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E4 MOMENTS IN 152sm AND 154smt 

F. S. Stephens, R. M. Diamond, and J. de Boer* 

We have previously
1 

reported results on 
the E4 transition moment of 152sm deter
mined by comparing the experimental and 
calculated yields of the 4 + rotational state 
following Coulomb excitation with 4He pro
jectiles. This moment is of particular inter
est since it is likely to result from the in
trinsic shape of 152Sm; and, if so, can give 
rather detailed information about that shape. 
Although data were taken on 154sm during the 
original experiments, these could not be in
terpreted due to the lack of a sufficiently ac
curate value for B(E2; 4-+ 2). This B(E2) 
value now has been measured with sufficient 
accuracy and, in addition, the best value for 
the B(E2; 2 - 0) of 1 52sm has been reviewed 
and adjusted slightly from the previously used 
value. Finally, the quantum-mechanical cor
rections to the cross sections have recently 
been calculated by Alder et al. for both 15Zsm 
and 154sm. Thus, the intenthere is to pre
sent and discuss the current best values for 
the E4 moments of these two Sm nuclei. 

The experiments consisted of an accurate 
comparison of the cross sections of the 4-+ 2 
transitions in 152sm and 154sm with those of 
the 2 - 0 transitions in 150sm and 152sm 
using both the same (natural samarium) tar
get and different (enriched Sm) targets fol
lowing Coulomb excitation with 4He projectiles. 
The cross sections of the 2 ->- 0 hansitions 
could be calculated from the known B(E2;2-+0) 
values, and these transitions thus served as 
two independent internal standards, against 
which the cross sections for production of the 
4+ states in 152sm and 154sm could be evalu
ated. Separate results were obtained from 
the singles gamma-ray spectra and from those 
in coincidence with backscattered 4He pro
jectiles. Figure 1 shows the measured 4+ 
total (differential) cross sections for 154sm, 
a (da ), divided by those calculated using the 
semiclassical Coulomb-excitation program, 4 
ao (dao ), versus the bombarding energy. The 
cross sections include the feeding from 
higher-lying levels. The data do not vary 
significantly with type of target, type of mea
surement, or bombarding energy in the range 
from 10-12.5 MeV. If we ignore the very 
small variation with bombarding energy which 
is expected in the ratio a/ao (da/dao ), then 
we can form average results which are given 
in Table I. The error limits quoted for these 
ratios are the rms deviation of the results 
from the mean value, and therefore do not 
contain any of the systematic uncertainties. 

For the interpretation of these results in 
terms of an E4 moment, the semiclassical 
calculated cross sections must be corrected 
for quanta! effects. These have recently been 
calculated, 3 and amount to a reduction of the 
calculated 4+ cross sections by about 7% in 
both 152sm and 154sm. The quanta! correc
tions to the calculated z+ cross sections, 
which serve as the normalization, are less 
than 1%. Thus the ratios of the measured 
cross sections to the quantal cross sections 
are about 6% larger than the values in 
Table I. The quantum-mechanical calcula
tions show that the fractional change of the 

1.6.-----.------,------,-----,---., 
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Fig. 1. Ratio of experimental to calculated 
(semiclassical) cross sections for 154sm 
versus the bombarding energy. The triangles 
are backscatter coincidence measurements 
and the circles are singles measurements. 
The open and closed points correspond to 
natural and enriched Sm targets, respectively. 
The solid and dashed lines are the average of 
the singles and coincidence points, respec
tively, for energies below 12.5 MeV. The 
error bars indicate the rms deviation of the 
points from the lines. (XBL 714-3332) 
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Table I. Averaged.results and extracted values. 

Total cross-section ratio 

for 4+ state,alao 

Di££. cross section ratio 

for 4+ state, daldao 

(o+ IIJ1(E4) 114+) [eb 2 ] 

132 

134 

cross section due to E4 moments is ade
quately represented by the semiclassical cal
culation. 4 For the analysis of the present 
data, the ratios of cross sections given in 
Table I were therefore increased by 6"/0 and 
then evaluated in terms of ( o+ 11oM (E4) II 4+ ) 
by the semiclassical calculations as was done 

Fig. 2. The shape of 
154

sm indicated by the 
present measurements (heavy line) together 
with the shape having no Y 40 term but the 
same B(E2; 0->- 2), and a sphere with the 
same Ro. (XBL 714-3333) 

1.11±0.02 

1.11 ± 0.04 

+0.45±0.09 

+0.248 

+0.09±0.03 

154 
Sm 

1.21±0.03 

1.20 ± 0.09 

+0.67±0.08 

+0.261 

+0.13±0.03 

freviously. 1 The results for 152sm and 
54sm are given in Table I. The error limits 

correspond to about 5% uncertainty in the 
combined ratios a lao and da ldao, which 
is our best estimate of the experimental un
certainties and those coming from the param
eters entering the analysis. The 152sm value 
is about 30"/o higher than our previous number, 
due almost entirely to the quantal corrections. 
A more detailed account of the important 
sources of uncertainty was given in Ref. 1. 

If, as previously, the nucleus is assumed 
to be a rigid uniformly charged rotor with a 
sharp surface defined by 

then 132 and 134 can be evaluated from the me a
sured E2 ai}d E4 transition moments. Using 
R 0 = 1. 2 A 1;3 F, we find the values for 132 and 
1?4 given in Table I. In Fig. 2 this shape for 
154sm is shown together with (a) the shape that 
has 134 = 0 and the same E2 moment and (b) the 
sphere having the same R 0 • These 134 values 
for the nuclear charge distribution are about 
twice those obtained for the nuclear field from 
(a, a 1 ) measurements above the Coulomb bar
rier. 5-7 They are also somewhat larger than 
expected on the ba~s of present calculations 
of nuclear shapes. This conclusion differs 
from that in our previous paper,1 since (a) the 
value for 154sm is considerably larger than 
that for 152sm and (b) the quantal corrections 
for 152sm cause a 50o/o increase in l34 for that 
nucleus. 

It is possible that the difference in the l34 
values given by the two methods is due to an 
error in one of them. The analysis of the 
Coulomb -excitation data is rather unambiguous, 
but the experiment is difficult since a differ
ence of only 5-10"/o in the ratio a lao (daldoo) 
could remove the discrepancy. In this re-



gard, some independent experimental results 
would be valuable, both on the 4+ cross 
sections and on the input B(E2) values. The 
(a,a 1

) experimental results are known with 
sufficient accuracy, but the analysis of these 
data is much more complex than that for pure 
Coulomb excitation. However, the most 
straightforward explanation is that the differ
ent f34 values represent a slightly different 
shape for the charge distribution and the nu
clear field in these nuclei. Figure 2 shows 
the difference between f34 = 0 and f34 = + 0.13; 
and the diffe renee between f34 from (a, a 1 ) data 
and ours is only about half this large (varia
tions of about± 0.2 Fin the nuclear surface) 
if Ro and (3 2 are similar to those in Fig. 2. 
It does not seem implausible to us that such 
differences could exist. Thus, the exact 
meaning of these (34 values seems to us to be 
an open and very interesting problem. 
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MEASUREMENT OF THE MAGNETIC MOMENT AND LIFETIME 

OF THE 13/2+ LEVEL IN 205pbt 

K. H. Maier,* J. R. Leigh,* and R. M. Diamond 

2 8
Magnetic moments in the region around 

0 Pb are of great interest since they show 
large deviations from the shell-model predic
tions even though this model is otherwise par
ticularly successful for these nuclei. So far 
only the g factors for protons in hgj2 ~Ref. 1) 
and i 13;,2 (Ref. 2) orbits around the 08pb 
core ana the p 1; 2 (Ref. 1) and f 5; 2 (Ref. 3) 
neutron hole in ihis core have been measured. 

The pre sent work, and a following study, 
aims to determine the magnetic moment of the 
i13j2 neutron hole. Clearly the most desirable 
measurement wou-7d be the moment of the 
13/2+ level in ~~~b which is just an i 13;,2 
neutron hole in Pb. However the half-hfe 
of this level (T 1 ; 2 = 0. 743 ±0.022 sec)4 makes 
this very difficu1t in general, and impossible 
for us. 

The decay scheme of the 13/2+ isomer in 
205pb is shown in Fig. 1. Its qualitative fea-

tures, energies, spins, and multipolarities 
had been established already, and are taken 
from Ref. 1, while the half-life and intensities 
given are the results of this work. ]!{e isomer 
was produced through the reaction 2 Hg(a, 3n) 
205pfofith 41-MeV a particles on a thick liq-
uid Hg target (enriched to 80%). The 'Y 
rays were detected with a 35 em :3 coaxial 
Ge(Li) detector. Electronics that recover 
rapidly from heavy overloading during the 
beam pulses were necessary to make the ex
periments possible. 

The g factor was measured by the method of 
differential perturbed angular distributions 
following reactions (DPAD). In this, the isomer 
is produced and aligned by means of a nuclear 
reaction induced by a pulsed beam. A mag
netic field H is applied to the target perpendic
ular to the be am axis, and causes a Larmor 
precession of the nuclei (wL =- g · H · f!N/h ). 
The angular distribution of the de-exciting '{ 
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rays rotates likewise. Therefore a detector 
positioned in the plane perpendicular to the 
n1agnetic field direction shows a sinusoidal 
modulation of the count rate superimposed on 
the exponential decay: 

I(t, e) = exp( -A.t) {1+ exp(- pt)A
2
P

2
[ cos ( 8-wL t)]}. ( 1) 

Here tis the time elapsed from the centroid of 
the beam pulse, e is the angle between the de
tector and the beam direction, A. is the decay 
constant, and A2 is the angular distribution 
coefficient of the observed transition. Higher 
terms than P

2 
in the angular distribution are 

neglected since they are small. The following 
conditions have to be fulfilled for the pre sent 
measurement: 6.t (width of beam pulse) 
<< T = ;r/wL (period of rotation of the angular 
distribution) << TR (relaxation time), and Trep 
(repetition time of the beam) »T1j2· For an 
estimated g factor of -0.1 and a field of 50 G, 
the time for one revolution of the angular dis
tribution would be T = 130 f!Sec, so beam pulses 
of width 6.t = 20 f!Sec were used. The beam 
repetition time was T rep= 1/36 sec. 

The time distribution of the 988-keV line as 
accumulated in 8 hours of running is shown in 
Fig. 2. The measuring interval started about 
50 f!Sec after the beam pulse and was 1.1 msec 
wide. The 50-fJ.Sec delay was necessarymainly 
beca~se of the strong excitation of the 7- isomer 
in 20 Pb (T 1; 2 = 120 f!Sec) through the 204Hg 
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(a, 2n)-reaction in the thick target. The initial 
rise seen in the time distribution is due to the 
dead time introduced in the pile-up rejector by 
this isomer. The background under the 988-
keV line was less than 5o/a. Though the oscil
lations due to the Larmor precession are clearly 
visible in Fig. 2, an evaluation according to 
Eq. (1) is difficult due to the dead time distor
tion of the spectrum. Therefore the standard 
procedure of positioning the detector at 45o and 
measuring with the field both. up and down while 
everything else is kept constant was used. One 
then can evaluate the ratio: 
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-0.2 

0 100 

200 Pb 13/2 + 
g-factor 

200 300 400 500 

T ( fLS) 

600 

Fig. 3. The ratio [I(Ht)- I(H •>J/(I(Ht)+I(H+}] 
together with the least- square fit. 

(XBL 713- 3035) 



I(Ht) - I(H +) 
I(Ht) + I(H .)) 

3A
2 

exp(- pt) sin(2wLt) 

4 + A
2 

exp (- pt) 
(2) 

Actually at 8 = 45° only the sign of the product 
of A2 and g is determined. However, we 
checked in a separate experiment that the sign 
of A2 is positive, as expected for a stretched 
E2 transition. The results are: g =- 0.150 
±0.004, A2=+0.3, TR=0.4±0.2msec. The 
apparent g factor has to be corrected for a 
diamagnetic and Knight shift of the field at the 
nucleus. The Knight shift for lead in liquid 
mercury can only be estimated from the known 
shifts for mercury in mercury (2.4o/o)5 and 
lead in lead (1.5o/o)? It turns out that it just 
cancels the diamagnetic shift (-1.7o/o). 6 How
ever, an additional error of 1o/o has been al
lowed for these corrections. Thus the final 
result is: 

I + 205 g(13 2 Pb) = (-0.150 ±0.006} (corrected}, 

which corresponds to a magnetic moment, 
fl.= (-0.975 ±0.040} nm. 
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STROBOSCOPIC MEASUREMENT OF THE g FACTORS OF THE 21/2+ Isomer in 207Bit 

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

This is one of three related papers on mag
netic moments near 208pb, Although in gen
eral the shell model works especially well in 
this region, its predictions of magnetic mo
ments even for very pure single -particle 
states deviate appreciably from the experi
mental results. A study of these deviations 
was the main interest of this series; the 
present paper reports on the g-factor mea
surement of the 21/2·+ level (T1j2= 182jJ.sec) 
in 207Bi. This level is proposed by Bergstrom 
~ al. 1 to result from coupling an h9j2 proton 
to the 206pb 7- level, whose dominant con
figuration is I Pi.lz i13/2 ) r . Since the mo
ment of the h 9; 2 proton is known from the 
209Bi ground state, we can find out how com
patible these moments are, and check on the 
purity of the wave functions or on the validity 
of calculating the moment of a complex state 
from those of its constituents. 

The SOPAD method (stroboscopic observa
tion of perturbed angular distributions) fol
lowing nuclear reactions was used. It can be 
summarized as follows. (i) A pulsed beam 

produces an aligned isomeric level through a 
nuclear reaction. (ii) The conditions for the 
production are such that the isomer is left in 
an environment in which the alignment is pre
served for a time comparable to the lifetime 
of the level or longer. (iii) An applied mag
netic field causes a Larmor precession of the 
nuclei which is observed through the corre
sponding rotation of the angular distribution 
of the de -exciting -y rays. At a particular 
angle this shows up as a modulation of the time 
distribution of the -y -ray transitions. 

The (HI, xn~) reactions, such as 
204Hgt1Li, 4n) 07Bi used here, preferentially 
populate low-lying high-spin levels due to the 
large amount of angular momentum brought 
into the compound nucleus. Since this angular 
momentum comes almost exclusively from the 
orbital angular momentum in the entrance chan
nel and so is perpendicular to the beam direc
tion, the isomer will be well aligned. 

To achieve a relaxation time of the order 
of 100f.Lsec, liquid metal targets seem to be 



the best choice. Disturbances of the electron 
shell of the recoiling nucleus and of the sur
roundings heal very quickly, and the short 
correlation time of the fluctuating environment 
tends to average out to zero the fields from 
neighboring atoms. 

The count rate I(B, t) of a 'I ray de-exciting 
the isomer at an angle e with respect to the 
beam and at a time t after the centroid of the 
last beam pulse and with a magnetic field H 
applied perpendicular to the plane containing 
the beam and detector is: 

00 

I(B,t) I exp[-A.(t+nT)J 

n=O 
( 1) 

X J 1 +A2 exptp(t+nT)J P2[cos(B-wL(t+n~~. 
Here A. = 1/r is the decay constant; T the 
repetition time of the beam pulses; A 2 the 
usual coefficient of the angular distribution; 
1/ p = T r, the relaxation time; and 
wL = - g· H·flN/n, the Larmor frequency. 

If T << 'T, the stroboscopic method may be 
used. This has been developed by the group 
at the Hahn-Meitner-Institut, Berlin, 2 and 
has been discussed in detail in Ref. 3 and by 
Nagamiya and Sugimoto. 4 In this method one 
counts at an appropriate angle and time win
dow, for instance, e = 45• and t = 1/4T, and 
varies the magnetic field; the count rate will 
then show a resonance for rr/wL = T, with the 
area under the resonance determined by Az 
and the width about proportional to (1/7"+1/TR). 
To fit the measured data, the sum in Eq. (1) 
has been performed in closed form and so 
have the integrations over the rectangular 
beam pulse, the width of the counting window, 
and the angle covered by the detector. A 
considerable improvement in the experiment 
is achieved with a two-detector, two-time
window setup. The double ratio of count 
rates 

!(45", 1/4T)/I(45", 3/4T) 
I(-45", 1/4T)/I(-45", 3/4T) 

(2) 

shows the resonance about 4 times stronger, 
and nearly all errors due to misalignment 
cancel to first order. 

The decay scheme of the isomer, as in
vestigated by Bergstrom et al., 1 is shown in 
Fig. 1. The energy spectrum as seen in the 
stroboscopic experiment is shown in Fig. 2. 
Unlabeled lines exhibit different half-lives; 
no attempt was made to as sign them. Figure 
3 shows the resonance for the 669-keV trans
ition. The five strongest lines have been 
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Fig. 3. Stroboscopic resonance (double ratio 
of count rates) for the 669-keV (Ml-E2)-transi
tion in the decay of the 21/2+ isomer in 
207Bi. The curve is a best fit for g and A 2 , 
assuming a relaxation time of 400f1sec. 

(XBL 705-2870) 

evaluated, and the results are summarized in 
Table I. The error in the g factor is deter
mined by the accuracy of the field measure
ment, yielding: 

g(
207

Bi 21/2+) = (+0.325±0.0003)nm 
(uncorrected). 

The actual field at the nucleus can deviate 
from the applied external magnetic field 
because of the Knight shift and the diamagnetic 
correction. These appear to have a magnitude 
of the order of 2% , but to cancel each other. 
Therefore: 

g(
207

Bi 21/2+) = (+0.32S±0.006)nm(corrected). 

The situation for the 21/2+ level in 207 Bi 
is clear. Calculatin~ its moment from those 
measured for the 20 Pb 7- level and the 
(rrh9j2) 209Bi ground state gives f1 = 3.39 nm, 
in perfect agreement with the measured 
f1 = (3.41 ± 0.06)nm. So the proposed wave 
function1 ) (206pb 7-, rrh 9; 2 )21 ; 2+ is verified. 
Simultaneously, this is a remarkable example 
of the validity of combining the measured mo
ments according to the rules for the single
particle operatorS even though the individual 
moments deviate appreciably from the Schmidt 
values. This, and similar examples con
firming the additivity of magnetic moments 
near 208pb, are described in Ref. 6. 

9 

Table I. Results of the stroboscopic experi
ment on the 207Bi 21/2+ isomer. The values 
given for A2, TR, and g are the results of 
best fits to the measured resonance as de
scribed in the text. 

E TR '{ 
A2 

g 
(keV) MultiEolarity (flsec) (nm) 

262 M1 + E2 -0.34 220 0.3258 

456 E3 0.43 410 0. 3248 

669 M1 + E2 -0.62 620 0.3256 

713 M1 + E2 -0.44 660 0.3250 

743 E3 0.54 390 0.3254 
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EFFECTIVE SINGLE-PARTICLE MAGNETIC MOMENTS AROUND 208pbt 

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

The well-known failure of the shell model 
to predict

8
the experimental magnetic moments 

around 20 Pb, a region where it is particularly 
successful otherwise, has stimulated much 
theoretical work to explain the deviations. 1-8 
The n<ain point common to all this work is to 
consider core excitations caused by the resid
ual interaction in which a nucleon is excited 
from a filled level in the core to its empty 
spin-orbit partner orbital. Taking these core 
excitations into account, and also the anom
alous o~bital g factor, og_e, one can express the 
magnehc moment for a s1ngle particle in the 
orbital j = P ± 1/2: 

l. (g -og )-(g tog )
1j 

protons; fJ. = j (g + 6g )± sp s £p Pp 
£p Pp . 2:e + 1 . 

- g ((i2Y2s)1) + x, 
p . 

(1a) 

r (g t6gJ-(g tog ) J 
neutrons:f.J.=jl(gn tOg,)± sn :e £n :Bn 

L .r,n -:tn 2 + 1 . 

+gp((i
2

Y2 s) 1)tX, (1b) 

1+(j+-f) 

4J2ri (j + 1) 
(2) 

Here X stands for complicated contributions 
from exchange intervals, while the other terms 
constitute the direct part. The quantity gs has 
the usual value 5.58 or -3.82 for proton or 
neutron, respectively, and the parameters Ogs 
and gp represent the core-polarization terms. 

Recently, a number of new experiments 
have been performed. Yamazaki and co-+ 
workers measured the moments of the 8 (Ref. 
10) and ~b~(Ref. 11) levels in 2 10po, o~the 8+ 
lev2b~n Po (Ref. 12) and of the 17/2 isomer 
in Po (Ref. 13). We determined the g fac
tors ?f the 13/2+ ~somer in 205pb(Ref. 14\ 9f 
the 7 level in 20bpb, the 21/2+ level in 2'0 Bi, 
and the 8+ level in 212Rn(Ref .. 15). The 15-
state in 2 1°At has been measured by 
Bergstrom et al. 16 and ver6 recently the g 
factor of the-1P le ve 1 in 20 Pb has been me a
sured by Nakai et al. 1 7 These are all quite 
pure shell-model states. By combining the 
new results with the earlier work, enoughdata 

are now available so that we can try to check 
the validity of this expression and the impor
tance of the terms in it. 

Table I (upper part) summarizes the mea
sured magnetic woments of good shell-model 
levels around LOI:lPb. The dominant config
urations are given in column 3, and for the 
sake of definiteness we will consider only these 
configurations, as any admixtures should be 
small and are not known well enough to allow 
reliable corrections. The lower part of the 
table contains the other four measured mo
ments that lend thanselves to this treatment 
only with limitations, as serious doubts exist 
as to the purity of their wave functions. 

