ state and the residual nucleus ground state. 

We are accustomed to thinking that sec
ond-order direct reactions are considerably 
weaker than allowed first-order ones, if not 
entirely negligible. Can these unexpected re
sults be made plausible? The answer is yes. 
First it is necessary to consider the meaning 
of the transfer of a pair of nucleons from one 
rotational state to the other. The cross sec
tion for the direct pickup of a pair of neutrons 
from the ~round state to produce the rotation
al state J measures the probability that all 
of the rotational motion is pos ses sed by the 
pair. (This statement is more transparent 
for the stripping reaction.) This probability 
clearly ought to decrease with increasing an
gular momentum, and indeed it does as can 
be seen by the decreasing cross sections for 
higher rotational levels in Fig. 2. Now the 
reaction branch of the two indirect routes in 
Fig. 3 can go by the J = 0 transition, where
as the direct one has to be J = 2. Of course, 
the indirect routes have at least two branches, 
the other consisting of an inelastic transition. 
But thes e are enhanced in deformed nuclei. 
Moreover the crucial point is that the proba
bility for an indirect transition is not given 
by the disjoint product of the probabilities for 
the individual branches, but by the conditional 
probability that one step having been taken, 
the second is more probable since the free 
particle is already in the vicinity of the nu
cleus. 

We summarize our results. The cross 
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Fig. 3. Cross sections for production of the 
2+ rotational state corresponding to the 
individual transfer processes shown. The 
solid curve is the direct processes while 
the other two proceed through an inter
mediate level, the 2+ in the target, and 
the ground state of the final nucleus, re
spectively. Note that all three processes 
acting alone overestimate the observed 
cross section, relative to the ground
state cros s section. It is the interference 
among thes e various modes which pro
duces the agreement with experiment 
shown in Fig. 1. (XBL7010-4067) 

section for the direct two-nucleon pickup 
leading to the ground state has the cor,fect 
angular dependence, but that £01' the 2 ro
tational state is much too large relative to 
the ground state and has a grossly incorrect 
angular dependence. However, when the am
plitudes for indirect modes of producing the 
2+ are allowedtointerfere with the direct, the 
resulting cross section is much reduced and 
strongly altered in angular dependence. This 



alteration comes about because each of the 
three most important amplitudes has a differ
ent angular shape (see Fig. 3),and it is mag
nified since they interfere destructively (which 
we know since the resultant cross section, 
Fig. 1, is smaller than that due to anyone of 
these three processes). That the destructive 
interference between three such different am
plitudes results in agreement with experi
ment, we consider to be very hard evidence 
for the accuracy of each of them. To our 
knowledge this is the firmest confirmation of 
second-order direct reactions. In this in
stance they are almost as strong as the al
lowed first-order reaction. 

We are very much indebted to N. M. 
Hintz for an early communication which stim
ulated our interest in the (p, t) reaction on 
deformed nuclei. 
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The Microscopic Analysis of a 
Charge-Exchange Reaction: 42Ca(h,t) 42Sc 

Richard Schaeffer 

The microsropic description of the (h, t) 
reaction is used as a spectroscopic tool. 
First, an effective interaction is derived and 
its parameters are deduced from some simple 
transitions. The transition operator has very 
different properties depending on whether the 
transition is of natural parity or not. For 
natural parity states, a pure central force is 
able to reproduce the observed angular dis-
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tributions and the contribution of the tensor 
interaction is seen to be small. The strength 
of the force, however, has to be adjusted for 
each spin transfer J, but is independent1 , 2 
of the peculiar nucleus considered (Fig. 1). 
For unnatural parity states, two types of 
transitions have to be considered: Type 1 
transitions, like f7 /2 ->- f7/2 (and more gen
erally from an orbital j = £ + 1/2 to £ I ± 1/2), 
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Fig. 1. V J is the strength needed in order to 
fit the experimental cross-section norm
alization relative to the transition 0+- J+ 
as a function of the angular momentum 
transfer J. The ratio P J = V J/V 0 is 
considered for various nuclei and is 
shown to be typical for each momentum 
transfer J. The fits are made to tre 
states that contain most of the f 7/ 2 
(or f~2 f71z -1, or f 7/ 2 -2) strength. 
For 4 Sc, the states have been described 
either by a pure f7 /2 2 configuration or 
by the wave functions of Flowers and 
Skouras 7 (FS). For the 2+ of 42S c , the 
lower value is obtained when considering 
only the lowest 2+ state, and the higher 
when summing the experimental cros s 
sections of the two lowest 2+ states. The 
parentheses indicate that the 2+ and 7+ 
states of 48Sc were an unresolved doublet. 

(XBL707-3275) 

where the tensor force is very strong1. 3 and 
ensures that the angular momentum transfer 
L = J + 1 dominates in the transition; and 
Type 2 transitions, like d3/2 - d3/2 (and 
more generally from j = 1. - 1/2 to j' = 1. - 1/2), 
where the central force predicts a dominating 
L = J + 1 transfer and the tensor force is 
weak. Different force parameters are used 
for Type 1 and Type 2 transitions, and it is 
not yet known4 if a unified description of both 
types of transitions can be made within the 
central + tensor force model. 

42 42 5 
The Ca(h, t) Sc data are analyzed 

using the previously defined transition oper
ator and various nuclear models 6 , 7,8 for the 
47Sc wave functions. The simplest states in 
42Sc are built with two particle s in the f 7/ 2 
shell. The (h, t) reaction can, however, 
hardly decide among the different nuclear 
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Fig. 2. Level scheme of the T = 1 states of 
42Sc . The first column refers to the 
(h, t) experiment and the second to the 
theoreti9al predictions of F

6
10wers and 

Skouras (FS), of PUlhofer (P), and 
Dieperink et al. 8 (D). The lines between 
the levels indicate the various possible 
matchings of theoretical and experi
mental levels, and the numbers refer to 
the normalization factor 0' ex /O'th be
tween experimental and theofetical cross 
sections when the strength of the force is 
taken from Fig. 1. (XBL707-3276) 

models for the h/22states, provided one 
sums up the (f7 /22 )2+ strength, which 
is obviously split over two states by 4p-2h 
admixtures. The model of Flowers and 
Skouras 7 is the only one which includes such 
admixtures. It reproduces very nicely the 
splitting ratio of the (h/2 2 )2+ strength, and 
generally gives a very good agreement for the 
T = 1 angular distributions and cross-sec
tion strengths 1 (Fig. 2). Moreover, this 
mode17 for the nuclear structure of 42Sc is 
absolutely necessary in order to account for 
the large number of states seen in the T = 0 
spectrum (Fig. 3). The magnitudes of the 
cross sections are however, in this case, 
only approximately reproduced. A discus
sion of the uncertainty in the force parameters 
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shows that this might be due to the bound
state wave function rather than to the assumed 
transition operator. For instance, the two 
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lowest 3+, T = 0 states as predicted by Flowers 
and Skouras 7 (who are, on the other hand, 
the only ones to predict two states) should be 
inverted. 

A discussion is given for the excitation 
of negative parity states in 42Sc by the (h, t) 
reaction. As for the f7/2 2 states, some neg
ative parity states are expected to have a 
siml%le shell-model structure--for instance, 
f7/2 d 3/ 2 - 1 or f 7/ 2

3 s1/2-1--and should be 
seen according to tHis picture. There is, 
howeve r, no unambiguous evidence in the 
T = 0 spectrum for these st,f;tes to be ~opu
lated as expected from the 0Ca(h, t)4 Sc ex
periment and from their as sumed structure. 
The lowest T = 1, 3- state has probably been 
identified. Its weak c ros s section has been 
explained in terms of the mixing of various 
3p-lh compo;nents. The same explanation 
might hold for the inhibition of the T = 0 neg
ative parity states and, more generally, of 
cross-shell transitions. 
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Study of the 4oCa(h,t) 40Sc Reaction t at 30.2 MeV 
':' :j: :j: 

J. M Loiseaux, P. Kossanyi-DeITlay, Ha Duc Long, 
A. ChauITleaux,:j: H. Faraggi,:j: G. Bruge, and R. Schaeffer 

In the last few years, the (h, t) reaction 
has been systeITlatically used to investigate 
odd-odd nuclei, especially near the closed 
shells. In ITlost cases, the ITleITlbers of low
lying spin ITlultiplets, corresponding to the 
lowest shell-ITlodel configurations in the re
sidual nucleus, have been identified using very 
siITlple eITlpirical rules 1 for spin assignITlents. 
In these experiITlents, the in-shell transitions 
were ITlostly studied. It was, however, rather 
difficult to study the higher lying levels cor
responding to cross-shell configurations, 
since often no shell-ITlodel calculation was 
available. Nevertheless, the general trends 
of the (h, t) reaction were carefully tested on 
alITlost all the lighter nuclei, confirITling the 
previously established prop'erties, and SOITle 
evidence seeITled to appear1, 2 that the cross
shell transitions with parity change were in
hibited. It was also shown3 that a tensor 
force is needed in order to explain the angular 
distributions of the unnatural parity states. 

Besides the question of whether or not 
cross-shell transitions with parity change are 
allowed, it is interesting to study, in a siITl
pIe case, the interference of the central and 
tensor parts that these transitions allow, in 
order to better deterITline the force responsi
ble for the (h, t) transition. We have there
fore analyzed the 40Ca(h, t)40Sc data which 
were taken at Saclay, using a ITlicroscopic 
description and a transition operator including 
both central and tensor cOITlponents 

Except for the strength V, all the force pa
raITleters are taken froITl Ref. 4. 

By cOITlparis on with the 40K levels, the 
four lowest states can be identified as 
4-(g. s), r(0.034), 2-(0.772), and 5-(0.892) 
and are ITlainly built with the f7/2 d 3/,2 -1 con
figuration. For the 3- and 5- natural parity 
states, the contribution of the tensor force is 
seen to be sITlall. It is, however, not negli
gible and iITlproves the fits. 

For the ur;.natural parity states 2 - and 4 -, 
a pure central force gives angular distribu
tions which are in total disagreeITlent with 
the experiITlental ones. This is as expected 
for (h, t) reactions to unnatural parity states, 
where a tensor force is known to be neces
sary. 3 Rather good fits are obtained, and 
indeed, the contribution of the central terITl 
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Fig. 1. The effective force strengths V are 
represented as a function of the trans
ferred spin J. The upper curve is rela
tive to the transitions leading to natural 
parity states and the lower to unnatural 
parity states. For 48Ca, the strengths 
for the natural parity states are taken 
froITl Ref. 5 and for the unnatural parity 
states froITl Ref. 4. The saITle force, 
including the OPEP tensor terITl (aver
aged over the projectile density), has 
been used in the analysis of both experi-
ITlents. (XBL713-2977) 

is sITlall cOITlpared with the tensor contribu
tion. Increasing the central contribution with 
respect to the tensor, one will probably not 
drastically change the fit for the 4- state 
(which is already good), but ITlay iITlprove the 
fit for the 2 - state at large angles. 

The strengths V needed to explain the ex
periITlental ITlagnitude of the cros s sections 
relative to the 

ITlultiplet are very siITlilar (Fig. 1) to those 
needed for the 

{(f7/ 2 )p (f7/2)~1} J+ 



multiplet in 48Sc (Refs. 4 and 5). Some sug
gestions have recently been made 1 , 2 that the 
excitations involving a parity change should 
be inhibited in the (h, t) reaction. We have 
shown that, for the simple case we consider, 
the excitations presumably occur through the 
same mechanism, whether or not there is a 
parity change. 

The most important consideration is 
whether or not the transition is of natural 
parity. This has already been explained since, 
in the first case, the excitation occurs mainly 
through the central term of the force and, in 
the second case, the tensor term dominates 
the transition. 

Higher levels are tentatively identified 
r (1.799), mainly P3/2 d3/?t- 1 , 4-(2.38), and 
3-(3.05), mainly f7/z s1/z-' Even when 
assuming pure shelt- model structure, the 
strengths V needed to reproduce the exper
imental cross sections are in nice agree
ment with the strength needed for the lower 
3- and 4- states. 

Cross-shell transitions occur, there
fore, with the same strength as in-shell tran
sitions, at least when the final states can be 
as sumed to be made of a single proton-par
ticle neutron-hole excitation. 
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Investigation of the States of 2s-1d Shell 
Nuclei Based on the Four-Particle-Four-Hole State in 160 t 

S. N. Tewari':< and G. L. Struble 

It is well known that the 0+ state at 6.06 
MeV in 160 is the beginning of a rotational 
band. Stephenson and Banerjee1 have suc
cessfully explained this state on the basis of 
the Hartree-Fock (HF) theory. It is identified 
as the lowest member of a triaxial 4-particle-
4-hole HF state. Further, one of the 0+ states 
around 7 MeV in 20Ne cannot be explained 
using the space of the 2s-1d shell alone. It 
is our opinion that it may be an 8-particle-4-
hole state, the analog of the 4-particle-4-
hole state in 160. In view of these results 
we have been tempted to calculate the anal
ogous n-particle-4-hole states in N = Z even
even nuclei of the 2s-1d shell. 

The ground and excited intrinsic states 
have been assumed to be Slater determinants 
and the wave functions and energies have been 
calculated by solving HF equations. We have 
assumed that there is no parity admixture in 
our solutions and that they are invariant un
der time reversal. For the two-body 
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Hamiltonian, we have chosen a Gaussian 
radial dependence and assumed a Rosenfeld 
mixture. The single-particle energies were 
chosen to fit the experimental levels in 170 
and 150. We have also calculated the prop
erties of the intrinsic states using the real
istic Yale t matrix. 2 

In order to compare with experiment we 
must calculate the energy and the wave func
tion of the band head and the several rotation
al states of good angular momentum. In a 
previous pUblication3 we did this using the 
adiabatic assumption and calculating the in
ertial parameter in first-order cranking. 4 
The more correct procedure of projecting 
states of good angular momentum from the 
intrinsic state is followed in this study. Fur
ther, we compute the overlap of the calcu
lated state with the exact eigenstate by evalu
ating the quantity 



E/C (1) 

This quantity is a Illeasure of the accuracy of 
our approxiIllations. 

In Table I we give shapes of the intrinsic 
states as calculated by HF. These are in 
agreeIllent with predictions based on overlaR 
arguIllents first proposed by Banerjee et a1. 5 
The excitation energies of the band heads of 

Table I. Predicted shapes of the Illost stable 
np-4h solutions of the HF equations for N = Z 

even-even nuclei in the s -d shell. 

Hole -particle 
Nucleus structure Shape 

160 4p-4h triaxial 

20
Ne 8p-4h triaxial 

24
Mg 12p-4h oblate axial 

28Si 16p-4h triaxial 

32S 20p-4h oblate axial 

36
Ar 24p-4h oblate axial 

these intrinsic states are plotted in Fig. 1. 
It can be seen that these states will not be of 
iIllportance after 24Mg. In Fig. 2 we COIll
pare the calculated and experiIllental energy 
levels. On the whole there is good agree
Illent, although it is difficult to Illake a one
to-one correspondence for levels above 7 MeV 
in excitation energy. In 20Ne we predict that 
one of the excited 0+ states "" 7 MeV is pre
dOIllinantly an 8-particle-4-hole state, where-· 
as the other is a 1-particle-1-hole state built 
on the ground intrinsic state. 

In Table II we illustrate that our solu
tions are very close to eigenstates of the 
Hamiltonian by listing the overlaps defined 
in Eq. (1) for the 12-particle-4-hole state in 
24Mg . 

Our calculations show that the adiabatic 
approxiIllation is not reliable for light de
forIlled nuclei. In Table III we cOIllpare the 
results froIll angular IlloIllentuIll projection 
with the results of the adiabatic Illodel of 
Ref. 3. The adiabatic Illodel clearly predicts 
too sIllall a IllOIllent of inertia. 

Our calculations show the importance of 
n-particle-4-hole states in the first part of 

119 

> 
Q) 

80~~----~--~--~--~--~--~ 

60 

~ 40 

o 

160 20Ne 24Mg 28 S i 32S 36Ar 

Fig. 1. Excitation energies of np-4h intrin
sic states in the N = Z even-even nuclei 
of the s-d shell. (XBL699-3783) 

Table II. A tabulation of the results from a 
calculation of the energy fluctuation for the 
states of good angular IlloIllentuIll projected 
frOIll the intrinsic 12p-4h HF state for 24Mg. 
Since the ratios in coluIlln 4 are nearly unity, 
the projected solutions are a good approxiIlla
tion to the exact eigenstates of the Hamiltonian. 

(JiHi J~2 (J iH
2

iJ) E = piHiJ) 

J (MeV) (MeV)2 C (JiH2iJ) 1/2 

0 31469.2344 31475.9764 0.9999 

2 31070.0905 31106.8366 0.9994 

4 30162.4846 30265.1558 0.9983 

6 28799.9567 28996.9486 0.9966 

Table III. A cOIllparison of excitation energies 
relative to the band head for states of good 
angular mOIllentum obtained from HF intrinsic 
states by exact angular IllOIllentuIll projection 
and using the Davydov-Filipov Illodel. 

16
0 

20Ne 
Projection DF Illodel Projection DF model 

J (MeV) (MeV) (MeV) (MeV) 

0+ 0.0 0.0 0.0 0.0 

2+ 1.28 2.35 1.26 1.66 

2+ 2.81 4.59 2.52 2.62 

3+ 3.99 6.94 3.69 4.29 

4+ 4.07 7.81 2.40 5.27 

4+ 5.48 10.14 3.87 6.94 

4+ 10.30 16.77 5.71 9.24 
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Fig. 2. A comparison of ex~erimental and 
calculated energies in 1 0, 20Ne, and 
24Mg. The zero of energy in 160 has 
been taken at the first excited 0+ state. 
For 20Ne and 24Mg the zero of energy 
corresponds to the ground state. In 
20Ne, J+(ph) corresponds to the projec
ted state from the Bp-4h intrinsic state 
while J+(TH) is a linear combination of 
projected states from: the HF and TDA 
intrinsic states. (XBL69B-3507) 
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the 2s-1d shell. In order to increase the ac
curacy of these results, the influence of the 
(n-2)-particle-2-hole states must be con
sidered. 
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Solution of Hartree-Fock-Bogoliubov 
Equations with Realistic Forces and 

Comparison of Different Approximations t 
~< :f: tt 

A. L. Goodman, G. L. Struble, J. Bar-Touv, and A. Goswami 

In an earlier publication, 1 we have shown 
how to generalize the BCS transformation to 
include both T = 0 and T = 1 pairing by using 
a complex BCS transformation. The purpose 
of the present work is to study the effect of 
generalized pair correlations on the under
lying Hartree-Fock (HF) field using the 
Hartree-Fock-Bogoliubov (HFB) formalism. 
The generalized HFB transformation may be 
written 

a!fL = L(uafL ,iV<V + v afL , ivciv)' (1) 
iv 

where u . and v . are complex co-
afL,lv afL,lv 

efficients of the HFB transformation; a+ 
and c~ are creation operators quasipar<t~cles 
and sli~ll-model particles respectively; and 
a, i refer to quantum numbers associated with 
the space-spin coordinates, while fL, v are 
quantum numbers associated with the charge 
coordinates. The coefficients are determined 
by solving the Euler-Lagrange equations ob
tained by minimizing the total energy. 

The general BCS transformation [Eq. (1)] 
can be written as the product of three trans
formations :2 

(1) a transformation D in particle space, 
which defines the canonical basis 
and is obtained by diagonalizing the 
density matrix; 

(2) a generalized BCS transformation 
BSp; and 
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(3) a transformation R in the quasi
particle space, 

B =RB D. gen sp 
(2) 

The well-known BCS approximation consists 
of assuming that we know ~ priori the canon
ical basis, and that the Euler-Lagrange ma
trix equations break into 4 X4 blocks. The 
approximation that we used in an earlier 
work3 was to take the coupled Hartree
Bogoliubov4 and BCS equations, which are 
equivalent to the HFB equations up to a unitary 
transformation, and note that if the off-diag
onal elements of the pairing potential t;" are 
small, they reduce to coupled general-
ized HF and BCS equations. Although this 
might intuitively seem a better approximation 
than BCS, it still depends on f::" being dia
gonal in the canonical basis. 

The HFB equations were solved using a 
basis of harmonic-oscillator wave functions. 
A number of symmetries were assumed for 
the HFB wave function. The ground states 
were assumed to be axially symmetric, in
variant under inversion, and invariant under 
time reversal. The oscillator basis was 
truncated after the N = 2 or, in a few cases, 
the N = 3 oscillator shells. The calculations 
were performed with the Yale t matriX,S th[ 
Nestor-Davies-Krieger (NDKB) potential, 
and the Rosenfeld-Yukawa effective interac
tion. 



The results of our calculations clearly 
show that b,. is not diagonal in the canonical 
basis, and so any calculation making this 
assumption will be subject to large error. 
This is illustrated in Table 1. Here we com
pare the contributions to the total energies 
in the HFB approximation, in the HF t BCS 
approximation, and the approximate HFB of 
Ref. 3. It is observed that the pairing ener
gy is very much larger in the HFB because 
the canonical basis can change to enhance the 
pairing energy. This effect is not nearly as 
pronounced for T = 1 pairing in heavy nuclei. 

The effects of pairing correlations on the 
nuclear shape and, in particular, the tendency 
toward higher symmetry due to pairing is il
lustrated in Figs. 1 and 2 by comparing the 
density distribution of the prolate HF solution 
and the prolate HFB solution for 24Mg. In 
this cas e it can be seen that there is an 0' 

particle clustering the HF solution, and this 
effect is reduced in the HFB solution. 

We attempt to describe the lowest intrin
sic state of the N = Z even-even nuclei in the 
s-d shell with our HFB solutions. Arguments 

24Mg 

Yole HF_----~ 

Fig. 1. Constant density contour plot for the 
prolate HF solution of 24Mg obtained 
with the Yale potential. Rms radius 
= 2.853 fm. The densities are given in 
units of 0.240 fm- 3 . (XBL6912-6345) 
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Table 1. A comparison of pairing theories. 
E HF , EpAIR and ETOTAL denote the 

Hartree-Fock, pairing, and the total energies 
in MeV. 

Method EHF EpAIR ETOTAL 
24

Mg 

HFtBCS -126.02 -6.31 -132.33 

Approx. HFB -126.53 -5.58 -132.11 

HFB -124.73 -7.80 -132.53 

32S 

HFtBCS -219.01 -4.75 -223.76 

Approx. HFB -218.94 -4.88 -223.83 

HFB -215.32 -9.21 -224.53 

36 Ar 

HFtBCS -283.71 -3.39 -287.10 

Approx. HFB -282.76 -3.92 -286.68 

HFB -282.24 -9.52 -291. 76 

24Mg 

Yole HFB 

Fig. 2. Constant density contour plot for the 
prolate HFB solution of 24Mg obtained 
with the Yale potential. Rms radius 
= 2.856 fm. The densities are given in 
units of 0.246 fm- 3 . (XBL6912-6349) 
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based on the total energy suggest that the 
paired solutions should give a good descrip
tion of these nucl.fi. A recent paper by de 
Swiniarski et al. has used a coupled-channel 
analysis of inelastic scattering data to deter
mine the 132 and 134 values for the N = Z even
even nuclei. In FIg. 3 we compare our cal
culated values with the results of their analy
sis. In Fig. 4 we compare the inertial pa
rameters calculated with these wave func
tions with the values obtained from experi
ment. It should be noted that the inertial pa
rameter in HFB is greater than the HF + BCS 
approximation by 200/0. This is caused by an 
increase in the energy gap in HFB, indicating 
that these solutions are more stable. 
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Quadrupole and Octupole States 
in Deformed Even-Even Nuclei 

J. D. Immele and G. L. Struble 

The low-energy excitations in even-even 
nuclei are often described as collective rota
tions and shape vibrations. During the past 
several years there have been several at
tempts to provide a microscopic description 
of the vibrational states using schematic 
models. These have given qualitative agree
ment with experiment. Starting with funda
mental relations in many-body theory, we are 
attempting to give a quantitative phenomeno-

where 

s a 

In this notation, the Greek indices refer to a 
set of quantum numbers for a single particle 
in a deformed well2 and ua ' va' E are de
termined by the BCS transformatign. 3 w is 
the excited- state energy of the system, and 
the amplitudes Z± measure participation in 
the phonon of two valiton (de) excitations on the 
ground state. The irreducible interaction is 
taken to be the density-independent delta po
tential with different parameters in the parti
cle-particle and particle-hole channels. 

(2) 

where 11> is the spin-exchange operator and 
G, F l' F ~ are constants. In Fig. 1 and Fig. 
2, we present the calculated energies and re
duced transition probabilities for the gamma 
(2+) vibrations. In general, the agreement 
with experimental trends is quite good. Thus 
we find that the delta potential is a good ap
proximation to the effective interaction and 
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logical description of these states with special 
attention to the interaction of phonon and par
ticle modes in even-even and odd-mass nuclei. 
This report describes the first results from 
this program. 

Using the quasiparticle approximation and 
as suming the quasiparticle irreducible inter
actions are not retarded, the Bethe-Salpeter 
equation for super£luid nuclei may be written 1 

that the calculated phonon provide s a good de
scription of how the nucleus vibrates in the 
gamma mode. 
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Fig. 1. 2+ states calculated using 

(e) G = F2 = 0, F1 = 473 direct matrix 

element only; 

( D) G "" 434, F 1 = 641, F 2 = ° 
(A) experimental points. 

(XBL713-2978) 
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Faessler,2 who used the quadrupole-quadru
pole COlllponent of the surface delta interac
tion, suggests that the interaction inside the 
nucleus where the radial functions are inco
herent is of considerably less consequence 
than surface interaction where radial func
tions are all positive in sign. Secondly, it 
supports the widely held notion that only the 
quadrupole lllotion is illlportant in the vibra
tion. It is seen frolll Fig. 1, where results 
using various cOlllponents of the force are 
graphed, that including the exchange particle
hole lllatrix elelllent contributes only to a re
norlllalization of the force constant. Further, 
it is sOlllewhat surprising that the interaction 
in the particle-particle channel not only leaves 
the spectrulll allllost identical, but also has 
little effect on renorlllalization (the G = 0, 
F1 = 641 spectrulll is not shown). This is in 
contrast with the prediction of the schelllatic 
lllodelo 4 Finally, we note that a nonzero l+ 
COlllponent has little effect on the calculated a 
spectrulll for reasonable values of F 2. 

Calculations have also been carried out 
for the octupole states. Figure 3 shows the 
results for the 2- states. Coriolis coupling 
is not taken into account. Yet we again find 
good agreelllent with the experilllental trend. 

In general, we have found that using the 
delta force as effective interaction, Eq. (1) 
yields a fairly accurate picture of collective 
states in deforllled even-even nuclei. The 
nature of these excitations has been established 
to be due to a particular lllultipole cOlllponent 
of the interaction evaluated near the nuclear 
surface . 
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0+ States in Deformed Even-Even Nuclei 

J. D. Immele and G. L. Struble 

Currently, the most interesting states in 
even-even deformed nuclei are the 0+ excita
tions. Not only are quadrupole (beta) vibra
tions pos sible but also pairing vibrations 1 and 
spin-quadrupole vibrations. 2 Further, these 
states are characterized not only by their E2 
transition rates but also their EO rates and 
two-nucleon transfer cross sections. 

Experimentally, one often observes as 
many as four 0+ states below 2 MeV. 3 Among 
the lighter elements in this region, the lowest
lying state is beta-vibrational in character. 
Several nuclei, with a gap in the Nilsson spec
trum, possess levels which are populated 
strongly in (p, t) reactions. 4 Such levels are 
classified as neutron-pairing vibrations. 1 
However, the complexity of these spectra, in 
general, suggests coupling of the different non
rotational collective modes and has also en
couraged the postulation of several new modes 
of coherent motion. 

An outline of the theory we are employing 
is given in an earlier contribution;5 however, 
there is an added difficulty in the exclusion of 
spurious state contributions to the 0+ solu
tions. For a general two-body interaction in 
the particle -particle channel, the solutions of 
the Bethe -Salpeter equation are not automati
cally orthogonal to the spurious state. A pro
jection-like matrix method has been derived 
to overcome this difficulty. 6 As before, a 
delta force is employed for the irreducible in
teractions. Equations for the EO and E2 rates 
are given elsewhere. 7 The two-nucleon trans
fer probability between superfluid ground 
states is 

S = ~u v 1 
g L.J a a' 

a 

where the sum is only over pairs of neutrons 
or protons in the two-quasiparticle configura
tion space. The probabilities for populating 
an excited state by two-nucleon stripping or 
pickup are 

S -21 ~fz- 'F z+ (u2_v2~.6 
e .L.ir a-a a-a a a .J 

The ratio of cross sections is (S /S )2. 
e g 

In Fig. 1, we present the two lowest 0+ 
states calculated for various types of forces. 
In particular, we wish to analyze the effect 
of pairing and delta potentials in the particle-
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particle channeL It appears, in general, 
that the pairing vibration is not a distinct 
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Wf 

state but rather a component of the beta-vibra
tion and, occasionally, other states. The ad
ditional terms in the delta force, which guar
antee gauge invariance, affect only the dia
gonal energies. This causes all levels to be 
lower but does not bring down a new state (in 
particulaS' the pair fluctuation predicted by 
Belyaev. The effect of introducing the spin-
dependent term in the interaction was found 
to be negligible. We thus question the exis
tence of spin-quadrupole vibrations. 

We have also noted that combining a high 
degree of nonadiabaticity with the requirement 
of orthogonalization to the s~urious state 
guarantees incoherency of 0 excited states. 
As a result, the calculated transition rates 
vary greatly from nucleus to nucleus, and the 
character of a vibration is often solely de
pendent on the sign of an off-diagonal matrix 
element. Such was not the case for the gam
ma and octupole vibrations. Another feature 
of the theory is that the equation for two-nu
cleon transfer cross sections gives rise to 
interference between pairing and beta-vibra
tional modes (due to a change in sign of Z± 
at the Fermi surface). The effect is that 
while a (p, t) reaction may be favorable, a 
(t, p) may not. There are still no experi
mental data to confirm this prediction. 
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Resonant Approximation for Single-Particle 
Resonances in the Renormalized RP A Problem t 

>::: 
M. Weigel 

In a previous work
1 

we have given the 
equations for the renormalized RPA problem 
with inclusion of the single-particle continuum 
by extending Migdal's quasiparticle approach2 

to the continuum. 3 We designed a model in 
which the so called nuclear-structure problem 
(only bound single-particle orbits are included) 
was used as a zero-order solution. In this 
model, one could first solve the nuclear-struc
ture problem with the full effective particle
hole force. The influence of the continuum 
was taken into account by approximating all 
matrix elements containing continuum single
particle states with a separable force, thus 
avoiding the original complicated Fredholm 
problem. This is due to the fact that the 
Fredholm determinant degenerates for a 
separable force. The details as well as fur
ther references can be found in Refs. 1 and 
3. 

The model implied the assumption that 
the solution for the nuclear -structure problem 
is already a good approximation for the corre
sponding "bound-state" solution with inclu
sion of the single-particle continuum. But in 
some cases it is well known that one has to 
include single-particle resonances--for in
stance the 1d3!2-resonance in 160 __ in order 
to obtain a satisfactory solution for the nu
clear-structure problem. We have been able 
to overcome this difficulty by applying the 
method of Garside and MacDonald. 4, 5 It 
turns out that the resulting equations are 
rather complicated, so one might try an ap
proximate treatment by the us e of a " resonant 
approximation" for the resonant single-parti
cle states. 6,7 

127 

The resulting system of equations for the 
bound and the scattering problem is therefore 
derived and discussed. In order to make the 
structure of the problem more transparent, 
a solvable model is presented, in which all 
matrix elements containing nonresonant con
tinuum single-particle states are approxi
mated by a separable force. One has only to 
use standard matrix methods and to perform 
integrations over known nonresonant functions. 
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Second -Order Corrections in the 
Dipole Sum Rule for N onlocal Potentials 

t :>'< 
M. v. Borsig and M. Weigel' 

Nucleon-nucleon potentials are deter
mined today by fitting the parameters of a 
suitable Ansatz to the experimental phase 
shifts and the deuteron data. Since one knows 
the scattering data only in a limited energy 
range, a unique selection of a potential is not 
possible. A further test might be the calcu
lation of sum rules since local or nonlocal 
potentials behave differently with respect to 
sum rules. We therefore calculated for the 
Tabakin potential the second-order contribu
tion to the dipole sum rule, since in first 
orde r a decisive statement could not be 
achieved. 1 It turned out that the second
order effect is as large as the first-order 
contribution, leaving the problem still un
settled. Up to second order one still has--

as in first order--agreement with experi
mental results, which,unfortunately, are not 
well dete rmined. 
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The Nuclear Matter Problem in 
the Green's Function Approach t 

M. Weige]*and G. Wegmann:!: 

In the last fifteen years several methods 
for the treatment of the quantum-mechanical 
many-body problem have been developed. 
Since the encountered problems - -renormaliza
tion of one-particle motion in matter, (partial-) 
summation of the perturbation theory, etc.-
are similar to those of the field theory, one 
utilizes methods already developed in elemen
tary particle physics. Examples for such a 
treatment are the Brueckner theory and allied 
approaches, which are based on an analysis of 
the Felnman diagrams for the many-body sys
tems. Another approach is the treatment of 
the system within the scope of the so-called 
Green's functions, which are the reproduction 
of the vacuum expectation values of a time
ordered operator product in field theory. One 
can also conceive of them as quantum-mech
anical generalizations of the distribution func
tions in statistical mechanics. A knowledge 
of them is sufficient for the description of the 
system. 

The aim of this article is the represen
tation of the theory of nuclear matter using 
the technique of many-body Green's functions, 
since they enable us to treat the problem in a 
relatively transparent manner. We have uti-
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lized the functional method to derive the rele
vant system of equations for Green's func
tions. This method is - -in our opiilion--a 
simpler way than the standard perturbational 
approach. The analytic properties of Green's 
functions and related quantities--for instance, 
the effective one -particle potential, the ef
fective scattering amplitude, etc. --are given 
and the emerging dispersion relations are 
used to obtain the final set of equations for 
the nuclear matter problem, thus avoiding 
the use of thermodynamic Green's functions. 
Several approximations and results achieved 
today are discussed. Brueckner theory and 
related methods are not discussed further, 
since they are sufficiently known. We think 
one must choose such approximations, which 
fulfill the so-called Baym condition, i. e. , the 
effective single-particle potential can be repre
sented as a functional derivative of a func-
tion with respect to the single-particle propa
gator. This guarantees thermodynamic con
sistency and preservation of conservation 
laws. Fixation of equilibrium data by means 
of various relations (e. g., pressure = 0, 
E = [LN, E/N = minimum) leads to the same 
result, which is not guaranteed in other ap
proximations, however. This condition is 



fulfilled in Hartree-Fock and 1\(11) approxi
mation. The 1\(11) approximation has the 
disadvantage against the 1\(00) and Brueckner 
approximation that the spectral function in the 
relevant energy range is no longer represented 
by a [) -function; or otherwise expressed, the 
independent particle model holds true only ap
proximately. This renders the numerical cal
culations more complicated. 
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Renormalization Constants 
. 
In the Random-Phase Approach t 

)~ 

M. Weigel, L. Garside, and P. K. Haug 
:j: 

In the last decade many calculations of 
certain excited states of even nuclei have been 
performed under the assumption that those 
states are describable as a superposition of 
particle -hole and hole -particle excitations 
(RPA-approximation). In most of the calcu
lations one assumes that the one-particle 
propagation takes place with the experimental 
single-particle energy in a shell-model state 
approximated by a suitable harmonic oscilla
tor potential. With this assumption a certain 
kind of force is connected, since a change in 
the single-particle propagation can result in 
a change of the effective forces. It is the aim 
of this paper to investigate the change of the 
force due to the use of Saxon- Wood functions 
instead of harmonic oscillator functions. In 
addition we tested Migdal's assumption that the 
renormalization constants can be kept approx
imately fixed throughout the periodic system. 
For this purpos e we calculated the spectra of 
160, 40Ca, 2l8Ca, and 208pb using harmonic 
oscillator wave functions, and determined the 
II best" renormalization constant in each case. 
At least for smaller nuclei, we were not able 
to confirm this assumption. 
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In order to make plain the assumptions in
volved in a renormalized RPA treatment, the 
renormalization procedure for the random
phase approximation has been discussed in de
tail in order to trace the different effects con
tributing to the renormalization. We calcu
lated for 160 and 40Ca the renormaHzed ef
fective particle-hole interaction using Saxon
Wood states for the quasiparticle description 
and compared the results with the outcome of 
the harmonic oscillator state description of 
quasiparticles. As expected we found an in
creas e in the renormalization constant. In 
our calculations, the density dependence of the 
force was interpolated between the center 
value and the vacuum value according to the 
density distribution of the considered nucleus. 
For the effective particle-hole force we used 
the solutions for the Puff-Reynolds potential 
in the 1\00 approximation. 
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Supermultiplets of (lp)10 
the New, Second Superallowed 

for A = 14 and 
8 Transition of 0 14 

Martin G. Redlich 

The supermultiplet theory of Wigner 1 is 
based upon the assumption that the effect of 
spin- and isotopic-spin dependent two-nucleon 
interactions may be neglected. Recent exper
imental masses have given indications that 
the mass formula 1 of the supermultiplet 
theory is approximately valid for many nuclei. 

An early, remarkable success of the theory 
is the differentiation between allowed favored 
and unfavored 13 transitions. All transitions 
occurring within a single supermultiplet 
should be favored, with ft < 104 . For a long 
time, however, the decay of C14 and the mir
ror decay of 0 14, both to the ground state of 
N14, appeared to be an exception to this rule. 
The discovery of a new, sUjerallowed 13+ 
transition2 from 0 14 to N1 , 3.95 MeV, has 
led to the present calculations, which resolve 
the above difficulty. This transition occurs 
with very small probability, in addition to the 
well-known superallowed transition 0 14 ~ N14, 
2.31 MeV, which is within the lowest T = 1 
multiplet. 

The calculations for the configuration 
(1p)10 or (1p)-2 have been made with the em
pirically determined effective-interaction ma
trix elements of Cohen and Kurath, 3 with a 
1P3/2 - 1P1i2 single-hole energy difference 
det&rmined by the data for A = 15. They show 
that within the framework of this shell-theoret
ical calculation, the supermultiplet theory is 
rather accurately valid. The theoretical and 
experimental energies of excitation Ex are 
given in Table I, together with the probability 
of the main supermultiplet state. This prob
ability lies between 720/0 and 100%. Its av
erage is 94% for the T = 0 states, and 84% 
for the T = 1 states. It may be expected that 
the (1p)10 strength is divided among two or 
more states for some of the higher levels. 

The results for the two Gamow-Teller 
13 transitions of 0 14 follow: 

ft(exp. ) = 21,400,000 ± 300,000 

ft(th. ) = 326,000 

0 14 ~ 14 3 N , .95 MeV 

ft(exp.) = 1,200 ± 150, ft(th. ) = 921 

It is now easy to see why the transition to the 
¥round state is nearly forbidden: it is mainly 

So ~ 3D1 · The fact that the ft value for this 
transition is above the usual unfavored range 
is due to cancellation in the matrix element. 
A very small change in the wave functions 
would suffice to increase the theoretical ft 
value to the experimental one. The second 
transition and the one to the 2.31 MeV state 
are both within the S supermultiplet. They 
are 1S0 ~ 3S 1 and 1S0 ~ 1S0 , respectively. 

The results give particularly striking 
evidence for the approximate validity of the 
supermultiplet theory. It appears very likely 
that it will be pos sible to find evidence for 
those states of (1p)10 which are yet unknown 
by the investigation of appropriate reactions. 
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Table 1. The ten states of the configuration (1p)10 for N 14 , arranged according to the supermultiplets (P, pI , P") L, where 
P, pi , pi' are the partition numbers. E :: excitation energy in MeV. The column II Probabilityll gives the probability of the 
main supermultiplet state (2S+1 )LJ' Two xexperimental states are listed for the theoretical state with Ex = 9.56 MeV; its 
strength was found to be divided between these two states. 

(1,0,0)S (1,0,0)D (1,1, -l)P 

~ 
Ex(th. ) Ex(exp. ) Probability (T, J) E x(th. ) Ex(exp. ) Probability (T,J) E)th. E)cxp. ) Probability 

(0,1) 3.87 3.95 92"/0 
3

S 
1 

(0,3) 10.03 100"/0 
3

D 
3 

(1,2) 17.58 87"/0 
3 p 

2 

(1,0) 2.46 2.31 72"/0 1S 

° 
(1,2) 9.56 {10.43 

9.17 87"/0 1D 
2 

(1,0) 16.11 72"/0 
3 p 

° 
(0,2) 7.01 7.03 100"/0 

3
D 

2 
(0,1) 15.21 85"/0 1p 

1 

(0,1) ° 0 92"/0 
3

D 
1 

(1, 1) 11. 93 13.75 1000/0 
3 p 

1 
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A Study of Deformation Energy 
Surfaces Obtained from Single-Particle Energies 

t ,', :j: tt 
W. A. Bassichis, A. K. Kerman, 'c F. Tsang, D. R Tuerpe, and L. Wilets 

The constrained Hartree-Fock (CHF) 
method 1 with the Tabakin potentialZ is used as 
a framework to understand the Strutinsky 
method 3 for obtaining nuclear deformation 
energy surfaces (DES) from single-particle 
energies. 

The underlying ,£oundation of the program 
is the Nilsson IPM. We must obtain some 
physical interpretation of the model. No 
simple one exists! The only satisfactory in
terpretation we can proffer begins with some 
generalized Hartree-Fock approximation util
izing an effective interaction: Unconstrained 
Hartree-Fock yields a single point or isolated 
points which are local minimum in the energy 
(with respect to continuous variations in the 
wave function). If we wish to map out a DES, 
we must study the system as a function of de
formation. This implies a constraint on the 
deformation (say the quadrupole moment). 
Hence we introduce a Lagrange multiplier or 
" Lagrange potential" , A.. 

As a function of deformation, the Lagrange 
multiplier is discontinuous. It is a monotonic 
function of deformation which vanishes at 
equilibrium points and is discontinuous at 
level switching. We will see that the Hartree
Fock eigenvalues are similarly discontinuous. 
The introduction of pairing can remove such 
discontinuities and certainly does so in real 
nuclei. 

The single particle energies for 108Ru 
as calculated 5 are shown in Fig. 1 as a 
function of quadrupole moment Q. The 
breaks in the orbitals occur where there is a 
change of configuration, and hence a change 
in the average field. Mathematically this is 
effected by having two different Hamiltonians 
on the two sides of the break: on the left, 
JC = H + A.L Q and on the right, JC = H + A.R Q. 
The Hamiltonian on either side is solved self
consistently to obtain the configuration with 
the lowest HF energy, and different values 
are obtained in general for the two sides of 
the break. 

A connection between CHF and the 
Strutinsky procedure has been studied. An 
essential element is the definition of a prop
erly averaged field which yields average sin
gle -particle energies containing most of the 
shell effects. An explicit expression for the 
corrections to this procedure is obtained 
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Fig. 1. CHF eig;envalues En as a function of 
(Q) for 1~4Ru64' The Fermi energy is 
indicated by arrows. Breaks occur at 
configuration changes; the configurations 
chosen yield the lowest (H). 

(XBL 7010-3948) 

which could be us ed for a direct test of the 
Strutinsky method, although this procedure 
has not yet been carried out. Instead, we 
have applied the Strutinsky prescription di
rectly to CHF single-particle energies. 

Figure Z shows our main results as a 
function of quadrupole moment Q. At the top 
of the figure is shown the Hartree -Fock total 
energy (designated (H) ); the adiabatic de
formation energy surface is taken along the 
lowest curves of all the scallops. The curve 
designated ELD is a freehand drawing of a 
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Fig. 2. Comparison of summation of eigen
energies, Strutinsky shell correction, 
and the Hartree-Fock energy for the case 
of 1~~Ru64' Four sets of curves are 
displayed. The top set consists of the 
solid curve giving the Hartree-Fock 
binding ene rgy (H) , the dashed curve 
giving (G) = (1/2)l; (Enttn) , and the light 
curve ELD which is a freehand drawing 
of the smooth background of (H). The 
"Hartree-Fock shell correction" is, by 
definition, (H) - E LD . The second set 
of curves gives the summation of eigen
energies l;E (solid curves) and the 
Strutinsky smoothed energy E (dashed 
curves). The third set give s the 
Strutinsky shell corrections calculated on 
the eigenenergies with p = 6 for two val
ues of smearing parameter y: 9 MeV and 
15 MeV. The fourth set is the same as 
the third set, but with p = 2. 

(XBL 712-2914) 

smooth background assumed to be given by 
some leEtodermous (or liquid-drop) ap-
proach. This curve has a generous bias 
toward the final results. The shell correc
tion given by the Hartree-Fock model is then 
just the difference between (H) and ELD' 
This is to be compared with the shell correc
tion obtained by the Strutinsky method. 

The next set of curves is the summation 
of Hartree-Fock single-particle energies for 
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the appropriate nucleus. On top of these 
curves, indicated by a brokell curve, is the 
Strutinsky smoothed energy (E) using p = 6 
and y = 15 MeV, where p and yare Strutinsky 
order parameter and smearing parameter, 
respectively. The difference between the 
l;E curve and the smooth energy E gives the 
Strutinsky shell correction. 

In the lowest part of the figures are the 
two sets of Strutinsky shell corrections with 
p = 6 and y = 9 MeV and 15 MeV. For com
parison, the shell corrections of second order 
(p = 2) with the same values of yare also 
plotted. 

We can summarize the comparison be
tween l;E and (H) in this figure as follows: 

(1) The locations of the minima (as a 
function of (Q) ) for l;E are fairly close to the 
values given by (H). This result is more 
valid for the heavier (A = 108) nuclei than for 
light (A = 20) nuclei. The physical condition 
for the minima of l;E to be at the same Q 
values as those of (H) is found to be "per
fect nuclear shielding"'; that is, the change 
in the potential field induced by a small ex
ternal field has an expectation at equilibrium 
which exactly cancels that of the external 
field. 

(2) The relative heights of the l;E mini
ma bear only slight relationship to those of 
(H) . 

(3) The curvature of l;E at a minimum is 
very much greater than that of (H). 

In perspective it should be pointed out 
that there has been no valid justification in 
the literature of the conjecture that the 
Hartree -Fock energy surface should have the 
same variation with deformation as the sum
mation of single-particle energies. 

A study of the curves of Strutinsky shell 
correction with p = 6 in the figure s'hows the 
surprising result that they appear to give 
qualitatively reasonable Hartree-Fock shell 
correction « H) - ELD)' This is not yet 
fully understood, but in the manner the 
Strutinsky prescription is applied, we ob
serve the following: 

(i) The prescription averages vertically 
(over E or Nand Z), whereas the final result 
is expected to smooth horizontally (over Q). 

(ii) The particle orbitals involved in the 
smoothing process are mainly within a region 
y (9-15 MeV) of the Fermi surface, and or
bitals in this region contribute the major part 
of the final shell correction. 

(iii) The" smoothed" energy function E 
preserves all systematic features (slope, 
curvature, etc.) in the En(Q), and hence such 
features are obliterated in the final shell cor
rection. For example, the high curvature in 
l;E is due to a systematic curvature present 



in each En(Q); the curvature in ];';(Q) is very 
nearly equal to that in 2:E (See Fig. 2), and 
indeed E(Q) is nearly equal to 2:E. In this 
regard, we note that the Nilsson constant
voluITle condition gives rise to a systeITlatic 
(Q)2 terITl in 2:E, and hence is obliterated by 
the prescription (and replaced by the liquid
drop surface terITl). 

(iv) The discontinuities in the En(Q) at 
the point of configuration switching are also 
nearly obliterated in the shell correction be
cause the averaging is vertical. These discon
tinuities, of course, are not present in the 
Nils son ITlodel. 

(v) The net shell corrections appear to 
arise froITl those" few" particles near the 
FerITli surface whose properties deviate 
froITl the ITlean. As long as only a few parti
cles are involved, one can us e KoopITlans I 
theoreITl7 to relate total energy differences 
to differences in the single-particle eigen
values. This, we believe, is the ultiITlate 
hope for justification of the qualitative and 
perhaps seITliquantitative success of the 
Strutinsky prescription. 
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Potential Energy Surfaces of Heavy Nuclei t 

Chin Fu Tsang 

Up to the present, the ITlost successful 
ITlethod to calculate the potential energy sur
faces of heavy nuclei in a deforITlation space 
is the two-part approach. 1 This is the ap
proach that considers the energy to be COITl
posed of two parts: a SITlooth part given by 
the leptoderITlous (liquid-drop) expression, 2 
which accounts for 90/10 of the potential energy, 
and a wiggly part, cOITlITlonly known as the 
shell energy or shell correction, calculated 
on an independent-particle ITlodel. Figure 1 
shows the potential-energy surfaces of four 
nuclei relative to their respective lepto
derITlous energies at spherical deforITlation 
(E = 0). The broken curve is the SITlooth 
part of the energy and the solid curve is the 
total potential energy. Each plot is usually 
called the fission-barrier shape of the particu
lar nucleus. 

You will be surprised by how ITluch one 
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can learn froITl such plots of potential-energy 
surfaces. Not only does the calculation give 
very good agreeITlent when cOITlpared with ex
periITlents, but it also affords a very clear 
picture to understand the results. We shall 
review below six different experiITlental areas 
in which an understanding can be achieved by 
the two-part approach. 

A. Ground-State Nuclear DeforITlations 

The ground-state nucleus is represented 
by the lowe st ITliniITluITl of the plot. The ITlini
lTIUITl occurs at an indentation ITlade by the 
shell energy on the SITlooth part. Thus it is 
clear that the deforITlation of the ground state 
is qualitatively due to the shell energy. The 
effect of an incorrect SITlooth part as is pres
ent in the original Mottelson and Nilsson cal
culation,3 will probably affect the deforITlation 
by a "sITlall" aITlount (shifting the value froITl 
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Fig. 1. Potential energy as a furiction of de
formation. The broken curves corre
spond to the smooth energy given by the 
leptodermous (liquid-drop) approach. 
The solid curves are the potential energy 
after inclusion of shell and pairing effects. 
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E = 0.20 (say) to 0.23). This explains the suc
ces s of Mottels on and Nils s on in their calcu
lation of nuclear deformations. 

B. Ground-State Nuclear Masses 

The experimental ground-state nuclear 
mass is given very well (within 1-2 MeV) by 
the value at the lowest minimum. It is to be 
noted here that this value is always lower 
than the value of the smooth part at the same 
deformation. It is a general feature that at 
the minima in the barrier curve, the shell en
ergy is always negative and at the maxima, 
it is always positive. One should be im
pressed by the surprising result that the shell 
energy which is extracted from single
particle spectrum with no obvious relation 
to nuclear masses should give the experimen
tal values so well. 
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C. Fission-Barrier Heights and Detailed 
Comparison of the Fission Barrier 

with Experiments 

In Fig. 1 the higher of the two peaks can 
be directly compared with eXperimental mea
surement of the spontaneous fission barrier. 
Bj~rnholm4 has attempted to make a com
parison of the whole barrier shape for the 
actinide nuclei, including fission barrier. He 
was not only able to look at the ground-state 
mas s and deformation and the fission barrier 
heights, but was also able to extract the ex
citation energy of the shape isomeric state 
(secondary minimum) and of the inner peak 
(which is the lower of the two peaks for these 
nuclei) from fission isomer and subthreshold 
neutron-resonance experiments. The relative 
energy heights are given very well by the 
theory. Experiments to determine the shapes 
at the peaks and isomeric state will be very 
valuable to test the theory further. 

D. Trends of Decay Half-Lives 
Near a Magic Nucleus 

On the two -part approach one is also able 
to understand the behavior of decay half-lives 
near a closed-shell (or magic) nucleus. If 
we look at the spontaneous-fission half-life 
in the neighborhood of a closed-shell nucleus 
(say Z = 114 and N = 184 as predicted by vari
ous authors), one is able to predict its quali
tative behavior without any detailed calcula
tions. In Fig. 2 the broken line indicates the 
spontaneous -fis sion half -life contours due to 
the smooth part of energy alone. The magic 
numbers Z = 114 and N = 184 will essentially 
make all nuclei around the nucleus 298114184 

z 

\ 
~- Life 

114-t-------:;;>7--4'-+!+I+crt-r----- decrea si ng 

184 N 

Fig. 2. Trends of spontaneous fission half
lives of nuclei near a closed shell (magic 
number). The broken curves indicate the 
half-lives if the closed shell is not pres
ent. The solid curves are obtained when 
the effects of the closed shell are in-
cluded. (XBL713-2983) 
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Fig. 3. Trends of alpha-decay half-lives of 
nuclei near a closed shell (magic number).. 
The broken curves indicate the half-lives 
if the clos ed shell is not pres ent. The 
solid curves are obtained when the effects 
of the closed shell are included. 

(XBL713-2982) 

have a much longer half-life, forming an 
island out of the smooth background. The 
alpha-decay half-lives around a closed shell 
can also be understood in a similar way. In 
Fig. 3, the alpha-decay half-life contours 
without shell effects are indicated by broken 
lines. The value decreases as Z increases. 
A nucleus with a magic number has a partic
ularly lower mass due to a negative shell en
ergy. Thus the shell part will modify the 
contours in such a way that two kinks occur 
in the contours corresponding to the case when 
either the parent or the daughter nucleus is 
closed shell. 

E. Possible Occurrence of Shape Isomers 
Over the Periodic Table 

The shape -is omeric state is a meta
stable state of the nucleus with a different 
shape from the ground-state shape. It cor
responds to the secondary minimum in the 
barrier plot of Fig. 1. By considering some 
well-known properties of the smooth part and 
the shell energy part, one is able to say 
something very simple but general on the 
necessary conditions for the occurrence of 
shape isomers. (See Nuclear Chemistry An
nual Report 1969, UCRL-19530, p. 144.) 
Figure 4 shows the regions in the whole peri
odic table where the shape isomers may oc
cur, based on this two-part approach. 

F. Fission Asymmetry 

A start for a quantitative explanation of 
the long-standing problem of fission asym
metry was made by Moller and Nilsson, 5 who 
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Fig. 4. The occurrence of shape isomers 
over the Z, N plane, indicated by shaded 
areas in bands. The broken line indi
cates the approximate line of beta stabil
ity. The vertical and horizontal lines 
indicate neutron and proton magic num-
bers, respectively. (XBL701-83) 

used the two-part approach to study the po
tential energy surfaces in asymmetric as 
well as symmetric deformation coordinates. 
They have found an asymmetric fission sad
dle-point for 236U. 

In conclusion, it appears at the moment 
that the two-part approach is the only feasible 
method that can be used to calculate the po
tential energy surfaces of a large number of 
heavy nuclei. Its value lies very much in its 
simplicity (compared with other methods), 
and that not only is it able to give an under
standing of many experimental results, but is 
also able to make rather general predictions 
regarding the stability of superheavy nuclei 
and the pos sible occurrence of shape isomers 
over the periodic table. 
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Smooth Trends and Shell Effects 
in Sums Over Single-Particle Energies 

W. D. Myers, W. J. Swiatecki, t and C. F. Tsang 

The total energy of a system of independ
ent particles moving in a potential well shows 
variations about its average value when con
sidered as a function of particle number or 
potential shape. These variations are called 
shell effects, and their origin is in the fluctu
ations in the level density near the Fermi 
surface. 1 When the energies of the single
particle states of the system are displayed in 
the conventional manner in a Nils son diagram, 
the origin of the level density variations is 
obscured by the projection onto the one dimen
sion of eigenenergy, of what is essentially a 
property of the three-dimensional quantum 
number space. 

A substantial increase in our under
standing of the origin, the frequency of oc
currence, and the magnitude of shell effects 
can be obtained by examining the nature of the 
system's isoenergy surfaces in quantum num
ber space. As an example, consider the 
eigenenergy expression in Cartesian coordi
nates for the harmonic oscillator, which is 

E = 1iw (n + 1/2) + 1iw (n + 1/2) 
~,ny'~ x x y y 

+ 1iw (n + 1/2). z z (1) 

In the space (nx , 7' n z ), where the lattice of 
points at the corners of unit cubes represents 
possible single-particle states of the system, 
the isoenergy surfaces are parallel planes 
whose orientation is determined by the rela
tive magnitude of the 1iw's. Clearly, the 
striking shell effects displayed by the har
monic oscillator in Fig. 1 are a direct con
sequence of the fact that a planar isoenergy 
surface picks out a special symmetry existing 
in cubic lattices. As particles are added to 
such a system, the isoenergy plane repre
senting the Fermi surface sweeps outward 
through the lattice. Regions where no points 
are encountered are gaps in the energy spec
trum, and shells arise when a large number 
of points are encountered simultaneously. 

Figure 2 shows the nature of the iso
energy surface of an isotropic harmonic os
cillator when the eigenenergies are given in 
terms of spherical coordinates according to 
the expression 

E n =1iw(P. + 2n + 3/2). n,.>: (2) 
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Fig. 1. This figure from Ref. 3 shows the 
shell effects b.E for a harmonic oscil
lator potential as a function of particle 
number. (XBL713-2995) 

n 

Fig. 2. The planar isoenergy surface in 
(n, P., m) quantum number space for the 
harmonic oscillator potential. 

(XBL713-2985) 
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Fig. 3. The approximate isoenergy surface 
in (n,.£, m) quantum number space for a 
sphe rical square -well potential. 

(XBL713-2984) 

Similarly, the expression for the eigenener
gies of a hydrogen atom is given by 

4/ 2/ 2 E n = - (Me 21i) (n + .£) , 
n, x 

(3) 

and we see that these isoenergy surfaces are 
also planar with a slope of 1:1 in contrast to 
the 2:1 slope in the harmonic oscillator case. 
Consequently, even greater degeneracies are 
encountered here than in the case of the har
monic oscillator. 

Another interesting case is that of a 
spherical square-well potential where the 
eigenenergies are given by the approximate 
expression2 

E n ,.£ = (fl2/2MR) [(.£ + 2n)2 i -'£(.R. + 1)]. 

(4) 

These isoenergy surfaces, which are shown in 
Fig. 3, are approximately planar with a slope 
of 3.37:1 for large .£ values and 2:1 for small 
.£ values. The power of this approach to shell 
effects is seen when the magic numbers pre
dicted by assuming an average slope of 3:1 
are compared with the actual shells found in 
an exact calculation. 

Predicted 

Exact 

1, 4, 9, 17, 29, 45, 66, 93, 

126, 166 

1,4,10,17,29,46,69,93, 

127, 169 
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Droplet-Model Shape Dependence ':' 

William D. Myers and W. J. Swiatecki t 

In order to extend the droplet-model mass 
formula of Ref. 1 to deformed nuclei and to 
the calculation of fission barriers, it was 
first necessary to establish its formal shape 
dependence. This was done and the following 
droplet-model mass formula was obtained: 

-2 1 -2 1 -4] [ 9 2/ -2 2/3 
M(N, Z; shape) = MnN + MHZ + [-a1 +J6 - 2KE + 2MB A + a 2 + '4 (J Q) B ] A Bs 

+ a
3

A 1/3Bk + c
1

Z 2 A -1/3Bc _ c
2

Z 2 A 1/ 3 B
r 

_ c
3
z 2 A -1 - c

4
z4/ 3 A -1/3 - c

5 
Z2Bw ' 

where 

6= 
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(1 ) 

(2) 



-
E [-2a

2
A-1/ 3 B

S 
+ L,s2 + c1Z2A-4/3Bc]/K. 

(3) 

The Bls which appear in these expressions 
are the shape dependences of various quanti
ties of interest. There are now four new BI s 
in addition to the two familiar ones, Bs and 
Bc' They are defined in the usual way so as 
to have the value unity for a sphere. In each 
case the quantity Bi is calculated by per
forming the indicated integral over the given 
shape and dividing by the value that the inte
gral would have for a sphere of equal volume. 
As written here the denominators are in terms 
of R, the radius of the sphere of equal volume. 

1. Surface 

Bs f jda /(4rrR
2

) 

S 

2. Curvature 

Bk = f f K da/ (8rrR), 

S 

where K is the local curvature. 

(4) 

(5) 

For notational convenience, we can define a 
quantity W (~1)' which is proportional to the 
Coulomb potential, by the expres sion 

(6) 

2 [ 1 / 2 2rrR 1- '3 (r R) ] for a sphere. 

We can also define the aver~e value Wand 
the deviation from average W by the expres
sions 

4 3 
dv/ '3 rrR , (7) 

for a sphere, 

W(~) W(-;)-W, ~rrR2 [1- t(r/R)2] (8) 

for a sphere, 

With these definitions we can write the four 
Coulomb shape dependences in the following 
way: 

3. Coulomb 

(9) 
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4. Coulomb redistribution 

(10) 

5. Surface Coulomb 

11 - / 16 2 4 
Bv = W(~)da (- 15 rr R ) 

S 

(11 ) 

6. Surface Coulomb squared 

A comment should probably be made with 
regard to the subscripts S and V used on 
many of the integrals which appear here. All 
integrals for the shape dependences (the 
quantities B i ) have such subscripts. 

These subscripts imply that the integra
tion is to be carried out over the surface (or 
volume) of a uniform body of the desired 
shape with a sharp surface and a total volume 
equal to V = 4/3 rr r5 A. The actual droplet 
model prediction for the matter distribution of 
the nucleus in question will differ by a scale 
change from the object just described. In 
addition the neutron and proton density distri
butions will differ from the scaled shape by a 
displacement of their surfaces from the mean 
location of the surface of the matter distribu
tion. This is because of the formation of a 
neutron skin. The neutron and proton density 
distributions and the matter distribution 
(which is their sum) will also vary throughout 
the central region because of the Coulomb 
repulsion. The influences of all of these ef
fects are calculated in the model. Their in
fluence on the total energy is included in the 
mass formula by means of analytic expres
sions involving only integrals over the orig
inally specified shape. 

The energy has been minimized analyti
cally with respect to the new degrees of free
dom introduced by the droplet model. They 
need not be varied explicitly. All that need 
be done in searching for stationary points in 
the total energy is to vary the shape. 

The analytic dependence of the BI s is 
given in Ref. 2 for spheroidal shapes, for 
tangent spheres, and for shapes which are 
described in terms of spherical harmonics. 
This work also contains extensive calcula
tions of fission barriers using a simplified 
version of the droplet model. 



Footnotes and References 

t Condensed from UCRL-19543, January 1970. 

>:.: 
Theoretical Physics Group, Lawrence 

Radiation Laboratory, Berkeley. 

1. William Don Myers, Ph. D. thesis, 
UCRL-18214, May 1, 1968; William D. 
Myers and W. J. Swiatecki, Ann. Phys. 
(N. Y. )~, 395-505 (1969). 

2. Rainer W Hasse, UCRL-19910, October 
1970 (to be published). 

Thomas-Fermi Calculations of Nuclear Properties 

William D. Myers 

The Thomas -F ermi statistical method is 
ideally suited to the study of average nuclear 
properties. Extensive use of this approach 
was made in Ref. 1, and references are given 
there to the large body of earlier work. 

The phenomenological two-body interac
tion used in Ref. 1 was that of Seyler and 
Blanchard, which can be written 

-ria 
~ [1 _ (p/b)2] 

r/ a 
V(r,p) = -C£ or u 

(1 ) 

where 

v = the potential energy of two particles, 
C = the strength of the interaction (differ-

ent for" like" and" unlike" pairs), 
r = the distance between the particles, 
a = the range of the Yukawa force, 
p = the magnitude of the relative momen

tum of the particles, and 
b = the critical value of the relative mo

mentum at which the attractive force 
(whose strength is decreasing for in
creasing relative momentum) vanishes 
and beyond which the force becomes 
repulsive. 

The four quantities a, b, C£, andC were 
treated as adjustable parameters, a1fid the 
four pieces of data that were used to deter
mine them were the binding energy per parti
cle of nuclear matter, the density of nuclear 
matter, the nuclear symmetry energy, and 
the nuclear surface energy. 

When this force was used in a Thomas
Fermi calculation of nuclear properties, gen
erally satisfactory results were obtained. 
However, the surface diffuseness -- given in 
terms of the 10-900/0 distance t -- was only 
2 fm, as opposed to the generally accepted ex
perimental value of 2.4 fm. In addition the 
nuclear compressibility coefficient K was 
found to have the value 295 MeV, which is 
larger than most other estimates. Both of 
these differences can be attributed to the 
rapid rate at which the interaction becomes 

139 

weaker with increasing relative momentum. 

To investigate this problem and perhaps 
obtain a more satisfactory nuclear model, an 
interaction was chosen that allows one to ad
just the rate at which the interaction weakens. 
This interaction has the form 

-ria e 
V(r, p) = - C£ or u ---:rra 

x {1 -(c/b)2 [1 
It can also be written 

V(r,p) = - C£ 

x {(C/b)2 [ 

where 

-ria e 
or u ----;ra 

1 

K = 1 - (b/c)2 

(2) 

(3) 

(4) 

The coefficients a, b, C£' and C are chosen 
as before, and the new coefficien'i K can then 
be chosen so as bring the calculated surface 
diffuseness into agreement with the experi
mental value. 

If K = 1 in Eq. (3), then the quantity in 
the largest bracket becomes 1 + (p/b)2, which 
is identical to Eq. (1). On the other hand if 
K = 02, the quantiiz' in the bracket becomes 
(c/b) I[ 1 + (pic) ] , which has a very" soft" 
momentum dependence. Figure 1 illustrates 
the nature of the momentum dependence for 
different values of K, where the other co
efficients have been adjusted in each case so 
as to reproduce the properties of nuclear mat
ter. Figure 2 illustrates the influence K has 
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Fig. 1. The potential strength in MeV fm
3 

is 
plotted against the relative two-body mo
mentum for different values of K. The 
strengths are not all the same for zero 
momentum since the other potential pa
rameters have been adjusted in each case 
so as reproduce known properties of nu
clear matter. The curve labeled K = 0 
corresponds to earlier work, and the 
arrows along the right side of the figure 
indicate the asymptotic values toward 
which the curves below them are tending. 

(XBL 713-2988) 
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Fig. 2. The energy per particle of infinite 
nuclear matter in units of its equilibrium 
value is plotted against the Fermi mo
mentum in units of its equilibrium value. 
(This later quantity is proportional to the 
cube root of the density.) Curves corre
sponding to different values of K are so 
labeled, and one sees that the compres
sibility K, which is proportional to the 
second derivative of the curve at equilib
rium, is an increasing function of K. 

(XBL713-2987) 

on the density dependence of the energy per 
particle of nuclear matter. One easily sees 
in this figure that reducing the value of K will 
bring a corresponding reduction in the value 
of the compres sibility K. This relationship 
is shown in Fig. 3 where K is plotted as a 
function of K. 

A value of about 0.7 is required for K 

in order to obtain the desired surface dif
fuseness. For this value of K, the compres
sibility K is about 240 MeV. The other 
quantities of interest in the droplet model, 1 
such as L, M, Q, and a3' have also been cal
culated in this way. The results differ some
what from the earlier calculations, but no 
large variations have been observed. 
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Fig. 3. The cOITlpressibility of nuclear ITlat
ter K is plotted as a function of K for the 
interaction given in Eq. (3); all the other 
coefficients being adjusted in each case 
so as to reproduce known nuclear ITlat-
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Comparison Between the Truncated-Droplet Model and 
a Conventional Liquid-Drop Model Mass Formula 

WilliaITl D. Myers 

The droplet-ITlodel ITlass forITlula of Ref. 1 
has tentatively been truncated to a forITl which 
is believed to retain the ITlost significant new 
features of the ITlethod. The new forITlula, 
which is considerably siITlpler and easier to 
use than the cOITlplete droplet ITlodel, can be 
written 

Z 4/3 A-1/3 - c 4 

tw(lrlt6.)to 

2 _e2 
t S (N, Z) (1 - 2 e ) e , (1 ) 
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where the notation for the basic nuclear and 
CouloITlb energies in the first five lines is 
the saITle as that of Ref. 1. The next to last 
line contains three terITlS found to be neces
sary for the description of real nuclei. The 
first is the so called Wigner terITl W· I r I and 
the second is a related correction (see Ref. 2) 
that has the value W / Afor odd-odd N = Z nu
clei and is zero otherwise. The last terITl in 
this line 0 is the usual even-odd ITlass dif
ference whose origin is in the pairing force. 
The last line of Eq. (1) is the phenoITlenologi
cal shell correction of Ref. 3. 

The shell correction ITlethod used here is 
provisional and iITlproved corrections, such 
as those being developed by Nix at Los AlaITlos 
using the Strutinsky ITlethod, will be incorpo
rated when they becoITle available. 

The droplet-ITlodel forITlula seeITlS to dif
fer substantially in its treatITlent of the nu
clear syITlITletry energy froITl conventional 
liquid-drop ITlodel forITlulae, such as the one 
used in our own earlier work4 or that of 
Seeger. 5 [See line 3 of Eq. (1).] The dif
ference in predicted stability of neutron ex
ces s nuclei is of special interest in astro-
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Fig. 1. Contours of the binding energy per 
particle according to the smooth part of 
the droplet-model mass formula for nu
clei with N neutrons and Z protons. The 
innermost contour corresponds to 8 MeV 
and the other contours correspond to de
creasing values with a spacing of 1 MeV. 

physical studies of the r process of nucleo
synthesis. Consequently a preliminary set of 
droplet-model coefficients, determined by fit
ting the formula to nuclear masses, were 
used to as ses s the importance of this new 
term. 

Figure 1 is a partial contour plot of the 
smooth part of the droplet-model binding en
ergy per particle (i. e. the shell and even-odd 
terms have been dropped) for nuclei with N 
neutrons and Z protons. The innermost con
tour represents a binding of 8 MeV per parti
cle and the other contours represent de
creasing values with a c;ontour spacing of 1 
MeV. The straight lines indicate the position 
of magic numbers and the dots are the loca
tion of nuclei whose masses are known. 

Figure 2 is a similar plot using the 
Seeger liquid-drop model formula. A com
parison of these two figures shows that there 
is very little difference in the two methods of 
calculation. Consequently, it is expected 
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that the stability properties of neutron exces s 
nuclei predicted by the droplet model will be 
essentially the same as those found in earlier 
work. 
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Fig. 2. The same as Fig. 1, but for the con
ventional liquid-drop model mas s formu-
la of Seeger. 5 (XBL713-2997) 

Determination of the Nuclear Radius Constant 
and Surface Diffuseness Parameter from the 
Binding Energy Differences of Mirror Nuclei 

William D. Myers 

Since the binding energy differences of 
mirror nuclei are expected to be entirely due 
to Coulomb effects, they provide a simple and 
direct method for the determination of those 
parameters critical for the characterization of 
nuclear charge distributions, i. e., the radius 
constant and surface diffuseness parameter. 
These parameters are obtained by noting that 
a calculation of the binding energy difference 
using a conventional liquid-drop model mass 
formula, such as the one used in Ref. 1, 
yields the expression 

~Eb = c1(~Z2/A1/3)[1 - (5/2)(b/r
o

)2 A -2/3]. 

(1) 

If the experimental quantity F, 2 defined by the 
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expression 

F == ~Eb(A1/3/~Z2), (2) 

is plotted against A -2/3 as in Fig. 1, and a 
straight line is pas s ed through the points, 
then the intercept and slope of this line cor
respond to the quantities 

intercept = c 1 ' (3) 

(4) 

The straight line could have been drawn 
through the points in Fig. 1, but since some 
unexplained periodic variation remains, the 
data were averaged over the four-point groups 
which seem to constitute each substructure 
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Fig. 1. The experiITlental quantity F defined 
in Eq. (2) is plotted against A -2/3 for 
ITlirror nuclei corresponding to values of 
A froITl 7 to 43. The straight-line seg
ITlents serve to identify groups of four 
points that seeITl to be ITleITlbers of SOITle 
substructure. (XBL713-2990) 

and the aesthetically ITlore pleasing result 
was plotted in Fig. 2. The intercept of 0.727 
MeV and slope of 1.027 MeV, which are ob
tained froITl the line in Fig. 2, correspond to 

c
1 

= 0.727 MeV and (biro) = 0.752. (5) 

As used here c
1 

corresponds to the CouloITlb 
energy coefficient in the liquid-drop ITlodel 
ITlas s forITlula of Ref. 1. It is related to the 
radius constant ro by the ex~ression 
q = (3/5). (e2/ro)' where e = 1.4399784 
MeV fITl. Hence, 

ro = 1.19 fITl and b = 0.89 fITl, 

where b is the surface "width," 3 which __ 
for Fe rITli function density distributions - - is 
related to the diffuseness paraITleter z and 
10-900/0 distance t by the expressions: 

z = ( .J3 I Tr) • band t = 4 In 3 . z. (6) 
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Fig. 2. The average value of F is plotted 
againsjt the corresponding average value 
of A-2 3,. where the average has been 
carried out within the groups of four 
points identified in Fig. 1. The inter
cept and slope of the line drawn through 
these points are used to deterITline ro 
and b, respectively. (XBL713-2989) 

Consequently, for these light nuclei, we find 
that the surface diffuseness is characterized 
by the values 

z = 0.49 fITl and t = 2.16 fITl. 

Earlier discussions of this type, such as 
Ref. 4, have been sOITlewhat ITlisleading be
cause the influence of the surface diffuseness 
was not taken into account. 
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A New Semiempirical Level Density 
Formula with Pairing and Shell Effects 

A. Gilbert, R. C. Gatti, S. G. ThoITlpson and W. J. Swiatecki 

Bethe 
1 

developed the original FerITli gas 
forITlula for the nuclear level density p 
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p = C exp (..JaU) , 

where U is the excitation energy and a is 



proportional to A, the number of nucleons. 

Efforts to improve the Bethe formula 
have been concentrated in two regions of ex
citation energy. 

A. Neutron Resonance Region 

Using the Bethe formula to fit neutron 
resonance data, with a as an adjustable pa
rameter, one finds systematic odd-even and 
shell effects in a. Specifically, even-even 
nuclei have systematically lower level densi
ties than neighboring odd-A nuclei; also, in 
the region of closed shells, the value of a 
is reduced compared with the Fermi gas value. 

2 
Newton found that the odd-even effect 

could be accounted for by replacing U in the 
Bethe formula by U - U , where U o is the 
odd-even term in the se'fniempirical mass 
formula. He also related a to shell-model 
parameters. 

A slightl¥ different approach by Gilbert 
and Cameron gave a relation between a and 
the shell-effect term in the nuclear mas s 
formula. 

B. High-Energy Limit 

Rosenzweig 
4 

and Gilbert5 have shown 
that for a periodic scheme of single -particle 
states the level density should have the form 

p ~ exp [2 '" a (U - ~ ] 

at high energies. The term ~ is related to 
shell structure and is largest at closed shells. 

In order to incorporate all of these ef
fects, we are developing a semiempirical 
level density formula with three adjustable pa
rameters: 

p C exp 2 '" a [ U d (U) ] 

where 
a = o:A 

and 
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d(U) --~
- 1 + ~ 

U 

The adjustable parameters are C, 0: and 
k. Both the odd-even and shell terms from 
the nuclear mass formula will be included in 
~. This level density formula can also be 
written as 

where 

~ 
a eff = a (1 - U + k ) , 

so that we get a reduced value of aeff par
ticularly near closed shells. 

In conjunction with this project we are 
updating the collection of neutron resonance 
data of Gilbert and Cameron, 3 using the 
Brookhaven compilation of neutron data 
(BNL-325) along with supplements to the 
Nuclear Data Sheets and their list of recent 
references. 

This set of data will be used to determine 
the parameters of the level density formula. 
The formula will also be tested with data on 
nuclear levels near the ground state and on 
high-energy fission data. 6 
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Fission Barriers In the Droplet Model 

Rainer W. Has se t 

The droplet model as given by Myers and 
Swiatecki1 is investigated in its shape de
pendence. In order to calculate fis sion bar
riers, effective moments of inertia and re-
1ated geometrical quantities of the symmetric 
saddle points, we parameterize the nuclear 
surface in terms of different families of 
shapes. As important results, it is noted 
that the curvature correction to the surface 
energy has the largest influence on the fis
sion barriers and can produce a second min
imum in the potential energy vs deformation 

(isomeric states). The Coulomb redistribu
tion energy can produce a minimum in the 
potential energy of two tangent fragments vs 
their ratio of radii (asymmetric fission). We 
mostly confine ourselves to a truncated form 
of the droplet model, i. e., we neglect the ef
fect of the Coulomb energy on the dilation of 
the nucleus and on the neutron skin thickne s s. 

The droplet-model total energy of a nu
cleus as given by Myers and Swiatecki reads 

E [+J62 !....K'E2+ -21M~]A +[a
2

+ 9J
2

6 2] A2/ 3 B +a A 1/ 3 B total = -a1 - 2 4Q surf 3 curv 

(1 ) 

where 

6= [I+ 3C1 
ZA- 2/ 3 B 1/2]/[1+ 9J A- 1/ 3 B ] 

16Q sri 4Q surf 

The energy terms of Eq. (1) are in the respec
tive order: volume energy, surface energy, 
curvature energy, Coulomb energy, Coulomb 
redistribution energy, diffuseness energy, ex
change energy, and surface redistribution 
energy of second kind. The shape dependences 
Bsurf' Bcur --- Bsr1 which are defined to 
take the valu~ of unity for a sphere, are 
plotted in Fig. 1 for spheroidal shapes. 

The truncated-droplet model deforma
tion energy, i. e., total energy for some de
formation minus the total energy of the same 
but spherical nucleus reads 

1/3 2 -1/3 
-a4 A (B -1) + C 1 Z A (BC 1-1) comp ou 

2 1/3 
- C 2 Z A (Bred-i) . (3) 

This formula apart from the liquid-drop model 
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Fig. 1. The shape dependences of the drop
let model evaluated for spheroidal 
shapes (SO = major semiaxis, a/ c = ratio 
of minor to major semiaxes, E = eccen-
tricity). (XBL713-3183) 



energies (surface and Coulomb) contains the 
droplet-model corrections (curvature, com
pressibility with Bcomp = B~urf and 
Coulomb redistribution) as additional energies. 
After having defined the relative strengths of 
the energies and an energy unit by 

S .!.. EO 
2 Coul 

_ EO ) I EO, 
red 

YJ EO lEo, 
curv 

S EO lEo 
red ' 

X _ EO I EO 
comp , (4) 
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Fig. 2. Relative barriers in the truncated 
droplet model evaluated for generalized 
spheroids (YJ = relative curvature 
strength, S = relative Coulomb redistri
bution strength, X = relative compres
sibility strength). For comparison, the 
upper bunch of curves gives relative bar
riers evaluated with other parameteriza
tions of the nuclear surface [s (r = 0) and 
s (- r = 0.1), Strutinski without and with 
curvature energy, DB dumbbells, N Nix, 
CS Cohen and Swiatecki, L Lawrence, 
H this work], (XBL713-31M) 
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where a superscript zero denotes the value 
for the spherical nucleus, a dimensionless 
barrier formula is obtained 

B == E IE ° = (B ) + 2 i: (B ) Bar Bar surf- 1 ':> Coul- 1 

The first line is the familiar liquid-drop 
model barrier formula with the fissility x 
replaced by the refined fissility S. 

(5) 

Figure 2 shows the relative liquid-drop 
model barriers obtained by using various pa
rameterizations of the nuclear surface (see 
caption) and the droplet model barriers ob
tained with the parameterization of generalized 
spheroids, 2 and as suming different values for 
YJ, S, X· One can see that the curvature cor
rection has the largest influence on the bar
riers and that the compressibility and Coulomb 
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Fig. 3. Deformation energy of heavy nuclei 
evaluated by using the Nix parameteriza
tion and a relative curvature strength of 
YJ = 0.16. The solid line with S = 0.82 and 
the dashed line with x = 0.776 (pure 
liquid-drop model) correspond to the nu
cleus 232U. The wiggly curve at the bot
tom indicates the presently known shell 
effects. (XBL 707 -3512) 



redistribution energies are rather small. 

Assuming a curvature tension of a3 = 15 
MeV, Fig. 3 shows the potential energies of 
heavy nuclei vs deformation. This large cur
vature correction introduces a second mini
mum into the barrier which is most pro
nounced for actinide nuclei like 232U 
(S = 0.82 or x = 0.776). 

The fission barriers obtained by using 
the full droplet model energy, Eq. (1) and 
Eq. (2), are plotted in Fig. 4 together with 
the experimental data. For medium-heavy 
nuclei, the theory predicts too large a bar
rier, whereas for heavy nuclei they corne out 
to be too small. From these results one can 
conclude that the curvature tension of 
a3 = 9.34 MeV, as calculated by Myers and 
Swiatecki with the Thomas -Fermi model, is 
too large to give reasonable fission barriers. 
The reciprocal effective moments of inertia 
as presented in Fig. 5, however, apart from 
the constant shift and the light nuclei region, 
seem to agree better. 

In Fig. 6, the shape dependences of the 
droplet model are plotted against the ratio of 

40 

w 
~ 25 

E 

o 

.~ 20 

w 
TI 
TI 
o 

if> 

15 

10 

26 

Lo 

,To 

30 

NO, , , 

-o-Ellp. botrier measurements 

..:rFrom expo holilife measurements 

-Theoretical with generalized spheroids 
(leflscoleJ 

'as ---Theoreticol with 1]2' (I" 'Ir (right sCole) 

" PI 

" Ao 

" H, 

\2' "TI 
o.."lr ""'.Ph 

'61 

H% ""'-Po 

Tr 'At 

Lw, 

, 
\ 

, 

\ 
\ 
\ 

, , , 
\ 
\ 

0.4 

0.35 

0.3 

0.25 

0.2 

0.15 

0.1 

0.05 

32 34 36 36 40 Md 42 II( 44 46 

Fig. 4. Saddle-point masses in the truncated 
droplet model with a curvature coefficient 
of a3 = 9.34 MeV. The curves are evalu
ated by using the parameterization of gen
eralized spheroids (solid lines) or an ex
pansion of the radius vector in P 2 and P 4 
(dashed lines, scale enlarged ten times). 

(XBL 707 -3508) 

148 

3.0 

.. 2.5 
i= 

w<r 
>w 
-2 

30 

~ 

ORNL-DWG 70-1705 

Z2/A", 45.5< 
35 40 455 

IEXP. I I I 

o CHAUDRY el a/. 
[J GINDLER el 01. -

6 REISING el 01. 
• KARAMYAN el 01. 
• KUVATOV el 01. -~~ 2.0 

uJo 
<r.
w 2 

. 
-~ ~ \ .SATE el 01. 

D • HEAVY ION EXPERIMENT 

~~ 1.5 
w o 
>::!' 
2 -w 
"'> ,Q:;i= 1.0 

","0 
w 
LL 
LL 

THEOR. 

7J= 0.0917 
w 0.5 -~=0.0113 

o 
0.6 

X = 0.0229 

I 
0.65 0.7 

Q ._.-

,: ~ e '" .-1-

;~~'h ~ 
6 ~ 

t---

~ 
0.75 0.8 0.85 0.9 0.95 1.0 

<. FISSILITY 

Fig. 5. Inverse relative effective moments 
of inertia in the truncated droplet model. 

(XBL713-3185) 

ORNL-OWG 69-9743 
1.6 T 

Bcurv Scamp 

2 
Q 

1.4 en 
"! 
'-' en 

t( 
en 
w 
(9 1.2 
0:: 
w 
Z 
w 
w 
> 
!:i 1.0 
..J 
W 
0:: 

u 

""W 

0.8 

0.2 0.4 0.6 0.8 1.0 

fL, RATIO OF RADII 

Fig. 6. The shape dependences of the droplet 
model evaluated for configurations of 
two tangent spheres with J.l. being the 
ratio of their radii. (XBL707-1627) 

radii of two tangent spheres. The three re
distribution functions Bred' Bsr1' and Bsr2 
do not have their maximum/minimum value at 
symmetry as the others do, but at a ratio of 
radii of about 0.5. This indicates the exis
tence of a minimum in the potential energy vs 
asymmetry. The Coulomb redistribution 
strength C2' however, in order to build up 
this minimum, must be larger than calcu
lated by Myers and Swiatecki. 



In conclusion of the studies in the shape
dependent droplet model, it turns out that the 
present knowledge of the constants does not 
allow for the existence of minima in the po
tential energy vs both symmetric and asym
metric deformation coordinates. The drop
let-model corrections, however, flatten the 
potential energy. Consequently, the shell and 
pairing energies are expected to dominate at 
the barrier. 
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Fission 





Mass and Kinetic Energy of 
in Correlation with Specific 

Fragments 
Gamma Rays 

E. Cheifetz, t R. C. Jared, S. G. ThoITlpson, and J. B. WilhelITlY 

In studies of proITlpt v-ray eITlission froITl 
252Cf fis sion fragITlents, ITleITlber s of the 
ground-state bands of ITlost of the even-even 
fragITlents have been identified. The identifi
cation was ITlade possible by the systeITlatic 
and siITlple way in which V-ray deexcitation of 
even-even isotopes occurs and by finding 
through fragITlent kinetic energy ITleasure
ITlents that the ITlasses of the fragITlents in 
question were close (within 1 aITlu) to the 
assigned ITlasses. 1,2 

The calculation of the ITlass associated 
with a specific y ray was ITlade by sorting all 
the ITleasured ITlultiparaITleter events into y
ray spectra associated with 2 aITlU ranges of 
fragITlent ITlasses. In deterITlining the frag
ITlent ITlas s of each event, the known neutron 
corrections and the SchITlitt calibration proce
dure were incorporated. The line intensities 
in the cOITlplex V-ray spectra were obtained 
by using the code of Routti et al. 3 in which a 
cOITlbination of predeterITlined line shapes and 
a straight-line background were fitted to 
segITlents of the v-ray spectra. The ITlass 
distribution associated with a particular y-
ray transition is obtained froITl the distribution 
in intensities of that transition as a function 
of the various ITlass intervals. Typical ITlass 
distributions of several transitions are pre
sented in Fig. 1. All of these transitions 
are in coincidence, and the two intense ones 
at 199.4 keV and 331.0 keV have been assigned 
as the 2 ->- 0 and 4 ->- 2 transitions in 144Ba . 
The average ITlasses associated with these 
transitions obtained by taking a siITlple average 
in the ITlass range 140-148 aITlU are 
143.69±0.023 (for the 199.4 keV 2 ->- 0 tran
sition) and 143.61 ± 0.068 (for the 331.0 keV 
4 ->- 2 transition). The cited standard devia
tions are obtained froITl the propagation of the 
statistical errors associated with the fitting 
procedure. The statistical errors of the ITlean 
ITlasses are roughly the saITle as the difference 
between the two ITleans. A siITlilar situation 
occurs in ITlost other intense transitions where 
the ITlean ITlasses associated with various 
coincident y rays differ by less than 0.1 aITlu. 
Such results confirITl the validity of the fitting 
procedure as the lines were fitted indepen
dently in different energy regions of the 
spectra. 

The ITlean ITlasses associated with the 
even-even transitions were in general non
integer values, and transitions assigned to 
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199.5 

134 138 142 146 150 
AMU 

Fig. 1. Mass distributions associated with 
transitions in 144Ba. The distributions asso
ciated with the 199.4-keV and 331.0-keV tran-. 
sitions were ITleasured in the saITle experiITlental 
runs. The other two distributions were ITlea-
sured at different tiITles. (XBL703-2398) 

adjacent even-even isotopes had ITlean ITlasses 
with less than 2 aITlU difference. This can be 
attributed ITlainly to the use of average neutron 
corrections. The average values of eITlitted 
neutrons, used in our ITlass calculations, were 
taken froITl the experiITlent of BowITlan et al. 4 
in which they correlated neutron eITlis sion 
with average ITlasses. This procedure pre
sUITlably gives ITlean ITlasses which are too 
sITlall for isotopes that are on the neutron
deficient side of the ITlost probable isotope for 
a given eleITlent and conversely too large for 
isotopes on the neutron excess side. This 
results in a cOITlpression of the ITlean ITlass 
values of adjacent even-even isotopes of the 



same element toward the most probable isotope 
as is indeed evident from the data. 1, 2 The 
width of the mass distributions associated 
with specific y rays is a direct measure of the 
experimental resolution of mass determination 
from fragment energies. The fu11 width at 
half maximum varied in this experiment from 
z 4 amu for pa11adium and te11urium isotopes 
to as much as 6 amu in the case of cerium 
isotopes. The width in the masses is due to 
experimental factors such as detector resolu
tion and the variation in the energy loss in the 
dead layer of the detectors because of the 
large acceptance angle of the fission frag
ments; and it is also due to factors inherent 
in the fission process such as dispersion in 
the fragment energies caused by recoil of the 
fragments in the process of neutron emission 
and variation in neutron emission between the 
fragments. The experimental result indicates 
that this width cannot be considered to be a 
constant for a11 fragments. 

The yield of specific isotopes was also 
correlated with the total kinetic energy of the 
fragments. This was done by sorting the 
y-ray spectra into both mass intervals and 
kinetic energy intervals. The yield of three 
even-even ruthenium isotopes (108, 110 and 
112) in three total kinetic regions is sum
marized in Table 1. As is expected, the more 
neutron-deficient isotope, 108Ru, is more 
abundant in the lower total kinetic energy 
group, which is consistent with its having 
increased neutron emission compared with 
112Ru, which is highly correlated with the 
high kinetic energy group. 

The y-y coincidence data were used to 
correlate pairs of fragments with total kinetic 
energy release. Such correlations were 
studied for pairs of complementary fragments 
in which one of the fragments had a transition 
with sufficiently long lifetime (over 0.5 nsec), 

Table 1. Relative yield of even-ruthenium 
isotopes correlated with different intervals of 
the fragment total kinetic energy in the spon
taneous fission of 252Cf. The total fragment 
yield in the three kinetic energy intervals was 
normalized to unity. 

Total kinetic energy intervals in MeV 

Isoto12e 150-179 180 - 190 191 - 210 

108
Ru 0.221 0.427 0.352 

110
Ru 0.091 0.309 0.600 

112
Ru 0.015 ·0.230 0.755 
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Fig. 2. The dependence of the yield of pairs of 
of complementary fragments on the total 
kinetic energy release. The pairs are 144Ba 
_ 104Mo (represented by dots) and 144Ba 

106Mo (represented by open circles). The 
pairs were measured by observing coinci
dences of their specific y rays. A large dis
persion in the kinetic energy distribution is 
included in the presented results, but this 
does not affect the position of the means. 

(XBL-713-3074) 

so that a substantial part of the gamma decay 
occurred after the fragment traversed Z 10 
rum in vacuum before it was stopped in the F2 
detector. Thus, the transition appeared non
Doppler shifted and sharp. The intensity 
dependence on the kinetic energy release for 
two pairs 104Mo - 144Ba and 106Mo _ 144Ba 
is shown in Fig. 2. By identifying a pair of 
fragments, the total neutron emis sion as so
ciated with the events is determined. Although 
the statistical uncertainty is lar ge (due to 
background subtraction), it is clear that events 
with emission of two neutrons (144Ba - 106Mo) 
are correlated with higher kinetic energy than 
events with four emitted neutrons (144Ba 
- 104Mo); furthermore, the difference in the 
mean kinetic energy of the two distributions 
is about 7 MeV/neutron, which is in very good 
agreement with the value of 6.6 MeV/neutron 
that Bowman et al. 4 found for the variation 
of total neutron emission as a function of total 
kinetic energy release. 

Footnote and References 

t On leave from the Weizmann Institute of 
Science, Rehovoth, Israel. 

1. E. Cheifetz, R. C. Jared, S. G. 
Thompson, and J. B. Wilhelmy, Phys. Rev. 
Letters 25, 38 (1970). 



2. J. B. Wilhelmy, S. G. Thompson, R. C. 
Jared, and E. Cheifetz, Phys. Rev. Letters 
25, 1122 (1970). 

3. J. T. Routti and S. G. Prussin, Nucl. 
Instr. Methods ?b 125 (1969). 

4. Harry R. Bowman, J. C. D. Milton, 
Stanley G. Thompson, and Wladyslaw J. 
Swiatecki, Phys. Rev. 129, 2133 (1963). 

Mass and Charge Distribution In the Fission of 252Cf 

J. B. Wilhelmy, E. Cheifetz, t R. C. Jared, and S. G. Thompson 

For many years studies have been made 
to determine the charge distribution of products 
formed in fission. These studies have yielded 
information concerning detailed properties of 
the fission process. Historically most of the 
information has been acquired through radio
chemical isolation of specific short-lived fis
sion isotopes (for a review of these results, 
see Wahl et al. 1). From these studies, inde
pendent and cumulative fission yields of sev
eral isotopes have been obtained. The limit
ing feature in the radiochemical analysis is 
that the majority of the high-yield prompt 
fission products have very short beta-decay 
half-lives. This makes the isolation of these 
isotopes quite difficult, and in general very 
little is known about their properties or yields. 
Therefore, much of the data which have been 
used to interpret the charge distribution have 
come from isotopes closer to beta stability. 
These isotopes have longer half-lives but have 
low independent yields as fis sion products. 
Since the interest is in the distribution at the 
time of fission, this makes the interpretation 
more difficult. 

More recently with the advent of the high 
resolution solid- state photon detectors, it has 
become possible to study the prompt K x-ray 
spectra of the fission products. 2-6 Informa
tion concerning the charge and mass distri
bution of the products has been deduced from 
the measurements. This technique overcomes 
one of the main radiochemical difficulties in 
that the high-yield primary products are the 
ones that are sampled. However, there are 
still difficulties with this approach in that what 
is desired are the yields of the products and 
what is measured are the yields of the K x rays 
of the products. It is therefore necessary to 
make some approximation or justification show
ing that the x-ray yield follows the product 
yield. A further complication is in determining 
the dispersion of the charge and mass distri
butions. To obtain these values, an unfolding 
procedure has to be employed which removes 
the effects due to the relatively poor experi
mental re solution in the mas s determination. 
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From our recent experimental studies of 
prompt y rays from even-even fission pro
ducts, 7 -9 we have been able to develop a new 
technique which, for selected cases, over
comes the inherent difficulties of the radio
chemical and x-ray determinations. It has 
been possible to determine the energies and 
intensities of the 2+ - 0+ ground-state tran
sition for 32 of the highest independent-yield, 
even-even fission products. With the assump
tion that this ground- state transition reflects 
the yield of the isotope, it is possible to 
obtain information on the mass and charge 
distribution of the products. From considera
tions of the angular momenta of the prompt 
products, 10 it is possible to show that this is 
a reasonable assumption, especially when 
compared with the as sumptions concerning 
conversion coefficients which are necessary 
for similar analysis of the x-ray spectra. 
Another advantage of the prompt y-ray data 
is that information concerning the mas sand 
charge dispersion is obtained directly without 
having to unfold the large dispersion intro
duced from the mass resolution. 

The measured y-ray intensities were 
analyzed by two separate methods to deter
mine the fission-product distributions. The 
first analysis was to determine Zp (the most 
probable charge for each mass cHain) and 
Uz (the standard deviation of this distribution). 
The independent yields of the products, 
Y(Z,A), are assumed to have, for each mass 
chain, a Gaussian distribution centered about 

Zp' 

Z+.! 

Y(Z,A) = f 2 

z-i 

There are three parameters associated with 
this distribution: Y(A), uz' and Zp. The 
parameter Y(A), the total mass chain yield, 
has been measured independently11 and there
fore can be eliminated. The remaining two 
parameters can, in principle, be determined 
by a least-squares fitting procedure. Since 



Table 1. 

Isotopes used 

Mass (independent yields)a 

chain ['f/fission] 

91> 8r(0.51) 

96 8r(0.34) 

98 Zr(0.3) 

100 Zr(l.80) 

102 Zr(1.43) ,Mo(o.46) 

104 Mo(3.37) 

106 Mo(3.37) ,Ru(0.16) 

108 Ru(l.44) 

llO Ru(3.49) 

ll2 Ru(O.97) ,Pd(O. 77) 

ll4 Pd(1.48) 

ll6 Pd(0.87) 

ll8 Cd(0.32) 

132 Te(0.2) 

134 Te(l.5) 

138 Xe(2.3) 

140 Xe( 1. 5) ,Ba( 0.52) 

142 Ba(2.9) 

11>4 Ba(3 .6) ,Ce( 0.2) 

146 Ba( l.Ol,Ce( 1.04) 

148 Ce(2.31) 

150 Ce(0.98) 

152 Nd(0.6) 

154 Nd(O.l» 

156 8m(0.1) 

158 Sm(0.15) 

~efs. 7-9. 

bRef . ll. 

Most probable charges for specific mass chains. 

Mass chain
b 

Yield 

['f/fission] a 
c Z d 

p 

1.13 (0.623) 38.5 ± 0.2 

1.47 (0.623) 38.9 ± 0.2 

2.09 (0.623) 38.8 ± 0.2 

3.15 (0.623) 40.1 ± 0.3 

4.25 0.637 1,0.7 ± 0.1 

5.40 (0.623) 42.0 ± 0.5 

6.20 0.619 42.2 ± 0.2 

6.00 (0.623) 43.1 ± 0.1 

5.45 (0.623) 44.0 ± 0.5 

3.65 0.829 1>4.9 ± 0.1 

3.07 (0.623) 45.7 ± 0.1 

1.60 (0.623) 46.2 ± 0.3 

0.70 (0.623) 47.5 ± 0.2 

1.75 (0.623) 50.8 ± 0.2 

3.50 (0.623) 51.5 ± 0.1 

4.91> (0.623) 53.5 ± 0.1 

6.32 0. 1>77 54.8 ± 0.1 

6.00 (0.623) 55.6 ± 0.1 

5.77 0.566 56.1 ± 0.3 

5.15 0.609 57.0±0.1 

3.50 (0.623) 58.0 ± 0.5 

2.34 (0.623) 58.6 ± 0.2 

l.71 (0.623) 59.3 ± 0.1 

1.ll (0.623) 60.7 ± 0.2 

0.70 (0.623) 60.8 ± 0.3 

0.39 (0.623) 62.6 ± 0.4 

Wahle 

37.67 

38.47 

39.26 

40.01 

40.75 

4l.47 

42.29 

43.32 

44.08 

44.70 

45.31 

46.00 

46.69 

5l. 21 

52.12 

53.79 

51 .. 59 

55.39 

56.18 

57.00 

57.88 

58.70 

59.49 

60.27 

60.96 

61.69 

Watson
f 

39.2 ± 0.3 

40.6 ± 0.3 

4l.6 ± 0.2 

42.5 ± 0.1 

43.4 ± 0.1 

44.4 ± 0.2 

45.4 ± 0.2 

53.2 ± 0.2 

55.4 ± 0.1 

56.3 ± 0.1 

57.2 ± 0.1 

58.1 ± 0.1 

59.0 ± 0.2 

59.8 ± 0.2 

cFor mass chains having only one determined independent yield, the value of 0" was fixed to be 0.623. This was the 
average of the values obtained from fitting to the chains having two independent yields Co ;= 0.623 ± 0.116). 

dThe errors listed represent the propagation of the statistical errors associated with the independent yields of the 
individual isotopes. 
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the distributions are relatively narrow and the 
independent yields from. the v-ray analysis 
are only known for even-even isotopes, there 
were no m.ass chains for which m.ore than two 
independent yields were found. Therefore 
Eq. (1) was analytically solved to give the 
values of Zp and (JZ' From. the six m.ass 
chains analyzed (A = 102, 106, 112, 140, 144, 
146), the average value of (JZ was 

Uz = 0.623 ± 0.116 . 

Older radiochem.ical data for 235U (nth' f) have 
reported uZ = 0.59,12 while a m.ore recent 
tabulation prefers uz = 0.56 ± 0.06. 1 The y
ray determ.ined UZ is therefore in reasonable 
agreem.ent with the radiochem.ical results. 
The som.ewhat higher value m.ay be a dis-

persion effect reflecting difference as sociated 
with the eva~oration of m.ore neutrons in the 
fission of 2 Cf (v = 3.8) than in the therm.al 
neutron fission of 235U(V = 2.5). There is 
however a large discrepancy in this value 
when com.pared with iTZ = 0.467 ± 0.064, which 
is the unfolded preneutron em.ission value ob
tained by Glendenin et al. 5 from. analysis of 
their x-ray data. Using the current value of 
aZ = 0.623, it is possible to determ.ine som.e 
inform.ation on the value of Zp for m.ass chains 
in which only one independent yield is known. 
Using this one-point analysis, Zp, values were 
obtained for 20 additional m.ass chains. The 
results are presented in Table I along with 
the 235U(n, f) radiochem.ical values tabulated 
by Wahl et al. 1 and the 252Cf(sf) K x-ray 
values of Watson et al. 6 The errors quoted 

Table 2. Most probable masses for specific charge llwnbers. 

Isotopes used 

(independent yields)a Z yield
C 

Z [%/fission] 
b 

[ %/fission] A C a 
p 

38 91,( 0.51) ,96( 0.34) (1.512) 2.1 ± 0.4 94.5 ± 0.4 

40 98( 0.3) ,100( 1.80), 1.376 7.4 ± 1.1 100.8 ± 0.3 100.6 ± 0. 1, 

102(1.43) 

42 102( 0.46) ,104(3 .37), 1.387 15.4 ± 2.4 105.0 ± 0.3 

106(3.37) 

44 106(0.16) ,108(1. 1,4), 1.333 12.0 ± 1.6 109.8 ± 0.2 109.3 ± 0.3 

110(3.49) ,112( 0.97) 

1,6 112(0.77) ,114( 1. 48), 1.814 6.8 ± 1.4 114.1 ± 0.2 

116(0.87) 

52 132( o. 2), 134( 1. 5) (1.512) 8.7 ± 2.9 135.4 ± 0.3 

51, 138(2.3) ,140(1.5) (1.512) 9.3 ± 1.2 138.5 ± 0.5 

56 140( 0.52) ,142(2.9), 1.612 16.2 ± 2.6 143.3 ± 0.2 143.2 ± 0.1 

144(3.6) ,146(1.01) 

58 141,( o. 2) ,146( 1.04), 1.550 9.1 ± 1.3 148.0 ± 0.2 148.0 ± 0.1 

148(2.3) ,150( 0.98) 

60 152(0.6) ,154(0.4) (1.512) 2.4 ± 0.5 152.5 ± 0.6 152.5 ± 0.3 

62 156( 0.1) ,158( 0.15) (1.512) 0.6 ± 0.2 157.5 ± 0.7 155.0 ± 0.5 

"Refs. 7-9. 

b 
For charge chains with only two independent yields, the value of 0" '-TaS fixed to be 1.512 Vlhich was the 

average of the values obtained from fitting to the chains having more than two points (a == 1.512 ± 0.184). 

c The errors listed represent the propagation of the statistical errors associated with the individual 
parameters. 

~ef. 6. 
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on Zp represent the propagation of the statis
tical errors associated with O'z and the inde
pendent yields. (Yields of greater than 10/0/ 
fission were estimated to have uncertainties 
of 150/0, while tho se with yields Ie s s than 10/0 
had estimated errors of 250/0.) For the six 
mass chains having two independent yields, the 
current results are in good agreement with 
the radiochemical results and in each case 
closer to the radiochemical value than the 
x-ray-determined result. 

The second method used to analyze the 
data was to determine information on 
fission-product distribution with respect to 
mass. In this representation the data are 
analyzed for constant Z values. The for
malism used to define the distributions is 
analogous to that used for the charge distri
bution. 

At.!. 

Y(Z,A) = f 2 Y(Z) exp

A-i ~UA 
~A - Ap)2 /2u A J . 

(2) 
Again the distribution is as sumed to be 
Gaussian. The three parameters are Y(Z) 
(the total prompt yield of each element), UA 
(the standard deviation of the distribution of 
individual isotopes for each Z value), and Ap 
(the mean of the distribution). They were 
determined by least- squares fitting the mea
sured independent yields to Eq. (2). In a 
strict mathematical sense Eqs. (1) and (2) 
cannot, in general, both represent the distri
bution of the products. However, to the 
accuracy of this model, it is as a priori valid 
to assume that the distribution is Gaussian in 
the constant Z plane as in the constant A plane. 
There were six isotopic chains for which three 
or more yields were known, and for these the 
average value of "if A was found to be 

U
A 

= 1.512± 0.184 . 

By using this value, it was possible to obtain 
information on Y(Z) and Ap for five additional 
isotopic chains for which only two independent 
yields were known. The results are presented 
in Table II along with the values deduced from 
x-ray analysis. b The errors presented for 
the mean and yield of the various isotopic 
chains are calculated from the propagation of 
the statistical errors associated with UA and 
the independent yields. The values of Ap are 
in reasonable agreement with the x-ray results. 
The errors in the elemental yields are rela
tively large since this is a much more sensi
tive parameter to determine. A simple con
sistency check is to see the agreement between 
fit yields of complementary elements. For 
the five complementary pairs the values agree 
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Fig. 1. A plot of the analyzed experimental 
data presenting (1) the most probable post
neutron-emission mass as a function of atomic 
number (Ap vs Z) and (2) the most probable 
atomic number as a function of the post
neutron-emission mass (Zp vs A). The solid 
line represents the radiocliemical results as 
tabulated in Ref. 1. (XBL-711-2525) 

within their mutual error bars. Another check 
is the relationship between Uz and uA. Simple 
arguments 5 suggest that these values should 
be approximately related by the post-neutron
emission charge-to-mass ratio of the fission
ing nucleus 

98 
248 0.395 . 

The experimental value for this ratio is 



0.41 ± 0.09, which is in good agreeITlent but 
with a large uncertainty. This iITlplies that 
it has been possible to deterITline the true 
widths of the Ap distributions, which is very 
difficult in the x-ray experiITlents. The effect 
of the additional dispersion due to the ITlass 
deterITlination can be shown by cOITlparing our 
current value of (fA = 1.51 with the experi
ITlental value of (fA = 2.86 obtained froITl the 
x-ray analysis of Watson et al. 6 

A sUITlITlary of the current results is pre
sented in Fig. 1 along with the radiocheITlical 
results tabulated in Ref. 1. The agreeITlent 
between the ITlethods appears to be good with 
a possible systeITlatic deviation around the 
ITlore sYITlITletric ITlass division. This region 
is near the Z = 50, N = 82 closed- shell region 
and is therefore an area where low-lying 
isoITleric states are probable. Such states 
can cause probleITls in interpreting radio
cheITlical results since the beta-decay chains 
can have several isoITleric branches. 
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Gamma Transitions in Odd-A, Even-Z Fission Fragments 

E. Cheifetz, t R. C. Jared, S. G. ThoITlpson, and J. B. WilhelITlY 

The x-ray and y-ray radiations froITl fis
sion fragITlents produced in the spontaneous 
fission of 252 Cf originate froITl more than 100 
different neutron- rich nuclei, the ITlost abun
dant of which appear with a yield of approxi
ITlately 3% per fission. By studying these 
radiations in a ITlultiparaITleter experiITlent, 
we have been able to identify several of the 
states in the ground- state bands of about 30 
even-even fragITlents. 1-3 This was ITlade 
possible by the fact that the de excitation of 
even-even nuclei with 7 - 8 units of angular 
ITlOITlentUITl is terITlinated by a cascade through 
the ground-state bands, the energies of which 
follow siITlple systematic relationships. A 
large nUITlber of transitions that were ob
served in the experiITlent did not fit into 
the systeITlatic s of the ground- state bands 
of the even-even nuclei as they presuITlably 
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were eITlitted froITl the ITlany even-odd, 
odd-even and odd-odd nuclei that cOITlprise 
"" 75% of the species which are produced 
in spontaneous fission. The large number of 
decaying nuclei is in contrast to standard 
nuclear spectroscopy where single or at most 
very few decaying nuclei are studied. The 
first task in identifying the ga=a transitions 
accoITlpanying fis sion is to find out the atoITlic 
number and ITla s s of the eITlitting fragment. 
The identity of the atoITlic nUITlber associated 
with individual transitions was deduced froITl 
three different coincidence approaches: (1) 
FroITl y rays eITlitted in coincidence with 
specific K x rays. For this to take place the 
decay sequence ITlust include at least one 
highly converted transition with sufficient 
energy to emit an intense K x ray. This pro
cess is highly dependent on the nature of the 
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Fig. 1. Mass distributions as sociated with 
'{-ray transitions from zirconium isotopes. 
The value of A represents the average mass 
associated with the transition (the values in 
parentheses denote the region in which A was 
calculated). The lines have been as signed to 
the following isotopes: 151.4 keY 2 -+ 0 
102d1r ; 326.6 keY 4 - 2 102Z r ' 212.2 keY 2 -+ 

o 1 0Zr; 98.3 keY 101Z r and 1b9Ru (see text). 
(XBL-704-2748) 

cascade, and the identity of the transition that 
undergoes conversion cannot be determined. 
(2) From '{ rays emitted in coincidence with 
K x rays of the complementary fragment. 
Since the '{ decays from complementary 
fragments are presumably independent of each 
other, a highly converted transition in one 
fragment appears in a nonselective coincidence 
with the transitions of the complementary 
fragment. (3) From '{-'{ coincidence. This 
approach was used when one of the transitions 
had been assigned by using either of the first 
two methods. The Z identity of '{ rays in the 
same nucleus or in the fragment having com
plementary Z was established by observing 
'{-ray coincidences with an already known 
'{ ray. 

The assignments of masses were based 
on the fact that definite mass assignments have 
been made for the even-even fragments. As 
we have gescribed in another report in this 
volume, the mean masses were not absolutely 
correct and the mean masses associated with 
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Fig. 2. Tentative decay scheme of 111Ru . 
(XBL-713-3073) 

transitions from adjacent even-even nuclei dif
fered by less than 2 amu; nevertheless, the 
mean masses associated with '{ rays of the 
same nucleus differed by less than 0.1 amu. 
The masses associated with transitions of 
even-Z, odd-A nuclei fell therefore in between 
the masses of the even-even nuclei. 

An example of identifying a transition as 



being associated with an even Z, odd A is 
shown in Fig. 1 for 101Z r . The ITlass distri
butions associated with several transitions 
that appeared independently in coincidence with 
zirconiuITl K x rays are presented. The 151.4-
keY and 326.6-keV lines have been assigned 
as 2 -->- 0 and 4 -->- 2 transitions in 102Z r . The 
ITlean ITlasses associated with these transitions 
are 101.85 aITlU and 101.95 aITlU respectively. 
The 212.7-keV line has been assigned to 10UZ r 
and has a ITlean ITlass of 100.53. The 98.3-
keY line has a double-peak ITlass distribution 
which is due to two lines, one as sociated with 
109Ru and the other with 101Z r . Both ruthe
niuITl and zirconiuITl K x rays have been ob
served in coincidence with these lines. The 
ITlean ITlass of the zirconiuITl 98.3-keV line is 
101.19, which is centered between the ITlean 
ITlasses associated with the lines of 100Z r and 
102Zr and therefore was assigned to 101Zr . 

In an atteITlpt to find out the decay scheITle 
of SOITle even-Z, odd-A fission fragITlents, 
extensive sorting of the y-y coincidence data 
was undertaken. As an exaITlple we present 
in Table I a list of transitions assigned to 
111 Ru. SOITle of these transitions have been 
observed, but not assigned to specific ele
ITlents, by W. John et al. 5 in their study of 
delayed y rays froITl 252Cf fission. The re
sults of that study are incorporated in the 
table. One of the transitions (150.4 keY) was 
also observed by Watson et al. 6 in x-ray, 
electron coincidence ITleasureITlents and have 
been as signed to rutheniuITl. 

A tentative and incoITlplete decay scheITle 
is proposed in Fig. 2. The decay scheITle is 
cOITlpatible with the ITleasured half-life values 
and coincidence requireITlents. Both the 
150.4-keVand 104.0-keV lines appear with 

high intensity in coincidence with a rutheniuITl 
K x ray, presuITlably produced froITl the con
version of the 63.1-keV transition which ITlust 
have a conversion coefficient of at least five. 
Such a conversion coefficient is consistent with 
a strong E2 cOITlponent. It would be of interest 
to establish the decay scheITle, spin, and par
ities of levels in the light fission-fragITlent 
region as our studies of the even-even nuclei 
indicate the existence of large nuclear defor
ITlations in this region. The theoretical cal
culations of Nils son et al. 7 predict this to be 
a region of oblate deforITlations. By studying 
the levels in these nuclei one could perhaps 
establish the positions of the Nilsson single
particle levels and establish whether the de
forITlation in this region is prolate or oblate. 
At present not enough inforITlation is available 
to perforITl this task because no a priori siITl
pIe relationships of energy-level spacings such 
as those of even-even nuclei can be applied to 
very liITlited sets of levels in even-odd nuclei; 
in addition, the angular ITlOITlentUITl iITlparted 
to the fragITlents is perhaps not sufficiently 
high to create a situation in which easily de
tectable, very stretched cascades are fed. 
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Table 1. Transitions in 111Ru. E - energy of the transition; I - photon intensity in percent per 
fission; A-average ITlass associated with the transition. 

This expe riITlent John et al. 5 

E I A A I T~ Lines in coincidence 

keY %/Fiss aITlU aITlU 0/0 /Fis s 
2-

nsec in this experiITlent 

63.0 0.18 111.0 

76.1 0.29 110.94 104.0, 150.5, 424 

104.0 0.97 110.84 111 0.59 14 76.1, 139.2, 150.5, 358.1 

150.4 0.94 111 0.80 6 76.1, 104.0, 167.0, 358.1 

167.0 0.27 111 0.14 5 150.5, 358 

358.1 0.6 104.0, 150.4 
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Prompt Neutrons from Spontaneous Fission of 257Fm 1" 

~:< 

E. Cheifetz, H. R. Bowman, J. B. Hunter, and S. G. Thompson 

The average number of prompt neutrons 
v emitted in the spontaneous fission of 257Fm 
has been measured to be 3.97±0.13 (based on 
v'" 3.72 for 252Cf). A 257Fm sample with an 
intensity of "" 0.5 fissions/min faced a solid
state detector that detected fis sion fragments. 
Both the solid- state detector and the fermium 
source were placed at the center of a large 
gadolinium-loaded liquid-scintillator tank. 1 
The neutrons from the fission events under
went thermalization in the organic solvent in 
the tank and subsequently induced a cascade of 
thermal-neutron capture y rays from the 
gadolinium. The cascade of y rays produced 
signals in the photomultipliers that surrounded 
the tank. The fission fragment detector trig
gered a 35-fLsec gate which started 0.5 fLsec 
after fission, and during which the neutron
induced scintillations were counted and re
corded in the form of a multiplicity distribu
tion. For calibration, an identical system 
using a 252Cf source with its own fission frag
ment detector was run simultaneously with 
the fermium source. The system was also 
triggered by a pulser to obtain the background 
multiplicity distribution. The efficiency of 
the system to detect neutrons was 51.5%. 
Altogether 1500 fission events of 257Fm were 
recorded. The average values of the experi
mental multiplicity distributions were: 

- 257) 6 n( Fm = 2.1 8, 

n(252 Cf) 2.040, 

n(pulser) 0.124, 

thus, 

v( 25 7 Fm) /v( 252 Cf) 

r- 257 - ]/f.- 252 - J Ln( Fm) - n(pulser) Ln( Cf) - n(pulser~ 

1.067±0.036. 
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On the basis of v(252 Cf) = 3.72,2 we obtained 
v(257Fm) = 3.97±0.13. 

The average prompt neutron yield from 
spontaneous fission is directly related to the 
average excitation energy of the fragments 
Ex by the equation 

E = v(13 + IE ) + E =- (v + 1) (13 + E ) 
x n n y n n 

where 
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average neutron binding energy in the 
neutron emitting fragments, 

average neutron kinetic energy in the 
frame of the reference of the moving 
fragment, 
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Fig. 1. The average excitation energy in 
spontaneous fission as a function of the fis
sionability parameter. Dots-values derived 
from experimental results of v. Open cir
cle~-values derived from L:!.iVi: - EK' Values 
of Ex for the same isotope are connected by 
a line. The continuous line represents the 
liquid-drop estimate taken from Nix. 4 

(XBL-7012-4310) 



E 
Y 

y-ray energy emitted from the 
fragments. 

We have evaluated the average excitation 
energy of the spontaneously fissioning nuclei 
with known values of v using the simplifying 
assumption that the mass division in all the 
cases results in asymmetric fission with a 
heavy fragment mass of 140 and equal Z/A in 
both fragments. The neutron binding energies 
of the Garvey et al. 3 tables were averaged 
over even-odd effects in both protons and neu
trons. The averag~ neutron kinetic en~rgy in 
MeV was taken as En" 0.663 + 0.38v1;2. 
This equation reproduces the known results for 
252Cf and thermal neutron fission of 235U. 
Another approach, to obtain the average ex
citation energy in fission, is to consider the 
difference between the total energy release in 
fission obtained from mass formula tables 
and the average kinetic energy of the frag
ments. Some errors that can amount to 4 - 8 
MeV were made in both approaches since in 
evaluating the excitation energy, a proper 
average of neutron binding energies and 
masses over all fission products was replaced 
by values averaged over only a few of the 
most probable species. The resultant exci
tation energies as a function of the fission
ability parameter are shown in Fig. 1. In 
this figure we also show the behavior of the 
excitation energy as predicted by the dynami
cal calculations of Nix using the liquid-drop 
model. 4 Both the calculations and the exper
imental results show the same trend of in-

crease in excitation energy with the fission
ability parameter, but an absolute difference 
of;:::; 20 MeV is clearly seen. Better agree
ment between the calculations of the liquid
drop model regarding the kinetic energy of 
the fragments and the experimental results 
of fission induced by high energy projectiles 
has been obtained. Spontaneous fission and 
low-energy fission are unique in that they 
result in predominantly asymmetric mass 
distributions which are attributed to single
particle effects at the saddle point and (or) 
during the saddle-to-scission descent. During 
the saddle-scission descent some rearrange
ment of the cold deformed fragments into more 
nearly spherical shapes probably occurs, thus 
reducing the eventual excitation energy and 
increasing the kinetic energy. 
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Angular Momentum of Primary Fission Products 

J. B. Wilhelmy, E. Cheifetz, t R. C. Jared, S. G. Thompson, 
H. R. Bowman, and J. O. Rasmussen* 

Information concerning the angular mo
mentum distribution of the primary-fission 
~roducts formed in the spontaneous fission of 

52Cf has been deduced from our recent mea
surements 1 - 3 of the population of the members 
of ground-state bands in even-even fission 
products. We present here methods to ex
tract information on the intrinsic-angular
momentum distribution of the fis sion fragments 
from the measured intensities of the prompt 
y rays de exciting the ground-state band. The 
transitions observed within the ground- state 
band are the last stages of the dissipation of 
the large (;:::; 15 MeV) internal excitation energy 
of the primary products. From the time of 
scission until the time of observation, the 
fragments have each emitted neutrons and 
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various nonground-state-band transitions. To 
determine quantitative information on the pri
mary angular momentum, we have utilized 
two independent methods of analysis. 

The first method is based on an adaptation 
of the statistical-model-analysis methods 
developed byHuizenga and Vandenbosch4 , 5 to 
explain isomeric yield ratios in neutron
capture and charged-particle reactions. This 
model has been extended by Warhanek and 
Vandenbosch6 and by Sarantities, Gordon, 
and Corye1l7 to interpret information on angu
lar momentum in fission from the population 
of certain isomeric levels in specific fission 
products. By observing the prompt y rays 
we have three advantages when compared with 



the previous ITlethods: (1) It is not necessary 
to have a fission product which has a con
venient isoITler; (2) It is pos sible to obtain 
inforITlation on ITlany high-yield proITlpt pro
ducts; and (3) For each product we have popu
lation inforITlation on up to five spin levels 
(the 2+, 4+, 6+ and. 8+ froITl the y-ray inten
sities and the 0+ ground state froITl the inde
pendent yields of the products), instead of 
just two in the isoITler studies. 

The statistical ITlodel used aSSUITles that 
the level-density distribution of specific spin 
values is given by 

P(J) c£ (2J + 1) exp [- (J + if /2a
2J, (1) 

where P(J) is the probability distribution of 
spin levels, J is the value of the spin, and a 
is treated as a paraITleter which liITlits the 
population of high-spin states. The spin level 
populated by a given transition (neutron or y ray) 
is assuITled to be proportional to the relative 
probability of the levels of allowed spin. With 
these assuITlptions it was shown4,5 that a 
large variety of isoITleric-yield data could be 
interpreted using for a a value of three or 
four. We use this ITlodel not for its theoreti
cal rigor, but for its eITlpirical ability to give 
consistent interpretation of other experiITlental 
data. 

To proceed with the statistical calcula
tions, a further as su ITlpti on is necessary re
garding the angular ITlOITlentUITl distribution of 
the priITlary fragITlents. Following Refs. 6 
and 7, we as SUITle the initial fis sion-fragITlent 
spin distribution is given by 

P(J) c£ (2J + 1) exp [- J(J + 1)/B
2J ' (2) 

where B is the paraITleter to be deterITlined. 
In this representation B is used to liITlit the 
angular ITlOITlentUITl and therefore serves a 
purpose siITlilar to that of a in Eq. (1). This 
distribution is analytically convenient and 
presents a SITloothly varying, fairly wide dis
tribution in J. It has SOITle theoretical justi
fication in that it is functionally ~uite siITlilar 
to the expression derived by Nix for the 
fission-product angular ITlOITlentUITl based on 
the propagation of the aITlplitude of the norITlal 
aSYITlITletric - bending ITlode evaluated at the 
equilibriuITl saddle point. 

Using the above forITlalisITl we have eval
uated the intensities of the ITleITlbers of the 
ground-state bands of the even-even fission 
products as a function of B, which is the only 
free paraITleter in the ITlodel. (B is approxi
ITlatel y equal to the rITlS value of J plu s one
half.) Explicitly the calculation procedure 
consists of: (1) deterITlining the neutron 
ITlultiplicity of each isotope by ITlodifying with 
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our current results 1 - 3 the neutron-eITlission 
table presented by BowITlan et al.;9 (2) eval
uating the angular ITlOITlentUITl reITloved by each 
neutron using transITlission coefficients based 
on a siITlple square-well potential; 10 (3) 
assuITling after neutron eITlission that there 
are three statistical E1 y-ray transitions be
fore the ground- state band is populated (the 
results are not very sensitive to the ITlulti
plicity or ITlultipolarity of the preground- state
band transitions as long as they are assuITled 
to be statistical); and (4) after the statistical 
y-ray eITlission, feeding the ground state 
directly and evaluating the intensities of the 
cascading intraband transitions. The results 
of the statistical analysis for the isotope 144Ba 
are shown in Fig. 1. The experiITlental data 
are within the band defined by the B = 6 and 
B = 8 lines and have as a ITlean value B = 7.2. 

It was possible to extract siITlilar infor
ITlation for 21 other even-even fission pro
ducts for which ITleITlbers of the ground- state 
band were known. 

A further application of this statistical 
ITlodel is a prediction of the nuclear alignITlent 
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Fig. 1. Plot of the observed (A) and calculated 
(--) ground- state- band transition intensitie s 
obtained in the de excitation of the proITlpt
fission product 144Ba. A faITlily of calculated 
curves is presented as a function of the angu
lar -ITlOITlentUITl paraITleter B. All calculations 
were perforITled using the predeterITlined ex
periITlental paraITleters shown. v is the average 
nUITlber of neutrons eITlitted; a y and an are the 
statistical spin cutoff paraITleters associated 
with y-ray eITlission and neutron evaporation, 
respectively. (XBL-711-2517) 



of the populated spin levels. As an analogy to 
charged-particle-induced reactions, it is rea
sonable that the angular momentum of the 
primary-fis sion fragments is aligned in a 
plane perpendicular to the fission axis. The 
various neutron-evaporation and y-ray-tran
sition steps lead to a partial de struction of 
this alignment. This amount of disalignment 
can be quantitatively determined by using the 
spin-level distribution [Eq. (1)) and evaluating 
via Clebsh-Gordon coefficients the relative 
populations of the various magnetic states. 
For cOlJ±si~tency with the Huizenga- Vandenbosch 
model, , it is necessary to interpret the 
preexponential factor in Eq. (1) as due to the 
2J + 1 degeneracy of magnetic states for each 
spin level J. It should be pointed out that the 
alignment calculations involve no additional 
assumptions and can therefore be regarded as 
a further test for any statistical-model cal
culation. The results of the calculations for 
the predicted anisotropy for the 2+ ->- 0+ 
ground- state transition in 144Ba are shown in 
Fig. 2 as a function of the parameter B. Also 
shown are the experimental data11 and results 
fitted to those data. Again the experimental 
values lie within the B := 6 to B := 8 band and 
have a mean value of 13 := 6.3. The analysis 
of the two sets of experimental data is thus in 
good agreement with regard to the prediction 
of the initial angular momentum. 
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Fig. 2. Experimental and calculated angular 
distribution of the 2+ --'.> 0+ ground- state tran
sitions in the de excitation of the prompt
fission product 144Ba . The calculated curves 
are presented as a function of the angular
momentum parameter B. The experimental 
data were least- squares fitted to the function: 
P((J) := N[ 1 + A2P2(COS 8) + A4P4(cOS 8)). 
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Fig. 3. A comparison of the observed relative 
ground- state- band transition intensitie s from 
the current experimental results (triangles) 
with those observed in various charged parti
cle, xn reactions (lines). The reaction data 
are labeled with the average angular momen
tum of the reaction as calculated from optical-
model codes. (XBL-706-3041) 

The second method which was used to 
interpret the experimental data involved no 
theoretical analysis and simply consisted of 
a comparison of the intensities of the prompt
fission y rays with those observed in in-beam 
v-ray studies of charged particle,xn reactions. 
Figure 3 presents the results of such a com
parison. The lines join observed experimental 
transition intensities as reported in the litera
ture. The lines are labeled with the average 
angular momentum induced in the reaction as 
calculated from optical-model codes. Even 
though a variety of reactions are considered 
and the compound nuclei produced vary from 
what is nominally considered spherical to 
strongly deformed, there is good correlation 
with the intensity of the various spin members 
as a function of the initial angular momentum. 
The current experimental data presented are 
those for the complementary fission products, 
104Mo and 144Ba. By direct interpolation, the 
average value of '- for 144Ba would be "" 9.2. 

The discrepancy between the two methods 
is probably due to inadequacies in the assump
tions of the statistical model and also possibly 
due to the "resolution" available for interpolat
ing such a wide variety of experimental data in 
the case of the reaction data comparison. 
Therefore, the absolute uncertainty of the 
determination of the magnitude of the angular 
momentum is implied by this discrepancy. 
However, the variation of the angular momen
tum as a function of products is essentially 
independent of the method of analysis as long 
as the supposition is valid that the intensities 
of the transitions in the ground- state band 
reflect the initial angular -momentum distri
bution. This variation in the mean angular 
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therefore taken to be less certain. The plot 
is pre sented such that cOlllplelllentary ele
lllents lie on the sallle abscissa. 
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1ll01llentulll between the products is presented 
in Fig. 4 using values derived in the statisti
cal-lllodel analysis. The data are plotted as 
a function of Z, and each experilllental point 
represents the average of the parallleter B as 
deterlllined frolll the various llleasured iso
topes of that elelllent. The graph is presented 
such that cOlllplelllentary elelllents lie at the 
sallle abscissa value. 

The 1ll0St obvious features presented in 
Fig. 4 are: (1) the variation between pro
ducts is not large; (2) the heavy fraglllents 
have sOlllewhat larger angular 1ll01llentulll than 
the light products; and (3) the angular 1ll01llen
tUlll appears to be slightly decreasing as SYlll
llletric division is approached. An illlportant 
feature to note is that the angular 1ll01llentulll 

164 

does not follow the internal excitation energy 
of the fraglllents. The palladiulll isotopes 
(Z = 46) which have the lowest values of B have 
essentially the highest internal excitation 
energy (as interpreted frOlll the neutron lllulti
plicity llleasurelllents9). A qualitative corre
lation which possibly does exist is the depen
dence of the angular 1ll01llentulll on the defor
lllation of the nucleus. FrOlll our llleasured 
properties of the even-even fission products 
it has been possible to deterllline that the 
lightest fission products are apparently 
strongly deforllled 1 in their ground states as 
are the heaviest fission products which are in 
the rare-earth region. 2 Taken individually 
the isotopes of both the light and heavy fission 
groups having the greatest softness to defor~ 
lllation also have the largest angular 
1ll01llentulll. 

Footnotes and References 

tOn leave frolll the Weizlllann Institute of 
Science, Rehovoth, Israel. 

," 
"Present address: Sterling Chelllical Labora-
tory, Yale University, 225 Prospect Street, 
New Haven, Connecticut 06520. 

1. E. Cheifetz, R. C. Jared, S. G. 
Tholllpson, and J. B. WilhellllY, Phys. Rev. 
Letters 25, 38 (1970). 

2. J. B. WilhellllY, S. G. Tholllpson, R. C. 
Jared, and E. Cheifetz, Phys. Rev. Letters 
9 1122 (1970). 

3. E. Cheifetz, R. C. Jared, S. G. 
Tholllpson, and J. B. WilhellllY, UCRL-19949, 
August 1970, and in Proceedings of the Con
ference on the Properties of Nuclei Far FrOlll 
the Region of Beta Stability, Leysin, Switzer
land, 1970 (to be published). 

4. J. R. Huizenga and R. Vandenbosch, Phys. 
Rev. 120, 1305 (1960). 

5. R. Vandenbosch and J. R. Huizenga, 
Phys. Rev. 120, 1313 (1960). 

6. H. Warhanek, and R. Vandenbosch, J. 
Inorg. Nucl. Chelll. 26, 669 (1964). 

7. Dellletrios Sarantities, Glen E. Gordon, 
and Charles Coryell, Phys. Rev. 138B, 353 
(1965). 

8. J. R. Nix and W. J. Swiatecki, Nucl. 
Phys . .1i, 1 (1965). 

9. H. R. BOWlllan, J. C. D. Milton, S. G. 
Tholllpson, and W. J. Swiatecki, Phys. Rev. 
129, 2133 (1963). 

10. J. M. Blatt and V. M. Weisskopf, 
Theoretical Nuclear Physics (John Wiley & 
Sons, New York, 1952) pp. 342 - 365. 

11. E. Cheifetz, H. R. BOWlllan and S. G. 
Tholllpson, in Nuclear Chelllistry Division 
Annual Report 1968, UCRL-18667, p. 168. 



Experimental Information Concerning Deformation of 
Neutron-Rich Nuclei in the A~100 Regioni" 

>:< 
E. Cheifetz, R. C. Jared, S. G. Thompson, and J. B. Wilhelmy 

Experimental evidence has been found 
establishing rotational-like behavior in very 
neutron-rich even-even 40Zr , 42Mo, 44Ru, 
and 46Pd isotopes. These results support re
cent theoretical studies by Ragnar s son and 
Nilsson1 and by Arseniev et al. 2 which have 
predicted a new region of stable deformation 
which includes these nuclei. We have obtained 
systematic information on the ground-state 
bands of all the light even-even fission prod
ucts formed in the spontaneous fission of 
252 Cf which have independent yields 3 of 
greater than approximately 1% per fission. 
The experimental configurations and a dis
cussion of the data reduction techniques are 
presented in another paper in this report4 and 
therefore will not be discussed here. 

Since it was to be expected that the radia
tions associated witheven-even isotopes should 
come from low-lying states following a simple 
systematic behavior, our studies began with 
the investigation of these nuclei. From analy
sis of the data we have been able to assign 
transitions to 14 even-even isotopes for which 
previous assignments have not existed. The 
results of the investigation are summarized in 
Table I. For each isotope in the table we 
present two lines of information. The top line 
contains the experimental energies of the 
observed levels along with the ratio of the 
energies of the 4+/2+, the measured half
life of the 2+ level and the yield per fission 
of this transition. Also presented are the cal
culated B(E2;2 ~ 0) and 132 values following 
the formalism of Stelson and Grodzins. 5 The 
criteria taken into account in making these 
assignments are summarized in Ref. 6. The 
second line for each isotope in Table I presents 
the corresponding predicted values. The pre
dicted energies of the 6+ and 8+ states were 
determined from empirical "Mallmann" plots. 7 
The predicted lifetimes were determined from 
considerations of the phenomenological vari
able moment-of-inertia model. 8 Single-parti
cle B(E2;2 ~ 0) values and the theoretical de
formation values of Arseniev et al. 2 are also 
presented below the corresponding quantities 
derived from the experimental data. The 
theoretical calculations predict this to be a 
region for which the equilibrium shape is an 
axially symmetric oblate spheroid. We have 
translated the reported EO deformation to 132 
deformation, (132 ~ EO/0.95). 

The central question from these studies 
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is whether the theoretical predictions for de
formation can be verified. It is not possible 
to determine the existence of static deforma
tions from observed ener gy-level spacings or 
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Fig. 1. A composite plot containing five indi
cators of deformation plotted as a function of 
mass. The mass intervals used contain only 
the current experimental region (100 - 116) and 
a representative sampling from the two major 
known regions of deformation. The rare earth 
and actinide data were taken from Refs. 5 and 
8. The value of 132' 132SP' B(E2), and B(E2)Sp 
were extracted from the relationships pre
sented in Ref. 5; E2+ and E4+ are the experi
mental energies of the first 2+ and 4+ leve,ls; 
the final indicator (79.51/E2+) X (158/A)5/3 
gives a relative comparison between the ener
gies of the first 2+ states on a basis which 
removes the inherent mass dependence from 
the moment of inertia. The open circles 
represent current results obtained using ex
perimental energies and lifetimes. The open 
squares represent current results obtained 
using experimental energies and calculated 
lifetimes (Ref. 8). The closed circles repre
sent literature values (Refs. 5 and 8). 

(XBL-705-2752 with changes) 



Table 1. Experimental results and phenomenological predictions for ground-state bands. 

10)~ 
Mo 

108 
Ru 

exp 

pred 

exp 

pred 

exp 

pred 

exp 

pred 

exp 

pred 

exp 

pred 

exp 

pred 

exp 

pred 

exp 

pred 

exp 

pred 

exp 

pred 

exp 

pred 

exp 

pred 

exp 

pred 

815.5 

212.7 

151.9 

296.0 

192.3 

171.7 

242.3 

240.8 

236.8 

348.8 

332.9 

340.6 

488.0 

Energy in keV 

564.8 

561.0 

522.5 

665.3 

663.9 

645.7 

853.6 

1062.7 

1021 

1081.0 

1075 

(1034.3) 

1008 

1240 

1240.0 

1238 

1200 

1503.0 

1515 

1570 

(1970) 

1976 

(1551) 

1533 

1681 

1604 

1914 

(1947.7) 

1914 

1847 

2304 

2952 

E4/E2 

2.65 

3.15 

2.92 

3.04 

2.75 

2.73 

2.39 

<0.1 

<0.1 

0.52 

0.29 

0.86 

0.94 

<0.1 

0.45 

0.45 

0.75 

0.61 

0.22 

0.17 

0.23 

0.18 

0.20 

0.19 

<0.1 

<0.1 

0.052 

<0.1 

0.045 

<0.1 

0.012 

i/fiss 

0.51 

0.57 

0.34 

0.67 

1.80 

1.82 

1.43 

0.82 

0.46 

0.82 

3.37 

3.12 

3.37 

2.49 

1.94 

2.73 

0.97 

0.70 

0.77 

0.71 

0.87 

0.73 

0.32 

0.20 

Mass 

94.3 

94 

96.0 

96 

100.5 

100 

101.8 

102 

103.0 

102 

104.7 

104 

106.0 

106 

109.0 

108 

110.2 

110 

111.8 

112 

112.9 

112 

114.4 

114 

115.2 

116 

117.7 

118 

exp s.p. 

233 

2.74 

2.81 

>2hl 

2.81 

2.88 

293 

3.03 

3.11 

3.18 

>108 

3.18 

3.26 

>121 

>20 

3.41 

~ c 
2 

0.364 

-0.29 

0.604 

-0.29 

>0.348 

0.454 

-0.27 

0.353 

-0.26 

0.346 

-0.25 

0.382 

-0.25 

>0.199 

>0.221 

>0.207 

>0.080 

aYield; expo - no. of 2 ~ 0 transitions per fission corrected for internal conversion; pred. - radio-chem::'cal yield of g.s. (Ref. 3). 

bB(E2) are in units of e
2 

cm
4 

X la-51 . 