The four parameters og , g , 6g_e , and 
6g_en in Eqs. (1) and (2) haS'e bfen defermined 
from a least-square fit to the five single
particle moments given first in Table I. The 
result is: 6gs =. 3.43, gp = 4.55, Og_ep = 0.09, and 
6g £ = 0. 0 6 (all 1n nm). The mome n'ts calcu
late~ with these parameters are given in col
umn 7 of the table, and the contributions from 
6gs, gp, Og_e separately are listed in columns 
8-10. The agreement with experiment is good, 
particularly if one compares with the cor re
sponding values. 

Thus, it is possible to account for all the 
measured magnetic moments of good shell
model levels around 208 Pb, using a surpris
ingly simple and effective operator with a few 
reasonable parameters. This in turn means 
that the assumptions involved are likely to be 
valid. They are: (i) The wave functions of 
the levels considered are quite pure, (ii) the 
exchange terms are unimportant, (iii) the in
teraction causing the polarization of the core 
is predominantly of the type ( O'i · O'j) (Ti ·T_jl and 
of long range. In addition, the measured g 
factors around 208pb firmly establish the ad
ditivity of the magnetic moments in this region. 

It is also of interest to consider allowed M1 
transitions. For a transition between single
particle levels from j1=£+1/2 to j2=£-1/2 
the B(M1) value calculated with the effeftive 
operator becomes (in units of~ (-fflc) : 

(3) 

The sign in front of 6gs and g has been chosen p 



Table I. Magnetic moments of shell-model states around 208 Pb. t 

E 
Contributions from 

X fl. fl. fl. fl. og age Level (MeV) Dominant configuration experiment Schmidt added calculated s ~ ----

9/2- 209Bi g. s. 1Th9/2 4.08a 2.62 3.98 1.40 -0.50 +0.44 

1/2- 207Pb g. 2. vp1/2 0.59a 0.64 0.63 -0.57 +0.60 -0.04 

5/2- 207Pb 0.579 v£5/2 0. 65(5)b 1.37 0.49 -0.23 +0.52 -0.17 

13/2+ 205Pb 1.014 vi13/2 
-1 -2 

(vp1/2 >o -0.98c -1.91 -0.91 +1.72 -0.36 -0.35 

d 1Ti13/2 
7.9d 8. 79 +7.98 -1.72 +0.36 +0.54 

11 210Po -2.80 1Ti13/2' 1Th9/2 1Z.Oe 10.66 11.96 

8+ 210Po -1.50 1Th9/2 
2 7.30£ 4.66 7.26 7.07 

12+ 206Pb 4.027 vi13/2 
-9 -1. 82g 3.53 -1.80 -1.6 7 

17/2- 209Po -1.50 2 -1 7 .48(43)h 4.9 7.89 7.70 (1Th9/2 ) 8+, vp1/2 
..... 

7 206Pb 2.200 
- 1 

' vi13/2 
-1 -0.15i - 1.26 -0.39 -0.27 vp1/2 

21/2+ 207 Bi 2.102 . - 1 -1 
(v1 13/2 'vp1/2 )7-,1Th9/2 3.41i 1.15 3.39 3.18 

8+ 208Po 1.532 
-2 2 7. 88j 4.66 7.26 7.07 (vp1/2 >o+, (1Th9/2 )8+ 

8+ 212Rn -1.690 1Th9/2 
7.12i 4.66 7.26 7.07 

15 210 At 2.549 (1Th9/2 
2

• 1Ti13/2)29/2+' 15.7k 14.1 16.1 15.68 

- 1 
vp1/2 ) 

1/2+ 205T 1 
-2 -1 1. 63a 2. 79 1.08 g. s. (vp1/2 >ot,1Ts1/2 

1 210Si g. s. 1Th9/2' vg9/2 
±0.04a 0.08 0.36 

6 206Pb 2.385 - 1 
' vi13/2 

-1 0. 78(42) 1 -2.44 -1.50 -1.44 vp1/2 

7/2- 211 Bi 0.405 
2 2 

(vg9/2 >o 1Tf7/2 4.41(65)a 5. 79 4.65 



Table I (continued). 

tAll moments are given in nuclear magnetons. Column 4 gives the experimental values and the errors exceeding 3o/o. 
Column 5 shows the predictions of the snell model for the configuration of column 3, using the free nucleon moments. The 
values of column 6 are obtained by using the formalism of the single-particle operator from the measured values of the con
figurations constituting these levels. Column 7 shows the predictions for the effective operator [Eqs. (2-4)] with the contri
butions from the terms in og ' g ' and ogn given in columns 8-10. 

s p x,p 

a Table of Nuclear Moments, compiled by V. Shirley, in Hyperfine Structure and Nuclear Radiations, edited by E. Matthias 
and D. A. Shirley (North-Holland, Amsterdam, 1968). 

bH. J. Korner, K. Auerbach, J. Braunsfurth, and E. Gerdau, Nucl. Phys. 86, 395 (1966). . -
cRef. 14. 

dDerived from the measured values of the 9/2- 209 Bi g. s. and the 11-
210

Po level, assuming a pure configuration. 

eRef. 11. hRef. 13. k 
Ref. 16. 

f 
Ref. 10. iRe f. 15. 1Ref. 23. 

gRef. 17. jRef. 12. 
.... 
N 



for neutrons; for protons it has to be reversed. 
Contrary to the static case in which ogs and 
g give contributions of opposite sign, here 
tifey both decrease B(M1), in agreement with 
the calculations of Ref. 7. Using the param
eters determined from the static moments, the 
B(M1) values for the h ; 2 _,. fs/2 and p, ; 2 _,. 
p 1; 2 transitions in 207pb are reduced b'y a 
facte>r of more than 100 relative to the s. p. 
values, while experimentally these factors are 
only 4 (Ref. 17) and 3 (Ref. 18), respectively. 
Mottelson4 has pointed out already: that the 
measured lifetime 19 of the 4 + _,. 5 + M1 transi
tion (s 1;2 s~in flip of the Tisj)2 , vg 1 ; 2 config
uration} in 08T 1 which shows no h1harance 
at all, poses a severe problem to the core
polarization picture. This difficulty now seems 
to be more general and so in spite of the excel
lent agreement for the static moments, the dif
ficulties with M1 transition moments suggest 
that additional features may be involved. 
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A HIGH-SPIN ISOMER IN 211Att 

K. H. Maier,* J. R. Leigh,* F. Puhlhofer, § and R. M. Diamond 

In a recent study of several N = 126 iso
tones 1 an isomer of half-life 4.2±0.4 f.Lsec was 
observed in 211At; it has the following very 
interesting properties: 1) the isomer lies at 
an excitation energy of 4. 816 MeV, 2) it has 

very high angular momentum, I :=o: 39/2, 
3) it decays essentially by a single cascade 
sequence of 9 '{ rays, only one branching being 
observed, and 4) the isomeric transition has 
E3 multipolarity and shows considerable en-



Table I. Electron conversion and angular distribution coefficients for transitions in 
211 

At. 

E I A2 Multi- / . a 
aK aL aM I total I 1somer . 

" " polar- " " Exp Theory Exp Theory Exp Theory Exp Theory ity 34 -MeV a 41-MeV 
7 

Li 

1067 .1±0. 5 109 0.004 E1 0.002 +0. 22 E2 +0.44 E2 7. 6±0. 6 7. 5±0. 8 
±11 ±0.002 E2 0.005 ±0.04 M1 -0.31 

253. 5±0.5 82b 0.08 E2 0.10 0. 092 c E2 0.092 
0.026 E2 0. 03 +0.24 E2 +0.42 E2 6.5±0.2 7. 5±0. 3 

±0.02 M1 0. 74 ±0.005 M1 0.03 ±0.02 M1 -0.29 

96. 0±0. 5 7±2 
6.5 E2 6.8 1.5 E2 1. 9 E2 5.0±1 

±2.0 M12.1 ±0.5 M1 0.5 

511. 2±0. 5 105 0.12 M1 0.11 0.02 M1 0.02 -0.20 M1 -0.28 
M1 5. 3±0. 6 5. 7±0. 6 

±15 ±0.03 E2 0.022 ±0.005 E2 0.007 ±0.03 E2 +0.40 

79 0.013 
E1 0.005 

689.4±0. 5 E2 0.012 Ei, E2 3.5±1 4.2±1 
±10 ±0.01 

E3 0.03 

23 0.05 
E3 0.03 

713.6±0.5 M1 0.05 M1,E3 3.5±1 3. 5±1. 5 
±5 ±0.04 

M2 0.10 

97 
...... 

1536±1 1. 2±0. 2 1.60±0.15 """ ±10 

203. 7±0. 5 
40 0.9 M11.35 0.3 M1 0.25 0.06 M10.06 +0. 3 M1 1.1±0.3 1. 5±0. 3 
±4 ±0.3 E3 0.42 ±0.06 E3 3.2 ±0.02 E3 0.95 ±0.1 

89 0.09 E3 0.08 0.07 E3 0.08 0.02 E3 0.02 
E3 0. 7 

435.1±0.5 E2 0.4 E3 1 1 
±10 ±0.02 M1 0.17 ±0.02 M1 0.03 ±0.006 M1 0.007 Mi-0. 3 

aNormalized to unity for 435-keV transition. 

bNormalized to total transition intensity of 100. 

cElectron intensities have been normalized to yield the theoretical L conve tsion coefficient for the 2 53- keV transition. 



hancement over the single-particle estimate. 

211 
At has been populated following (heavy 

ion, xn) reactions using beams of 4He, 7Li, 
and 11B from the Berkeley Hilac incident on 
targets of 209Bi, 208Pb, and 204Hg, respec
tively. The 5-msec Hilac beam pulse (re
peated 36 times per sec) was chopped with an 
electrostatic deflector system to give micro
second beam pulses with variable repeat in
tervals. Ge(Li) -y-ray spectr,a have been re
corded both in- beam and in the intervals be
tween the microsecond pulses. Excitation 
functions, both delayed and in-beam, were ob
tained with the 4 He and 7 Li beams. In both 
cases the isomer yield peaked 8 to 10 MeV 
higher than the prompt component, indicating 
the high angular momentum of the state. A 
solenoidal spectrometer with a cooled Side
tector was used to record conversion-electron 
spectra both delayed and in-beam. The half
life of the isomer has been determined by re
cording Ge (Li) -y- ray spectra obtained in four 
successive time intervals of 4 flSec each. In
beam angular distributions were performed to 
obtain A2' s for the transiti'ons with a strong 
prompt component. The g factor of the 4 flSec 
state was measured using a pulsed-beam time
differential method, the nuclear alignment 
being preserved by use of a liquid 204Hg tar
get. The data are summarized in Table I. 

A Pl)P-7 on-line computer system was 
used to record all-y --y coincidence events 
associated with the isomeric decay. The co
incidences establish that the transitions form 
essentially a single cascade, and reveal two 
other isomeric states in the decay chain with 
half-lives of the order of 50 nsec. These de
lays, along with measurements of the prompt
to-delayed intensity ratios of the-y rays, 
establish the time ordering of the transitions. 
The level scheme shown in Fig. 1 is thus 
established. Our data do not determine the 
25-to 689-keV sequence, but a recently pub
lished study on this same nucleus has done 
so. 2 

The spins of states up to the 23/2- level at 
1928 keV can be assigned with confidence. In 
making the spin assignments we have assumed 
that the angular momenta of the observed 
states increase monotonically with energy. 
This assumption is supported by the excitation 
function data and the single -cascade decay 
mode of the isomer. The delay associated 
with the 713-keV transition favors the E3 
rather than M1 assignment. The only transi
tion whose multipolarity cannot be assigned 
is the 1536-keV '{ ray. The -y--y coincidence 
work indicates that the half-life of the 4177-
keV state is :S 10 nsec. This implies a dipole 
or quadrupole transition (magnetic or electric), 
but an enhanced E3 transition cannot be ruled 
out. 
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4816.2 

4381.1 

4177.4 

2641.4 
2617.2 

1927.8 

1416.6 
1320.6 

1067.1 

0 

4.2-0.4 JLSeCS 
I 

435.1 
E3 

203.7 I 
Ml 

1536 

70 nsec 

689.4 
El 713.6 

E3 

23/2 

511.2 
Ml 

50 nsec 
96.0 E2 

I 
253.5 

2112·---------- 21/2-

712- :~~= 
E2 

I ...:====== 11/2-13/2-

1067.1 
E2 

9/2--- -------9/r 

Experimental Calculated 

Fig. 1. Experimental and calculated partial 
level schemes for 211At. Only the lowest 
level of each spin (I ? 9/2) is shown in the 
calculated scheme; the solid lines are the 3-
proton states, and the dashed lines are 4p-1h 
states. The dominant configuration of each 
state is indicated. (XBL 714-3252) 

Results of a shell-model calculation de
scribed in the following paper3 are also shown 
in Fig. 1 in comparison with the experimental 
level scheme. Three -proton configurations 
can be assigned to the experimental levels ob
served up to the 29/2+ state. For the three 
highest levels, 4p-1h configurations are sug
gested by the model, in particular a 

2 . -1 
(rrh9/2 Trl13 /2 )2 9/2+ · (vg9/2 vp 1/2) 5-

configuration with J = 39/2- for the isomeric 
state at 4816 keV. 

Bergstrom, et al. 
2

have observed the 29/2+ 
state as a 70-nsec isomer following the 
209Bi (a, 2n)211At reaction. The deduced level 



schemes are identical below the 29/2+ level 
and the more accurate half-lives measured in 
Ref. 2 are indicated in Fig. 1 for the 21/2-
and 29/2+ states. Our measured branching 
ratio for the 29/2+ state gives the reduced 
transition probability for the 713-keV transi
tion [ Ti/2('y) = 325 nsgc], B(E3, 713 keY) 
= 40 000 ± 10 000 e 2 fm , which is in rough 

6 agreement with the value 51 000 ± 7000 e 2 fm 
found in Ref. 2. The order-of-magnitude en
hancement over the expected single-particle 
value has been described there in terms of 
admixtures of the 3- octupole state of the 
208pb core to these three-particle states. 

From the measured half-life of the 4816-
keV state we obtain B(E3, 435 keY) = 83 000 
± 9000 e2 fm6, and this is comparable to the 
transition rate for the 3- state of 208pb 
(Ref. 4 ). Admixtures of the 3- core -excited 
state to the proposed configurations, similar 
to those of the 29/2+ and 23/2- levels2 may 
be expected, and it has been suggested that 
the still larger B(E3) value observed in this 
case is due to a small admixture of a higher
lying configuration, 

2 . -1 
("rrh9/2;r£7/2)23/2-. (vJ15/2 vpi/2)8+ 

which also has a large E3 moment to the 33/2-
configuration. 5 

The g factor of the isomeric state was mea
sured as 0.72±0.07. This is in reasonable 
agreement with the value 0. 77 obtained for the 
suggested configuration, including the cor<· 
coupling effects. Thus, the measured prop-

16 

e rtie s of the states above 4 MeV may be de
scribed by the assigned configurations in
dicated in Fig. 1, with the inclusion of ad
mixtures of the 3- core excited state (and an 
additional few o/o of another 39/2- configura
tion). 
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THREE-PARTICLE AND FOUR-PARTICLE ONE-HOLE STATES IN 211At 

* F. Puhlhofer 

The experimental results 
1 

obtained for the 
level scheme of 211At stimulated the interest 
in a shell-model calculation for this nucleus. 
The theory was intended to identify the struc
ture of the states observed up to 4.8 MeV ex
citation. Some of the results were shown in 
the preceding paper. The calculations are 
described here in more detail and compared 
with all experimental data available. 

The low-lying states of 
211 

At are expected 
to be described by the degrees of freedom of 
three protons outside an inert 208pb core. 
In the calculation, the h9j2, f7 /2, and i13{.2 
orbitals were included, with single-partie e 
energies taken from the spectrum of 209Bi. 
This yields a basis set of about 330 states 
with spins from 1/2 to 33/2 and excitation 
energies up to 4.8 MeV. For the proton-pro-

ton interaction a semiempirical force was 
used, determined in the following way. A 
central force, with para~eters obtained by 
Glendenning and Harada, was used to calcu
late the two-particle states of 210Po. This 
relatively simple interaction gives an approxi
mate description of the spectrum of 210Po. 
The deviations between expe rimental3 and 
calculated level energies are of the order of 
50 keV at low excitation energy and about 100 
keY at 3-MeV excitation energy. A few levels, 
however, are badly predicted, e. g. , the 
(h91zi13/2) 11 _ state, which is about 450 keV 
higher than calculated. Since, at least ac
cording to the model, the states in 210po gen
erally do not have large configuration admix
tures-the dominant configuration usually con
tributes 98 o/o or more, except in o+ states
such discrepancies can be blamed to a large 



extent on the diagonal matrix elements. Ac
cordingly, we modified the diagonal elements 
of the Glendenning-Harada interaction, leaving 
the non-diagonal ones unchanfed. Most of the 
matrix elements of the f7/2. f7j2i13/2• and 
i13j22 configuration could not be adjusted, 
since practically no experimental data are 
available for these levels. 

In Fig. 1, the calculated three -particle 
spectrum of 211At is compared with the levels 
known experimentally (from Bergstrom etal.4 
and Maier et al. 1) Above 1. 6 MeV, only levels 
near the yrast line are given. These levels 
are most likely to be observed when the nu
cleus is produced in (a,xn) or (heavy ion, xn) 
reactions. The agreement between theory and 
experiment is very good. The maximum dis
crepancy in excitation energy is about 60 keV. 
The procedure of adjusting the two-particle 
matrix elements according to the experimental 
spectrum of 210po had an essential influence 

on the accuracy of the calculation. 

The wave functions obtained for the three
particle states of 211 At show that the config
uration mixing is in general small. (This 
does not hold for the mixing between the sub
states of a configuration. ) The dominant con
figuration usually accounts for more than 97"/o 
of the wave function. Stronger configuration 
mixing occurs only between states with 
seniority 1; that means with configurations 
like (j' 2) t·j or j3 and J=j = 9/2-, 7/2-, or 
13/2+. This is a direct consequence of the 
stronger mixing of the o+ states in 210po 
(pairing interaction). In 211At, the levels of 
a certain configuration do not split up more 
than 500 keV, except for the states mentioned. 

As discussed in Ref. 1, the isomeric state 
observed at 4.816 MeV in 211At has a spin 
which is certainly greater than 33/2, the maxi
mum spin obtainable for a three-particle con
figuration in the whole proton shell between 
Z = 82 and 126. It can be shown that excita
tions of a neutron in the 208pb core are the 
most likely explanation for this state as well 
as for the yrast levels above it. We there
fore calculated the energies of the yrast states 
of the 4p-1h configuration, assuming that they 
consist of 

a) three protons with the dominant configura
tion and energy of the lower yrast levels of 
211At; 

b) one neutron in the four lowest single
particle states of 209Pb; 

c) one neutron hole in the four lowest hole 
states of 207Pb. 
The proton-neutron, proton-neutron hole and 
neutron-neutron hole interactions were taken 
from the experimental level schemes of 210Bi, 
208Bi, and 208Pb. Any mixing with the three
particle states and between the 4p-1h states 
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Fig. 1. Comparison between the experimen
tal1,4 and calculated level scheme of 211At. 
Above 1. 6 MeV, only levels near the yrast 
line are shown (except for a 3/2- state). 
Solid lines in the theoretical spectrum are 
for three-proton states, dashed lines for 
4p-1h states. The dominant configurations 
are indicated. (XBL 721-2071) 

themselves was neglected. This implies that 
we cannot expect the energies of states with 
collective core excitations to be reproduced. 
However, it can be easily shown by means of 
a weak-coupling model that states built on the 
3- excitation of the 20 8pb core do not belong 
to the yrast states. 

As a consequence of the approximations 
made here, the theory is expected to be less 
accurate than for the three-proton states. Re
sults are shown in Fig. 1. It is suggested that 
the isomer at 4. 816 MeV in 211At is a 4p-1h 
state with J = 3 9/2- with three protons in the 
configuration of the 29/2+ state at 2.641 MeV 
coupled to a (g9/2P1/2 -1 )5 _ neutron configura
tion. The two levels at 4.381 and 4.177 MeV 
are probably also 4p-1h states involving the 
23/2- and 21/2- three-proton states coupled 



to the same neutron configuration. The only 
other candidate for a 4p-1h state is a 1/2+ 
state observed4 at Ex= 2.479 MeV, which is 
strongly populated in the f3 decay of 2.11Rn. 
The calculated excitation energy of the lowest 
1/2+ state is 2.40 MeV, its dominant config
uration (-rrh9/23)9/2-. (vg9/2. vp1/?-1). The 
first three-particle state with J = ;2+ is cal
culated to be at 2.78 MeV. 