CThe experimental 13
2 

values are derived from the B(E2) data following Ref. 5. The sign is undetermined. 

dThese transitions have also been reported by Ref. 10. 

from measurements of B(E2;2 -+ 0). How
ever, studies of such systematics are indic
ative of nuclear softness, and therefore it is 
of interest to compare these properties in this 
new region with the corresponding values for 
the rare earth and actinide regions, which are 
the two major areas of known permanent de
formation. There are several different indi
cators of deformation and it is informative to 
compare each. Figure 1 is a composite plot 
containing five indicators associated with 
deformation [[32' B(E2)/B(E2)SP E4+/E zt' 
[32/[32SP, (79.51/E2+)X(158/A)5/3] plotted as 
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a function of mass. The last indicator rep
resents to a first approximation a mass
independent comparison of the energies of the 
first 2+ states, using arbitrarily the de
formed 158Gd nucleus as a reference. The 
nuclei presented in the plot include the cur
rent region (100 - 116), and a representative 
sampling of isotopes in the rare earths (150 -
180) and in the actinides (224 - 244). 

In this light fission-product region of the 
isotopes studied, 102Zr appears as the most 
favorable candidate for deformation. Its 



values for [32(0.604) and for the mass-inde
pendent energy parameter (1.08) are larger 
than any of the corresponding values found in 
the rare earth and actinide nuclei. Also its 
values for B(EZ)/B(E2)Sp(234) and [32/[32SP 
(15.2) are larger than for any of the rare 
earths though smaller than some of the acti
nides. The only parameter for which it has 
a lower value than obtained in the other regions 
is the E4+/EZ+ ratio, where the 102Z r value 
of 3.15 is somewhat smaller than the limiting 
value for a perfect rotor (3.33), which is 
closely approached in both the rare earths and 
actinides. The other new isotopes for which 
we present information have smaller values 
for these deformation indicators than 102Z r , 
but even they have, in several instances, 
values comparable or larger than those typi
cally found in the rare earth and actinide 
regions and in all cases are larger than the 
values found for spherical nuclei near closed 
shells. 

For the isotopes with higher masses, the 
decrease in the deformation indicators is 
believed to be due to the approach of the 
Z = 50 closed shell, and for the lighter iso
topes the effect of the N = 50 shell should be 
important. The theoretical calculations of 
Arseniev et al. 2 imply that the regions of 
strongest deformation should be in the heavier 
isotopes of strontium (98 - 102) and of krypton 
(96 - 102), which are not produced in signifi
cant yield in the fission process. Recently 
(t, p) reactions leading to 98Z r have verified 
the lowest 2+ state to be at 1.223 MeV. 9 There
fore, the change in the energy of the lowest 2+ 
states between 98Z r and 100Z r is larger than 
the well-noted change from 150Sm to 1.52Sm . 
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Single-Particle and Pairing Effects in 
the Fission Probabilities of Nuclei Below Radium 

t * L. G. Moretto, J. T. Routti, and S. G. Thompson 

A very large amount of experimental data 
on the fission cross sections of nuclei below 
radium are available at present. 1, 2 A simple 
analysis of such data has yielded rather accu
rate values for the fission-barrier heights, 
but so far it has been impossible to account 
completely for the overall energy dependence 
of the fission cross sections. The purpose of 
the present work is the analysis of the experi
mental data by means of statistical calculations 
performed on excited nuclei starting from cur
rent shell-model theories. 

The ratio between the fission cross section 
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af and the compound nucleus cross section ac 
gives the total fission probability. Such prob
ability is related to the "first chance" fission 
probability defined as the ratio of the fission 
width rf and the total decay width r T . In 
heavy nuclei, the charged-particle evaporation 
is highly hindered; therefore, the total decay 
width is essentially equal to the sum of the 
neutron width r n and the fission width 

It follows that the analysis of the experimental 



fission probabilities reduces to the evaluation 
of rdrn. 

On the basis of statistical assumptions the 
following expressions for rf and r n are 
obtained3 

1 
E-B 

f fp (x)dx 
o s 21Tp(E) 

and 

r = 
n 

j
E-B 

2 n 
2 ~ O'(E - B -x)p (x)(E - B -x)dx 

1T 1'1 p(E) 0 n n n 

where 

p(E) is the compound-nucleus level density, 
p (x) is the saddle-point level density, 
p s(x) is the level density of the nucleus 

n after neutron emission, 
O'(E - B - x) is the inverse cross section 

foP the process of neutron emission, 
m is the neutron mass, 
Bn is the neutron binding energy, and 
Bf is the fission-barrier height. 

In such formulas, the level densities are 
quantities which contain a large amount of 
information related to the nuclear structure. 
If the level density expressions obtained for 
a Fermi gas (a set of fermions populating a 
set of equally spaced single-particle levels) 
are used, it is difficult to fit the experimental 
ratio rf/r n over a large range of excitation 
energies. This is not too surprising since 
the Fermi gas level-density expression is 
based upon an oversimplified nuclear model. 

In order to retain a larger amount of 
physical information, one needs to derive the 
level density from a reasonable shell model, 
which accounts also for the residual inter
actions between nucleons. At present formal
isms have been developed which allow the 
numerical evaluation of level densities start
ing from an arbitrary sequence of single
particle levels. 4 It is also possible to include 
the residual interactions in a natural way by 
means of the B. C. S. Hamiltonian. 5 

For the evaluation of r n we have used 
level densities based upon the Nilsson level 
sequence. Since most of the nuclei under 
study are close to 208Pb, the level densities 
must show the onset of strong shell effects in 
a very dramatic way. Such effects are indeed 
seen4 and reflect both the expectation and the 
experimental evidence that level densities 
should be lowest for nuclei closest to the 
doubly magic nucleus 208Pb. In Fig. 1, a 
portion of the Nilsson single-particle spectrum 
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Fig. 1. Neutron and proton single-particle 
levels close to the 82 - 126 magic numbers. 
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used for the calculations is shown. In Fig. 2, 

!~~::~c~M~~: ~~:e~r!es:~~t~~~ f~t a~~~~:s from 
this figure that the level densities reflect 
nicely the details of the single-particle scheme 
used to calculate them. 

We expect that the shell effects, which 
are here introduced in a most natural way 
from the shell model, will be adequate for a 
proper treatment of r n. 

For the evaluation of r f no reasonable set 
of single-particle levels is availa ble as yet 
from shell-model calculations. Therefore, we 
must rely at present upon the assumption that 
the actual sequence of single-particle levels 
can be adequately approximated by a uniform 
distribution of levels. Such an assumption 
may be justified by the expectation that, at the 
very large saddle-point deformations, the 
bunching and debunching of single-particle 
levels as a function of deformation (as can be 
observed in a Nilsson diagram) is reduced to 
a very unimportant level. 

Pairing effects play an important role for 
ordinary nuclei and might playa more impor
tant one at the fis sion saddle point. 6 For this 
reason pairing effects are included both in r f 
and r n. In Fig. 3, we report the results of 
the statistical calculations performed on a 
216Rn nucleus based upon the Nilsson diagram 
and the B. C. S. Hamiltonian. The gap param
eters for neutrons and protons decrease from 
their ground-state values and finally vanish, 
showing the transition from the super conduct
ing phase to the ordinary one. The level-density 
denominator, which is a smooth function of the 
heat capacity of the nucleus, presents discon
tinuitie s typical of the superfluid transitions. 
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Fig. 2. Level densities for nuclei in the 208pb 
region calculated on the basis of the Nilsson 
diagralU. Pairing is not included. 
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Fig. 3. Energy dependence of the neutron and 
proton gap paralUeters (left scale) and of the 
level-density denolUinator (right scale) for the 
nucleus 216Rn. (XBL-713-3154) 

SOlUe level-density calculations, which include 
both the Nilsson diagralU and the B. C. S. 
HalUiltonian, are shown in Fig. 4. 

The resulting nUlUber of paralUeters in 
rf/(rf + r n) is rather slUall. SOlUe of thelU 
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Fig. 4. Level densities for nuclei in the 208p b 
region calculated on the basis of the Nilsson 
diagralU and of the B. C. S. HalUiltonian. 

(XBL-713-3155) 

are quite well known and therefore can be kept 
fixed- -for instance, the neutron binding energy, 
the gap paralUeters for ground-state nuclei, 
etc. SOlUe others, sOlUewhat less certain, 
should be adjusted in such a way as to fit the 
experilUental data--for instance, the fission
barrier height, the oscillator shell spacing 
1iwO' the single-particle level density at the 
fission saddle point, etc. 

The lUOSt cOlUplicated part of the nUlUer
ical calculation is the evaluation of the level 
densities. For such a purpose, a subroutine 
(MOLOCH) has been written which calculates 
the level densities and excitation energies in 
tabular forlU as a function of the nuclear telU
perature. The input data are the single-parti
cle levels and the lUass and atolUic nUlUbers 
of the nucleus. The pairing strength is cal
culated in such a way as to reproduce the 
known gap paralUeter s. The even- odd effects 
in the level densities are autolUatically 
accounted for. Such a code is used for the 
evaluation of r n' Owing to the great silUpli
fication due to the uniforlU single -particle 
level spacing at the fis sion saddle point, a 
separate subroutine (BAAL) has been written 
for the evaluation of the saddle-point level 



densitie s. Its structure is identical to that of 
MOLOCH, aside from the much simpler 
numerical procedures. The output of this 
subroutine is in tabular form also. Such a 
code is used for the evaluation of rf. The 
tables of the level densities must be interpo
lated in order to obtain the level density at the 
required excitation energy. The overall pro
gram includes a minimization routine to fit 
the experimental data. The program can be 
alternatively operated on-line with the com
puter. The analysis of all the available exper
imental data is in progress. 
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Ground-State Bands in Neutron-Rich Even 
Te, Xe, Ba, Ce, Nd, and Sm Isotopes Produced 

in the Fission of 252Cf t 

J. B. Wilhelmy, S. G. Thompson, R. C. Jared, and E. Cheifetz':< 

We present new information concerning 
the energy levels of very neutron-rich even
even isotopes of 52Te, 54Xe, 56Ba, 58Ce, 
60Nd, and 62Sm. These results were obtained 
in a series of experiments on the prompt y-ray 
de excitation of the fission fragments from 
spontaneous fis sion of 252 Cf. The data, which 
in some of the cases can be correlated with 
previously reported results, extend the knowl
edge about the systematic behavior of collective 
excitations to neutron-rich nuclei far from the 
f3-stability line. The systematics of the energy 
levels in the ground-state bands for the heavier 
fragments are well fitted using the phenomeno
logical variable-moment-of-inertia model of 
Mariscotti, Scharff-Goldhaber, and Buck. 1 
One of the main features of the results is the 
evidence that the well-known abrupt discon
tinuity in the ratio E4+ /E2+ for isotopes with 
88 and 90 neutrons reaches its maximum effect 
in neodymium, samarium, and gadolinium 
isotopes and becomes much les s abrupt in the 
cerium and barium nuclei. This smoother 
transition is similar to the behavior observed 
for isotopes with Z > 66. 2 

In the experiments x rays and (or) y rays 
were measured in coincidence with pairs of 
fission fragments. The experimental techni
ques are presented in a previous paper in this 
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report3 and therefore will not be discussed 
here. 

The experimental results are presented in 
Table I. For each isotope in the table, we 
present two lines of information. The top line 
contains the experimental energies of the ob
served levels along with the ratio of the ener
gies of the 4+ and 2+ levels, the measured 
half-life of the 2+ level, the yield per fission 
of this transition (corrected for internal con
version), and the mean experimental mass 
associated with the ground- state-band transi
tions. Also presented are B(E2;2 ->0 0) values. 
The second line contains corresponding pre
dicted values. The energies of the 6+ and 8+ 
levels were obtained by interpolation using the 
standard Mallmann plots 5 of EI/E2 vs E4/E2 
(I being 6 or 8). The ground-state-band data 
used for the curves were obtained from com
pilations of Mariscotti, Scharff-Goldhaber, 
and Buck. 1 The predicted half-life and B(E2) 
values are based on the phenomenological 
variable-moment-of-inertia model. 1 The 
predicted radiochemical yields are from the 
calculations of Watson and Wilhelmy. 6 

Criteria used in establishing the transi
tions presented in Table I are discussed in 
Ref. 7. 
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Table 1. Experimental results and phenomenological predictions for ground state bands. 

2+ 

974 

1278 

376.8 

602.2 

359.7 

199. 1, 

181.0 

397.5 

258.6 

158.7 

97.1 

75.9 

72.8 

76 

72.8 

Energy in keV 

4+ 

1575 

1072.9 

834.7 

835.4 

530.4 

514 

668.7 

306.1 

240.6 

235.2 

250.2 

240.3 

6+ 

1690 

1371 

1467.4 

1403 

962.1 

95'( 

959 

1171 
1186 

8ho.9 

851 

606.8 

607 

487.9 

478 

518 

511 

498.5 

495 

8+ 

1940 

1996 

1472 

1455 

1511 

1823 

983.2 

976 

810.0 

782 

812.0 

781 

863 

844.5 

837 

E4/E2 

2.02 

1.23 

1.82 

2.22 

2.32 

2.66 

2.84 

2.59 

2.86 

3.15 

3·17 

3.23 

3.29 

3.30 

nsec 

0.04 

0.04 

0.49 

0.35 

0.85 

0.46 

0.29 

0.14 

0.9'" 

0.70 

>0.9'" 

2.14 

>2 

2.76 

>2 

2."(4 

2.27 

2.32 

Yield 

%/fis 

'\oQ.2 

0.42 

'Vl.5
d 

2.02 

2.31 

2.25 

1.5 

3.18 

'\oQ.5 

0.2 

2.90 

2.08 

3.60 

3.33 

1.01 

0.78 

'\oQ.2 

0.08 

2.31 

2.11 

>0.98 

0.56 

>0.6 

0.99 

>0.4 

0.98 

>0.1 

0.35 

>0.15 

0.18 

Mass
b 

known 

132 

133.99 

134 

138.28 

138 

139.23 

140 

known 

140 

143.58 

144 

144.88 

146 

known 

144 

148 

148.81, 

150 

152.6 

152 

155.8 

156 

157.2 

158 

B(E2; 2 + O)e 

exp 

185 

226 

314 

454 

277 

506 

157 

341 

445 

578 

956 

1230 

1280 

1220 

1280 

s.p. 

3.96 

4.04 

4.21 

4.29 

4.37 

4.45 

4.53 

1~. 61 

4.70 

4.78 

4.87 

4.95 

5.04 

a1'he life times were determined from two point decay curves and in prtnciple could be shorter since there is a possi
bility of hold up from previous transitions. However the cases (denoted by ~) for which the4transition had a measured 
delayed component with ~~ ~ 3 nsec were corrected on the basis of the work of W. John et al. 

bIn 132Te , 140Ba , and 141lCe no reliable mass calculation vTaS possible due to poor statistics. The y transitions were 
known from previous work (Ref. 7). In general the calculated maSs,~s have a statistical error of less than' 0.2 amu. 

cThe B(E2) values are in units of e 2cm4 10-51 . 

dThe prompt yield of the 2+ state is only '\.0.25% per fission. The balance is made up of delayed yield as taken from 
Reference 4. 
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Fig. 1. SysteITlatic behavior of the ratio 
E4/E2 as a function of proton nUITlber in the 
N = 86 - 92 region. Closed triangles are new 
data froITl this experiITlent. The other data 
are froITl Refs. 2 and 11. (XBL-706-3124) 

An iITlportant feature shown by the data is 
that the 88 - 90 neutron discontinuity is SITlear
ing out as the proton nUITlber decreases below 
Z = 60. This is seen both for the energies of 
the 2+ level and the E4+ /E2+ ratio. A plot of 
the E4/E2 ratio of nuclei with 56 -'S Z -'S 70 is 
presented in Fig. 1. This figure clearly shows 
that the ITlaxiITluITl effect of the 88 - 90 neutron 
discontinuity occurs in the region 60 -'S Z -'S 66. 
The nuclei with N = 92, Z = 58 and N = 92, 
Z = 68 have E4/E2 ratios and B(E2} values 
rNch indicate that they are as rotational as 

62SITl, which is known to have perITlanent 
quadrupole deforITlation, even though for 
Z = 58 and Z = 68 the 88 - 90 neutron effect is 
relatively rather SITlooth. A siITlilar effect has 
been shown to occur in the 76 - 80 proton-nuITl
ber region, 8 where a sharp discontinuity 
occurs for 106 -'S N -'S 112, and a SITlooth behav
ior was observed outside this region. We can 
sUITlITlarize then that the transition froITl a 
vibrational spectruITl to a rotational one can be 
either abrupt or SITlooth depending probably 
on a delicate balance between proton- and 
neutron-pairing correlations. Calculations 
by Nilsson et al. 9 and by Ragnarsson and 
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Nilsson10 indicate that deforITlation is ex
pected to occur abruptly between 86 and 88 
neutrons for the nuclei discussed here. These 
calculations, which are based on the Nilsson 
ITlodel, cOITlbined with the Strutinsky norITlal
izationprocedure, reproduce the general trend 
of decreased deforITlation for nuclei with 88 
neutrons on both sides of Z = 62. 
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The Influence 
the Calculation 

of Various A pproxima tions on 
of First-Chance Fission Probabilities 

R. C. Gatti and S. G. ThoITlpson 

Excitation functions have been ITleasured 
for the induced fis sion of about 12 nuclei 
lighter than radiuITl. These data have been 
analyzed with standard theoretical expressions 
in order to deterITline the fission-barrier 
heights (Bf)' Most earlier authors 1 - 3 have 
analyzed only the low energy data (up to about 
40 MeV of excitation energy) and have ne
glected the influence of barrier penetration, 
pairing, shell effects and angular ITlOITlentUITl. 
The level-density expressions theITlselves and 
the paraITleters used have SOITle effect on the 
values of fission-barrier heights which are 
extracted. However, in general, when exper
iITlental fission barriers and level-density 
paraITleters which give good fits at low ener
gies are used to calculate first-chance fission 
probabilities at higher energies, the resulting 
values are ITluch larger than the experiITlental 
results. As the first step in trying to under
stand this discrepancy, we studied the sepa
rate influences on the calculated fir st- chance 
fission probability of a nUITlber of previously 
neglected effects. 

The theoretical expres sion for the COITl
petition between first-chance fission and neu
tron eITlission used here is siITlilar to one 
derived by Wheeler4 

r + r ' f n 

where o£ is the ITleasured fission cross sec
tion of the cOITlpound nucleus, aR is the cal
culated total reaction cro s s section, r £ is the 
fission probability, and rn is the neutron 
evaporation probability (rn» r y + 
L;rcharged particle)' The total reaction cross 
section was calculated using the procedure of 
Huizenga and Igo. 5 For the fission width, rf, 
we start with the expression derived froITl 
standard reaction rate theory6 and incorporate 
the Hill and Wheeler 7 fission-barrier pene
trability Bp to obtain the expression 

where 

E f x Bpp':«X)dX , 

o 
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B 
P 

1 

T f is the energy in the fission degree-of
freedoITl above the height of the fission bar
rier, 1'lwis a ITleasure of the thickness of the 
fission barrier, p(Ex) is the level density in 
the cOITlpound nucleus at a given excitation 
energy Ex, and the level density at the sad-
dle point is p':«X) - -where the excitation energy 
in the nonfission degree-of-freedoITl is X. The 
relation of the excess energy in the fission 
degree-of-freedoITl to the exces s energy in the 
nonfission degree-of-freedoITl is given by 

and 

where Bj"D is the liquid-drop fission barrier, 8 

S is the experiITlental shell effect in the 
ground state of the cOITlpound nucleus, and Bf 
is the experiITlental fissiqn-barrier height. 

The calculations of Cohen et al. 9 can be 
used to estiITlate the lowering of the fission 
barrier .6.BfR caused by the angular ITlOITlentUITl 
.brought in by the bOITlbarding projectile. To 
calculate the effect of pairing energy in the 
ground state I':" on the excitation energy, we 
use the ITlethod of Newton, 10 and subtract 
froITl the excitation energy the eITlpirical value 
given in the Myers and Swiatecki ITlass for
ITlula8 I':" " 11/>JA. For odd-A nuclei we sub
tract 6.., for even-even we subtract 21':", and 
for odd-odd there is no correction. Thus, the 
excess energy in the nonfission degree-of
freedoITl is given by 

x = Ex - (B~D - S) - I':" - I':"BfR - T f . 

Th b . .. b W' k f11 e aSIc expressIon gIven y eIss op 
for the neutron-eITlis sion width r n is 

r 
n 

ITlax 

J T [a(E ,T ) Jp,:o:«x)dT , 
n x n n 

o 

where g is the nUITlber of states for the spin 



of a neutron, m is the mas s of the neutron, 
Tn is the kinetic energy of the evaporated 
neutron, a(Ex,Tn ) is the inverse formation 
cross section of the compound nucleus, 12 and 
p,:o:'(x) is the level density of the residual nu
cleus at an excitation energy of x. Correc
tions to the excitation energy of the residual 
nucleus are made for the shell effect 8 r using 
Ref. 13, the pairing effect 6. , and the angu
lar momentum left in the resldual nucleus 
after correcting for the amount of angular 
momentum carried away by the evaporated 
neutron. From the angular momentum one 
calculates the rotational-energy correction 
of the residual nucleus 6.ER . Corrections are 
also made for the neutron-separation energy 
from the compound nucleus Bn and the recoil 
of the residual nucleus due to the neutron 
evaporation. The equation for neutron-emis
sion probability thus becomes: 

r = 
n 

·(E -B -6. +8 -6.E -x)p,:o:'(x)dx 
x n r r R ' 

where mr is the mass of the residual nucleus, 
M is the mass of the compound nucleus, and 
r is the radius of the re sidual nucleus. 

The level density was calculated using the 
expression given by Lang14 which is 

1/2 

p(E, N, Z) = (2:02) (~) 

.(~)1/4 (E ~t) 5/4 exp (2~) , 

where 

E 

6 2 2" a(m ») t 
TT 

This formula eliminates the difficulty at low 
energies. Here t is the temperature, (m2) 15 
is the average value of the square of the pro
jection of the total angular momentum for 
states around the Fermi level, C is a con
stant, and a is a parameter proportional to A. 

The experimental data for the reaction 
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Fig. 1. Experimental data and calculated 
first-chance fission probability with all the 
various corrections as a function of excitation 
energy of the compound nucleus. 
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Fig. 2. The ratio of corrected to uncorrected 
first-chance fission probability for the four 
most important corrections as a function of 
the excitation energy of the compound nucleus. 
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were analyzed using Lang's level-density 
expression. Some preliminary results with 
a fission barrier"" 22.2 MeV, a barrier pene
tration"" 1 MeV, af"" 33 MeV-1, and an "" 32 
MeV-1 are shown in Fig. 1. In this case, one 
finds that at low energies the effect of barrier 
penetration, pairing in the ground- state nu
cleus, and the shell correction are most crit
ical. At the higher energies the angular 
momentum effects have a large influence on 
the results of the calculations. These effects 
are shown in Fig. 2. Since the calculated 
points are lower than the experimental points, 
one can probably also take into account the 
effects of higher order fission. 
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Observation of the Magnetic-Dipole Decay of the 
2 3S1 State of Heliumlike Si XIII, S XV, and Ar XVII t 

R. Marrus and R. W. Schmieder 

The possibility of magnetic dipole decay 
from the metastable states of hydrogenlike and 
heliurnlike atoms was first noted by Breit and 
Teller. 1 They pointed out that, although the 
transition rate (AM1) for the decay of the 2s 
state of hydrogen and the 23S1 state of helium 
by this mode would vanish in a nonrelativistic 
theory, a finite decay rate results if the Dirac 
theory is employed. Because of the long life
time associated with this decay, it has so far 
not been experimentally possible to observe it 
in the light atoms. Recently, however, an ob
servation in the solar soft x-ray spectrum, 
which has been attributed to the 23S1-11S0 
decay in heavy heliurnlike ions, has been re
ported. 2 

In this article we report the fir st labora
tory observation of the magnetic dipole transi
tion 23S1-11S0 in the heliurnlike atoms Si XIII, 
S XV, and Ar XVII. A schematic diagram of 
our apparatus is shown in Fig. 1. The ions 
emerge from the Berkeley heavy-ion linear 
accelerator (Hilac) with an energy of about 
10.2 MeV/nucleon. A bending magnet deflects 
the beam into our apparatus. The beam is 
well focused and, in order to obtain ions in the 
desired charge state, it is passed through a 
thin metallic foil. (For an experimental dis
cussion of charge equilibrium achieved by 
passage of beams through thin foils, see Ref. 
3.) At the beam energies appropriate to this 
experiment, essentially all the particles leave 
the foil either fully stripped or as hydrogenlike 
and heliurnlike atoms. These atoms are dis
tributed among the atomic levels, but rapidly 
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Fig. 1. Schematic of the apparatus. 
(XBL-712-2927) 
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decay to the ground and metastable levels with 
a sizeable fraction of the heliurnlike atoms 
appearing in the 23S1 state. 4 (For a review of 
prior work on hydrogenlike and heliumlike 
metastable states, see Ref. 4.) It is these 
atoms which are of interest and give rise to the 
decay reported here. 

The detector is a high-resolution silicon 
detector that views the beam through a narrow 
aperture which is adjustable. The detector is 
calibrated in place by exciting the K x rays of 
Mn, P, and Ca by fluorescence, using the x 
rays from an iron-55 source. 

The x-ray spectrum in the energy range 
500 eV to 7 keV observed with the silicon, 
sulfur, and argon beams, and the upstream 
foil in position, is shown in Fig. 2. To dem
onstrate that the x rays arise from a decay 
in flight of a beam atom, the aperture posi
tion in front of the detector was varied to ob
serve the Doppler shift of the emitted x ray. 
The observed shift is in good agreement with 
the beam velocity j3 = v / c = 0.14. Several foil 
materials were used to demonstrate that the 
observed peaks are independent of foil mate
rial. To avoid collision processes between 
beam atoms and background gas atoms, the 
spectrum was shown to be pressure-indepen
dent. Finally, we note that when the foil is 
removed, the observed spectrum disappears. 
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Fig. 2. Spectra observed in energy interval 
500 eV-7 keV with (a) argon beam, (b) sulfur 
beam, (c) silicon beam. (XBL-712-2926) 



The foregoing observations lead us to the 
conclusion that the x rays arise froITl a long
lived decay ITlode of ions forITled when the 
beaITl passes through the foil. Our assign
ITlent of these x rays to the 23S1-1 1S0 transi
tion is based on the following: 

(a) For each of the three eleITlents the ob
served x-ray energy is higher than the ioniza
tion energy of any atOITl having three or ITlore 
electrons. Moreover, the fraction of such 
atOITlS present in the beaITl should be negligible. 

(b) The only states of hydrogenlike and heli
uITllike atOITlS with lifetiITle long enough to be 
seen at the detector are the 22S 1/2 state of 
hydrogenlike atoITls, and the 21S0 and 23S1 
states of heliuITllike atOITls. However, the 
priITlary ITlode of decay of the 22S 1/2 and 21S0 
states is the two-photon ITlode, which gives 
rise to a continuous spectruITl unlike the dis
crete lines observed here. 

(c) The observed energies are in good 
agreeITlent with a calculation of the 23S5 -11S0 
energy difference by Knight and Scherr in a 
l/Z expansion. These energies are cOITlpared 
in Table I. 

Table I. Observed and predicted energies 
(23S1-12S0), in keV. 

Si XIII S XV ArXVII 

Observed 1.85 (0.10) 2.46 (0.10) 3.13 (0.10) 

Predicted
4 

1.84 2.42 3.09 
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Relativistic Magnetic Dipole Emission: 
Lifetime of the 1s2s 3S1 State of Heliumlike Argont 

Robert W. SchITlieder and Richard Marrus 

Until recently it was believed that the pri
ITlary decay ITlode for the ls2s 3S1 state of 
two-electron atOITlS would be spin-orbit-in
duced double electric-dipole (2El) eITlission. 
This process was first suggested by Breit and 
Teller, 1 and has been accurately calculated 
by Drake, Victor, and Dalgarn02 and Bely and 
Faucher. 3 However, in 1969 Gabriel and 
Jordan4 reported the observation of solar cor
onal lines corresponding to the ls2s 3S 1-1s 2 

lS0 energy separation for the heliuITl isoelec
tronic sequence C V -Mg XI, and the Fe XXV 
line has been reported by Neupertand Swartz, 5 
indicating that the priITlary decay ITlode is sin
gle-photon eITlission. Single-photon eITlission 
also was discussed by Breit and Teller, 1 who 
pointed out that relativistic effects can lead to 
ITlagnetic-dipole radiation (this is identically 
zero in the nonrelati vistic approxiITlation). 
More recently Schwartz 6 and Drake 7 have 
studied this process and conclude that, to rel
ative accuracy Z -1, the dOITlinant contributions 
COITle froITl kinetic-energy and finite-wave
length corrections to the ITlagnetic-dipole ITlO
ITlent, which have nonzero ITlatrix eleITlents 
between the 11S0 and 23S1 states. Schwartz6 

178 

has calculated the rate of this process using 
hydrogenic wave functions and energies. He 
obtains the aSyITlptotic (to lat;ge Z) result 
AM1(23S1-11S0) = 1.66XI0- Z10 sec- 1 , which 
yields, for argon (Z = 18), TMl(23S1) = 169 
nsec. More accurate calculations have been 
perforITled by Drake 7 using correlated wave 
functions and energies, with the result for 
argon TMl(23S1) = 194 nsec. 

We report the ITleasureITlent of the life
tiITle of the ls2s 3S1 state of Ar XVII, using 
the beaITl-foil ITlethod. The result is 

3 
7(2 Sl) = 172±30 nsec. 

The apparatus used in this ITleasureITlent 
is illustrated in Fig. 1. Argon-40 ions in the 
+14 charge state having an energy of 10.3 
MeV /nucleon ([3 = 0.148) are obtained froITl the 
Berkeley heavy-ion linear accelerator (Hilac) 
and are ITlagnetically deflected into the high
vaCUUITl region, where the pressure is a few 
ITlicrotorrs. The beaITl is passed through a 
100-f-Lg/CITl2 Be foil ITlounted on a ITlovable 
track, eITlerging with the approxiITlate charge 



Fig. 1. ScheIllatic diagraIll of the apparatus. 
(XBL 708-1790) 

distribution +16 (25%), +17 (50%), +18 (25%). 
SOIlle of the ions eIller ging with + 16 0 r + 1 7 
charge will be excited, and will quickly de
excite to the IS ground states or the 2S Illeta
stable states. Ions in the Is 2S1/2 (hydrogen
like) and Is2s IS0 (heliu=like) states decay to 
their ground states with l/e decay lengths of 
a few centiIlleters (for our beaIll velocity 
v = 0.148c), and at distances over 75 CIll, only 
the Is2s 3S1 -1s 2 1S0 decay (with l/e length 
-= 750 CIll) is appreciably present. The photons 
(E -= 3.1 ke V) eIllitted in flight are detected 
with a windowless Si(Li) x-ray detector of the 
type norIllally used for nuclear gaIllIlla spec
troscopy. The resolution of this device 
(cooled to 77°K) is about 200 eV at 3 keY, but 
we purposefully perIllitted a large Doppler 
broadening so that the detector would have a 
lar.ge angula r field of view. The broadening 
is of no consequence to this IlleasureIllent, 
since only the total nUIllber of counts within 
the peak was used in deterIllining the lifetiIlle. 

Pulse shaping and tiIlling is perforIlled 
with conventional electronics, and pulse-height 
analysis is perforIlled with an analog-to-digital 
converter and a PDP -7 cOIllputer. Signal 
(nuIllber of counts within full width at 0.1-
IllaxiIlluIll of peak) was norIllally 50 to 100 
tiIlles background (nuIllber of counts within 
equal width, away froIll peak). 

The lifetiIlle was deterIllined by plotting 
the counting rate (peak Illinus background) for 
several foil-detector distances between 75 and 
200 CIll. The rates were norIllalized to a total 
charge of beaIll passing the detector (0.030 
nA h), as Illeasured by an integrating elec
troIlleter driven by the Faraday cup which 
stops the beaIll. In order to cOIllpensate for 
slow variations in the beaIll and/or apparatus, 
the data were accUIllulated in short tiIlle in
tervals (~3 Illin), Illoving the foil cyclically 
through five or six positions. Successive 
counts for each position were then averaged. 
Also two independent detectors (facing each 
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Fig. 2. Typical decay curve (seIllilog scale). 
The line represents the Illean lifetiIlle deter
Illined by least squares froIll several such 
plots, obtained independently. The statistical 
error on each point is roughly the size of the 
points. (XBL-712-2924) 

other) were used, and the results averaged. 
In each of six independent runs, about 105 

photons were recorded for each foil-detector 
distance. 

A typical decay curve obtained in this way 
is shown in Fig. 2. Although the total decay 
is sIllall, the counting rate appears to decay 
exponentially. The lifetiIlle was cOIllputed by 
perforIlling a least- squares fit of the data with 
the function ae- bx, deterIllinin~ b, and thus 
T= 1~bv. The final result, 7{2 S1) = (172±30) 
X10- sec, was obtained as a weighted average 
of the results of the independent runs. The 
error quoted here is 2 tiIlle s the Illean error, 
or roughly 95% confidence. The Illain con
tributions to the Illean error are believed to 
be due to slow drifts in beaIll and/or foil 
properties, and other systeIllatic errors such 
as foil tracking, beaIll current integration, 
and detector efficiency (noIllinally 800/0). The 
beaIll velocity, necessary for converting the 
Illean decay length to a Illean lifetiIlle, is 
known froIll tiIlle-of-flight IlleasureIllents to 
within 2%. Correction for velocity degradation 
by the foil has been Illade. Background cor
rections were typically 1%. 

In order to test the pressure dependence 
of the IlleasureIllents, the pressure was in
creased by a factor of 2.5. No significant de
viations in the counting rates were observed, 
iIllplying that collisions quenching between the 
foil and detector (typically ~ 1013 residual gas 
atoIlls per CIll2) is negligible. We have also 
shown that these results are independent of 
foil Illaterial (a 15-flg/cIll2 C foil and a 600-
flg/CIll2 Ni foil were also used), beaIll current, 
counting rate, detector operation, etc. 
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Two-Photon Decay and Lifetime 
of the 22s1/2 State of Hydrogenlike Argon t 

Robert W. Schmieder and Richard Marrus 

2 
The decay of the 2 s 1/2 state of hydrogen-

like atoms has been a subJect of long- standing 
theoretical interest. It was first shown by 
Breit and Teller 1 in 1940 that this state should 
decay to the 12s1/2 ground state primarily by 
the simultaneous emission of two photons. In 
this process, which we designate 2E1, the 
emission spectrum is a continuum, and the 
sum of the energies of the two photons equals 
the 1s-2s energy separation. Spitzer and 
Greenstein2 invoked this mechanism to explain 
the continuous spectrum of planetary nebulae, 
and using nonrelativistic theory, theyaccu
rately computed the predicted spectrum and 
lifetime of metastable hydrogen. Later, 
Shapiro and Breit3 obtained the decay rate for 
a hydrogenlike atom of atomic number Z: 

2 2 6 -1 
A2E1 (2 s1/2 - 1 s1/2) = 8.226 Z sec , (1) 

which agrees with Spitzer and Greenstein for 
Z = 1. Recently, a closed-form expression 
for the spectral distribution has been obtained4 

and several authors 5 have theoretically treated 
the two-photon decay mode in the 21S0 and 
23S1 states of the helium isoelectronic 
sequence. 

All of these calculations are nonrelativ
istic, and consequently are accurate only for 
small Z. Relativisitic effects make it pos
sible for the 22 s1 / 2 state to decay to the 
12s1/2 state by magnetic dipole (M1) radiation 
a process that vanishes in the nonrelativistic 
approximation. This mechanism also was 
first noted by Breit and Teller, and recent 
calculations by Drake 6 and by Schwartz 7 
reveal that to relative accuracy 1/Z, the M1 
rate is 
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2 2 
AM1 (2 s1/2 - 1 s1/2) 

= 2.50X 10- 6 Z 10 -1 
sec (2) 

and hence for Z = 18 contribute about 40/0 of 
the total decay probability of the 22 s1 /2 
state. 

Experimentally, the two-photon decay 
mode was first observed in He II by Lipeles, 
Novick, and Tolk, 8 who reported detection of 
coincidences and angular distribution mea
surements consistent with the 1 + cos 2 e pre
diction. Rough spectral measurements made 
with broad-band crystal filters also have been 
reported. 9 A continuous spectrum observed 
in a plasma10 has been attributed to the two
photon decay of the 21S0 state of heliurnlike 
atom Ne IX. The relativistic magnetic-dipole 
mode has been observed recently in the solar 
corona 11 and in the laboratory. 12,13 Two 
recent measurements of the 21S0 lifetime in 
He I, which presumably decay by two-photon 
emission have been reported, 15 but there has 
so far been no measurement of the lifetime of 
the 22 s1 /2 state of any hydrogenlike atom. 

We report the direct observation of the 
two-photon decay mode in the hydrogenlike 
atom Ar XVIII using coincident-photon count
ing techniques and the measurement of the 
lifetime of the 22s1/2 state, using the beam
foil time-of-flight method. The result is 

2 -9 
T(2 s 1/2) = 3.54(25) X 10 sec, (3) 

where the error indicates 950/0 confidence. 

The apparatus used in this measurement 



has been described in previous communica
tions, 12-14 and only a brief summary is given 
here. Ions of 40Ar in the +14 charge state 
are accelerated in the Berkeley Hilac to an 
energy of 412 MeV (13 = vic = 0.148) and passed 
through a thin foil, from which they emerge 
distributed among the +16 (heliumlike), +1 7 
(hydrogenlike), and +18 (fully stripped) charge 
states. A significant fraction of the +16 and 
+17 ions may emerge highly excited, but they 
undergo fast radiative or nonradiative de
excitation to the ground or metastable states. 
The (forbidden) radiative decay of the meta
stable states is detected in flight a few tens of 
centimeters downstream from the foil by a 
pair of Si(Li) solid state x-ray detectors placed 
symmetrically perpendicular to the beam and 
about 2 cm from it. The photons were detected 
both singly and in coincidence, using standard 
high-rate coincidence circuitry with a resolv
ing time of 27 ~ 1 flsec. In the singles mode, 
the energy E1, E2 of every detected photon in 
each detector was recorded. In the coinci
dence mode, the detection of two photons in 
separate detectors with a time interval 
I T1-T21 <- 5 flsec was defined as a "coinci
dence, " and resulted in the storage of E1, E2, 
E1 + E2, and T1 - T2. With a typical beam 
current of 1 nA, single counting rates were 
typically 102 - 103 sec- 1 , and coincidence 
rates were 0.1 - 1 sec- 1 . 

Since the lifetimes and spectra of the two
photon decays from 21S0 and 22 s1 /2 states are 
similar, it was necessary to discriminate 
against the heliumlike atoms in favor of the 
hydrogenlike atoms of intere st here. To this 
end, a two-foil technique was used. A thick 
(> 100 flg/cm2) beryllium foil capable of 
producing near charge equilibrium in the beam 
was placed ahead of the steering magnet (at 
position A in Fig. 1 of Ref. 14). The steering 
magnet was then set so that only fully-stripped 
ions were passed into our apparatus. The 
beam was then passed through an extremely 
thin « 10 flg/cm2) carbon foil, much thinner 
than is necessary to produce charge equilib
rium. Since the capture of two or more elec
trons in this thin foil is a less likely process 
than the capture of one electron, the resulting 
beam has a substantially higher ratio of 
+17/+16 than with the near charge-equilibrated 
beam. 

A typical singles spectrum taken in this 
way, using a foil-detector separation of 25 
cm, is shown in Fig. 1. It consists of a broad 
continuum between the detector threshold and 
E ~ 3 keV, in general agreement with the pre
dictions. 2, 4 The observed spectrum also in
cludes the composite effects of absolute detec
tor efficiency (the step at 1.84 keV is due to 
absorption in the .detector at the K- edge of 
silicon), detector resolution ('= 0.2 keV), 
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Fig. 1. Typical energy spectrum observed in 
singles mode. This uncorrected spectrum is 
predominantly the two-photon decay of meta
stable Ar XVIII. The edge at 1.84 ke V is an 
instrumental effect (see text). The detector 
re solution is indicated. (XBL 709 - 6648) 

doppler broadening due to the lar ge acceptance 
angle of the detectors, low energy x rays, 
electronic noise, high energy background, and 
contributions from the decays of any helium
like ions that might be present. Although the 
correction of the data for all these effects is 
not yet complete, these data clearly verify 
the qualitative nature of the two-photon 
spectrum. 

To further verify the two-photon nature 
of the observed continuum, the detectors were 
operated in the coincidence mode, so that only 
coincident events (defined above) were stored. 
Figure 2a is a plot of the number of events 
versus the time delay T1 - T2 between the two 
photons. The zero in this plot was generated 
by introducing a fixed delay in one detector; 
it was calibrated using a pulse generator to 
simulate a true coincidence. The peak in the 
time spectrum of Fig. 2a is strong evidence 
that real coincident events are being observed. 

The spectra observed in coincidence are 
shown in Figs. 2b and 2c. These spectra 
represent only the true coincidences appear
ing under the peak of the time spectrum in 
Fig. 2a. 

The spectrum of the sum energy E1 + E2 
observed as true coincidence is shown in Fig. 
2c. The spectrum is a single strong peak 
with a width roughly equal to the system re
solution, indicating that this peak represents 
a single line. That this line falls at 3.3 keV 
is also strong evidence of the two-photon mode 
in Ar XVIII and not Ar XVII. The fact that the 
singles spectrum observed in singles mode 
(Fig. 1) is the same as that observed in coin
cidence mode (Fig. 2b), and the association 
of the latter (via Figs. 2a, 2c) with the 2E1 
decay mode in Ar XVIII, permits measuring 
the lifetime in the singles mode. 
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The decay of the 22 s1 /2 state was ob
served by varying the separation between the 
foil and the detectors. A set of spectra like 
Fig. 1 was taken for various separations (nor
ITlalized to a fixed aITlount of integrated beaITl 
current), and the total nUITlber of counts in the 
interval O. 75 ~ E ~ 2.5 keV was obtained. A 
plot of the norITlalized count rate versus dis
tance is shown in Fig. 3. At large distances 
the count rate levels off due to back2round; 
this is subtracted to leave the pure 2 s 1/2 
decay. FroITl the ITleasured decay length and 
known beaITl velocity, the ITlean (1/e) lifetiITle 
was deterITlined. After a 1% correction for 
the relativistic tiITle dilation, the proper ITlean 
lifetiITle was found to be 7(22 s1 /2) 
" 3.54(25) X 10- 9 sec. 
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This result is in excellent agreeITlent with 
the theoretical predictions. The nonrelativ
istic equation (1) predicts the value 7(22s 1/2) 
" 3.57X 10-9 sec. If we cOITlQine this result 
with Eq. (2) for the relativistic ITlagnetic
dipole decay using 

1 
7 " A2E1 + AM1 (4) 

the result 7(22s1 /2) " 3.47X 10- 9 sec is ob
tained. Thus, our experiITlental results are 
in good agreeITlent with the nonrelativistic 
calculation. 
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Observation of the Magnetic-Quadrupole Decay (23P2-11 So) 
of Heliumlike Ar XVII and Lifetime of the 23 P2 State t 

Richard Marrus and Robert W. SchITlieder 

In 1964, MizushiITla l called attention to 
the possibility of magnetic-quadrupole (M2) 
transitions for spectral lines for which 6.S 
= ± 1. Subsequently, Mizushima2 and 
Garstang3 carried out numerical calculations 
of the lifetimes as sociated with M2 transitions 
that are of astrophysical s!jnificance. In re
cent publications Garstang and Drake 5 have 
considered the decay of the level (ls2p}23P2 
of heliurnlike atoms. In the neutral helium 
atom, the 2 3PZ state decays to the 23S1 state 
with a lifetime 6 of 10- 7 sec. Since this is a 
fully-allowed electric-dipole (El) transition, 
this mode might be expected to be dominant 
throughout the helium isoelectronic sequence. 
However, the rate that is associated with this 
mode, A El (23P2)' can be shown to scale 
roughly as Z for high Z, whereas the rate 
associated with the M2 decay ITlode AM2(23P2) 
scales roughly as Z8. On the basis of numer
ical calculations, both Garstang and Drake 
conclude that, for the heliurnlike ions beyond 
chlorine (Z = 17) the dominant decay mode is 
magnetic-quadrupole emission. For argon 
(Z = 18), the calculated rate is AM2(23P2} 
= 3.14X 10 8 sec- l . 

We report th~ first observation of the M2 
transition (ls2p}2 P2 - (1s2}11S0 in the heli
umlike atOlYl Ar XVII, and the measurement 
of the lifetime of the 23P2 state using the 
beaITl-foil time-of-flight technique. The re
sult is T(23P2) = (1.7±0.3}Xl0- 9 sec (95% 
confidence) . 

Although magnetic-quadrupole transitions 
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have been observed abundantly in nuclear 
physics, it has so far not been possible to 
reliably cOITlpare a measured rate with a 
theoretical rate that is calculated frOITl first 
principles. Since highly accurate rate cal
culations are possible in hydrogenlike and 
heliumlike systems, we believe that this is 
the first experimentally measured M2 rate 
which is directly comparable with a theoret
ical rate derived from first principles. 

A description and schematic diagram of 
the apparatus used in this work have been pre
sented previously11 and will be reviewed only 
briefly here. Ions of 40Ar in the +14 charge 
state are obtained from the Berkeley Hilac 
with energy 10.3 MeV/nucleon ([3 == vic = 0.148). 
The beaITl passes through a thin (10 flg/CITl2) 
carbon foil and emerges distributed among the 
+15 (lithiumlike), +16 (heliurnlike), +17 (hydro
genlike), and +18 (fully-stripped) charge states. 
In this nonequilibrium distribution, about 15% 
appear as +16 and a few percent as +17. The 
+15 and +18 ions produce no observable effects 
in our detectors. Initially the atOITlS ITlay have 
large electronic excitation, but they decay 
rapidly (~10- 14 sec) to the ground and long
lived levels, with a sizable fraction of the 
heliumlike ions appearing in the (1 s2p}23P2 
state. The subsequent decay of these long
lived states is observed downstream from the 
foil with a high-resolution Si(Li) x-ray detec
tor, and the count rate is normalized to the 
integrated beam current. The foil is ITlounted 
on a movable track, and varying the foil-detec
tor separation makes it possible to plot the 
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Fig. 1. Typical spectra obtained for several 
foil-detector separations. The shape of the 
two-photon spectrum has not been corrected 
for detector efficiency, so exhibits a large 
silicon absorption edge near 1.8 keV. The 
total number of counts within the right-hand 
half of the 3.1 keY peak was taken as a mea
sure of the intensity of the peak. About half 
the line width is due to doppler broadening. 

(XBL 709-6513) 

decay curve over the range 15 - 200 cm. By 
fitting the observed decay with an exponential 
and knowing the beam velocity, we determine 
the lifetime. 

Typical x-ray spectra taken with several 
foil-detector distances are shown in Fig. 1. 
They consist of a peak at an energy of 3.1 keV, 

and a continuous spectrum at energies between 
the noise level of the detector and the peak. 
Coincidence measurements reported else
where8 have established the continuous spec
trum as arising from the two-photon transi
tions 22 s1 /2 - 12s1/2 of hydrogenlike atoms 
and 21S0 - 11S0 of heliurnlike atoms. Within 
the doppler - broadened width of the peak, it is 
possible to have contributions from several 
transitions, but we now give arguments which 
indicate that the M2 transition (1s2p)23P2 
- (1s2)11S0 dominates the observed decay at 
small distances. 

The only decays of hydrogenlike and heli
umlike atoms with sufficient energy to account 
for the 3.1 keY peak observed here are transi
tions to ground states, 12s1/2 and 11S0 , 
respectively. Moreover, with our apparatus 
geometry and the beam velocity of 4.4( 1) X 109 
cm/sec, the lifetime of a transition must be 
>,:. 3 X 10- 10 sec in order to be observable. The 
only decays satisfying these conditions are 
listed in Table 1. The 2E1 decays give rise 
to the continuous spectra characteristic of two
photon emis sion, with intensities falling to 
zero at the end-point energies (3.1, 3.3 keV). 
Consequently, only a small fraction of the ZE1 
decays overlap the peak width, and this frac
tion can be estimated and subtracted as a 
small correction. The M1 decay from the 
hydrogenlike 22 s1 / Z state gives a line at 3.3 
keY, and is a potential source of error, since 
the 22 s1 /2 state lifetime is comparable to the 

Table 1. Forbidden decays in hydrogenlike and heliurnlike argon. 

Approximate 
Transition 

Ion Transition Mode Probability Ref. 

3 
(1s2) 11S0 M2 "='3X10

8 -1 
5 (1s2p)2 P

2 - sec ArXVII 

3 (1s 2)11 S0 2E1 "='3X10
3 

12 (1s2s)2 S1 -(E - 3.1 keY) 

M1 "=' 6X 10
6 

10 

1 
(1s2s)2 S1 (1s 2)11 S0 2E1 "=' 4X 10

8 
13 

Ar XVIII 
2 

(2s)2 s1/Z 
2 

(1s)1 s1/2 2E1 "='3X10
8 

14 

(E =- 3.3 keY) M1 "=' 8X 10
6 

10 

Note: Only transitions to ground states are listed. E is the total energy available in the 
transition. The rate of the spin-orbit induced E1 transition, (1 'l2p)Z3p 1 -+ (1 s2) 11S0 is 
"'10 12, is too fast to be observable in the present apparatus. Nuclear spin inducement15 

of the E1 transitions, (1 s2p)23PZ, 0 - (1 s2) 11S0 is not present for the isotope 40 Ar. 
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Fig. 2. Typical decay curve obt.ained by plot
ting the intensity of the peak vs foil-detector 
separation. By removing M1 contribution 
from the curve, we obtain the single exponen
tial decay representing the M2 transition 
23P2 ~ 11S0 in Ar XVII. (XBL 709-6514) 

23P 2 state lifetime. However, our observa
tion of a "single" line at 3.1 ke V shows that 
this contribution is small. Furthermore, the 
actual contribution to the peak can be esti
mated from the 2E1 decay, and substracted 
as another small correction. The other M1 
decay, from the heliurnlike 23S1 states, over
laps closely the M2 line, but because this 
state has such a long mean lifetime (T'=' 172 
nsec), 11 this decay can be separated easily in 
the time-of-flight measurements. We con
clude that the observed peak will decay with 
a fast and a slow component, the fast one being 
due to the 23P2 ~ 11S0 transition in Ar XVII. 

That the observed peak actually consists 
of two unresolved components is evident from 
the decay curve taken by varying the foil posi
tion. This decay curve, shown in Fig. 2, 
exhibits the fast mode as sociated with the M2 
transition and the slow mode associated with 
the M1 transition. Our association of the 
slow mode with the M1 decay is based on 
recent calculations 10 , 16 and our measure
ment11 of the M1 lifetime. 

The lifetime of the 23P2 state was ex
tracted from the data in the following steps: 
First, the small 2E1 and M1 contributions to 
the total counts under the right-hand half of 
the peak were subtracted for each point in the 
decay curve. Second, the long-M1 component 
was removed leaving the single exponential 
decay. Third, a least-squares fit was made 
to an exponential, thus determining the mean 
decay length. Finally, dividinl$ by the known 
velocity we obtain the mean (1/e) lifetime, 
T(23P2) = (1.7±0.3)X10- 9 sec. 

The main contributions to the error are 
errors in beam velocity (20/0), count-rate 
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normalization (3%), 2E1 and M1 corrections 
(3%), and instrumental effects such as back
ground, beam and detector drifts, foil track
ing error, etc. (50/0). Although it is currently 
impossible to accurately correct the data for 
cascading effects, there is evidence that these 
effects are quite small. 

Recently, Drake16 has computed the elec
tric dipole rate, with the result AE1(23P2) 
= 3.55X108 sec-i. Combining this with the 
value AM2(2 3P 2 ) 3.14X 108 see 1 in the 
relation. 

.!. = A + AM2 ' T E1 

yields the predicted value T = 1.49X 10- 9 sec, 
which agrees with our measurements within 
the experimental error. 
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Hyperfine Structure of 69Ga in 
Crossed Electric and Magnetic Fields t 

Joseph Yellin 

In recent years several experiments have 
been reported in which electric fields were 
used in the C region of an atomic beam appa
ratus. 1 Most atomic beam experiments in
volving electric fields have been on J = i 
states (e. g. alkalis) whose interaction with 
an electric field is a scalar and therefore 
independent of the field direction. More 
recently atomic beam electric field experi
ments involving gallium, indium and thallium 
have been reported. 2 Atomic beams of 
gallium and indium usually contain both the 
ground 2P1/2 state and the metastable 2P3/2 
state and thus, regardless of which state is 
~he object of study, both are present. The 

P 3 / 2 state possesses a tenor polarizability, 
and consequently the direction as well as 
magnitude of the electric field is important 
in determining the combined Zeeman-Stark 
effect. We examine the influence of crossed 
fields on the 2P3/2 state taking 69Ga as an 
example. 

The hyperfine Hamiltonian including ex
ternal electric and magnetic fields was diag
onalized by machine for different values of 
the electric and magnetic fields as well as 
for different relative orientations of the 
fields. 3 The z axis was taken along the direc
tion of the magnetic field. For the tensor 
polarizability we used the value a2 = - 2.76 
kHz/(kV /cm)2 reported by Petersen. 2 

The result for E parallel to H is shown 
in Fig. 1a for the F = 3 hyperfine state. 4 
Nine crossings occur between magnetic levels 
for which .6.m = 1, 2, 3, 4 or 5. When E is 
rotated, the Stark operator is no longer diag
onal in m but rather levels for which .6.m = 1, 
2 are now directly coupled, while levels for 
which .6.m > 2 interact in higher order per
turbations. The coupling leads to a repulsion 
of the levels removing the degeneracy at the 
crossing points. This is shown in Fig. 1b for 
an angle of cP = 5°. When cP ~ 90° all crossings 
become "anticrossing". Of particular interest 
is the crossing of the m = -1 and m =: -2 
levels, since transitions between these lead 
to a refocusing of the atomic beam. Appli
cation of degenerate perturbation theory shows 
that for cp(rad)« 1, the degeneracy is re
moved by v ", 3/5tJ5 a2EO cp, where EO is the 
value of E at the crossing. This amounts to 
", 7kHz/1 ° for the example shown in Fig. 1. 
Thus the coupling between the levels is strong 
and the alignment of E is very critical. 
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Fig. 1.2 Combined Zeeman-Stark effect in the 
F = 3 4 P3/2 state of 69Ga. The calculations 
were performed for a magnetic field of 
0.100 G. (a) E is parallel to B. (b) E is 
inclined 5° to B. (XBL-703-2573) 

At the point where levels m and m + 1 
would cross in the absence of perturbation, 
the wavefunction oscillates with frequency 
v = (Fm + 1 I JC I Fm) ~ a2E 2cp between the level s 
I Fm), I Fm + 1), so that transitions take 
place5 between the levels m = - 1 and m = - 2. 
Such transitions, induced by static fields, are 
known from anticrossing experiments in ex
cited states, and their connection with zero 
frequency rf transitions has been discussed 
by Series. 6 The observation of antilevel 
crossing in ground and low lying metastable 
states should be possible by the atomic beam 
method provided transitions between: the cross
ing levels lead to a refocused beam. Detec
tion of anticrossing by atomic beams would 
have the advantage that no light is required, in 
addition to the usual advantage of beams. 

The author would like to thank Dr. E. 
Geneux for a number of stimulating discussions. 
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The Use of Polarized Light in the Measurement of 
Differential Stark Shifts by the Atomic Beam Method t 

Joseph Yellin 

The observation of Stark splitting in o~ti
cal transitions by the atomic beam method 
utilizes unpolarized light. The nature of the 
detection is such that it is unnecessary to 
establish a population difference among the 
magnetic sublevels of either the excited state 
or the ground state. Nevertheless, a consid
erable advantage can be gained from selective 
excitation of magnetic sublevels by the use of 
polarized light. For example, by use of a 
linear polarizer only, it is possible to elimi
nate the need for the alkali D-line filters. 
Furthermore, the breakdown of hyperfine 
coupling by the electric field can be explored 
by use of polarized light. Cesium is a parti
cularlyattractive system in which to study 
the above effects. Due to the large fine struc
ture

2
interaction, two resonances - one due to 

the P1/2 state and the other to the 2P3/2±3/2 
state - overlap so that is has been necessary 
to use D-line filters to measure the differen
tial Stark shift in the 62P3/2 state. 2 More
over, the large electric fields which have to 
be employed for cesium result in a complete 
breakdown of the hyperfine coupling in the 
2P3/2 state. 

The intensity of the atomic beam reaching 
the detector depends on the rate at which 
ground state atoms are flopped from 
mJ = - 1/2 to mJ = 1/2, as a result of the 
absorption and reemission of photons. This 
rate is determined by the electric-dipole ma
trix elements Pfl = (t);( 2P1I2) IrY1fllt);(2S1/2), 
where t); are the perturbed (by the applied 
electric field) eigenfunctions, and fl the polar
ization. Pfl depends on the strength of hyper
fine interaction relative to the electric field 
interaction which breaks down the hyperfine 
coupling. When the electric field strength, E, 
is such that 0'2E2 «6vhf, where 0'2 is the 
tensor polarizability and 6vhf the hyperfine 
structure of the 2P3/2 state, P fl 
= (2P3/2 F'm'F IrY1fl12S1/2 FmF). In this 
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case the selection rules 6F = 0, ± 1 and 
6mF = 0, ± 1 are not favorable for selective 
excitation since, regardless of the polarization, 
many F levels may be excited. Hence polari
zation of the light is of limited use here. At 
the other extreme, when 0'2E2 »6vhf, the 
electronic moment J is decoupled from the 
nuc~ear spin I and hence Pfl 
== ( P3/2 mJ-mI I rY 1fl12S1/2 Fm). Now the 

selection rule is 6mJ == 0, ± 1 and 6mI == 0, 
and the polarization makes it possible to pick 
out a particular mJ level. 

In order to take advantage of polarization 
effects it is necessary to propagate the light 

c: 
::J 

>.... 
o .... -J:l .... 
o 

o 
c: 
0> 
<fJ 

E 
::J 

<fJ 
Q) 

U 

100 300 500 

(k V) 2 

eO 
---- 90 

700 

o 

90 
d 0 

Fig. 1. Stark scan of the cesium lamp line. 
For (a) and (b) only the D2 line is present, 
whereas for (c) and (d) the lamp is unfiltered. 
e is the angle which the plane of polarization 
makes with the spin direction. The structure 
in the high field resonance of (d) is due to the 
hyperfine splitting of the 62P 1 h state. 
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perpendicularly to the axis of quantization. 
The results of a preliIllinary investigation on 
cesiuIll are shown in Fig. 1. When the light 
is linearly polarized perpendicularly to the 
quantuIll axis, (a) the selection rule .6.IllJ '" ± 1 
connects the ground 2S 1/2 state with both 
2P3/2±1/2 and 2P3/2±3/2, and consequently 
we observe the differential Stark shift. When 
the polarization is parallel to the axis (b) 
.6.IllJ '" 0 and only the 2P3 /2 ± 1/2 state can be 
excited. In (c), the unfiltered cesiuIlllalllp is 
scanned with the light polarized perpendicular 
to the axis and in (d) parallel to the axis of 
quantization. In the forlller case the high 
field resonance is due to both the 2P3/2±3/2 
and 2P1/2' whereas in the latter it is only 
the 2P1 !2. 

Thus the two resonances Illay be separated. 
The technique should prove especially useful 
when the differential Stark shifts are cOlllpa
rable to the line width of the exciting radiation 
or when optical filters Illay not be used without 
great loss of intensity (e. g. when the fine 
structure splitting is slllall). 
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Alignment of 7 Li Atoms Formed by 
Charge-Capture Collisions with Crossed Atomic Beams 

and Carbon Foils 

T. Hadeishi, R. D. McLaughlin, and M. C. Michel 

We have observed the alignIllent of the 
2 2P3/2 and 2 2D3/2 states of the 7Li atolll 
by sending 7Li+ ions with energies varying 
frOIll 20 to 70 keV through either cadIlliulll 
vapor or a thin (""10 fLg/CIll2 ) carbon foil. 
Level crossing was observed in both cases, 
and quantuIll beats 1 were observed in the 
case of the foil for the two transitions 
A'" 6708 A (2 2P3 / 2 -->- 2 2S 1/ 2 ) and A '" 6103 A 
(2 2 D3 / 2 -->- 2 2P3 / 2)' 

The experiIllents were perforllled with the 
apparatus shown in Fig. 1. A Illass-analyzed 
beaIll of singly charged 7Li+ ions was supplied 
by the CheIllistry Cascade Isotope Separator, 
passed through either the cadIlliulll atolllic 
beaIll or the carbon foil, ar.d the surviving 
ions were Illeasured in the Faraday cup. 
Light resulting frOIll the desired transitions 
could be detected by the 1ll0nochrolllator
photolllultiplier systeIll and recorded in a 
Illultiscaler, stepped in synchronislll with the 
externally applied Illagnetic field. Continuous 
rapid sweeping helped to eliIllinate the effect 
of slllall beaIll variations. The entire detec
tor systeIll could be Illoved to scan more than 
one mean life (27 nsec) 2 of the state behind 
the foil. 

From the level crossing signal in the 
cadmiuIll vapor case (see Fig. 2), we mea
sured the polarization ratio 'IT '" (III - I j)/ 
(III + 11) to be 0.20 ± 0.02 for the 2 2P3/2 level 
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over the energy range of 20 to 60 kV, essen
tially independent of energy. III and Ilare 
the intensities of the eIllitted light which are 
polarized parallel to and perpendicular to the 
axis of the lithium beaIll. If one aSSUIlles 
that only Ill£ "'0 for lithiuIll atoms excited to 
the 2 2P3 /2 state, where the axis of quanti
zation is along the beaIll axis, the Illaximum 
theoretical polarization ratio including the 
effect! of nuclear spin and hyperfine struc
ture, is 0.213. Thus we conclude that the 
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Fig. 1. ExperiIllental arrangeIllent. Detector 
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quantuIll beats experiment. (XBL-712-2930) 
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electron capture collision between lithium 
and cadmium vapor puts almost all of those 
litrium atoms .which have been left in the 
2 P 3 / 2 level mto the m.e =0 sublevel. This 
can be understood by a simple argument in
volving the amount of angular momentum 
transfered in such a charge-transfer colli
sion; the result being that for collisions giving 
very small angular deflections, as is the case 
here, only the m.e =0 state can be populated 
with any probability. 4 

A single experiment with n-heptane vapor 
at a system pressure of"" 5X 10- 5 torr gave 
easily demonstrated alignment of the 7Li atoms, 
but no measure of 1T was possible because of 
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the extended interaction region. Possibly all 
collisions of this type can lead to significant 
alignment . 

Similar work with thin carbon foils gave 
a polarization ratio 1T=0 at 20 keY to 1T=0.07 at 
60 keY - the measurements being made by 
observing quantum beats. (See Fig. 3.) In 
addition, the value of 1T was observed to de
crease over the lifetime of the foil and to be 
dependent on foil thickness and, to some ex
tent, on its previous history. In spite of the 
complexity of the system we believe that the 
following relatively simple model can explain 
most of the observations. 

We suspect that the mechanism for align
ment is essentially the same as for the isolated 
collisions in the case of free vapor, with the 
reservation that alignment can result only if 
electron capture occurs in the last collision 
the ion would have made in the foil, since an 
atom aligned by a previous collision would not 
be likely to retain its alignment after subse
quent collisions. This means that only a very 
thin region near the exit side of the foil con
tributes to the observed alignment. This 
region includes any adsorbed gases which may 
contribute significantly to alignment and per
haps be responsible for the sensitivity to past 
history of the foil. Experimental observations 
show, for a typical foil, 98% and 95% of the 
beam is neutralized at 40 keY and 60 keY 
respectively. Thus the primary effect of 
energy is to change the value of the ion- beam 
flux at the sensitive exit region of the foil, 
completely masking any true energy depen
dence of the alignment. In addition, there is 
evidence that at least some of the neutral 
atoms leaving the foil are still in the 2 2P3/2 
state (although no longer aligned), contributing 
to the total light observed and reducing the 
apparent polarization. 

Refer to Fig. 4. The signal measured is 
III and the polarization is n/la (actually 
1T = (1/2)(Ib,/Ia ) because of the nature of the 
quantum beat signal). However the additional 
light, 10, from neutrals formed in earlier 
captures and subsequently quenched by colli
sion cannot be distinguished from la' and a 
measurement of 1T using the total light It would 
obviously result in underestimating 1T. To 
complicate matters further, 10' which is about 
equal to la' varies with both foil thickness 
and energy. These facts coupled with the 
sharp change with energy of the effective ion 
current surviving at the alignment region of 
the foil, result in completely obscuring the 
slight positive energy dependence of the 
polarization expected from theory. 5 
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Fig. 4. Quantum beats signal from carbon 
foil (schematic). (XBL-712-2929) 

Semiquantitative analysis of this treatment 
agrees with the experimental results within 
the accuracy of the measurements. 
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Ab Initio Calculations of the Electronic 
Structure of Small Molecules 

Henry F. Schaefer III 

The purpose of this report is to summa
rize theoretical work carried out during the 
past year 1 - 13 on the electronic structure of 
diatomic and triatomic molecules. The dis
tinguishing feature of our calculations1 - 13 is 
that they go beyond the Hartree-Fock approxi
mation, that is, electron correlation is explic
itly included in the wave functions. Three 
papers 14- 16 discussed in the Nuclear Chem
istry Annual Report for 1969 (see page 199) 
have since appeared in print. 

Theoretical Treatment of Penning Ionization 
1 

The potential curves involved in the Pen
ning ionization of the hydrogen atom by helium 
metastables have been computed by a large
scale configuration interaction. These are 
the potentials of the He-H system which dis
sociate to a ground- state H atom and He atom 
in the four states 1s2s is, 3S, 1s2p 1p, 3p; 
the ground- state He-H+ potential curve is 
also required. A simplified description of the 
ionizing collision is introduced, which permits 
the determination of approximate cross sec
tions (total ionization cross sections, asso
ciative ionization cross sections, the energy 
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distribution of the ionized electron, etc.), 
without knowledge of the auto ionization rate; 
numerical applications to the He':'+H system 
are presented. 

SiO Excited States
2 

Ab initio quantum mechanical calculations 
have been carried out at ten internuclear sep
arations for tho se 72 molecular state s of sili
con monoxide whicg- dissociate to a Si atom 
in Sp, 1D , is, or S state plus an oxygen 
atom in 3p , 1D, or is state. Full configura
tion interaction calculations were made from 
a minimal basis set of Slater-type orbitals, 
with the restriction that the core orbitals (is, 
2s, 2p Si and is 0) were fully occupied. The 
results were strikingly similar to those ob
tained for CO in an analogous theoretical 
study.4 Ten bound states were found to dis
sociate to ground state Si plus ground state 0; 
five of these states have been observed exper
imentally in SiO, but eight have experimentally 
known counterparts in CO. The predicted 

ordering of states is X 1~+, a 3 IT , af 3~+, 
3 3- 1- 115+ 5 

1::., e ~ , I ~ ,A IT, 1::., ~,and IT. 



Molecular orbital configurations are assigned 
to each of these 10 states. Among 15 higher 
predicted bound states, the 111 III state, with 
calculated De = 1.3Z eV, is perhaps the most 
likely to be observed experimentally. The 
tentative assignment of the I 1L- state by 
Verma and Mulliken17 is considered unlikely 
on the basis of the present calculations. The 
A 111 potential curve is very flat as it ap
proache s the dis sociation limit, but, unlike 
CO, there is no maximum in this curve for 
SiO. 