Summarizing, one may say that the theory 
accounts for all the states observed in 211At 
and is therefore a valuable means to under
stand their structure. 
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ON-LINE STUDY OF a-EMITTING PRODUCTS OF INTERACTION OF 

HEAVY NUCLEI WITH 5-GeV PROTONS 

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

During the past several years a nuclear 
chemical program has been conducted at the 
Bevatron for the purpose ·of studying the na
ture of the interaction of complex nuclei with 
5-GeV protons. Major emphasis has been on 
the investigation of light fragments (isotopes 
of He, Li, Be, B, C, etc.) ejected from U 
and Ag targets. 1, 2 The identity, energy spec
tra, and angular distributions of these frag
ments were measured with telescopes of semi
conductor detectors. In order to investigate 
products of higher mass, different experi
mental techniques are required. Traditionally, 
radiochemical or mass- spectrometric methods 
have been used to study products of medium or 
heavy mass. In the past year we decided to 
test the helium-jet transfer technique as a 
means of investigating short-lived alpha 
emitters produced in nuclear reactions in
duced by GeV protons. In the design of this 
test experiment we were guided by our ex
perience at the Hilac in the investigation of 
short-lived a emitters in the Po to Pa region 
carried out by on-line experiments in the heavy-
ion beam. 3, 4 · 

The equipment used in the experiment is 
discussed in another contribution to this annu
al report. 5 A cylindrically shaped reaction 
cell with 2. 5-in. entrance and exit windows of 

0.027-in. aluminum was placed in one of the 
external beam lines of the Bevatron. The 
target foil was affixed to the inside surface of 
the entrance window. Reaction products re
coiled out of the target into 2 atmospheres of 
helium gas. This helium was pumped out of 
the reaction cell through a controlled leak, 
carrying with it the radioactive reaction prod
ucts through 20 feet of small-diameter plastic 
tubing to an evacuated counting chamber outside 
the accelerator shielding. The products were 
deposited on an aluminum foil and the alpha 
radiations subsequently emitted by them were 
measured with surface-barrier semiconductor 
detectors. 

Representative spectra of a particles 
emitted by products from the interaction of 
5 -GeV protons with U, Th, Au, and Ta targets 
are shown in Fig. 1. To obtain these spectra, 
reaction products were deposited on a catcher 
plate for 30 sec, then the plate was flipped to 
a position in front of a semiconductor detector 
for a 30-sec counting period, following which it 
was moved back to its original position for col
lection of more activity. This cycle was re
peated over a several-hour period. The proton 
pulses occurred at 6-sec intervals and con
tained from 3 to 7X1o11 protons. The elapsed 
time from the moment of flipping of the sample 
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Fig. 1. Alpha spectra associated with 
products of interaction of 5-GeV protons with 
U, Th, Au and Ta. Sample collection for 
3 min, followed by alpha counting for 3 min. 

(XBL 721-2146) 

to its positi?n in front of the detector was re
corded together with the a pulse height for 
each event. After the experiment it was pos
sible to make time sortings of the data to de
termine the decay profile of individual a 
peaks. A 30-sec time interval was suitable 
for investigation of half-lives in the 1- to 10-
sec range. Cycle times of 2 and 10 min were 
also used. Figure 2 is an example of the 
changing nature of the spectra when the data 

were time- sorted. Figure 3 is an example of 
a half-life determination by time -sorting the 
data for an individual peak. 

Comparison of the Ea and T1/2 values with 
literature values gave unambiguous identifica
tion of all but a few of the peaks in Fig. 1. 
Once identity was established, several peaks 
whose energy values were well known from 
the literature were used as internal standards 
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Fig. 2. Alpha spectra associated with pro
ducts of interaction of 5 -GeV protons with 
U. Sample collection for 10 min, followed by 
alpha counting for 10 min. The events re
corded during three intervals in the 10-min 
counting period are shown. 

to calibrate the energy scale precisely and to 
determine the energy of many other peaks 
with an accuracy higher than were previously 
known. 

Prominent among the products from all 
four targets was a group of rare earth a 
emitters from the known island of a radio
activity lying just above the 82-neutron shell. 
The identity of these peaks is given in Table I. 

(XBL 718-214 7) 

In the experiments with Au targets a number 
of hiffer-Z alpha emitters like 177pt, 178pt, 
and 5Ir were observed. In the runs with 
Th or U targets a large number of a emitters 
in the Bi to Ra region were identified. 

The data are now being reduced and a re
port is being written. The results are of in
terest for the following four reasons. 

(1) They show that the He jet tr<1-nsfer 
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method can be applied to reaction studies in 
beams of GeV protons and that efficient trans
port of products through many meters of small
diameter capillary is feasible. 

(2) They provide improved a -particle en
ergies and half-lives for a large number of 
the rare earth a emitters. The fact that so 
many of these nuclides can be prepared as a 
single sample is a distinct aid in obtaining 
this spectrographic information. 

(3) They provide relative (and ultimately) 
absolute cross-section data on a selection 
of products and these data will be of use in 
describing the nature of the break-up of com
plex nuclei under bombardment with GeV 
particles. Perhaps the most important feature 
will be the sampling of the charge distribution 
curve far from stability in the rare earth 
region. Such information may be important 
for evaluation of the limitations of high-energy 
nuclear reactions as a means of production of 
exotic nuclei far from stability. 

(4) They suggest other interesting experi
ments to be performed with lower-Z targets 
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Table I. 

Peak No. Identified nuclide 

1 2.3h 152Dy 

2 16m 155Ho 

2 4.1h 149Tb 

3 17. 7m 151Dy 

4 4.5m 154Er 

4 7.2m 150Dy 

5 142s 152Ho 

6 52s 152mHo 

7 36s 151Ho 

8 42s 151mH
0 

9 36s 153Er 

10 10. 7s 152Er 

11 5s 154Tm 

12 3s 154mTm 

13 1. 6s 153Tm 

14 1.6s 155Yb 

than those used so far. Experiments are in 
progress to investigate these. 
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CALORIMETRIC DETERMINATION OF DECAY ENERGY OF URANIUM-235m, 

AND THE IMPLICATIONS FOR COSMOLOGY* 

B. E. Culler 

The isomeric state of uranium-235 decays 
by internal conversion with a half-life of 
26.5 min, emitting electrons of extremely 
low energy. Hence, the transition energy is 
very difficult to measure by the conventional 
means of electron spectroscopy, although 
several attempts have been made. 1 -4 The 
energies obtained in these measurements 
ranged from 23 eV to 75 eV, the higher en
ergy measurements having been obtained 
from the more active sources. 

As a totally new approach to the problem, 
a Wheatstone bridge calorimeter capable of 
measuring 10-9 thermal watt was designed 
and constructed. Because the heat capacity 
of the system must be kept as low as possible, 
one of the two heat-sensitive devices (therm
istors) used as arms of the bridge is also 
used as the sample holder. When a sample of 
uranium-235m is placed on one of the thermis
tors, the self-absorption of the soft electrons 
within the sample and thermistor changes its 
temperature and therefore the resistance of 
that arm of the bridge. The bridge is then re
balanced by means of a variable pre cis ion re
sistor. As the uranium-235m activity dies 
away with its 26. 5-min half-life, the resistance 
of the sample -holding thermistor changes ac
cordingly, and the resulting imbalance of the 
bridge is measured as a function of time. The 
circuit diagram for the calorimeter is shown 
in Fig. 1. The calorimeter is calibrated by 
rf heating. Any possibility of a systematic 
error in either the measurement or calibration 
was eliminated by measuring the a -decay en
ergy of bismuth-212. Excellent agreement 
with the known energy was obtained. 

Uranium-235m is formed by the a decay of 
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plutonium-239, so the sample of uranium-
235m was obtained by a diethyl ether extrac
tion from a plutonium-239 stock solution which 
was maintained in the Pu(III) oxidation state 
by ferrous sulfamate. Zinc nitrate was the 
salting-out agent. The sample was reduced 
in volume, taken up in 8N nitric acid and 
placed on an anion exchange column. Elution 
was done with 0.1 N hydrochloric acid. The 
sample, now free -of inorganic mass and 
approximately 2-3},. in volume, was _placed on 
the sample-holding thermistor. 

The data obtained from the calorimeter was 
in the form of a trace of power versus time, 
recorded by a Speedomax recorder as the ex
periment was in progress. Each set of 
matched thermistors used as the heat-sensitive 
arms of the bridge produced a characteristic 
short-lived exponential curve of its own, which 
had to be used along with the exponential decay 
curve of the sample (half-life, 26.5 min) in 
analyzing the data from the runs. The method 
used is identical to that used in resolving com
pound radioactive decay curves. Figure 2 is 
the data curve from one run. The 4. 0 -min line 
describes the exponential behavior of the 
thermistor set. The 26.5-min line results 
from the dissipation of the decay energy of 
uranium-235m within the thermistor. 

The total decay energy of uranium-235m 
was found to be 572 ± 33 eV. 

The nuclear properties of the isomeric 
state are of particular interest since the iso
mer serves as a possible loss mechanism of 
uranium-235 in space. If this occurs, it 



would affect the calculation of the age of the 
galaxy by Fowler, Hoyle and others using the 
ratio uranium-235/uranium-238. 5 To esti
mate the fraction of uranium-235 existing as 
the isomer in interstellar space, the expres
sion for the probability of Coulomb excitation 
derived by Alder, et al. was used. 6 In regions 
of space typified b~ur solar system the 
fraction of isomer is negligible. 

To substantiate the conclusion that there is 
no loss of uranium-235 through the isomer, 
the half-life for a decay of the isomeric state 
was calculated. The unhindered half-lives of 
the uranium isotopes were used to obtain an 
unhindered half-life for the isomer. This 
value was then corrected by applying the 
hindrance factors for the a decay of plutonium-
239, which has the same intrinsic spin state 
as uranium-235m. The half-life for a decay 
of the isomeric state was calculated to be 
5.9X108 years, nearly equal to that of the 
ground state. 

It was therefore concluded that the existence 
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of the isomeric state poses no problem in the 
determination of the age of the galaxy. 
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PLUTONIUM-244: CONFIRMATION AS AN EXTINCT RADIOACTIVITY* 

E. C. Alexander, Jr} R. S. Lewis,t J. H. Reynolds/ and M. C. Michel 

Kuroda's 1960 hypothesis 
1 

that 82 m. y. 
244pu was extant in the early solar system 
and contributed importantly to isotopic anom
alies in xenon has received much support frorn 
xenon studies in meteorites. Starting with the 
observation2 in Kuroda's laboratory that xenon 
from the calcium- rich achondrite Pasamonte 
is enriched in the fissio~enic 
isotopes131,13 2 , 134, 1 35xe, an impressive 
body of indirect evidence for the hypothesis 
has been assembled by various meteoriticists: 
(a) observation of a reproducible spectrum of 
fission-like xenon in the achondrites3-7 where 
low concentrations of other xenon components 
and high concentrations of uranium and the 
rare earths are favorable for the detection of 
an extinct plutonium ratioactivity which fis
sions; (b) observation of exceptionally pure 
samples of xenon of this composition in the 
uniquely uranium-rich achondrite Angra dos 
Reis ;8 (c) observation of exceptionally high 
concentrations of this same xenon9 in a 
uranium-rich mineral (whitlockite) from the 
chondrite St. Severin, a mineral where an 
excess of fission tracks had previously been 
noted;10 (d) demonstration that the 11 achon
dritic fission xenon" in the chondrite St. 
Severin is released in correlation with a fis
sion component implanted at uranium sites in 
the meteorite by neutron irradiation. 11 The 

implications of this extinct radioactivity for 
chronologies of the solar system12 and of 
galactic nucleosynthesis13-15 have been noted. 
But throughout this history the identification 
of the nuclide responsible for the fissiogenic 
component as 244pu has been inferential. 
That is, any actinide with a long half-life and 
a partial decay by spontaneous fission would 
have met the specifications. It clearly was 
important to measure the mass spectrum of 
fission xenon from a laboratory sample of 
244pu, 

244 
Our sample was 13.0 mg of Pu as 

PuOz which had been electromagnetically 
separated at Oak Ridge from large quantities 
of n'eutron-irradiated Pu. An assay, provided 
with the sample, of the isotopic composition 
of the plutonium is set out in Table I. together 
with the a and spontaneous-fission half-lives 
needed for computing the expected accumula
tions of fission xenon in such a sample. The 
sample was precipitated in April 1969 and 
outgassed for xenon analysis 23 months later. 
The calculated yields of '1.36xe from 23-month 
decay of each isotope are included in the table, 
assuming 6o/0 fission yields in all cases. The 
total contamination of the fission 136xe from 
244

Pu decay by fission of all the other nuclides 
was thus found to be only 0.8o/o. 
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Table I. Composition of Pu sample. 

f 
Calculated 136xe from 

Isotope 
Atom o/o 

of Sample a b 
Decay constants 

23 -month decay of 14.7 mg 
of Pu02 (cc STP) 

99.06 

0.904 

t1/2 (a) 

t 1 / 2 (S. F.) 

8.18X10
7 

yr 1.44X1o- 12 

10 6. 55 X 10 yr 

5 3. 76X 10 yr 1.23X 10- 14 

t 1/ 2 (S. F.) 7.0 X 10
10 

yr 

0.002 13.2 yr 

0.007 6580 yr 

(sF ) 1.4 X10 11 yr t1/2 . . 

0.180 24 300 yr 3.18X1o- 20 

(SF) 5 . 5 x 1015yr 
t1/2 . . 

<0.006 = 86.4 yr < 1.2 X 10- 16 

10 
t 1; 2 (S.F.)=4.9X10 yr 

aisotope analysis supplied by Electromagnetic Isotope Separator Group at Oak Ridge National 
Laboratory. 

b244 
Pu decay constants from Ref. 28. All other constants are the average of the values listed in 

Ref. 2 9. 

cCalculated with t 1; 2 (S. F.) for 239Pu; t 1; 2 (S. F.) for 
241

Pu is unknown. 

Xenon was outgassed from the sample in a 
tungsten crucible heated by electromagnetic 
induction to temperatures above 2000°C' 
purified in a glass vacuum system with a ti
tanium-zirconium getter, and collected on a 
cooled charcoal trap. The krypton and xenon 
fractions were analyzed separately in a mass 
spectrometer in the static mode-i.e., with
out pumping during the analysis. Calibration 
and blank runs were performed by standardized 
techniques. 

No useful data were obtained for krypton 

because of the small sample size relative to 
the contaminant gases, but the xenon results 
are given in Table II. No significant impurity 
gases were observed, and a typical sweep of 
the spectrum is shown in Fig. 1. 

Th f . . . f 244p e 1Ss1ogen1c xenon spectrum rom u 
is interestingly different from the spectrum 
for 244cm (Ref. 16; see Fig. 2), but we focus 
attention here upon the cosmological implica
tions of the 244pu spectrum. Rowe 7 has re
cently compiled various measurements of the 
meteoritic spectrum of fission xenon attributed 



Table II. 244 
Xenon extracted from 14.7 mg of Pu0

2
. 

[ 129Xe] [ 136Xef] 
a 

Temp. 

(•c) X 10-12 cc 128 129 130 131 132 134 136 X 10- 12 cc 
-
350 0. 73 0.072 - 1.000 0.163 0.802 1.003 0.397 0.338 < 0.003 

±0.002 ± 0.005 ±0.012 ± 0. 012 ± 0.006 ± 0. 002 

700 1. 73 0.075 = 1.000 0.165 0.861 1.191 0.604 0. 548 

±0.002 ±0.003 ± 0.009 ±0.013 ±0.011 ±0.014 

Fission yields: 
a 

0.284 0.819 0. 982 = 1. 000 0.37 

± 0.044 0.081 0.082 

1550 1.72 0.076 = 1.000 0.155 0.933 1. 513 0. 910 0. 900 

± 0. 002 ±0.003 ± 0. 014 ±0.017 ±0.015 ± 0.008 

Fission yields: 
a 

0.234 0.878 0.913 = 1.000 0.97 

± 0.025 ±0.033 ±0.029 
N 
U1 

2150b 0.06 0.08 = 1.000 0.17 0.77 0.96 0.41 0.34 < 0.0006 

± 0.01 ± 0.01 ± 0.03 ± 0.03 ± 0.01 ± 0.01 

Atmospheric xenon 
30 

0.073 = 1.000 0.154 0.801 1. 017 0.395 0.336 

Adopted fission yields for 
244

Pu 0.246 0. 870 0. 921 = 1.00 

± 0. 022 ±0.031 ±0.027 

a . . i i ;f29 i ;129 The rel-The amounts of f1sswn xenon were calculated from the formula 6 = ( Xe Xe) sample - ( Xe Xe) atmosphere. 
ative yields shown are 6ijo136. 

bThe 2150° .fraction is typical of the lower temperature blanks and provides a good measure of size and isotopic composition of 
the blanks. 
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Table III. Comparison of meteoritic fission yields 

with 244p f" . . ld U lSSlOn y1e S. 

Reference 

Pasamonte 5 from data 

of 3 

Pasamonte 6 

Whitlockite from 9 

St. Severin 

Kapoeta 7 

244Pu This work 

,·;, 

.-.. Time 

136 134 132 131 130 129 128 

Fig. 1. Mass spectrum of xenon extracted 
at 1550°C from Pu02 and sealed off in the 
mass spectrometer. The slanted line through 
the peak at a mass of 12 9 shows the extent of 
spectrometer pumping. The horizontal lines 
show the amount of atmospheric xenon relative 
to mass 129. Excesses at masses 136, 134, 
132, and.131 repres~'nt the 244pu spontaneous 
fission component. The magnetic sweep rate 
was increased between peaks. 

(XBL 722-338) 

Fission yield 
131 132 134 13b 

33 93 91 = 100 

± 3 ± 8 ± 2.5 

25 88.5 94 = 100 

± 3 ± 3 ± 5 

31 97 93 100 

± 8 ± 8 ± 1 

26 88 91 100 

± 3 ± 4 ± 5 

24.6 87.0 92.1 100 

±2.2 ±3.1 ±2. 7 
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~ 0 Pasamonte (Hohenberg et al.) 

0.2 f- D Ka poeta (Rowe) -

• 24'Pu 

• 2 .. Cm (Manuel et ol.) 
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Mass number 

Fig. 2. A comparison of the fissiogenic 
xenon spectra from the achondritic meteorites 
Pasamonte6 and Kapoeta 7 and the spontaneous 
fission spectrum from a laboratory sample 
of 244Pu. The xenon spectrum from the 
spontaneous fission of Z44cm16 is als·o shown. 
The pattern of xenon isotopes· from the spon
taneous fission of 244pu agrees perfectly 
with the achondritic spectra. ( ) 

XBL 722-339 



to 244pu (so-called achondritic or 
"Pasamonte type" fission xenon); we repro
duce a similar compilation in Table III. Agree
ment between the meteoritic spectra and the 
244pu spectrum is excellent, especially for 
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the two meteoritic spectra based on Berkeley 
data, which we have plotted in Fig. 2. In 
particular the unusual 11 signature 11 of the 
achondritic fission xenon, with approximately 
equal yields at masses 132, 134, and 136, is 
faithfully reproduced in the laboratory fission 
sample. There no longer can be any reasonable 

doubt that achondritic fission xenon was cor-
rectly assigned to the spontaneous fission of 
244Pu. 

The main effect of this observation is to 
place on a firm footing a number of conclus
ions which were previously stated in the litera
ture. But it is useful to collect here briefly 
what we consider to be the chief implications 
of confirmation of the 244pu hypothesis: 

(1) We now have observed in the solar sys
tem two completely authenticated extinct 
radioactivities, 12 9r and 244pu, 

(2) Previous measurements of the ratio 
244Pu/238u in meteorites are now on a firm 
basis with respect to the extinct nuclide and 
its decay constants. We attribute special im
portance to Podosek' s 11 measurements of this 
ratio, since his method infers it from reten
tively sited xenon, and combines the plutonium 
and uranium measurements in a single experi
ment on one sample. All four' meteorites for 
which he has thus far been able to make the 
measurement (one chondrite and three 
achondrites) gave approximately the same re
sult: 244Pu/238u , 0.013 at the time of mete
orite formation. These substantial plutonium 
concentrations in the early solar system re,
quire that r-process nucleosynthesis was on
going in the galaxy at the time of the birth of 
the Sun. 

(3) Three separate decay schem7s now point 
to a compact interval of time (- 10 years) for 
meteorite formation: 87Rb - 87sr (Ref, 17), 
129r- 129xe (Ref. 18), and · 
244pu- 131-136xe (Ref. 19). 

(4) Since late r-process nucleosynthesis has 
to be invoked to produce 244pu in the early 

... ;,:,.solar system it seems unnecessary to invoke 
other sources for 129r, which is also an r
process nuclide; and no evidence for other 
important sources of 129r has as yet been 
found. 19 

(5) With 12 9r so ascribed to galactic sources, 
the time interval between cessation of nucleo
synthesis for the solar system and meteorite 
formation cannot exceed several hundred mil
lion years. 20 

(6) Models for the chronology of nucleo
synthesis now have to be consistent with known 
ratios for early solar system abundances of 
232Th, 235u, 238u, and 244Pu. Constraints 

imposed by these nuclides have received atten
tion in the literature, 13 but calculations 
emphasize ratios of 244puj238u that are prob
ably too high. We believe that the more rel
evant calculations are those with Podosek' s 
plutonium-uranium ratio. 11 Calculations of 
this type14, 15,21 indicate that the need for a 
"late spike" of 244pu synthesis just before 
solar system formation is less clear. 