Symmetric Potential Surfaces for 
Methylene3, 10 

Theoretical calculations have been carried 
out at Z8 CZ v geometries for the lowest 1A1 , 
1AZ' 3AZ' 1B 1 , 3 B1 , 1BZ, and 3 BZ states of 
CHZ. The basis set used was of the contracted 
gaussian type with four s and two p func
tions on carbon and two s functions on hydro
gen. In all calculations except 1A1, the SCF 
configuration plus all singly- and doubly
excited configurations were included (holding 
the K shell frozen), and the iterative natural 
orbital procedure was used to obtain an opti
mum set of orbitals. For the 1 Ai state a 
two-configuration SCF calculation was used as 
the starting point for the configuration inter
action calculations. In a preliminary com
munication3 we predicted the triplet ground 
state of CHZ to be bent, and this prediction 
has since been justified experimentally by 
Bernheim, et al. ,18 and by Wasserman, et 
al. 19 For the 1,;'\1 state the ab initio geom
etry is I' = 1.13 .A, !3 =0 104°, compared with 
experiment, I' = 1.11 A, !3 = 10Zo. For the 
1B1 state the predicted geometry is I' = 1.09 ;", 
!3 = 144°, as opposed to experiment, I' = 105 
'lA, !3 '" 140°. The four other states in
vestigated, 1AZ ' 3AZ, 1 BZ , and 3 Bz are all 
unstable with respect to a carbon atom plus 
a hydrogen molecule, and it is concluded that 
there are only four bound non-Rydberg states 
of CHZ' The 3 B1 - 1A1 splitting, unknown 
experimentally, is predicted to be 7770 cm- 1 

(0.96 eV). The calculated 1A1 - 1B1 splitting 
is 7860 cm- 1 (0.97 eV) compared to the ex
perimental value of 7100 cm- 1 (0.88 eV). The 

wave functions are discussed and three
dimensional plots of the potential surfaces 
are presented. Figure 1 shows the theoreti
cal potential surface for the CHZ ground state. 

Valence-Excited States of Carbon Monoxide4 

Calculations analogous to those described 
above for SiOZ have been performed on CO. 
Seventeen bound states (De ~ 0.Z7 eV) were 
obtained, eight of which have been observed 
experimentally. The theoretical ordering of 
known bound states agrees with experiment 
except for the a 311 and A 111 states. This 
fact is rationalized by noting that these two 
states have much smaller re values than do 
the other excited states. The most interesting 
of t~e unobserved predicted bound states are 
the L+ and 511 states, which dissociate to 
3pC + 3p O, and the third 111 state, with a re
latively large calculated dissociation energy. 
A dominant molecular-orbital configuration is 
associated with each of the first eleven bound 
states. Calculated spectroscopic constants 
are compared with available experimental data. 
Potential curves are presented and discussed 
for both bound and repulsive molecular states. 
The A 111 state has a calculated maximum of 
1135 cm -1, in good agreement with the exper
imentally based estimate (950± 150 cm- 1 ) of 
Simmons, Bass, and Tilford. ZO Calculations 
were also carried out on the X 1L +, a 311, and 
a' 3L+ states using Is atomic Hartree-Fock 
orbitals and Zs and Zp STO's optimized for the 
X state at the experimental reo These calcula
tions correctly placed the a 311 state below the 
a' 3L+ state and resulted in improved De and 
re values for all three states. 

Electronic Structures and Potential Energy 
Curves for the Low-L;ing States of the CN 

Radical ,9 

At 11 internuclear separations, calcula
tions have been carried out on those 59 molec
ular states of CN which dissociate to atomic 
limits up to 1 D C + ZD N. Four electrons are 
held frozen in carbon and nitrogen Is Hartree
Fock atomic orbitals, and a full configuration 

Fig. 1. Potential energy surface for the 
ground 3 B1 state of CHZ' (XBL-713-3044) 
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Fig. 2. Predicted potential curves for the 
eight lowest electronic states of the CN 
radical. (XBL-713-3045) 

interaction is carried out for the remaInIng 
nine electrons using optimized 2s and 2p 
Slater-type orbitals on each atom. The 2fl 
calculations, which include 486 configurations, 
are the most complicated. Eighteen signifi
cantly bound states (De ~ 0.84 eV) were ob
tained, nine of which have been observed spec
troscopically. Our potential energy curves 
for the eight lowest states of CN are seen in 
Fig. 2. With the exception of the third 2fl 
state, the theoretical ordering of states agrees 
with experiment. Three of the states nev,fr 
observed experimentally, (4~+, 4 fl, and 6.) 
lie below all but three of the known states of 
CN. Calculated spectroscopic constants are 
compared with experiment. The potential 
curves show many interesting fetture~, in
cluding p'otential maxima in the ~ - , ~ -, J 
26., and 2fl IV bound states. By performing 
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natural orbital analyses, dominant molecular
orbital configurations have been unambiguously 
assigned to the lowest 18 bound states. The 
second, third and fourth 2fl states experience 
numerous avoided crossings among themselves, 
and natural orbitals have been used to follow 
the changes in electron configuration as a func
tion of internuclear separation. The question 
of the approximate validity of the quantum 
numbers g and u is discussed. 

Ground and First Excit~d States of CH2 + 
and BH2 

Ab initio quantum mechanical potential 
surfaces were completed for the ground and 
first excited states of the CH2 + molecular ion. 
The natural orbital configuration interaction 
calculations employ a "double-zeta" contracted 
gaussian basis set. The ground state is of 
2A1 symmetry, arises from the 1a12 2a12 
1b22 3a1 configurgttion, and the ab initio geom
etry is r = 1.12 A, e = 141°. The first ex
cited state is of 2fl symmetry, arise s from 
the 1ag

2 2ag
2 1au 2 11Tu configuratiop., and the 

predic1ed bond length is about 0.02A less than 
1.10A. The 2A1 state is predicted to lie 
"'1060 cm- 1 below the 2fl state. From analo
gous work on methylene, the calculated ioniza
tion potential of CH2 is 10.01 eV versus 
Herzberg's experimental value21 of 10.40 eV. 
The relationship between these calculations 
and the dissociation energy of the CH3 radical 
is discussed. The potential surfaces are dis
played graphically. 

The above theoretical results are quali
tatively similar to those found ex~erimentally 
by Herzberg and Johns22 for the A1 and 2fl 
states of BH2' To test the reliability of our 
predictions, parallel calculations were carried 
out on BH2' For the 2.~1 state the ab initio 
geometry was r = 1.21A, e = 129°, versus 
the exp~rimental values r = 1.18A, e = 131°. 
For the fl state the predicted bond length was 
r = .19 A, compared with the experimental 
r = 1.17 A The 2fl state is calculated to lie 
2260 cm- 1 above the ground 2A1 state, as 
opposed to the experimental splitting of 
4300 cm- 1 . 

Multiconfiguration Wave Functions for the 
Water Molecule 7 

Configuration interaction (CI) wave func
tions have been calculated for H20 using basis 
sets ranging from minimum Slater-type 
orbital to Dunning's 4s2pld contracted gaussian 
oxygen set23 and 2slp set on the two hydrogen 
atoms. An iterative natural orbital procedure 
is used throughout. Three different types of 
CI functions are examined: (a) first natural 
configuration (FNC) plus single and double 
excitations to other valence orbitals; (b) the 
first-order wave function;24 (c) FNC plus all 



Table 1. Spectroscopic constants for the three lowest states of NH 

D (eV) DO(eV) r (A) we(cm 
_1 -1 -1 -1 T (eV) ) wexe(cm ) Be(cm ) Q'e(cm ) _ e __ _ e _ _e __ 

X3~- Hartree Fock
a 

2.10 1.88 1.018 3556 66.7 17.32 0.572 0 

Separated 
pairb 2.65 2.35 1.038 4910 78.3 16.63 0.466 0 

Small 
Basis CI

c 
2.62 2.42 1.12 3224 117 14.28 0.564 0 

This work 3.058 2.858 1.041 3300 120 16.56 0.760 0 

Experiment 3.41±0.16 3.21±0.16e 1.038
f 

3125.6
d 

78
g 

16.65f 0.646d 0 

----------------------------.~------------------------ -------------------------------------

a 1 Li. Hartree Fock
i 

1.83 

Small 
basis CIc 4.01 3.80 1.13 3557 132 14.16 0.563 1.9 

This work 3.965 3.760 1.037 3362 116 16.68 0.732 2.00 

Experiment rO" 1.044
f 3314h 63

h 
16.78

h 
0.672 X 

------------------------------------------------------------------------------------------

b1~+ Hartree Fock
i 

Small 
basis CIc 

4.28 4.06 1.12 3628 126 14.31 0.538 

This work 4.131 3.924 1.035 3396 113 16.73 0.712 

Experiment r " 0 
1.046 f :>:3480f 

ap . E. Cade and W. M. Huo, J. Chern. Phys. 47, 614 (1967). 

bD . M. Silver, K. Ruedenberg, and E. L. Mehler, J. Chern. Phys. 52, 1206 (1970). 

c J . Kouba and Y. Ohrn, J. Chern. Phys. ~, 5387 (1970). 

dR. N. Dixon, Can. J. Phys. D, 1171 (1959). 

eReference 26. 

3.57 

2.8 

2.79 

X+ 1.05f 

fG . Herzberg, Spectra of Diatomic Molecules (D. Van Nostrand Company, Inc., Princeton, 
New Jersey, 1950). 

gH. Guenebaut, Bull. Soc. Chim. France, 962 (1959). 

hR. Florent and S. Leach, J. Phys. Radium 13, 377 (1952). 

iW. M. Huo. J. Chern. Phys. 12, 1482 (1968). 

singly- and doubly-excited configurations, 
holding the 1a1 orbital doubly occupied. It is 
found that correlation effects seen in the ITlin
iITlUITl basis set calculation continue to dOITli
nate in CI 2 as the size of the basis is in
creased. The iITlportance of difference orbitals 
and configurations is discussed in light of the 
occupation nUITlbers and wave functions. The 
ITlost extensive calculation includes 1027 1A1 
configurations and slightly ITlore than 500/0 of 
the correlation energy of the water ITlolecule. 
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Our ITlost accurate first-order wave function 
yielded a dissociation energy of 8.2 eV, with 
respect to two exact hydrogen atOITlS .and a 
very accurate O-atoITl wave function of the 
saITle general forITl. For cOITlparison, the 
SCF dissociation energy of H 20 is 6.8 eV and 
the experiITlental value is 10.1 eV. 



Accurate Potential Curve for the 
X 3Z;- State of 0 8 

g Z 

U sing a 4sZpld set of contracted Slater 
functions on each atolll, configuration inter
action (CI) wave functions have been calculated 
at eight points to deterllline a potential curve 
for the ground state of OZ, The approxilllate 
first-order wave functions Z4 include 1Z8 con
figurations of three basic types, and conver
gence to an Optilllulll set of orbitals is attained 
using the Bender-Davidson iterative natural 
orbital procedure. U sing this approach, the 
lllolecule dissociates properly to two oxygen 
atollls of slightly better than Hartree-Fock 
accuracy. The ab initio dis sociation ener gy 
is 4.7Z e V, cOlllpared with the Hartree -Fock 
value 1.43 eV and the experilllental value 
5.Z1 eV. Other cOlllputed spectroscopic con
stants (with experilllental values in parenthe
ses) are also in good agreelllent with experi
lllent: re = 1.ZZ0 A (1.Z07), We = 1614 Clll- 1 

(1580), and Be = 1.417 Clll- 1 (1.446). SOllle 
general conclusions are drawn on the ab initio 
calculation of bond lengths. - --

Using a (3s, Zp, 1d/Zs, 1p) basis set of 
contracted Slater-type functions and an iter
ative natural orbital schellle, valence config
uration interaction studies have been done on 
the lowest three states of the illlidogen radical 
at eight internuclear separations. Included 
in the CI were those configurations differing 
by zero, one or two space-orbitals frolll the 
Hartree- Fock configuration, except that the 
1a orbital was held doubly occupied. The size 
of the CI varied frolll Z59 (1.6.) to 418 (3Z;-). 
For the ground state the cOlllputed total energy 
lies below that reported in any previous cal
culation, except the 3379 configuration wave 
function of Bender and Davidson. Z5 FrOlll the 
potential curves thus obtained the spectro
scopic constants r e , We' weXe' Be, and Qe 
are calculated, and cOlllpare well with the 
available experilllental constants as shown in 
Table 1. The lllolecular splittings are cal
culated to be Z.OO eV (X3Z;- - a 1.6.) and 0.79 
(a 1.6. - b 1Z;+), but when the discrepancy 
between calculated and experilllental atolllic 
lilllitS is taken into account these splittings 
are estilllated as 1.47 eV and 1.0Z eV; the 
latter being close to the experilllental value 
of 1.05 eV. Dissociation energies (De) for 
the X 3Z;-, a 1.6., and b 1Z; +, states are cal
culated as 3.06 eV, 3.97 eV, and 4.13 eV, 
respectively. For cOlllparison, the Hartree
Fock dissociation energy for the X3Z;- state 
is Z.10 eV and Seal and Gaydon's experi
lllental value Z6 is 3.41±0.16 eV. The occu
pation nUlllbers and lllOSt illlportant configu
rations are given at several internuclear 
distances for each state. 
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Interaction Potential Between Ground State 
_ Heliulll AtOlll and the B 1Z;" + State 

of the Hydrogen Molecule12 

In order to aid in the interpretation of the 
energy transfer experilllents of Moore and 
coworker s, Z 7 ab initio quantulll lllechanical 
calculations have been carried out on the four 
electron systelll 1S He + B 1 z;t HZ' Nine CZ v 
geollletries were considered, all involving a 
fixed H-H separation of Z.43 bohr. A con
tracted gaussian basis of three s and two p 
functions on each atolll was used, and calcula
tions were perforllled including 1, 416, and 
706 configurations. The 416-configuration 
calculation was designed to include only the 
electron correlation between He and HZ and 
should yield the lllOSt reliable results. The 
416-configuration calculation predicts a large 
van der Waals interaction between He and the 
lowest 1z;t state of HZ' The potential curve 
has a well depth of 401 Clll- 1 (0.05 eV) and 
this lllinilllUlll occurs for a distance 3.7Z bohr 
(1.97 A) between He and the HZ center of lllaSS. 
SCF calculations using the sallle basis and 
geollletries were done on the He + X 1Z;~ HZ 
and He + b 3Z;1'1 systellls. The potential curves 
for these two states lie well below that of 
He + B 1Z;t HZ for therlllal energies, and it 
is suggested that curve crossing with the two 
lower surfaces is not responsible for the 
observed quenching of the B 1Z;t HZ fluores
cence by He. 

Electron Correlation in the Lowest 
1 Z;+ State of Berylliulll Oxide 13 

AlL initio first-order wave functions, Z4 
which include electron correlation, were COlll
puted for the lowest 1Z;+ state of BeO. A 
contracted Slater-function basis of better than 
double zeta plus polarization accuracy was 
used, resulting in 157 configurations, con
structed frOlll 569 distinct Slater deterllli
nants. Considerable elllphasis is placed in 
obtaining the correct dissociation behavior; 
in the present case to a two-configuration 
(1SZZ8Z and 1sZZpZ) wave function for is Be 
plus a slightly better than Hartree-Fock wave 
function for the 1D state of oxygen. The cal
culated dissociation energy is 6.58 eV, COlll
pared with the Hartree-Fock value, 4.13 eV, 
and the sRectroscopic value recollllllended by 
Gaydon,Z-8 6.69±0.4 eV. The other spec
troscopic constants represent a substantial 
illlprovelllent over the Hartree-Fock values 
and are all within 100/0 of experilllent. The 
dOlllinant configurations in the wave function 
are presented, and it is seen that, contrary 
to the sURgestion of previous work )rs, the 
1aZZaZ3a'Z4aZ5aZ1TIZ is not particularly illl
portant near the equilibriulll internuclear 



separation. The natural orbital occupation 
numbers complete our picture of the electronic 
structure of 1~+ BeO. 

I wish to thank William H. Miller, 
Charles F. Bender, Daniel Wallach, Timothy 
G. Heil, and Stephen V. O'Neil for their con
tributions to the work reviewed herein. 
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Preliminary Level Analysis of the First 
and Second Spectra of Dysprosium t 

John G. Conway and Earl F. Worden':< 

The preliminary work on Dy I and II has 
been completed and the publication of the re
sults is now in press. Our wavelengths and 
spectral as signments were combined with the 
data of the late A. S. King and published as 
"Temperature Classification of the Spectra of 
Dysprosium (Dy I, Dy II). "1 This paper con
tains 4584 lines, together with their tempera
ture and furnace classifications. 

The level analysis has been published as 
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UCRL-19944. This report contains all the 
levels of both the first and second spectra. 
For the first spectra there are assigned 141 
even and 197 odd levels which lead to a clas si
fication of 1952 lines. For the second spectra 
there are 14 even and 214 odd levels assigned, 
leading to a classification of 1000 lines. In 
addition, this report lists 22858 lines of the 
spectrum of dysprosium. The levels, the 
clas sified lines and the parameter fits have 
been accepted for publication in the Journal of 



the Optical Society of America. 

The work on Dy will now be done jointly 
with a group at Laboratoire Aime Cotton, and 
to some extent with Oak Ridge National Lab
oratory. 

Footnotes and Reference 

tCondensed from UCRL-19944, August 1970; 
to be publishedinJ. Opt. Soc. Am. 

," 
'Lawrence Radiation Laboratory, Livermore, 
California 94550. 

1. Arthur S. King, John G. Conway, Earl 
F. Worden and Charlotte Moore, J. Res. Nat. 
Bur. Stand. 74A, 355 (1970). 

Optical Spectra of Einsteinium t 

>:~ 
John G. Conway and Earl F. Worden 

The spectrum of einsteinium has been 
photographed and 53 lines have been observed. 
For Es II the interval between the ground 
level, SIS' and the first excited level, 317' 
has been found to be 93S.66 cm- 1 . Arialysis 
of the h~~erfine structure confirms the nuclear 
spin of 3Es as I = 7/2. A value of a7s 
= 1.527±0.001 cm- 1 is obtained. From this 
analysis it is possible to derive the nuclear 
magnetic dipole moment, 1-11 = + 5.1 ± 1.3 I-1N' 
There are several factors in the hyperfine 

analysis which had to be assumed and caused 
the large error. 

Footnotes 

tCondensed from J. Opt. Soc. Am. ~ 1297 
(1970) . 

~:~ 

Lawrence Radiation Laboratory, Livermore, 
California 94550. 

The First and Second Spectra of Californium t 
,~ 

John G. Conway and Earl F. Worden 

Californium iodide was incorporated into 
an electrodeless discharge lamp, excited at a 
frequency of 2450 MHz, and the spectrum 
photographed. From the observation of the 
reversal of several lines and studies of the 
Zeeman effect, we have been able to charac
terize the ground state of Cf I as a J=S state 
with a g value of 1.213. We therefore assign 
this state to the SIS of the 5f107s 2 configura
tion. For Cf II, two levels have been found: 
the ground state with J=Si and g = 1.27, and 
the first excited level at 11S0.54 cm- 1 with 
J= 71- and g = 1. 20. We as sign the ground state 
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of Cf II to a 61S1. state, and the first excited 
state to a 4171. 6f the configuration 5f10 7s. z 

This work is preliminary and it will take 
several years before a complete understanding 
can be obtained. 

Footnotes 

tCondensed from J. Opt. Soc. Am. 60, 1144 
(1970). 

," 
"Lawrence Radiation Laboratory, Livermore, 
California 94550. 



Electron Impact 
Using the RPD 

Excitation Functions 
Time-of-Flight Method t 

Amos S. Newton and G. E. Thomas':' 

It is well known that the collision of an 
energetic free electron with an atom or mole
cule can cause transitions to electronically 
excited states. If the electron has an energy 
well in excess of the energy of the transition, 
then the excitations observed are those nor
mally observed in optical spectroscopic 
studies. That is, the permitted transitions 
are described by the familiar optical selection 
rules. However, when the kinetic energy of 
the colliding electron is equal to the transition 
ener gy or exceeds it by typicall y a few tenths of 
electron volts, then optically forbidden transi
tions can occur with a high probability. One 
consequence of this fact is that normally for
bidden states can be populated by electron 
impact and these states cannot emit radiation 
(in the absence of perturbing collisions, etc.) 
to return to the ground state. Such excited 
species are termed metastable atoms or mole
cules and can have free-space lifetimes of 
10- 4 sec or longer. 

Experiments to study the relative effi
ciency of production of such metastable species, 
as a function of incident electron energy, have 
been carried out for several years at the 
Lawrence Radiation Laboratory. 1, 2 A high
resolution electron beam from an RPD-type 
electron gun3 is crossed with an atomic or 
molecular beam. The metastables produced 
are detected via their ability to eject an elec
tron from the first dynode of a nude electron 
multiplier placed downstream from the excita
tion region. Perturbing collisions are kept to 
a minimum by performing the experiments in 
high vacuum, and with a well-collimated beam. 

One difficulty with such experiments has 
been that ultraviolet photons (produced from 
the excitation of allowed levels or from allowed 
transitions between directly forbidden levels) 
also register on the multiplier. Previously, 
high-resolution metastable excitation effi
ciency curves have included a small insepa
rable contribution from such photons. 

Figure 1 shows the detector signal as a 
function of time for the excitation of a neon 
atomic beam by a 10 IJ.sec pulse of electrons. 
The photons are emitted promptly during the 
period in which the electron beam is on. The 
metastables arrive at later times because of 
the low thermal velocity of the neutral beam. 
They are also spread out in time, reflecting 
the thermal velocity distribution of particles 
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Ne T.O.F. 
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Flight Time (/Lsec) 

Fig. 1. Time -of-flight spectrum of a neon 
atomic beam excited by a 10 f.Lsec pulse of 
electrons. (XBL 706-1053) 

in a gas. Thus, the detector could be gated 
open so as to detect only photons (0-10 f.Lsec 
from the start of the electron pulse in Fig. 1), 
or to detect only metastables (75 f.Lsec and 
later). Reference 2 gives a more complete 
description of these time-of-flight techniques. 

However, only recently has a technique 
been developed which permits using the RPD 
gun in such time-gated studies. 4 With this 
development, pure excitation efficiency curves 
for the production of uv photons and of meta
stables have been recorded for a variety of 
species. 

In Figs. 2-4, such curves are shown for 
neon, argon and krypton respectively. In all 
three figures, the upper curve corresponds to 
metastable production and the lower to photon 
production. In the metastable curves, struc
ture arising from the excitation of metastable 
levels of the np5(nt1)s and np5(nt1)p configu
rations (n = 2,3,4 for Ne, Ar, and Kr respec
tively) is seen just above threshold. In all 
three photon curve s, photons are produced 
from allowed levels of the np5(nt 1) s configu
ration. In argon and krypton, an upward break 
in the Fhoton curve is seen at the energy of 
the np nd states. 

Figure 5 shows similar curves for nitro
gen molecular metastables (upper curve) and 
for photons from nitrogen. In N2 the lowest 
metastable state is the A3L~, situated 6.2 eV 
above the ground state. However, this state 
is not accessible to a Franck-Condon transi
tion from the ground state until somewhat 
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Fig. 2. The upper curve is the electron 
iITlpact excitation efficiency curve for the 
production of ITletastable atOITlS in neon. The 
lower curve is the electron iITlpact excitation 
efficiency curve for the production of uv 
photons in neon. (XBL 706-1067) 
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Fig. 3. The upper curve shows the produc
tion of ITletastable atOITlS in argon; the lower 
curve shows the production of uv photons in 
argon. (XBL-706-1058) 
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Fig. 4. The upper curve shows the produc
tion of ITletastable atOITlS in krypton; the lower 
curve shows the production of uv photons in 
krypton. (XBL 706-1066) 

..... 

. :' ".~ ..... 
..... ,.: .... : .. 

.:: ...... : ..... 

7 8 9 10 II 12 13 14 

Electron Energy (eV) 

Fig. 5. The upper curve shows the produc
tion of ITletastable ITlolecules in nitrogen; the 
lower curve shows the production of uv 
photons in nitrogen. (XBL 706-1060) 

higher energies. The appearance potential 
7.2 eV ITleasured here would correspond to 
this transition. The B3ITg state lies slightly 
higher in energy. The outstanding feature of 
the nitrogen ITletastable curve is the appear
ance of the E31: g state peaking near 12 eV. 
The photons froITl nitrogen have an appearance 
potential of 12.6 ± 0.2 eV. This value, and the 
knowledge that the light is sufficiently energetic 
to eject an electron froITl the ITlultiplier, 
strongly suggest that the well-known Birge
Hopfield SysteITl is the source of the light. 
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Fig. 6. Production of metastable molecules 
in carbon monoxide. (XBL 706-1055) 

Figure 6 shows the excitation efficiency 
curve for the production of metastables in car
bon monoxide. The measured appearance 
potential is 6.0±0.2 eV, which corresponds to 
excitation of the a 3rr state. The photon curve 
for CO (Fig. 7) shows the curious feature of 
a sharp peak near 8 e V. This peak is appar
ently not associated with the allowed A 1rr 
state, as its onset is below the energy needed 
to reach this state. As yet, no assignment of 
this unusual structure has been made. 

In addition to these results, a time-of
flight survey of a variety of molecular gases 
has been made, and in many of them, meta
stable dissociation products have been ob
served. These can be recognized by their 
fast flight times from the excitation region to 
the detector. Figure 8 shows, as an example, 
fast fragments produced in oxygen by 45 eV 
electrons. The flight time is much shorter 
than that expected for the parent molecular 
metastable. The reason for the fast flight 
time is that the fragment gains kinetic energy' 
in the dissociation process. Similar fast 
fragments have been observed in CO, C02' 
S02, N20, H2S, and CS2. 

Footnotes and References 

t Condensed from a paper presented at 18th 
Annual Conference on Mass Spectrometry 
and Allied Topics, San Francisco, 
June 14-19, 1970. 
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Fig. 7. Production of uv photons in carbon 
monoxide. (XBL-712-2870) 
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Fig. 8. Time-of-flight spectrum showing 
fast fragments produced in oxygen at an 
electron energy of 45 eV. (xBL 706-1054) 
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The Occurrence of the Hi Ion in the 
Mass Spectra of Organic Compounds t 

~:< 
Amos S. Newton, A. F. Sciamanna, and G. E. Thomas 

Smith 
1 

showed that H3 + ions, formed by 
a unimolecular dissociation process with an 
appearance potential, AP, of Z5.3± 1 eV, 
were one of the normal components of the 
mass spectrum of methane. Because of the 
low intensity of H3+ ions in mass spectra, no 
further work on the occurrence of these ions 
is recorded. The present work shows that 
H3+ ions occur as a normal component of low 
yield in the mass spectra of most (if not all) 
organic compounds containing three or more 
atoms. 

The experiments described here were 
performed with a Consolidated Electrodynamics 
Corp. Model Z1-103B mass spectrometer, 
modified to increase the analyzer-tube pump
ing sp~e~ and to increase the detector sensi
tivity.' Initial kinetic energies with which 
H3 + ions are formed in the ion source were 
measured by use of negative repeller voltage
cutoff of the H3+ ion beam, 4 and by compari
son of the metastable suppressor cutoff volt
age of the H3+ ion beam with the cutoff voltage 
of the beam of an ion with thermal initial 
kinetic energy. 5 

The yields of H3+ ions from various 
organic compounds, as determined under 
standard operating conditions of the mass 
spectrometer, are shown in Table 1. The 
H3 + ion current from each compound was 
shown to be a linear function of pressure. 
These yields (expressed as the percentage the 
H3 + ion current contributes to the total ion 
current in the mass spectrum of each respec
tive compound) are only relative. The exact 
values are highly dependent on the mass spec
trometer operating parameters because of the 
high initial kinetic energy, KE, with which 
the H3+ ions are formed in the ion source. 
This is illustrated for H3 + from CH4 and 
CZH6 in Fig. 1, where the intensity of H3+ 
is shown to be a rapidly varying function of 
the ion accelerating voltage in each case. The 
intensity of an ion with only thermal initial 
KE is almost invariant over this range of ion 
accelerating voltage. 

In Fig. Z, the yields of H3+ and HZ+ are 
plotted as a function of carbon number for the 
normal alkanes and 1-alkenes. In Fig. 3, a 
similar plot is made for the methyl halides. 
In Fig. 3, the yield of HZX+ ions is included 
for comparison. The yields of H3+ and HZ+ 
appear unrelated in both Figs. Z and 3, but 
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in Fig. 3 the variance of H3+ and HZX+ appears 
to follow a similar pattern. 
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Fig. 1. Ion accelerating voltage discrimina
tion curves of H3+ ions from CH4 and CZH6, 
and D3+ ions from CD4. (XBL 706-1091) 

The compounds CD4' CZH6, and CH3Cl 
were studied in detail. Considerable thermo
dynamic data on these species and their frag
mentation products are available. 6, 7 The 
heat of formation of H3+ was calculated to be 
11.1Z eV from the proton affinity of HZ equal 
to 4.73 eV, as derived from theoretical cal
culations of Conroy8 on the potential energy 
surface of H3+' 

In Figs. 4, 5, and 6 are shown meta
stable suppressor cutoff curves of the H3+ 
ion compared with the cutoff curve of an ion 
with thermal initial KE. The curve for D3+ 
ion from CD4 (Fig. 4) shows that at an ioniz
ing electron energy of 81 eV, most of the D3+ 
is formed with near thermal KE. There is 
only a small contribution of high initial KE 
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Fi~. 4. Metastable suppres sor cuttoff curves 
of 2Ne+ ions and D3+ ions from a mixture of 
22Ne and CD4' Conditions: VA = 2000 V, 
repellers equal at 0.008 VA, 1.000 Vmss 
= 2097 V, Ve == 81 V, magnetic scan. 
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Fig. 5. Metastable suppre s sor cutoff curves 
of He+ ions and H3+ ions from a mixture of 
1% He gas in C 2H 6 at corrected ionizing elec
tron energies of 83 eV and 33 eV. Conditions: 
VA = 2000 V, repellers equal at 0.01 VA, 
1.000 Vmss = 2097 V, magnetic scan. 

(XBL 708-1936) 
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Fig. 6. Metastable suppressor cutoff curves 
of He+ ions and H3+ ions from a mixture of 
10/0 He gas in CH3Cl at corrected ionizing 
electron energies of 83 eV and 3Z.3 eV. 
Conditions : VA = ZOOO V, repeller s equal at 
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Fig. 7. Ionization efficiency curves for for
mation of D3+ ions from CD4. Variation of 
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voltage applied at collector. Conditions: 
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Electron Energy in eV (corrected) 

Fig. 8. Ionization efficiency curves for for
mation of He+ and H3+ ions from a mixture of 
10/0 He in CZH6' Variation of H3+ curves with 
fraction of metastable suppre s sor voltage 
applied at collector. Conditions: VA = 2000 
V, repellers equal at 0.01 VA' 1.000 Vmss 
= Z097 V, magnetic scan. Electron energy 
scale corrected to first appearance of He+ at 
Z4.6 eV with fmss = 0.980. (XBL-708-1937) 

ions. On the other hand in Figs. 5 and 6, 
c.urves for H3+ from CZH6 and CH3Cl, respec
hvely, show the majority of the H3 + to be of 
high initial KE at an ionizing voltage of 83 eV. 
At an ionizing electron energy of 33 eV, how
ever, most of the H3+ ions are near thermal 
with only a small contribution of a component 
:vith high initial KE. It is concluded that H3+ 
10ns are formed by two mechanisms, one 
leading to ions of low initial KE and one to 
ions of high initial KE, and the high initial KE 
ions are the result of charge repulsion from 
dissociation of doubly-charged molecular ions. 

Appearance potentials of D3 + from CD4 
and HZ+ from CZH6 and CH3Cl were deter
mined at a metastable suppressor setting 
where both high and low KE ions are collected, 
and at a higher setting where only high initial 
KE ions are collected. These ionization effi
ciency curves are shown in Figs. 7 and 8. 
The high initial KE ions have, in each case, 
an AP several volts higher than do the ions 
of low initial KE. 

In Table II are shown the calculated and 
observed appearance potentials for formation 
of D3 + from CD4 and HZ + from CzH6 and 
CH3Cl by each of two mechanisms: (1) the 
dissociation of a singly-charged ion, and (Z) 
the dissociation of a doubly-charged ion. The 
observed total kinetic energy release in each 
type dissociation is included. In each case 
the lowest AP for the singly-charged mecha
nism is several volts above the calculated AP. 
The observed and calculated AP I S for forma
tion of H3+ by the doubly-charged mechanism 
agree quite well. The AP of H3+ with high 



Table 1. Observed yields of H3 + ion from various compounds. 

Compounds H +jH +(a) P H +(d) +(e) 3 2 attern 3 Pattern H 2X 

Alkanes 

CH4 
CD 4 
C

2
H

6 

C 3
H 8 

n-C
4

H
10 

i-C
4

H
10 

neo-C
5

H
12 

i-C 5H12 

n-C 5
H

12 
n-C

6
H

14 
n-C

7
H

16 
n-C

8
H

18 
2,2,4-trimethyl-pentane 

0.0088(b) 

0.0086(c) 

0.143 

0.146 

0.065 

0.067 

0.037 

0.033 

0.038 

0.029 

0.017 

0.013 

0.016 

Alkenes, pOlyolefins, and aromatics 

C
2

H
4 

O.OO97(b) 

C
3
H4 (methyl acetylene) 0.029 

C 3
H 6 0.076 

1, 2-C 4H6 0.025 

1,3-C
4

H
6 

0.018 

1-C
4

H
8 

0.030 

2-C
4

H
8

(cis) 0.036 

2-C 4H8(trans) 0.036 

i-C
4

H
8 

0.030 

2-methylbutene- 2 0.025 

hexene-1 0.017 

2,2,4-trimethyl-pentene-1 0.013 

benzene 0.037 

Miscellaneous compounds 

CH3F 0.017 

CH3 Cl 0.215 

CH
3

Br 0.200 

CH3I 0.016 

CH30H 0.053 

C 2
H 50H 0.076 

C
2

H
5

Cl 0.075 

CH
3

CF
3 0.024 

0.0038 

0.064 

0.025 

0.0076 

0.0072 

0.0026 

0.0033 

0.0041 

0.0021 

0.0012 

0.0008 

0.0012 

0.0032 

0.0049 

0.021 

0.0046 

0.0033 

0.0055 

0.0079 

0.0075 

0.0061 

0.0036 

0.0019 

0.0014 

0.0025 

0.0051 0.0024 (H
2

F+) 
+ 

0.043 0.026 (H
2

Cl ) 

0.024 + 0.031 (H
2
Br ) 

0.0014 0.015 (H I+) 

0.028 
2+ 

0.11 (H
3

0 ) 

0.025 + 1.3 (H
3

0 ) 

0.016 0.12 (H
2

Cl+) 

0.0054 0.038 (H
2

F+) 

(a)The H3+ peak scanned at 2000 V ion accelerating voltage, the H2+ peak at 3000 V; each at 
70 V nominal ionizing voltage, normal repellers of "'0.01 VA' 0.5 mm collector slit. 

(b) Corrected for contribution of HD+ from the H2+ peak. 
(c) +/ + . 

D3 D2 ratlO. 

(d)Patterns are expressed as the percentage the H3+ peak intensity contributes to the total 
peak intensity. 

(e)H
2

X+ peak intensity as percentage of total peak intensity. 
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Table II. COITlparison of calculated and observed appearance potentials for the forITlation of D3 + 
froITl CD 4 and H3 + froITl C

2
H

6 
and CH

3 
Cl. 

Products 

-.0.H
f
(CH

3
X)(b) 0.78 

.0.Hf (CX) 6.17 

.0.H
f
(CX+) 

.0.H (H +)(e) 11.12 
f 3 

~ = Min A. P. at T=O 18.07 

T ~0.2 

Calc A. P. ~18.3 

CD (a) 
4 

0.78 

17.30 

11.12 

29.20 

5.7 

34.9 

0.88 0.88 0.84 0.84 

2.82 5.29 

13.70(d) 

11.12 11.12 11.12 11.12 

14.82 23.67 17.25 25.66 

~O.1 4.2 ~0.2 3.9 

~14.9 27.9 ~17.4 29.6 

Obs A.P. 25.5±0.5 35.5±2 25.0±0.5 30.0 ± 0.5 25.5±0.5 29.9±1 

.0.A.P. (Obs-Calc) 7.2±0.5 0.6±2 10.1 ± 0.5 2.1 ± 0.5 8.1 ± 0.5 0.3± 1 

(a)AssuITling heats of forITlation of deuterated species equal to those given in Ref. 15 for 
protonated species. 

(b) All heats of forITlation expressed in eV /ITlolecule. 

(c)AssuITling .0.H
f
(C

2
H

3
+) = 269 kcal/ITlole (Ref. 15). 

(d)AssuITling .0.Hf(CCl+) = 316 kcal/ITlole. Listed values range froITl 316 to 420 kcal/ITlole 
(Ref. 15). 

(e) Calculated as sUITling the proton affinity of H2 to be 4.73 e V. 

initial KE frOITl C2H6 of 30.0± 1 eV also agrees 
quite well with AP of 30.3 ± 0.3 eV for the AP 
of CH3+ ions with high initial KE froITl C2H6 
(Ref. 9). The agreeITlent suggests the saITle 
electronic state of C2H6+2 can dissociate by 
at least two independent ITlechanisITls. 
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Nuclear Orientation of 253Es in Neodymium Ethylsulfate t 

A. J. Soinski, R. B. Frankel,'~ Q. O. Navarro,:t: and D. A. Shirley 

Einsteinium-253 nuclei were oriented at 
low temperatures in a neodymium ethylsul£ate 
(NES) lattice by means of the hyperfine inter
action between the orbital and spin moments 
of the unpaired f-electrons and the nuclear 
magnetic -dipole moment. The angular dis
tribution of 0' particles emitted by oriented 
nuclei can be written in terms of Legendre 
polynomials as 

W(8) 1 + Q2A2B2P2 (cos 8) 

+ Q4A4B4P 4(cOS 8) (1) 

The Ak terms reflect the characteristics of 
the decaying nucleus and depend, in part, upon 
the relative amplitudes and phases of the al
pha waves. The relative amplitudes can be 
calculated either by the semiempirical method 
of Bohr, Froman, and Mottelson (BFM)1 or 
through the application of Mang's shell-model 
theory of alpha decay. 2 The latter method 
also yields the relative phases of the alpha 
waves. The orientation parameters, Bk , de
pend on both the hyperfine interaction of the 
nucleus with its environment and the tempera
ture. The Qk terms are solid-angle correc
tion factors which are smaller than unity for 
a finite-sized source and detector. 

The experimental a11f,ular distribution of 
0' particles from oriented 53Es nuclei is plotted 
against the inverse temperature for one series 
of adiabatic demagnetizations in Fig. 1. From 
the values of the angular distribution function 
at the lowest temperatures, it is pos sible to 
determine A2 and A4' The experimental 
values are compared with the theoretical 
values in Table I. We also tabulate values 
for W(O) and W(rr/2) at saturation; i. e., for 
T approaching zero. At sufficiently low 
temperatures only one nuclear magnetic sub
state is appreciably populated, and B2 and 
B4 approach a limiting value: B2(1/T _00) 
= 1. 528 and B 4 (1/T - 00) = 0.798. 

The positive experimental value for A2 
given in Table I implies that the Sand D 
(corresponding to orbital angular momenta 
o and 2) alpha partial waves are in phase. 
The negative experimental value for A4 con
firms the prediction of Mang and Rasmussen3 
that the Sand G (L = 4) waves are out of 
phase. Mang and Rasmussen predicted that 
the Sand G waves would be in phase for nu
clei with a mass number lower than 244 but 
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Fig. 1. Experimental angular distribution of 
0' particles from 253Es in NES as a func
tion of the inverse temperature. The 
curves shown are theoretical, based on 
different estimates for the relative in
tensities of the alpha partial waves. 

(XBL705-2772) 

would be out of phase for heavier nuclei. De
tailed shell-model calculations by Poggenburg, 
Mang, and Rasmussen4 confirm this general 
behavior. 

Neither the BFM theory nor the Mang 
theory accurately reproduces the experi
mental A2 and A4' Both underestimate the 
G-wave intensity, as reflected in the small 
theoretical values for A4' The dashed curve 
in Fig. 1 is the angular distribution obtained 
from the Mang theory predictions for the re
lative amplitudes and phases. The predicted 
relative intensities (which are proportional 
to the amplitudes squared) for the S, D, and 
G waves are 1.000:0.179:0.0052,5 whereas 
the relative intensities that best fit the ex
perimental angular distribution are 
1.000:0.216:0.0078. In order to reproduce the 
experimental angular distribution, the Mang
theory-predicted intensities for decays to the 
ground-state band of 249Bk were modified as 
follows: The S-wave intensity was decreased 
by 60/0; the D-wave intensity was increased 
by 22% (mainly to fit the P2(cOS 8) term); and 
the G-wave intensity was increased by 220% 
(mainly to fit the P4(cOS 8) term). The re
sulting angular distribution would be 

W(8) = 1 + 0.632 Q2B2P2(cOS 8) 

- 0.054 Q4B4P4(cOS 8) (2) 



Table 1. Coefficients A2 and A4 for the 253 Es in NES angular distribution 

function W(8) = 1 t A2Q2B2P2(cOS 8) t A4Q4B4P 4(cOS 8). 

Experiment 

BFM (S and G waves 
out of phas e) 

BFM (S and G waves 
in phase) 

Mang theory (S and G waves 
predicted to be out of 
phase) 

Mang theory but with 
modified partial wave 
intens i tie s 

A2 

0.630(5) 

0.594 

0.698 

0.576 

0.632 

which is plotted as the solid curve in Fig. 1. 
The fit to the lowest temperature data is 
greatly improved. The poor fit at higher 
temperatures is due to the rapid warmup of 
the NES crystal. Immediately after demag
netization, the small active' volume of the 
NES crystal is warmed at an appreciable rate 
by radioactive heating. This can lead to a 
spurious apparent temperature dependence, 
with the high temperature points showing a re
duced effect. Hyperfine structure constants 
derived in such cases are anomalously small. 6 
The temperature dependences of W(O) and 
W(Tf/2) are affected by different variables 
than those that affect their saturation values. 
The stronger the source and the shallower 
its distribution in from the surface (two con
ditions conducive to reliable measurement of 
saturation values of W(O) and W(Tf/2) ), the 
worse will be the self-heating effect. There
fore several series of demagnetizations were 
performed on NES crystals containing less 
activity in order to obtain a value for the mag
netic hyperfine structure constant, A, of 
0.26 ± 0.03 cm- 1 

The nuclear magnetic moment can be 
derived from A if both the ground crystal 
field state and the radial integral < r- 3) 5f are 
known. Since neither is known accuratery, 
our derived value for fL has limited accuracy. 
We report a nuclear magnetic moment for 
253Es of I fL I = 2.7 ± 1.3 fLN' Two estimates 
of the 253Es nuclear magnetic moment have 
been made by Lamm. 7 Assuming gs = gsfree, 
fL = t 4.239 fLN' However, better agreement 

A4 W(O, 1/T - 00) W(Tf/2, 1/T ..... 00) 

-0.059(7) 1.872(7) 0.521(4) 

-0.006 1.854 0.561 

to.138 2.102 0.523 

-0.0248 1. 816 0.570 

-0.0502 1.880 0.522 
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with the moments of odd-mass nuclei is ob
tained with the semiempirical quenching fac
tor gs = 0.6gsfree. Then fL = t3.50 fLN' in 
better agreement with our value. 
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59CO Nuclear Quadrupole Interaction in CoCI2 · 2H2 0 

H. Haas 

Recently the 59Co NMR spectrum has 
been observed1 in the antiferromagnetic state 
of CoClz· ZHZO at 4.zoK. From the magnetic 
structure of the material the internal field of 
419.1 kG is expected to lie along the b axis of 
the monoclinic structure (z in Fig. 1a). The 
nuclear quadrupole splitting in this field 
shows a slightly unequal spacing. A program 
used earlier to analyze 59Co NMR in single 
crystals Z can account quantitatively for this 
second-order effect. Table I gives the calcu
lated and observed frequencies, assuming 
that the major axis of the field gradient is 
oriented perpendicular to the b axis. The 
best fit is obtained for eQq/h = 140 ± 15 MHz 
y} = 0.Z4±0.08, with the b axis having the 
smalle st component. 

Obviously the field gradient is primarily 
due to the unfilled electron shell of the CoZt 
ion, as was found 3 for FeZt in FeClZ' ZHZO. 
The observed orientation may be qualitatively 
understood when the splitting of the d orbitals 
shown in Fig. 1b is considered. All contri
butions cancel except for that of the hole in 
the dxz orbital, resulting in a cylindrically 
symmetric field gradient along the y axis. 

The wave functions for the lowest states 
(4T1g) of CoZt in the rhombic field have been 
determined for the parameters obtained from 
the magnetic susceptibility,4 using the effec
tive Hamiltonian 

JC = kA. [ _ 2 L. S t ~...Q. (L Z t kL Z _ L Z )] 
Z 3 kA. Y x z 

H" /H o 

ZllyCI 

CI--Co=-CI 

CI/ I Y 

H~'-..H 

I -I \ 

,----t- dZ 2 
I 

I , 

/ '------t-dx2·Y2 

I 
f Rhombic 

3d! Tetrog. 
--\ Cubic 

\ /-1- dxz 
\ .. ",(-"-+1- dyz 

\ 

'----+t- dxy 

Fig. 1. Local environment (a) and rhombic 
field splitting (b) of Co2+ in CoClZ' ZHZ 0. 

(XBL 71Z-Z937) 
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with L = 1 ( ~ = - 7.0, k = 0.0). The expec
tation values ot (3L? -L(Lt1) determine the 
components of the erectronic field gradient5 

along the three major axes. In Table II these 
have been calculated for the six lowest elec
tronic states. For the lowest state (the only 
one populated at 4. ZOK) this treatment cor
rectly gives the major field gradient tensor 
component along the y axis, but the computed 
asymmetry parameter (Y) = - O.ZO) does not 
agree well with experiment (Y) = t 0.Z4). 

From the measured nuclear quadrupole 
interaction in the 4F (d7 sZ) state of the co
balt atom6 the magnitude of the electronic 
contribution to the field gradient may be cal
culated. For the pure L z = 0 state, with 
( 3LZ -Z) = - Z, one can obtain from these 
dataZthe nuclear quadrupole coupling constant 
for one d electron as eQq/h (3d) = 477b3d 
= Z75 MHz. Neglecting minor changes in 
1/r3 and the effect of covalency, the elec
tronic contribution to the field gradient alone 
would ~ive (at OaK) eQqyyih = (3LZ-Z)/-Z 
X eQq/h (3d) = ZOO MHz, in rough Igreement 
with experiment. If one as sumes 18% d
electron delocalization and an ionic field 

200 

100 

~ a 

~~ 
-100 

-200 

200 400 
T (OK) 

600 

Fig. Z. Predicted temperature dependence of 
the nuclear-quadrupole interaction in 
CoC12' ZHZO. Not adjusted to experi
ment (--) and corrected for covalency 
and ionic contribution (=). 

(XBL 71Z-Z943) 



gradient contribution from the tetragonal 
field of eQqzz/h (ionic) = 22 MHz, both quite 
reasonable numbers, the measured nuclear
quadrupole interaction is obtained. The 
temperature dependence of the three com
ponents of the nuclear quadrupole interac
tion tensor predicted from this model is 
shown in Fig. 2. An experimental measure
ment in the paramagnetic region would be 
particularly interesting. 

Table 1. Calculated and observed 59Co NMR 
frequencies (MHz) in antiferromagnetic 
CoClZ' ZHZO at 4.Z°K. 

Observed Calculated 

v QV v QV 

411.8±0.5 411.74 

4.1 4.07 

415.9±0.5 415.81 

3.9 3.95 

419.8 ± O. 5 419.76 

3.8 3.85 

423.6±0.5 4Z3.61 

3.7 3.74 

427.3±0.5 4Z7.35 

3.6 3.65 

430.9± 0.5 431. 00 

3.6 3.55 

434.5 ± 0.5 434.55 

Table II. Energies and < 3L ~ -Z> expectation 
values for the low-lying elec\ronic states in 
CoClZ' ZHZO (k = 0.9, A. = - 176 cm- 1 ). 

-1 
Energy (cm ) < 3Li-Z > < 3L~-Z > <3L~-Z> 

0 0.577 -1.448 0.871 

136 0.89Z -1. 8Z9 0.937 

850 -1. 547 0.889 0.658 

1073 -1.478 0.5Z3 0.955 

1760 0.907 0.898 -1. 80 5 

1838 0.649 0.967 -1.616 
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Nuclear Quadrupole Moments of the 
Deformed 3/2+States in 115In and 117In 

H. Haas and D. A. Shirley 

It has been postulated, 1 that there are 
excited states of the spherical nuclei 115In 
and 117In that show a considerable static de
formation. States at 8Z 9 and 864 keV in 115In 
and at 659 and 749 keV in 117In (see Fig. 1) 
were assigned to be the 1= 3/Z and I = 1/Z 
members of a K = 1/2 rotational band. The 
lower lying 3/Z+ state has a fairly long hal£
life in both cases. The perturbed angular 
co rrelation (PAC) technique may therefore be 
used to measure the nuclear moments of 
these states. A PAC measurement of the mag
netic moment in 117In has been reported. Z 
Since the electric quadrupole moments are 
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Perturbation of angular correlation 
117In in In (a) and Cd (b). 

directly related to the nuclear deformation, 
their determination was thought to be of in
terest in this case. 

In a number of studies of the nuclear 
quadrupole interaction by PAC a 4-detector 
system has been found very convenient, since 
the angular correlation as a function of time 
is obtained directly from the experiment. 
Sources were %repared by irradiating enriched 
114CdO and 11 CdO with reactor neutrons. 
The Cd metal sources were obtained by ir
radiating enriched metal foil that was used 
without further treatment. 

(XBL 712-2935) 
(XBL 712-2934) 

The
117

In experiments could be performed 
with the standard setup of 2-in. X3-in. NaI 
crystals on all detectors. Figure 2 shows the 
PAC data for some representative sources. 
The experimental conditions had not been 
optimized in this cas e and an improvement of 
counting statistics would be easily feasible. 
The perturbation frequency can, however, be 
obtained from the data shown with consider
able accuracy. The fitted parameters are in
cluded in Table I. 

The y cascades through the 5-nsec 
829-keV state are only very weak branches in 

Table I. Nuclear quadrupole interaction constants (J 1 + 112/3 eQq/h) in MHz) 

(ox = oxalate, oq = oxiquinolate) 

Lattice 
115

In 115In (829 keY) 117 In (659 keY) 

In (RT) 30.0 21.0± 0.5 

Cd (RT) 148.5±6.0 143.5±3.0 

Cd(N03 )2' 4H2O 48.2±2.0 

Cdox' 3H2O 104.0 ± 8.0 89.2±3.0 

Cdoq2 242.5±10.0 
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the 115Cd decay (Fig. 1). Therefore, it was 
especially difficult to obtain sufficient 
counting statistics. For the time-differential 
measurement the 35 keY transition was ob
served with 1-mm NaI crystals. Figure 3 
shows the time resolution reached with this 
setup and a representative data set. In so
lution the previously determined unperturbed 

~4r---------------------------'-+-~ 

0.2 f-----------------hf---;---++-l-

A(t) 

-0.4 r-------------------------'-t---~__1 

angular correlation was found. 3 Figure 4 
shows the perturbation observed in solids. 
The interaction frequencies fitted to these 
data are included in Table I. 

From the PAC of 117 In in In (Fig. 2a) 
one can conclude unambi~uously that the state 
involved must have I = 3/2, because for other 
values the perturbation would not have the 
simple sinusoidal form. The ratio of the nu
clear quadrupole moments of the 659 keY 
state and 115In can be obtained by comparison 
with NQR data. 4 One calculates 

Q117 (659 keY) 
Q115 = 0.70±0.02. 

The quadrupole moment of 115In , however, is 
known with some accuracy from atomic-beam 
measurements as Q115 = 0.83 b, leading to 
Q117(659 keY) = 0.58±0.06 b. 

To determine the nuclear quadrupole 
moment of the 829 keY state in 115In, the 
ratio 

0.4 

0.2 

0.4 

Q115(829 keY) 

Q117 (659 keY) 
1.04±0.05 

Fig. 4. 
for 

Perturbation of angular correlation 
115In in Cd (a) and Cdoq2(b). 

(XBL 712-2933) 
(XBL 712-2942) 
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Table II. Intrinsic quadruJlole moments qf the 
K = 1/2+ bands in 115In and 117In. 

PAC B(E2) 

3;0±0.4b 2.67 b 

2.9±0.3b 3.18 b 

is calculated from the measured interactions 
in Cd metal. This leads directly to 0 115 

(829 keV) = 0.60 ± 0.08 b. The fact that the ex
cited states of 115In and 117In are probably 
deformed has been pointed out by several 
authors. The size of the measured nuclear
quadrupole moments lends strong support to 
this view. In the rotational model, the 
quadrupole moment of a deformed nucleus is 
given as 

o 3K
2 

-1(1+1) 
(1+1)(21+3) 0 0 

neglecting single-particle contributions. In 
Table II the intrinsic quadrupole moments 
0 0 (calculated for K = 1/2) are compared with 
those determined from '{-ray transition proba
bilities. 1 The agreement is surprisingly 
good. Using 0 = 0.8 Z R 6(1+0.56 + .. ), a 
deformation of % = 0.20 is computed for the 
excited states in both cases. 

References 

1. A. Backlin, B. Fogelberg, and S. G. 
Malmskog, Nucl. Phys. A96, 539 (1967). 

2. V. R. Pandharipande, K. G. Prasad, 
and R. P. Sharma, Nucl. Phys. A104, 525 
(1967). 

3. M. M. Bajaj, S L. Gupta, and N. K. 
Saha, Aust. J. Phys. ~, 317 (1968). 

4. R. R. Hewitt and T. T. Taylor, Phys. 
Rev. 125, 524 (1962). 

5. G. F. Koster, Phys. Rev. ~, 148 (1952). 

Perturbed Angular Correlations in RuNi and RuFe 

T. A. Koster, S. KoiC':ki, andD. A. Shirley 

As a tool in solid state physics, time-dif
ferential perturbed angular correlations 
(TDPAC) has proved very useful, because it 
permits microscopic observation of a variety 
of magnetic systems. With this technique, we 
may observe the precession of nuclear spins 
in a magnetic field by measuring the time 
variation of the intensity of radiation from 
the nuclei along some chosen direction. In 
this way we may study nuclear magnetism 
and, through the nucleus -electron interaction, 
electronic magnetism as well. 

In these particular eXperiments, we have 
investigated the magnetic hyperfine interaction 
in the dilute alloy systems RuFe and RuNi at 
room temperature. Previous measurements 1 
on 1 percent RuNi showed an attenuation of 
the angular correlation in time which was be
lieved to be attributable either to a field dis
tribution at the nucleus or to the existence of 
several different impurity lattice sites. We 
unde rtook the s e expe riments 1) to clarify the 
origin of this damping in RuNi and to look for 
it in RuFe, 2) to further demonstrate the 
pos sibilitie s for using plastic s cintillators 
for fast-timing TDPAC work, and 3) to 
demonstrate the usefulness of the TDPAC 
technique for measuring large fields by ob
serving precession in 99RuFe. 

211 

The 99Rh parent is produced with 13-MeV 
protons from the Berkeley 88-inch cyclotron 
from isotopically enriched 99Ru powder via 
the 99Ru(p, n) 9':iRh reaction. We then pre
pare carrier-free 99Rh by digesting the tar
get with NaOH-NaN03 and oxidizing the 
ruthenium to Ru04 with NaBr03-H2S04' The 
volatile tetroxide distills off and can be re
covered. Fe3+ carrier is added, the 
ruthenium-free 99Rh coprecipitated with 
Fe (OHb, and the hydroxide mixture dis
solved in 6M HCl. Most of the iron is ex
tracted into diethyl ether, while the remaining 
iron is column-separated, yielding carrier
free 15-day 99Rh. 

The 529-90 keV cascade was used for all 
these measurements. The relevant part of 
the decay scheme 99Rh -7 99Ru is shown in 
Fig. 1. The detectors consisted of one 
PILOT plastic scintillator, 1.75 inches in 
diameter by 2 inches high, for the high-en
ergy Compton edge from the 529 keV transi
tion, and one 5 percent Sn-doped plastic 
scintillator (NE140) for the 90 keV gamma, 
each mounted on RCA 8850 photomultiplier 
tubes. Standard fast-slow coincidence elec
tronics were used. The resolving time for 
this combination at these energies was gen
erally around 0.7 nsec FWHM. 
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The tiITle spectruITl for RuNi is shown in 
Fig. 2. In the tiITle range obsrned, there is 
no appreciable attenuation. We can there
fore attribute the previously observed 
daITlping to the 1 percent rutheniuITl iITlpurity 
present. Such effects caused by even very 
sITlall aITlounts of iITlpurity, possibly via a 
change in the conduction electron polarization, 
have been observed, ~or exaITlple, in spin
echo2 and NMR/PAC studies of various dilute 
alloy systeITls. 

For the RuFe systeITl, the tiITle-differ
ential spectruITl-a:iso shows no daITlping for 
essentially zero-concentration rutheniuITl. 
The ITlagnetic hyperfine frequency is ITlea
sured to be 69.8(7) MHz, giving a ITlagnetic 
hyperfine field at rutheniuITl nuclei in iron of 
Hhf = 484(10)kG at T = 296(1)OK. The er
ror is largely due to the uncertainty in the 
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Fig. 2. TiITle-differential PAC spectruITl for 
99RuNi. (XBL712-2939) 

g factor, g = 0.189(4).4 This field value is in 
agreeITlent with earlier Mossbauer ITleasure
ITlents 5 giving Hhf = - 500(10) kG at 4.2°K. 

We gratefully acknowledge the help of 
Mrs. Winnifred Heppler in the preparation of 
the 99Rh activity. 
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Nuclear Spin Relaxation Rates by NMR 
on Oriented Nuclei; Co 60Co t 

':' :j: J. A. Barclay and H. Gabriel 

The ITleasureITlent of nuclear spin-lat
tice relaxation tiITles, Tl' is essential to an 
understanding of heat transfer froITl nuclei to 
electrons or lattice. The ITlechanisITls of 
this energy change are basic to hyperfine in-
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teractions, and a knowledge of theITl can add 
to our understanding of these interactions. 

Although nuclear ITlagnetic resonance 
(NMR) has been used to ITleasure spin-lattice 



relaxation rates (T 1 ) for some time, 
Templeton and Shirley1 first illustrated the 
measurement of T 1 by NMR on oriented nu
clei (NMR/ON). Here the resonance of ori
ented radioactive nuclei is detected by ob
serving the resulting perturbation of the y
ray anisotropy. With this method, spin
lattice relaxation can be studied in very di
lute alloys in the temperature region 0.1 -
0.004°K. However, the interpretation of the 
observed signal in NMR/ON is complicated 
because one observes a nuclear radiation pat
tern whose directional intensity is described 
by kth rank statistical tensors, Bk. 

Gabriel2 has developed a theory de
scribing the relaxation of these tensors in 
terms of a unique T 1 defined exactly as in 
previous NMR work. He also has given guide
lines for calculating his relaxation factors, 
Gq q'(t), at low temperatures. We present a 
mlhf~rical method for [;flY spin at low temper
atures and apply it to Co in Co. 

For a system with axial symmetry the 
angular distribution perturbed by the presence 
of relaxation effects can be written as: 

Waxial (].s;t) - W(8;t) 

(1 ) 

where the UkF depend on the decay scheme, 
Pk (cos 8) is a Itegendre polynomial, and the 
Bk(t) are time-dependent orientation param
eters. The latter can be given the form 

k { -} k' :L; (U lexp -tiL' +M)t Iu )L>B
k

, (t=O). 
k' 0 0 

(2) 

The perturbation factors G k Ye' (t) (the same 
used in perturbed angular correlation theory) 
are the matrix elements of an evolution op
eration with respect to Fano's multipole 
representation. The Liouville operator, L', 
describes all static extranuclea.r interactions, 
whereas the relaxation operator M contains 
the properties of the surroundings into which 
the nuclei are embedded. 

k - k' 
The matrix elements, (U lexp(-Mt)IU 0)' 

are nondiagonal in the low-teibperature region. 
Therefore, diagonalization of the relaxation 
operator is required yielding (under certain 
conditions) a complete set of eigenvectors, 
I K) belonging to the eigenvalues 1\... Equation 

K 
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(2) (with L' = 0) can be given the form 

k -1\.. t k' 
L>Bk(t) = L; (U IK)e K (KIU )L>B

k
, (t=O) (3) 

k'K 0 0 

where the transformation matrix 
a

1 
== (K I Uk), and obeys the relation eK 0 

(4) 

In the numerical calculations the initial con
ditions have been used to normalize the eigen
vectors in an appropriate way. The various 
perturbation factors G~ ~, (t) are easily ob
tained from Eq. (8) by choosing a set of 
special initial conditions: L>Bk ,_ (t=O) = 1, 
L>Bk , -A (t=O) = 0 for all possible ~hoices of 
a: = 1, 2 ,a: • • 21. The result can be cast into 
the form 

-1\.. t 
K K 

L; Akk' e 
K 

(k, k' = 1,2, .... (21). (5) 

Numerically, G ~ ~,(t) will be a function of x 
and must be evaluated for each x. The 
method finds application in its ease of exten
sion to higher spins. 

As an example, we have chosen I = 5 at 
x = 0.3. In Fig. 1 we present G lk9, G ~~, , 
and G.4~, as a function of t/T 1. 

60 Co in Co fcc was used as an example 
of the application of this theory. The sample 
was a single crystal of Co grown by electro
deposition onto a Cu single crystal. 3 60Co 
was codeposited with 59Co from a plating 
bath to which 60Co had been added. There 
was a few percent of hcp Co in the original 
sample according to x-ray diffractometer 
measurements, but this was removed by 
heating to 500°C for approximately 30 sec and 
then quenching in H20 immediately. The 
thickness of the single crystal foil was about 
6000A which is less than the skin depth in Co 
at 125 MHz. After cooling the sample to 
0.006°K, using adiabatic demagnetization of a 
cerium magnesium nitrate slurry, the reso
nance was found at 125.10 MHz with 
Ho = 600 Oe. This is in good agreement with 
the NMR value for single domain particles 
by Gossard et al. 4 The best linewidth (small 
modulation) was 1.26 MHz which indicates 
that there probably was considerable stress 



1=5 
X=0.3 

Glk ' 

0.4 

k' =5,6,--10 
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tlTI 

Fig. 1. Relaxation factors G 1k, , G
2k

, ' and 
G4k , ,vs tiT 1 for several values of k' 
at X = 0.3 and I = 5. 

(XBL 712-2940) 

in the Co foiL T 1 measurements were made 
by modulating over the line with H1 as high 
as experimentally pos sible in order to main
tain the same conditions over the entire 
temperature range. 

The anisotropy curve vs time included a 
baseline and a warmup contribution. The 
theory gives the ratio of A1 to A 2, A3' A4' 
so this constraint can be added, yielding the 
final function which was least-squares fitted 
to the data 

-A t -K1A 1t 

F (t) = P 1 + P 2 t+ 2: 1 e 1 + 2: 2 e 

-K2l\1 t -K3A 1 t +2:3 e + 2:
4

e (6) 

where P 1 = baseline (equilibrium anisotropy), 
P2 = small warmup contribution, 
2:1 = U2F2f321 + U 4 F 4f341' etc. and 
K1 = A2 / A1 etc. The betas come from the 
summations in Eq. (3). The initial conditions 
used to calculate the betas were taken as the 
average of the observed anisotropy during the 
time H1 was applied. The results of the data 
fitted by Eq. (5) with these initial conditions 
are shown in Fig. 2. 
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100 60Co in cubic Co 
Ho = I kOe !r/' 
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U / 
QJ 

-.".! 50 /t ~ 

~~f+ ! 

20 -1 M J!t til f ! ! ttilj[ 
/:tH i 
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Fig. 2. EXperimental relaxation times for 
60Co in fcc Co. The solid line repre
sents the extrapolated 59Co in Co NMR 
results (K = 0.75)5 and the dashed line is 
for K = 0.55 sec oK. The triangles are 
the data fitted with a sum of exponentials 
and the dots are the data fitted with a 
single exponential. (XBL 712-2941) 

One comparison with our data can be 
made by using the high-temperature, high
field T1 measurement of 59Co in C 0 5 which 
gave a Korringa constant K = 0.25 sec oK. 
After multiplying K by ['In (60Co)/'{n (59Co)]2 
we can plot 

1 _ ynH (YUH) 
~ - 2kK coth 2kT 

for the extrapolated value at low temperature. 
This is shown as the solid line in Fig. 2. The 
dis crepancy may indicate a systematic error 
in the initial conditions or a deviation from 
the Korringa law before reaching our tempera
tures. We obtain a value of K = 0.55 sec oK 
which corresponds to the dashed line in Fig.2. 
Also in Fig. 2 we have shown a fit to the same 
data with a single exponential which yields 
T l' rather than T l' The deviation from T 1 T 
= constant is still observed in the present 
theory as expected in a system obeying Fermi 
statistics. 

Footnotes and References 

't Condensed from UCRL-20433, January 1971. 
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Mossbauer Spectroscopy with the 6.25 .... ke V 
y Transition of Tantalum-lSI "I 

D. Salomon and G. Kaindl'~ 

The 6.25-keV El y transition of 181 Ta is 
one of the sharpest transitions suitable for 
Mossbauer spectroscopy. Despite many ad
vantageous features of this transition, includ
ing 100% natural abundance of 181Ta and the 
easily preparable source activity of 181W(Tl /2 
:= 140 d), it was only recently that a success
ful application of this resonance was reported. l 

Inhomogeneous line broadening due to quad
rupole interaction and isomer shift make it 
quite difficult to observe the resonance ab
sportion. This is especially critical because 
the electric quadrupole moment of the I := 7/2+ 
ground state is very large [Q(7 /2+) := +3.9 bl, 
as well as the change of the mean- square 
nuclear charge radius during the intrinsic 
transition. 

We have further improved the technique 
for measuring the Ta resonance, including 
source preparation method and velocity spec
trometer. For the first time, the magnetic 
splitting of the 6.25-keV line in a longitudinal 
external magnetic field was fully resolved. 
The large asymmetries observed in both single
line and magnetically- split spectra are found 
to be due entirely to an interference between 
nuclear resonance absorption, followed by in
ternal conversion, and photoelectric ab
sorption. 2,3,4 

Velocity spectra were measured using a 
sinusoidal electromechanical drive as de
scribed in Ref. 5. The 6.25-keV y rays were 
detected by an argon-filled proportional 
counter. The 181W activity was obtained by 
irradiation of highly enriched 180W (93%) with 
thermal neutrons. To prepare the source, a 
solution of the 181 W activity in concentrated 
HF-HN03 was dropped on the electropolished 
surface of a 99.999% pure, single-crystalline 
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W metal disk, reduced under 1/2 atm of H2 
at HOO°C for 1/2 h and subsequently diffused 
for 1 h at 2600°C under high vacuum (10- 6 

Torr). The Ta absorber foil (purity: 99.996%) 
was rolled to a thickness of 4.1 mg/cm2 and 
annealed for 10 h at 2000°C in high vacuum 
(10- 8 Torr). 

The velocity spectra measured in this 
work are shown in Fig. 1. For the magneti
cally- split velocity spectrum, the source was 
attached onto the flat surface of a cylindrically
shaped Sm- Co permanent magnet, producing 
a longitudinal magnetic field of 2.93 ± 0.03 kOe 
at the position of the source. The spectra 
were fitted with dispersion-modified Lorentzian 
line s of the form 

N(v):= N(OO){1- A(W/2)2 f1+2s(v-sn} 
(v _ S)2 + (W /2)2 L W72J 

(N := number of counts, W := experimental line
width (FWHM), A := maximum resonance 
effect, v:= Doppler velocity, S:= isomer shift). 
The amplitude of the dispersion term is accord
ing to Trammel et al. 2 given by 

a a' 1/2 
E(_e_) 

67f",2 

where a~ is the electronic abscrption cross 
section for E1 absoprtion, a is the internal 
conversion coefficient, and'" is the wavelength 
of the incident y rays. The coefficient E is 
introduced to account for the fact that a and 
a' are proportional to the sum of the squares 
or the amplitudes for the individual processes, 
whereas S is proportional to the sum of the 
products of these amplitudes (see Ref. 2). 



Table 1. Summary of experimental results 

Velocity spectra 

Unsplit 

Halfwidth W /2 O.O57±O.OO1 

Dispersion 
amplitude 2 £ 0.31 ± 0.01 

Isomer shift S 
[mm/s 1 0.857± 0.005 

g-factor ratio 
g(9/2)/g(7/2) 

100 :. l "0 •• .' 
.~ 

95 
(a) 

~ 
c 90 
0 
'iIi 
en 

E 
en 
~ 100 .. •••• '0 -
Q) 

> -0 
Q) 

IX 

99 
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-2 -I 0 2 
v (mm/s) 

Fig. 1. Velocity spectra of the 6.25-keV 
y transition: (a) unsplit source, (b) source 
in a longitudinal magnetic field of 
2.93±0.03 kOe. (XBL-712-2945) 

The magnetic splitting was additionally 
measured with a "magnetic drive, " where the 
resonance absorption is observed as a func
tion of the magnetic field at the source, with 
no field at the absorber, and both source and 
absorber at zero relative velocity. The source 
was situated in a transver se magnetic field, 
generated by an electromagnet. The spectrum 
obtained is shown in Fig. 2. 
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Magnetically 
split 

O.066± 0.002 

0.31 ± 0.02 

0.854± 0.005 

1. 78 ± 0.02 
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Q) 
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Q; .. 
ct: 

2.0 

.njN 

i 

2.5 

Magnetic drive 
spectrum 

0.069 ± 0.003 

0.35 ± 0.07 

1.76 ±0.04 

.. 