(7) Attention can now be more clearly 
focused on the question of the origin of the fi s
sion-like xenon in carbonaceous chondrites, 
which has an isotopic composition different 
from 244pu fission. 22 It is important in this 
connection to have better knowledge, from 
129r-129xe dating, of the formation times 
for the carbonaceous chondrites. Existing 
evidence is somewhat weak but indicates that 
these meteorities formed at the same time as 
the others. 18,23 If this is true and if the 
anomalous xenon there is genuinely fissiogenic, 
its unique occurrence in the carbonaceous 
chondrites cannot be explained on the basis of 
an exceptionally short half-life for the fis
sioning nuclide. One must argue from its 
absence in achondrites and its presence in 
carbonaceous chondrites that the nuclide is 
chemically different from the actinides and is 
probably more volatile. As a result, serious 
consideration must be given to the suggestion 
by Anders and Heymann, 24that a super-heavy 
element, which could be both volatile and fi s
sioning, may have been pre sent in the car-

'bonaceous chondrites. The possible existence 
of super-heavy elements is now generally ac-
cepted.25 244 

(8) Searches for Pu in lunar rocks should 
continue. The oldest lunar r'ocks encountered 
to date are essentially threshold objects for the 
observation of lunar plutonium. 26 Slightly 
older rocks can be expected to give positive 
results. 

(9) Detailed predictions based on theories 
of both r-process and s-process nucleosyn
thesis have recently met rather stringent ex
perimental tests. The presence .of 244pu in 
the early solar system confirms the r-process 
as ongoing in the galaxy, and predictions from 
s-process theory of the relative values of 
cross sections of certain fast neutrons in 
samarium and tellurium have been strikingly 
confirmed. 2 7 · Scientists, at Oak Ridge played 
a major role in both tests. The success of 
the present work depended grejatly upon the 
superb sample of 244pu which was prepared 
by the Electromagnetic IsotopJ Separator 
Group at the Oak Ridge National Laboratory. 
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DECAY OF 210At TO LEVELS IN 210pot 

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

210 
The electron-capture decay of ssAt has 

been studied with Ge(Li) '{-ray spectrometers 
and a Si(Li) electron spectrometer. Present 

2~1)a have been used to define 23 levels in 
g4Po. The multipolarity of 36 transitions 

have been determined and coml:-i.ned with data 

138.4 d 

Fig. 1. Experimental decay scheme of 
210 

At. 
(Absolute transition intensities are shown on 
the level scheme.) (XBL 719-4407 A) 
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Fig. 2. Com8arison of the experimental level 
scheme of 21 Po (b) with a shell-model calcu
lation4 (a) and with the experimental level 
scheme of 208pb (c). 5 The dotted lines con
nect levels believed to have components due to 
the same configuration. The zero-order ener
gies of the two-proton configurations in 210po 
are shown to the left. (XBL 7111-4675A} 
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from recent reaction studies1-3 to assign 
spins and parities to these levels. Figure 1 
shows the decay scheme. 

The lower-lying level structure is expected 
to arise fro~g:onfigurations of the two protons 
beyond the Pb core. All levels arising 
from the configuration rr(h9j2l 2 have been 
identified and except for the lowest spin mem
bers, all levels due to the configurations 
rr(h9j2 h/2) and rr(h9j2 inj2) have also been 
identified. We show 1n Fig. 2 a comparison 
of known states 1- 3 in 21°Po with a two-proton 
shell-model calculation and the experi
mental4, 5 level spectrum of 208pb. 

Evidence is presented which locates the 3 
collective state in 210 Po at 2400 keV above the 
ground state. The 200-keV depression in en
ergy from that observed in 20 1:lpb is believed 
due in part to configuration mixing with the 3-
member of the rr(h9j2 i13j2l multiplet. 

210 
The EC decay of At to pure two-proton 

configurations is highly hindered, whereas the 
decays of the first-forbidden type to the two 
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5- levels at ~ 3 MeV are unhindered. The un
hindered transitions to odd-parity states are 
believed due to neutron ~gd proton excitations 
of the 208pb core. In 2 Pb the 5- member of 

5 
the v(g9/2 p ~ ~ 2 ) multiplet has been established 
at the excitafion energy of 3.2 MeV. The en
ergy of this core state is close to the 5- mem
ber from the rr(h9/2 i 13; 2) multiplet in 210Po, 
and it is reasonable to assume that the same 
configuration also contributes to the 5 two
proton state in 210Po. A first-forbidden 
transition proceeding via this core admixed 
component would be unhindered as the transi
tion would be from a h9j2 proton to a g9/2 
neutron. An analysis of the relative log ft 
values of the two 5- states near 3 MeV allowed 
the following experimental wave functions to be 
constructed: 

Thus, the lower 5 state at 2910.0 keV con
tains approximately 70o/o of the strength of the 
core excitation v(g

9
; 2 pf"f ). Electron-capture 

transition rates to otner 6d"d- parity states above 
3 MeV are discussed in terms of additional neu
tron and groton-proton particle-hole excitations 
of the 20 Pb core. 

Transition probabilities for the gamma de
cay of the rr(h9 ;2) 2 and rr(h9j2 f7/2) even par
ity multiplets have been calculated by using 
several sets of shell-model wave functions.4,6 
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TABLE OF ISOTOPES 

C. M. Lederer and J. M. Hollander 

Compilation of the seventh edition began in 
early 1971. Due to the size of the effort re
quired, methods for compilation and produc
tion of the seventh edition are different from 
those used to produce previous editions in a 
number of respects: 

1. Compilation of the data is a group pro
ject. Four full-time and two part-time chem
ists are currently compiling the table: Egardo 
Browne, Janis Dairiki, Ray Doebler, Leslie 
Jardine, Adnan Shihab-Eldin, and Virginia 
Shirley. (Dr. Jardine replaces Audrey Buyrn, 
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who left in August and is currently an NIRA 
Compiling Fellow at MIT). The group is as
sisted by a full-time secretary-librarian
typist, Maureen Whalley. 

2. A large effort at computerization is 
under way, under the supervision of Carl Quong 
(Math and Computing). 

a. A multi font text input-editor, consisting 
of a keyboard and scope display driven by a 
small computer system is being programmed 
for input of tabular data. (A prototype of this 
device was described in UCRL-18530 and 
UCRL-18667, p. 9 (1968) Annual Report). This 
programming, nearing completion, is being 
done by Manny Clinnick (Math and Computing), 
and Ed Romascan (Physics, Group A), A sys
tem is expected to be operative in February 
1972. 

b. Data file programs, which perform ex
haustive checks on the input data, store them 
in a random-accessible file, and produce proof 
or final copy, are being developed by Ardith 
Kenney and Leo Vardas. A program to handle 
level-scheme data and produce proof and final 
level diagrams is being written by M. Lederer. 
These programs are expected to be working 
early in 1972 and to be essentially complete by 
the end of the year. 

c. An index file of "keywords" for every 
reference, ordered by isotope, is in routine 
use as the compiler's index to the literature. 
The file is updated three times a year with 
"recent references" issues of Nuclear Data B, 
supplied to us on magnetic tape by the Nuclear 
Group at ORNL. Our programs check and edit 
the new tapes, merge them into a random
accessible master file, and provide prints of 
the new references or the entire file for use 
by the compilers. The automatic checking by 
the program and some spot-checking by the 
compilers has provided useful feedback to the 
Nuclear Data Group. 

3. Content and Format of the Seventh Edi-
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tion. The content of the seventh edition will 
be expanded from earlier editions to include 
more data from nuclear reactions. Level 
schemes will include one illustration for each 
isotope, consisting of a decay scheme, with 
feeding from all radioactive parents, along
side a set of level diagrams, one for each re
action populating that nucleus. The form of 
the decay schemes will be similar to that of 
the sixth edition. Reaction level schemes will 
include levels and their properties (energies, 
spins, and parities, .e-transfer values, etc.). 
Where gamma rays have been measured in a 
reaction, the gamma-transitions will be indi
cated, unless the gamma rays only define the 
level (e. g., direct gamma rays from the cap
ture state in thermal neutron capture will be 
omitted). 

There will not be an arbitrary energy cut
off for levels; rather, where the levels are so 
numerous that all cannot be included, the 
schemes will be abridged [e.g., by indicating 
"27 more (d, p) levels between 4 and 5 MeV"]. 
This policy applies to levels from decay as 
well as reaction experiments. 

A sample level scheme for the nucleus 
75se is given in the accompanying figure. In 
addition to the drawing for each isotope, there 
will be a "skeleton" A-chain drawing, showing 
the decay relationships and Q values for each 
mass chain (see Fig. 1). 

Tabular data will include only ground- state, 
radioactive decay, and level data. The scope 
of data categories covered and policies on 
selection of data will be similar to that of the 
sixth edition. All information, including cat
egories of data covered in "Table I" of the 
sixth edition, will be given in a single table, 
similar in layout to "Table II" of the sixth 
edition. 

As of December 1971. 90 mass numbers 
have been compiled. We are aiming to pro
duce the seventh edition in about three years. 

A STUDY OF 66-SEC ISOMERIC STATE OF 222Act 

* K. A. Eskola 

Results of an extensive survey of a-active 
isotopes between lead and uranium have been 
reported by VSlli and Hyde..!:_t al., in a series 
of articles. 1- The 66-sec a-emitting iso-
meric state, 2 22mAc, reported here, wap 

9 discovered as a byproduct of a study of 2 b~f. 

E 1. d' 10-12 f 222A h ht ar 1er stu 1es o c avz
20

een 
carried out by producing the 1. 8-min Pa 

in bombardments of thorium with high-energy 
deuterons <JoiJ,d following its a-decay throug_h 
the chain ZC.bPa- 222Ac- 218Fr- 2i4At- 210Bi. 
By use of the recoil collection method, Meinke 
et al. 12 ~~re able to separate 222Ac from its 
parent, 2 bpa, and obtained a value of 
5.5 ±0.5 see for its half-life. 

With similar techniques, but using Au-Si 
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Fig. 1. A series of a-particle spectra pro
duced by bombardments of Pb with 18o ions. 
The individual spectra show the total of counts 
recorded at each of the seven stations by the 
two movable detectors when facing the wheel. 
The sum of the seven spectra is plotted top
most. The wheel-stepping interval, the inte
grated beam reading and the bombardment 
energy are indicated. (XBL 718-6367) 

surface- barrier detectors, McCoy13 associ
ated two a-particle groups, one at 6.998 MeV 
(94%) and the other at 6.9~2 MeV (6o/o), with 
the decay of the 5.5-sec 22Ac. We have as
signed the 66-sec a-activi~y with a complex 
a-particle spectrum to 22 mAc by showing 
that the a particles are promptly followed by 
7.87-MeV and 8.81-MeV a particles of short
lived 218Fr and 214At. 

The experimental techniques and apparatus 
used have been described in some detail in 
References 14 and 15. The 66-sec a activity 
was observed in bombardments

6 
of::::: 100 }tg/cm2 

natural Pb targets with both 1 0 and 18o ions 
and a Bi target with 15N and 18o. (Recently 
the actlvity has also been observed by Eppley 
!j; al. 1 when bombarding Th and U targets by 
5-GeV protons from the Bevatron.) The series 
of a-particle spectra displayed in Fig. 1 re
sulted from bombardment of the Pb target with 
97-MeV 18o ions. Most of the activities belong 
to members of a-decay chains originating from 
Ac and Ra isotopes. However, it is readily 
seen that the 7.87-MeV and 8.81-MeV peaks 
assigned to 2 18Fr and 214At, respectively, 
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-decay with a half-life of about a minute in·
stead of the 5.5-sec half-life of 22 2Ac. A 
half-life of 66±3 sec is derived for the 7.87-
MeV a-particle group by a least-squares anal
ysis. 

A search for a possible precursor to the 
7.87-MeV a-particle activity naturally leads to 
a closer study of the complex cluster of peaks 
in the 6.5- to 7 .0-MeV energy region, where 
one would expect to find an Ac a emitter with 
a half-life of a minute. As shown in Fig. 1 fhe 
2.3-min 2 11Bi,' 2.7 min 2 13Ra and its electron
capture (EC) dau~hter 35-sec 213Fr~ 30-sec 
22lRa, 2.2-min 23Ac and 20-h 2 5 Fm also 
contribute to the a-particle spectrum in this 

energy region. The 
255

Fm also was produced 
in unrelated bombardments preceding the one 
resulting in the spectrum shown in Fig. 1. To 
single out the contribution of the possible 222.Ac 
a activity from a host of interfering activities, 
we looked for time-correlated a-decay events 
where an a particle was followed within 50 msec 
by an a particle in either the 7.87-MeV or 8.81-
MeV peak. The a-particle spectra resulting 
from the search are plotted in Fig. 2. Acci
dental correlations due to a high counting rate 
have been accounted for by subtracting from 
the above correlations the ones where a 7.87-
MeV or 8.81-MeV a particle preceded an a 
particle in the 6.5- to 7.1-MeV range. On the 
left side in Fig. 2 the correlations detected at 
the first station, or within the first 60 sec 
after the irradiation, are plotted in four 15-
sec time subgroups. To the right these same 
counts are summed up in the first spectrum 
and the three spectra undernearth arise from 
correlated events found at the three succeeding 
stations. The fast decaying component in the 
prominent 7 .01-MeV peak is associated with 
the previously known 5.5-sec a activity of 
222Ac. The energies, intensities and bin·· 
drance factors for a-particle groups contrib
uting to the composite spectrum are presented 
in Table I. The shape of the 7.87-MeV 218Fr 
peak was used as a standard when resolving 
the spectrum into its components. The hin
drance factors were calculated using the spin
independent (.i':::: 0) equations of Preston. 17 A 
value of 9.29 fm was chosen for the radius 
Farameter R. 

A study of the a-particle spectra recorded 
by the movable detectors when in the off-wheel 
position, combined with the spectra recorded 
by the stationary detectors facing them, in
dicated that the 66- sec metastable state also 
decays by y-ray emission and feeds the 5.5-
sec state, which probably is the ground state. 
The recoil energy imparted to the residual 
atoms by the decay transfers a part of the 
atoms onto the detectors facing the wheel and 
their subsequent decay by a-particle emission 
is observed in the off-wheel position. 
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Fig. 2. The spectrum of a-decay events were 
followed within 50 msec by another event re
corded at either the 7.87-MeV or 8.81-MeV 
peak. The events observed at the first detec
tor station are displayed in four consecutive 
15-sec subgroups on the left side. To the 
right the correlated events from the first four 
stations are plotted. (XBL 718-6366) 

On the basis of the calculated and observed 
intensity ratios in the various spectra we ob
tain a lower limit of 3 ± 1o/o and an upper limit 
of 10% for the decay of the 66-sec metastable 
state by isomeric transition. 

222mAc also seems to decay by EC to the 
levels of 38-sec 222Ra. Approximate values 
of 0. 7o/o and 2ofo of the lower and upper limits 
for the EC branching were obtained by com
paring the observed number of counts in the 
7.13-MeV peak of 218Rn both in on- and off
wheel positions with the observed number of 
counts atrributable to 222mAc. 

Because the event times were measured 
with an accuracy of only 50 msec, an accu
ra~e half-life measurement for the daughter, 
2 1 Fr, was not possible. However, a value 
of 0.7±0.6 msec was deduced on the basis of 
the observed ratio, 0.019±0.017, between 
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Table I. Alpha-particle groups associated 
with the decay of the 66-sec 222mAc. 

Alpha- particle 
energy 
(MeV) 

6.46±0.02 

6.71±0.02 

6.75±0.02 

6.81±0.01 

6.84±0.02 

6.89 ±0.02 

6.97±0.02 

7.00 ±0.02 

Intensity 

( o/r) 

2±1 

8±4 

15 ± 5 

27 ± 10 

10 ± 5 

15 ± 5 

8±3 

15 ± 5 

Hindrance factor 

13 

33 

25 

24 

85 

85 

310 

220 

those pairs of events where 222Ac and 218Fr 
a decays followed each other within the same 
50-msec interval and those where the two 
events were recorded in two consecutive 50-
msec intervals. 

There seems to be a discrepancy of some 
10-40 keV between the a-particle-energy 
values reported in this work and those given 
by McCoy. 13 Thus we have found the ener
gies 7.01, 7.87, and 8.81 MeV for the 5.5-sec 
Z22Ac, 0.7-msec 218Fr and 2-flsec 214At, 
respectively, while the corresponding ener
gies of McCoy are 6.998, 7.845, and 8.777 
MeV. Our values are based on the analysis 
of the 1fectra by the SAMPO computer pro
gram 1 usin¥ the 7.136-MeV 214Ra and 
8.675-~V 2 5Rn as internal energy stan
dards:'!• 

The relative cross sections for some of 
the more prominent reaction products in 
hombardments of the lead target by 18o ions 
are shown in Fig. 3. Because of the natural 
isotopic composition of the lead target, sev
eral reactions may substantially contribute to 
the production of an isotope. The predom
inant component in each case seem§ to come 
from the most abundant isotope, F'~, in 
the targe

2
t13 i. e., from the reactions 2 8 pb 

(18o, 3n) c. Th, 208Pb( 1 8o, p2n)223Ac, 
208pb(18o, p3n)222mA<;: 208pb(18o, an)221Ra, 
and 208Pb( 18o, 14q212mPo. 

The cross-section ratio of the 66-sec state 
to the 5.5-sec state of 2 22Ac was measured 
to be 3.9±0.5 for the 97-MeV 18o ions. The 
isomeric ratio was found to be relatively con
stant near the peak of the cross-section curve. 
It was not studied more closely at lower bom
barding energies because of the low yields. 
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Fig. 3. Excitation curves for some of the 
activities produced in the bombardments of 
Pb by 18o ions. (XBL 718- 6369) 

Of the earlier studied isotopes of actinium, 
only 21 6Ac has been found to have an a-emit
ting metastable state. 6, 19 The isomerism 
is caused by the close proximity of 9- and 1-
states, which are members of a multiplet 
arising from the (2g 9/2)n (1h9/2)p single
particle configuration. No evidence of the 
existence of a similar high- spin isomer in 
218Ac was seen by Torgerson and Macfar
lane 19 in their recent study of the odd proton, 
N = 12 7 isotopes. Borggree n et.al., also did 
not find any direct indic'2,t~8n of the existence 
of isomers in 2 18Ac or Ac in connection 
with their studies of protactinium isotopes 
with mass numbers 222-225.8 It thus seems 
that this particular type of isomerism is con
fined toN= 127 isotones. 

A possible explanation for the presence of 
a long-lived a-emitting isomer in 222Ac is 
derived from the Nilsson model level scheme. 
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Borggreen and his co-workers8 observed that 
the a-particle energies of N= 133 isotones 
were systematically lower than expected on 
the basis of the regular behavior in neighboring 
isotones. They suggested that this anomalous 
trend might be caused by the occurrence of 
some individual particle level of hifh spin. 
Such a level could well be the 13/2 [606 tl 
level predicted to be favored by the 131st and 
132nd neutron in the recent leve:kd'cheme cal
culation by S. G. Nilsson et al. However, 
for the 'scheme to be applicable one has to pos
tulate the onset of stable ground- state deforma
tion for the nuclei in the region of A near 225 
with deformation parameters E ~ 0.2 and 
q = -0.04. The coupling of 13/2+[651 t]level, 
would provide a high- spin multiplet that could 
be the source of the 66- sec metastable state. 
An application of the Gallagher-Moszkowski 
coupling rule gives a spin of 5+ for the lowest 
state of the spin multiplet. 

On the basis of the measured isomeric ratio 
it seems likely that the 66-sec level has a 
higher spin than the 5.5- sec level. Although 
the cross sections for the production of the two 
isomeric states are relatively small, a more 
detailed study of their properties by use of 
a- 'I and a-conversion electron coincidence 
measurements is feasible and could provide 
valuable information on the applicability of the 
Nilsson model level scheme in this transition 
region. A careful search might also result in 
discovery of similar isomerism in nearby odd
odd isotopes. 

I would like to express my thanks to Dr. 
Albert Ghiorso and Dr. Matti Nurmia for help 
in the experiments. The skills and helpfulness 
of the Hilac crew are also deeply appreciated. 
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TWO NEW ALPHA-PARTICLE EMITTING ISOTOPES OF ELEMENT 105: 
261 Ha AND 262Ha t 

A. Ghiorso, M. J. Nurmia, K. A. Eskola,* and P. L. Eskola 

By bomb»-rdment of a 250 cf target with 1~ 
ions and 24 \JBk targets with both 15o and 18o 
ions we have produced two new a- particle 
emitters, o~e6 fn 8.93-MeV, 1.8-sec activity 
assigned to Ha, the other an 8.45-MeV, 
40- sec activity assigned to 262Ha. Genetic 
relationships between the new ac~ivitie s and 
the known nuclides 2 5 7 Lr and 2 5 Lr have been 
established by both a-recoil milking and time
correlation measurements. 

250 249 
Both the Cf and Bk targets were pre-

pared by the molecular platin~ method and de
posited on an area of 0.18 em . The isotopic 
composition of the 350 fJ.~cm2 250cf target 
was 6.1rif,, 249cf, 86.5o/o 50cf, 6.8o/o 251cf, 
and 0.6o/o 252 c£. Several berkelium targets 
of 300-400 f"~/ cm2 thickness were used; the 
amount of 9cf in them due to decay of 314-
day 249Bk after· chemical separation did not 
exceed 10o/o. The targets were bombarded by 
15N, 16o, and 18o ions accelerated by the 
Berkeley Hilac. 