3.0 
External magnetic field 

3.5 
[kOe] 

.... 

4.0 

Fig. 2. Absorption spectrum of the 6.25-keV 
y transition, measured with a" magnetic 
drive. " (XBL-704-2686) 

The results obtained from the analysis of 
the different spectra are summarized in Table 
1. The best experimental halfwidth obtained 
(W /2 " 0.057± 0.001 mm/s), uncorrected for 
finite absorber thickness, corresponds to 
about 17 times the natural linewidth. How
ever, a maximum resonance effect of 11% 
uncorrected for background has been ob
served, indicating that a considerable amount 
of the broadening is due to the very thick Ta 
metal absorber (effective ab sorber thickne s s 
t " 23). 

The experimental value for 2£ may be 
compared with theory. U sing a " 46 ± 8 6 and 
a~ " 9.8.104 b, 7 we obtain 2£ " 0.31, indicat
ing that EO is very close to 1 in the present 
case. 



As a final result for the g-factor ratio we 
give the weighted average of both measure
ments 

g(9/2)/g(7/2) == 1.77±0.02 

With fL( 7/2) = +2.35 ± 0.01 fLN' 8 we obtain for 
the magnetic moment of the 6.25-keV state 

fL(9/2) = 5.35 ± 0.09 fLN 

This value agrees with our earlier result, 9 
but is slightly larger than that of Ref. 1. 

We would like to thank Prof. D. A. Shirley 
for valuable discussions. 
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Analysis of the Electron Paramagnetic Resonance 
Spectrum of Divalent Es in CaF2 t 

N. Edelstein 

Dipositive lanthanide ions (Xe core, 4fn) 
stabilized in the alkaline earth fluorides have 
been intensively studied by optical and mag
netic resonance techniques. Comparisons 
with atomic beam data on the corresponding 
free atom ground states (Xe core, 4fn , 6s 2 ), 
which have similar electronic properties but 
no crystalline field effects, have proved 
fruitful. From the lowering of the Lande g 
value (gJ) in the dipositive ion with respect to 
the free atom, covalency has been deter
mined, 1 and from differences in the hyperfine 
structure constants~ core polarization effects 
have been found. 1, c. Dipositive Am (Ra core, 
5f7) has until recently been the only dipositive 
actinide ion stabilized in alkaline earth fluo
rides. The analyses of the hyperfine struc
ture of this ion and of Pu IV (spectroscopic 
notation) have shown much larger core polar
ization effects for the 5f series than for the 
4f series. 4 Dipositive Es (Ra core, 5f11 ) has 
been stabilized in CaF2 and identified by its 
electron paramagnetic resonance spectrum. 3 
Although atomic beam data are not yet avail
able for Es I (Ra core, 5f11 , 7s 2) a reason
able estimate of gJ from extrapolated param
eters can be made. An analysis of the spin
Hamiltonian parameters of dipositive Es is 
de scribed in this paper. A limit is placed on 
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the ratio of the crystalline field parameters, 
the importance of covalent bonding is esti
mated by use of the orbital reduction factor, 
and a value for the nuclear moment of 252Es 
(I = 7/2) is obtained. 

The electron paramagnetic resonance 
spectrum at 4.2 oK consisted of eight isotropic 
lines which were fitted to the spin Hamiltonian 

Je == g f3 H . 8' + A I .8' (1) 

with S' = 1/2 and 1==7/2. The values of the 
parameters are listed in Table I. The agree
ment between the measured g value with that 
calculated for a r 6 state of a pure 4115 / 2 
multiplet (gcalc = -6.0) in cubic symmetry 
was close enough to enable this spectrum to 
be assigned to dispositive 253Es. 

Table 1. Spin hamiltonian parameters for 
253Es III. 

5.809 ± 0.005 

-1 (0.1216± 0.002)cm 



Since we have determined the crystalline 
field state that has the lowest energy, we may 
set a limit on the ratio B6/B4' which are 
crystalline field parameters. Graphs of the 
crystalline field energy levels vs a parameter 
related to the ratio of B6/B4 have been given 
for cubic symmetry by Lea, Leask, and 
WolfS for all J states between 2 and 8 in 
half-integral steps. A similar graph has 
been specifically for the f11 system in eight
fold coordination by Weakliem and Kis s 6 
(Fig. 7 in their paper), and since our con
vention for the crystalline field Hamiltonian is 
the same as these authors, we have used their 
graph to determine -B6/B4 < 0.21 for the r6 
state to be lowest. If the ratio -B6/B4 > 0.21, 
the r7 state would be lowest, which is con
trary to the experimental result. This re
sult for Es III in CaF2 is the same as that 
found for Ho III in the alkaline earthfluorides. 6 

We have estimated the value of gJ EsIII 
for the free ion from reasonable estimates of 
the electrostatic parameters and the spin 
orbit coupling constant. We then parametrize 
covalency effects in terms of an orbital reduc
tion factor k and find (1 - k) = 0.033± 0.005. 
This value is compared with various lanthanide 
ions in CaF2 in Table II. 

From the analysis of the hyperfine cou
pling constant and tabulated values of (1/r 3 ), 
the nuclear moment of 253Es is found to be 
(+) 3.62±0.5 fLN where the sign is obtained 
from nuclear systematics. 7 
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Table II. Orbital reduction factors for 
various ions in CaF 2 

Ion Configuration (l-k) 

4f11 0.016 ± 0.001 

4f
13 

0.009 ± 0.001 

4f
13 

0.016± 0.001 

5f11 0.033 ± 0.005 
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The Hyperfine Structure Anomaly of 
241pU and 239pu and the Nuclear Moment of 241pu t 

N. Edelstein 

The hyperfine structure (hfs) constants 
for a number of levels in the Pu I and Pu II 
optical spectra have been measured by 
Fabry-Perot interferometry for the isotopes 
241pu (I = 5/2, Z = 94, A = 147) and 239pu 
(I = 1/2, A = 145).1 

The measured ratio of the hfs constants 
differed from that found earlier by Bleaney 
et al. 2 in electron paramagnetic resonance 
(EPR) experiments of 241, ?39pu02++ (Pu VII) 
diluted in a crystal of U02Rb(N03) 3. In the 
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\:ourlie of ENDOR and EPR measurements on 
z41, zj9pu3+ (Pu IV) in CaF23 this ratio has 
been remeasured. The data from the various 
measurements are collected in Table I. 

In a recent analysis of the hfs of Pu IV 
in CaF24 it was shown that approximately 5% 
of the total hyperfine interaction comes from 
unpaired s electrons through the mechanism 
of core polarization. The ground configura
tion of Pu II, f6 s , is fairly pure, and can be 
described by coupling the two lowest levels 



Table 1. Hfs constants for various levels of Pu ions. 

Level A 
-1 

(ClTI ) 
-3 -1 

(10 ClTI ) Ion 

241pu I 23766 -58.25± 0.2 

239pu I 23766 86.5 ±0.2 

241pu II 0 -167.3 ± 0.5 

239pu II 0 248.8 ±0.5 

241pu II 22038 -32.7 ±1 

239pu I! 22038 48 ±1 

241pu IV 0 14.8071 ± 0.010 

239pu IV 0 16.6951 ± 0.003 

241pu VII 0 12451 ± 1 G 

239pu VI! 0 13471 ± 1 G 

of the f6 core eFO,1) with an s electron and 
then lTIixing these two J = 1/2 states. 5, 6 The 
hfs of the J = 1 level of Pu I (f6 s 2) has been 
shown to be extrelTIely slTIa1l 7 so allTIost all 
the hfs of the ground state of Pu II can be 
attributed to the s electron. Therefore the 
difference in the hfs ratios between the opti
cal lTIeasurelTIent of the lowest level of Pu I! 
and the resonance lTIeasurelTIents of Pu IV is 
attributed to the hfs anolTIaly 241,6.239 of the 
s electron. 8 The hfs splittings of the excited 
states of Pu I and Pu I! listed in Table I also 
are probably due to sand P1/2 electrons, but 
since lTIany close lying configurations inter
act, further discussion is dependent upon the 
detailed analysis of the optical spectra. 6 
Varying the percentage s-electron contribution 
to the total hfs constant will cause changes in 
the hfs ratio of 241pu to 239pu. This lTIay 
be the reason for the discrepancy in the ratio 
between Pu VII and Pu IV. 

Since the s-electron contribution to A(Pu 
IV) is slTIall, 

A(241pu IV) 

A(239pu IV) 

gI(241 pU) 

gI(239pu) 
( 1) 
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A(241pu)I(241pu) 

A(239pu(I(239pu) Reference 

-3.367±0.02 1 

-3.362 ± 0.02 1 

-3.41 ± 0.2 1 

13.590 I ± 0.010 3 

13 . 53 ±0.02 2 

Then the hfs anolTIaly is 

241,6.239 = A(241pu II) X A(239pu IV) _ 1 

A(239pu II) A(241pu IV) 

= -6.3 ± 0.20/0 • (2) 

The Bohr - Weis skopf theory8 allows an esti
lTIate of 241,6.239, assulTIing gs = g (neutron), 
gR. = z/A, and the coefficient b = 5.50/0 extrap
olated frolTI their table. Then 

241,6.239 

= -5.40/0. (3) 

The agreelTIent between theory and experilTIent 
is surprisingly good, which was not true for 
the stable odd-neutron isotopes of Yb( Z = 70, 
A = 101,103).9 

A better value for J-LN of 241pu lTIay be 
cal~'3~ted frolTI the hfs ratio, Ed!' (1), and 
J-LN( Pu) = +0.200 ± 0.004 J-LN' 1 The new 



value for fLN(241 Pu) = -0.718 ± 0.017 fLN' where 
the sign is obtained from the optical data. 

I wish to thank J. Conway and M. Fred 
for many valuable discussions on the optical 
spectra of Pu I and Pu II, and W. Kolbe and 
G. Kaindl for their help and advice. 
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ENDOR of Pu3+ in CaF2 

W. Kolbe and N. Edelstein 

The interactions between rare earth ions 
in cubic symmetry sites in CaF2 and the sur
rounding fluorine ligands have been studied 
extensively by ENDOR (electron nuclear double 
resonance) spectroscopy.1 Interpretations 
of the experimental results in terms of molec
ular orbital theory have been attempted, al
though for the most part only qualitative ex
planations of the empirical results have been 
obtained. 

In the actinide series, the first di- or 
trivalent ion found in cubic sites in CaF2 with 
an isotropic ground state is Pu3t (Ac core, 
5f5). The free-ion ground state for Pu3t is 
a J = 5/2 state, which in eightfold cubic co
ordination decomposes into a r7 doublet lying 
lowest and an excited r8 quartet. The large 
crystalline field mixes the J = 7/2 excited 
state into the ground state and the resulting 
g value measured by electron paramagnetic 
resonance (EPR) enabled the crystalline field 
to be estimated. 2 Subsequently, the Pu3t 

hyperfine structure was interpreted on the 
basis of a similar model. 3 The EPR spec
trum of 239pu (I = 1/2) consists of two hyper
fine lines, each characterized by an almost 
isotropic superhyperfine structure of 9 lines, 
as shown in Fig. 1. This structure is inter
preted as being due to interactions of the Pu3t 

ion with the eight nearest neighbor fluorine 
ions. In order to obtain quantitative informa
tion, we have measured these interactions 
using the ENDOR technique. Measurements 
of both the fluorine ENDOR and the plutonium 
(self) ENDOR are reported. 

The experimental apparatus consisted of 
a microwave cavity containing an rf coil, and 
was similar in construction to that described 
by Davies and Hurrell. 4 A Nuclear Data 
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I "0"." ~l 

EPR spectrum of pu
3t

: Co F2 

Fig. 1. EPR derivative spectrum of Pu3t in 
CaF2' The general appearance of the spec
trum, which is shown here for an unoriented 
sample, is independent of the direction of the 
external magnetic field. (XBL-7012-4174) 

multichannel analyzer attached to the output 
of a Varian microwave spectrometer was used 
to record the ENDOR signals. Single crystals 
of CaF2 containing approximately 0.05% 
239pu3t were grown as described earlier2 

and mounted in the microwave cavity. A worm 
gear drive was provided to rotate the crystal 
about a [110J axis making possible measure
ments with the external magnetic field par
allel to the [100 J, [110], and [ 111 J directions. 

The Pu3t self ENDOR frequencies were 
isotropic and were fitted to the following spin 
Hamiltonian. 

with S' = 1= 1/2. The results are shown in 



Table 1. Spin hamiltonian parameters of Pu3t 

in CaF Z. 

g 

A 

g' 
n 

gn 

a Ref . 

bRef . 
Z. 

6. 

l.Z975± O.OOZa 

Z00.45 ± 0.1 MHz 

(0.81±0.05)X10- 4 fJ.
B 

-4 b 
(Z.18±0.04)X10 fLB 

Table II. Fluorine hyperfine parameter s 

As (MHz) A (MHz) 
p AD(MHz) 

Shell (obs. ) (obs. ) (calc.) ----
1 -13.391 ± 0.01 -0.135± 0.01 +3.68 

Z - 0.59 ± O.OZa +0.16 ± O.OZa +0.53 

a The absolute signs of these quantities are not 
established. 

Table Ill. Experimental and calculated nearest neighbor fluorine ENDOR 
frequencies. 

Magnetic field 
Z Freq. calc. Freq. obs. Magnetic 

orientation cos e (MHz) (MHz) field 

[100J 1/3 14.144 14.168 5202.5 

27.536 27.540 5202.5 

14.584 14.597 5312.1 

Z7.975 27.980 5312.1 

[ 110 J 0 14.191 14.183 5197.3 

27.447 27.441 5197.3 

14.634 14.616 5308.0 

27.890 27.887 5308.0 

[ 110 J 2/3 14.057 14.057 5197 .3 

27.582 27.579 5197 .3 

14.500 14.487 5308.0 

28.025 28.025 5308.0 

[ 111 J 1 14.004 14.010 5201.2 

27.665 27.666 5201.2 

14.457 14.449 5314.3 

28.118 28.113 5314.3 

[ 111 J 1/9 14.184 14.177 5201.2 

27.485 27.473 5201.2 

14.637 14.626 5314.2 

27.938 27.916 5314.2 
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Table 1. The g factor and hyperfine param
eter are in agreement with previously repo,rted 
values. The measured nuclear g factor, gn' 
is found to differ from the true nuclear g fac
tor by an amount .6.gn . This pseudo-nuclear 
g factor results from a second-order effect 
in which cross terms between the electron 
Zeeman interaction and the hyperfine coupling 
give a term proportional to H .1. .6.gn depends 
upon the energy separation, W2 - W 1 between the 
r7 ground state and the r8 excited state. For 
the values of g~ and gn given in Table I,W2 
- W1 is found to be 348±25 cm- 1 in agreement 
with earlier estimates of this splitting. 2 

The fluorine END OR spectrum consisted 
of three well-separated groups of lines occur
ring in the vicinity of 14 and 28 MHz and near 
the free fluorine frequency of 21 MHz (for the 
field of 5400 G used). The ENDOR lines near 
14 and 28 MHz can be attributed to hyperfine 
interactions of the Pu3t ion with the first shell 
of 8 nearest neighbor fluorine ions surround
ing it, while the remaining portion of the spec
trum results from interactions with more 
distant fluorine ions. 

The interactions of a magnetic ion with 
a fluorine ligand can be represented by the 
following spin Hamiltonian. 1 

:Ie = [A tA (cos
2e -1)]S IF 

F s P z z (2) 

where IF is the fluorine nuclear spin, gF is 
the fluorine nuclear g factor, and e is the 
angle between the applied magnetic field and 
the internuclear axis. As is a parameter 
describing the contact interaction through the 
fluorine s orbitals, and Ap is a dipolar term 
which includes the dipole-dipole interaction 
AD = gf3gnf3n/R 3 between the two nuclei as 
well as interactions with the fluorine p 
orbitals. 
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The experimental results for As and Ap 
for the first and second fluorine shells sur
rounding the Pli3t ions are given in Table II. 
Table III shows the experimental and calculated 
ENDOR frequencies for the nearest neighbor 
fluorine ligands. 

The measured values of As and A for the 
actinide ion Pu3t can be compared witb re
sults obtained for lanthanide series ions in 
CaF2. For example, for Yb3t As = 1.67 MHz 
and Ap = 17.57 MHz. 5 The large value for the 
isotropic contribution, As, indicates that the 
effects of covalency in Pu3t are much more 
pronounced than in the lanthanides. This large 
value for As and the fortuitous near cancella
tion of terms contributing to Ap lead to a 
superhyperfine structure in the EPR spectrum 
which is well resolved for all orientations of 
the external magnetic field as shown in Fig. 1. 

The signs of As and Ap are not uniquely 
determined by the Hamiltonian of Eq. (2), but 
were measured by means of a double ENDOR 
experiment and found to be negative. This 
information should be useful in future calcula
tions of the bonding parameters. Other double 
ENDOR experiments were performed which 
provided information about the relaxation times 
of the spin system. 
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Theoretical Studies of Atomic and 
Molecular Hyperfine Structure 

Henry F. Schaefer III 

Three studies discussed in last year's 
Annual Report have since been published. 1-3 
During the past year we have completed work 
on a) the molecular properties of SOZ4 
b) the magnetic hyperfine structure 5 and 
other properties 6 of the NOZ radial, and 
c) the correlation energy and hyperfine struc
ture of the nitrogen atom. 7 

Rigorous quantum mechanical calcula
tions4 were carried out for the 1 Ai ground 
state of the SOZ_molecule using the self-con
sistent-field (SCF) molecular orbital approxi
mation. A large contracted gaussian basis 
set of s,p and d orbitals was used and the cal
culated energy, -547.Z0B9 hartrees, is esti
mated to lie no more than 0.1 hartrees above 
the true Hartree-Fock energy. An interesting 
point discovered was that d functions on sul
fur are much more important in SOZ than 
found previously 1 in the H 2S molecule. This 
was ascribed to the oxygen atom's greater 

ability to destroy the spherical symmetry of 
the S atom. Calculated molecular properties 
were in good agreement with experiment. Of 
particular importance is the fact that the cal
culated elements of the molecular-quadrupole 
moment tensor were close to the values re
cently determined experimentally by Pochan, 
Stone and Flygare. B Values of the third mo
ments, octupole moment tens or, diamagnetic 
shielding tensor, electric field gradient ten-
s or, and 0 17 quadrupole coupling constants 
were predicted. On the basis of ab initio elec
tric field gradients 1,4, 9 and experimental 
S33 quadrupole coupling constants 10 - 1Z for 
OCS, HZS and S02' we deduce nuclear elec
tric-quadrupole moments: Q(S33) = - 0.062 b 
and Q(835 ) = 0.043 b. To these values we 
attach a reliability of 10%. 

Microwave spectroscopists have studied 
the hyperfine structure (his) of NOZ in great 
detail. 13-15 We have carried out !:he first 

Table 1. Calculated and experimental magnetic hfs parameter for NOZ' 
All entries are in units of 1024 cm- 3 . 

Hype rfine par ameter s 
at the nitrogen nucleus 

Hype rfine parameter s 
at the oxygen nucleus 

1l)J(0) ,2 

(31' 2 _ 1)/r3 
a 

(r
b 

- i~c)/r3 

3" " / 3 rarb r 

aReference 14 

bReference 15 

SCF 
no d functions 

Z.597 

-4.125 

4.360 

0.230 

-3.462 

3.843 

1.5Z4 
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SCF 
with d functions Experiment 

3.101 3.0Ba 

-4.1Z2 _3.B8a 

4.211 3.36
a 

0.300 0.71 b 

-3.178 -4.71 b 

3.585 5.04b 

1. 579 



ab initio calculations 5 of the magnetic hfs 
para:ID'eters of NOZ' In the Hartree-Fock ap
proximation, these magnetic hfs parameters 
depend only on the form of the unpaired 6a1' 
molecular orbital. Our calculated SCF en
ergy, -Z04.0679 hartrees, was much lower 
than the best. previous calculation16 on NO Z; 
the resulting molecular properties should be 
rather close to the Hartree-Fock values. The 
theoretical results (with and without d func
tions on Nand 0) are compared with experi
ment14 in Table I. The notation used to de
fine the his parameters is that of Bird et al. B 
For the off-diagonal parameter 31'a rh/r3, 
there is no eXperimental value. 

It is seen that the inclusion of d functions 
does not qualitatively change the sp results. 
The agreement with experiment is very good 
for the parameters with respect to the 14N 
nucleus. The near perfect agreement for the 
nitrogen spin density ItjJ(O) IZ must be con
sidered somewhat fortuitous in light of the 
great importance3 of correlation effects in 
atomic spin densities. However, the excel
lent agreement can be partially understood by 
the fact that the NO Z nitrogen spin density is 
five time s larger than that of the free nitrogen 
atom. The Of7 parameters are in qualitative 
agreerrient with experiment, but are all of in
sufficient magnitude. 

F . . 1. h rom preVIous comyansons WIt very 
accurate SCF results, 1 T it is reasonable to 
as s~me that our calculated parameters 
(31'a - 1l/r3 and (rb - irc )/'r3 are within 10% 
of the true HF values. Thus our logical con
clusion is that it is the single configuration 
HF approximation itself which is primarily 
responsible for the disagreement between cal
culated and experimental hfs parameters with 
respect to the oxygen nucleus. To summarize, 
the present NOZ results seem to indicate that 
accurate SCF calculations can yield at least 
qualitatively correct magnetic hfs parameters 
for polyatomic free radicals. However, the 
present results also imply that the effects of 
electron correlation may be significant. 

The correlation energy18 of a closed
shell atom or molecule can be approximated 
as a sum of pair correlation energies. 19 We 
have previously formulated a symmetry
adapted pair correlation theory for open-shell 
systems, ZO and have recently 7 applied it to 
the 4S ground state of the nitrogen atom. 
Using a very large basis set of Slater-type 
orbitals, we have accounted for about 95% of 
the correlation energy by considering 1633 
4S configurations, constructed from 19,530 
distinct Slater determinants. 

It is also possible to approximate an ex
pectation value f in terms of pair correla-
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Table II. Electron correlation and the hyper
fine structure of 4S N. Spin densities ItjJ(O) 12 

are given in atomic units. 

Type Configuration 
Z Z 3 

1s Zs Zp 

ls s. 
I 

ls - d. I 

Zs S. 
I 

Zs - d. I 

Sum of above 

Variational first-order result 

lsZ correlation 

1 s Z s correlation 

ls Zp correlation 

ZsZ correlation 

Zs Zp correlation 

Zp Z correlation 

Final result 

Expe rimenta 

0.0 

-0.4969 

0.0030 

0.5106 

0.10Z6 

0.1193 

0.0714 

-0.0346 

to.004Z 

to.Ol06 

to.0600 

-0.0363 

-0.0187 

0.0748 

0.0972 

a W. W. Holloway, E. Luscher, and R. 
Novick, Phys. Rev. lZ6, Z109 (196Z). 

tions. 19 In our formulation, 20 such an ex
pectation value is given by 

f :>: f (first-order) t L f(i, j) , 

ij 

where f (first-order) is the expectation value 
obtained from the variational first-order 
wave function, ZO which includes the Hartree
Fock configuration plus other configurations 
arising from the fact that the nitrogen Zp or
bital is not fully occupied. The term f(i, j} is 
the effect on the expectation value of electron 
correlation involving orbitals i and j. 

We have carried out this analysis for the 
hyperfine structure of 4S N, which is solely 
determined by the Fermi contact interaction 
or spin density ItjJ(O) IZ. Table II summa
rizes our results. The effects of single ex
citations are included in the first-order wave 



function, and it can be seen that these effects 
are not additive. The true correlation ef
fects,of which the 2s2 contribution is the 
largest, are much smaller than the" core 
polarization" effects included in the first
order wave function. Our final spin density 
is 77% of experiment, much more accurate 
than, for example, the unrestricted Hartree
Fock result. 2 The reasons for the remaining 
discrepancy with experiment could be either 
a) lack of completeness in our basis set, or 
b) nonadditivity of the summation procedure 
used. We intend to test both of these approxi
mations on two sim~ler but nontrivial sys
terns, the 1s2 2s2p P and 1p states of Be. 
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X-Ray Crystallography 





The Crystal and Molecular Structure of the Monohydrated t 

Dipyridinated Magnesium Phthalocyanin Complex 
~{: 

Mark S. Fischer, David H. Templeton, Allan Zalkin, and Melvin Calvin 

Several phthalocyanin (Pc) structures 
have been determined previously, notably 
those by: Robertson and his coworkers, 1-5 by: 
Brown, 6,7 and Vogt, Zalkin and Templeton. 8 
The phthalocyanin ring was found to be roughly 
planar with the central metal atom in the plane 
of the molecule. One of the metallophthalo
cyanin structures studied by Robertson was 
the magnesium derivative 3 (MgPc). Through 
a comparison of cell parameters and qualita
tive intensity data, Robertson showed that 
MgPc, when synthesized and crystallized in an 
anhydrous environment, was isomorphous with 
the other f3-Pc's. In the course of an investi
gation of several porphyrin crystals, we ob
served that MgPc, when crystallized from an 
uncovered pyridine solution, i. e. I a nonanhy
drous environment, had different cell dimen
sions from the other Pc's studied. We were 
interested in obtaining a Pc structure of high 
accuracy, because this would be an important 
ingredient in the calculation of molecular or
bitals and the related chemical ground and ex
cited-state properties. A detailed structure 
of a magnesium porphyrin, particularly if sol
vated, would help in understanding the chem
istry of magnesium ~orphyrin complexes 9 - 11 
and of chlorophyll. 1 

The MgPc used in this structural analysis 
was obtained from E. 1. duPont Code No. DD 
1383. The violet-colored powder was recrys
tallized from an air-exposed solution in py
ridine by slow evaporation to dryness. The 
deep violet crystals which remained were well 
formed. 

Weissenberg photographs indicated Laue
symmetry 21m, and the observed systematic 
absences corresponded to the monoclinic 
space group P21/n. A General Electric 
XRD-5x-ray diffractometer equipped with a 
copper x-ray tube, a manual quarter-circle 
Eulerian-cradle goniostat, and a scintillation 
counter was used to measure both the cell di
mensions and the intensity data. The ceU di
mensions are a = 17.098±0.003 A, b = 16.951 
± 0.003 A c =12.449 ± 0.003 A and-
f3 = 105.88±-0.03°. The observed density of 
1.368± 0.015 g-cm- 3 , which was determined 
by flotation in an aqueous ZnBr2 solution, 
agrees well with the calculated density of 
1. 3 64 for a formula weight of 713.1 of one 
MgPc, one water, and two pyridine moleCUles, 
for Z = 4, and for a unit cell volume of 3470 
°3 A. 
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The data were taken on a crystal of ap
proximate dimensions 0.1 X 0.1 X 0.15 mm. All 
of the independent reflections lying within one 
quadrant of a sphere in reciproc~l spage cor
responding to spacings S 1.006 A (28 = 100° ) 
were counted for 10 sec, with both crystal and 
counter stationary. Of the 3558 reflections 
measured, 3323 were above background. 

Normalized structure factors were cal
culated using Wilson's method, 13 Clf-d the 
phases of the highest 181 E values = 2.0 were 
estimated from Long's sign determination pro
gram. 14 Fourier maps were calculated from 
the phased E values and showed all but six 
atoms of the Pc molecule with the magnesium 
atom at the fractional coordinates (.30, .00, 
.55). The positions of the hydrogen atoms 
were found in a later difference map and, 
when included in the least-squares refinement 
with isotropic-temperature factors, resulted 
in an R of 0.07. An extinction correction was 
applied, and the final discrepancy values were 
R = 0.050 for 3323 nonzero data, and R = 0.056 
for all 3558 data. The standard deviation of 
an observation of unit weight was 1. 02. In a 
Fourier synthesis of .6.F based on the final 
structure, no peak was higher than 0.18 e A-3 

The asymmetric unit contains one MgPc, 

Fig. 1. The molecular structure projected 
on the bc plane. (XBL 691-18) 



one water and two pyridine molecules. Figure 
1 shows the atoms in the asymmetric unit pro
jected on the bc plane and indicates the num
bering system. The MgPc molecule itself is 
nonplanar, and the magnesium atom is 00496 
A out of the plane of the central nitrogen 
atoms directed towards the water molecule. 
The two hydrogen atoms of the water molecule 
are hydrogen-bonded to the two pyridine mole
cules of crystallization. The intramolecular 
bond distances and bOlld g-ngles are the same 
as those in other Pc's - to within the respec
tive standard deviations. The precision, how
ever, is greater by at least a factor of two 
for the MgPc in this work than for the other 
Pc's. The environment around the central 

Fig. 2. The central region of the MgPc mol
ecule. The equivalent Mg-N and N ... N 
distances have been averaged. (XBL 691-15) 

magnesium atom is depicted in Fig. 2. The 
0·· N distances of 2.739±0.004 Ato N(41) 
and 2.753±0.004Ato N(47) are somewhat 
shorter than the average hydrogen-bonded 
o .. N distance of 2.80 A. The O-H-N angles 
to the N(41) and N(47) atoms are 172±4° and 
167±4°, respectively. The relatively short 
o .. N distances and the stability of the air
exposed crystals indicate that the hydrogen 
bonds are relatively strong. Chemically 
equivalent bond lengths and angles for the Pc 
averaged in accordance with C 4v (4mm) sym
metry are shown in Fig. 3. Because of the 
deviations from planarity, the atomic positions 
in MgPc do not conform to C4v symmetry, 
and they differ from even mirror symmetry 
by more than 30 times the standard deviations 
for some atoms. However, each pyrrole and 
benzene ring is planar within 0.02 A. 

The packing arrangement of the unit cell 
is shown in Fig. 4. The MgPc molecules are 
close together in pairs about the centers of 
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Fig. 3. Averaged bond distances (in A) and 
bond angles (in 0) of MgPc. Standard devia
tions of the bond distances and angles are 
0.006 A and 0.4 0

• (XBL 691-17) 

Fig. 4. Stereoscopic view of the contents of 
the unit cell looking down the c axis. All C, 
N,O, and Mg atoms, as well as the two hy
drogens of the water molecule, are shown. 
The hydrogen bonds connecting the water mol
ecule to the two pyridine molecules are 
drawn in. (XBL 691-162) 

symmetry at d-Oi) and (OiO). The planes 
through the py~role nitro gens are separated 
by only 3.506 A, a distance only slightly 
greater than the 3.354 A interplanar spacing 
of graphite 15 and the 3.34 A spacing of 
j3-CuPc. 6 The closest atomic approach be
tween molecules not involving hydrogen atoms 
is 3.239 'A. In comparison, the shortest non
H-atom intermolecular contacts in some other 
porphyrin structures are 3043 A in porphine,16 
and 3.38 A in H 2 Pc2 and NiPc, 4 which are all 
longer than the shortest distance in MgPc. 
Packing forces can explain qualitatively some 
of the deviations from planarity of the Pc ring. 
The ruffling is in the proper direction to maxi
mize the distance between overlapping groups 
in the" dimer. " 



The existence of hydrated pentacoordinate 
ITlagnesiuITl atOITlS ITlay help to explain the role 
of water in both the pyridine-Mg porphyrin 
complexing reported by Seely9 and the biosyn
thesis of Mg porphyrins. Seely has reported 
at least a twofold enhanceITlent of poly(vinyl 
pyridine) complex forITlation when 0.016% H 2 0 
was added to the nitroITlethane solutions of tne 
Mg porphyrins or MgPc. The water ITlolecules 
ITlight act as a pivot between the polYITler and 
porphyrin ITlolecules. This would allow more 
ITloveITlent of the porphyrin ITlolecules so that 
other pyridine ITlolecules would be available 
for cOITlplexing. 

Plane et al. 11 have studied the effect of 
pyridine as a catalyst in the insertion and re
ITloval of ITlagnesiuITl atoITls in water solutions 
of deuteroporphyrins. When pyridine or some 
other catalyst is present, a cOITlplex siITlilar 
to the Mgpc· H2 O· 2C 5H5N ITlight be forITled. 
The hydrogen-bonding of the bridging water 
ITlolecule, with its donation of positive charge 
to the pyridine s, would leave the oxygen ITlore 
electronegative. The ITlore electronegative 
oxygen, in turn, would attract the ITlagnesiuITl 
atOITl to forITl a stable cOITlplex with the ITlag
nesiuITl atOITl halfway out of the plane. This 
would be in contrast to a ITlore nearly planar 
ITlolecule when pyridine is not pre sent. FroITl 
steric considerations alone, it would be ITlore 
difficult to insert and reITlove the ITlagnesiuITl 
atOITl froITl the ITlore planar configuration. In 
the biosynthesis of chlorophyll, a siITlilar Mg 
coordination cOITlpound might be involved with 
the iITlidazole of a histidine, for example, re
placing the_pyridine ITlolecules. In fact, Baum 
and Plane 1 T found that the iITlidazole, as well 
as several other nitrogen bases, can act as 
catalysts siITlilar to pyridine. 
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The Crystal Structure of POBr3: Space Group 
and Refinement by Least Squares t 

Lieselotte K. TeITlpleton and David H. TeITlpleton 

Olie and Mijlhoff
1 

(referred to below as 
OM) reported a crystal structure for phos
phoryl broITlide, POBr3 , which had been re
fined in space group Pn2 1a, but which devi-
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ated froITl Pnma by no more than 0.08 A. OM 
stated that refinement by least squares in 
PnITla "proved to be disastrous" and that" R 
did not drop below 36%," whereas (with ani-



sotropic thermal parameters) R was reduced 
to 11. 30/0 in Pn2

1 
a. We found it incredible 

that one could not get approximately as good 
agreement in space group Pnma as in Pn2

1 
a 

with such slight deviations from the higher 
symmetry. Indeed, calculations we have 
made with the data of OM have reduced R be
low 11. 30/0 in both space groups. We must 
conclude that there was some defect in the 
program used by OM or some error in using 
it. 

Dr. Olie kindly gave us a list of 432 non
zero structure factors. We refined the struc
ture using the CDC-6600 computer and the 
full-matrix least-squares program of Dr. 
Allan Zalkin of this laboratory. 

Starting with coordinates similar to those 
reported by OM (but naturally with Br(1) and 
Br(3) equivalent), four cycles of refinement 
in Pnma with individual isotropic thermal 
parameters reduced R = Z; I ~ F liz; IF I to 
0.192. Further cycle s yielded no signiPicant 
improvement. With individual anisotropic 
thermal parameters, eig~t cycl1.s r,E~duced R 
to 0.110 and R2 = (Z;(~F) Iz;F o )1/2 to 0.128. 

In space group Pn2 1 a, one expects strong 
correlation between the parameters of Br(1) 
and Br(3), especially when these atoms are 
given independent anisotropic thermal param
eters, and refinement difficulty would not be 
unexpected. However, refinement in this 
space group (with 45 independent parameters 
rather than the 28 used in Pnma) reduced R 
to 0.103 and R z to 0.119 without incident, other 
than considerably slower convergence than we 
achieved in Pnma. The resulting coordinates 

correspond to bond distances and angles less 
symmetrical than those found in space group 
Pnma, and the thermal parameters corre
spond to more asymmetric motion. We re
gard these results to be unacceptable as a 
plausible model of the molecular structure. 

An examination of the discrepancies 
among the observed and calculated structure 
factors (for Pnma) revealed 11 that were 
larger than 15 electrons. Refinement in 
Pnma after removal of these 11 reflections 
resulted in R = 0.097, Rz. = 0.106, and a bond 
distance P - 0 = 1.49(2)A. This sensitivity of 
the re sult to deletion of data sugge sts that 
more detailed analysis of this data set is un
justified without more specific knowledge of 
the accuracy of individual measurements, and 
that the standard deviations reported in this 
note are not to be taken too literally. The 11 
reflections in question include the 10 which 
also gave the worst agreement in space group 
Pn21a, and therefore their poor agreement in 
Pnma cannot be taken as evidence for the non
centric group. 

We conclude that there is no reason to re
ject Pnma as the correct space group, and 
that this description should be used unless and 
until some better evidence to the contrary is 
found. 

Footnote and Reference 

t Condensed from UCRL-20430, January 1970; 
submitted to Acta. Cryst. 

1. K. Olie and F. C. Mijlhoff, Acta Cryst. 
B25, 974 (1969). 

The Crystal Structure of 
2, 4, 4-Triphenyl-l, 2-Diazetidine-3-0ne-l-Carboxylic 

Acid, Ethyl Ester 

Helena Ruben, Hans Bates, t Allan Zalkin, and David H. Templeton 

The structural formula of 2,4, 4-tri
phenyl-1, 2 -diazetidine -3-one-1-carboxylic 
acid, ethyl ester is 

o 
" 

The comfound was synthesized by Dr. Robert 
Kerber, and an x-ray diffraction study of it 
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was undertaken to verify the postulated struc
ture. 

The original material was recrystallized 
from ethanol. X -ray diffraction powder pat
terns of the material before and after recrys
tallization we re identical. The triclinic crys
tals are yellow, well formed and stable in air. 
X-ray diffraction data were obtained with a 
Picker FACS-1 automatic diffractometer and 
copper radiation for a crystal of approximate 
dimensions 0.1XO.2X0.4 mm. A total of 6599 



intensities we re ITleasured yielding 3279 in
dependent structure factors. 

The space group is pi with cell diITlen
sions a = 9.877±0.005, b = 14.037±0.005, 
c = 8.420±0.005 A, 0' = 94.45±0.01°, 
i3 = 108.97±0.01°, and'{ = 112.67±0.01°. 

The structure was found by application of 
the 2;2 relation2 to various arbitrary cOITlbina
tions of signs for seven strong norITlalized 
structure factors. The first set used failed to 
give a solution. A second set of starting re
flections yielded one cOITlbination of signs for 
which the E-ITlap (based on 395 independent 
terITls) showed all 28 nonhydrogen atOITls. 

Least-squares refineITlent gave an R fac
tor: R = 2;( IFOI - IF 1)/2; IFOI of 0.150 
after three refineITlent~ with isotropic teITlper
ature factors. With anisotropic teITlperature 
factors on all of the nonhydrogen atoITls, the 
R factor went to 0.084. A difference Fourier 
showed all 20 hydrogen atoITls, which were 
then included in the least-squares refineITlent 
with isotropic teITlperature factors. 

After an extinction-type correction was 
applied, the final R value for 2688 data with 
nonzero weights was 0.036. The R value for 
all 3279 data was 0.045. 

The diITlensions of the four-ITleITlbered 
diazetidine ring are shown in Fig. 1. The ring 
deviates froITl planarity by about 0.03 A for 
each atOITl. The interatoITlic distances in the 
ITlolecuie are cOITlparable to the distances 
found in other cOITlpounds with siITlilar type 
cheITlical arrangeITlents. The cOITlplete unit 
cell is shown in a sterographic view in Fig. 2. 

Footnote and References 

t SUITlITler student, 1969. 

1. Dr. Robert Kerber, Dept. of CheITl. 
S. U. N. Y. at Stony Brook, N. Y. 

2. H. HauptITlan and J. Karle, Solution of the 
Phase ProbleITl I. The CentrosYITlITletric 
Crystal. A. C. A. Monograph No.3. 
(Brooklyn: Polycrystal Book Service 1953). 
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Fig. 1. ScheITlatic drawing showing distances 
in A and angles in degrees. (XBL 706-1220) 

Fig. 2. Stereoscopic view of a unit cell 
showing the packing. (XBL 706-1218) 



The Crystal Structure 
Tris-(2-aminoethyl)aminochlorozinc(Il) 

of 
Tetraphenylborate t 

Rodney J. Sime, ,;, Richard P. Dodge,:j: Allan Zalkin, and David H. Templeton 

Although the coordination number five is 
generally regarded as an unusual one for first
row transition metals, a steadily increasing 
number of five-coordinated complexes are 
being described in the literature. In particu
lar, the quadridentate ligands, tris (2 -di
methylaminoethyl) amine and tris (2-amino
ethyl) amine appear to form a variety of five
coordinated complexes with the first-row 
transition metal ions from manganese(II) to 
zinc (II). These ligands are more conveniently 
designated Me 6tren and tren, respectively. In 
general, these may be formulated as 
[MII(Mef,tren)X]Yor [MII(tren)X] Y. The rel
ative staoility of five coordination among these 
metals is favored in the order (Co, Cu, Zn) 
> (Fe, Ni) > Mn. 1 Because of the increased 
bulkiness of Me6tren, it forms more stable 
five-coordinated complexes than tren. 
Me 6tren complexes have been described, for 
which M = Mn, Fe, Co, Ni, Cu and Zn, and 
for which X = Y = CI, Br, 1, N03 , and 
CIO .2,3 Much physical evidence, including 
conJuctivity, spectral and magnetic measure
ments, indicated that these complexes are 
five-coordinated. In addition, crystal struc
ture dete rminations of ~Cu(tren) (NCS)] SCN4 

and [Co(Me6tren)Br] Br reveal that the copper 
and cobalt ions are indeed five -coordinated, 
and situated nearly at the center of a slightly 
distorted trigonal bipyramid. A recent re
port6 on the structure of Zn(tren) (NCS)(SCN) 
also shows trigonal bipyramidal symmetry. 
More recently, a series of complexes have 
been prepared, [Zn(tren)X] y, for which 
X = CI, Br and I, and Y = X, ZnX 3 , and 
B(C6H5)4.7 We report here the crystal struc
ture of the five-coordinated complex 
[Zn(C2H4NH2)3NCI] B(C6H 5)4' 

Dr. L. V. Interrante kindly supplied us 
with some well-formed, colorless, prisms of 
[Zn(tren)CI ] B(C6H5)4' which were suitable 
for the structural analysis. The determina
tion of the space group and cell dimensions 
was made using the preces sion technique with 
molybdenum radiation. A General Electric 
XRD-5 x-ray diffraction apparatus equipped 
with a molybdenum x-ray tube, a scintillation 
counter, a pulse-height discriminator, and a 
quarter-circle Eulerian-cradle type of gonio
stat was used to collect the intensity data. A 
total of 2692 independent intensities were mea
sured, of which 233 were recorded as having 
zero intensity. A stationary-crystal, sta
tionary-counter technique with a 10-sec count 
for each reflection was used. Lorentz and 
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polarization corrections were made, but no 
correction was made for either absorption or 
extinction. 

The monoclinic unit cell contains four 
formula units and has cell dimensions; 
a = 13.76±0.04, b = 10.33±0.03, 
C = 20.35 ± 0.06 A:- and f3 = 95.0 ± 0.2 0. The 
extinctions observed were consistent with 
space group P2 1/ c. The density calculated 
from the x-ray Clata is 1.304 g/ cm3. The crys
tals were observed to float readily in carbon 
tetrachloride (d = 1. 58 g/cm3 ). 

Trial coordinates for the zinc and chlo
rine atoms were derived from the Patterson 
function. A three -dimensional electron den
sity map revealed the locations of the re
maining 35 nonhydrogen atoms. Three cycles 
of least-squares refinements with isotropic 
temperature factors gave a value of R = 0.12, 
and several more cycles of least-squares cal
culations with anisotropic thermal parameters 
reduced R to 0.077. All the hydrogen posi
tions were located from a difference Fourier 
and included in the least-squares refinements 
with isotropic temperature factors. Due to 
the limitation of the memory size of our com
puter, ",. 120,000 words, it was necessary to 
divided the structure into two parts and refine 
them alternately. We arbitrarily divided the 
structure into the cation and anion, and re
fined one group while the other was kept fixed. 
All atoms with the exception of the hydrogen 
atoms were treated with anisotropic tempera
ture factors. For the very last two cycles of 
refinement, the scheme was changed and the 
parameters of all 37 heavy atoms were refined 
in one pass; and the 40 hydrogen atoms were 
included but not refined. The final R value for 
2193 nonzero weighted data is 0.041, and 
0.059 for all 2692 data. The standard devia
tion of an observation of unit weight is 1.02. 

In the cation, the zinc is surrounded by 
four nitrogen atoms - -from the tren molecule -
and one chlorine atom. A view of the struc
ture down the CI-Zn bond reveals the nearly 
threefold symmetry of the coordinated tren 
molecule neatly coiled about the zinc atom 
(Fig. 1). The zinc atom lies 0.38A out of the 
plane of the three nitrogen atoms (N2, N3, and 
N4) and toward the chlorine atom. The CI
Zn-N1 angle is 176.4±0.2° and indicates 
some of the deviation from true C symmetry. 
It is of interest to note that the Nd)-Zn-N(5) 
angle reported in Zn(tren) (NCS) (SCN)6 is 



Fig. 1. The Zn(C 2H 4 NH2 ) NCI cation drawn 
to indicate the nearly three!old nature of the 
cluster. (XBL 6910-5729) 

176.8±0.2°. The Zn-Cl distance of 2.308 A 
is well within the range of distances, 2.223 to 
2.358 A, reported in t~e [Co(NH3 )6] 
[ZnCl 4] Cl structure. 

The structure of the tetraphenylborate 
anion and its position relative to one of its 
cation neighbors is shown in Fig. 2. The 
molecular packing can be de scribed in terms 
of a distorted sodium chloride type structure. 
The positions of the bulky anions are near a 
cubic-closest-packing based on a pseudo-cubic 
pseudo-cell with axes a, b + c/2, b - c/2. 
The cations are in octahedral holes in this 
anion packing, as in the sodium chloride struc
ture, with atoms N1 close to the centers of the 
holes. 
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The Crystal and Molecular Structure 
of Sodium Gold(I) Thiosulfate Dihydrate t 

Helena Ruben, Allan Zalkin, M. O. Faltens, and David H. Templeton 

1 
One of the authors, Faltens, had been 

studying aurous (AuI ) and auric (AuIII ) com
pounds to elucidate their internal bonding. 
Auric and aurous compounds are textbook ex-
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amples of dsp2 (square planar) and sp (linear) 
hybridization respectively. Similar electric
field gradients about the gold atoms might be 
expected, which would result in similar elec-



tric-quadrupole splittings as observed via the 
Mossbauer effect. Instead the quadrupole 
splitting for the aurous chloride was observed 
to be an order of magnitude larger than that 
for the auric chloride. In addition to the gold 
halides (AuCl and AuC1

4
), other gold com

pounds including sodium gold(I) thiosulfate di
hydrate Z were investigated, and the quadrupole 
splitting was observed to be consistently 
larger for the aurous compounds. This crys
tal structure investigation of Na3Au(8Z03)Z 
. ZHZO was undertaken to remove any doubt of 
its identity, and to establish the nature of the 
environment of the gold atom. 

80dium gold(I) thiosulfate 
3 

was prepared 
from HAuC14 • 4HZO and NaZ(8Z03)· 5HZO. 
The compound was n~crystallized from a 
water-ethanol solution in the dark. A clear 
thin crystal plate approximately .17 X. 07 
X. OZ mm was mounted along the c axis on the 
end of a thin Pyrex glass fiber. The crystal 
was aligned on our G. E. XRD-5 hand oper
ated diffractometer equipped with a quarter
circle Eulerian cradle, scintillation counter, 
pulse-height discriminator, and a molybdenum 
anode tube. 80me 1965 independent reflec
tions were observed and counted for 10 sec 
each, using the stationary-crystal stationary
count technique. 

The space group is PZ 1/a and contains 
four formula units per monoclinic unit cell. 
The cell dimensions at Z3° are a=: 18.Z06 
±.006, b =: 11.355±.006, c =: 5.436±.004 'A and 
f3 =: 97.87±.05°. The errors are ~ubjective 
estimates. The volume is 1113A. With four 
formula units per unit cell, the density calcu
lated from the x-ray data is 3.14 g/ cm3 , com
pared with the literature value of 3.09 g/ cm3. 8 

The gold atom location was deduced from 
a three-dimensional Patterson function. A 
Fourier phased by the gold atom revealed the 
locations of the sodium and sulfur atoms. A 
least- squares refinement of this partial struc
ture using isotropic temperature factors re
sulted in R =:L:(IFOI - IF I)/L: IFOI =: - O.Z1. 
With anisotropic thermal ~arameters on the 
gold atom, the R factor went to 0.19. A dif
ference Fourier revealed the oxygen atom 
locations. Final full-matrix, all atoms ani
sotropic, refinement brought R to 0.078 after 
several cycles. After making an absorption 
correction, the final R =: 0.055. Attempts at 
locating the hydrogen atoms were unsuccessful. 
This is not surprising considering the large 
absorption correction and the presence of such 
a heavy atom as gold. 

The most significant struct'3ral feature in 
this compound is the Au(8

Z
0

3
)Z- anion. A 

schematic drawing is shown III Fig. 1. The 
8 - Au - 8 angle is short of linearity by about 
3.5°. The variation of the Au - 8(3) and 
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Fig. 1. 
anion. 

8chematic drawing of Au(8 ° )-3 
( XBLZ7J7~1307) 

Au - 8(4) bond distances are less than 30', and 
is not considered to be significant. The 
Au - 8 - 8 bond angles are somewhat inter
mediate between a right and a tetrahedral 
angle, being somewhat closer to the latter. 
Each terminal sulfur atom has a tetrahedral 
configuration of a sulfur and three oxygen 
atoms, and is consistent with thiosulfate in 
sodium thiosulfate pentahydrate. 4 The two 
8-8 distances in the anion are different by 3 
to 4° from each other, but this difference is 
not considered by the authors to be significant. 
The average 8 - ° bond distance of all six such 
bonds is 1.458 'A, and no individual value is 
greater than one 0' from this average. The 
dihedral angle between the two planes defined 
by atoms Au - 8(3) - 8(Z) and Au - 8(4) - 8(1) 
is 67°. 

The three sodium ions are well encapsu
lated in irregular coordination spheres of ox
ygen atoms ranging in distances of Z.36 to 
Z.63 'A. Two of these oxygen atoms come 
from the two waters of hydration. Na(Z) is 
als 0 coordinated by six oxygen atoms at dis
tances from Z.35 to Z.54 'A, only one of which 
comes from a water of hydration. Na(3) is 
coordinated by five oxygen atoms ranging in 
distance from Z.34 to Z.53 'A, with one water 
of hydration involved. 

Of the four hydrogen atoms, only one ap
pears to be involved in a "conventional" ° -H ...... ° hydrogen bond within this struc-
ture; that would be the donor water oxygen 
0(8) to 0(5) at a distance of Z.75 'A. Hydrogen 
bonding to sulfur is not particularly a well
documented effect, and if it does exist, must 
certainly be fairly weak. Bonds of this type 
have been suggested5 in 8 - H ...•. 8 at 



Fig. 2. Molecular packing in the unit cell of 
sodium gold (I) thiosulfate dihydrate. 

(MUB-11229) 

Fig. 3. Stereo view of sodium gold(i) 
thiosulfate dihydrate showing examples 
of the bonding of the sodium atoms. 

(XBL697-959) 

3.86 A and N - H····· Sat 3.35 A. In this 
context, water 0(7) in this structure offers a 
possibility of 0 - H ..••. S hydrogen bonding. 
0(7) is centered in an irregular tetrahedron 
consisting of Na(1), Na(2), S(3), and S(4). The 
S(3) - 0(7) - S(4) angle is approximately 1Q4° 
and the 0 - S distances are 3.24 and 3.33 A 
respectively. 

Footnote and References 

t Condensed from UCRL-19985. 
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3. H. Brown, J. Am. Chern. Soc. 49, 958 
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4. P. G. Taylor and C. A. Beevers, Acta 
Cryst. ~, 341 (1952). 

5. W. C. Hamilton and J. A. Ibers, Hydro
gen Bonding in Solids (W. A. Benjamin Inc. , 
New York, 1968), p. 167. 

Structure Determination of 
5-Methyl-2, 2, 4-Triacetyl-l, 3-0xathiole t 

Helena Ruben, David Kaplan, ':' Allan Zalkin, and David H. Templeton 

Professor Edward C. Taylor and co
workers at Princeton University synthesized 
a material which they suggested contained 
one sulfur atom with two double bonds. We 
undertook the structure determination to check 
this possibility. The results of the determin
ation showed the material to be 5-methyl-2, 
2, 4-triacetyl-1, 3-oxathiole which does not 
contain the postulated sulfur bonding, but 
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rather is a cyclic compound with normal bond 
geometry. 

The colorless crystals sent to us by Dr. 
Taylor were recrystallized from hexane. X
ray powder diffraction patterns of the mate
rial before and after recrystallization were 
identical. Our initial irradiation of some of 
these crystals in air resulted in a degradation 



of the x-ray patterns during exposure to x 
rays, and encapsulation in glass capillaries 
seemed to stabilize the crystals. Initially we 
studied two crystals with different orientations 
using the Weissenberg film technique. The re
sulting photographs indicated monoclinic sym
metry with systematic absences characteristic 
of space group P2

1
/c. A XRD-5 x-ray dif

fraction apparatus equipped with a molybde
num x-ray tube, a scintillation counter, a 
pulse-height discriminator, and a quarter
circle Eulerian-cradle type of goniostat was 
used. A stationary-crystal stationary-counter 
technique, with a 10-sec count for each reflec
tion, was used to measure a total of 1119 in
dependent intensities, of which 193 we re re
corded as having zero intensity. 

The primitive cell contains four formula 
units .of C10H1204.?' It is monoclinic with di
menSIOns a = '}.Sf7±0.004, b = 9.0S9±0.03, 
c = 13. 776± 0.002 A, and (3 =-114.35°. The 
calculated density is 1.35 g/cm3 which corre
sponds to 1. 3 ± 0.2 g/ cm3 measured by flotation. 

The positions of four carbons and a sulfur 
atom were estimated from a three-dimen
sional Patterson function. A least-squares 
refinement was run on these atoms, followed 
by a three -dimensional Fourier calculation. 
Even though one of the original carbon atoms 
was found to be incorrect, this map showed 
all of the atoms except hydrogen. A least
squares refinement of the structure with 
isotropic temperature factors resulted in 
R = 0.13. With anisotropic temperature fac
tors on all of the nonhydrogen atoms, the R 
factor went to 0.10. Hydrogen atom positions 

Fig. 1. Schematic drawing showing bonds 
and angles in the ring. (XBL 70S-1791) 

Fig. 2. Stereoscopic view of the 5-methyl-2, 
2, 4-triacetyl-1, 3-oxathiole molecule. 

(XBL 693-325) 

236 



Physical and Inorganic Chemistry 





were estimated from geometric considera
tions and a difference Fourier, and were in
cluded in the least-squares refinement with 
isotropic thermal parameters. Since these 
thermal parameters refined poorly, the hy
drogen thermal parameters of each methyl 
group were tied together. The final R value 
for 824 data with nonzero weights is 0.06. 
The R value for all 1119 data is 0.105. The 
standard deviation of an observation of unit 
weight is 0.99. 

The 1, 3 oxathiole ring is shown in Fig. 1. 
The C1-01 and C1-S distances are typical of 
bond lengths found in paraffinic and saturated 
heterocyclic type compounds. 1 C6-C9 is·a 
typical double bond at 1.34 A. C9-Q1 and . 
C6-S are shorter by 0.05 and 0.04 A respec
tively than the C1-01 C1-S distances, prob
ably because of their proximity to the double 
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bond. The ring itself is puckered, with the 
sum of the internal angles being 533 0 opposed 
to a theoretical 540 0 for a planar model. This 
puckering is evident in the stereoscopic view 
of the molecule shown in Fig. 2. 

Footnotes and Reference 

t Condensed from UCRL-19982, November 
1970. 

':'Summer student, 1968. 

1. Table of Interatomic Distances and Con
figurations in Molecules and Ions, Supple
ment 1956-1959, edited by L. E. Sutton 
(Chemical Society, Burlington House, London 
Wi). 





Trigonal Californium Trifluoride 

B. B. Cunningham and Paul Ehrlich t 

From measurements of the lattice pa
rameters of the actinide trifluorides through 
berkelium, and radius -ratio considerations 
analogous to those used by Thoma and 
Brunton 1 for the lanthanide halides, Peterson2 

predicted that californium trifluoride would 
exhibit the trigonal LaF 3 structure type above 
700°C. In a number of preparations of CfF , 
initially subject to temperatures of about 7doo 
and then cooled to 300m temperature in about 
30 minutes, Fujita. observed only the 0r~o
rhombic-structure space group Pnma(D

ah
) 

for CfF 3' 

In connection with attempts to prepare 
californium metal, a 1 fJ-g sample of CfF 3 was 
accidentally heated to about SOO°C and cooled 
rapidly. An x-ray powder diffraction pattern 
of this material was obtained at room temper-
ature. The pattern indicated that the tri-
fluoride possessed trigonal-symmetry space 
group P3Cl (D~c1) (isostructural with LaF 3)' 
and this showecfthat the prediction of inver
sion temperatures may be made with as much 
confidence from radius-ratio considerations 

in the actinide trifluorides as in the lanthanide 
trifluorides. 

The identification of the high-tempera
ture CfF 3 structure is based on measurement 
and indexing of 35 diffraction lines from 
28 = 25.16° to 28 = 146.66°, with good agree
ment between observed and calculated 28 
values. Additionally, satisfactory agreement 
was obtained between visually estimated and 
calculated intensities. A least-squares fit of 
the diffraction data gave a = 6.922 ± 0.001 'A 
and c = 7.0S5±0.002 'A. -

Footnote and References 
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Preparation and Determination of the 
Crystal Structures of Californium and Einsteinium Metals 

B. B. Cunningham and T. C. Parsons 

Both californium and einsteinium metals 
have been prepared on a microgram scale and 
their crystal structures determined. 

The metals were made first by distilling 
metallic lithium in vacuo onto unheated 
samples of californium or einsteinium tri
fluoride, and then quickly raising the tempera
ture of the lithium-coated trifluoride to 
:::: SOO°C to promote the reaction: 

CfF 3 + 3 Li = Cf + 3 LiF 

or 

(EsF 3 + 3Li = Es + 3LiF). 

It is es sential that the reduction be completed 
quickly, because both metals have such high 
volatilities that they are rapidly vaporized 
even at temperatures as low as SOO°C. 
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The reaction products, consisting of 
californium or einsteinium metals mixed with 
lithium fluoride, were transferred to thin
walled quartz capillary tubing for x-ray study. 
Diffraction lines from lithium fluoride were 
not observed in relatively short exposures, 
because the se elements have lower scattering 
power for x rays than the actinide metals. In 
the case of californium, a total of 11 diffrac
tion lines were obtained from the best sample. 
Except for a weak line at 28 = S2. 70°, all lines 
could be indexed on the basis of a face -cen
tered cubic structure with a lattice parameter 
of 5.40 'A. Other preparations of californium 
metal yielded similar fcc phases with lattice 
parameters within ± O. 02 'A of the 5.40 value 
from the best preparation. This variation may 
be outside experimental error and represents 
a slight variable contamination of the actinide 
metal with residual metallic lithium. 



Only enough einsteinium was available 
for a single preparation on a 1 fLg scale. The 
technique of preparation was the same as 
that used for californium metal. The reaction 
product formed by heating EsF 3 with Li metal 
yielded four diffraction lines, which also could 
be indexed on the basis of an fcc structure 
with a lattice parameter of 5.41 A. 

Metallic radii calculated for californium 
and einsteinium metals in the observed face
centered cubic structures are 1. S6 ± 0.02 A. 
This value is closer to the radius observed 
for ytterbium in the metallic state (1. 94 A) 
than to the metallic radius of curium (1. 74 A). 
Since ytterbium exhibits a metallic valence of 
two and curium a metallic valence of three, 
the data suggest that the average number of 
electrons per atom which participate in 
bonding in californium and einsteinium metals 
is substantially below three. This conclusion 
is consistent with the much greater ease of 
vaporization of these elements as compared 
with the preceding metals of the actinide 
series. 

The ready volatility of californium and 
einsteinium metals fllay eventually form the 
basis for fast and efficient methods of sep
aration and purification of these elements 
from the lighter and less volatile actinides. 

After initial preparation of californium 
metal at Berkeley as described above, it was 
made at Los Alamos Scientific Laboratory by 
L. B. Asprey, who vaporized the metal onto 
a quartz -collecting plate from a mixture of 
californium oxide and molten lanthanum 
metal. 

Californium metal has been produced by 
essentially the same technique in this labora
tory, except that the vapor was collected on 
a thin film of lithium fluoride on a tantalum 
backing. Mixtures of the metal and lithium 
fluoride were scraped from the plate into x
ray capillaries. Diffraction patterns are 
those of a face-centered phase with a lattice 
parameter similar to that observed in the low
temperature reductions. 

Bis(cyclooctatetraenyl)neptunium(IV) 
and Bis(cyclooctatetraeny l)plutonium(IV) t 

~, ,;, :j: 
Do Go Karraker, Jo Ao Stone, Eo Ro Jones, Jr., and N. Edelstein 

The reduction of cyclooctatetraene in 
tetrahydrofuzan (THF) solution produces the 
planar CSHS -anion (COT), which can react 
with the anRydrous metal chlorides of transi
tion metals to form M(COT), M 2 (COT)3' or 
M(COT)2 complexes. The preparation of 
U(COT) extended these complexes to acti
nide-(I\f) ions. 1 Crystallographic studies 2 

show that the U(COT)2 molecule has a " sand
wich" structure, witli planar eight-member 
COT rings above and below the U4+ ion in 
DSh molecular symmetry. An electronic con
figuration has been proposed1 for U(COT)2 
that involves participation of the 5f orbitals in 
the bonding of the complex, with the orbitals 
of the two 5f electrons of the U4+ ion mixing 
with the degenerate E3u orbitals of the ligands 
in essentially a nonbonding combination. 

Np(COT)2 and Pu(COT)2 were prepared 
to allow a more thorough investigation of the 
nature of the actinide(IV)-COT compounds. 
Mossbauer measurements on Np(COT)2 pro
vide information on the shielding of s or
bitals by outer electrons, and thus on the 
participation of ligand electrons in the bonding. 
Magnetic susceptibility measurements on 
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4+ 
U(COT)2' Np-(COT)2' and Pu(COT)2 (U , 

2 4+ 3 4+ 4 
5f ; Np 5f; Pu ,5f) narrow the choice 
of applicable molecular models. 

The x-ray diffraction patterns for 
U(COT)2' Np(COT)2' and Pu(COT)2 are identi
cal witliln the precision of the measurements. 
A diffraction pattern calculated from the 
single -crystal structure of U(COT)2 agreed 
with the experimental diffraction patterns of 
Np(COT)2 and Pu(COTh! from this evidence 
all three actinide(IV)-C-UT compounds are 
isomorphous. 

The Mossbauer spectrum of Np(COT)2 at 
4.2°K is similar to the spectrum of NpCl

4 
(ex

cept for isomer shift), with combined mag
netic and quadrupole splitting. Analysis of the 
spectrum to extract the hyperfine parameters 
and the isomer shift is straightforward. Table 
I gives the isomer shift relative to Np02' the 
magnetic splitting parameter gofLNHeft, and 
the quadrupole coupling constant eq Qj 4 for 
Np(COT)2 at 4.2°K. Velocity spectra were 
also taken between 4.2 and SooK in a search 
for possible magnetic transitions. Above 
'" 40oK, the recoilless absorption became too 



Table 1. Np(COT)2_ isomer shift and hyperfine parameters 
at 4.2°K, from Mos sbauer spectra. 

Isomer shift, a 
(cm/ sec) 

+2.50±0.05 

aRelative to Np02' 

weak to observe; magnetic splitting was pres
ent in all spectra below this temperature. No 
magnetic transitions were observed between 
4.2 and 40°K, 

Powdered samples of U(COT)Z and 
Np(COT)2 were paramagnetic from 4.Z to 
45°K; Pu(COT)Z was diamagnetic over the 
same temperature range. The susceptibility 
of Pu(COT)2 in the low-temperature region 
was unusually large, and showed a strong in
crease with decreasing temperature. Room
temperature measurement of the Pu(COT)2 
diamagnetic susceptibility yielded (-Z18± 92) 
X 10- 6 emu/mol, which agrees with the 
-187.5X10- 6 emu/mol calculated from the 
susceptibilities of the aromatic COT ligands 
(-73.4X 10- 6 emu/mol) and the diamagnetism 
of the Pu4 + ion (-40.8X10- 6 emu/mol). The 
low-temperature magnetic susceptibilities of 
U(COT)Z and Np(COT)2 follow a Curie- Weiss 
law, X = C/(T + B). A least-squares fit of 
the data to a Curie-Weiss law gives i-Leff =2.43 
i-LB for U(COT)2 and i-Leff = 1.81 i-LB for 
Np(COT)Z' 

The magnetic data for actinide(IV)-COT 
compounds can be interpreted qualitatively 
from a simple crystal-field model with suit
able approximations. The interpretation is 
based upon these assumptions: (a) Only the 
lowe st crystal-field state is populated within 
the temperature range of the magnetic mea
surements. Because the first excited state is 
> > kT, the paramagnetic susceptibilities 
should follow a Curie-Weiss law, as observed 
experimentally. (b) There is no mixing of J 
state s by the crystal field. (c) The effects of 
intermediate coupling are assumed to be small 
and therefore neglected. 

Because of the C
8 

rotational axis in these 
molecules, the off-diagonal terms in the crys
tal-field Hamiltonian for the 5f electrons are 
all zero. The crXlstal-&ield rrotential may be 
written as V c = V Z + V 4 + V h . The crystal 
field states are pure Jz stafes, doublets of 
± Jz for Jz -f 0, and a singlet state for Jz=O. 
As suming a point-charge model is valid, then 

eq Q/4, 
(cm/sec) 

6.0±0.1 -0.5±0.1 
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Va> > V~> > V~, and V c "" Va. The energy 
m~trix involves matrix elemen1s of the type 

which are tabulated in the literature. Con
sidering the J = 4 ions, U4+ (3 H3) and Pu4 + 
(514 ), the lowest state will be either the 
doublet J = ± 4 or the singlet J = 0, de
pendin~ upon whether the crysta1-field param
eter B Z is positive or negative. A similar 
calculation for Np4+ (419/2) shows that the 
lowest state is either Jz = ± 9/2 or Jz =± 1/Z. 

The crystal-field parame.ter B~ is defined 
as B2 = aJA2(r2), where aJ IS the second
degree operator equivalent factor and is a 
function of Land S; A2 is a parameter that 
depends upon the lattices and charges of the 
ions; and (r2) is the expectation value for 
the magnetic (5f) electrons. The parameter 
A~ may be calculated exactly in the limit of a 
pOInt-charge model, and is approximately con
stant for the three isomorphous actinide(IV)
COT compounds. (r2) is necessarily positive, 
so the algebraic sign of B~ depends on th~ 
signs of a. and Ag. a J is negative for U + 
and Np4+ lnd pOSItive for Pu4+. Assuming 
A2 is positive, J = ± 4 is the lowest state 
for U4+, Jz = ± 9/Z for Np4+, and Jz = ° for 
Pu4 +. Experimentally, U(COT)2 and 
Np(COT)2 are paramagnetic, therefore, the 
assumption of A~ > 0 must be correct. 

Calculating the magnetic moments from 
i-Le£ = g IJ z 1(3, i-L ff = 3.20 i-LB for U(COT)Z 
anif 3.Z7 i-LJ3 for NP(COT)Z' and Pu(COT)2 IS 
diamagnetIc. 

These calculated values for paramagnetic 
susceptibilities are larger than the experi
mental values, but may be brought to agree by 
correcting for the reduction in orbital size 
caused by covalent contributions to the metal
ligand bonding. Introducing the orbital reduc
tion factor k, and replacing the conventional 
Zeeman operator 



with 

kL + 25, 

The Lande g becomes gJ - (1 - k) (2 - gJ)' A 
value of k = 0.8 agree s with experimental re
sults. 