The experiments were carried out with 
apparatus similar to that described in Refs. 
1-3. The product atoms were swept out of 
the target region through a 0.4-mm diameter 

orifice into a rough vacuun1 where the He jet 
deposited them onto the periphery of a verti
cally mounted wheel. The wheel was period
ically rotated to place the collected recoil 
atoms next to a series of peripherally mounted 
Si-Au surface- barrier detectors. There were 
seven detector stations arranged equidistantly 
at 45° intervals around the wheel. Two mov
able and two stationary detectors were used 
at each of the· seven locations. While one set 
of movable detectors was recording a-decay 
events from atoms on the wheel, the other set 
and its stationary con1plement were analyzing 
the daughter a-particle activities which had 
recoiled off the wheel into the crystals. 

The a-particle spectra displayed in Fig. 1 
resulted from bombardments of the 250 cf 
target with 83-MeV 15N ions. The complex 
group of pep.ks at about 8.9 MeV has been as
signed to 261Ha and its a-decay daughter, 
8.87-MeV, 0.6-sec 2 5 7 Lr. 3 Excluding the 
contribution of 257Lr produced directly in the 
bombardment, the whole complex decays with 
a half-life of 1.8±0.6 sec, or with the same 
half-life as the 8.93-MeV group. The 6.54 , 
6.65 , and 6. 77-MeV francium peaks are due 
to a small lead impurity in the target. The 



Qj 
c: 
c: 
"' .<:: 
u 

~ 
V> 

c: 
:::J 
0 
u 

eo 

60 ~·2bo 

40 

2CS,209Fr 
6.65 

213Fr 
6.77 

210,211Fr 
6.54 254Fm 

7.t9 

Energy< MeV) 

xl 
5 

8.0 

xl 

257No 
8.22 258L 

8.61 

9.0 

Fig. 1. A series of a-particle spectra pro
duced by bombardments of 250cf with 15N 
ions. The wheel-cycle rate, the integrated 
beam current reading, and the bombardment 
energy are indicated in the figure. The in
dividual spectra are composed of counts re
corded at each of the seven stations by the two 
movable detectors when facing the whee 1. The 
sum of the seven spectra is plotted topmost. 

(XBL 714-6323) 

activities left in the detecting crystals as 
shown by the a-particle spectra recorded by 
the detectors in the off-wheel position had 10 
counts in the 8.75- to 8.90-MeV region for a 
37-J.LAh experiment with a distribution of 5, 1, 
1. and 3 counts recorded in the first four sta
tions. Within the 2- sec shuttle period, the 
quadrants had 4, 5, 0, and 1 of these counts, 
respectively. The above distribution is com-
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patible with the a-recoil daufhter activity 
being 8.87-MeV, 0.6-sec 25 

2
f>.f• 3 and hence 

its precursor being 1.8 sec Ha. The ratio 
of detected mother atoms to detected daughter 
atoms i~ 4.0 ± 1.4, which agrees with the value 
5.0 ± 6:8 calculated by taking into account geo
metry and time factors. Calculation based on 
spin-independent (2, = 0) equations of Preston 4 
and a radius parameter of 9.45 fm give a hin
drance factor of 2 for the 8.93-MeV a transi
tion. 

The 8.93-MeV, 1.8-sec activity was also 
produced by bombardments of 24'1Bk with 92-
MeV 16o ions. In a 127-J.LAh bombardment, 
25 counts were recorded in the 8.93-MeV peak 
and 7 a-recoil events in the 8. 75- to 8.9-MeV 
range by the detectors in the off-wheel posi
tion. 

Additional evidence for the isotopic assign
ment of the new a-particle activity was pro
vided by mother-daughter time-correlation 
measurements. The distribution of counts re
corded in the energy interval of 8.7 to 9.1MeV 
for both the mother and the daughter, and fol
lowing one another within 6 sec, is displayed 
on the left-hand side of Fig. 2 in several ways. 
The solid and open circle.f

9
mark data

6 
obtained 

from bombardments of 2 Bk with 1 0 ions 
and 250cf with 15 N ions, respectively. In 
both bombardments the wheel-cycle rate was 
1.5 sec. The a-particle energy for the mother 
group is 8.93 MeV, while the daughter has a 
more complex structure with groups at about 
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Fig. 2. The distribution of time-correlated 
events in J;<ombardments of 249Bk with 16o 
ions and 2 Cf with 15N ions (to the left), and 
in the bombardments of 249 Bk with 18o ions 
(to the right). Energy spectra of mother and 
daughter events are shown above, the distri
bution of mother events by station number and 
quadrant of the wheel cycle is given in the 
middle, and the difference in time of occur
rence between mother and daughter events is 
displayed in the bottom. (XBL 714-6325) 
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Fig. 3. A series of a-particle spectra result
ing from bombarding a 249Bk target with 18o 
ions. The arrangement of the spectra and the 
data pertinent to the bombardment correspond 
to those in Fig. 1. ( XBL 714-6321) 

8. 79 and 8.86 MeV. The half-life of the mother 
activity

5
is 2 ± 1 sec and that of the daughter 

0.8 ± 8:3 sec on the basis of the two lower dis
tributions. The properties of the daughter ac
tivity are consistent with those of 8.87-MeV, 
0.6-sec 257Lr (Ref. 3) and, consequently, the 
mother is assigned to 261Ha. Thirteen cor
related pairs were recorded in the 250cf bom
bardment; the expected number of random cor
relations is about 0.5 in the whole energy in
terval of 8.7 to 9.1 MeV. 
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262Ha 

The a-particle spectra displayed in Fig. 3 
resulted from a 118-f!.A.h bombardment of a 
249Bk target with 18o ions. The n~w (40±10)
sec activity which is assigned to 2b2Ha has a 
complex a-particle spectrum with most prom
inent peaks at 8.45 and 8.66 MeV. The latter 
peak is masked by the 8.6-MeV cluster of 
peaks that belongs to the a-decay daughter, 
258Lr. The intensity values for the 8.45- and 
8.66-MeV a transitions are roughly 80% and 
ZOo/a; a value of 9.50 fm for the radius param
eter yields hindrance factors 2 and 40 for these 
transitions. The amount of lead impurity in 
this particular 24 9 Bk target was very low and 
therefore the interference from lead-induced 
activities such as 214At and 211mpo is not 
serious. The 249~t pre sent in the tar get is 
the source of the 2 No and 257No activities 
in the spectra. The lawrencium activities 
either are a result of (15N, axn)-type reactions 
(260Lr and 259Lr partly, at least) or are genet
ically related to the activities produced in the 
bomba,rdment (258Lr). The 8.03-MeV, 3.0-
min 2b0Lr was first produced in this bombard
ment. 3 

The a-particle spectra shown in.Fig. 4 re
present the total of counts recorded by the de
tectors in the off-wheel position at each of the 
.seven stations. The half-life value for the 
counts in 8.5 to 8.7-MeV range is 65±25 sec. 
An examination of the decay of the 8.5- to 8. 7-
MeV activity within the 8-sec shuttle period 
gives a half-life of 4.5±2 sec. The ratio of 
observed mother atoms to recoil daughter 
atoms is 5.0 ± 1.2 (100:20) for the 118-f!.A.h 
bombardment, while the calculated value is 
3.1 ±0.2. Altogether the data are consistent 
with the parent activity being (40 ± 10)-sec 
2b2Ha and the daughter activity 8. 6-MeV, 4.2-
sec 2 58Lr. 

A two-dimensional array of time-correlated 
events observed in the 118- f!.Ah bombardment 
of 249 Bk with 18o ions is shown in Fig. 5. A 
maximum of 20 sec was allowed between the 
occurrence of mother and daughter events. 
The events in the region enclosed by the broken 
line stand out from the background due to ran
dom correlations. In the region including the 
8.45-MeV peak for the mother and the complex 
8.6-MeV peak for the daughter, less than two 
random correlations are expected on the av
erage. The four distributions in the right half 
of Fig. 2 provide further i~~ormation about the 
time-<;_orrelated events in 9Bk bombardment 
with 1l:So ions. The open circles are the events 
enclosed by the broken line in Fig. 5 and the 
closed circles mark events recorded in exper
iments where other 249Bk targets and 60-sec 
wheel-cycle rate were used. The a-particle 
spectrum of the parent activity is complex 
with the most prominent peak at 8.45-MeV. 
Both the time-correlated mother events and 
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(XBL 714- 6322) 

the spectra in Fig. 3 indicate that there is an 
a-particle group at 8.66 MeV. However, as 
can be seen in Fig. 5, some of the events in 
this peak seem to be correlated with an 8.50-
MeV daughter. The half-life of the mother 
activity is 43 ± 15 sec, which value is derived 
from the stationwise distribution of parent 
events. The daughter activity with a half-life 
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of 5±2 sec and a cluster of a-particle groups 
centered at 8.6 MeV gas the characteristics of 
8.6-MeV, 4.2-se~ 62 5 Lr. The mother is there-
fore assigned to 2Ha. 

No evidence for an activity decaying by 
spontaneous fission and having a half-life of 2 
sec was observed in bombardments of 249Bk 
with 18o ions, and 250cfwith 15N ions. How
ever, because of a background of fissionevents 
caused by decay of 2.6-h 256Fm, we can only 
set an upper limit ot 50o/o to branching by spon
taneous fission of 2 1Ha. In bombardments of 
249Bk with 18o ions, a (25 ± 10)- sec spontane
ous-fission activity was extracted from the 
256Fm-induced background. If this activity is 
associated with the 8.45-MeV, 40-sec a-particle 
activity assigned to 262Ha, it could ~~ise from 
branching by spontaneous fission of 

6 
2Ha or 

from its electron-capture decay to 2 2Rf, 
which is probably a very short-lived SF emitter. 
We cannot rule out other alternatives such as 
263Ha and 263Rf as possible sources of the 25-
sec activity, but if the fissions are related to 
262Ha, the branching by spontaneous fission or 
electron capture is about 60o/o. 

Early attempts to identify a-particle emit
ting isotopes of elemenb 1~5 were reported by 
Flerov et al., in 1968. ' Their preliminary 
conclusion was that they observed the isotopes 
261105 withEa=9.4±0.1 MeV, 0.1< T1j2 < 3 
sec, and 260105 with Ea = 9.7±0.1 MeV, 
T 1/2 > 0.01 sec. In our paper1 on 260Ha we 
have discussed these findings in some detail 
and indicated that they were not compatible 
with our results. More recently, new work on 
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Fig. 5. A two-dimensional presentation of 
time-correlated events observed in the bom
bardment of 24 9 Bk with 18o ions. The region 
enclosed by the broken line was included in the 
distribution shown in Fig. 2. The histograms 
on the side are spectra composed of daughter 
events (horizontal) or mother events (vertical) 
only. (XBL 714-6324) 



both spontaneous-fissionS, 9 as well as a
activities 10 assigned to element 105 have been 
reported by the Dubna group. 

In their study of a-R_article activities pro
duced by bombarding -l43Am with 22 Ne ions, 
Druin et al. 10 found evidence for an activity 
with a half-life of 1.4 ±0.6 sec and with a
particle groups at 8.9 and 9.1 MeV. The as
signment of this activity to either 260105 or 
261105 was based on 7 time-correlated pairs 
of events with the mother in the region of 8.8 
to 9.2 MeV and the daughter in the region of 
8.3 to 8. 6 MeV. It was assumed that both 
256Lr and 257Lr have the same decay proper
ties. Our earlier studies 1 on 260Ha and per
tinent Lr isotopes3 show, however, that this 
assumption is false and that such correlated 
events could arise only from the sequence 

2 60 1. 6 sec ~ 
Ha 9.1 MeV 

31 sec 
256

Lr 8.3-8.6 MeV ) ' 

but not from the sequence 

261Ha 1.8 sec ) 
8.93 MeV 

257 0.6 sec 
Lr -n8'. 8:;:,;7;-::;--M;..ce:.,;V~~) . 
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Because more detailed information of the energy 
and time distributions of the correlated events 
was not given in the paper by Druin et al. 10 it 
is not possible to determine how many of the 
pairs might actually belong to the former ge
netic sequence. Moreover, a detailed eval
uation of the presented a-particle spectrum is 
difficult because only a few of the peaks have 
been assigned to known activities and because 
the contributions from lead-induced reac
tions-those producing Th and Pa isotopes in 
particular- are not discus sed. 

The upper limits .obtained b1~s for branch-
ing by spontaneous fission for OHa, 1 or 261Ha 
are so far compatible with the possibility that 
the 1.8-sec spontaneous-fission activity re
ported by Flerov et al. 8, 9 could be due to one 
of these isotopes. 

We wish to express our thanks to the per
sonnel at the Hilac for their contributions in 
the many phases of this work and to our col
league, James Harris, who was instrumental 
in the preparation of the targets. 
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* HEAVY-ELEMENT RESEARCH AT THE BERKELEY HI LAC 

M. J. Nurmia 

As an introduction I believe that I should 
say a few words about our machine, the 
Berkeley Hilac, that ended its glorious career 
recently. Under the leadership of the veteran 
element hunter, Albert Ghior so, the Hilac has 
made a substantial contribution to our knowledge 
of the nuclear and chemical properties of the 
heaviest elements. As a result of only one of 
the lines of research pursued at the Hilac, 
over a hundred new isotopes, mostly of ele
ments ranging from iridium to hahnium, were 
discovereq by several research groups. Four 
new elements, nobelium, lawrencium, 
rutherfordium, and hahnium, were discovered 
and some chemical properties of the first 
three were established with the help of the 
Hilac, although I should mention that these 
new-element discoveries have been contested 
to varying degrees by our dear competitors at 
Dubna in the Soviet Union. 

The basic method producing the heaviest 
known elements is to take a relatively long
lived isotope of a heavy element and bombard 
it with suitable particles, such as carbon, 
nitrogen or oxygen ions. At Berkeley we tend 
to use the heaviest possible targets, such as 
californium or einsteinium, whereas the 
Dubna group prefers somewhat lighter and less 
radioactive targets, such as plutonium and 
americium, and correspondingly heavier pro
jectiles, to attain the same atomic numbers. 

A very serious problem is that heavy-metal 
impurities, especially lead, in the targets 
cause serious interference by giving rise to 
short-lived a-decay chains that include mem
bers with high a energies (8 to 9 MeV and be
yond) right in the region where we look for a 
emission from the new elements. Lead has 
a tendency of finding its way to the targets 
especially in the molecular plating process, 
and it is quite difficult to reduce the lead con
tent of these targets below a few nanograms. 

In some cases it is possible to look for 
other kinds of radiation beside a particles. 
A seemingly attractive possibility is fission: 
fission fragments can be recorded with mica, 
glass, or plastic detectors, and the problem 
of impurities in the target becomes less severe. 
However, as Al Ghiorso put it at the Houston 
conference a year and half ago, one a particle 
is worth maybe 100, maybe 10 000 fissions. 
When it is a question of identifying a new 
activity, an a-decay event has two basic ad
vantages: first, the a particle has a definite 
energy that can be measured very accurately, 
and second, it leaves a daughter nucleus that 

will serve as a positive identification of the 
parent. On the contrary, fission events all 
look alike and destroy the nucleus without 
leaving a daughter that could be used to identify 
the mother. This is why we at Berkeley have 
always been somewhat unhappy about fission 
activities - we have cases where we have re
corded thousands of fission counts from a 
given activity but we have still been unable to 
assign them with the same degree of con
fidence as in the case of an a activity. 

On the other hand, the Dubna group has 
specialized in fission work and has performed 
several very interesting experiments with fis
sion activities. 

An important refinement was introduced 
over two years ago when each detector in our 
vertical-wheel a-spectroscopy system was re
placed by a shuttle carrying two detectors. 
These movable detectors are now called mother 
detectors; when facing the wheel they, of 
course, record a particles emitted by the 
atoms caught on the wheel. However, in about 
one-half of the cases the a particle is emitted 
into the wheel, escaping detection. But in 
those cases the daughter atom is ejected from 
the wheel by the recoil of the a emission and 
it usually is caught by the mother crystal. 

After a suitable collection period the shuttle 
is actuated and the mother crystal is moved 
away from the wheel to face a stationary 
"daughter" crystal. Now the decay of the 
daughter atoms can be examined at a good 
geometry free from interference, while an
other mother crystal records the a particles 
from the wheel and collects more daughter 
atoms. 

We now use seven stations, each with two 
mother and two daughter crystals, making a 
total of 28 crystals. All these signals are 
separately amplified and then equipped with 
identification and timing signals, which are 
all stored on magnetic tape. After an experi
ment, which can last for a day or more, the 
data on the tape are sorted with a computer to 
recover the spectra as seen at the various de
tector stations during given time intervals after 
each rotation of the wheel, and to look for time 
correlations between mother and daughter 
events. 

I would like now to discuss some recent 
developments. 

First of all we have found four new isotopes 
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Fig. 1. Portion of the nuclide chart showing 
the energies and abundances of prominent 
alpha-particle emissions, and other decay 
modes observed. (XBL 714-6326) 

of mendelevium and two of einsteinium. 

Most of other new results are summarized 
in the portion of the nuclide chart shown in 
Fig. 1. 

Proceeding from the bottom up, the first 
new nuclide is 2 5 8Fm. After a long search 
this isotope was finally found by Ken Hulet's 
group in cooperation with us at the Hilac. We 
bombarded about 109 atoms in 257Fm, re
covered from the Hutch experiment, with 
12. 5-MeV deuterons and found that 258Fm has 
a very short half-life: 380 f.Lsec. 

This is one instance where the assignment 
of a fission activity can be made with a great 
deal of confidence. The cross section for the 
reaction forming the fission activity was mea
sured to be 35mb, which is consistent with 
the expected (d, p) reaction, but 10 to 30 times 
larger than the cross sections expected for 
compound-nucleus reactions with deuterons. 
Repeated chemical purifications and bombard
ments of targets containing possible impurities 
showed that the activity was indeed produced 
from 257Fm. 

A very interesting recent discovery is an 
isotope of nobelium with the long half -life of 
one hour. This nuclide, 259No, was found at 
Oak Ridge and subsequently confirmed by us at 
Berkeley. 

Over two years ago we noticed that two nu
clides, 254No and 250Fm, were being mysteri
ously transferred from the wheel to the mother 
crystals. After eliminating other poss·ible 
causes we have concluded that it is due to an 
isomeric transition in these isotopes. The 
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half-lives of the isomers are shown in the 
figure. We have not detected any other decay 
modes, such as fission or alpha decay. 

We have recently completed a survey of all 
lawrencium isotopes with mass numbers from 
255 to 260. 

258Lr was the one seen at Berkeley in the 
discovery experiment ten years ago, although 
it was then tentatively assumed to be 257Lr. 
Later on the Dubna group reported that they 
had found 257Lr and that its half-life was much 
longer, about 35 sec. This was not the end of 
the story, for we finally found the real 257Lr, 
identified it by numerous cross-bombardments, 
and determined its half-life to be much shorter, 
0. 6 sec. 

We have found two new isotopes of hahnium, 
261Ha and 262Ha. The former was observed 
both by bombarding 250cf with 15N and 249Bk 
with 1oo. The latter was made by bombarding 
249Bk with 180. 

In Fig. 2 there is a spectrum from the lat
ter experiment showing the peaks of 262Ha 

·nicely mixed with other activities. However, 
the mother-daughter system solves the prob
lem: Fig. 3 shows the daughter spectrum, 
i.e., a counts recorded in the mother-daughter 
crystal "sandwich" while the mother crystal 
was shuttled off the wheel. This spectrum is 
clearly recognizable as that of 258Lr and ex
hibits the right half-life so that the mother 
must be 262Ha. One can now separate the 
mother a spectrum from the mixture shown 
in the previous figure by looking for a counts 
that preceded these daughter counts. The re
sult is shown in Fig. 4. The mother clearly 
has two major a peaks at 8.45 and 8.66 MeV. 

Let us now take a last look at good old 
Fig. 1. What is nature trying to tell us with 
those numbers? The most interesting area, 
of course, is the upper end and the upper 
right corner-the direction towards the new 
elements and, hopefully, the super-elements. 
As far as a activities are concerned, two 
trends are evident. First, the alpha half
lives show a beautiful increasing trend as one 
proceeds to the right among the isotopes of a 
given element. The new isotopes, 259No, 
260Lr and 262Ha all confirm this. Second, 
the a half-lives do not decrease very drasti
cally as one proceeds upwards along a given 
neutron number. All hahnium isotopes are 
much longer-lived than we dared hope a few 
years ago. 

I think that we are beginning to see a change 
in the systematics of the a energies as com
pared to the situation a little further down. 
Let us look at Fig. 5. It shows the Q a's as 
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Fig. 2. A series of alpha-_particle s~ectra 
from a bombardment of 24'1Bk with 1 0. The 
wheel-cycle rate, the integrated beam current 
and the bombarding energy are indicated in the 
figure. The individual spectra are composed 
of counts recorded at each of the seven detec
tor stations by the two movable detectors when 
facing the wheel. The sum of the seven spec-
tra is plotted topmost. (XBL 714-6321) 

a function of Z and N. The curves below Es 
and Fm look pretty much like those two. But 
notice how steeply the a-energy curves come 
down at No and above! That was the first 
trend-longer half-lives going to the right. Now 
take a value of N, say 157 and go up. First 
the points are rather far apart showing that 
the alpha energy increases rapidly going from 
one element to the next, but then the jumps 

44 

50 ' 
249ek. ta0 

X 1~ xl 40 sec/spectrum 
160 ~otAhr 

40 92 -97MeV 

2~'!l0Rn 252,255Fm 
704 

30 254Fm 
720 

207,208Rn 
6.14 

20 

a.> 
c 
c 

"' ..c:: 
u 

Q; 
c. 

"' c 
::J 
0 
u 

Energy (MeV) 
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the previous figure. These counts were re-· 
corded by the movable detectors when not 
facing the wheel, and by the stationary detec
tors facing the "mother" detectors. 

(XBL 714-6322) 

become shorter. Trend two! Note that our 
points for hahnium are all pretty close to the 
rutherfordium points in accordance with this 
trend. I have also shown on this figure the 
values observed at Dubna for 260Ha and 261Ha, 
9. 7 and 9.4 MeV respectively. Our results do 
not confirm the Soviet observations, but should 
they be correct, the trend of a energies with 
Z will not be like I said. 

I do not dare to go back to Fig. 1 any more, 
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so let us look at Fig; 6. This is about spon
taneous fission and the half-lives shown are 
fission half-lives. The even-even nuclides 
are shown as squares; you will note that in 
the isobar of 256 the half-lives are of the 
order of 103 to 104 sec-based on the grand 
statistics of two cases-and that in the isobar 
of 258 they are about one msec. This is al
most all the material we have! 

If we believe that these five points are suf
ficient to indicate a trend, then it will be 
that the contours of constant fission half-lives 
are more or less parallel to the isobar lines 
and that the rate of decrease is extremely 
rapid - a factor of 106 or so per two units of 
mass: either two protons or two neutrons. 

It is well known that odd-mass nuclides 
have much longer fission half-lives than those 
obtained from an interpolation from their even
even neighbors. These hindrance factors can 
be large-some cases are shown circled in 
the figure. 

Now, we have not seen fissions in 261 Rf and 
that places the lower limit of its fission half
life to about 500 sec. If we were to extrapo
late the trend of thg half-lives of the even
even isotopes - 10 per two mass units - we 
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would &eta half-life in the nanosec region 
for 26 Rf and some femtosec for 262Rf. This 
does not sound right, and moreover it would 
imply a tremendous hindrance factor, in the 
region of 1Q14 or more, for 261R£. The same 
argument is valid in other cases, so that it 
seems reasonable to assume that the very 
drastic shortening of fission half-lives is 
going to level off as we obtain further data. 

This same situation is illustrated in Fig. 7. 
You will note that the fission half-life or even
even isotopes of a given element tends 'to at
tain a maximum near -beta stability and to de
crease almost symmetrically on both sides of 
it. The 152-neutron subshell seems to intro
duce a disturbance, but anyway there is no 
evidence as yet of any leveling off of the lines 
for fission half-lives-they just seem to go 
down steeper and steeper as Nor Z increases. 
But, somewhere there waits the magic 
island, and, with the help of the SuperHilac 
and other projects, we hope to be able to 
chart our way across this chasm that now 
looks so menacing. 

Footnote 

'~condensed from an invited talk given at the 
APS meeting in Washington, D. C. , April 
1971; UCRL-20497. 

COMMENTS ON "CHEMICAL SEPARATION OF KURCHATOVIUM"*t 

A. Ghiorso, M. J. Nurmia, K. A. Eskola,* and P. L. Eskola 

The Editor has asked for our comments on 
the paper of Zvara et al., t inasmuch as the 
work reported seemstC>bear upon the dis
covery of element 104. 

In the present paper this Dubna group now 
interprets the ephemeral "kurchatovium" 
activity (which, it should be remembered, 
originally was characterized with a half-life 
of 0.3 sec) in terms of an assumed spontane
ous -fission (SF) branching decay of the nu
clide, 259R£. This isotope of rutherfordium 
was discovered by our group1 and characterized 
as a 3-sec a emitter with main a-particle 
groups at 8. 86 and 8. 77 MeV. For the following 
reasons we cannot agree that the new experi
ment which they report upon does support 
their claim to prior discovery of element 104. 

1. At present we have only set an ur>per 
limit of 20o/o for the SF branching of 259Rf and 
such a limit does not by itself rule out the 
possibility that they have observed such a 
branching. It seems to us, however, that it 

would be very surpns1ng if the branching is 
high enough("=' 10o/o) to account for the fis
sions observed in the Dubna experiments. Re
call that 261Rf, a 65-sec a emitter discovered 
by our group, 2 has already been shown to have 
an SF T1/2 greater than 500 sec and this 
isotope has two more neutrons than 259R£. 
From the precipitous slope3 • 4 of SF T 1;2 vs 
N for nuclides with more than 152 neutrons 
one would expect the half-life of 259Rf to be 
orders of magnitude longer than that of 261Rf. 

2. It should be noted that the new Dubna 
experiment gives no information about the 
half-life to the activity responsible for the 
fissions observed in section III of their ap
paratus. They assume that the half-life must 
be the same as that observed in recent, purely 
physical experiments in which a 4.5-sec SF 
activity was observed. 5 In a paper6 published 
in 1966 it was pointed out that as much as 2 o/o 
of the gross activity produced in a given ex
periment was able somehow to pass through a 
hot filter interposed in the chromatographic 



column line. It would seem logical to us to 
expect a much greater fraction to pass down
stream through a straight tube which did not 
have any filter at all and cons~quently we 
wonder whether the 256Md-25 6 Fm SF-emitting 
duo could conceivably be responsible for the 
16 events observed. 

3. A rather puzzling result of the new ex
periment is the apparent absence of the 0.1-
sec (nee 0.3-sec) "kurchatovium" atoms 
which should have decayed 11 in flight" in 
section II of their chromatographic column. 
From their previous work this "260Ku" 
activity should be almost as abundant as the 
"4.5-sec" activity. Does this prove chemi
cally that the 0.1- sec spontaneous fission 
activity is not due to element 104? If so, 
then it is worth noting that the non-chemical 
angular- collimation and excitation-function 
evidence that "proved" that it was due to 
element 104 is of the same character as that 
which purportedly showed that the 4.5-sec 
activity was due to that element. 

We believe that these comments raise 
some valid questions as to whether or not 
11 element 104 (kurchatovium-Ku) was chemi
cally isolated and identified." We hope to 
provide satisfactory answers in some new 
experiments which we will undertake in the 
near future. 

Footnotes and References 

*Published in Inorg. Nucl. Chern. Letters 
7, 1117 (1971). 
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EXPERIMENTAL INVESTIGATION OF THE ELECTRON CAPTURE DECAY OF 
210At AND 209At: THE LEVEL SCHEMES OF 210po AND 209po 

L. J. Jardine 

The nuclear levels of 210Po and 20 9Po 
populated by the electron-capture decay of 
210At and 209At have been studied. Experi
mental level schemes have been constructed 
by using data obtained from '{-ray singles, 
internal conversion electron, and'{-'{ coin
cidence. measurements with high-resolution 
Ge(Li) and Si(Li) spectrometers. 

210 
For the case of Po, present data have 

been used to define 23 levels. The multipo
larity of 36 transitions in 210po have been de
termined and combined with data from recent 
reaction studies to assign spins and parities 
to the levels. All levels arising from the two
proton configuration (h9; 2 )2 and from the 

multiplets due to the configurations (h9/2 f7 /2) 
and (h9/2 i13/2), except for the lowest 
spin members, have been identified. The 
level structure is compared with two-proton 
shell-model calculations, and experimental 
transition probabilities for '{ decay of the 
(h9/2 f7/2) and (h9/.2)2 proton multiplets are 
compared with predictions using several sets 
of shell-model wave functions. Evidence is 
presented which locates the 3- collective level 
in 210po at 2400 keV above the ground state. 
The electron-capture transition rates to odd 
parity levels above 2.9 MeV are discussed in 
terms of neutron-neutron and proton-proton 
particle-hole excitations of the 208pb core. 
A weak-coupling calculation using experimental 



data of neighboring isotopes in the lead region 
wasmadefortheenergiesofthe 3- and s-core 
states of 210po. 

For the case of 
209

Po, 20 levels have been 
defined by the present data. Multipolarities 
of 31 transitions in 209po have been deter
mined and used to assign spins and parities 
to the levels. Five states arising from the 
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odd neutron in 209po have been assigned by 
a comparison of the experimental level spec
trum and the decay characteristics of levels 
with a shell-model calculation and the levels 
in 207Pb. A weak-coupling calculation using 
experimental data from isotopes in the lead 
region to approximate residual interactions 
was found to explain the level structure of 
209po below 2 MeV. 
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INVESTIGATION OF BROAD RESONANCES IN THE THREE-NEUTRON SYSTEM 

VIA THE 3He(3He,t)3p REACTION FROM 45 TO 60 MeV 

* J. P. Meulders, H. E. Conzett, and Ch. Leemann 

During the past several years, many ex
periments have been performed to search for 
excited states of the three -nucleon system. 1 

Recent evidence for aT = 1/2 resonance in 
3He has been reported in the excitation func
tion for the radiative capture of protons by 
deuterons. 2 The suggested resonance was 
at an excitation energy of 19.5 MeV with a 
width of about 2 MeV. No other reactions 
that involve only three strongly interacting 
particles, such as nuc:3leon-deuteron scattering 
or inelastic electron- He scattering, have 
shown any evidence for a resonance. 

Evidence for broad T = 3/2 three -nucleon 
resonances has been presented from reactions 
involving four strongly interacting particles, 
namely the reactions3 3Help, n)3p and 3H(p, n) 
and the reaction4 3He (rr-, rr+)3n. In these 
investigations, broad peaks were seen near 
the high-energy ends of the neutron and rr+ 
spectra at forward angles, and were inter
preted as evidence for broad resonances in the 
3p, 3He':', and 3n systems near 10-MeV ex
citation with respect to the three -nucleon 
mass. However, Phillips5 subsequently 
showed that the broad peak in the rr+ spectrum 
could be explained as resulting from the re
action mechanism itself and from the known 
strong final-state interaction between two 
neutrons at low relative energy. 6 Thu8;-there 
was no need to postulate an additional three-
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Fig. 1. Triton spectra at 50 MeV. 
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Fig. 2. Triton spectra at 55 MeV. 
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neutron resonance to explain the experimental 
results. 

Since similar arguments apply to the 
3He(p, n)3p result, we have undertaken in
vestigation of 3He(3He, t)3p reaction, which 
also gives the 3p system in the final state. 
If a 3p resonance exists, it should be seen 
with the same excitation energy and width, 
independent of the reaction, the production 
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angle, and of the beam energy used to pro
duce it. Thus, our experiment provides an
other reaction as well as variations in pro
duction angle from 15 to 1oo•c. m. and in en
ergy from 45 to 60 MeV. 

In a previous study of this reaction at 
44 MeV, 7 a broad peak was seen corresponding 
to a 3p excitation energy near 12 MeV. It was 
attributed to Coulomb distortion of a four
body phase-space distribution, and no attempt 
was made to establish the Q value for the peak 
as a function of angle of the observed triton. 

Figures 1-3 show spectra taken at 50, 55, 
and 60 MeV, respectively. The broad peaking 
at the forward angles is clearly seen. After 
transformation of these data to the c. m. sys
tem, determinations of the Q value and width 
of the peak as functions of angle and incident 
beam energy should enable us to deduce that 
it either corresponds to a 3p resonance or is, 
in fact, a kinematical effect arising from the 
direct-reaction mechanism coupled with the 
known strong final-state interaction between 
two protons at low relative energy. 

Footnotes and References 
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POLARIZATION AND CROSS-SECTION MEASUREMENTS FOR p.4He 

ELASTIC SCATTERING BETWEEN 20 AND 45 Mev* 

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

The low-lying T = 1/2 states of the five
nucleon system have been studied extensively 
and a quantitative understanding of their prop
erties has been achieved. 1 Most recent work 
has centered around the existence and struc
ture of highly excited T = 1/2 states, particu
larly in 5Li. A natural way of reaching the 
excitation energies of interest is to use the 
d+3He channel which at threshold has an ex
citation energy of 16.38 MeV. This approach 
has been widely taken, despite the difficulties 
which result from the complicated spin struc
ture of the spin 1- spin 1/2 channel. A variety 
of experimental evidence for excited states in 
5Li has been accumulated, but no quantitative 
explanations have yet been put forth for the 
anomalies seen in d-3He elastic scattering2, 3 
and in the 3He(d, p)4He reaction. 4, 5 

The analysis of resonance effects corre
sponding to states in 5Li will be simplified if 
they can be observed in the p+4 He channel with 

its single channel spin. States with a struc
ture other than p+4 He (i.e. , unlike the ground 
and first excited states of 5Li) will, however, 
be only weakly excited via the proton channel. 
If in addition such states are situated well 
above the threshold of their main decay chan
nel, they will be very broad and difficult to 
detect. Indeed, measurements of p-4 He 
cross -section excitation functions6 do not show 
any effects corresponding to the structure ob
served in the d+3He channel. 

Since polarization data provide independent 
information about the scattering amplitudes, 
a detailed experimental study of p+4He elastic 
scattering between 20 and 45 MeV was under
taken with particular emphasis on an accurate 
set of polarization measurements. Cross
section data were also obtained but the experi
mental configuration did not allow comparable 
precision. 



Both polarization and cross- section mea
surements were performed simultaneously 
with the polarized beam from the Berkeley 
SS-inch cyclotron. The extracted external 
beam of S0-120 nA was transported to a 36-
in. -diameter scattering chamber and focused 
onto a target cell containing commercially 
available high-purity helium. After passage 
through the main target, the beam could be 
slowed down by a set of removable aluminum 
absorbers. It then passed through a second 
helium-filled gas cell used as a polarimeter. 
A circular collimator was placed just in front 
of the polarimeter target to produce a well
defined beam spot. As a result of the addi
tional beam collimation after the primary 
target, a meaningful beam current integration 
was not possible. For this reason, only rel
ative angular distributions of the cross sec
tion could be obtained. The protons scattered 
from the primary target were detected in four 
pairs of Li-drifted silicon detectors. The 
two detectors in each pair were placed at 
equal angles on opposite sides of the beam. 
The angular acceptance of the detectors was 
approximately± 0. 5° in both B and azimuthal 
angle v. The angle settings were accurate 
to better than 0.1•. In the polarimeter a pair 
of ~E-E counter telescopes at equal angles 
on opposite sides of the beam detected the 
protons scattered from the second helium tar
get. The scattering angle could be varied to 
correspond to the maximum analyzing effi
ciency. 

For each angle setting of the main detector 
assembly, alternate runs of equal length were 
taken with the spin vector of the incident beam 
oriented up and down with respect to the scat
tering plane. This change of sign of the in
cident beam polarization was obtained by re
versing the magnetic field of the ionizer at 
the ion source. A test showed that within 
statistical errors no artificial asymmetry 
larger than 0.003 was produced by a possible 
displacement or angular shift of the beam in 
correlation with the reversal of spin direc
tion. The polarization p(B) was calculated 
from the ratios of left and right detector yields 
as described in Ref. 7. The beam polarization 
was determined from the data taken simul
taneously in the polarimeter. Cross-section 
values were obtained from the polarized beam 
runs by averaging over the spin-up and spin
down runs. As stated before, an absolute de
termination of the beam intensity was not 
feasible. In order to extract absolute cross 
sections from our relative measurements, it 
was necessary to normalize to existing 
data. 6, S In a first set of runs, polarization 
and cross -section angular distributions were 
measured in approximately 2-MeV intervals 
from 20 to 40 MeV. A second set of measure
ments was performed between 22.5 and 24.5 
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MeV in steps of approximately 150 keV to de
termine the effects of the p-4He resonance 
corresponding to the 16.7-MeV 3/2+ level in 
5Li. In order to investigate the existence of 
a weak anomaly discovered near 30 MeV, an 
excitation function at one angle was then taken 
from 24 to 30.5 MeV in 0.5-MeV steps. Fin
ally, an absolute normalization of all the mea
sured polarization angular distributions was 
determined. 

It was decided that the polarization in 
p-4 He elastic scattering near 14.5 MeV was 
sufficiently well known9, 10 and varying slowly 
enough as a function of energy to constitute 
an excellent reference on which to base our 
normalization. A value of p = - 0. 771 ± O.OOS 
at Be. m. = SO• and Ep = 14.5 MeV was subse
quently used as a refe renee. This value was 
deduced from the energy-dependent set of 
phase shifts of Ref. 10, which in that energy 
region are based primarily on the data of 
Ref. 9. The influence of the finite geometry 
of our polarimeter setup was taken into ac
count. This resulted in a slightly reduced 
reference value for the polarimeter analyzing 
power at 14.5 MeV and Be. m. = so• of 
A = - 0. 759 ± 0.011. Since it was necessary 
to reduce the beam energy considerably be
tween the main target and the polarimeter in 
order to compare our highest energies with 
14. 5 MeV without too many intermediate steps, 
a test was performed to check that a large 
energy degradation would not influence the 
beam polarization measurements. 

For this test, two runs were made at a 
proton energy of 45 MeV in the primary tar
get. While monitoring the beam polarization 
with the main detection system at back angles, 
the polarimeter was run at a fixed angle e, 
first at 37 MeV and then at 30 MeV. Thus, 
for these two energies the ratio of effective 
polarimete~ analyzing power at the angle B 
could be determined. A similar set of two 
runs, both with the beam polarization monitored 
with the main detection system at 3 7 MeV, and 
with the polarimeter run again at the same 
angle B, first at 37 MeV and then at 30 MeV, 
yielded another independent measurement of 
the same quantity under very different circum
stances (zero absorber thickness at 37 MeV, 
and roughly half the absorber thickness at 
30 MeV). The two numbers thus obtained 
agreed within the combined statistical uncer
tainties of 0.4o/o. From this we concluded 
that in our setup no undesirable effects would 
be introduced by the energy degraders. We 
then proceeded to the actual normalization of 
our polarization data relative to the 14.5 -MeV 
reference. A first measurement linked our 
20-MeV data to the reference point. The beam 
polarization was monitored with the main de
tection system at 20 MeV, while the polari-



meter was run first at 20 MeV and then at 
14.5 MeV, thus yielding the ratio of the anal
yzing powers at the angle used (Be. m. = so•) 
at these two energies. A second similar mea
surement was performed with the beam po
larization monitored at 30 MeV and the polar
imeter run successively at 14.5, 20, 22, 24, 
26, 28, and 30 MeV. This yielded another 
calibration for the 20-MeV data plus one cal
ibration for all the other energies. A third 
run with the beam polarization monitored at 
40 MeV and the polarimeter run at 26, 28, 30, 
32, 34, 37, and 4Q, MeV finally linked there
maining energies to our reference point, 
yielding in addition a second independent cal
ibration for the 26-, 28-, and 30-MeV data. 

Figure 1 shows two typical angular distri
butions of the polarization p(B) and the dif
ferential cross section a (B). In Fig. 2, ex
citation functions of the polarization across 
the narrow resonance near 23 MeV are shown 
for 3 of the 15 angles investigated. The 
dashed lines are intended as a guide to the eye. 
A contour plot of the experimental polarization 
between 16 and 45 MeV is shown in Fig. 3. 
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The data below 20 MeV are taken from Refs. 9 
and 10. The match between our polarization 
data and the existing data below 20 MeV is ex
cellent. The same comment also applies at 
the higher energies. Both double-scattering 
measurements11, 12 as well as older data ob
tained with a polarized-ion source13-15 gen
erally agree with our data within statistical 
errors. Our cross-section measurements have 
been compared with older, less abundant, but 
in general more accurate data8, 13,15-17 where
ever possible. The angular distributions are 
in reasonable agreement, but in some in
stances there exist differences in the absolute 
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normalization of up to 1 Oo/o. The quoted sys
tematic normalization errors of the different 
sets of data can in general explain these dis
crepancies. 

The measured polarization behaves very 
smoothly as a function of energy at all angles, 
including those which provide the best figure 
of merit for a polarization analyzer (i.e. , 

Ep(MeV) 

Fig. 3. Polarization contour map for p- 4 He 
elastic scattering between 16 and 45 MeV. 
The part of the figure below 20 MeV has been 
drawn after Refs. 9 and 10. 

(XBL 703-2603) 
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the negative and positive maxima near 
8lab = so• and 125•, respectively). We believe 
that the amount and precision of our polariza
tion data permit the calibration of an efficient 
polarization analyzer to better than 3o/o by 
simple interpolation in energy and angle (ex
cept of course· in a 2-MeV wide region around 
the resonance near 23.4 MeV). In view of the 
internal consistency of our data, we find it 
doubtful that an energy-dependent phase-shift 
analysis could lead to uncertainties significantly 
lower than those of our data. 