The value of k = 0.8 required to achieve 
a satisfactory fit with experiment appears 
quite low for actinide compounds, and corre
sponds to values found for d transition metal 
compounds. However, this value of k can be 
interpreted to imply a strong interaction be
tween the actinide ions and the COT orbitals, 
and is qualitatively consistent with the pro
nounced covalency inferred from the 

Mossbauer results of Np(COT)2' 
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Electron-Probe Microanalysis of Pottery Materials 

B. B. Cunningham and T. C Parsons 

Electron-probe microanalysis equipment 
recently has become available in the Nuclear 
Chemistry Division. It seems to us that this 
technique could be of great value in helping to 
classify sherd materials in terms of the com
position of clay used in the manufacture of the 
original objects, of which the sherds are the 
remains. 

The capability of the microprobe tech
nique to give rapidly the elemental composi
tions of particles as small as about 1 jJ-m3 , 
providing rapid identification of mineral com
ponents which are almost invariably present 
in clays, would greatly increase the specifica
tion of these materials over that provided by 
neutron-activation analysis alone. It has long 
been known to mineralogists that the majority 
of mineral species is subject to all least small 
variations in composition as a consequence of 
localized conditions of formation or alteration. 
Study of mineral species would therefore help 
to localize pos sible points of origin of the clay 
materials. 

In preparation for extended study of pot
sherd materials, we have photographed x-ray 
spectra of almost all of the elements up 
through uranium at various ranges of energy, 
to obtain reference spectra as they appear 
when produced with our microprobe equip
ment. We also have obtained reference spec
tra from different mineral species purchased 
from commercial suppliers, as well as spec
tra of two samples of modern clays sold by 
ceramics supply stores. 

The results have been quite encouraging 
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of the value of this technique to help solve 
problems in archaeology. Mislabeling of 
three of the commercial samples of mineral 
species was apparent after only a few min
utes' examination with the microprobe. Sam
ples of the same mineral species obtained 
from different geographical localities gave 
readily distinguishable spectra, because of 
differences in minor components. A sample 
of labradorite (a sodium-calcium alumino
silicate) was found to contain minute inclu
sions of a hitherto-unreported mineral species 
composed of equal amounts of chromium and 
nickel--surely, a geographically localized 
association of a common mineral with a very 
uncommon one. 

The two modern clay samples gave dis
tinctly different spectra, although one might 
expect modern clay materials to be more 
refined and thus more homogeneous in com
position than the clays used by ancient potters. 
Very little application of the method to pot
sherd materials has been possible as yet. 

However, some initial observations have 
been made on three potsherds of an age esti
mated as 3000 years, collected from the is
land of Cyprus. One of these sherds had been 
found, by neutron-activation analysis, to have 
an almost unbelievably high content of silver -
namely about 0.3%. We found this same sherd 
to contain a high percentage of phosphorous, 
and to show correlation between abundances 
of silver and phosphorous in different locali
ties within the same small fragment of the 
clay. 



Another sherd consisted of clay of ex
ceptional homogeneity, except for well-crys
tallized particles, some of which approached 
0.5 mm in size. The mineral was quickly 
identified as fluoropatite, with a small amount 
of chloride as a substitutional impurity. 

However, intensive use of the microprobe 
equipment will not be possible for some 
months yet, until equipment becomes avail
able for storage of output data on magnetic 
tape and a program has been prepared for 
computer processing of the analytical infor
mation. 

We are indebted to Joe Jaklevic, Donald 
Landis, Donald Malone, and members of the 
Nuclear Chemistry Electronic Instrumenta
tion Group for construction and installation of 
the x-ray detection and energy analysis sys
tem. 

We also wish to thank Mrs. Lillian Hill 
and Miss Lilly Goda for their careful work in 
preparing many of the element and mineral 
standards that we have used. 

An Introductory Study of 
Mycenaean IIICI Ware from Tel Ashdod 

F. Asaro, M. Dothan, t and 1. Perlman 

Introduction 

Tel Ashdod lies in the southern coastal 
region of Is rael about 4.5 km from the sea and 
15 km nort~e'2st of Ashkelon. Excavations at 
Tel Ashdod' in the summer of 1968 turned 
up an early Philistine stratum (1300-
1000 BC)3 in which were found de rivative 
MycIIICl sherds of style and fabric closely 
similar to pottery found mainly in Cyprus, 
for example at Sinda4 and Enkomi? Though 
the parallels between the Ashdod and the 
Cypriota MycIIICl (including additional sites 
such as Palaepaphos) are, until now, the 
closest, comparisons to Ashdod MycIIICl also 
exist on the Greek mainland and in Tarsus. 

Analytical Method 

The system of neutron-activation analysis 
employed for determining a large number of 
elements in pottery has been describgd in 
some detail in an earlier publication. Since 
that article appeared, a number of substantial 
changes have been introduced to improve the 
accuracy for certain elements and to measure 
some elements not previously determined. 
However, within the accuracies cited, data 
obtained before and after the changes are of 
equal value and may be compared with each 
other. This article is not concerned with 
methodology, so little further will be said 
about how the data were obtained. The pur
pose is to show how such arrays of analytical 
data may be used to establish the provenience 
of this particular pottery. 

Results 

In the system of analysis presently used, 
calibrations and computer programming have 
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been set to produce analytical data for more 
than forty elements. The levels for some of 
these which have so far been encountered in 
pottery are too low to produce useful infor
mation, but there is no added labor in carrying 
them along in the program once calibrations 
have been made. For other elements good 
numbers are obtained, but for a number of 
reasons we do not use them for general diag
nostics. For diagnosing provenience, we 
choose 18 or 20 elements which, experience 
has shown, exhibit changes in level more or 
less independently of each other. 

A. Mycenaean IIICl Ware - Individual results 
for 20 elements are given in Table I for this 
ware. The numbers in Table I are expressed 
in parts -per-million except for those elements 
which display the % sign. The error limit 
shown for each element expresses the pre
cision of the measurement, which is deter
mined by the counting statistics of the radio
activity in the particular measurement. (In 
most cases the true errors of the determina
tions are somewhat larger because of a num
ber of factors which will not be explained 
here.) The numbers in parentheses ending 
each column are the mean value (M) for the 
five sherds and the dispersion of compositions 
expre s s ed as the standard deviation (a). It 
is the array of these mean values and stand
ard deviations which establish a group profile 
for this particular ware. To the extent that a 
group of only five sherds may be considered 
a valid statistical array, and that the elements 
may be considered as independent variables, 
standard statistical methods may be employed 
to judge whether any other piece of pottery 
belongs to this group. For example, two out 



of three elements should lie within one stand
ard deviation, and only one in 20 should fall 
outside of two standard deviations. 

Although the entire profile of elements 
must be used in matching potteries, some
times a single element or two provides a 
strong signal that one is dealing with a par
ticular area. In this case, high hafnium 
values are thus far, in our experience, unique 
to Tel Ashdod, but probably will also be found 
for those parts of the general area which 
share a common geochemical history. The 
question of provenience in this particular 
problem is not so much concerned with dis
tinctions between different site s in southern 
coastal Israel, but whether the pottery came 
from overseas. 

Turning to the spread of abundances 
among the five sherds, we note that for a 
number of elements the dispersions are un
usually small. The standard deviations, ex
pressed as percentages, are about 20/0 or less 
for chromium, iron, lanthanum, tantalum, 
and titanium. This probably means that we 
are dealing with a more discrete assemblage 
than is representative of the site of manufac
ture as a whole. Only if a much larger collec
tion of sherds were to display such small dis
persions could one be confident that such be
havior is to be expected from the particular 
site. We shall return to this point when we 
compare these five sherds with other materi
als. 

B. Comparison Pottery - The reference ma
terial we take to represent local Ashdod 
sources is also quite scanty. The collection 
analyzed consists of but five sherds, all of 
typical Philistine style and fabric. In Table 

II, under the designation II Tel Ashdod Phil. , " 
we list the mean values and standard devia
tions for the group of five. At the time these 
numbers were obtained, we were not 
measuring aluminum; values for barium, 
uranium and titanium were less accurate than 
those now obtainable and represented by the 
Tel Ashdod MycIIICl ware. 

If we accept the group of Tel Ashdod 
Philistine ware as the reference group for 
that site, then the Tel Ashdod MyCIIICl ware, 
piece by piece, may be compared by sta
tistical analysis to see if they belong to the 
site. A reference group of only five sherds 
is likely to be unrepresentative and, as al
ready mentioned, one may expect to find the 
spread in the composition of some elements 
to be distorted. For those elements which 
have unusually sITlall spread, it becoITles diffi
cult for other pieces to fall within one standard 
deviation. If we arbitrarily do not accept stand
ard deviations sITlaller than 50/0, then each of 
the Tel Ashdod MycIIICI pieces is indeed lo
cal to Tel Ashdod. In the light of all of the 
pottery we have analyzed to date, we con
sider this agreement excellent, but we could 
not have changed our conclusions on prove
nience even if the two stylistic groups had dif
fered somewhat. Different pottery technology 
was obviously employed, and it would not be 
surprising if the different potters had intro
duced some composition variance by different 
practices in refining the raw clay. 

The other three columns in Table II give 
results on groups of M7"cIIICI ware from 
three sites on Cyprus. It takes no detailed 
analysis to show that none of the Tel Ashdod 
MycIIICl pieces belong to any of these groups. 

Table 1. Tel Ashdod MycIIICl ware. 

Serial Run Al Ca Fe 
number number ("/0) Ba ("/0) Co Cr Cs ("/0) Hf La Lu 

ASH 13 275V 5.83±0.20 445±11 5.6±0.2 16.5±0.2 133±2 1.44±0.15 3.64±0.05 15.96±0.15 30.90±0.37 0.492±0.013 

ASH 14 275W 5.52±0.21 449Hl 6.9±0.3 17.1±0.2 131±2 1. 98±0.16 3.49±0.04 14.91±0.14 29.42±0.36 0.488±0.012 

ASH 15 275X 5.89±0.29 565H2 5. 7±0. 3 18.8±0.3 132±2 1. 68±0.19 4.19±0.05 12.66±0.13 30.7 8±0. 3 7 0.453±0.012 

ASH 16 275Y 4.87±0.24 504Hl 6.7±0.4 17.5±0.2 129±2 1. 71±0.17 3.79±0.05 15.04±0.15 29.53±0.36 0.485±0.012 

ASH 17 275Z 5.80±0.29 508±11 6.1±0.2 16.1±0.2 127±2 1. 51±0.16 3.56±0.05 13. 84±0. 14 29. 26±0. 3 7 0.449±0.012 

(M±a) (5.58±0.39) (494±47) (6.2±0.6) (17.2±1.0) (130±2) (1. 67±0.19) (3. 73±0. 26) (14.48±1.23) (29. 82±0. 62) (0.473±0.023) 

Serial Run Na Ti 
number number Mn ("/0) Ni Rb Sb Se Ta Th ('!o) U 

ASH 13 275V 784±8 O. 683±0.00 9 35±10 72±9 0.40±0.06 12.43±0.04 1.318±0.005 8.58±0.07 0.711±0.008 2.06±0.02 

ASH 14 275W 816±9 0.671±0.009 54H2 59±9 0.30±0.05 12.03±0.03 1.333±0.006 8.46±o.07 0.723±0.010 2.02±0.02 

ASH 15 275X 877±10 O. 702±0. 00 9 29±13 70±11 0.27±0.07 13.38±0.05 1. 3 7 8±0. 006 8.70±0.08 0.74 7±0. 010 1. 88±0.02 

ASH 16 275Y 819±9 0.605±0.008 66H2 68±10 0.58±0.07 12.61±0.04 1. 341±0. 006 7.85±0.07 0.720±0.012 1. 90±0.02 

ASH 17 275Z 744±9 0.640±0.008 42H2 73±9 0.39±0.06 12.08±0.04 1.325±0.006 8.38±0.07 0.726±0.008 1. 86±0.02 

(M±a) (808±44) (0.660±0.038) (45H5) (68±5) (0.3 9±0.10) (12. 51±0.49)(1. 33 9±0.020) (8.39±0.28) (0. 725±0. 011) (1.94±0.1O) 

Numbers are in ppm unless designated by % sign. Error limits represent precision of lllcasurement in terms of !I standard error. II Beneath 
each column, in parentheses. is the mean value (M) and the standard deviation (1) for the group of 5 shercls. Note that the spread of values, 
given by a, is generally considerably larger than the precision of the measurctnent. 
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Table II. Group profiles of Tel Ashdod ware and Cypriote MycIIICI wares. (a) 

Tel Ashdod Tel Ashdod Enkomi Palaephophos Kition 
MycIIICI Phil. MycIIICI MycIIICI MycIIICI 

(5 pc) (5 pc) (10 pc) (13 pc)' (6 pc) 

AI("!o) 5.58±0.39 5.96±0.34 6.17±0.60 6.11±0.31 

Ba 494±47 382±121 462±164 590±100 222±21 

Ca(%) 6.2±0.6 4.3±1. 7 11.3±0.8 7.1±1.6 11.6±2.2 

Co 17.2±1.0 19.1±0.8 28.0±4.1 19. 9±1. 6 20.5±3.6 

Cr 130±2 122±5 323±25 100±13 336±26 

Cs 1.67±0.19 1.64±0.12 4.38±0.86 3.87±0.26 2.86±0.61 

Fe(%) 3.73±0.26 3.99±0.06 4.92±0.15 3.90±0.22 4.14±0.33 

Hf 14.48±1.23 13.44±1. 94 3.11±0.18 3.17±0.19 2.67±0.26 

La 29.82±0.62 29.26±1.20 24.46±0.88 28.12±1.84 18.3±0.73 

Lu 0.473±0.023 0.427±0.032 0.337±0.O18 O. 303±0. 023 0.282±0.030 

Mn 808±44 806±55 1118±216 932±189 766±94 

Na(%) 0.660±0.038 O. 624±0. 018 1.070±0.240 0.351±0.061 1.094±0.045 

Ni 45±15 59±8 272±39 88±15 156±29 

Rb 68±5 53±5 79±18 75±8 52±10 

Sb 0.39±0.10 0.39±0.09 0.96±0.06 0.52±0.08 0.73±0.17 

Sc 12.51±0.49 12.67±0.28 19.98±0.60 14.18±1.01 18.01±1.39 

Ta 1. 33 9±0. 020 1.295±0.060 0.772±0.023 1.049±0.063 0.586±0.O10 

Th 8.39±0.28 8.07±0.74 8.68±0.38 7.45±0.41 5.38±0.28 

Ti(%) 0.725±0.011 0.697±0.066 0.499±0.066 0.423±0.O19 0.395±0.O18 

U 1.94±0.10 2.13±0.22 3.74±0.59 1.59±0.23 2.18±0.34 

(a) The numbers are in ppm unles s designated by % sign. Listed are mean values for the group 
and standard deviations from the mean. 

1£ one does compute by statistical analysis the 
probability that the Tel Ashdod MycIIICl ware 
does not belong to any of the three Cypriote 
groups, the numbers become astronomical. 
Similarly the three Cypriote groups are dis
tinctly different from each other. 

The deduction that the Tel Ashdod 
MycIIICI ware is local to Tel Ashdod sterns 
from the fact that it matches the Philistine 
ware, not from a process of elimination. The 
question of the provenience of the Cypriote 
ware is a separate problem that will not be 
dealt with here. The data on these three 
groups are presented simply to show how 
other pottery groups of the same type appear. 

To provide visual expression for the data 
already presented, a bar graph is shown in 
Fig. 1. The hatched region spanning the bar 
top represents the standard deviation. 

Conclusions 

We have already seen that the two groups 
of Tel Ashdod wares (Philistine and MycIIICl) 
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match each other in chemical profile as well 
as can be expected. In form, design, and 
fabric the MycIIICI pieces adhere closely to 
MycIIICI ware from other places, particu
larly with those found on Cyprus. Contrari
wise, the Tel Ashdod MycIIICI ware looks 
distinctly different from the local Philistine 
ware, yet the clays are the same. These 
latter facts point strongly to particular pot
tery-making techniques (kiln conditions) which 
are different for the two types of wares. It is 
logical to ascribe the techniques which pro
duced the MycIIICI ware as traditional for 
the potters, and hence that we are dealing 
with a recently transplanted people. It will 
be necessary to encounter remnants of pot
tery which they brought with them before we 
can hope to tell by our analytical methods 
where they carne from. 

Despite our assertion that the pottery un
der discussion was made locally, the question 
should properly be asked whether there can 
possibly be another area of the world whose 
clays are identical with those of Ashdod. 
There can never be an unequivocal answer to 
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value for the abundance of the element, 
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ation for the group. The identification of 
each group is shown only in the first box, 
for the element iron. The bars are 
drawn to scale in each box, but the dif
ferent elements are drawn to different 
scales. (See Table II for numerical 
values. ) (XBL 712-2962) 

this question, because it is clearly impossible 
to analyze material from all pos sible pottery
making sites. All we know at present is that 
the Tel Ashdod composition is easily distin
guished from compositions of pottery thus far 
analyzed, which have known provenience away 
from the Ashdod area. To suggest that these 
MycIIICl pieces were imported also implies 
the peculiar coincidence wherein people 
bearing pottery chose to settle in a place 
which had clay identical with that which they 
had left. 

We have already expressed our debt to 
Professor Einar Gjerstad and Dr. Vasos 
Karageorghis for the sherds from Cyprus 
mentioned in this paper. The Ashdod excava
tions were sponsored jointly by Carnegie 
Museum in Pittsburgh, the Pittsburgh Theo_ 
logical Seminary, and the Israel Department 
of Antiquities. The laboratory work was car
ried out in Berkeley under the auspices of the 
U. S. Atomic Energy Commission. 
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Concerning the laboratory work and data 
processing, we give especial thanks to the fol
lowing for their expert and painstaking assist
ance: Helen V. Michel, Duane Mosier, 
Susanne Halvorsen, and Edward Minassian. 
The neutron irradiations were made in the 
Berkeley Triga Research Reactor. 
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Chemical Variations In Obsidian 

H. R. Bowman, F. Asaro, and 1. Perlman 

Introduction 

The object of this study has been to make 
detailed chemical analyses of obsidian from 
several sources to determine the degree of 
uniformity and the nature of any irregularities. 
This information could prove valuable in un
derstanding some of the geochemical and phys
ical processes taking place in the formation 
of volcanic materials. 

The method used was neutron-activation 
analysis in which over 40 elements were 
tested for in each sample. This method has 
been described earlier by Perlman and 
Asar01 along with a detailed analysis of the 
accuracies attainable. 

The elemental compositions of the ob
sidian samples were determined by com
paring the intensities of '{-ray peaks observed 
in obsidian with those of a calibrated com
posite standard irradiated with the obsidian. 
The accuracy of these analyses was there
fore limited by the accuracy of the standard. 
The composite standard used in these mea
surements was a fired pottery clay (referred 
to hereafter as "standard pottery"). A de
tailed description of the preparation and cal
ibration of standard pottery has been given, 1 
and the results of chemical analysis of six 
U. S. G. S. standard rocks using this com
posite standard will be presented elsewhere. 2 

The three obsidian sources or flows 
studied were in the Napa, Mt. Konocti, and 
Borax Lake areas, all located in the central 
part of northern California. 

Source Description 

Geologically, the Napa rhyolitic obsidian 
has been clas sified as a Pliocene volcanic 
rock by Osmont. 3 This area, locally referred 
to as "Glas s Mountain," is near St. Helena 
(Napa County), California and has been de
scribed by Heizer. 4 
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The Mt. Konocti and Borax Lake areas 
are adjacent to Clear Lake in Lake County, 
California, and both of these obsidian flows 
have been classified by Anderson5 as 
Pleistocene (and in part recent). Archaeo
logically these obsidians are important be
cause they are assumed to be the source ma
terials used in the construction of very ancient 
Indian artifacts uncovered by Harrington6 in 
the Borax Lake region. 

Sampling Procedure 

The majority of the samples were taken 
from highway cuts or exposed banks, and were 
usually found embedded in what appeared to be 
sand or volcanic ash. Usually four or five 
samples were taken from a single site or lo
cation within a radius of about 10 m. A num
ber of sites were examined along a flow or 
source. Large blocks of obsidian were broken 
open and smaller center chips were taken as 
samples. 

A total of 19 samples were examined 
from Napa County. The Mt. Konocti flow is 
quite extensive and could be sampled readily 
for several miles. The samples were taken 
from highway cuts along Bottle Rock Rd, 
Lower Lake Rd, or Highway 29. Thirty-nine 
samples were examined from eight sites. The 
Borax Lake source is smaller (less than 1 sq 
mile) and is located south of Borax Lake at the 
southeast corner of Clear Lake. Thirty-three 
samples were examined from this area and 
were taken from exposed banks, as well as 
from a gravel-pit area at the southern tip of 
the flow. 

Results 

The chemical compositions (in ppm or % ) 
of the Napa, Mt. Konocti, and Borax Lake 
obsidian are given in Tables I, II, and III, 
respectively. The compositions in Tables I 
and II are listed under individual sampling 



Table I. The chemical composition of Napa (California) obsidian. 

Average Jack and Griffin &: 
Location Site 40 Site 41 Site 42 Site 43 composition Carmichae19 Gordus 10 

No. of samples 5 5 5 4 19 2 3 

Element Composition in ppm or 0/0 

Th 18.0 17.9 18.0 17.8 17.9±0.5 (25), (15) 

Sm 5.98 5.93 5.86 5.95 5.9±0.1 1.1 

U 6.89 6.84 6.80 6.86 6. 8±0. 6 

Na% 3.39 3.37 3.34 3.38 3.37±0.07 3.6±0.4 

Sc 2.89 2.86 2.87 2.80 2.86±0.06 3.4±0.4 

Mn 147 151 150 147 149±4 (190), (200) 170±20 

Cs 15.5 15.4 15.4 14.9 15H 

La 31.6 31.6 30.8 31.5 31.3±0.7 (40), (40) 57±3 
----------------------------------------------------------------------------------------

Fe% 0.92 0.93 0.93 0.90 0.92±0.02 1.0±0.2 

Al% 6.6 6.6 6.8 6.5 6. 6±0. 2 

Dy 7.5 7.7 7.8 7.4 7.6±0.4 

Hf 7.0 7.2 7.2 7.3 7.2±0.5 

Ba 450 430 420 430 432±24 (420), (430) 

Rb 200 200 200 210 202±20 (190), (200) 140±20 

Ce 67 67 70 66 67±4 (80), (70) 

Lu 0.64 0.63 0.61 0.61 0.62±0.06 

Nd 28 28 29 30 29±4 (30). (25) 

Yb 4.7 4.8 5.0 4.6 4.7±0.6 
----------------------------------------------------------------------------------------

Tb 0.98 0.97 0.94 0.99 0.97±0.1 

Ta 0.93 0.90 0.92 0.97 0.93±0.07 

Eu 0.30 0.26 0.25 0.27 0.27±0.03 

K% 3.7 4.6 3.9 3.5 4.0±0.5 3.76 

Sb 1.3 1.3 1.2 1.1 1.2±0.2 

Zn 65 65 70 60 66HO (55), (50) 

Cr 7.0 7.5 6.5 6.0 7±1 
----------------------------------------------------------------------------------------

Ti% 

Co 

Ca"/o 

Ni 

v 
As 

Cu 

Ag 

Au 

Ir 

Sr 

Ga 

In 
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< 0.05 (0.052), (0.054) 

< 4012 (15), (15) 

< 2 

< 40 (5),(5) 

< 30 

< 60 

< 100 (10), (5) 

< 2 

< 0.02 

< 0.01 

< 400 

< 100 

< 2 
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Table II. The chemical composition of Mt. Konocti (California) obsidian. 

Location S1 

4 

S2 

5 

S3 

4 

S4 

4 

S5 

5 

S6 

5 

S7a 

5 

Average Jack and 11 
S7b composition Carmichae19 Becker 

No. of samples 5 37 2 

Element Composition in ppm or "/0 

Th 23.3 23.3 23.2 23.0 23.0 22.4 22.0 21.8 22.6±1.0 (25), (30) 
Sm 5.33 5.36 5.28 5.28 5.28 5.37 5.31 5.28 5.3±0.1 
U 7.52 7.60 7.44 7.46 7.45 7.39 7.36 7.23 7.4±0.7 

--lfao;; ------- ---2~6'8 - -ZX6- - '2: (; 9 - - 2~6'j - -2'.1;5- --i.Y1- -2~ji - -Z.Yr[ '2: 75±5~6j - - - - - - - - - - - - - '3: 9b-
Sc 5.07 5.07 5.06 5.03 5.12 5.27 5.20 5.23 5.15±0.13 
Mn 186 181 184 184 191 206 205 211 195±13 (230), (230) 
Cs 15.4 15.3 15.4 15.2 15.4 14.6 14.5 14.3 15±1 

__ ~~ ___________ ~ !~6 __ }}_.,? __ J J.,! ~ __ ~!~ ~ _ });.._6 __ )_ ~._8 __ ~!~ 6 __ }_ ~ • .? __ J _1,! ?=!:Q~ 7 ____ t!.oJ.! J~Q L ________ _ 
Fe"/o 0.96 0.97 0.95 0.95 1.01 1.07 1.05 1.08 1.01±0.05 1.10 
Al"/o 7.1 7.0 7.0 6.9 6.9 7.0 7.0 7.2 7.0±0.1 6.86 
Dy 5.9 5.9 6.1 6.1 5.9 6.0 5.9 5.8 5.9±0.4 
Hf 5.7 5.7 5.8 5.7 5.8 6.15.7 5.7 5.8±0.4 
Ba 630 640 620 610 620 650 650 660 633±37 
Rb 230 230 210 220 220 230 210 210 214±29 
Ce 68 67 68 68 67 66 65 65 66.5±3.5 
Lu 0.47 0.50 0.49 0.47 0.47 0.46 0.46 0.44 0.46±0.05 
Nd 29 31 29 28 28 28 28 28 28.4±3.7 
Yb 3.5 3.6 3.5 3.5 3.5 3.4 3.5 3.5 3.5±0.5 

(610), (650) 
(215), (215) 
(80), (70) 

(30), (30) 

----------------------------------------------------------------------------------------
Tb 0.82 0.82 0.83 0.84 0.80 0.80 0.79 0.78 0.80±0.08 
Ta 1.2 1.1 1.2 1.2 1.2 1.2 1.0 0.96 1.1±0.1 
Eu 0.40 0.38 0.40 0.40 0.40 0.40 0.42 0.43 0.40±0.04 
K"/o 4.4 3.9 3.8 4.3 4.7 4.0 4.0 4.1 4.1±0.4 4.0 3.9 
Sb 1.3 1.3 1.4 1.3 1.3 1.2 1.3 1.2 1.3±0.1 
Zn 35 35 35 33 35 35 34 37 35±9 (25), (20) 
Cr 8.3 9.3 5.7 6.8 8.3 7.7 8.6 8.8 7±2 ----------------------------------------------------------------------------------------
Ti"/o 
Co 
Ca 
Ni 
V 
As 
Cu 
Ag 
Au 
Ir 
Sr 
Ga 
In 

0.13 0.12 0.12 0.12 

sites as well as number of pieces sampled. 

0.12 

The compositions in Table III are listed in de
creasing order of total iron content for rea
sons to be described later. The average com
positions, in these tables, are absolute values 
and can be compared with the work of other in
vestigators, some of which is shown on each 
table. Tables I, II, and III have been divided 
vertically into sections of decreasing experi
mental precision, based on Napa chemical 
compositions. For Napa obsidian Th, Sm, 
and U compositions are measured to better 
than 1"/0. Elements above La are obtained to 
better than 2"/0, whereas those above Yb are 
better than 5"/0. The chemical precision drops 

0.15 0.16 0.14 0.13±0.02 
<2 

(0.152), (0.154) 0.15 
(15), (15) 
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<2 
< 50 
< 30 
< 50 
< 100 
<2 
< 0.1 
< 0.01 
< 500 
< 100 
<3 

(5), (5) 

(5), (5) 

(65), (65) 
(10), (15) 

0.71 

to about 15"/0 by Cr, and the compositions of 
elements below Cr are given only as upper 
limits. 

The chemical composition of Napa ob
sidian was found to be very uniform, and the 
scatter in composition was comparable with 
the experimental counting errors. The ma
terial from Mt. Konocti was found to be nearly 
uniform, but the scatter in composition was 
somewhat larger than that expected from 
counting errors. 

The chemical variations observed in 
Borax Lake obsidian were quite large, and 



Table III. The chemical composition of Borax Lake (California) obsidian. 

Average Jack and 
composition CarITlichae19 Anderson5 

No. of samples 2 2 4 3 6 10 33 Several 

Elements Composition in ppm or % 
8i02% 71. 7±0.1 75.7±0.4 76.53 
Th 15.1 15.7 15.7 16.6 16.7 16.7 17.0 17.0 17.4 17.6 16.9±1.0 10 
8m 5.71 5.73 5.70 5.77 5.76 5.71 5.76 5.81 5.64 5.87 5.8±0.2 

_)J ____________ _ 'i.D _____ 2. 99 __ 2. 96 __ .9. ~O __ .9. Z~ __ .9. zo ___ 6. ~2 ___ 6.::12 __ 1>.::11 ___ 6. n _______ 2L't.",-Q.} ________________________ _ 

Na% 2.77 2.75 2.73 2.68 2.75 2.76 2.72 2.77 2.75 2.75 2.75±0.7 2.70 
8c 10.48 9.12 8.73 7.41 7.03 6.68 6.19 5.83 5.20 4.71 5.9±1.6 
Mn 342 295 283 230 222 206 186 179 150 135 184±60 240 160 
Cs 13.6 14.0 14.1 14.9 15.2 15.0 15.2 15.5 15.1 15.9 15.2±i.2 
La 22.0 21.6 21.6 21.9 22.3 21.9 22.3 22.1 22.1 22.6 22.1±O'.7 40 

- -F'e<f,------ ----1~88---- -{'51i --C52- - -{'2-5- --C15- - -{.r)')- -0:9Y --0:8-9---0.7Y - -0.67- --- - - O~88±6:33 - - - - -- - -- - - - ---- -0.86- --
Al% 6.9 6.8 6.7 6.5 6.8 6.9 6.6 6.7 6.5 6.6 6.7±0.2 6.79 
Dy 3.9 3.7 3.8 3.8 3.8 3.7 3.7 3.7 3.7 3.8 3.8±0.3 
Hf 3.9 3.7 3.8 3.8 3.8 3.7 3.7 3.7 3.7 3.8 3.8±0.3 
Ba 140 90 90 70 80 70 60 65 50 60 70±60 80 
Rb 230 200 200 210 260 250 250 210 250 240 220±30 215 
Ce 50 50 49 53 52 51 52 51 52 53 52±3 60 
Lu 0.52 0.51 0.51 0.54 0.50 0.51 0.50 0.52 0.51 0.52 0.51±0.06 
Nd 26 25 24 25 25 27 27 27 27 26 26±4 25 
Yb 3.7 3.9 3.8 4.2 3.9 3.9 4.0 4.1 4.2 3.9 4.0±0.6 

--'tD--- ------ - - -1:50- - -- TC)CTo?- -- i:-oz--f.o"1;-- -f. at; - - 1:-os- -f.oo-- -f. at) - -f. os- ---- -1:04fo:-fO - -- - - -- -- - - - - - - - - - -- - --
Ta 1.2 1.1 1.1 1.2 1.1 1.1 1.1 1.1 1.1 1.2 1.14±0.08 
Eu 0.35 0.30 0.26 0.24 0.19 0.20 0.15 0.15 0.12 0.09 0.15±0.08 
K% 3.3 3.6 4.2 4.1 3.8 4.2 4.2 3.9 4.1 4.5 4.1±0.5 3.9 
8b 1.0 1.5 0.95 1.0 1.0 1.0 0.93 1.1 1.0 1.2 1.1±0.1 
Zn 54 50 49 50 47 43 45 55 44 44 47±9 45 
Cr 40 35 31 26 20 18 15 16 9 10 0.16±9 

- -'tI%- - - - - - - - - - -0:20 - - - - -0-.1"1;- - -0-.14- - -6:-fo- - -0-. O<j - -0-. 01f - -6:-01- -0-: 01; - -O-.oY - -0-: 0"5- - - - - - 0:67fO:-05 - - -o:o-Sf - - - - - - - - -0. 0"7- --
Co 7.0 5.8 5.1 3.4 3.0 2.8 2.0 1.7 0.91 0.36 1.2±1.8 10 
Ca% 2.0 2.0 2.0 1.4 1.6 1.6 1.1 1.2 1.1 0.8 1.3±0.6 0.56 
Ni < 50 10 
V < 60 
As < 70 
Cu < 100 < 5 
Ag <2 
Au <0.1 
Ir < 0.01 
8r < 600 15 
Ga < 100 20 
fu <~ 

plots of these variations are shown in Fig. 1 
and Fig. 2. The variable elements Fe, Mn, 
Sc, Co, Ti, Cr, Eu, Cs, Th, and U are ap
parently interrelated, and the minor and trace 
element compositions are shown plotted 
against those of iron, the major variable. 
Least-squares fits to the data shown in Fig. 1 
for Sc and Mn show that the variations from 
straight-line functions are within the experi
mental errors. The functional parameters 
relating the variable composition (in ppm, un
less otherwise noted) to the total iron content 
(in % ) are given in Table IV. No other definite 
correlations could be detected in the re
maining elements shown in Table III. The Na 
content at Borax Lake, for example, was 
found to be constant within 1.1"/0. The Si0

2 
compositions in Table III are wet chemical re
sults of Ray G. Clem (from this laboratory) 
using duplicate samples. 

Because of these variations, the Borax 
Lake data in Table III have been grouped 
(from right to left) according to decreasing 
iron content. Analysis of different parts of a 
single piece of obsidian from this area showed 
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no detectable chemical variation. Large vari
ations, however, were observed in different 
samples from a single sampling location. The 
linear correlation of compositions could be 
caused by the mixing in varying amounts of 
two components prior to solidification of the 
obsidian. If this is true, then the chemical 
composition of the obsidian shown in data column 
10 of Table Ill, which is depleted in a number 
of elements, would closely parallel that of one 
of the components. We have calculated the 
admixture of a second component, with a Si02 
content of 65.7,,/0' which would be needed to 
give the SiOz composition (71.70/0) shown in column 
1 (the obsidian enriched in a number of ele
ments). This value of the Si02 composition 
(65.70/0 ) is that given by Anderson5 for the 
dacite flow underlying the obsidian flow. In 
Table V, we show the calculated composition 
of the second component for all elements mea
sured by Anderson and by us. The agreements 
are excellent and Anderson's values lie within 
our counting errors except for Na, where the 
disagreement is two standard deviations. 

The fact that the europium composition 
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Fig. 1. The chemical abundances of Mn, Sc, 
Cs, Th, and U in Borax Lake obsidian rela-
tive to total iron. (XBL 7011-4158) 
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Fig. 2. The chemical abundances of Ti, Eu, 
Co, and Cr relative to total iron in Borax Lake 
obsidian for the 10 groups shown in Table III. 

(XBL 7011-4160) 

varies relative to the other rare earths is 
chemically very striking. The relative euro
pium composition in these obsidians is rather 
depleted compared with other types of rocks. 7 
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This europium depletion was found in lunar 
samples 8 and thought to be connected with 
fractional crystallization of europium in the 
2+ state. Figure 3 is a plot of these ob
sidian rare-earth distribution patterns (nor
malized to chronditic materials) similar to the 
lunar sample plots. 8 The europium com
position used in the Borax Lake pattern is the 
minimum value and not the average value. 
One of the lunar rock analysis patterns is 
shown for comparison. 

Summary of Results 

The overall characteristics of Napa, Mt. 
Konocti, and Borax Lake obsidian are as fol
lows: 

1. The Napa obsidian is chemically uni
form within the precision of these measure
ments. The Sm, Th, and U compositions are 
uniform to within 10/0 . 

2. The Mt. Konocti obsidian is for the 
most part uniform. Some of the compositions 
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Fig. 3. The rare-earth element distribution 
patterns for three California obsidian ma
terials normalized to the rare-earth abun
dances in chondritic materials. The europium 
depletion anomaly detected in lunar samples 
(Ref. 8) is shown for comparison. 
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Table IV. The functional parameters relat~ng 
the variable elemental abundances (in ppm or 
0/0 ) to the total iron content (0/0 ) in Borax Lake 
obsidian in the form of M = S(Fe% ) + b. 

Elements (Composition in ppm or 0/0 

(M) (S) (b) 

Sc 4.76±0.04 1.54 

Mn 173.6±3.2 19.3 

Eu 0.212±0.013 -0.044 

Cr 25.5±1.2 -7.95 

Ti 0/0 0.134±0.007 -0.062 

Co 5.66±0.09 -3.41 

Cs -1. 93±0.19 17.16 

Th -2.07±0.11 19.0 

U -0.84±0.07 7.25 

Table V. The calculated compositions of a 
second component material (if Borax Lake 
variations are due to the mixing of two dif
ferent materials) compared with the compo
sition of the dacite flow which underlies the 
obsidian. 

Elements Calculated Borax Lake 
composition dacite 5 

0/0 0/0 
Si0

2 
65.7':< 65.7 

Fe 3.69±0.07 3.62 

Mn 0.065±0.003 0.07 

Ti 0.45±0.05 0.46 

K 1.5±1.0 2.47 

Ca 3.3±1.3 3.39 

Al 7.3±0.3 7.53 

Na 2.8±0.1 2.60 

':'Normalized value 

were found to be slightly variable. Real vari
ations were detected in Th, U, Mn, Fe, and 
Cr and were of the order of 30/0, 20/0, 60/0, 50/0, 
and 200/0 respectively. 

3. Variable chemical compositions were 
detected in Borax Lake obsidian and appear to 
be linearly related. 

4. The europium compositions, in all ob
sidian samples that we measured, were found 
to be depleted relative to the other rare-earth 
compositions in a similar fashion to that de
tected in lunar samples. 8 The europium com
position at Borax Lake was variable. 
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5. For archaeological studies, the mea
surements indicate that all three locations or 
flows can be used reliably for determining ma
terial sources used in the construction of ob
sidian artifacts. The variable chemical com
positions at Borax Lake are predictably re
lated and should be easy to handle. 

6. Geochemically, the variable compo
sitions at Borax Lake present an interesting 
problem. They can be explained in terms of 
the mixing of two magmatic materials. 

Further experiments involving a more 
complete analysis of other volcanic material 
in the area and the dating of our obsidian 
samples may shed further light on the signif
icance of the linear variability. 

We gratefully acknowledge the continued 
help of Mr. Duane Mosier, Mrs. Helen V. 
Michel, Miss Susanne Halvorsen, Mr. Onnig 
Minasian, Mr. Edward Arnold, and Mr. Wally 
Chin. The arduous job of changing samples 
after hours was done by the Safety Services 
Department, and the reactor irradiations were 
made in the Berkeley Research Triga Reactor. 
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A Rapid, Nondestructive Method of 
Fluorine Analysis by 3He Activation t 

Diana M. Lee, James F. Lamb, ':' and Samuel S. Markowitz 

A sensitive, nondestructi;3e means of de
termining fluorine by the 19F ( He, 2p)20F re
action with the 1.63-MeV 'I ray of 10.S-sec 
20F as the" signal" for fluorine is presented. 
Excitation functions for the 19F (3He , 2p)20F 
and the 19F (3He, a)1SF reactions and the 
pos sible interfering reaction, 1S0(3He, p )20F, 
are given. Thin samples of LiF, Teflon, and 
PbF2' and thick samples of LiF and PbF2 
mixed in platinum were analyzed. Only milli
gram amounts of sample are required. The 
accuracy is about 3 to 5%. Under reasonable 
irradiation and counting conditions, the detec
tion limit is approximately 0.2 fLg/ cm2 corre
sponding to 2 ppm in a matrix 100 mg/cm2 

thick. With better care in shielding the 
NaI(Tl) scintillation detectors from the 'I-ray 
background in the accelerator area, the detec
tion limit could be lowered. 

Fluorine determinations by activation 
analysis have been reported by several 
authors. Depending on the incident particle, 
fluorine can be measured with various de
grees of success by thermal neutrons, 1 fast 
neutrons, 2,3 a particle s, 4 frotons, 5 and 
photons. 6 Ricci and Hahn, using 5- and 10-
MeV 3He ions, determined detection limits 
for several light elements, including fluorine, 
normalized to a beam current of 100 fLA; thef 
considered only the reactions 19F(3He, an)1 F 
and 19F(3He , a)1SF. YuleS has estimated the 
limit of detection of F to be 0.55 fLg using 
the 19F (n, 'I )20F reaction with reactor-pro
duced thermal neutrons at a flux of 4.3X1012 
n/cm2 -sec. 

In the present work, we have in3estigated 
the ap2lication of the reactions 19F( He,2p)2OF 
and 19F(3He, a)1SF to the analysis of fluorine. 
The absolute excitation functions for produc
tion of 10.S-sec 20F and itO-min 1SF from 
19F have been determined and samples have 
been analyzed. We suggest a wide range of 
application to both organic and inorganic sam
ples by using the 1. 63 -MeV 'I ray of 20F in
duced by 3He reactions as a "signal" that is 
relatively free from interferences caused by 
other activities that may be present. Anum
ber of thin and thick samples were analyzed 
nondestructively to test the accuracy of the 
method. 

The irradiation chamber and the beam
current measurement have been previously 
described;9 activated samples were trans-
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ferred to the counting chamber by a gravity 
track shown in Fig. 1. A typical 'I-ray 
spectrum is shown in Fig. 2, and the gated 
1.63-MeV'I from 10.S-sec 20F is shown in 
Fig. 3. 

Excitation Functions 

The short-lived 20F precluded the use 
of the stack-foil technique, so that each point 
in Fig. 4 of the 20F excitation function repre
sents a separate bombardment. Th~ maximum 
cross section is about 70 mb at the He energy 
of 19 MeV; it varies slowly from 12 to 22 MeV. 
Also shown in the same figure is the excitation 
function for the production of 1SF by the reac
tion 19F(3He, a)lSF. The data of the 1SF ex
citation function shown agree very well with 
values previously published. 10,11 

Sample Analyses 

2°F activity from 3He-activated fluorine 
samples was used for analyses. Each sample 
was irradiated for 10 seconds at a beam en
ergy of 17 MeV. Decay of the 1.63-MeV 'I ray 

IEAD 

r---~~------
I 
I 

TARGm 
MOUN'l'OO 

DISG 

Fig. 1. Gravity-track sample holder for 
rapid retrieval of an activated target. 

(XBL 697-1037) 
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Fig. 2. Gamma-r'3Y spectrum from 
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Fig. 3. Decay of the gated 1. 63 -MeV '{ ray 
from 20 F . (XBL 709-3792) 

(Fig. 3) was followed for 200 to 300 seconds. 
The amount of fluorine pre sent was calculated 
by comparing the ratios of the A values (ac
tivity at end of bombardment) of ~he samples 
to a thin LiF standard for thin samples, or to 
a thick LiF+ Pt standard for thick samples. 
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The results of the fluorine analyses for both 
thin and thick samples are shown in Table I 
and Table II, respectively. The error values 
(standard deviations) shown in both tables are 
based on counting statistics decay curve analy
sis only. 

Interferences 

B ' 20F t"t fl' 1 Y uSIng ac IVI y, uorlne ana yses 

Table I. Fluorine analysis of thin samples a 

F present 

Sample 
2 

(mg/cm ) 

LiF #13 1.68 

LiF #14 1.24 

LiF #12 1.03 

LiF #16 0.82 

LiF #21 0.77 

LiF #19 0.54 

LiF #22 0.25 

Teflon #1 (CF
2

) 1. 85 

Teflon #2 0.93 

PbF 2 #1 0.29 

PbF 2 #2 0.22 

aIrradiated area of samples = 0.7 

bStandard deviation Average % 
of decay-curve = 4.7% 
analysis 

F found 
2 

(mg/cm) 

standard 

1. 17±0.008b 

1.02±0.007 

0.82±0.007 

0.73±0.007 

0.53±0.007 

0.23±0.007 

1. 90±0.010 

0.90±0.007 

0.26±0.007 

0.21±0.007 

2 
cm 

difference 

Table II. Fluorine analysis of thick samplesa,b 

F present F found 

Sample 
2 

(mg/cm) (mg/cm
2

) 

Pt + LiF 1.02 standard 

Pt + PbF 2 #1 1.53 1.54±0.016c 

Pt + PbF 2 #2 0.33 0.32±0.O10 

Pt + PbF 2 #3 1.28 1.22±0.O18 

aIr radiated area of samples = 0.7 cm
2 

bTotal sample Average% difference 
thickness"" 200 mg/cm2 = 2.8% 

CStandard deviation of decay-curve analysis 
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Fig. 4. Excitation functions for production of 
20F and 18F from 19F. (XBL 681-1733) 
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Fig. 5. Excitation function for the reaction 
180(3He, p)20F. (XBL 671-330) 
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are relatively free from interferences pro
duced either directly or indirectly by other 
elements present in the sample. The direct 
interference is caused by the same isotope 
(20F) production; the only obvious interfer
ence would be 20F activity produced in any 
180 pres ent in the sam~le. The excitation 
function of 180(3He, p) OF is shown in Fig. 5; 
the cross section at 17 MeV is about 50 mb, 
rising to 100 mb at 10 MeV. The isotopic 
abundance, however, for 180 in nat~ral oxy
gen is only 0.2o/~: Because the 19F( He,2p)20F 
and 180(3He, p) OF cross sections are com
parable between 12 and 17 MeV, at equal con
centrations of fluorine and oxygen imJ>urities 
in a given matrix, only 0.2% of the 2 F activ
itg: will have been caused by an interfering 
1 O. An analysis based upon the production 
of 18F is also feasible, in some cases, but 
the chances for interference are much greater 
with 18F as the" signal" than with 20F be
cause 160 would induce a direct interference. 
This 6,0s!ible interference would be caused by 
the 1 O( He,p)18F reaction whose cross sec
tion below 10 MeV is about 20 times greater 
than the 19F(3He, 2p)20F reaction. Indeed, 
oxygen analysis via the former reaction has 
been previously described. 12 High atomic
number impurities or target matrices will not 
induce any radioactivities if the 3He energy is 
controlled to be below the Coulomb barrier. 

Estimate of Detection Limit 

Under the following conditions--beam cur
rent 1 fLA, cross section 70 mb, length of 
bombardment 10.8 sec--we found Do (disinte
gration rate at end of bombardment) to be 
5.7X10 5 dps per mg/cm2 of F. With our 
overall detection coefficient of only 1. 6%, this 
gives about 104 counts per second in the '{ 
photopeak. As the background was about 40 
cps, this corresponds to a factor of about 250 
times background. At equal signal and back
ground rates, under our easy conditions, we 
could detect"" 4 fLg/ cm2 of F. Because the 
beam intensity can be increased to 10 fLA (or 
greater), and the detection coefficient can be 
easily doubled, the detection limit can be 
lowered to 0.2 fLg/cm2 of F. If the matrix 
in which the F is imbedded is 10 to 100 
mg/ cm2 thick, the concentration limit would 
therefore be 20 ppm to 2 ppm, respectively. 
With more care for shielding, the background 
and therefore the detection limit could be 
lowered further. The sensitivity, of course, 
will depend upon the presence of interferences 
and the matrix. 
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Anion Exchange in Aqueous-Organic Solvent Mixtures. II. 

C. H. Jensen, t A. Partridge, ':' T. Kenjo,:j: J. Bucher, and R. M. Dialllond 

A previous paper
1 

has discussed the an
ion- exchange selectivity shown by (organic) ion
exchange resins with water-dioxane solutions. 
Expe rilllentall y, the s ele ctivity dropped 
lllarkedly with an increase in dioxane content, 
so that by 50% lllole fraction dioxane, the 
ratio of the distribution coefficients of 1- to 
F- was only"" 4, instead of the"" 100 in water 
alone. This paper pointed out that, as was 
generally recognized, 2, 3 water was a llluch 
better solvating agent for anions than was di
oxane, for a nUlllber of reasons. Thus anions 
would cOlllpete to follow the distribution of 
water between the resin and external phases, 
and the slllaller, lllore basic anion, which 
stood to gain the 1ll0St in hydration energy, 
would win and push the other larger, les s basic 
anion into the dioxane-rich phase. Since it 
was also found that the resin phase took up 
water in preference to dioxane, this llleant 
that the slllaller anions, which strongly 
favored the external phase with dilute aque
ous solutions, should prefer that phase less 
and less as the proportion of dioxane in
creased. This is just what was observed. 1 

But if this idea has validity, it would be 
interesting to cOlllpare the behavior of the 
sallle anions and resin when using lllixtures 
of water and a hydroxylic solvent, such as an 
alcohol. Certainly a less-Illarked decrease 
in selectivity with increasing organic-solvent 
lllole fraction should be expected than was the 
case with dioxane, as the alcohol lllolecule 
can hydrogen bond to the anion and so offer it 
better solvation. Isopropyl alcohol was 
chosen for this study. 
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A plot of the resin-phase alcohol lllole 
fraction for the Dowex 1-X4 resin vs the 
equilibriulll external-phase alcohol lllole frac
tion is shown in Fig. 1. Again, the strong
base resin in the Cl- forlll preferentially 
takes up water frolll the water-organic ·lllix
ture in the external phase, in agreelllent with 
the results of other investigations. 4, 5 Thus, 
we lllight again expect the slllaller halides to 
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Fig. 1. The lllole fraction of isopropyl alco
hol in the resin phase for Dowex 1-X4 vs 
the lllole fraction of alcohol in the exter-
nal solution. (XBL 708-3659) 
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Fig. 2. Plot of D vs isopropyl alcohol mole 
fraction in the solution for 0.0100 M 
LiCl and Dowex 1-X4 resin and the 
tracer aniol1: F-,'" Br-, .; r, .; 
and Re04 , A. (XBL 708-3657) 

increasingly favor the resin phase as the alco
hol mole fraction increases, but moderated 
this time by the better solvation afforded the 
anions in the external phase by the isopropyl 
alcohol (hydroxyl groups). Figure 2 shows 
the distribution ratio, 

Cl- -form resin 

for the tracers F-, Br, r-, and Re04 as a 

function of the isopropyl alcohol mole frac
tion for an external solution 0.0100 Min LiCl. 

The expected behavior does appear to oc
cur, in that the curves of D for Br-, r, and 
ReO.:! do lie above the corresponding curves 
with dioxane as solvent, and that for F - lies 
below. But it is not a large effect, a factor 
of about two at 0.5 mole fraction. Why is it 
so small? To study this further, some ex
periments were done using acetone-water 
mixtures; acetone is of similar size, form, 
and dielectric constant as isopropyl alcohol, 
but without the hydroxyl group of the latter. 
Thus, it cannot hydrogen bond to the anions 
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and should be a poorer solvating agent for 
them. Figure 3 shows that, at least for 
tracer Re04 and B r - vs macro Cl-, acetone 
solutions do appear to be poorer; the differ
ences in the relative distribution ratios of 
Re04 and Br- between the two water-solvent 
mixtures are considerable. Those of the ace
tone mixtures go in the expected direction and 
show the least anion exchange selectivity. Al
though we cannot explain, as yet, why the 
water-dioxane mixtures are not more like the 
acetone-water ones, the following conclusions 
seem deducible from the previous paper and 
from this and other unpublished work. 
1. There is a general tendency for anion se
lectivity to decrease markedly with the addi
tion of organic diluent to the dilute aqueous ex
ternal solution. 
2. There does not appear to be a single rea
son for this general behavior, but several 
features contribute. 

Mole fraction solvent 

Fig. 3. Plot of D vs diluent mole fraction on 
the solution for 0.0100 M LiCl and Dowex 
1-X4 resin for tracer ReO.:!, open sym
bols; Br-, filled symbols; F-, half
filled symbols; and alcohol, Ii.; dioxane, 
0; and acetone, D. (XBL 711-2568) 



a. One of the most important is that the 
high charge density in the resin phase draws 
small molecules with large dipole moments 
into that phase to effectively neutralize that 
charge and lower the electrostatic free en
ergy. The best combination of size and mo
ments is usually furnished by the water mole
cule, and so water is usually taken up pref
erentially by the resin. The smaller, more 
basic anions increasingly seek out this phase 
and its water as the mole fraction of organic 
diluent increases. 

b. Diluents incapable of hydrogen 
bonding to the anions provide an additional 
reason for the smaller more basic anions to 
leave the external solution and go into the 
resin phase (water) as the organic solvent 
mole fraction increases, leading to the most 
striking changes in selectivity. 

c. The value of the diluent dielectric con
stant is not in itself a prime factor (e. g., di
oxane with E = 2.21 does not show as marked 
an effect as acetone with E = 20.7 and iso
propyl alcohol, E = 18.3, shows still less), al
though it is related indirectly through the ef
fect of the diluent bond dipole moments in 
solvating the anions. 
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Radiation Chemistry 





Reductive Deamination in the Radiolysis of Oligopeptides 
In Aqueous Solution and in the Solid State t 

Winifred Bennett- Corniea, Harvey A. Sokol, and Warren M. Garrison 

Radiolysis of the siITlpler a-aITlino acids 
such as gylcine and alanine leads to reductive 
deaITlination as a ITlajor cheITlical consequence 
both in aqueous solution and in the solid state. 1 

We now find that the linear di, tri, and 
tetra peptide derivatives of these aITlino acids 
undergo analogous cheITlistry. 

In dilute aqueous solutions the ionization 
stepZ 

H 0 -H+ OH e 
Z " aq 

(1) 

leads to forITlation of the hydroxyl radical, OH, 
and the hydrated electron, ~~q. The yield for 
reductive deaITlination by eaq can be ITleasured 
directly through use of second solutes, which 
are highly reactive toward OH but relatively 
unreactive toward e~q' ForITlate ion3 is such 
a solute and the effects of increasing forITlate 
concentrations on product yields froITl 0.5 M 
glycine solution are shown in Fig. 1. We see 
that G(NH3) drops rapidly with increasing 
forITlilte concentrations, and then levels off at 
a liITliting value which is a ITleasure of the 
reductive deaITlination reaction1d 

4 

o L-__ -L~~~ ____ L-__ _J ____ -L __ ~ 

o 0.4 0.8 

Formate concentration (M) 

Fig. 1. Product yields frOITl 0.5 M glycine as 
a function of sodiuITl forITlate concentration in 
oxygen-free solution of pH 6.4 under y radiol
ysis. AITlITlonia (e), acetic acid (A), and 
glyoxylic acid (II). (XBL-673-ZZ01) 
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We find that the linear di, tri, and tetra 
peptide derivatives also undergo reductive de
aITlination. In the y radiolysis of these oligo
peptides we find G(NH3) :::: 3 at peptide concen
trations above 0.05 M Addition of forITlate 
ion to these systeITlsresults in a sITlall de
crease in G(NH3)' The evidence is that essen
tially all of the free aITlITlonia liberated in the 
y radiolysis of the se oligopeptide systeITls 
arises as a consequence of reductive deaITl
ination; i. e., for glycylglycine 

e - + NH; CHRCONHCHR
Z 

- NH3 

+ CHRCONHCHR
Z 

(3) 

In accordance with these forITlulations we find 
that acetylglycine and acteylglycylglycine are 
forITled as ITlajor products froITl diglycine and 
triglycine. Data are sUITlITlarized in Table I. 

Table I. Product yields in the y radiolysis of 
diglycine and triglycine in 0.1 M oxygen-free 
solutions. -

Yield, G ------_._ ... -
COITlpound AITlITlonia Acetyl derivative 

Diglycine 3.1 Z.5 

Triglycine Z.8 Z.O 

Radiolysis in the solid state also leads to 
the forITlation of aITlITlonia and the correspond
ing acetyl derivative as shown in Table II. 
The products of Table II ITlay be accounted for 

Table II. Product yields in the y radiolysis of 
diglycine and triglycine in the solid state 
(evacuated) . 

Yield, G 

COITlpound AITlITlonia Acetyl derivative 

Diglycine 4.5 3.4 

Triglycine 3.1 3.Z 



in tenus of the formulation 

NH; CHRCONHCHR
2 

--J\r-NH~CHRCONHCR2 + H+ + e- (4) 

e - + NH; CHRCONHCHR
2 
--_. NH3 

+ CHRCONHCHR
2

, (5) 

where (4) represents the ionization act in the 
solid state. 
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Radiolytic Oxidation of the Polypeptide 
Main Chain in Dilute Aqueous Solution t 

Mathilde Kland-English, Michael E. Jayko, Harvey A. Sokol, and Warren M. Garrison 

In the y radiolysis of peptides, 
RCONHCHR2, in dilute oxygen- saturated solu
tion, reaction of OH radicals at the main 
chain leads to formation of peroxy radicals, 
RCONHC(02)R2.1-3 These react preferen
tially via 

The alkoxy radicals formed in Step (1) are 
then removed through 

In the specific case of N -acetylalanine, reac
tion (2) is of the form 

O2 + RCONHC(O)RCOOH--"'- RCONHCOR 

This step yields carbon dioxide and diacet
amide as major oxidation products. Mild 
hydrolysis of diacetamide in 1 ~ sodium hy
droxide at room temperature for 15 min 
yields acetamide and acetic acid as major 
organic products. 
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Now, in the radiolysis of polyamino acids 
such as poly-DL-alanine (mol wt, 2000) in 
dilute oxygenated solution, we must as sume 
that OH attack leads to the production of 
RCONHC(02)R2 radical sites at random along 
the polypeptide chain. There is the question, 
then, as to whether or not the chemistry of 
the radical removal, Steps (2) and (3), are 
also of importance in the radiolytic oxidation 
of the polyamino acid configuration. Yields 
of major degradation products formed in the 
radiolysis of oxygenated solutions of N
acetylalanine and polyalanine are compared in 
Table 1. We see that carbon dioxide, amide, 
and acetic acid are the major oxidation prod
ucts in both cases. In the case of polyalanine, 
we envisage the removal of the alkoxy radicals 
via Step (3) as involving the enol form of the 
peptide bond 

+ 0=C=N-R+H0
2 , (4) 



where the reaction 

follows spontaneously. 
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Table 1. Product yields in the 'I radiolysis of 
N-acetylalanine and polyalanine in oxygenated 
solution. 

Product 

NH b 
3 

CH
3

COOH
c 

COZ 

HZOZ 

ROOH
b 

CH
3

COCOOH 

CH
3

CHO 

Yield (G)a 

0.05 M 0.5% 
N -acetylalanine 

Z.9 

3.0 

Z.O 

2.Z 

0.5 

~O.Z 

~0.2 

pol yalanine 

3.9 

~3.9 

2.4 

Z.Z 

l.Z 

0.4 

aproduct yields are independent of dose up to 
~ZX1019 eV/lUl. 

b After hydrolysis in 2 N NaOH for Z4 hours 
at roolU telUperature. 

cAfter hydrolysis in 1 N NaOH for 15 lUinutes 
at roolU telUperature. 

Radiolytic Cleavage of the Peptide Main 
Chain in Concentrated Aqueous Solution: Energy Level 

of Excited-Molecule Intermediates t 

Michael A. J. Rodgers, t Harvey A. Sokol, and Warren M. Garrison 

The radiation chelUistry of N -acetylalanine 
and N -acetylglycine in dilute neutral solution 
in the absence of 0z lUay be represented in 
terlUS of the radiation-induced step1-4 

HZ0-,/v-H+, OH, 

5-8 
followed by 

e , 
aq 

(1) 

e~q + RCONHCHRZ-RC(O-)NHCHRZ (Z) 

OH+RCONHCHR
Z 

-RCONHCRZ + HZO. (3) 

The radical products of reactions (2) and (3) 
are subsequently relUoved lUainly through the 
reconstitution reaction8 
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-ZRCONHCHR
Z 

+ OH (4) 

In lUore concentrated solutions, however, 
other reactions becolUe of ilUportance. In the 
case of N -acetylalanine there is a very lUarked 
increase in the alUide alUlUonia yield as the 
solute concentration is increased above 0.1 M, 
as shown in Fig. 1. Propionic acid is the -
principal concolUitant product associated with 
the enhancelUent in the alUide yield frolU N
acetylalanine. 

The production of alUide and fatty acid at 
the higher solute concentrations does not 
appear to be related in any significant way to 
the reactions of OH and eaq. We have found9 



3.0 

~-4~~~---r--------------~A 

2.0 
Acetylalanine (M) 

3.0 

Fig. 1. Ammonia (e), propionic acid (_), 
and carbonyl (A) yields as a function of N
acetylalanine concentration in oxygen-free 
solution at pH 7 under y radiolysis. 

(XBL-705-2908) 

that addition of second-solutes at concentra
tions sufficient to quantitatively scavenge the 
products of water radiolysis has relatively 
little effect on the amide yield in concen
trated aqueous solution. The evidence is that 
a new reaction mode sets in at concentrations 
above 0.1 M. We have suggested9 that such 
reaction isof the form 

,~ 

RCONHCHR
2 

+RCONHCHR
2 

-RCONHCR
2 

+ RCONH
2 

+ CHR
2

, (6) 

h 0 
,~ 

were RC NHCHR2 represents an electron-
ically excited state of the solute. 

Now, aromatic compounds are, of 
course, known to be effective scavengers of 
excited states providing the energy level of the 
aromatic compound is lower than that of the 
excited species. 10 We find experimentally 
that naphthalene sulfonic acid, benzoic acid, 
and benzaldehyde are remarkably effective in 
quenching the formation of amide ammonia in 
2M N -acetyalanine. Phenol and benzene 
sulfonic acid, on the other hand, are without 
effect even at the higher concentrations. Typ
ical data are summarized in Fig. 2. 

262 

3.0 
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Fig. 2. Effects of excitation scavengers on 
ammonia yields in oxygen-free, 2M 
N -acetylalanine solutions under y radiolysis; 
benzene sulfonic acid (0), phenol (e), benzoic 
acid (<J), naphthalene sulfonic acid ((»). 

(XBL-705-2906) 

The reason that certain aromatic com
pounds are effective quenchers and others are 
not becomes evident on examination of the 
energy-level diagram given in Fig. 3. Data 
for the singlet and triplet levels of the aro
matic compounds are taken from Calvert and 
Pitts. 11 The value of the singlet level of 
N -acetylalanine is from the work of Saidel.12 
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Fig. 3. Singlet (--) and triplet (- - -) ener gy 
levels of excitation scavengers used in the 
present study. The line ( ... ) represents the 
energy level of RCONHCHR2"'. 

(XBL-705-2907) 



We observe first that although all of the aro
matic solutes studied here have singlet levels 
below the peptide upper singlet, all are not 
effective quenchers as we have noted. The 
correlation appears w2en the triplet levels 
are considered. We see that those compounds 
that are effective quenchers, such as benzal
dehyde, naphthalene sulfonic acid, and benzoic 
acid, have the lower triplet levels as com
pared with phenol and benzene sulfonic acid. 
The change from quenching to nonquenching 
occurs between benzoic acid (27,200 cm- 1) 
and phenol (28,500 cm- 1). In other words, the 
energy of the excited state, RCONHCHR2\ in 
the case of N -acetylalanine must be between 
these two values at"" 28,000 cm- 1 :::: 80 kcal 
':::3.5 eV. 
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Rate of Reaction of Gaseous Nitrogen Oxides with Water 

C. Corriveau and R. L. Pigford 

The two chemical reactions 

(1) 

and 

(Z) 

occur in solution after the gaseous oxides dis
solve at a gas-liquid interface. The rate of 
solution and reaction depends on the solubility 
of the unreacted oxide in water and on the 
homogeneous reaction rate. Knowledge of the 
solubility and rate coefficients is needed not 
only for chemical processes in which nitrous 
gases must be handled, but also for removal 
of the compounds from flue gases in power 
plants to effect pollution control. The coeffi
cients have not been available heretofore be
cause they can not be measured by conventional 
methods. 

By measuring the rate of solution of NOZ 
from gaseous mixtures with nitrogen into a 
stream of water flowing over a spherical sur
face, we have been able to show that the rate 
is proportional to the square of the partial 
pressure of NOZ in the gas that is in contact 
with the liquid surface. Because of the gas
phase equilibrium 

(3) 

the partial pressure of NZ04 is proportional 
to the square of that of NOZ. The rate measure
ments show, consequently, that the rate of 
solution and reaction is proportional to pNZ04" 
as shown in Fig. 1. This indicates that the 
mechanism of the combined process is one in 
which NOZ molecules first react in the gas to 
form the dimer, NZ04' This compound then 
dissolves and reacts with water by the bi
molecular process, 

From such rate measurements, and with the 
aid of a calculation of the flow pattern in the 
laminar layer of liquid which runs over the 
spherical surface in the laboratory absorber, 
it has been possible to extract values of the 
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Henry's Law coefficient for unreacted NZ04 
in water and for the pseudo first-order reac
tion rate constant in reaction 4. The results 
show that the solubility is about twice that of 
carbon dioxide, and that the half-life of a 
molecule after it dissolves is about 0.01 sec 
at room temperature. 

Measurements of the rate of the sesqui
oxide, NZ03, are being made with the same 
apparatus by observing the increment to the 
rate for NOZ-NZ04 whenNO is added to the 
gaseous mixture. The hydration of Nz03 
appears to be a comparatively rapid reaction, 
suggesting that the removal of NO from 
gaseous mixtures can be accomplished by the 
intentional addition of NOZ to the gas before 
passing it through an absorption tower. 

u 
Q) 
CJ') 

"-
Q) 

0 
E , 
Ol -
cf z 
'5 
c 
0 

0.. ... 
0 
CJ') 

.a 
0 -0 

Q) 
+-
0 a:: 

lO 
'0 

X 
r<l 

lO 

'Q 
x 

N 

lO 
'0 

x 

Partial pressure of N204 at 
gas-liquid interface, atm 

Fig. 1. Rate of absorption of nitrogen 
dioxide into water flowing over a sphere. 
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The Behavior of Chlorella Pyrenoidosa 
in Steady-State Continuous Culture t 

Joseph N. Dabes, Charles R. Wilke, and Kenneth H. Sauer 

The unicellular alga Chlorella pyrenoidosa 
was grown in steady- state continuous culture 
at 25°C in a rectangular glass vessel (9.1 clU 
X 19.9 ClUX 2.8 ClU thick). Growth wa s never 
lilUited by C02, lUinerals, pH, or telUpera
ture. The prilUary objective was an exalUina
tion of the effects of the two relUaining vari
ables, specific growth rate and incident light 
intensity, on algal biolUass productivity and 
algal physiology. 

Total chlorophyll content (Fig. 1), ratio 
of chlorophyll a to chlorophyll b, light sat
urated rate of photosynthesis (Fig. 2), dark 
respiration rate, and RNA content were found 
to be strong functions of specific growth rate. 
On the other hand, lUaxilUulU quantulU effi
ciency of the quinone Hill reaction, and DNA 
content changed little, if at all, as a function 
of specific growth rate. Physiological changes 
in the cells as a function of incident light 
intensity were slUall. 
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Fig. 1. Total chlorophyll content versus 
specific growth rate. (XBL-695-2706) 
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Fig. 2. Light saturated rate of photosynthesis 
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The PerforlUance of Optically Dense Cultures 
of Algae 

Optically dense cultures are of practical 
interest in the lUass culture of algae. To 
lUathelUatically lUodel such systelUs, the lUan
ner in which light intensity changes as a func
tion of distance into the culture lUUSt be known. 
If the rate of photosynthesis as a function of 
light intensity is also known, the local rate of 
photosynthesis at any point in the systelU lUay 
be calculated. By lUathelUatically integrating 
the local rate of photosynthesis with respect 
to distance into the culture, the total rate of 
photosynthesis in the systelU lUay be found. 
Since photosynthesis results in growth, the 
productivity of algal biolUass lUay be predicted. 