As shown in Fij. 3, a very weak and broad 
anomaly in the p- He polarization exists near 
30 MeV. This energy corresponds to an ex
citation in 5Li of approximately 22 MeV. As 
we have already mentioned, the anomaly is so 
weak that it is not observed in: the ~-4He cross 
section. 6 This is in contrast to d- He elastic 
scattering where a strong 11 resonance-like" 
behavior has been found both with unpolarized2 
and polarized3 deuterons. From these facts 
it must be concluded that the structure of 
5Li between 18- and 32-MeV excitation energy 
is not of p+4He character as it is for the 
ground and first excited states. Some coupling 
to the p+4He channel does exist, but the struc
ture of 5Li in this energy region is more likely 
of the d+3He type. These experimental con
clusions (which are by no means new) agree 
very well with recent theoretical calculations 
of 5Li structure above the d+3He threshold. 18 
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PHASE SHIFTS FOR p_4He ELASTIC SCATTERING BETWEEN 20 and 40 Mev* 

+ 
G. R. Plattner,t A. D. Bacher,* and H. E. Conzett 

Phase-shift analyses of p- 4 He elastic scat
tering are numerous and quite reliable for 
the energy region below 20 MeV (Refs. 1-3 
and references therein). They reflect the 
abundance and high precision of the available 
data. Above the inelastic threshold near 23 
MeV, both the quantit,r and quality of experi
mental data4-8 on p- He scattering have, 
until recently, been inferior to the informa
tion available in the low-energy region. This 
has primarily been due to the lack of intense 
polarized beams. Analyses are further 
hampered: (1) by the increasing importance 
of higher partial waves, (2) by the need to 
consider complex rather than real phase shifts 
above the inelastic threshold, and (3) by the 
lack of detailed knowledge of inelastic proc
esses leading to three or more particles in 
the final state. Though considerable effort 
has gone into the derivation of p-4He phase 
shifts above 20 MeV, 5, 7- 14 these difficulties 
have led to inconsistent and contradictory 
results. In particular it has not been pos
sible to deduce reliable information about 
the highly excited states of 5Li from the pre
vious analyses. Only the 3/2+ second excited 
state near 16.7 -MeV excitation has been in
vestigated with some precision. 7' 8 

Our results show that our p-
4

He polariza
tion and cross-section data15 above 20-MeV 
proton energy allow a consistent phase-shift 
analysis to be performed, which permits at 
least a qualitative discussion of the properties 
of possible states iri 5Li above 18-MeV ex
citation and also provides an improved pa
rametrization of the 3/2+ second excited 
state. 

Single-energy phase-shift analyses were 
carried out starting at 20 MeV. As a starting 
set of phase shifts, values extrapolated from 
the energy-dependent set of Ref. 2 were used. 
After a solution was found at one energy, the 
corresponding best-fit phase shifts were 
taken as starting values for a search on the 
data at the next higher energy. This pro
cedure yielded satisfactory fits with seven 
parameters (real s, p, d, and £-wave phase 
shifts) at the first four energies up to the in
elastic threshold near 23 MeV. Above this 
threshold, 14 parameters (complex s, p, d, 
and £-wave phase shifts) were used. In this 
manner, a smoothly energy-dependent set of 
phase shifts was obtained over the 3/2+ res
onance corresponding to the second excited 
state of 5Li. Since g waves are expected to 
become important above 30 MeV, the search 

was extended to include 18 parameters (com
plex s,p,d,f, and g-wave phase shifts), 
starting at 26 MeV. The quality of the fits 
was immediately improved and no problems 
were encountered in proceeding to 40 MeV. 
For the purpose of identification, the set of 
single-energy phase-shift solutions found in 
this manner will be called set I. 

At this stage, smooth curves were drawn 
by hand through the set I phase shifts as a 
function of energy, and a second string of 
single-energy searches (now including g 
waves at all energies) was undertaken from 
20 to 40 MeV with the smoothed, set I phase 
shifts as starting points. This resulted in 
the set II single -energy solutions, which not 
only were more smoothly dependent on energy, 
but also gave a better overall fit to the data. 
Set II was modified once more before arriving 
at the final results. An R-matrix calculation 
was performed to parametrize the complex 
2n 3 1 phase shift between 20 and 32 MeV in 
an atfempt to extract level parameters for the 
second excited state of 5Li. Between 20 and 
32 MeV we started from set II, but with the 
2n 3 ; 2 phase shift fixed at the values predicted 
by the R-matrix calculation. At energies 
above 32 MeV the 2n 3; 2 parameters were 
initially set to values extrapolated from the 
R-matrix predictions at the lower energies. 
No problem was encountered in finding 
slightly modified solutions (set III), which 
represent the final result of our phase-shift 
analysis. 

Two R-matrix calculations concerned with 
the influence of the 3/2+ second excited state 
in 5Li on p-4He elastic scattering have been 
published previously. 7, 8 To understand why 
we have reexamined this effect, it is instruc
tive to anticipate the final result of our R
matrix calculation as presented in Fig. 1. In 
this figure, the real phase & = Re(2D3/2) and 
the absorption Farameter 
r) = exp (-2 Im( D3j2 )) are shown. The solid 
lines correspond approximately to the empir
ical phase-shift parameters (i.e., to the 
set II values), whereas the dotted lines give 
a fair representation of the shape of a well
behaved, isolated resonance. 16 The unusual 
feature of our empirical 2n3/2 phase shift 
lies in the 11 cut-off" of resonance effects in 
the real part on the high- energy side of the 
resonance. A similar, corresponding fea
ture can be seen in our polarization data15 
at the same energy, so that there can be 
little doubt as to the existence of this effect. 
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Fig. 1. The 
2

D3/.2 phase shift in the vicinity 
of the 3/2+ second excited state of 5Li. The 
solid lines represent the result of an R-matrix 
calculation. The dashed lines show the back
ground contribution. The dotted lines are ob
tained if resonance -background interference 
is neglected. The double arrow marks the 
resonance energy. (XBL 723-400) 

In both previous investigations 7, 8 of this 
resonance the R -matrix analysis has been 
oversimplified by complete neglect of reso
nance-background interference. As we will 
show, it is just this contribution which pro
duces the peculiar resonance shape, so that 
a more sophisticated R~matrix analysis of the 
2D3/2 phase shift is called for. 

Our analysis is based strictly on the for
malism as presented by Lane and Thomas17 
and we use their notation. In order to calcu
late the 2D3/2 phase shift from the assumed 
pr~erties of the 3/2+ second excited state 
of Li and of the nonresonant background, we 
have constructed the symmetric 3 X 3 (3- chan
nel) R-matrix R3/2 with elements 

The entrance and exit channel indice·s c 
and c 1 refer to the three channels: 

(1) 
4 

p + He (1 = 2, s = 1/2) 

(1) 

(2) d + 3He 

(3) d+
3

He 

(£ 

(£ 

0, s 3/2) 

2, s = 1/2 and 3/2) 

The quantity E is the c. m. characteristic 
energy of the 3 /2{>. level in the p+ 4 He channel. 
The quantity y c is the reduced width amplitude 
of this level in channel c, and E designates the 
c. m. kinetic energy in the p+4He channel. The 
nonresonant background is represented by the 
parameters R 0 

1 (E), which have been chosen 
to depend linelii'ly on energy: 

R~c 1 (E)= R~c 1 + (dR 0 /dE)cc 1 (E- 18.353). 

(2) 

Thus R 0 
1 (E) equals R 0 

1 at 18.353 MeV, the 
c. m. eggrgy of the firJlcinelastic threshold. 
The matrix R3/2 was then inserted into Eqs. 
VII, 1. 5 and 1. 6a of R~f. 17 and the collision 
matrix element u 11 3;2, corresponding to 
elastic scattering in the 2D3j2 p+4He channel, 
was calculated. Finally, the real phase 5 
and the absorption parameter lJ, corresponding 
to the complex 2n 3; 2 phase shift, were ob
tained from 



YJ exp (2ili + 2iw) = u11 312 
(3) 

where w = (J 2 - (J 0 , the difference between the 
Coulomb phase sllifts for £ = 2 and 1 = 0. 

The interaction radii a were chosen as 
a 1 = 3.0 fm ~+4He channel), and a2 = a3 
= 5.0 fm (d+ He channels). To reduce the 
number of parameters, the following additional 
assumptions were made: 

We first tried to obtain a fit to an empirical 
background phase shift as determined by 
drawing a smooth curve (neglecting resonance 
effects) through the empirical values for the 
2D3/2 parameters li and YJ. After a satisfac
tory background phase shift had been generated, 

'l 
"""0~""()~0--o 

--a-o--o-_o-_0_-- --~-

60'/-----------... -.;:---------------j 1.0 ............. ____ _ 

/ 

120' 

80 

....... ~ 
2 

p}7 

., 
'• ,_ ·----,. 

• 
-o--o-o--o __ o_ -o-

---~ 

0.9 

0.8 

0.7 

/ 

0.9 

0.8 

/ 

1'-----------•,:-------=.::;-,----c::::---J 1.0 ......... _ ........ -~ --._ 

0.9 

0 10 20 30 40 50 
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( XBL 723-403) 

a set of 3/2+ level parameters was included 
in the calculation and a search was performed 
in an attempt to reproduce the complete 2D3/.2 
phase shift. A good fit could be obtained both 
on and off resonance with little need for change 
in the background parameters determined pre
viously. Since resonance and background in
terfere quite strongly, such a behaviour seems 
to imply that the background has reasonable 
properties. This in turn constitutes a strong 
a posteriori justification of the simplifying 
assumptions made. 

The R-matrix parameters used in the cal
culation are given in Table I. In Fig. 1, both 
li and YJ are plotted as a function of energy. 
The solid lines are the result of our calcula
tion for both level plus background, while the 
dashed lines show the background only. The 
double arrow marks the resonance energy. 
The dotted lines demonstrate the importance 
of resonance-background interference. They 
show the result that one would predict from 



Table I. R-matrix parametersa used in the analysis of the 3/2+ second excited state of 
5
Li. 

ER EX(
5

Li) (-y 1) 
2 

('{ 2) 
2 

23.39b 16.68 MeV 122 keV 1580 keVc 

R~ 1 (dR0/dE) 11 R~2 (dR0 /dE)12 

0.468 0.008 MeV- 1 0.132 0.006 Mev- 1 

('{ 3) 
2 

1580 keV 

0 
R22 

0.187 

(8 )2 
1 

0.014d 

(dR0/dE)22 

-0.023 MeV- 1 

(8 )2 
2 

(8 )2 
3 

0. 765d 0. 765d 

a1 a2 

3 fm 5 fm 

aThe indices 1, 2, and 3 refer to the channels pt
4

He (£ = 0), dt
3

He(1 = 0), and dt
3
He (1 = 2), respectively. 

bProton lab energy in the p+ 
4

He channel. 

cThe sign of this reduced width amplitude is negative. 

din units of the Wigner limit 31i2 /2Ma
2

. 

(8 )2 /(8 )2 
2 1 
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a3 

5 fm 

L:(8.)2 
1 

1. 55 

\J1 
--.) 
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Fig. 4. Comparison at 24 and 26 MeV between 
our experimental data15 and the corresponding 
curves calculated from our phase shifts. 

our parameters as listed in Table I, if this 
interference were completely neglected, i.e. 
if one were to use the method18 of Refs. 7 and 
8. In contrast to our calculation, the strong 
"cut-off" effect that our data require is 
probably not reproducible with this method. 
In Figs. 2 and 3, the p-4He phase shifts are 
shown as a function of energy from 0 to 50 
MeV. In Fig. 4, fits to the experimental data 
are shown at two energies. In Fig. 5, fits to 
the polarization across the 23.4-MeV reso
nance are shown. In Fig. 6, the experimental 
polarization excitation function at 
Be. m. = 102.2° is compared with the values 
calculated from our phase shifts. The broad 
anomaly centered around 30 MeV is well re
produced by the dashed line, which has been 
drawn through the calculated values. 

Discus sing the implications of our phase
shift results for the level structure of 5Li, 
we should note that the weak anomaly dis
covered in our polarization measurements 
around 30 MeV (see Fig. 6) is not connected 
with a particular feature of anyOne phase
shift param~ter, but rather seems to be 

(XBL 723 -402) 

caused by the rapid onset of absorption above 
the inelastic threshold. This result is in 
striking disagreement with a recent analysis14 
of p-4He elastic scattering data between 25 
and 29 MeV, where rapid variations with en
ergy of both the 2s1/2 and the 2n 5; 2 phase 
shifts have been found and are interpreted as 
conclusive evidence for the existence of two 
excited states around 20 MeV in 5Li with 
JTI = 1/2+ and 5/2+. In a broader, less def
inite way we do agree, however, that the in
fluence of highly excited states in 5Li is 
probably seen in the p+4He channel. The most 
striking feature of our phase shifts is cer
tainly the dominance of absorption in the even 
partial waves. Around 30 MeV (corresponding 
to 22-MeV excitation in 5Li), absorption in the 
J7T = 1/2+' 3/2+' 5/2+' and 7 /2+ scattering 
states amounts to 85% of the total inelastic 
cross section. This behavior can be under
stood qualitatively, if it is assumed that at 
these energies there exist in 5Li very broad, 
overlapping levels of positive parity, which 
decay almost exclusively via the d+3He and/or 
multiparticle-breakup channels. Recent cal
culations with a refined cluster model have 
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indeed led Heiss and Hackenbroich19 to pre
dict the existence in 5Li of a quartet of · 
T = 1/2 states with Jn = 1/2+, 3/2+, 5/2+, 

reaction. He reports that a state with 
J1T = 5/2+ near 20-MeV excitation and one with 
J1T = 7/2+ near 22.5 MeV dominate this process. 
Our own investigation of p-4He elastic scat
tering is not in contradiction with the possible 
existence of a 7 /2+ level. In this scattering 
state we see an anomaly in the energy de
pendence of our phase shift (2G7 ; 2 ). How
ever, to deduce the existence of a 7 /2+ level 
solely from these very weak fluctuations would 
not be justified. 

and 7/2+. These states are calculated to be 
of almost pure d-wave d+3He character and 
are situated several MeV above the d+3He 
threshold. Their nature is very similar to 
that of the 3/2+ second excited state of 5Li, 
which is also reproduced in these calcula
tions. 19, 20 Additional evidence for positive
parity states in this energy range is found by 
Seiler21 in an investigation of the 3He(d, p)4He 
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ton energy. Open circles are from Ref. 2, 
full circles and squares are our own data. 15 
The full and open triangles represent data 
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Turning now to a discussion of the odd 
partial waves, we find that our p-wave phase 
'shifts, which correspond to Jrr = 1/2- and 
3/2-, show some fluctations again in the ab
sorptive parts, while the f -wave phases with 
J1T = 5/2- and 7/2- are completely without 
structure. Empirical evidence for Jrr = 1/2-
and 3/2- levels has been obtained from 
studies of the 3He(d, p)4He reaction, 21,22 
of d-3He elastic scattering, 23 of its mirror 
Rrocess d-T elastic scattering, 24 and of the 

He(d, 2p)T and T(d, pn)3T reactions. 25 The 
cluster-model calculation by Heiss and 
Hackenbroich19 also generated such states 
and explains them as nucleon +4He~'(O+ first 
excited state) cluster structures, which would 
decay mainly into multiparticle-breakup chan
nels. The coupling to p+4He channels should 
be very weak according to this model. 

If all this tentative evidence for highly ex
cited states in 5Li is taken at face value, then 
the following qualitative picture of 5Li (and 
mutatis mutandis of 5He) emerges from the 
existing experimental information: Above the 

(XBL 723-401) 

first inelastic threshold, near 16.5 MeV, a 
series of broad d+3He cluster states appears. 
The first of these is the 3/2+ second excited 
state, which has been unambiguously identified. 
Its relatively small width is only a consequence 
of its position close to threshold. Its inherent 
character is that of a cluster state with a re
duced width close to the Wigner limit. Above 
18-MeV excitation, a quartet of d-wave d+3He 
cluster states with J1T = 1/2+, 3/2+, 5/2+, and 
7/2+, and a doublet of p+4He'' cluster states 
with J1T = 1/2- and 3/2- are predicted to 
exist. 19 Experimental evidence for all of 
these states is still inconclusive, de spite 
claims to the contrary. 25 
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MEASUREMENTS OF THE VECTOR ANALYZING POWER IN d-4He 

ELASTIC SCATTERING BETWEEN 15 AND 45 MeV 

Ch. Leemann, H. E. Conzett, W. Dahme, * J. A. MacDonald, and J. P. Meulders t 

As a consequence of the spin 1 of the deu
teron, there exist four polarization-dependent 
contributions to the differential cross section 
in elastic d-4He scattering, corresponding to 
the vector and the three tensor polarization 
components describing a polarized deuteron 
beam. All four of these have been extensively 
investigated at energies up to - 12 Mev,1, 2, 3 
and there also exist somewhat less numerous 
measurements in the vicinity of 20 MeV. 4 
These data have resulted in phase-shift analy
sis, 3, 5, 6 and, futhermore, at 11.5 MeV the 
vector analyzing power has been calibrated 
absolutely by comparison of double scattering 
and polarized beam data. 7 

The data near 20 MeV seemed to indicate 
a substantial reduction of the vector analyzing 
power as compared with lower energies, but 
this could only be a tentative conclusion be
cause of the rather large uncertainties in the 
knowledge of the beam polarization. The 
present experiment was started to clarify this 
situation, and our early re suits showed that 
large values of the vector analyzing power 
were obtained up to 20 MeV, contrary to the 
results of Ref. 4. We then extended our mea
surements to the higher deuteron energies 
available from the Berkeley 88-inch cyclotron 
in order to establish a reliable vector-polari
zation analyzer for deuterons of energies 
above 12 MeV. So far, we have restricted 
ourselves to the use of a purely vector-po
larized beam in which case the d1fferential 
cross section can be written as: 

a(8,,P)=a 0 (8)(1+3/2p A cos<P) (1) 
y y 

where a o (8) is the vunpolarized cross section, 
e, <P the polar and azimuthal scattering angles 
respectively, Py the incident beam polariza
tion and Ay the vector-analyzing power. The 
formula is based on a right-handed coordinate 
system with z-axis parallel to the incident 
deuteron momentum and the y-axis parallel 
to the beam polarization. 

Data were taken in 5 MeV steps from 15 
to45MeVatc.m. angles, e, from30•to 
165•. At all angles the elastically scattered 
deuterons were detected using counter tele
scopes placed symmetrically to the left and 
right of the beam axis (<P = 0, rr). To dis
tinguish deuterons from protons coming from 
the process d +a -.. n + p +a, particle identi
fication was used. A 4He gas target at -1 
atmosphere pressure was used while the beam 
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Fig. 1. Asymmetries in d-
4

He scattering. 
These values represent lower limits for the 
vector analyzing powers of d-4 He scattering, 
as explained in the text. (XBL 723-2528) 

intensity on target was typically - 50 nA. 
A polarimeter placed downstream of the 36-
in. scatter chamber served to monitor the 
relative beam polarization at each energy: 
Fig. 1 shows the measured asymmetries, 

E: = [a(8,0)-a(8,rr)]/[a(8,0)+a(B,rr)]. (2) 



Since the polarized ion source provides a beam 
with a theoretical maximum vector polariza
tion of 2/3, it follows from Eq. (1) that the 
plotted asymmetries, in fact, represent lower 
limits for the analyzing power Ay-

Because of limitations imposed by the po
larimeter construction, it was not feasible to 
determine an absolute value of beam polariza
tion at e?-ch energy. Thus, the data of Fig. 1 
are relative angular distributions. An im
proved polarimeter has been constructed which 
will make it possible to normalize our data to 
those at 11.5 MeV. However, our results al
ready show conclusively that d- 4 He scattering 
is a useful analyzer for deuteron vector po
larizations at energies up to 45 MeV. 

We are very grateful to H. A. Grunder, 
R. M. Larimer, D. J. Clark, and J. J. 
Steyaert for assistance during various parts 
of the experiment. 
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ANALYZING POWER AND CROSS·SECTION MEASUREMENTS IN p-Si 

ELASTIC SCATTERING BETWEEN 17 AND 20 MeV 

H. E. Conzett, B. Frois,* R. Lamontagne,* Ch. Leemann, and R. J. Slobodrian* 

Nuclear reaction mechanism and the struc
ture of nuclear states have been studied ex
tensively via proton-producing reactions such 
as (p, p' ), (d, p), (3H, p), (3He, p), and (4He, p). 
The experimental data consist predominantly 
of cross sections; but where particles with 
spin are involved, it is well known that addi
tional observables must be measured in order 
to provide information for more adequate 
testing of the theoretical calculations. One 
such observable is the polarization of the 
outgoing proton, the determination of which 
requires a suitable polarization analyzer. 
Since these are secondary 11 beams" of pro
tons, they are inevitably of very low intensity 
so that an analyzer with high efficiency coupled 
with good resolution is required. 

The polarimeters most widely use to date 
consist of helium or carbon analyzers. 1, 2 
Both types have a low efficiency when high 
resolution is sought, and vice versa. The 
usefulness of silcon detectors as proton po-

larization analyzers was first pointed out by 
Miller. 3 Using an analyzer that is also a de
tector, it is a simple electronic problem to 
perform a coincidence between the pulse from 
the analyzer and the pulse from the left or 
right detectors, and subsequently to add them. 
This technique permits the use of thick anal
yzers without the corresponding appreciable 
loss in resolution, thereby increasing sub
stantially the efficiency of the polarimeter. 
Recently, reports on two such polarimeters 
have been published. 4, 5 The system de
scribed by Frois et al. 5 is intended for pro
ton energies higher than 15 MeV, typically in 
the range between 15 and 30 MeV. It sur
passes all other polarimeters in efficiency 
at comparable energy resolutions for protons 
of energy higher than 20 MeV. Since there 
has been a definite lack of data between 17 
and 2 9 MeV, it wa~ pointed out that accurate 
measurements of p-Si analyzing powers and 
cross sections as functions of angle and en
ergy were necessary in order to allow deter-
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minations of precise absolute values of pro
ton polarizations with this apparatus. Some 
measurements have been made near 17 and 
29 MeV, 6, 7 but these data are not of suf
ficient accuracy and detail over the forward 
angles nor of sufficient extent in energy to 
permit achievement of the precision that is 
possible with the silicon polarimeter. 