These principles were incorporated into 
the systelU of Eqs. (1-4), which lUay be 
elUployed to describe the perforlUance of 
dense cultures 



R O (fL, I) I 
Z s 

720 
(Z) 

f Z(h(A)I(A) I sSM dA -T {ZSM+ g)E(A)I(A) Is 

380 

+~NE(A)I(A)lsSM+ [g)E(A)I(A)ls]Z} , 

or, if it gives a smaller value, 

(3) 

I(A) Is (4) 

where 

fL specific growth rate (1 /h) 

local rate of photosynthesis 
in terms of 0z evolution at 
any point s (moles 0Z/h/mg 
chlorophyll) (Fig. Z) 

weight fraction of chlorophyll in 
the cells (mg chlorophyll/mg dry 
weight) (Fig. 1) 

factor for converting 0z evolved 
to cell dry weight (mg dry weight/ 
mole 0Z) 

uptake of 0z due to respiration 
(mole 0z/h7mg dry weight) 

ds differential distance at any point 
s (cm) 

S total algal suspension thickne s s (cm) 

g) maximum quantum yield, as I ap
proaches zero (moles OZ/einstein) 

E (A) extinction coefficient of light 
expressed as a function of A 
(cmZ /mg chlorophyll) 

I(A) light intensity at any point s ex
pressed as a function of A 
(einsteins/cmZ /h) 

the saturated rate of 0z evolution 
intrinsic to the photoelectron 
transport system (when no steps 
in the carbon fixation cycle limit) 
(mole OZ/h/mg chlorophyll) 
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x 

the actual rate of 0z evolution 
caused by a bottleneck in the 
carbon fixation cycle (mole 
02/h/mg chlorophyll) 

concentration of algal biomass (mg 
.dry weight/rnl) 

The light response curve, Eq. (Z), devel
oped in this study is consistent with the exper
imental data and current knowledge of the 
chemical kinetics of photosynthesis. Values 
of A are limited to the region 380 to 720 nm, 
which is the region of importance. In addition 
to its use of Eq. (2), our model differs from 
earlier models in accounting for changes in 
cellular composition and physiology with spe
cific growth rate. 

The above four equations may be solved 
by substituting Eq. (4) into Eq. (2) and using 
Eq. (2) or Eq. (3), whichever is appropriate, 
in Eq. (1). Eq. (1) cannot be integrated ana
lytically, except for monochromatic light, or 
if it is assumed that an average extinction 
coefficient will suffice. Therefore, a trial 
and error solution is generally necessary. 

A detailed derivation of the model and 
methods of numerical solution are presented 
in the original report (UCRL-19958). 

Once the algal biomass concentration, X, 
is known, productivity, p, may be found 
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Fig. 3. Productivity of Chlorella pyrenoidosa 
in continuous culture as a function of the 
steady-state specific growth rate. 

(XBL-713 - 3080) 



where 

p = the production of cellular dry weight 
(Dlg dry weight/h/cDl2). 

Figure 3 presents our experiDlental data 
for bioDlass productivity of Chlorella pyre
noidosa. The solid curve is calculated by 
Eq. (i w 4). It was found that OptiDluDl produc
tivity was obtained at a specific growth of 
approxiDlately 1.6 day-i, when the incident 
light intensity was 8.05 DlW /CDl2 . This opti
DlUDl, which is not expected to change signifi
cantly as a function of incident light intensity, 
results priDlarily froDl a high light saturated 
rate of photosynthesis and a low aDlount of light 
transDlitted through the culture. The experi
Dlental data are about 14% lower than the CODl-

puter calculated curve (dotted line). This re
sult is reasonable because of the inaccuracy 
of SODle of the experiDlentally deterDlined 
paraDleters used in the cODlputer prograDl, 
particularly the DlaxiDluDl quantuDl efficiency, 
q,. No arbitrary fitting constants were used 
in the cODlputer prograDl. 

The above DlatheDlatical Dlodel for opti
cally dense cultures should be useful in design
ing and predicting the perforDlance of algal 
systeDls. 

Footnote 

tCondensed froDl UCRL-19958, August 1970. 

Optical Isomer Separations Through 
Stereospecific Molecular Interactions 

John M. Krochta and Theodore VerDleulen 

Stereospecific sorption has been investi
gated as a potentially valuable Dleans of 
separating optical isoDlers, based on the 
requireDlent that only an aSYDlDletric sub
stance can separate a Dlixture of aSYDlDletric 
isoDlers. This work has led to the study of 
aDlino acid interactions in aqueous solution, 
and has involved extensive chroDlatographic 
testing of two types of aSYDlDletric sorbents. 

An exploratory study on the resolution of 
optical isoDlers undertaken earlier in our 
laboratory1 included solubility DleasureDlents 
on the optical isoDlers of aspartic acid in 
aqueous solutions of other aDlino acids. These 
data, suppleDlented with aspartic acid solubil
ity data in glycine solution obtained in this 
study, appear in Table I. The differences in 
solubility found between the L- and D-isoDlers 
confirDl the existence of stereoselective inter
actions between optical isoDler s. 

Extensive work with FraDlework Molec
ular Models, in conjunction with the three
point-interaction Dlodel, 2, 3, 4 has been fairly 
successful in identifying the types of inter
actions causing the differences in solubility of 
aspartic acid optical isoDlers in the various 
aDlino acid solutions. 

The increase in solubility of an aspartic 
acid optical isoDler in a solution of another 
optical isoDler, relative to its solubility in 
water, Dleasures the extent of interspecies 
diDler forDlation. A DliniDluDl value of the 
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equilibriuDl constant for interdiDler forDlation 
can be obtained by as sUDling that no self 
diDlers forDl. For aspartic acid, DliniDluDl 
interdiDler equilibriuDl constants, 
KL-sol:D-asp' calculated froDl solubility in 
the several aDlino acid (sol) solutions of Table 
I, range froDl 0.76 to 1.92. FurtherDlore, 
ratios between the diDlerization constants for 
L- and D-aspartic acid with the several other 
aDlino acids studied yield a nUDlber of selec
tivity ratios different froDl 1.00, up to 1.33. 

The diDlerization constants given above 
provide an interesting cODlparison with those 
calculated froDl the data of other workers for 
different aDlino acids. The solubility data of 
Cohn et al. 5 give interdiDler constants <:;0.53, 
whereas the data of Su and Shafer 6 yield con
stants <:; 1.64. This cODlparison Dlarks 
aspartic acid as especially capable of forDling 
diDler s with other aDlino acids. 

The available data taken all together point 
to a probable value of only 0.24 for the non
selective part of the interdiDler equilibriuDl 
constant (0.12 for self-diDler constant) that 
results froDl interaction of the NH~ and COO
groups on each DleDlber of a cODlplexing pair 
of aDlino acids. This Dleans than when large 
interdiDler constants are found for aDlino acid 
pairs, they DlUSt result Dlainly froDl inter
actions involving the reDlainder of the Dlole
cule. Other data indicate the likelihood that in 
SODle cases diastereoisoDlers between aDlino 
acids pairs are stable and have lower solubil
ity than either aDlino acid taken separately. 



Table 1. Excess solubility of L-aspartic acid over D-isomer in various solutions at 28°C. a 

Solubility 
of 

D - isomer, 
mmoles/g 
solution 

Excess 
solubility 

of 
L-isomer, 

Minimum 
interdimer 

constant 
K 

L-sol:D-asp 

(
mmole s / g)-1 

solution 

Selectivity 
ratio 

K 
L-sol:L-asp 

Aqueous solvent 

Water 

0.05M solutions 

Glycine 

L-leucine 

L-serine 

L-arginine' HCl 

L-glutamic acid 

D - glutamic acid 

0.04147 

0.04462 

0.04385 

0.04385 

0.04514 

0.04295 

0.04344 

0/0 

0.4 

-0.4 

0.0 

1.3 

-0.9 

1.63 

1.21 

1.25 

1:92 

0.76 

K 
L~sol:D-asp 

1.07 

0.93 

1.00 

1.33 

aExcess solubility percentage is L-isomer solubility minus D-isomer solubility, ~ivided 
by L-isomer solubility, times 100. Amino acids have the formula +NH3CH(COO )R, with 
R having the following structures: aspartic acid, -CH2COOH; glutamic acid, -CH2 CH2 COOH; 
leucine, -CH2CH(CH3)~ s~rine, -CH20H; arginine hydrochloride, 
-(CH2)3NHC(NH2)ooNH2 Cl ; glycine, -H. 

Two different types of asymmetric sor
bents were synthesized previously in our lab
oratory.1 The first of these was an asym
metric ion exchanger. Chitin, poly(N-acetyl
D-glucoseamine), was hydrolyzed to chitosan, 
poly(D-glucoseamine), a weak base. This was 
followed by crosslinking with epichlorohydrin 
to preserve chitosan's structure in acidic 
solutions. Chitosan has shown a tendency to 
sorb only the acidic amino acids (aspartic acid 
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Fig. 1. Separation of N -acetyl-DL
phenylalanine on chitosan (MeOH) 

(XBL-713-3079) 
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and glutamic acid). N onethele s s, no optical 
isomer separation was detected in these cases. 
However, chitosan has displayed a striking 
ability to separate the optical isomers of N
acylated amino acids. Sample s with isomer 
ratios of up to 2.30 were obtained in the par
tial separation of the optical isomers of N
acetyl-DL-phenylalanine on a short column in 
methanol shown in Fig. 1. The corresponding 
selectivity ratio is about 1.10. 

The second asymmetric sorbent previously 
synthe sized is a material composed of amino 
acids attached to an insoluble matrix. The 
synthesis scheme consisted of three steps: 
(1) imine formation by reacting formylated 
polystyrene beads with an amino acid ester, 
(2) reduction of the imine with NaBH4' and 
(3) hydrolysis of the attached ester. In sep
arate chromatographic experiments using 
short columns containing L-tyrosine, L
glutamic acid, and L-aspartic acid resins, 
respectively, the optical isomers of DL
mandelic acid have been partially separated 
in methanol. Sample s with isomer ratios up 
to 1.10 have been achieved using the L-tyrosine 
resin. Attempts to separate amino acid opti
cal isomers on the amino acid resins, in both 
methanol and water, have not yet succeeded. 
The bound amino acid appears less accessible 
for complex formation, and shows effectively 



zero retention of dissolved amino acids. How
ever, because of the relative success in sep
arating the optical isomers of DL-mandelic 
acid, the possibility of resolving N -acylated 
amino acids on the amino acid resins will be 
investigated as the next phase of this study. 
A full length report on this work is due for 
release. 7 
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Construction and Use of the Gated 
Baseline Restorer for Anodic Stripping Analysis t 

Ray G. CleITl and WilliaITl W. Goldsworthy 

In addition to the equipITlent described 
last year, 1 a gated baseline restorer has been 
developed as an aid for anodic stripping ana
lysis, This device was developed specifically 
for use on high-background, radioactive solu
tions, although its usefulness extends to any 
saITlple solution in which the background cur
rent is disproportionately high with respect 
to the saITlple current. 

The operation of the ITlodule can best be 
understood by considering the sequence of 
events occurring during a gated stair-step
potential scan. This ITlodule uses a track-and
store aITlplifier to supply a baseline-restora
tion signal to the current aITlplifier. The 
track-and- store aITlplifier is in the track ITlode 
during the tiITle in which the initial cell poten
tial is applied. It thus charges up to an output 
potential neces sary to restore the current
aITlplifier output baseline to zero. During the 
saITlpling period the track-and- store aITlplifier 
is switched to the hold ITlode, and during this 
saITle period the cell potential is stepped up 
to its new value. Two signals are sent to the 
current aITlplifier during the saITlple period-
one being the inverted output of the track-and
store aITlplifier, the other being the cell cur
rent. If for exaITlple, the current at any 
saITlpling period were exactly equal to the cur
rent- before it, then the output potential of the 
current aITlplifier would be zero. If, on the 
other hand, a different current flowed during 
the following saITlpling period, then the output 
of the current aITlplifier would be proportional 
to the difference between the currents of the 
two periods. Thus, one is in effect looking at 
the sITlall changes in current occurring at dif
ferent cell potentials, free of any continuous 
background current. 

After each gated saITlpling period, the 
track-and- store aITlplifier is switched to the 
track ITlode; it is charged to an output poten
tial proportional to the new value of the back
ground current; and it is now ready to supply 
the necessary signal to cOITlpensate the cur
rent aITlplifier for the average background 
current during its next saITlpling period. 

Figure 1 is a block diagraITl of this ITlodule. 
A cOITlparison is given below between conven
tional anodic stripping and anodic stripping 
using the gated baseline restorer, 
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Input Analog 
switch t---v.I'---<H 

I L __ 

Gate 
-----------------, 

I 
I 
I 

________ I 

i Existing I: 
I current I....--.J 
~ amplifier F.B'I 

iL.!~------~!J 
L ____________ ----' 

Fig. 1. Gated baseline restorer. 
(XBL-7010-3949) 

Several probleITls are attendant on per
forITling conventional anodic- stripping ana
lysis. A voltage scan rate--as high as is 
practical--is eITlployed, because the peak cur
rent height- -hence sensitivity- -and the scan 
rate are directly related; unfortunately, the 
background current also increases with higher 
scan rates owing to the double-layer charging 
requireITlents of the electrode. Too high a 
scan rate results in severe tailing and loss of 
resolution between adjacent stripping peaks, 
since a finite tiITle is necessary for the estab
lishITlent of aITlalgaITl equilibriuITl at the elec
trode surface. The peak-height ITleasureITlent 
ITlust be ITlade by extrapolating a generally 
nonlinear baseline, because accuITlulation of 
iITlpurities in the ITlercury increases the back
ground current relative to a blank scan, due 
to a decrease in the hydrogen overvoltage of 
the electrode. 

Our instruITlental approach eliITlinates 
these probleITls and iITlproves the sensitivity 
of the ITlethod, while decreasing the tiITle 
necessary for the accuITlulation step via the 
gated-baseline-restorer ITlodule. A stair
step raITlp is eITlployed to effect potential 
scanning. The step height used is usually 5 
to 10 ITlV; the step width is generally 500 
ITlsec to give a better signal averaging of the 
continuous background current stored by the 
store aITlplifier in the gated baseline restorer, 
A 5-ITlsec wait period, followed by a gate 
interval of 100 ITlsec, is sufficient to record 
essentially all the faradaic current at the 
solution resistance levels encountered. These 
instruITlent settings have an effect on the shape 
of the stripping polarograITl recorded. The 



A 

t 
B 

-1.200 -O.BOO - 0.200 

Voltage 

Fig. 2. Anodic stripping voltarrllTIogra:m of 
23-ppb Pb2+. Solution: 0.10 M KCl pH 4.0. 
Conditions: Accu:mulation ti:me, 15 :min; step 
width, 500 :msec; step height, 5:mV. 

A. Gated baseline restorer outo 
B. Gated baseline restorer in. 

(XBL-7010-4821) 

height of the stripping peak is related to the 
potential height and, in the absence of base
line restoration, the :magnitude of the back
ground current depends upon the step width. 

Figure 2A shows a stripping polarogra:m 
of 0.1 M KCl adjusted to pH 4.0 with HCl. 
Observe the sharp increase of anodic current 
as the cell potential decreases. This is due 
to a decrease in the electrolysis of hydrogen 
ion. Ele:ments giving waves prior to reaching 
the plateau would be difficult to detect and 
:measure, because of the nonlinearity of the 
background. Figure 2B shows a repeat of the 
sa:me experi:ment, but now using the gated 
baseline restorer. The high continually
changing background present at :more negative 
potentials in the first trace is now absent. 
The bowing of the baseline is due to the chang
ing capacitive-charge require:ments of the 
electrode about the electro capillary :maxi:mu:m 
potential. These require:ments are of a short
ter:m nature, and are generated by the abrupt 
stair - stepping of the potential. Although the 
baseline is not strictly linear, :measure:ment 
of the peak area is i:mproved. 

Footnote and References 

t Condensed fro:m UCRL-19956, August 1970. 

1. Nuclear Che:mistry Division Annual Report, 
1969, Lawrence Radiation Laboratory Report 
UCRL-19530, p. 329. 

Computerized Normalization of Coulometric Data 

Ray G. Cle:m, Fredi Jakob, t and Ruth L. Hinkins 

Meites and Moros 1 have described the 
pheno:mena that give rise to background cur
rents in controlled-potential coulo:metry. The 
pheno:mena include charging current, faradaic 
currents, kinetic currents, and currents due 
to induced electroche:mical reactions. Charg
ing current is that which is associated with 
charging the electrical double layer, which 
surrounds the working electrode to the control 
potential. The :magnitude of this charging 
current can be readily calculated and the 
appropriate correction applied to the coulo
:metric titration data. Kinetic and induced 
reactions can be avoided, in :many, but not all, 
coulo:metric deter:minations by judicious selec
tion of experi:mental conditions. Faradaic 
currents, in contrast, can never be co:mpletely 
eli:minated in a coulo:metric deter:mination. 
These background currents are associated with 
the direct reduction or oxidation of i:mpurities 
in the supporting electrolyte or the solvent, 
or an electron-transfer reaction involving the 
solvent or :mercury. If the faradaic background 
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current is due to the reduction of a trace 
i:mpurity, such as adventitious heavy :metals, 
then the current decays toward zero in accor
dance with the Lingane equation2 

i (1) 

where i is the current at ti:me t, iO is the 
initial value of the current, and k is the elec
trolytic rate constant. If the electron-transfer 
reaction involves the reduction or oxidation of 
a :major co:mponent of the supporting electrolyte 
or solvent, e. g., hydrogen ion, then the back
ground current :may be constant with respect 
to ti:me. 

In this laboratory we have e:mployed nor
:malization procedures to correct our con
trolled-potential coulo:metric-deter:mination 
data for background currents of the faradaic 
variety. 



Equation (1) is also valid for the current 
as sociated with the reduction or oxidation of 
the major electroactive species. This equa
tion written in logarithmic form becomes 

log i = log iO - k't. (2) 

Plots of log i vs time should thus be linear 
with a slope equal to k I (k I = k). Current data 
points, stored in memory of a multichannel 
analysis, are coverted to log current values 
with a Northern Scientific data processor. 
These values are in turn displayed vs channel 
number. The resulting plot of log i vs time 
generally exhibits a tail of different slope than 
that of the initial portions of the data. The 
same number of c01,lnts are removed from each 
data channel until the plot of log i vs time is 
linear. This procedure suffers from two 
shortcomings, viz., it is subjective, and it 
is based on the as sumption that the faradaic 
background current is constant throughout the 
electrolysis process. As indicated above, the 
faradaic phenomena can, depending on their 
type, lead to constant or exponentially decay
ing background current. It is for these rea
sons that we have sought to develop computer 
methods for the resolution of the background 
and titration currents. Both analog and digi
tal methods have been investigated. In both 
cases we assume that the total current is 
given by 

(3) 

where it, the total current, is the sum of ip ' 
the current due to the desired reaction and 
ib is the faradaic background current. Each 
of these currents in turn is given by Eq. (1). 
Equation (3) is applicable in cases where the 
background current is constant or undergoes 
an exponential decay. 

An analog computer was used to generate 
two exponentially decaying signals. These 
signals were added and the resulting curve 
was compared on an oscilloscope with the 
experimental data. Coefficient potentiometers 
were set to give the best observable fit of the 
experimental and computed curves. After an 
initial match of the curves with the oscillo
scope, a final match of the computer-generated 
curves and the experimental data was obtained 
on an x-y plotter. Four coefficient potenti
ometers were employed, two for the initial cur
rent values and two for the respective electro
lytic rate constants given in the expanded 
version of Eq. (3) 

(4) 
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Fig. 1. Analogue computer simulation of a 
coulometric-titration curve. 

(XBL-713-3058) 

The relative number of coulombs as so
ciated with the primary and background cur
rents was then obtained by integration of the 
respective currents for a fixed period of time. 
The quantity of electroactive sample was then 
calculated with the equation 

mg total = total counts 
(5) 

where Q is the number of coulombs calculated 
for the given current. 

Figure 1 shows the analog computer cir
cuit that was employed in this work. 

A digital computer program to fit the ex
perimental data to Eq. (4) has also been devel
oped. N values of current as a function of 
time are read from data cards. Parameters 
ig, kp' ig, and kb--redesignated xi, x2, x3, 
and x4, respectively- -are determined by an 
iterative gradient method, so that the function 
F(t) x1':'exp(x2':'t) + x3':'exp(x4'~t) is the 
"best" (in the least-squares sense) fit to a 
subset of data values obtained by deleting the 
first N1 of the N values. For certain input 
data the parameter x4 is forced by the user to 
be zero and the best values are determined for 
the other three parameters. This is done 
when the background current is believed to be 
constant. The value of N1 may be read from 
a data card. 

During program development, we have 
used a program option which allows us to view 
the data points, fitted curve, and final values 
on the CRT as the program executes, and to 
input from the teletype various N1 values and 
observe the resulting changes. In the produc
tion version, the N1 value will be computer 
determined, within certain limits, to give the 
be st parameter values. Pictures of the data 
and curves will probably be made on film for 



later viewing only when requested specifically 
by the user, or when the computer determines 
that the data or fits seem "odd. " 

The parameters x1, x2, x3, x4, and the 
difference 

D 

n 

2 y - F(t)dt, 
1=1 I 

where the integral of F is taken over the 
whole t range, are the results which are 
returned to the user. The options for execu
tion-time viewing and user interaction will 
remain in the code, but will probably be sel
dom utilized. In fact, when the input is put 
on magnetic tape, data values and results will 
most likely be kept on a tape in the computer-

center tape library, and the program itself will 
be on the data cell.. The only chore remaining 
for the user is to look at the printed results. 

Footnote and References 

tpermanent address: Department of Chem
istry, Sacramento State College, Sacramento, 
California 95819. 

1. L. Meites and S. A. Moros, Anal. Chem. 
1.1, 23 (1959). 

2. J. J. Lingane, Electroanalytical Chemistry 
(Interscience Publishers, Inc., New York, 
1958), 2nd ed., pp. 224-229. 

A Rotated Mercury Cell for Constant Potential Coulometry 
Titration Background Determination by Normalization 

Ray G. Clem, Fredi Jakob, t Dane Anderberg, and Lawrence D. Ornelas 

The rotated-cell design presented is, to 
our knowledge, the first successful conceptual 
departure from the stirred mercury-pool 
design introduced over 25 years ago by 
Ligane. 1 These conventional mercury cells 
employ a stationary pool of mercury, which is 
efficiently stirred at the solution-mercury 
interface by a glass stirrer driven by a high
speed motor. The probes--an isolated auxil
iary electrode and a reference electrode- -are 
also stationary. Prior to an electrolysis, the 
solution electrolyzed is sparged of electro
active dissolved oxygen by a strong jet of 
nitrogen gas directed at the solution surface, 
in the case of small cells, or it is bubbled 
through the solution, in the case of large cells. 
The minimum sparge times required are 
usually 7 to 10 min. The electrolysis times 
employed are generally 15 to 20 min. This 
time span is that required to reduce the initial 
cell current by three orders of magnitude. 

In contrast to the foregoing, the rotated 
cell can be sparged within 20 sec and the 
electrolysis completed within less than 12 
min. An exploded view of this cell and as sem
bly are shown in Fig. 1. The present cell 
requires 2.0 ml of mercury and 2.0 m1 of 
solution; however, the cell could be scaled 
down to hold 100 fLI of mercury and sample or 
Ie s s, if a better bearing mount for the cell 
was developed. 

The probe-tip design shown in Detail 3 of 
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Fig. 1 permits contacting of the rotated solu
tion without causing deleterious spray for
mation. Figure 2 shows the steps in the 
construction of a probe. 

A time comparison between the rotated 
and conventional cell is given in Table I. The 

Fig. 1. Exploded view of the rotated cell 
assembly. (XBL-711-40) 



Table 1. Time comparison of the rotated cell 
with a conventional cell. 

Time, minutes 

Operation Rotated cell Conventional cell 

Aliquot 1 1 

Sparge 0.3 7 to 10 

Pretitrate 1 to 3 1 to 3 

Titrate
a 

12 15 

Time Totals 14.3 to 16.3 24 to 29 
------------------------------

titration-time disparity would have been 
greater had a diffusion-controlled system such 
as cadmium been used in the example. The 
rate of reduction of uranium is kinetically 
controlled and depends upon the rate of dis
proportionation of the U(V) species. 2, 3 Even 
so, the total time to obtain the result is re
duced by almost a factor of two. 

Presented too for the first time is a 
technique we term "normalization," which 
permits the evaluation of the background cur
rent contribution in each individual determi
nation. The ability to do this greatly improves 
the precision of the data. The variation of 
the average background current is the limiting 
factor as to how small a sample can be ti
trated. The following data will illustrate the 

point. Table II shows the results for cadmium 
and lead which were obtained by applying the 
average background current correction to the 
raw data; the uranium results were corrected 
by the normalization technique. Table III 
details this. Note that the average deviation 
of 0.2 fLg is less by a factor of 4.5 than the 
average deviation which would have been ob
tained had the average correction been applied. 

The normalization technique is applied in 
the following manner. The digital information 
is stored in the first half of the memory of 
the pulse-height analyzer, using a 3 sec/ 
channel time dwell. When the titration is 
completed, the stored data are transferred to 
the last half of the memory using the data 
processor. The data processor is switched 
to its normalized mode of operation and the 
analyzer's storage sense is changed to sub
tract. While observing the 5-cyc1e log dis
play of the data on the analyzer's oscilloscope, 
the normalization program is repeatedly ini
tiated until all the data points of the curve in 
the second half of the memory fall on a 
straight line. The product of the number of 
memory channels used to record the data and 
the number of counts removed from each chan
nel during the normalization process is the 
correction factor. Figure 3 illustrates the 
technique. Curve A is the original data; 
curve B is the data after normalization. 

If very small samples are titrated, it 
becomes necessary to correct the results for 
the charging current. This value too is ob
tained by normalization of data obtained from 
a blank run. 

Thanks are due Mr. F. T. McCarthy of 
this laboratory for helping build the prototype 

Table II. Titration results. 

fLg Cd 

Taken Found Av.dev. ---
1030

a 
1029.9 ±1.4 

258
b 

257.8 ±0.3 

26
b 

26.2 ±0.2 

aCoaxial probes used. 
b 
Parallel probe used. 

No. of 
analyses 

5 

5 

5 

cNormalization procedure used. 

dAlso see Table III. 

Taken Found 

1250
a 

1250.0 

500
b 

500.2 

100b 99.9 

10b 9.9 

fLg Pb fLg U 

No. of No. of 
Av.dev. analyses Taken Found Av.dev. analyses 

±0.9 6 1124a ,c,d 1123.5 ±0.2 5 

±0.4 5 562a ,c 561.7 ±O.1 5 

±O.1 5 281 a,c 280.4 ±0.5 6 

±0.2 6 56a ,c 57.0 ±0.2 5 
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Preparation of a coaxial salt 
bridge 

Asbesto~ fi ber 
1 2mm o.d tubing :;;:.z 

2 
Gloss-sealed asbestos 

-----------------~ 

Asbestos fiber-glass 
sea I blown to 

Flared to fit a hemispherical 
( 6mm o.d. tube shape 

3 \ r-----~~~ . 
r--------~~< ~ 

6mm o.d. tube 

Completed coaxial salt bridge 

Re~fe~r~e~nc:e~~~~~~~~ 6 solt b~id e 

End bent 90° 

Analyte compartment Tip 
cut and shaped 

~~~~~~~~~:;_Closed end of ~) 2 mm tube centered 
End view of 

tip Open end of the 2mm and sealed 

tube sealed to a 
6mm o.d. tube 

Run No. 

Scaler counts 

Correction 

Normalized value 

Nominal value, f!g 

Les s charging current 

U equivalent (1.0 f!g) 

Average 

I I I o 3 6 
Time (min) 

Fig. 2. Construction of coaxial probe. 
(XBL-7011-4138) 

Table III. Normalization of uranium results. 

1 

1128373 

3400 

1124973 

11 25.0 

1124.0 

A 

B 

I I 

9 12 

2 3 4 5 

1128259 1129566 1126863 1126666 

3840 5120 2560 2048 

1124419 1124446 1124303 1124618 

1124.4 1124.4 1124.3 1124.6 

1123.4 1123.4 1123.3 1123.6 

1123.5 ± 0.2 

Fig. 3. Normalization of a constant potential 
couloITwtric titration for ura~ium. 

A. Raw data 569.8 [Lg U + found 
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B. Normalized Data: 561.6 [Lg U6+ found. 
Uranium present 561.8 [Lg U6+. 

(XBB-711-145) 



model of the cell and assembly upon which 
the present model is based. 

Footnote and References 

tpermanent address: Department of Chem
istry, Sacramento State College, Sacramento 
Calif. 95819. 

1. J. J. Lingane, J. Am. Chem. Soc. 67, 
1916 (1945). 

2. G. L. Booman, W. B. Holbrook, and J. E. 
Rein, Anal. Chem. 29, 219 (1957). 

3. 1. M. Kolthoff and W. E. Harris, J. Amer. 
Chem. Soc. 68, 1175 (1946) 

Fumed-Silica Salt Bridges t 

Ray G. Clem, Fredi Jakob, ':' and Dane Anderberg 

This investigation was prompted by our 
need for rugged, highly conducting salt bridges 
of various geometries with low leakage which 
could be fabricated rapidly and at low cost. 
Although unfired Vycor tubes 1 have gained 
wide acceptance for use as salt bridges in 
coulometry, they shatter if allowed to dry with 
a salt solution inside, and strongly adsorb dye 
material. Also, they have a considerable 
chemical memory which necessitates a long 
washout operation when one wishes to change 

I I 
I I 
I I 

BLOCK CUT FROM 
QUARTZ FRIT DISC. 

I I I , ___________ 
t" ___ ;J --------...... 

-- --..... 

COMPLET 0, CIRCULARIZED 
FRIT CAN. 

the filling solution. These drawbacks, in 
addition to the cost and delays associated with 
custom fabrication (a recent price increase to 
$85.00 per tube from $15.00 a few years ago, 
coupled with the fact that the tube must be 
custom fabricated, thus involving a long time 
delay) forced us to consider alternative mate
rials. These problems were overcome very 
simply and inexpensively by the use of a sup
porting electrolyte gel, prepared from fumed 
silica, contained in a tube having a fritted 

TEMPORARY GLASS CANE "'HANDLE' 
FOR HOLDING BLOCK DURING 
CIRCULARIZING OPERATION. 

PARAFFIN FILLED 
ANNULAR SPACE. 

BLOCK WITH 3 MM 
DIA. BORED HOLE. 

55MM. LONG, 
SMM. DIA. QUARTZ 
TUBE. 

FUSED JOINT. 

FRIT CAN. 

Fig. 1. Construction of a quartz frit. 
(XBL-709-6629) 

277 



lower section. The cost of these bridges is 
about $ 3.00 each, ITlaterial and shop tiITle 
included. 

These bridges are characterized by a low 
leakage rate of 13.2 fl.l per hour and a very 
low resistance. High currents can therefore 
be passed without deleterious heating effects. 
Also, fUITled silica gels can be forITled with 
a wide variety of electrolytes, the only liITlita
tion being that the pH ITlust not exceed 8 if the 
gel is to be stable. A salt bridge can be con
verted froITl one supporting electrolyte to 
another within ITlinutes, and no harITl is done 
to the frit if the silica gel is allowed to dry. 

Figure 1 shows the steps in the construc
tion of a frit. 

The authors wish to thank Mr. Warren 
Harden of this laboratory for ITlaking the 
technical illustration. 

Footnotes and References 

tCondensed froITl UCRL-19950 Rev., August 
1970. 

':'PerITlanent address: DepartITlent of CheITl
istry, SacraITlento State College, SacraITlento, 
Calif. 95819. 

1. W. N. Carson, C. E. Michelson, K. 
KoyaITla, Anal. CheITl. 27, 472 (1955). 

Hot Bath for Samples in Volumetric Flasks t 

U. Abed 

It is often required to heat voluITletric 
flasks containing liquid saITlples in a bath of 
a definite, uniforITl, and controllable teITlpera
ture. For instance, ITlany spectrophotoITletric 
analyses depend upon the proper color devel
opITlent, which should, furtherITlore, be 
reproducible. Care ITlust be exercised not to 
overheat and thereby possibly destroy the 
reagent, particularly when organic chroITlo
genic or volatile substances are present in the 
systeITl. Such consequences often occur when 
the flasks are resting directly on a hot plate 
or are touching the bottoITl of a bath which is 
in contact with the heater. Suspending the 
flasks individually froITl claITlps attached to 
ringstands is cumbersoITle, deITlanding un
necessary work, space, and equipITlent. 

A siITlple, inexpensive bath was designed 
in our laboratory which fulfills the above
ITlentioned requireITlents. A perforated, stain
less steel "table" top, consisting of a 14-in. 
X8-in. stainless-steel sheet,is cut and sup
ported at each corner by a 4-1/2 in. long 
screw "leg." Eighteen 5/8-in. holes, punched 
through the sheet, allow easy insertion and 
withdrawal of 25-TIll and 50-TIll voluITletric 
flasks. The flasks are secured within the holes 
by retainer rings just below their ground-glass 
joint. Cut froITl hard nylon (or teflon) 3/32-
in. sheeting, the o. d. of the ring equals 1 in. 
and the i. d. equals 7/16 in. A 1/2-in. sec
tion is cut out of the ring, perITlitting it to be 
slipped around, or reITloved froITl, the neck of 
a voluITletric flask. 
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A therITloITleter is inserted vertically 
through one of the holes to the level of the 
bottoITl of the flasks. Either the entire table, 
or the flasks and therITloITleter alone, are sus
pended in the bath recoITlITlended in a given 
procedure. 

The bath container ITlay be of any appro
priate size and ITlaterial available. We used 
a 20-in. X15-in. X2.5-in. Pyrex pan filled 
with water, placed on top of a therITlostati
cally-controlled heating unit, to ITlaintain a 
saITlple teITlperature of 85°C for several hour s. 
A constant bath level can be held against 
evaporation by use of a "chicken feeder. " 

The size of the table, the length of the 
supporting screw legs, and the nUITlber and 
diaITleter of the holes, are optional to suit 
individual needs. Greater versatility of the 
table can be obtained by using reITlovable legs. 
i. e., screws of different, interchangeable 
lengths to accoITlITlodate 100-TIll and 250-TIll 
voluITletric flasks also. If the holes were ITlade 
to be 1 in. in diaITleter, retainers having a 
1-1/2 in. o.d. but different i.d. 's would serve 
to secure a variety of voluITletric-flask sizes. 

The table is easily disasseITlbled and can 
be stored in a ITliniITluITl of drawer space. 

Footnote 

tUCRL-20410, NoveITlber 1970; subITlitted to 
Anal. ChiITl. Acta. 



88-Inch Cyclotron Operation and Development 

J. Bowen, D. J. Clark, J. P. Meulders, t and J. Steyaert t 

During 1970 the cyclotron operated con
tinuously, except for shutdowns at the begin
ning of January and the end of DeceIllber. The 
shutdown in the first two weeks of January 
was to straighten the dee and do general Illech
ani cal and electrical Illaintenance. The shut
down during the last week in DeceIllber was 
part of a laboratory shutdown, and was used 
to get a start on the January 1971 shutdown. 
The distribution of operating hours during 
1970 is shown in Table 1. The breakdown of 
operating tiIlle according to the type of ion 
accelerated is shown in Table II. The operat
ing tiIlle included 499 energy changes. 

During this year, heavy-ion beaIlls were 
developed for scattering experiIllents. Nitro
gen and oxygen beaIlls of 50-70 MeV were run 
frequently. External-beaIll currents were 
several flA of N+ 3 and 0+ 3. SIllall beaIlls of 
160 MeV N+4, 250 MeV N+5, Ne+ 4 , Kr+4, 
and Kr+ 5 were extracted. Fifth-harIllonic 
acceleration was developed for the krypton 
beaIlls. The best beaIlls were obtained by use 
of an anode with water cooling around the top, 
in addition to the norIllal cooling around the 
base. This was done on an anode Illade of 
inconel for extra Illechanical rigidity. How
ever, other data indicate that copper would be 
a better Illaterial for therIllal conductivity so 
a siIllilar anode is being Illade of copper. 

The polarized source continued to run 
reliably after a IllisalignIllent in the center 
region was corrected. This probleIll was 
caused by a drop of the dee of about 0.1 inch, 
giving the beaIll a strong vertical kick on the 
first turn between the dee and dUIllIllY dee, 
causing a factor of five beaIll loss. It was 
solved by realigning the dee with a transit. 
The source was operated with deuterons for 
the first tiIlle. The vector polarization was 
Illeasured by the Cave 5 group as 570/0, which 
is 85% of the IllaxiIlluIll theoretical value of 
67%, and is a good value for experiIllents. 
The intensity was 50-100 nA external beaIll, 
about the saIlle as for protons. The proton 
polarization was increased froIll 75% to 80% 
by eliIllinating Illagnetic-field reversals in 
the rf-transition region. 

An unusual dee Illotion was discovered 
late in the year. This was an effect which 
caused the north half of the front edge of the 
dee to drop slowly by about 0.050 inch during 
the first 45 Illinutes after the rf was turned on. 
It then rose back up in SOIlle 45 Illinutes after 
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Table I. 1970 TiIlle distribution. 

Operating for 
experiIllents 

Tune-up 

BeaIll optics 

Run tiIlle 

BeaIll developIllent 

Operating tiIlle 

Shutdowns, planned 
Illaintenance 

Unplanned 

6% 

4% 

58% 

10% 

13% 

Illaintenance -'210 

78% (6512 hours) 

Total Illaintenance 220/0 

Total work tiIlle 100% (8336 hours) 

Table II. 1970 particle distribution. 

Internal ion source 

Protons 

Deuterons 

HeliuIll 3 

HeliuIll 4 

Nitrogen 

Oxygen 

Other 

Total 

External polarized 
proton source 

31% 

2% 

8% 

30% 

4% 

14% 

40/0 

Total operating tiIlle 

93% 

7% 

1000/0 (6512 hours) 

rf turnoff. FrOIll teIllperature and water flow 
IlleasureIllents it appears that there is a cooling 
unbalance in the north part of the dee. Since 
this IlloveIllent causes beaIll tuning probleIlls, 
it will be corrected in the January 1971 shut
down. 

An external heavy-ion source was con
structed, and testing was started near the end 



of the year. It is a copy of one of the Berkeley 
Hilac ion sources. It is a PIG source whose 
magnetic field is used both for trapping the 
electrons in the arc chamber and for analysis 
of the extracted beam. The water-cooled anode 
is copper and the two cathodes are tantalum, 
loosely attached to copper supports. These 
cathodes are hot enough to thermally emit elec
trons. The power supply contains a series
regulating triode, but the latter was not used 
for the initial trials. A 500-ohm resistor was 
the only series element. The source gases 
used were nitrogen, hydrogen, and neon. A 
typical source nitrogen output at 10 kV energy 
is: N + - 1500 fLA, N3+ - 830 fLA, N4+ - 60 fLA, 
and N 5+ - 2 fLA. The arc parameter s were 
.8 kV and 2.5 A. The gas is just enough to 
maintain the discharge. Some initial tests 
were performed for the ionization of lithium. 
We used a stainless-steel insert following an 
idea of Bennett. 1 For 10-kV accelerating volt
age, the bending magnet was not powerful 
enough to bend ions with a char ge /mas s ratio 
below 1/3, so it was replaced by an electro
static mirror. The initial overall transmis
sion for protons between the PIG source and 
the extracted beam was 0.5'70. This low yield 

will be increased by improved beam transport 
from source to injection line, and by the use 
of the buncher. 

Studies were resumed on the modification 
of the downstream deflector electrodes to give 
radial electrostatic quadrupole focusing to the 
deflected beam. The deflected beam is de
focused radially by the fringing magnetic field 
of the cyclotron as it crosses the main magnet 
pole edge. The phase space is distorted by 
the nonlinear field, increasing the effective 
phase space area and reducing the transmis
sion to the caves. This study is using ray 
tracing through the electric and magnetic fields 
of the deflector region to determine the amount 
of focusing and the electrode shape required 
for the downstream deflector electrodes. 

Footnote and Reference 

tOn leave of absence from University of 
Louvain, Ottignies, Belgium. 

1. International Cyclotron Conference, Ox
ford, England, September 1969. 

88-Inch Cyclotron Magnetic-Particle Spectrometer 

D. L. Hendrie, J. R. Meriwether, t F. B. Selph, D. W. Morris, W. S. Flood, and B. G. Harvey 

For the past few years, much of the staff 
of the 88-inch cyclotron has been involved in 
the construction of a heavy-particle magnetic 
spectrometer. This spectrometer is now 
mostly complete and is able to be used for 
experiments. This report will give a brief 
and preliminary description of its purpose, 
features, capabilities, and performance to 
date. 

Since a spectrometer is necessarily a 
costly, complicated, and cumbersome device, 
one must consider its various and sometimes 
conflicting properties carefully to ensure that 
the advantageous features are maximum. It 
helps to remember that most of the experi
mental work at a cyclotron uses the high
energy particle beams to excite low-lying 
and closely spaced energy levels in the target 
nucleus. The scattered light particle is 
detected and its energy is measured with 
respect to the incident beam energy; we are 
usually less interested in the particle's abso
lute energy. By using the spectrometer in this 
"energy loss" mode of operation, one is per
mitted several techniques for improving reso
lution and rates of data accumulation that 
would not otherwise be available. 
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The main advantage of a spectrometer is 
its capability of improving energy resolution 
by at least a factor of two over the best avail
able solid-state systems. This improvement 
is even more pronounced for light particles of 
high energy, where their long range makes them 
difficult to stop in present detectors. When 
the spectrometer is used in the energy-loss 
mode and with some simple manipulation of 
the apparatus, this resolution is not lost by 
experiments with large "kinematic broaden
ing" effects, such as produced by heavy pro
jectiles on light targets. Further, matching 
the dispersion of incident beam to that of the 
spectrometer in the energy-loss mode allows 
the delivery of several times as much beam 
on target as in counter experiments, again 
without loss of resolution. Since the typical 
solid angle of acceptance of the spectrometer 
is a factor of 5-10 larger than most detector 
apertures, improvements in counting rates 
of 15-50 are achieved. 

A second major advantage is the capability 
of reducing backgrounds in the experimental 
spectra. This is especially important for weak 
reactions in which intense elastic scattering 



caus.e·s "pile up" in detector spectra and 
obscures the weak reaction product peaks. 
The physical displace:ment of different reaction 
products al:most entirely eli:minates the back
grounds due to co:mpeting reactions, as it 
does :more generally for backgrounds due to 
x rays, y rays, and neutrons. An additional 
i:mprove:ment is effected by the superior 
entrance slit geo:metry which can be used with 
a spe ctro:meter. 

Several other advantageous features are 
present. Different reaction products can be 
identified by co:mparing their :magnetic rigid
ities with other easily :measured quantities 
such as E, dE/dx, or ti:me of flight, but always 
without loss of energy resolution. The ability 
to calibrate the :magnet to :make absolute 
energy :measure:ments can be invaluable in 
so:me experi:ments. Finally the ability to con
duct experi:ments at very s:mall scattering 
angles, including zero, can so:meti:mes be of 
great use. 

A sche:matic layout of the final design is 
shown in Fig. 1 and a list of relevant spec
tro:meter para:meters is listed in Table 1. 
So:me of the :more novel features will be de
scribed briefly. Because :many of the cross 
sections obtained in high-energy experi:ments 
change rapidly with angle, it was considered 
i:mportant to obtain the large solid angle of 
acceptance in the vertical direction, i. e., 
perpendicular to the scattering plane. A typi
cal operating aperture is 0.6 0 radially and 6 0 

vertically, giving a solid angle of 10- 3 sr. 
The quadrupole is used to focus the reaction 
products in the vertical direction to stay within 
the :magnet gap; the entrance-edge angle of the 
sector :magnet then provides a vertical focus 
at the focal plane. Since, for large solid 

Sector magnet 

plane 

Meters 

Beam 

. 1 
'" • 1.921 

Sex~ 0.15 

tupole ~ 7 

2 
I 

Quad- ',I 
rupale _ .. 

T" 
Fig. 1. Sche:matic representation of the 88-
inch cyclotron :magnetic-spectro:meter syste:m. 

(XBL-713 - 3068) 
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Table 1. Para:meters: 88-in. :magnetic 
spectro:meter. 

Magnet iron 

Magnet copper 

Power at 13.5 kG 

Magnet gap 

Radius 

Maxi:mu:m di:mension 

Focal plane length 

Vertical acceptance 

Radial acceptance 

Solid angle (:maxi:mu:m) 

Energy range 

Maxi:mu:m energy (triton) 

Dispersion 

Radial :magnification 

Vertical :magnification 

Angular range (total) 

Angular range 
(ext. Faraday cup) 

Angle of incidence on focal 
plane 

Resolving power 
0== 1 msr 

E 
6.E at 

Maxi:mum resolving power 

32 Tons 

1.8 Tons 

200 kW 

10.95 c:m 

1.65-1.90 :m 

5.5 :m 

55 c:m 

100 :mrad 

20 :mrad 

2 msr 

30% 

90 MeV 

3.3-4.2 :m 

0.33-0.40 

4.7 

+125 0 to _180 0 

+15 0 to 125 0 

_55 0 to _165 0 

-11 0 to +10 0 

3,000 

10,000 

0.12.---~-~-~--~----.---.--.-------, 

0.10 

0.08 

~0.06 
w 
~ 0.04 
<l 

0.02 

Calculated resolution of 88" spectrometer 

Verticol aperture = 100 mr 

Radial aperture (mr) 

Fig. 2. Calculated resolution of the spec
tro:meter with full vertical aperture of 100 
:mrad as a function of radial aperture, assu:m
ing a bea:m spot size of 0.5 :m:mX 6.0 :m:m. 

(XBL-713 -3069) 



Fig. 3. Picture of the complete system, 
showing the beam line and scattering chamber 
to the right and the focal-plane-detector 
apparatus to the left. (BBe 709-4354) 

angles, abberations limit the resolution obtain
able, a sextupole magnet was devised to com
pensate for those most troublesome abberations 
which are due to the large vertical aperatures 
and beam- spot sizes. Since the sextupole is 
independently energized, it can be set to opti
mum value for the performance of each ex
periment. 

Because it was decided to design the spec
trometer for active focal-plane detectors, 
rather than the more typical nuclear emulsions, 
several features were incorporated specifi
cally for this. The most unusual is the nega
tive radius of curvature at the exit edge of the 
sector magnet, which is used to rotate the 
focal plane so that incident particles strike the 
detector almost perpendicularly. The dis
persion was kept large in order to give maxi
mum separation between peaks, although this was 
done somewhat at the expense of the total energy 
range of the spectrometer. A typical dis
placement of the focal surface for a kinematic 
broadening parameter K = 0.1 (alphas scattered 
from magnesium) is seen in Fig. 1. Figure 2 
shows the calculated resolution of the spec
trometer for full vertical aperture for a range 
of horizontal openings. 

The spectrometer is held in alignment by 
a sturdy steel frame and tongue which rotates, 
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using a 12-in. ball bearing, about a central 
post upon which the scattering chamber is 
affixed. While data are being taken, the mag
net sits upon two carefully located flat steel 
rails, as shown in Fig. 3. To move the spec
trometer, four air pads are inflated on the 
smoothly grouted area between the rails, and 
a small air motor is easily able to move the 
40-ton apparatus. In Fig. 3, one can see the 
beam line entering the chamber and passing 
on to a heavily shielded Faraday cup. A slid
ing foil scattering chamber window gives a 
working range of 110° in scattering angle. 
The chamber is normally positioned to work 
from 15 ° to 125°; however, rotation of the 
chamber can provide access to all angles 
between +125° and _165°, including 0°. The 
magnetic field regulation is provided by a 
transductor-monitored series current supply. 
NMR measurements indicate stability to a few 
parts per million after the temperature of the 
magnet has stabilized. 

Preliminary and limited tests of the sys
tem have shown no significant deviations from 
the design features, and experiments are being 
performed with the system. At least for the 
present, position-sensitive silicon detectors 
available commercially are being used for 
tests and experiments. A typical result would 
be that for a 238U(a, 0'1) experiment at 50 MeV. 



A resolution of 16 keY, including target and 
beam preparation effects was maintained for 
3 days, with a total beam delivered on target 
of 1 fJ.A and with a solid angle of O. 7X 10- 3 sr. 

Footnote 

tpresent address: Computer Science Depart
ment, University of Southwestern Louisiana, 
Lafayette, Louisiana 70501. 

Computer Control System for the Field-Free Spectrometer 

J. E. Katz 

A computer control system was as sembled 
to collect data and control the operation of the 
Field-Free Spectrometer in 1968. 1 The sys
tem has been in almost continuous operation 
for the past two years. In each year, more 
than 7000 hours of experiments have been 
performed. The computer and peripheral 
equipment, except for an ASR-33 teletype, 
have proved to be very reliable. The installa
tion, in the near future, of a heavy-duty Model-
35 teletype will provide a more reliable 
printer. 

Until this year, the capability of this sys-

tern has been limited by the small memory 
(4K, 12 - bit words) of the Digital Equipment 
Corporation PDP- 8 computer. Another major 
limitation has been the slow input and output 
via teletype and paper tape. Of course it has 
been very troublesome for the experimenters 
to convert their data by hand to punched cards 
for analysis by large fitting programs at the 
CDC-6600 computer center. 

In the past year, the computer system has 
been substantially upgraded with little loss in 
experimental time. The system hardware is 
presently interconnected as shown in Fig. 1. 

Program control 

Data transfer Data tra ns fer 
~~~t-----l---I 

Scaler 

Single 
channel 
detector 
s stem 

PDP-8 

Relay Output Input 
resistor line lines 
network 
4x 9958 

Fig. 1. (XBL-711-2655) . 
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TektrQ 503 

TMZ 
tone 
control 

13 x 1930 



The program storage and data handling 
capabilities have been greatly expanded with 
the addition of a 32K, 12-bit word, disk file 
memory sy stern. The magnetic tape memory 
system, installed this year, provides for 
very fast input and output of programs and 
data. Large amounts of experimental data 
may be stored and accessed conveniently on 

magnetic tape and may be transferred directly 
to the CDC-6600 computer center for analysis. 

Reference 

1. Ron Zane, R. L. LaPierre, and J. E. 
Katz, in Nuclear Chemistry Annual Report, 
1968, UCRL-18667, p. 337. 

Fast-Coincidence Timing at Low Gamma 
Energies with Tin-Loaded Scintilla tors 

S. Koicki, T. A. Koster, and D. A. Shirley 

Fast-coincidence timing at photon energies 
below or in the vicinity of 100 keY is often re
quired in lifetime determinations and perturbed 
angular correlation (PAC) experiments. Of 
particular interest is the 100Pd -+ 100Rh decay, 
where the 84.0-keV - 74.8-keV cascade offers 
several useful applications of the time-differ
ential PAC method to solid-state investigations. 

The difficulties usually encountered at low 
photon energies are twofold: 1) The response 
of NaI(Tl) is relatively slow, and 2) the energy 
absorbed in faster organic scintillators repre
sents only a small fraction of the incident 
photon ener gy. 

In this note we describe some advantages 
of commerically available Sn-loaded scintilla
tors (Nuclear Enterprises NE-140 plastic and 
NE-316 liquid scintillators) in this area. 

Energy Response 

The 5% (by weight) tin content in the NE-
140 plastic scintillator greatly enhances the 
overall detection efficiency at lower photon 
energies. More important, the nature of the 
absorption changes in favor of the photoelec
tric effect, and peaked energy spectra may be 
expected, similar to those obtained with NaI 
scintillators. The relatively high light output 
and good optical quality of NE -140 ensure s 
reasonably good energy resolution, and both 
the full energy peak and the tin escape peak 
are observed in the energy spectrum. 

Figure 1 shows the energy spectra obtained 
with the 1.5-in. X 1.5-in. NE-140 scintillator 
at a few representative low photon energies. 
Above an incident energy of 29.2 keY, the tin 
K escape peaks are observed. The weak 
Compton edge also appears at quite low ener
gies. The absence of a full energy peak and 
an escape peak in ordinary, unloaded plastic 
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Energy 

88.0 keY 

Fig. 1. Energy spectra of single-energy y 
rays of 22.1 keY, 55.9 keY, and 88.0 keY, 
detected by the 1.5-in. X 1.5-in. NE-140 plas
tic scintillator. The spectra start at 5 keY 
of ener gy spent in the scintillator. 

(XBL-713-3065) 

scintillators is demonstrated in Fig. 2. Here 
the same phototube was used and plastic scin
tillators NE-111 (unloaded) and NE-140, of the 
same size, were interchanged. The incident 
photon energy was 88.0 keV. 

The efficiency of absorption of the NE-140 
phosphor is quite high at low energies. Thus, 
in a layer of 1.5 in., the Sn component alone 
absorbs about 50% of the photons in the 80-
keY region. 

Time Response 

The manufacturer, Nuclear Enterprises, 
does not give the decay constant for NE-140, 
which is presumably dependent on the exact 
tin content and possibly other factors involved 
in phosphor preparation. Nevertheless, NE-
140 has the fast properties of a plastic scin-



Unloaded Plastic Phosphor 
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Fig. 2. Comparison of the energy response 
of unloaded and Sn-Ioaded plastic phosphors 
(both 1.5 in. X 1.5 in.) to photons of 88.0 keV. 

(XBL-713 -3066) 

tillator, though not so pronounced as in most 
unloaded phosphors. We did not attempt to 

. determine the decay constant of our speci
mens, but rather tried to compare the time 
response of the NE-140 to that of NaI(TI) in 
an arrangement similar to that used in most 
real experiments. 

In a fast- slow coincidence arrangement 
consisting of two RCA C10001D photomultiplier 
tubes, we kept one side "as fast as possible, " 
i. e., the fast NE-111 (1.5-in. X 1.5-in. )scin
tillator was used and the energy channel set 
perlllanently at the high energy edge of the 
Compton distribution of incident annihilation 
photons. The other annihilation photon was 
detected either in the NE-140 (1.5 in. X 1.5 in.) 
or in N aI( TI) (1. 5 in. X 3 llllll). Ener gy chan
nels were set at different energies in each run, 
but always in a way to accept the entire full 
energy peak corresponding to that incident 
energy in either phosphor. (Escape peaks 
were not accepted.) 

Two families of coincidence curves were 
obtained: one for 1.5-in. -thick NE-140 and 
the other for 3-mmNaI(TI). At lower ener
gies the widths (FWHM) of the prompt peaks 
are mostly determined by the second side 
[NE-140 or NaI(T1)], which detects lower ener
gies in slower phosphors. The contribution of 
the fast side is smaller and constant in both 
families. Figure 3 presents the various 
FWHM time resolutions obtained. It can be 
seen that in our arrangement the 1.5-in. X 1.5-
in. NE-140 phosphor gives coincidence curves 
about twice as narrow as the thin NaI(TI) 
crystal. Remembering its relatively high 
detection efficiency, it then seems to be a 
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Fig. 3. Widths of coincidence curves vs 
energy for NaI(TI) and NE-140 phosphors as 
one side of the coincidence system. The other 
side is very fast and provides constant timing. 

(XBL-713-3067) 

useful phosphor when dealing with fast coin
cidences at low gamma energies. At higher 
gamllla energies, the advantages of NE-140 
are reduced, since the selection of the 
Compton edge in the considerably faster 
unloaded scintillators becomes more usefuL 

An example of a time-differential spec
trum of 100Rh (for the 84-keV - 75-keV cas
cade) dissolved in ferromagnetic Ni, at room 
temperature, is shown in Fig. 4. The time 
resolution at these energies, FWHM = 1.15 
nsec, was achieved by a pair of 1.5-in. X 1.5-
in. NE-140 plastics, lllounted on RCA C10001D 
PM tubes. The Larmor modulation peaks 
separated by only 3 nsec could easily be re
solved and the modulation frequency of 340 
MHz detected. A Fourier analysis of the 
spectrum reveals clearly even the double fre
quency of 680 MHz, corresponding to details 
separated by only 1.5 nsec. 

In all our experiments the NE-140 phos
phors were painted with standard white plastic 
scintillator reflector paint and used in con
nection with the abovementioned tubes operat
ing at - 2 700 V. No special care was taken to 
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cascade of 10 Rh dissolved in ferromagnetic 
Ni. The spectrum was detected by two 1.5-in. 
X1.5-in. NE-140 plastics. (XBL-703-2405) 

provide optimal working voltages so our time 
resolution figures could probably be improved. 
The fast output signals were amplified 10 
times, fed to EG&:G fast discriminators, and 
then to an Ortec 437A time -to-amplitude con
verter. The fast discriminator levels were 
set to trigger to a single photoelectron. We 
have noticed that NE-140 phosphors coming 
from different batches may have somewhat 
different optical properties (transparency, 
fluorescence hue) noticeable by simple eye 
examination. Those more transparent showed 
better energy and-time resolution. 

Finally, we have also investigated the Sn
loaded liquid scintillator (NE-316, 10% tin 
content by weight, scintillation decay constant 
4 nsec). As a consequence of the increased 

tin content, it has a still higher detection 
efficiency. Its light output is lower than that 
of NE-140, but this seems to be compensated 
for by a shorter decay constant. We judge its 
overall response to be just slightly poorer than 
that of NE-140. In experiments where the 
ultimate in time resolution is not really re
quired, this phosphor seems to be superior 
to NE-140, because of its higher detection 
efficiency at low energies and consequently 
the reduced influence of the background which 
usually comes from higher energy gamma 
radiation. 

We gratefully acknowledge the assistance 
of Mr. George Gabor during the course of 
this work. 

A Computer Program for the Smoothing and 
Differentiation of Data from Multichannel Analyzers t 

,', 
D. J. Gorman' 

In the interpretation of spectra taken on 
multichannel analyzers it is frequently helpful, 
especially in cases where the statistics are 
poor, to smooth the data in order to reduce 
the statistical fluctuations. When presented 
with such a spectrum, one would normally 
draw through the points a smooth curve which 
best fits them. This can be done numerically 
when we define what we mean by best fit. The 
most common criterion is to minimize the sum 
of the squares of the residuals between the 
actual and fitted points. 

The method used is that of Savitzky and 
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Golay, 1 who fit a polynomial over a range of 
2m+1 data points. The smoothed value at the 
midpoint of the range is the value of the poly
nomial at that point. The data points are then 
shifted by one, dropping the point at the left 
and picking up one at the right. This process 
is repeated to cover the entire spectrum. 

Upon doing the least-squares analysis, 
one obtains a set of coefficients, one for each 
point over which the fit is performed. The 
value at the midpoint of one interval of 2m+ 1 
points is found by summing the products of the 
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Fig. 1. Alpha spectruUl of AUl and AUl. 
Raw data are shown in 1a; 1b shows spectruUl 
after ii-point sUloothing operation. (XBL70S-302S) 

counts in each channel and the particular co
efficient for that channel, i. e. , 

Y. 
J 

+Ul 

L: 
i=-Ul 

c.Y.+" 
1 1 J 

where the Yi+j are the counts in channel i+j, 
!!le Ci are a set of convoluting factors, and 
Y j is the best calculated value for the nuUl~ 
ber of counts in channel j; j is an index which 
runs over all of the channels in the spectruUl. 

The derivative of the spectruUl can also 
be obtained by taking the derivative of the 
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fitted polynoUlial. A set of convolution fac
tors can also be derived to do this. 

A cOUlputer prograUl has been written to 
calculate these convolution factors Ci for any 
degree of polynoUlial and taking any nUUlber 
of points. The report froUl which this is con
densed gives a listing of the prograUl and SOUle 
tables of the Ulore cOUlUlonly used convolution 
factors for polynoUlials up to degree 6 and 
nUUlber of points up to 23. 

Figure 1 shows an alpha spectruUl of 
239AUl and 241AUl2 taken with a 6 UlUl Au-Si 
detector and recorded in a 400-channel pulse
height analyzer. In 1a is plotted the raw data 



and 1b is the spectruITl after perforITling a 
sITloothing operation using a quadratic poly
nOITlial and sITloothing over 11 points at a tiITle. 
The sITloothing operation has not changed 
either the peak heights or the peak shapes, but 
it has particularly accentuated the two aO' s, 
which in the raw data- are barely discernible 
above the statistical fluctuations of the back
ground. It is ITluch easier to perforITl a 
stripping operation on the sITloothed spectruITl 
than on the raw data. 

Footnotes and References 

tCondensed froITl UCRL-19903, June 1970. 

':'Present address: Bureau International des 
Poids et Mesures, PavilIon de Breteuil, 
92 Sevres, France. 

1. AbrahaITl Savitzky and Marcel J. E. Golay, 
Anal. CheITl . .J.Q, 1627 (1964). 

2. D. J. GorITlan and F. Asaro, Energy 
Levels in 235Np, (UCRL-19946; 1970), sub
ITlitted to Phys. Rev. 

A Pulsed Electron Beam Retarding 
Potential Difference Technique t 

G. E. ThoITlas'~ and F. E. Vogelsberg 

Recently, Chantry described an autoITlated 
retarding potential difference (RPD) technique 
using a ITlultichannel scaler. 1 The ITlethod he 
developed perITlits the autoITlatic accuITlulation 
of high-resolution electron-iITlpact data using 
the RPD technique pioneered by Fox, HickaITl, 
Grove and Kjeldaas. 2 Chantry's ITlethod has 
been applied to recording electron-iITlpact 
ionization efficiency curves. 1, 3 

In certain experiITlents it is advantageous 
or necessary to use a pulsed electron beaITl. 
That is, the electron beaITl is turned on for 
a short period of tiITle and is then turned off. 2 
Often, the products of the electron collisions 
are exaITlined during this off tiITle. One ex
aITlple of such an application is in ITlolecular 
beaITl tiITle-of-flight studies. It is possible to 
ITlake low resolution efficiency ITleasureITlents 
on tiITle-resolved species by pulsing the elec
tron beaITl and by appropriately gating the 
detector. 4, 5 The purpose of this note is to 
point out that a slight ITlodification of Chantry's 
scheITle 1 perITlits the autoITlated technique to 
be eITlployed in such experiITlents. 

The pulsing scheITle is shown in Fig. 1. 
The tiITles indicated on the figure are typical 
for an experiITlent being perforITled in this 
laboratory, but are not restrictive. A ITlaster 
clock-pulse triggers the sweep start of a 
Hewlett-Packard Model 5400A ITlultichannel 
analyzer (MCA) operating in the ITlultiscale 
ITlode, and after a short delay triggers a pulse 
train froITl a tiITle-base oscillator (TBO). 
These TBO pulses trigger the channel advance 
of the MCA, establish zero tiITle for the data 
count gate, and trigger an electron "on" pulse. 

The electron "on" pulse is applied to the 

288 

retarding grid of a 5-electrode RPD gun. The 
voltage during the "on" period is exactly 
enough to allow the appropriate truncated 
electron energy distribution to pass into the 
collision chaITlber. As in Chantry's scheITle, 
the level of this voltage is changed on alter
nate sweeps of the MCA. When the "high" 
RPD pulse is applied, the MCA operates in 
the "add" ITlode. On the "low" RPD cycle, 
the MCA is autoITlatically reset to operate in 
"subtract." The electron accelerating voltage 
is derived froITl the plotter X output of the 
Hewlett-Packard analyzer. In contrast to 
the voltage offered by the CAT-400C ana
lyzer used by Chantry, 1 the X output of the 
Hewlett-Packard 5400A is suitable for this 
purpose. This voltage is appropriately aITlpli
fied and biased before use. The dc voltages 
applied to the reITlaining electrodes in the 
RPD gun are conventional. 2 The data count 
gate allows data to be stored in the MCA only 
during a specified tiITle slot referenced to the 
electron "on" pulse. The width and the delay 
of the data gate are variable. A description 
of the electronics used to generate the pulsing 
scheITle is available elsewhere. 6 

This ITlethod has been used to record ex
citation efficiency curves for the production 
of photons and of neutral ITletastable species 
in an experiITlent siITlilar to that described by 
ClaITlpitt and Newton. 5 For cases where high 
tiITle resolution has been required, the gun 
has been operated with an "on" pulse as short 
as 5 fLsec. The experiITlent requires that an 
"off" tiITle approaching 1 ITlsec be used, al
though this is not a consequence of the pulsing 
scheITle or of the electronics eITlployed. With 
this ratio of "on" to "off" tiITle, the RPD 
curves build up very slowly, and ITlany scans 
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Fig. 1. Timing diagram for the pulse scheme 
used to make RPD measurements on time-
resolved species. (XBL-708-1063) 
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are required to achieve a satisfactory signal
to-noise ratio. However, as Chantry has 
pointed out, 1 this fact is not overly critical 
when the individual scans are short. The 
width of the electron "on" pulse does not affect 
the high resolution performance. This has 
been checked by performing the same experi
ment in the pulsed mode, and in the dc mode 
described by Chantry. Obviously an increase 
in the duty cycle of the gun reduces the time 
neces sary to record acceptable efficiency 
curves. Mixing the "on/off" pulse with the 
RPD voltage on the retarding grid appears to 
be highly satisfactory. The operation of the 
gun is very stable, and no adverse effects 
from the beam pulsing have been noted in the 
high-resolution data. 

: '::'0' . 

" .... 

'0 '.. 

.' . 

Figure 2 shows some data obtained using 
this pulsing scheme on an instrument that has 
been described previously. 5 The upper curve 
in Fig. 2 shows an excitation efficiency curve 
for the production of metastable neon atoms. 
The lower curve is for uv photons from neon . 

16 17 18 19 20 21 22 

Fig. 2. Upper curve: Electron-impact ex
citation efficiency curve for the production of 
neutral metastable atoms in neon. Lower 
curve: Electron-impact excitation efficiency 
curve for the production of uv photons in neon. 

Electron Energy (eV) (XBL-706-1067) 
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Both were recorded using a 10 fLsec electron
beam pulse. To record the photon curve, the 
data gate was opened only during the electron 
pulse. For the metastable curve, the data 
gate was delayed for 50 fLsec, and then opened 
for::::: 200 fLs ec in order to intercept a large 
fraction of the Ne':' time-of-flight distribution. 
The time period between electron pulses was 
1 msec. These curves (and the corresponding 
time-of-flight spectrum) are discussed in Ref. 
6. In our apparatus, the photon signal is 
approximately 1/12 of the metastable signal 
at electron energies just above 20 eV. These 
curves can be compared with a composite RPD 
curve (i. e., no separation of metastables and 
photons) obtained by Olmsted, Newton, and 
Street 7 on a similar apparatus. 
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Identification of Nuclear Fragments 
by a Combined Time-of-Flight l::.E-E Technique t 

~:~ 

Gilbert W. Butler, A. M. Poskanzer, and D. A. Landis 

Time-of-flight techniques have been em
ployed in past studies to identify particles 
produced in nuclear reactions. One particle 
identification method involves the combination 
of a particle time-of-flight technique and a 
.6.E -E technique. 1, 3 In this method, particle 
flight times are determined between two .6.E 
detectors. The mass number is calculated 
from the nonrelativistic formula A == const. X 
€t2 , where t is the fragment flight time 
between the two .6.E detector s and ~ is the 
fragment energy during flight. Experiments 
utilizing this technique have had to rely heavily 
on the isotopic resolution obtained from the 
.6.E-E method, because the time-of-flight mass 
resolution was slightly greater than one mass 
number. However, the technique was success
ful in establishing the identity of several 
neutron-rich light nuclei produced in the inter
action of high-energy protons with heavy 
nuclei. 1-3 

We have made significant improvements 
in the combined time-of-flight .6.E-E technique. 
Modified electronic equipment was used to 
identify nuclear fragments of Z == 5-10 pro
duced in the interaction of 5.5 GeV protons 
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with uranium. Fragment flight times were 
determined between a .6.E and an E detector 
instead of between two .6.E detectors as in 
earlier experiments. 1-3 This made it possible 
to measure fragments that had lower energies 
and, consequently, longer flight times. The 
longer flight times greatly enhanced the time
of-flight determination, and the lower energies 
meant greater fragment yields, since the 
minimum energies measured were still above 
the peaks of the measured energy distributions 
for these high-energy reactions. 4 In this ex
periment the .6.E detector was thinner and pro
vided only element resolution, but the time-of
flight determination provided adequate mas s 
resolution by itself. 

The experiment was performed by using 
the 5.5 GeV external proton beam of the 
Bevatron to bombard a uranium metal target 
of 27 mg/cm2 thickness. Beam pulses 0.8 
sec long and containing an average of 1012 
protons occurred every six seconds. Many of 
the details of the experimental equipment that 
do not involve time-of-flight have been pub
lished elsewhere. 4 



A detector telescope consisting of three 
phosphorus-diffused silicon detectors was 
placed at 90° to the bea:m to view the frag:ments 
e:mitted fro:m the target. The 22-fJ.:m ,0,.E de
tector was 14.5 c:m fro:m the center of the 
target, and the 112-fJ.:m E detector was 25.7 
c:m further away, with a rejection detector 
right behind it. The,0,.E and E detectors had 
sensitive areas of 5X 7 :m:m and were colli
:mated to 4X 6 :m:m by copper colli:mators 0.8 
:m:m thick. 

The electronic circuitry is illustrated 
sche:matically in Fig. 1. Fast rise-ti:me linear 
prea:mplifiers of a special type were designed 
and built. These were integrally :mounted with 
the ,0,.E and E detectors in the vacuu:m cha:mber. 
The electronic rise ti:me was less than one 
nsec and the decay ti:me constant was about 
60 fLsec. Signals fro:m the prea:mplifiers were 
sent through 50-r.l coaxial cables to fast a:mpli
fiers located in the counting area. Details of 
the prea:mplifier design, the electronics cir
cuitry, and of the walk of the ti:ming signals 
as a function of pulse height in both detectors 
are provided in the full report. 

During :measure:ments of nuclear frag
:ments fro:m the uraniu:m target in the 5.5-GeV 
proton bea:m, the fast discri:minator outputs 
were sent to a Ti:me-to-A:mplitude Converter 
(TAC) that operated in the 0-100 nsec range. 
The TAC was started by the E discri:minator 
signal and stopped by the signal fro:m the ,0,.E 
discri:minator delayed by 50 nsec. The ti:me 
spectru:m was thereby inverted so the flight 
ti:me of a frag:ment was (to - tTAcl, where to 
was a zero-ti:me reference whose value it was 
necessary to deter:mine. The syste:m was set 
up to :measure flight ti:mes ranging fro:m 10 to 
30 nsec--adequate to cover flight ti:mes of all 
frag:ments fro:m B to Ne in the energy range 
10 to 40 MeV over a 25. 7-c:m flight path. 

Fig. 1. Sche:matic diagra:m of the_electronics. 
(XBL 705-2887) 
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The ,0,.E, E, TAC, and particle signals 
for each valid event were digitized and were 
then stored on :magnetic tape. The co:mputer 
perfor:med an on-line calculation of the quan
tity E(tO - tTAC)2 which is proportional to Et2 

(and thus to :mass). This on-line calculation 
and the associated oscilloscope display were 
of considerable use for :monitoring purposes 
during the long experi:ments, but the final data 
reduction was done with a CDC-6600 co:mputer, 
where a Fortran progra:m used the raw data 
tape to calculate a :mass spectru:m corrected 
for the walk of the ti:ming signals with pulse 
height. This progra:m also calculated a 
particle spectru:m fro:m a :modified power-law 
equation. 

The particle spectru:m obtained during a 
57-hour experi:ment is shown in Fig. 2. Be
cause of the thinness of the ,0,.E detector, no 
isotopic separation was achieved, but ele:ments 
were clearly resolved. The corrected :mass 
spectru:m containing all of the frag:ments that 
deposited fro:m 15 to 30 MeV in the E detector 
is shown in Fig. 3. Each :mas s peak in this 
spectru:m contains so:me contribution fro:m 
:more than one isobar. The :mass resolution 
(FWHM) was 4.00/0 at :mass 11 and 4.10/0 at :mass 
18. The ti:me resolution of the pulser was 
140 psec. The ti:me resolution for the particles 
was about 250 psec. This was calculated fro:m 
the :measured :mass resolution, with a correc
tion for the contribution fro:m the energy re
solution. 

A two-para:meter contour plot of the nu:m
ber of events vs particle signal and :mass sig
nal is shown in Fig. 4. The ele:ment lines 
increase with :mass si:mply because the particle 
signal is so:mewhat a function of the :mass of 
the isotope as well as its charge. With the 
walk corrections that we used, the :mass nu:m
ber lines are not all vertical, which :means 
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Fig. 2. Particle spectru:m obtained in this 
experi:ment. The data shown in Figs. 2-5 
represent only those valid events that depos
ited fro:m 15 to 30 Me V in the E detector. 

(XBL-701-2182) 
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Fig. 3. Mass spectrum of ZooS to 11 frag
ments obtained in this experiment. 
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that the mass resolution was somewhat better 
than is indicated in Fig. 3. It is clear from 
this contour plot that the charge and mass 
resolution was sufficiently good to separate 
not only the major isotopes of the elements 
boron to neon, but also many of neutron-rich 
nuclides. This is illustrated more clearly in 
Fig. 5, which is the carbon mass spectrum 
obtained by projecting the carbon data in Fig. 
4 onto the mass axis. In this experiment, 
17C was produced in much greater yield than 

64 

56 

48 

0 40 
c 
01 

en 

32 
QJ 

U -.. 24 0 
a. 

16 

8 

0 , I , I , I 
0 16 32 48 

, , 

104 

) 10'. 

Channel number 

Fig. 5. Mass spectrum of carbon isotopes 
obtained by projecting carbon data from Fig. 
4 onto the mass axis. (XBL-705-2833) 

in our earlier experiment. 1 Even 18C is 
easily distinguishable in Fig. 5, and we thus 
confirm recent experiments 5 concerning the 
particle stability of this nuclide. Unfortu
nately, background problems prevent us from 
being able to say anything about the particle 
stability of nuclides of carbon heavier than 
18C , such as 19C , which has been reported 
recently as being particle stable. 3 Also, as 
seen in Fig. 4, our data clearly confirm the 
recent workS, 6 in which the particle stability 

I , , , , , I , , I I, , 

64 80 96 112 128 

Moss si g no 1 

Fig. 4. Contour plot of mass signal and parti
cle signal for this experiment. The contour 
levels are at 5, 10, 20, 50, 100, 200, 500, 
1000, 2000, 5000, 10,000, and 20,000 events. 
The dimensions of the array are 128X 64. 
The elements and mas s number s are indicated. 

(XBL-701-2181) 
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0t the neutron-rich nuclei 20N, 220, 23F, and 
2 Ne was established by observing these nuclei 
during a study of heavy-ion transfer reactions 
on a heavy nucleus. 
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Improved Algorithm for Particle Identification + 

Gilbert w. Butler~:< 

A widely used method of particle identifi
cation was developed some years ago bl 
Goulding, Landis, Cerny, and Pehl. 1, The 
method makes use of the empirical-power-Iaw 
formula R=aEb, where R is the range of a 
particle of energy E, a is a constant which is 
characteristic of a given particle, and b is a 
constant with a value of approximately 1.6. 
In its original form, a thin transmission (~E) 
detector of semiconductor silicon was placed 
in front of a thicker (E) detector and the sig
nals from the detector were manipulated in 
analog electronbc circuitry to derive the func
tion (E+~E)b_E , which can be shown to be 
equal to T/a, where T is the thickness of 
the ~E detector. T/a has a characteristic 
value for each particle. 

We have employed this particle identifi
cation system with considerable success in 
a study of fragments ejected from uranium 
bombarded with 5.5 GeV protons. 3 However, 
in this interaction a wide variety of fragments 
with a wide spread in kinetic energies is pro
duced and the power-law parameters could not 
be chosen in such a way to obtain a good fit 
over wide ranges of energy or particle type. 
Consider the data shown in Fig. 1(a), which 
shows the output of the analog electronic sys
tem for a certain experiment in which a 20-flm 
~E detector was used. In this case no isotopic 
resolution was obtained, but elements up 
through sodium were separated. 

The particle spectrum shown in Fig. 1(b) 
was calculated by an off-line computer from 
a magnetic tape record of the ~E and E data. 
The same power-law expression and the same 

and A. M. Poskanzer 
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b parameter were used to simulate the analog
particle spectrum. A two-parameter contour 
plot of the number of events vs particle signal 
and total energy for this same experiment is 
shown in Fig. 2(a). It can be seen from Fig. 
2(a) that the particle signal is not independent 
of energy for a given element. For the lighter 
elements, the decrease in particle signal with 
increasing energy could be corrected by rais
ing the parameter b, but then the curvature 
at the lowest energies for the heavier elements 
would be considerably worse. 

We have determined a modified power -law 
formula that is capable of automatically adjust
ing the exponent to obtain improved resolution 
for a broader spectrum of particles. It can be 
seen that the nuclei that deviate most from the 
original power-law formula are the heavier 
elements with the lowest energies. Since these 
nuclei are the ones that have the highest dE/dx 
value s, we decided to .make the exponent de
crease with the value of dE/dx given by the 
energy deposited in the ~E detector. The 
rrlOdified algorithm has the following form 

where the exponent is n = b - c ~E/T. We 
have taken the units of c to be mg/cm2 -MeV. 
In this formula the two energy terms are 
divided by a large constant (we use k = 300 
but the exact value is not critical). This is 
done because with a variable exponent it is 
necessary to normalize the spectra at a high 
energy, where the exponent is approximately 
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Fig. 1. Particle spectra resulting from the 
interaction of 5.5-GeV protons with a uranium 
target. The detector telescope consisted of 
a 20-fLm .6.E detector and a 300-fLm E detector. 
All three spectra are from the same experi
ment, but the data were proces sed in different 
ways, as discussed in the text. The pulser 
peak is split in (b) and (c) because the least 
significant bit of the ADC was not functioning 
during the experiment. The Li data were 
removed from the figure. (XBL-705-2885) 

constant. The square root of the particle sig
nal is used simply because it makes the signal 
proportional to Z instead of to Z2. It should 
be mentioned that in the search for the best b 
and c values to use in this equation, we have 
relied on range-energy and energy-loss pro
grams written at this laboratory. 

The dramatic improvement in particle
spectrum resolution that results from the use 
of the modified power-law equation with the 
appropriate band c parameters is illustrated 
in Figs. 1(c) and 2(b), which represent the 
same data reprocessed according to this modi
fied equation. (The calculations to proces s 
each event took about 300 fLsec on a Control 
Data Corporation 6600 computer.) The modi
fied equation produces the desired effect of 
making the particle signal more independent of 
energy, and the resolution is improved to such 
an extent that the isotopes 7Be and 8 B are 
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Fig. 2. Contour plots of particle signal and 
total energy corresponding to the data of Fig. 
1(b) and 1(c). The contour levels are at 10, 
20, 50, 100, 200, 500, 1000, 2000, and 5000 
events. The array size was 64X32 which 
accounts for the coarseness of the plots. 

(XBL-705-2886) 

clearly resolved in Fig. 1(c). (8Be and 9B do 
not appear in the spectra because their half
lives are too short to allow them to reach the 
detector.) The widths of the other peaks are 
mainly due to the high yields of the many unre
solved isotopes of each element. 3 We have 
shown that it is possible to obtain element 
resolution up to argon (Z = 18) with a 20-fLm 
.6.E detector3 and this method could probably 
be extended to even heavier elements with the 
use of thinner .6.E detectors. 
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Computer Interpolation of Internal-Conversion Coefficients 

C. M. Lederer 

COlllputer prograllls for interpolation of 
theoretical internal-conversion coefficients 
and randolll-accessib1e tables of coefficients 
(Hager and Seltzer) have been placed on the 
data cell at the LRL-Berk1ey CDC-6600 COIll
puter. Interpolated values Illay be obtained 
by SUbIllis sion of a few siIllp1e cards specify
ing the desired atolllic nUIllber, energies, and 

or ll'Tota1) and ratios (such as K/L). The pro
graIll Illay also be run on-line via a teletype 
console. 

Details of the use of the prograllls and the 
Illethod of cOlllputation are given in UCRL-
19980. 

Digital Nuclear Spectrometer t 

Willialll Goldsworthy 

The direct rundown of the charge liberated 
by the interaction of radiation or charged par
ticles in a nuclear detector is accolllplished 
for direct conversion to a digital nUIllber, 
eliIllinating the need for separate restoration 
of input charge and further processing of the 
analog signal. 

By applying digital feedback to the output 
of a nuclear detector so that charge balance 
can be Illaintained, charge liberated as a 
result of detecting nuclear events or aCCUIllU-
1ated frOIll detector or input leakage are ex
tracted and digitized. 

This early conversion of charge into a 
nUIllber eliIllinates the necessity of converting 
event-produced charge to a voltage pulse, 
aIllplifying this pulse through an aIllplifier sys
teIll having high stability, good linearity, and 
rigid control of band pass, and finally Illeasur
ing the aIllplitude of the aIllplified pulse by 
Illeans of an elaborate pulse-height analyzer. 

Little dependence upon integrator or 
aIllplifier stability, linearity, or band pass 
re sults in the digital scheIlle de scribed, since 
the integrator and aIllplifier serve solely as 
a Illeans of sensing input-charge unbalance, 
and the faIlliliar functions of integration and 
differentiation are handled digitally by con
trolling rebalance tiIlle, by tiIlle averaging, 
and by nUIllerica1 background subtraction. 

Application of this digital approach to 
reIllote1y located scientific data- sensing Illoni
tors, such as would be used in space probes 
or unIllanned pollution-Illonitoring stations, 
seeIllS quite attractive due to its siIllplicity, 
low weight and power requireIllents, and 
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greater cOlllpatibility with direct transIllission 
of useful data. 

Basic Digital Nuclear Spectrollleter 

In the block diagraIll of the basic digital 
nuclear spectrollleter of Fig. 1, the output of 
the nuclear-event detector is attached to the 
input of a current integrator and also to a 
charge extractor. Connected to the output of 
the integrator is a logic circuit which con
tinually Illaintains integrator input-charge 
balance on deIlland by controlling the aIllount 
of digital feedback applied to the integrator 
input by the charge extractor attached to it. 
A digital output proportional to extracted 
charge is also developed in this logic circuit 
and is sent along to a data processor for in
for Illation extraction. 
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Fig. 1. Basic digital nuclear spectrollleter. 
(XBL-712-2747) 



At the input of the spectrometer, current 
flows out of the detector as a result of event
liberated charge and detector leakage. Cur
rent also flows out across the gate-drain 
junction of the integrator f s input field- effect 
transistor (FET), since it is reverse biased 
with respect to the 4etector. Current can 
also flow out through the charge extractor 
upon command from the logic circuitry. Nor
mally, current flow through the charge ex
tractor is quite low, being only at a digital 
rate necessary for the extraction of the cur
rent surplus supplied by the detector which 
does not flow out through the FET. 

Upon the interaction of a nuclear event in 
the detector, an abrupt change occurs in its 
charge level. This charge shift results in an 
output potential unbalance of the integrator. 
The logic circuit attached to the integrator 
senses this rapid change and allows digital 
rundown of input charge at the maximum rate 
of the local clock used to synchronize and 
originate rundown commands to the charge 
extractor. Real-event start, and rundown
terminate information are contained in the 
digital output signals, since only during the 
time of rundown will the digital rundown 
intervals have their minimum spacing. They 
will have a rate occurence equal to the clock 
frequency. During rundown a train of pulses 
proportional in number to the event-produced 
charge plus leakage charge will be developed 
and sent to the data proces sor. Since the 
digital output of the basic converter is con
tinuous and contains all charge and time 
information, separate event, total event, and 
background information can be extracted in a 
separate data proces sor. 

Data Processor 

Information corning from the output of the 
basic digital nuclear spectrometer is in pulse 
and time form. The data proces sor must 
examine this information and convert it to 
useful data. Many types of information may 
be stripped from the available digital input 
data. These are total radiation data, indivi
dual event data, number of events, time rela
tionships of events and background data. 

The data processor used to demonstrate 
the feasibility of direct digital input conver
sion was designed only to determine individual 
nuclear-event energies. A block diagram 
showing the data proces sor used is shown in 
Fig. 2. This processor consists of a pro
grammer, an up-down accumulator, and a 
memory and display unit. Digital signals 
from the basic digital nuclear spectrometer 
are delayed in a delay line before entering the 
up-down accumulator, allowing for the start 
of the accumulator programmer before ar-
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Fig. 2. Data accumulator. 
(XBL-713-3062) 

rival of digital information corning from a 
real event. 

The same digital signals also enter the 
accumulator programmer to identify the start 
time of a real event. Upon the occurrence of 
a real event, the spacing between digital
feedback intervals synchronizes to the clock 
frequency and causes an accumulator program 
of accumulator reset, accumulator sum, 
accumulator subtract, and accumulator read
out to be initiated. This program is shown in 
Fig. 3 with integrator rundown. The sub
tract portion of the accumulator program 
ensues only after rundown termination has 
been sensed by an increase in the time spacing 
of the digital-feedback intervals. An equal 
time ensues following event rundown, where 
information relating only to background is 
numerically subtracted from the real event 
plus background information already accu
mulated during the sum portion of the cycle. 
A digital up-down scaler driven at the clock 
frequency is used to automatically equalize 
sum and subtract time by allowing countup 
during summing and countdown to zero during 
subtraction. Upon completion of the sum and 
subtract portions of the cycle, a read interval 
occurs where information contained in the 
accumulator is transferred to a readout device 
or memory. Visual display of the energy of 
the last events is also made for convenience. 

Circuit Details 

To handle the low charge levels developed 
from nuclear detectors, a low-leakage input 
integrator followed by a gain-of-20 amplifier 
was used to sense detector unbalance. The 
active input integrator uses an input FET to 
ensure low leakage, and employs a O.2-pF 
integrator charge- storage capacitor to maxi
mize its sensitivity. 

Charge extraction from the input is by 
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ITleans of light radiation stiITlulation of the input 
FET's gate-drain junction. This technique 
has been described earlier by Kandiah et al. 1 
Light radiation stiITlulation by this saITle ITleans 
is also applied to the nuclear-event detector 
to ensure a detector leakage greater than that 
of the input FET, so that continuous input 
balance is possible. Light radiation stiITlula
tion is by ITleans of light- eITlitting diode s 
(LED), where light radiation induces charge
pair generation inside the p-n junctions of the 
detector or input FET in ITluch the saITle ITlan
ner in which charge pairs are generated by 
nuclear radiation. The LED eITlployed for 
charge extraction is driven digitally at con
stant current by the rebalance logic circuitry, 
and the LED eITlployed for average balance is 
driven froITl a direct-current source. 

Rebalance cOITlITlands to the iITlpulse 
charge extractor occur whenever the COITl
paritor sensing level of the rebalance logic is 
exceeded. When this occurs a synchronous 
gate operates, allowing operation of the ex
tractor only during precise cOITlplete tiITle 
periods. With background only, an occasional 
one of these tiITle periods will be used for con
trolling digital feedback. When an event 
occurs, however, feedback intervals will 
occur at a clock-frequency rate. 

A clock frequency of 500 kHz was used in 
running the test spectruITl. It produced a run
down tiITle of over 1 ITlsec for each gaITlITla 
event digitized. Since the tiITler described here 
was not working exactly as described at the 
tiITle the spectruITl was run, all rundowns were 
ITlade with fixed SUITl and subtract tiITle s. 
These totalled about 1.6 ITlsec and were inde
pendent of input energy. 

The upper trace in Fig. 4 is the output 
waveform of the digital input integrator during 
actual rundown. The lower trace shows the 
periods of sUITlITling and subtracting used. 
The horizontal scale is 200 f.Lsec/cITl. 

To make an actual perforITlance test, a 
silicon x-ray detector was used to detect the 
y-ray energies froITl a 57Co source. The 
spectruITl produced is shown in Fig. 5. Al
though the'" 2 keY resolution perforITlance ob
tained for the 122-keV y peak cannot be con
sidered as excellent, it is certainly not bad for 
a first try. IITlproveITlents in techniques espe
cially in ITlore rapid digitization, greater ex
tractor stability, and ITlore accurate tiITling 
should certainly lead to better future resolu
tion. 

It should be apparent that the underlying 
principles of this new approach can be applied 
to any scientific study where current or charge 



ITlUst be ITleasured. In fact the technique de
scribed was developed originally for application 
to electrocheITlical studies. The application of 
the technique to environITlental and space 
studies--where its advantages of siITlplicity, 
light weight, low power consuITlption, and data 
cOITlpatibility--is also attractive. 

Footnote and Reference 

t Condensed froITl UCRL-20434, January 1971. 

1. K. Kandiah and A. Sterling, A Direct
Coupled Pulse AITlplifying and Analyzing Sys
teITl for Nudear Particle Spectroscopy, 
Nuclear Particle Detectors and Circuits (Nat. 
AcadeITlY of Sciences Pub. 1593 1969), p. 495. 

NIM Packaging Modifications 

W. W. Goldsworthy 

FroITl the standpoints of operator con
venience, reduction of front panel connector 
and wiring clutter and for the ease of equip
ITlent ITlaintenance, all front panel ITlodule-to
ITlodule cabling should be eliITlinated, all inter
ITlodule cabling should disconnect autoITlatically 
upon reITloval of a ITlodule froITl a bin, and all 
necessary ITlodule inputs and outputs should be 
brought to a central location for easy patching. 

By ITlinor ITlodification of the NIM systeITl, 
it is easily possible to accoITlplish all of the 
aforeITlentioned goals. The existing NIM bin 
and power supply has one serious drawback, 
that of the power supply blocking easy access 
to the ITlultipin ITlodule receptacles provided. 
This has prevented alITlost everyone froITl 
utilizing the six coaxial positions and the 30 
sITlall pin positions not now used for power 
delivery that are available at each ITlodule 
position, and has forced an unnece s sarily strong 
discipline upon the use of these largely unused 
pins. To expose these rear receptacles for 
easy use, it is only necessary to provide a 
pair of hinges like those shown in Fig. 1 that 
can be inserted between the bin and power 
supply. These hinges allow the power supply 
to be swung upwards exposing the rear of the 

Fig. 1. NIM power supply hinge. 
(XBB-6910-6699) 
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ITlodule receptacles as shown in Fig. 2. 

Connection to a central patch panel can 
be ITlade easily by utilizing prefab cables hav
ing AMP-coax-pokehoITle connectors on one 
end and bulkhead connectors, which ITlate to 
the patch panel, on the other end. InterITlod
ule wiring can be accoITlplished by using pre
fab-coax or single-wires cables of various 
lengths with AMP pokehoITle connectors on 
each end. 

Wiring to peripheral equipITlent can be 
ITlade through a rear-ITlounted patch panel, 
where connection to a ITlodule is siITlilar to that 
described for the central patch panel. With 

Fig. 2. Rear of ITlodule connectors exposed 
for cable insertion. (XBB-6910-6696) 



the exception of power supply positions on the 
multipin module receptacles, there are 30 
small pins and 6 coax pins available for each 
module width, so that for a 3 -unit module, 
90 small pins and 18 coax connections could 
conceivably be used. 

Figure 3 shows the central patch panel of 
a digital polarograph-coulometer utilizing this 
modified NIM system. 

Fig. 3. Patch panel used in digital polaro-
graph-coulometer. (XBB-711-98) 

Pulsed-Feedback Techniques for 
Semiconductor-Detector Radiation Spectrometers t 

D. A. Landis, F. S. Goulding, R. H. Pehl, and J. T. Walton 

The charge-sensitive capacitive feedback 
loop shown in Fig. 1a, with a parallel resis
tive-feedback path (Fig. 1b), is commonly 
used with semiconductor detectors. The vir
tues of a charge-sensitive configuration com
pared with the older voltage- sensitive circuit 
include relative insensitivity of the output 
signal to capacity changes in the detector, 
stabilization of output signal against changes 
in the elements within the loop, and ease of 
testing by application of a voltage step, via 
a small capacitor to the virtual ground point 
at the input of the preamplifier. 

A penalty in the signal-to-noise ratio 
results from the feedback capacity CF in
creasing the total capacity in the input circuit, 
but the degradation can be made insignificant 
by using a relatively small capacitor. The 
parallel resistive-feedback path (RF) serves 
two purposes; it provides dc feedback to stabi
lize the operating point of the elements in the 
feedback loop, and acts as a path for charge 
deposited on CF to leak away. The decay 
time constant of the feedback path is nominally 
RF CF, so charge impulses from the detector 
produce voltage steps at the output of the pre
amplifier that decay with this time constant. 

It has also become common in recent 
years to dc-connect the detector to the pre
amplifier, thereby keeping stray capacities 
at the input to a minimum. This method has 
also eliminated damage problems in the FET 
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input stage resulting from voltage breakdown 
in the coupling capacitor. With dc coupling, 
the detector leakage current flows into the 
input of the preamplifier producing a voltage 
drop across the feedback resistor--which can 
be used as a convenient monitor of detector 
leakage current. When the detector is in a 
high radiation field, insufficient time is avail
able between the individual radiation-induced 
pulses for the voltage steps across CF to decay, 
so voltage is present across RF continuously. 

Fundamental noise sources include the 
FET channel noise, detector leakage-current 
noise, and thermal noise of the feedback re
sistor. Also an additional source of noise 
(current noise) may be expected to be present 
in the high-valued feedback resistor when the 
voltage across it exceeds thermal fluctuation 
values. This becomes important only at high 
counting rates where appreciable average 
currents flow in the feedback resistor. 

The feedback resistor is a source of many 
additional problems. Due to its lar ge physical 
size, a substantial amount of capacity is added 
to ground on the input of the preamplifier, 
thereby degrading the signal-to-noise ratio. 
Furthermore, high-valued resistors rarely 
behave as well as would be indicated by funda
mental considerations. They act as sources 
of noise far larger than would be expected 
theoretically, and their value changes both as 
a function of voltage and frequency in the range 
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of interest. The poor frequency behavior 
of RF produces a complex decay in the voltage 
across CF that is not amenable to correction 
by pole-zero cancellation techniques. This is 
a major factor in the degradation of high-reso
lution systems at high counting rates. 

The optoelectronic feedback system1, 2 
was devised to overcome the frequency sensi
tivity of high-valued resistors. As shown in 
Fig. 1c, the feedback resistor is replaced by 
a light- emitting diode (LED), which feeds 
light into a photo diode connected to the input 
of the preamplifier. In practice, the gate 
junction of the FET is used as the photodiode, 
thereby avoiding any degradation of resolution 
due to the photodiode leakage current and its 
capacity. The combination of LED and photo
diode behaves as a pure resistor up to quite 
high frequencies, but nonlinearity in the input 
current vs light output characteristic of the 
LED causes the effective value of the feedback 
resistor to change in sympathy with the aver
age voltage level at the output of the pream
plifier. The feedback time constant therefore 
changes, pole-zero cancellation is made in
effective, and the high counting-rate perfor
mance is degraded. Furthermore, random 
current fluctuations in the photodiode act as 
a noise source that becomes significant at 
high counting rates. 
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The noise and counting-rate problems 
as sociated with the dc-feedback path can be 
eliminated by using a pulsed-feedback system 
similar to that shown in Fig. 1d. Here a 
measurement of the output level of the pre
amplifier (or of a later point in the amplifier) 
is made, and when the voltage excursion at 
this point exceeds prescribed limits, charge 
is fed to the input point to restore the output 
to its fiducial level. 

In the example shown in Fig. 1, the cur
rent flow in the detector circuit causes the 
output to move in a positive direction. When 
the output voltage crosses an upper discrimi
nator level, the charge pulser is turned on to 
feed charge into the input, thereby driving the 
output point in a negative direction. The 
charge pulser is turned off when the output 
reaches a lower discriminator level. During 
the recharge operation, analysis of the pulses 
in the later electronics is stopped, thereby 
imposing a dead time--which can be made 
suitably small by recharging quickly. 

The most important single choice to be 
made in a pulsed-feedback system is the tech
nique used to inject the resetting charge into 
the input point of the preamplifier. The ideal 
recharging element would: 

(1) introduce no additional noise in the 
system; 

(2) reset the system in a very short time; 

(3) produce no additional signals due to the 
switching operations; in particular, 

(4) produce no long-term aftereffects to 
interfere with real signals following the re
charge period; and 

(5) operate satisfactorily at liquid-nitrogen 
temperature to be compatible with the cooled
detector-FET systems used in high-resolution 
spectroscopy. The pulsed-light feedback sys
tem in Fig. 2 offers the best promise for very 
high-resolution work. 

DET BIAS 

(NEGATIVE) 

Fig. 2. Pulsed-light feedback via FET drain-
gate diode. (XBL-7010-6743) 
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Figures 3 and 4, respectively are block 
diagrams of the preamplifier and amplifier 
used in low-energy photon spectrometer em
ploying pulsed-light feedback. The amplifier 
unit, containing a pileup rejector and a biased 
amplifier, performs amplification and signal 
processing operations, and provides a 2 f.Lsec
wide output pulse suitable for a pulse-height 
analyzer. At low counting rates, the perfor
mance of this system is only slightly better than 
than that of dc-coupled optoelectronic feedback 
systems. As expected, the main advantages 
of the system are exhibited at high counting 
rates. 

Figure 5 is an illustration of the pe rfor
mance at very high-input counting rates 
(260,000 per second) from 55Fe, with and 
without the use of the pileup rejector. In this 
case, the Gaussian peak was at 4.5 f.Lsec. The 
output rate when using the pileup rejector was 
4,000 counts per second, whereas it was 32,00 
counts per second with no pileup rejector. 
The accidental double, triple and even quad
ruple coincidences between the Mn x rays, 
within the discrimination time of the pileup 
rejector (,'='250 nsec), are clearly seen when 
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Fig. 5. Spectrum of 55Fe illustrating the 
effect of pileup rejection on a Mn x-ray spec
trum taken at an input rate of 260,000 counts 
per second. (XBL-7010-6802) 

the pileup rejector is operating, but these fea
tures are almost hidden by background when 
the pileup rejector is not used. Moreover, the 
primary peak, and even secondary pileup 
peaks, exhibit very good resolution at this 
high-counting rate when the pileup rejector is 
employed. It is interesting to note than even 
the very weak silicon K x-ray escape peak is 
clearly visible in the pileup as well as in the 
singles spectra. 

Footnote and References 

t 'Condensed from UCRL-20151, October 1970; 
presented at 1970 Nuclear Science Sympo
sium, New York, Nov. 4-6, 1970; also to be 
published in IEEE Trans. Nucl. Sci. NS-18, 
1.. (1971). 

1. F. S. Goulding, J. Walton, D. Malone, 
Nucl. Instr. and Methods, It, 273 (1969). 

2. F. S. Goulding, J. T. Walton, R. H. Pehl, 
IEEE Trans. Nucl. Sci., NS-17, .1, 218 (1970). 



Detection of Low-Energy X Rays with Si(Li) Detectors t 

J. M. Jaklevic and F. S. Goulding 

The continuing improvement in energy 
resolution of semiconductor-detector x-ray 
spectrometers has led to interest in the use of 
these devices at energies less than 2 keV. 
This is an energy region of potential analytical 
interest since the K x rays of several ele
ments of biological and chemical importance 
occur at these energies. Using a windowless 
x-ray spectrometer system and electron beam 
excitation on low-Z targets, we have per
formed measurements of characteristic K 
x rays of elements down to and including 
carbon (277 eV). 

Experimental Apparatus 

The modified x-ray spectrometer system 
used in the measurements is shown sche
matically in Fig. 1. It consists of an experi
mental chamber with acces s ports for mech
anical motion feedthroughs, electron-gun elec
trodes, and vacuum pumpout. A two-position 
gate valve is mounted in place of the usual 
window on top of the detector holder and is 
actuated by means of a mechanical feedthrough 
to the outside of the sample chamber. In one 
position of the gate valve, a 0.005-in. beryl
lium window isolates the detector from the 
sample chamber, enabling operation of the 
chamber at atmospheric pressure without 
disturbing the detector cryostat. In the other 
position, a thin self- supporting aluminum foil, 
typically of 25 fJ.gm/cmZ to 60 fJ.gm/cm2 thick
ness, is present. In addition to serving as a 

ELECTRON GUN SAMPLE 

GATE 
1----~,..._.,.4..-'T"'"""I-~~ VALVE 

ISi-LiI X-RAY 
DETECTOR 

Fig. 1. Schematic diagram of modified x-ray 
spectrometer and sample chamber. 

(XBL-7010- 6814) 
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vacuum baffle, these foils prevent light from 
reaching the detector while transmitting x rays. 

An electron gun was used to generate 
characteristic x rays in the light element 
samples. The detector was 3 mm deep by 5 
rum diameter Si(Li), included in a system 
employing pulsed-light feedback electronics. 1 
The electronic resolution was 118 eV when 
using a Gaussian pulse-shape peaking at 
35 fJ.sec. 

Linearity and Energy Resolution 

The response of the spectrometer to 
fluorescence x rays in the energy range below 
2 keV has been measured and the system linear
ity and energy resolution determined. The 
maximum observed deviation of the measured 
energies from a straight line fitted to the data 
between 500 eV and 2 keV was less than the 
minimum estimated error of 4 eV. The rms 
deviation over the entire range was less than 
3 eV. These limits were established by un
certainty in locating the midpoint of peaks 
from the graphical spectra and might be re
duced by the application of more sophisticated 
curve fitting techniques; the system non
linearity could be less than the numbers 
quoted, but we cannot eliminate the possibil
ities of minor nonlinearities 2 below our limits. 

Energy-resolution data were also obtained 
and are summarized in the plot of resolution 
squared vs energy given in Fig. 2. The data 
are reasonably consistent with statistical sum
ming of electronic noise and detector charge 
fluctuations. The straight line shown in this 
figure was calculated using the measured 
electronic resolution of 118 eV, assuming a 
mean energy-per-hole electron pair (E) of 
3.81 eV and a Fano factor (F) of 0.132. There 
appear to be systematic departures from the 
straight line below 1 keV, which can be attri
buted to the effect of tailing on the peaks. 
Measurements of the full-width at 1/10 maxi
mum show an increased tailing effect at low 
energies, and at low bias voltages, suggesting 
window-related charge collection problems. 
Typical resolution (FWHM) are 137± 3 eV for 
Al K x rays (1480 eV), and 126 ± 8 eV for 
oxygen (525 eV). 

Detection of Carbon X Rays 

The region below 500 eV warrants sepa
rate discussion because of the special tech
niques that have been used in these experiments 
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to observe x rays in this range, specifically 
carbon and nitrogen K x rays at 277 eV and 
392 eV, respectively. 

To reduce noise counts at low energies by 
a large factor relative to the fluorescent x-ray 
signal, we have eITlployed a pulse-excitation 
source generated by pulsing the grid on the 
electron-gun, then gating the electronics for 
only a brief tiITle when we know that fluorescent 
x-ray pulses would be at their peak value. By 
saITlpling the systeITl output only when there is 
a very high probability of an x ray being pre
sent, we increase the ratio of x-ray events to 
noise pulses by the off-on ratio of the saITlpl
ing pulses. PreliITlinary experiITlents using 
a 1-f.Lsec-wide pulse with a 150-f.Lsec period 
have yielded sufficient noise suppression to 
perITlit observation of carbon x rays. Figure 3 
is a spectruITl obtained with a graphite target 
using the pulse technique; we also show an 
A1203 spectruITl for cOITlparison. 

The energy resolution of carbon and nitro
gen x rays under the pulsed operation are 
136±8 eV arid 131±10 eV (FWHM) respectively, 
which is consistent with our previous discus
sion of the departure froITl statistical behavior 
at low energy. We have also consistently ob
served departures froITl linearity for these 
x rays, which we have attributed to the detec
tor itself. The carbon peak position, defined 
as the point ITlidway between the half-height 
values, lies approxiITlately at 0.7 of the ex
pected value extrapolated froITl the linearity 
curves for higher energy, whereas the nitrogen 
line is at 0.9 of its expected value. Linearity 
ITleasureITlents on the electronics, using a 
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Fig. 3. SpectruITl of carbon x rays froITl 
graphite target observed in the pulsed ITlode. 
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Fig. 4. SpectruITl of fluorescence x rays 
frOITl electron excitation of glaucophane. The 
cOITlposition of this ITlineral saITlple is indi-
cated on the graph. (XBL-7010-6816) 

pulser, exhibit no nonlinearity; we have there
fore concluded that it is ITlost likely due to 
charge collection in the detector. At 277 eV 
approxiITlately, 10'10 of the photoelectric events 
occur within 2 Xi 0 - 6 CITl of the surface. In 
addition to being less than the estiITlated win
dow thickness, this distance is also less than 
the range for the photoelectrons produced in 
the silicon. A sizable fraction of the ioniza
tion will therefore be produced outside the 
intrinsic voluITle and will not appear in the 
signal. 

As an illustration of the potentialities for 
fluorescence analysis at these low energies, 



Fig. 4 shows a spectrum obtained by bom
bardment of mineral targets with 7.5-keV 
electrons. The characteristic x rays at the 
light element constituents are labeled. 

Footnote and References 

t Condensed from IEEE Trans. NucL Sci., 
NS-18, 187 (1971). 

1. D. A. Landis, F. S. Goulding, R. H. 
Pehl and J. T. Walton, IEEE Trans. Nucl. 
Sci., NS-18, 115 (1971). 

2. H. R. Zulliger, L. M. Middleman, and 
D. W. Aiken, IEEE Trans. Nucl. Sci., NS-
16, 47 (1969), and references cited therein. 

Low Cost Lock-In Amplifier 

Michiyuki Nakamura 

We have built a low cost lock-in amplifier 
using linear integrated circuits. The lock-in 
amplifier consists of 7 operational amplifiers, 
2 comparators, 2 voltage followers, 1 hex
inverter digital integrated circuit, and 6 tran
sistors. The total cost of components and 
hardware is less than $150. 

The reference section of the amplifier 
uses a gain-controllable operational amplifier 
and a comparator as a Schmitt trigger to 
square the incoming reference signal. Double 
integration is used to produce a parabolic 
waveform from the squared reference signal. 
The parabolic wave is enough like a sine wave 
that we could use a phase- splitter and an RC 
network for a phase shifter. A second com
parator is used to square the phase- shifted 
reference signal, and the squared signal is 
used in the demodulating section of the 
amplifie r. 

The signal-amplifier section uses a volt
age-follower integrated circuit at its input 

stage. The input impedance is 10 megohms. 
The last stage has a twin-tee filter network 
in the feedback section tuned to the incoming
signal frequency and has a gain of 20. Addi
tional amplifier s can be switched in and out 
to acquire the desired amount of gain. A 
maximum gain of 100,000 was designed into 
this lock-in amplifier, but we see that an 
additional gain of 10 could have been used 
without exceeding the noise margins we had 
set for ourselves. 

The demodulating section uses an opera
tional amplifier suggested by the Fairchild 
Semiconductor Linear Integrated Circuits 
Applications Handbook, 1967. We had to 
modify the switching network used to ensure 
the same gain for both positive- and negative
going signals. 

RC integration follows the demodulator 
with selectable 6 or 12 db/octave rolloff. A 
meter shows the amount of output signal, and 
a signal is available for driving a chart 
recorder. 

A lOO-MHz Digital Stabilizer 

R. LaPierre and R. Strudwick 

During the past year we have upgraded 
some of our digital stabilizer s 1 to operate 
with multichannel analyzers that use a 100 
MHz digitizing clock rate in their analog-to
digital converter. The modification incor
porates MECL-II logic elements in the design 
of the first decade of the stabilizer's address 
scaler. The design changes are limited to 
one printed-circuit board. The modified units 
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will operate with all types of analyzers which 
have been previously interfaced for stabili
zation. 

Reference 

1. M. Nakamura and R. LaPierre, Nucl. 
Instr. Methods 32, 277 (1965). 



Computer Control of a 
Quadrupole Mass Spectrometer System 

R. LaPierre and R. Strudwick 

A system. utilizing a Digital Equipm.ent 
Corporation PDP-8L com.puter has been as sem.
bled to control the operation of an EAI m.as s 
spectrom.eter. The spectrom.eter system. is 
being used by Mr. Norm.an Milleron's group 
to study the feasibility of analyzing air, 
breath, and skin respiration as a m.eans of 
diagnosing and prognosing states of health 
and disease. 

The com.puter was obtained from. the 
Mathem.atics and Com.puting Group on a short
term. loan basis. The operation of the con
troller is depicted in the block diagram. of 
Fig. 1. The quadrupole's sweep circuitry is 
operated under program. control via a 12-bit 
digital-to-analog (DAC) converter. The stair
case sweep voltage from. the DAC m.ay be 
program.m.ed to prevent ions of the highly 
abundant peaks, such as nitrogen and oxygen, 
from. ever reaching the exit port of the m.ass 
filter and swam.ping the ion detector. The 
controller is also able to turn off the ion 
source in the EAI between steps of the sweep 
voltage. 

The experim.ental data are accum.ulated 
in a RIDLo m.ultichannel analyzer operating in 
the m.ultiscale m.ode. The operation of the 
analyzer is under program. control and is 
operated in synchronization with the staircase 

Fig. 1. Mas s spectrom.eter system. block 
diagram.. (XBL-713-3060) 

sweep voltage applied to the m.as s spectrom.
eter. The analyzer, rather than the com.puter, 
was used for data storage because it was al
ready interfaced to a m.agnetic tape unit. The 
m.agnetic tape output allows the experim.enter 
to record the data in a form.at suitable for 
further analysis at the com.puter center. 

The staircase sweep voltage applied to 
the m.ass filter produces a significant im.prove
m.ent in stability when com.pared with the re
sults obtained with a norm.al sawtooth sweep 
volta~e. Signal-to-noise was im.proved from. 
5 X 10 for the unm.odified EAI quadrupole to 
5 Xi 08 for the m.odifications in conjunction 
with LHe pum.ping. 

Extended Core Storage for a PDP-9 Computer 

R. LaPierre 

The core m.em.ory of a Nuclear Data Model 
160 analyzer has been used extensively over 
the past year as auxiliary storage for a PDP-9 
com.puter. The 4K m.em.ory of the ND is very 
com.patible with the com.puter as both have an 
18-bit word size. 

At the present tim.e, all data transfers are 
under com.puter control, and occur via pro
gram.m.ed data transfer. (We are considering 
putting the auxiliary m.em.ory on the API bus.) 
The design of the hardware interface unit 
allows the following m.odes of operation for the 
transfer of data between the com.puter and the 
ND m.em.ory: 
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(a) "Read" into the com.puter, com.m.encing 
at location X in the analyzer, the contents of 
m. successive locations. 

(b) "Write" into the analyzer, com.m.encing 
at location X, m. successive words. 

(c) "Add-1" to the contents of location X 
in the analyzer. 

All of the signal levels and tim.ing required by 
the ND m.em.ory are incorporated into the 
hardware design of the interface and are 
"invisible" to the program.m.er. 



The operation of the ND as a stand-alone 
multiparameter analyzer has not been affected 
by its interface to the PDP-9. Additionally, 
the interface permits operation of the analyzer 
in its normal fashion under program control. 
The availability of the ND for multiparameter 
analysis has been somewhat affected, however, 
as the extended-core feature has been utilized 
in several of the programs used by the Fission 
Research Group. The hardware display fea-

ture of the memory is utilized by one program 
in which the spectral data of an on-line exper
iment is transferred to the ND for storage 
and display. 

There has been no known failure in the 
interface and (or) memory storage since its 
initial checkout. Since many of the routines 
use the extended core for program storage as 
well as data storage, it can be assumed that 
the system is error-free. 

On-Line Mass Determination of 252Cf Fission Fragments 

t ~'< 
R. C. Jared, E. K. Quigg, J. B. Hunter, E. Cheifetz, . 

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

Correlations of fission fragment masses 
with y-ray or x-ray emission have been 
studied extensively in multiparameter fission 
experiments in which the masses of the frag
ments were obtained from the measured kinet
ic energies of the two fragments. It is com
mon in such experiments to record 107 - 108 

multidimensional events and then to be faced 
with the problem of sorting the massive 
amounts of data to obtain meaningful correla
tions. The programs that reduce the data 
involve complex data handling procedures and 
require lengthy preparation. Even when the 
programs are available, it takes months to 
sort the data. It has been our experience that 
six months to two years pass before meaning
ful physical results are derived from the raw 
data. To overcome this difficulty, a program 
which determines fission fragment masses 
has been incorporated in an on-line PDP-9 
computer system. This program sorts y rays 
into spectra correlated with different ranges 
of fragment masses during the experiment. 

The procedure of determining the frag
ment mas ses from their measured kinetic 
energies has been described in detail by 
Watson1 and is su=arized here briefly. 
The pulse-height responses of the solid-state 
detectors of each fragment are digitized into 
256 channels, such that the light-fragment 
peak falls at channel 104 and the heavy-frag
ment peak falls at about channel 75. The 
useful single-fragment pulse-height iEectrum 
in the case of spontaneous fission of 52Cf 
extends from channels 31 to 130. The energy 
calibration is obtained from the centroids of 
the two peaks of the single-fragment spectra. 
The masses corresponding to all possible 
pulse-height-response combinations in the 
useful region are calculated and placed in 
a 100X 100 table. Each location in this table 
is generated by an iterative procedure that 
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involves the Schmitt calibration procedure and 
the known corrections for neutron emis sion 
as a function of fragment masses and total 
kinetic energy. In practice, the fragment 
pulse heights were digitized into 12-bit num
bers (corresponding to 4096 channels), of 
which the eight most significant bits were used 
to obtain the 256-channel spectrum. The four 
least-significant bits were used for interpo
lation between adjacent values of the masses 
in the table. The mass of one of the fragments 
in each sorted event was obtained by referring 
the pulse heights of the fragments in each 
event to the mass table described above and 
interpolating within the table. 

Immediate determination of the rna sse s 
in the PDP-9 system follows basically the above 
procedure. The PDP -9 computer consists 
of a 16K-word memory, a disk with a capacity 
of 250K words, magnetic tape output, display 
oscilloscope, a teletype unit, and three DEC 
tape s. The memory holds the mas stable. It 
has been found that only 3500 memory locations 
out of the 100X 100 mass table are referred to 
in any significant frequency, so that the mass 
table is reduced to that size. The rna s stable 
is calculated in advance by the CDC-6600 com
puter and is fed into the PDP-9 before the 
experiment. Since the mass table is based on 
a predetermined calibration equation, a two
point gain- stabilization system similar to that 
described by Nakamura2 has been incorporated 
in the program to nlaintain the exact positions 
of both the light- and heavy-fragment peaks. 
There are 32 y-ray spectra, each of 4096 
channels, in the disk storage. Each y-ray 
spectrum corresponds to a particular mass 
interval, which is usually 2 amu in range, but 
can be varied if necessary. 

Figure 1 shows the flow of the multidi
mensional events. Each event consists of 
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Fig. 1. Block diagram of the computer "on
line" data processing of V-ray events asso
ciated with fission-fragment masses. 

digital values for the two fragment pulse 
heights, the V-ray pulse height, and a signal 
identifying the nature of the event (e. g., two
fragment coincidence used for stabilization, 
fission V-ray coincidence, V-ray stabilization 
event, etc.) These events are initially placed 
in double -input buffer s. Each buffer can hold 
30 multidimensional events and requires 120 
PDP-9 words. The two input buffers allow 
for sorting of one buffer as the other one is 
filled with new events. When a buffer is filled, 
sorting commences and the events go to any 
or all of the following places: (1) a subroutine 
that controls the variable-gain amplifiers 
which stabilize the various detectors and dis
play the single-detector pulse-height distri
butions on the oscilloscope, (2) an output 
double buffer that is written, when filled, on 
a magnetic tape (this step is equivalent to the 
output stage of past experiments), and (3) 
the mass-sorting part of the program. 

In the mass-sorting sequence, an index 
between 1 and 32 corresponding to the mass 
range is determined for each event by first 
referring the fragment channel numbers to the 
mass table and then converting the derived 
mass value to an appropriate index. The y
ray channel number of the event is then placed 
in one of 32 double buffers, each correspond
ing to a mass interval. When one of these 
buffers is filled, the corresponding V-ray 
spectrum is read from the disk to the memory 
and is updated with the events in the buffer. 
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(XBL-713-3059) 

At the end of the updating process, the V-ray 
spectrum is rewritten on the disk. During 
the updating sequence the second buffer con
tinue s to be filled. 

The system can handle up to 5000 events/ 
min. At the end of an experimental run, the 
32 V-ray spectra are stored on a DEC mag
netic tape for analysis. By using this sys
tem, collection of many events is reduced to 
a manageable number of spectra which can 
yield meaningful physical results within a 
short time. 

Footnotes and References 
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Analysis of Prompt Gamma and 
X-Ray Radiations of 252Cf Fission Fragments 

R. C. Jared, E. Cheifetz, t S. G. Thompson, J. B. Wilhelmy, E. K. Quigg, ':' and T. H. Strong 

A series of multiparameter experiments 
have been performed to study the correlations 
of promptly emitted y rays and x rays with 
specific fission fragments. The mass of the 
fragment associated with a y transition was 
determined from the measured kinetic energy 
of a pair of fragments. The atomic number 
of the fragment was determined from the 
particular K x ray emitted in coincidence with 
the y rays. 

Prompt K x rays and (or) y rays in coin
cidence with pairs of fission fragments were 
measured using the detector arrangement indi
cated in Fig. 1. Three separate experiments 
using different photon detectors were per
formed: (1) recording y rays with a 1-cm3 
Ge(Li) detector (resolution 1 keY at 122 keY) 
in position Y2' (2) recording y rays and (or) 
x rays in coincidence using a 6-cm3 Ge(Li) 
detector in position y 1 and a 2- cm2 Si(Li) 
detector in position Y2' and (3) recording y-y 

252Cf~I05 f/min 

B 
F2 FI 

B ~ 
--oJ~1+ 
~ 

~cm 
a det. 

241Am~ 
GOC a del. La 

NoI 

Fig. 1. Schematic representation of detector 
sKstem. Detectors F1 (with electrodeposited 
2 2Ci) and F2 measured energies offragments. 
Detectors Y1 and Y2 measured energies of 
y rays and (or) x rays. External sources for 
stabilization of the photon detectors were 
243Cm (a-y coincidence), 60Co (y-y coinci
dence), and 241Am (a-y coincidence). 

(XBL- 703 - 2403) 
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coincidences with a 35-cm Ge(Li) coaxial 
detector in position Y2 and a 6-cm3 Ge(Li) 
detector in position Y1. In all the exPeriments 
a nominal10 5 -fission/min source of 252Cf was 
electrodeposited onto the surface of fragment 
detector F l' Thus Doppler shifting and 
broadening problems were eliminated for 
transitions from the fragments stopped in that 
detector. This technique, which simplified 
the spectra, applie s to transitions with life
times longer than the stopping time of the 
fragments ("::10- 12 sec). 

Due to the large acceptance angle of the 
fragment detectors, all of the transitions above 
'" 100 keY that were emitted by the fragments 
in flight were broadened enough so that they 
did not appear as lines in the spectrum. Life
time determinations in the time region 
0.1 - 2.0 nsec were obtained from the ratio of 
the non-Doppler-shifted y-ray intensity ob
served when the fragment stopped in the plated 
detector F 1 relative to the intensity observed 
when the fragment stopped in the second detec
tor F2' which was separated from the plated 
detector by 8 mm. 

Each multidimensional event consisted of 
five pulse heights, four of which were the 
analog signals from the individual detectors 
(F l' F?, Y l' y), and the fifth was a marking 
signal fo specilY the nature of the coincidence 
between the various detectors (e. g., F1F2 
stabilization, F 1F 2 Y1' F 1 F 2Y1Y2' Y1 gain 
stabilization, etc.). The events were fed to 
an analog multiplexer 1 that stored the analog 
information until a 4096-channel ADC2 con
secutively digitized each dimension and pre
sented the information to the computer. The 
digital information of each event was trans
ferred to one of two input buffers in a PDP-9 
computer. When a buffer was filled the events 
were processed according to the event type, 
as specified in the fifth dimension, and used 
for any of the following purposes: (1) storage 
in a display buffer for visual monitoring of the 
various y-ray, x-ray and fission-fragment 
spectra, (2) digital gain stabilization of the 
various detectors, and (3) calculation of fis
sion-fragment detector responses, i. e. , 
peak-to-valley ratios that are sensitive to the 
detector deterioration. All of the events 
were also placed in one of two output buffers 
that were written on magnetic tape after they 
had been filled. Double buffers were used in 
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Fig. 2. Garruna-ray spectra recorded using 
a 1-cm3 high-resolution Ge{Li) detector. 
Results shown are for fission fragments that 
were stopped in the plated detector having 
rna sse s 1 03 - 1 05 and 105 - 1 0 7 . 

both the input and output stages to facilitate 
uninterrupted data collection. 

In the experiments, 2.5X 10S multidimen
sional events were recorded on 150 magnetic 
tapes. The tapes were sorted in the CDC-
6600 computer. First the various event types 
were separated onto different tapes, and the 
fission-fragment energy calibration equation 
for each PDP-9 output tape was determined 
from the F 1 F2 stabilization coincidence 
events. (Events corresponding to one of 
every 100 F 1 F2 coincidences were recorded. ) 
~n th~ s~cond ste.p all the events of Y1 or Y2 
In COInCIdence wIth a pair of fragments were 
sorted. The masses of the fragments in such 
events were calculated3 and the spectra of 
Y rays in coincidence with mass intervals of 
2 amu were produced. Examples of such 
spectra are shown in Fig. 2. These y-ray 
spectra were then analyzed using the on-line 
photopeak analysis code of Routti and Prus sin4 

to obtain quantitative energies and intensities 
of individual transitions. The average mass 
associated with specific y-ray transitions was 
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Fig. 3. Prompt y-ray spectrum from 252 Cf 
observed using a 35-cm3 coaxial Ge{Li) detec
tor (a) in coincidence with fragments having 
experimental masses between 143 and 145, 
(b) in coincidence with fragments having ex
perimental masses between 139 and 149, and 
also with the 199.4-keV y ray (2 ...... 0 in 144Ba) 
detected by a 6- cm3 planar Ge{Li) detector. 

(XBL-707-32S0) 



obtained from the distribution of the transition 
intensity over the mass intervals. 

The events consisting of two photon coin
cidences with a pair of fragments (Y1Y2F1F2) 
were analyzed by first calculating for each 
event the mass of fragment 1 and the total 
fragment kinetic energy, and rewriting them 
event by event on magnetic tapes. These 
tapes were later sorted in the PDP-9 com
puter in the following manner. The y-ray, 
x-ray coincidence events were sorted into 
y-ray spectra in coincidence with specific K 
x-ray energies and fragment masses corre~ 
sponding to ± 8 amu about the expected most 
probable mass of any given element. The 
x-ray detector resolution was equivalent to 
roughly one atomic number so that for many 
intense transitions, the Z identity of the 
emitting fragment or its complement was 
easily observed. The y-ray, y-ray coinci
dence events were sorted by setting windows 
corresponding to intense lines in one photon 
detector and windows around the mas s value s 
of that line (obtained from yF 1 F2 analysis) 
and observing the spectrum of the second y
ray detector. An example of a y-ray spectrum 
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in coincidence with one y-ray transition is 
shown in Fig. 3. By combining such an anal
ysis with several considerations of known 
properties of ground-state bands, it was pos
sible to determine level structure for specific 
even-even isotopes ~roduced from the spon
taneous fission of 2 2Cf. 
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Rates of Growth of Crystals from Solutions 

Cheng T. Cheng 

(UCRL-i95i8) 

Studies of the rates of crystal growth 
from undercooled binary liquid mixtures of 
organic substance s were conducted in two 
systems, a simple eutectic mixture of salol 
and thymol, and bibenzyl and trans stilbene 
which form nearly complete solid solubility. 

The newly designed temperature-gradient 
microscope stage, which incorporates facil
ities for a quantitative. determination of the 
interfacial liquid and solid compositions and 
temperature through the use of interfero
metric techniques, has been successfully used 
for the first time to study the interfacial rate 
phenomena of crystallization. 

A new theory is developed by modifying 
the Eyring's absolute-rate-theory concept to 
interpret the experimental results for the 
growth of mixed crystal from the binary mix-

ture in terms of a separation factor. This 
factor, representing the deviation from equi
librium, is found to depend on the growth 
and interface conditions. 

The experimental results have shown that 
considerable departures of interfacial com
positions and temperatures from the phase 
diagram can occur. The results suggest that 
the assumption of instantaneous phase equi
librium ,usually should not be used in design 
calculations for crystallization equipment. 

The adaptation of Eyring-type theory in 
the prediction of rates of crystal growth by 
Kirwan and Pigford has been further tested, 
and its application to crystal growth for var
ious molecules of different structural com
plexity ha s been found to be good for an order
of - magnitude estimate. 

The Behavior of Chlorella Pyrenoidosa 
in Steady-State Continuous Culture 

Joseph N. Dabes 

(UCRL_i9958) 

Chlorella pyrenoidosa was grown in 
steady- state continuous culture. Algal growth 
was never limited by COZ, minerals, pH, or 
temperature. The effects of the two remain
ing independent variables, specific growth 
rate and incident light intensity, on algal 
biomass productivity and algal physiology 
were examined. 

It was found that optimum algal biomass 
productivity was obtained at a specific growth 
rate of approximately 1.6 day-i, when the 
incident light intensity was 8.05 mW /cmZ. 
This optimum specific growth rate is not ex
pected to change significantly as a function of 
incident light intensity. This optimum specific 
growth rate for cell biomas s production re
sults primarily from a high light saturated rate 
of photosynthesis and a low amount of light 
transmitted through the culture. 

Total chlorophyll content, chlorophyll a/ 
chlorophyll b ratio, light saturated rate of 
photosynthesis, dark respiration rate, and 
RNA content were found to be strong functions 
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of specific growth rate. On the other hand, 
maximum quantum efficiency of the quinone 
Hill reaction, and DNA content changed little, 
if at all, as a function of specific growth rate. 
Physiological changes in the cells as a func
tion incident light intensity were small. 

A mathematical expression for the light 
response curve of photosynthesis was formu
lated, which is consistent with both experi
mental data and current knowledge of the 
chemical kinetics of photosynthesis. 

A mathematical model for the perfor
mance of optically dense algal systems, which 
are of intere st for the mas s culture of algae, 
is presented. This model differs from pre
vious models, since it uses the abovemen
tioned light response curve to describe the 
local rate of photosynthesis and also accounts 
for changes in the physiology of the algae. 
This model for optically dense cultures was 
found to give a reasonable fit of our continuous 
culture experimental data, and should be use
ful in designing and predicting the performance 
of algal systems. 



Decay Studies of Neutron-Deficient 
Isotopes of Astatine, Polonium, and Bismuth 

Janis M. Dairiki 

(UCRL-2041Z) 

Alpha particle and gaIllllla ray studies 
were Illade of the decay of neutron-deficient 
isotopes of astatine, poloniulll, and bisIlluth. 
Astatine isotopes were produced in Au(1ZC,xn) 
reactions at the Berkeley Heavy-Ion Linear 
Accelerator (Hila c) . Poloniulll and bisIllUth 
sources were obtained as products of astatine 
decay. 

Three kinds of experiIllents were per
forllled: 1) Cl'-particle energies and branching 
ratios, Z) high resolution y-ray singles studies, 
and 3) y-y coincidence Illeasurelllents. In the 
y-ray studies, Illeasurelllents were Illade on 
a source containing a Illixture of isotopes with 
no previous cheIllical separation, priIllarily 
due to the short half-lives involved. COlllputer 
codes were developed to analyze the resulting 
cOlllplex Illulticolllponent y spectra. 

Decay scheIlles were constructed for even
Illass At isotopes, A == ZOZ-Z06. Confirllling 
evidence was obtained in Cl' Illeasurelllents for 
an isollleric state of ZOZAt. Partial decay 
scheIlles were deduced for Z05At and Z03At , 
characterized by intense direct population of 
a 9/Z- excited level in the Po daughters fol
lowed by a y transitio~ to the 5/Z- ground 
states. For Z02po_ Z 5po , tentative decay 
scheIlles were proposed. The odd-Illass polo
niUIll nuclei exhibit substantial decay to posi
tive parity states in their Bi daughters. In 
addition, an Cl' group at 5.37± 0.15 MeV was 
attributed to ZCY3po. Finally, a systematic 
series of energy levels (Ot, 4t, 4t, and 5-) 
were observed in the even-even Pb nuclei 
produced in the electron-capture decay of 
198Bi_Z04Bi. 

Core and Valence Electronic States 
Studied with X-Ray Photoelectron Spectroscopy 

Charles Sherwood Fadley 

(UCRL-19535) 

X-ray photoelectron spectroscopy (XPS) 
is applied to two separate studies of electronic 
structure: (1) ExperiIllental and theoretical 
results are presented for Illetal-atolll electron 
binding - ene r gy splitting s due to Illultiplet 
effects in the final-hole state of the Illeasure
Illent. Such splittings are observed in several 
solid cOlllpounds containing Mn and Fe, as 
well as in Fe Illetal, Co Illetal, and Ni Illetal. 
The 3 s electron binding energy is split into 
two cOlllponents with a separation as large as 
7.0 eV. The instruIllental resolution is 
'" 1. 0 e V. Theoretical predictions are in good 
agreeIllent with these 3s results, provided 
that the effects of covalency in cheIllical bond
ing are taken into account; Zp and 3p elec
tron energies also appear to exhibit such 
splittings. XPS results for 1ll0natoIllic Eu 
also give evidence for Illultiplet effects. 
Photoelectron peaks due to the Eu 4d 
and 4f electrons show certain anolllalies in 
shape and width that are consistent with Illulti
plet splittings. (Z) The application of XPS 
to studie s of the valence - band densitie s of 
states of solids is discussed. A cOlllparison 
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is Illade with the closely related experiIllental 
technique, ultraviolet photoelectron spec- e 
troscopy. XPS results are presented for the 
fifteen solids: Fe, Co, Ni, Cu, ZnS, Ru, Rh, 
Pd, Ag, CdClZ' Os, Ir, Pt, Au, and HgO. 
Where possible, cOlllparisons are Illade with 
the results of other experiIllents and theory. 
SysteIllatic trends are observed in the XPS
derived densities of states for these solids. 
In particular, the d bands of Ag, Ir, Pt, Au, 
and HgO all show a siIllilar two-colllponent 
structure. With the present resolution, XPS 
results appear to represent a good description 
of the overall shape of the density-of-states 
function. 

Special experiIllental equipIllent and data 
analysis techniques necessary for these 
studies are also discussed. A procedure for 
least- squares fitting of analytic peak shapes 
to XPS spectra is presented. Also, a tech
nique is developed to correct XPS spectra for 
the effects of inelastic scattering and a non-
1ll0nochroIllatic x-ray source. 



The Theoretical Analysis of Nuclear Reactions Involving 
Strongly Deformed Nuclei Using Phenomenological Models 

RayrrlOnd Stuart Mackintosh 

(UCRL-19529) 

Stripping reactions, A(d, p) A+1, are 
studied for the case where A is a strongly 
deformed nucleus. In the standard treatment, 
using DWBA, the possibility that the pro
jectiles d and p can set the nucleus in rota
tional motion is ignored. We have studied in 
detail the importance of these inelastic pro
cesses using the coupled-channel source-term 
technique of Ascuitto and Glendenning. We 
have shown this to be equivalent to the coupled
channel Born approximation written down by 
Penny and Satchler. We have also generalized 
a formal derivation of DWBA given by Greider 
and Dodd. We have discovered that for A '" 25 
and for 10- and 12-MeV deuterons, inelastic 
processes are of vital importance -- that rela
tive strengths of levels may be greatly changed 
by their inclusion and that angular distributions 
may be significantly improved, although the 

detailed shape is still not reproduced for these 
light nuclei. This latter failing, therefore, 
seems to be characteristic of any generaliza
tion for zero-range DWBA to include rotational 
excitations. For 12-MeV deuterons in the 
deformed rare earth region, the inclusion of 
inelastic processes will, in genetal, lead to 
substantial differences in values, extracted by 
comparison with experiment, of the amplitudes 
with which particular angular momenta occur 
in the various Nilsson states. Angular distri
butions of weaker levels in a band are often 
changed substantially, and the change in strip
ping strengths of various levels is quite com
parable to that which is a result of coriolis 
mixing (not included in our calculations). Our 
calculations involve purely macroscopic rota
tional excitations, and we further ignore 
transitions between member s of different bands 
of the odd-A residual nucleus. 

Electrochroma togra phic Separations of Rare Earths 

Louie Nady 

(U CRL-19 526) 

Electrochromatography has been investi
gated as a possible separation process for 
ions, particularly for lanthanides and acti
nides. Following a review of previous work, 
two new advances were developed. One is a 
proposed new device in which a stable broad
band concentration gradient is developed by 
applying a dc voltage to a packed bed of ion
exchange resin confined by ion-exchange mem
branes. The resulting separation depends on 
solution-phase and resin-phase mobilities of 
the ions and on the resin selectivity for the 
ions. 

Because resin-phase mobilities play an 
important part, bed- conductivity measure
ments were made for Dowex 50W -X4 resin in 
equilibrium with solutions of NaCl, AgN03, 
La(N03)3' Ce(N03)3' Nd(N03)3, Ho(N0 3)3, 
and mixtures of AnN03-La(N03)3, and AgN03 
- Ce(N03)3' Particle conductivities were then 
calculated by use of Bruggeman r s equation. 
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Electrolyte sorption for these same ions into 
Dowex 50W -X4, and of La(C104)3 into Dowex 
50W -X2, X4, X8, X12 were investigated. 
The resulting identification of all species in 
the resin phase made it possible to determine 
resin-phase mobilities for the individual ions. 

The second advance is the development 
and operation of a continuous preparative-
scale ligand electrochromatograph. Continuous 
separation is achieved in this unit as a result 
of transver se electrophoretic migration of 
uncomplexed rare earth ions acros s a laminar 
flow of complexing agent in a packed bed. 
Selective complex formation with the ion mix
ture (with a resultant marked mobility change 
for the complexed species) causes the net 
electrophoretic migration rates to differ for 
each component, hence separates them. Zones 
of relatively pure Ce +++ and La +++, in dif
ferent runs, have been achieved from mixtures 
of the two ions, using EDTA as ,the ligand. 



X-Ray Structure Investigation of Some Substituted Indoles, 
and the X-Ray Structure of 1, l'-Bishomocubane 

William G. Quarles 

(UCRL-19906) 

The crystal structures of 5-methoxytrypt
amine, melatonin, and the p-bromobenzoate 
of 1, 1'-bishomocubane have been solved by 
x-ray diffraction methods. A computer pro
gram for the trial-and-error solution of crys
tal structures is also described here. 

The molecular structure of 1, l' - bishomo
cubane has been solved to an R-factor accuracy 
of 5.5% using 990 independent manual diffrac
tometer data, of which 865 were nonzero. 
Standard deviation on bond lengths is ± .02 A. 
The compound crystallizes in space group 
P21/C with a == 6.379±.001 A, b == 26.07±.005A, 
c == 8.443±.002 A, f3 == 96.87±.01°, 
A == 1.54051 A, and Z == 4. Density calculated on 
these cell dimensions is 1.575 g/cm3 , and 
density measured by floatation in ethylene 
bromide and ethylene chloride is 1. 560 g/ cm3 . 
The compound is sensitive to x rays, and 
decomposes anistropically. Addition of two 
extra carbons into one of the cubane cyclobutane 
rings causes two of the remaining cyclobutane 
rings to pucker by 27° from a planar configu
ration, whereas the other two cyclobutane rings 
stay planar within the standard deviations of 
the determination. 

The crystal structure of 5-methoxytrypt
amine has been solved using a trial-and-error 
computer program which is also outlined in 
this thesis. The compound crystallizes in the 
noncentric monoclinic space group Pc, and 
a == 6.110± .002 A, b == 9.532± .003 A, 
c == 8.831±.003 A, f3 == 98.72±.01°, A == 1.54051 
A, and Z == 2. The density calculated on the 
basis of these cell dimensions is 1.242 g/cm3 . 
The density measured by floatation at room 
temperature in ethyl acetate and ethylene chlo-
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ride is 1.245 g/cm3 . The structure was re
fined against the 759 independent 8-28 scan 
automatic diffractometer data, of which 17 
were zero to an R factor of 2.5%. Standard 
deviations on bond lengths are .003 A. Within 
the standard deviations of the determination, 
the indole ring is not planar. Two carbons of 
the benzene portion are warped above the plane 
of the ring at an angle of 1.6°. Short bonds 
correlate with high-lT electron density as cal
culated by molecular orbital theory. One of 
the shortest N -H-N hydrogen bonds yet re
ported, 2.916 A, is formed between the pri
mary amine nitrogen of the aliphatic chain and 
the nitrogen of the indole ring, which donates 
its hydrogen for the formation of this bond. 

The crystal and molecular structure of 
melatonin has been solved using statistical 
methods and automatic diffractometer 8-28 
scan data. This compound crystallizes into 
space group P21!C, with a == 7.707 ± .p02 A, 
b == 9.252±.002 A, c == 17.007±.004 A, 
f3 == 96.78±.03°, A == .709261 A, and Z == 4. 
Density calculated on the basis of these cell 
constants is 1.276 g/cm3 , and the density 
measured by floatation in ethylene chloride, 
ethylene bromide, and ethyl acetate is 1.272 
g/cm3 . The structure was refined to a 3.5% 
R value against the 1140 independent data, of 
which 808 were nonzero weight. The indole 
ring is not planar within the standard devia
tion of the structure determinations. The 
carbons C(3) and C(10) of the pyrrole ring 
are warped above the ring by 1. 8 0. 

The findings of the x-ray work are 
entirely consistent with the dual conformation 
theory of serotonin. 
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