Thus, we have used the polarized proton 
beamS of the Berkeley 88-inch cyclotron to 
measure asymmetries in the scattering of 
polarized protons from silicon at 2 -MeV in
tervals between 17 and 29 MeV inclusive. The 
beam polarization was monitored continuously 
with a helium polarimeter whose analyzing 
power was known from recent measurements. 9 
Since the left-right scattering asymmetry is 
given by 

(L-R)/(LtR) = E = PA, 

where P is the beam polarization and A the 
analyzing power of the scatterer, simultane
ous determinations of the asymmetries in 
scattering from 4He and Si result in: 

(PASi )/ (PAHe)' 

so that 

yields the desired analyz~g powers. Cross 
sections for unpolarized p-Si scattering are 
calculated from the sum (L+R) of the yields. 

Our preliminary values of analyzing powers 
are shown in Fig. 1. A parametrization of the 
data by an optical-model analysis is under 
way, and should provide a means for a smooth 
interpolation of the data as a function of energy. 
These data show conclusively the good quality 
of silicon as a proton-polarization analyzer . 

We are very grateful to R. de Swiniarski 
for his assistance during the experiment. 
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EXPERIMENT TO DETERMINE DEFORMATION PARAMETERS OF 

28si BY SCATTERING OF POLARIZED PROTONS 

H. E. Conzett, B. Frois, * R. Lamontagne,* R. J. Slobodrian,* and R. de Swiniarskit 

In addition to the known large intrinsic 
quadrupole deformation of several s -d shell 
nuclei, more recent evidence has been pre
sented for the existence of substantial hexa
decapole (Y 4) deformations in ZONe, Z8si, and 
3Zs. l The determinations of these Y4 de
formations resulted from coupled-channel 
analyses of cross sections for excitation of 
the o+, z+, 4+ ground-state rotational bands 
by elastic and inelastic proton scattering. In 
this type of analysis the nuclear radius is 
given by 

where the 13' s are deformation parameters to 
be determined from fits to the experimental 
data, the Y' s are spherical harmonics, and 
the R' s correspond to the radii of the several 
components of the optical potential. The cal
culations were performed with a program that 
used a simplified form of the deformed spin
orbit potential, Z and good fits to these data 
required substantial values of the deformation 
parameters 13z and 134 . For example, the 
values for ZONe were 13z = 0.47 and l34 = O.Z8, 
and the fit to the 4+ data was much more sensi
tive to variations in l34 than were the fits to 
the o+ and z+ angular distributions. 

Subsequently, measurements were made of 
both cross-sections and analyzing powers in 
the scattering of Z4.5-MeV polarized protons 
leading to the lowest o+, z+, and 4+ states in 
ZONe and ZZHe. 3 Coupled-channel calculations, 
using the simplified form of the deformed spin
orbit potential as before, failed to reproduce 
even the shapes of the analyzing-power an
gular distributions for the z+ and 4+ states 
of ZONe. 

Sherif and Blair4 have shown that distorted
wave Born approximation (DWBA) fits to po
larization in less strongly coupled nuclei 
could be significantly improved when the full 
Thomas form of the deformed spin-orbit po~ 
tential was used, so this full Thomas form 
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Fig. 1. Analyzing powers for Z5-MeV proton 
scattering to the lowest o+. z+' and 4+ states 
of Z8si. (XBL 724-Z687) 



was included in the coupled-channel program. 
The resulting calculations were in considerable 
improved agreement with the 20Ne analyzing
power data for the same 132 and f34 values de
duced from the cross sections alone. Thus, 
the need for the full Thomas form was estab
lished. 

Although inclusion of the full Thomas form 
in the calculation did not change the nreviously 
determined values of 132 and l34 for 20 Ne, it is 
not clear that would be the case for 28si and 
32s. Also, the l34 values were determined 
less accurately for those two nuclei because 
of the lower quality cross -section data. Fin
ally, a theoretical calculationS for 134 for 
28Si gives a value of+ 0.05 as compared with 
the" experimental" value +0.25±0.08 of Ref. 1, 
so it is clear that a redetermination of the de
formation parameters for 28si is desirable. 

We have, therefore, measured cross sec
tions and analyzing powers of the 
28Si(p, p' )28si':' reaction leading to the lowest 
o+, 2+, and 4+ states. We used a beam of 
2 5- MeV polarized protons 6 from the Berkeley 
88-inch cyclotron, and the scattered protons 
were detected with eight Si(Li) detectors lo
cated symmetrically on opposite sides of the 
beam axis. Thus, left-right asymmetries 
and eros s sections were measured at four 
scattering angles simultaneously. Analyzing 
powers were determined from the asym
metries as described before, 7 and Fig 1 
shows these results. A coupled-channel cal
culation with the full Thomas form of the de
formed spin-orbit potential, as described in 
Ref. 3, is in progress. 
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MASSES OF LIGHT NUCLEI FAR FROM STABILITY* 

J. Cerny 

This review article indicates the progress 
that has been made in mass determinations of 
light nuclei far from the valley of beta-sta
bility. Generally, high-isospin nuclei of mass 
5 ~ A ~ 40 were covered; such nuclei have 
been studied by in-beam multi-neutron trans
fer reactions induced by conventional projec
tiles and heavy ions, as well as through frag
mentation reactions initiated by GeV projectiles. 

Ex~erimental results on Tz = - 3/2 nuclei 
from B through 37ca were discussed and 
tabulated; these masses were then compared 
with the predictions of the isobaric multiplet 
mass equation as well as to other theoretical 
mass predictions. Similarly, available data 

on highly neutron-excess nuclei from SHe 
through 29Mg were tabulated and used to 
evaluate the Garvey-Kelson mass relation. 
Finally, several useful extensions of present 
techniques for accurate mass measurements 
were noted, with particular emphasis given 
to those utilizing heavy ions as projectiles. 
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THE BETA-DELAYED PROTON EMISSIONt OF 23AI 

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

Recent mass measurements 
1 

have shown 
23Al to be the lightest, nucleon-stable member 
of the A= 4n + 3, Tz = 1/Z(N-Z) =- 3/2 mass 
series; however, no technique capable of 
characterizing the decay properties of these 
nuclides has been demonstrated. Using the 
24Mg(p, Zn) reaction, we have observed 23Al 
through its beta-delayed proton emission. Ex
tension of this approach to heavier T z = 0 
target nuclei should, in principle, permit the 
observation of several heavier members of 
this mass series which are Rredicted2 to be 
nucleon stable (27p through 35K). 

The external proton beam of the 88-inch cy
clotron was used to induce the 2~Mg(p, 2n)23 Al 
reaction on 99.96% -enriched 2 Mg targets. 
Two independent experimental approaches were 
used. In the first of these, delayed protons 
from activity in the target were detected in a 
counter telescope mounted downstream from 
the target behind a slotted, rotating wheel. 
This wheel controlled the duration of the beam 
pulse and shielded the detectors during the 
beam-on intervals. Beam pulsing was achieved 
by modulating the cyclotron dee voltage; beam 
intensities of up to 8 f1A on tar get were utilized. 
In these experiments a detector telescope, con
sisting of an 8- fJlTI ~ detector and a 50- fJlTI E 
detector, fed a Goulding-Landis particle iden
tifier. Any long-range particles were elim
inated by a 50-fJlTI reject detector. In order to 
observe low-energy protons (and a particles) 
singles spectra were recorded from the 8- fJlTI 
detector as well as from an additional 14- fJlTI 
detector. All detectors (except the .6-E) were 
cooled to -25° C. Accurate energy scales were 
obtained in this setup by scattering, from a thin 
Au foil, Hz+ beams of 0.63 and 1.15 MeV/nu
cleon as measured in an analyzing magnet. 
(A 4-fJlTI t~.E detector was used for this calibra
tion.) 

The second experimental configuration 
employed a helium-jet system3 which swept 
nuclei recoiling from the target through a 
0.48-mm diameter, 80-cm-lon~ capillary and 
deposited them on a 550-!-Lg/cm Ni collector 
foil. At 1.2-sec intervals this foil was quickly 
(~ 25 msec) moved by a solenoidal stepping 
motor from the collection position to a position 
in front of a counter telescope. The telescope 
and its associated electronics were identical 
to those in the first setup except that it em
ployed a 6-~-Lm .6-E detector. In these experi
ments a continuous proton beam of up to 8 f1A on 
target was utilized. By comparing the yields 
obtained in both experimental configurations 
(corrected for recoil-range effects), the 
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Fig. 1. An identified-proton spectrum arising 
from the bombardment of 24Mg by 40-MeV 
protons, using the helium- jet technique. The 
vertical arrows designate the energy region 
over which protons could be observed. 
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efficiency of the helium-jet technique for col
lecting 23Al was determined to be ~ 10%. This 
disadvantage was offset by the higher attainable 
geometry as well as by the improved energy 
resolution that was a result of the very thin 
layer of collected activity. 

Figure 1 shows an identified-proton energy 
s~ectrum arising from the bombardment of 
2 Mg with 40 -MeV protons, using the helium
jet technique. Essentially no background is 
present arising from 13-particle pileup. The 
dominant group in the spectrum has an energy 
of 870±30 keVin the center-of-mass (c. m.) 
system. Higher-energy events (from 0. 95 to 
2.2 MeV lab) were observed in both experi
mental configurations. Although these events 
had a half-life consistent with that of the dom
inant group at 870 keV, their low yield pre
eluded the assignment of other distinct trans
itions. The 870-keV group was observed to 
have a half-life of 470±30 msec and was pro
duced with a maximum cross section"=' 220 nb. 
This half-life is consistent with the upper 
limit of 560 msec obtained from simple cal
culations usin~ a lo~ ft = 3.3 for the super
allowed decay of 2 Al and known log!.!_ values 
for the first three allowed decays of its mirror 
nucleus 23Ne. 

To establish 
23 

Al as the source of this 
new activity, excitation-function data were 
acquired by using the slotted wheel technique. 
The experimental threshold for producing the 
870 -keV proton group was cons is tent with the 
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expected value of 30. 78± 0.08 MeV. However, 
the threshold for producing 20Na via the 
24Mg(p,an) reaction is only 24.99±0.01 MeV 
and, although 20Na is a well-known beta-de
layed a emitter5 with a half-life of 
445.7 ± 3.1 msec, 6 it can emit beta-delayed 
protons ;S 1 MeV. ·The 20Na yield was mea
sured from its 4.44 MeV a group, and detected 
via its ~E loss, in two independent singles 
detectors of 8-[.Lm and 14-[.Lm thickness. The 
ratio of this yield to that of the 870-keV proton 
group varied by a factor of approximately 10 
over an 8-MeV range of bombarding energy, 
thereby eliminating 20Na as a possible source 
of the delayed protons. 

A preliminary decay scheme for 
23 

Al is 
presented in Fig. 2. The assumed ground 
state spin of 5/2+ is based on its mirror 23Ne; 
other data in the figure are taken from Refs. 
7 and 8. For simplicity we have shown the 
870-keV group decaying to the ground state of 
22Na. The protons, then, would originate 
from a heretofore unknown state at 8.45 MeV 
in 23Mg which, if populated by allowed beta 
decay, is restricted to fiT = 3/2+, 5/2+, or 
7/2+. 

The superallowed beta decay of nuclides in 
the A= 4n + 3, Tz = - 3/2 mass series leads 
to levels in their daughters which are very 
close to the proton separation energy. The 
superallowed decay of 2 3 Al feeds the lowest 
T = 3/2 state in 23Mg at 7. 788± 0.025 MeV;7 
proton emission from this state would be iso-
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spin.-forbidden and of low energy (209 ± 25 keY 
c. m. ). Penetrability calculations alone show 
the width for this proton emission to be of the 
same order of magnitude as a typical 7. 8-MeV 
M1 gamma ray in this mass region. 9 Although 
the possibility of observing these protons was, 
at best, marginal, an attempt was made using 
the helium-jet method and a 40-MeV proton 
beam. The low-energy proton group was 
sought in the spectrum from the 6-f.Lm ~E 
counter of the usual detector telescope (lo
cated on the same side of the collector foil 
as the deposited activity). In order to mini
mize the background of low-energy 16o re
coils formed in the decay of 20Na (which was 
always present as a reaction by-product), an 
additional high geometry (3.3 sr) counter, 
located behind the collector foil, was placed 
in anticoincidence with the 6-[.Lm detector. No 
experimental evidence for a 209-keV (c. m. ) 
proton group was foundb these results permit 
a very crude estimate 1 that r ,jr p ;::: 50 for 
the isospin-forbidden decay of fhe 7. 79MeV 
(T = 3/2) state of 23Mg. 

Heavier members of the A= 4n + 3, 
Tz = - 3/2 mass series are also expected to 
emit b~ta-delayed protons of low energy and 
can, in principle, be observed by using the 
techniques described in this work. 
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FINAL RESULTS ON THE PROTON RADIOACTIVITY OF 53com 

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

This report brings ~to date our stu.dies 
on the proton decay of com. 1, 2 Our earlier 
work has shown that 53com decays with a half
life of 243±15 msec and that the 1.59±0.03 
MeV (c. m.) proton group arising from its de
cay is not in coincidence with positrons, there
by establishing its origin to be true proton 
radioactivity. Herein we report the results 
of our search for a proton-decay branch of 
0. 75 MeV (c. m. ) leading to the first excited 
state of 52 Fe at 0. 84 MeV as well as an im
proved estimate of the reduced width for the 
decay to the 52Fe ground state. 

Figure 1 presents an identified-proton en
ergy spectrum from the decay of 53com pro
duced via the 54Fe (p, 2n) reaction induced by 
35-MeV protons. The use of a 4-f.lm ~E de
tector permitted observation of protons down 
to an energy of~ 0.4 MeV. These data set an 
upper limit of 1/250 for the ratio of protons 
to the 52Fe~'(0.84 MeV) state relative to the 
52Fe ground state. As noted previously, 1 
the barrier penetra~Iility for the proton group 
populating the 52 Fe.,, state (an 1 = 7 decay) 
is ~ 6o/o of that to the 52Fe ground state 
(£ = 9). These results then set a limit for the 
relative reduced widths of -y2 (ground 
state)/'{2(2+) > 15/1. P 

p 

We have improved our estimate of the ab
solute intensity of the proton decay of the 52Fe 
ground state by calculating statistical model 
ratios for the relative cross sections 
54Fe (p, pn)53Femj54Fe (p, 2n)53com following 
the spin-dependent nuclear evaporation ap
proach of Grover and Gilat. 3 (This calculation 
reproduces isomer cross-section ratios in the 
16o + 40ca reaction to better than± 50o/o.) 
Figure 2 shows the results of these excitation
function calculations for both 53Fem and 
53com; the theoretical results have been 
normalized to our observed excitation func
tion2 for production of 53com. Taking 
Eskola' s4 value of~ 5mb for the peak cross 
section for the 54Fe (p, pn)53com reaction, one 
finds the ratio a (53Fem)/a (proton activity) 
:::= 11,000, while the theoretical result for 

a (53Fem)/a (53com) using peak cross sections 
is :::= 165. This then leads ·to a partial branch 
of~ 1. 5o/0 for the observed proton decay or a 
partial half-life of~ 17 sec. Finally, since 
penetration through the Coulomb and centrif
ugal barriers leads to an expected half-life of 
:::= 60 nsec for a reduced width '{~ = 1, the above 
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Fig. 1. An identified-proton spectrum arising 
from the bombardment of 54Fe by 35-MeV 
protons. The vertical arrows denote the en
ergy region over which protons could be ob
served, while the horizontal arrow indicates 
the location of any possible transitions to the 
52Fe':'(0.84-MeV) state. (XBL 714-3232) 
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Fig. 2. Theoretical predictions for the pro
duction of 53Fem and 53com employing the 
approach of Grover and Gilat. 3 The theoreti
cal curves have been normalized to the ex
perimental excitation function for the 
54Fe(p, 2n)53com reaction. (XBL 7012-4203) 

partial half -life implies '( 2 ::::: 4 X 10- 9 for this 
complex decay. p 

Figure 3 shows our decay scheme for 
53com. This isomer is presumed to be the 
mirror of the 19/2-, T = 1/2 isomer 53Fem; 
both isomeric states arise from the configura-
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Fig. 3. The decay scheme of 53 com. 
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tion (f7/2)-3 and are due to the existence of 
large 11 spin gaps" in the level spectrum of the 
ground state configuration. 5 Unfortunately, 
meaningful theoretical predictions for the ex
pected value of '( 2 in the 1 = 9 proton decay of 
such a state are ~ifficult to obtain. However, 
our results on the ratio of the reduced widths 
for proton decay to the ground and first-ex
cited states of 52Fe should provide an addi
tional test of such theoretical calculations. 
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HIGH-SPIN ASSIGNMENTS IN THE 1p-SHELL UTILIZING THE J-DEPENDENT 

(p,a) REACTION* 

C. Maples and J. Cerny 

Almost all previously reported (p, a) in
vestigations below A = 60 have been restricted 
to measurements of the ground state and a few 

low-lying excited states. As such,the question 
of whether this pickup reaction, operating 
through its transferred angular momentum se-



- -.. -+- -., 
lection rule J=L+1;2, is useful as a spectro-
scopic tool in the lighter nuclei remains 
largely unanswered. We have studied the (p, a) 
reaction induced by 43.7- to 54

6
1-MeV protons 

on 12e, Be, 14N, 15N, and 1 0, observing 
transitions to levels in the residual nuclei 
ranging from the ground state to 15 to 22 MeV 
in excitation. These data show that, in fact, 
a strong and consistent J -dependence, in ac
cord with the above selection rule, is ob
served for both L = 1 and L = 3 transitions, 
permitting (within the scope of this paper) 
two definite spectroscopic assignments. J
dependent effects [first reported by Lee and 
Schiffer! for (d,p) reactions] have previously 
been noted for L = 1 (p, a) transitions on 
medium-mass nuclei (see, e. g., Refs. 2 and 
3 ). Although a J -dependence for L = 3 transi
tions in both (p, a) reactions3 and (a, p) reac
tions4 has been predicted from distorted-wave 
Born approximation (DWBA) calculations, no 
definite experimental evidence for this has 
hitherto been reported. 

These (p, a) reactions were investigated by 
using the proton beam of the Berkeley 88-inch 
spiral-ridge cyclotron at energies of 43.7 MeV 
on the Be, 14N, and 15N targets: 50.5 MeV 
on the Be target; and 54.1 MeV on the 12e 
and 16o targets. The experimental details 
have been described previously. 5 Alpha 
particles from the reaction were identified by 
a Goulding-Landis ~article identifier. Gas 
targets of 16o2 , 1 N 2 (enriched to 99o/o ), 
14N2 , and 13eH4 (enriched to 93o/o ), and a 
solid 12e target were used. A representative 
spectrum of the 160(p, a)BN reaction, with 
an experimental resolution of approximately 
190 keV is shown in Fig. 1. Transitions examined 
in all the residual nuclei yielded angular distri-

IOOOr-----,------.----r-----,c----.------.------, 

800 200 

200 

Channel number 

Toll66t 160(p,a)13N 

17.9 deg 

54.1 MeV 

3.51 
3/2" 

g.s. 
1/2" 

Fig. 1. The energy spectrum of the 
16o(p, a)13N reaction. The insert shows a 
four-Gaussian fit to the indicated region of the 
spectrum, after background subtraction. 

( XBL 7012-4295) 
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butions, taken between approximately 10° and 
80° center-of-mass (c. m. ), on about 50 levels. 

This report will cover, with one exception, 
only those transitions for which a unique value 
for Land J is required by the selection rules. 
A detailed analysis of our results as well as a 
comprehensive discussion of the direct pickup 
character of these (p, a) reactions (at forward 
angles and at our bombarding energies) will be 
presented in a subsequent publication. A strong 
indication of a dominant pickup mechanism 
would be the highly selective population of 
11 pure" p-shell final states6 in all the residual 
nuclei. Such an effect was indeed observed. 
The strongest (p, a) transitions consistently 
populated only p- shell levels in the final nuclei 
with cross sections that were larger, by 
usually one or two orders of magnitude, than 
those to non-p- shell levels. In contrast to 
this, a knockout mechanism, for example, 
would have permitted some transitions to both 
types of levels, !,erhaps most strons;ly for re
actions on the 1 e and 16o targets lit would 
permit the incident proton to be captured into 
either the 1p or the (2s,1d)shell]. The spectrum 
in Fig. 1 particular! y illustrates the differing 
relative cross sections for transitions top
shell and non-p-shell final states. 

Angular momentum selection rules re-
strict (p, a) transitions between p-shell levels 
to L = 1 (with J = 1/2 or 3/2) or L = 3 (with 
J = 5/2 or 7 /2). Figure 2 shows some (p, a) 
angular distributions for which L = 1. While 
all the distributions peak toward zero degrees, 
there is little additional similarity between 
the J = 1/2 and 3/2 distributions. However, 
the uniformity and consistency of the angular 
distributions for a given J are pronounced. It 
is noteworthy that this uniformity persists even 
with differing kinematic effects and is generally 
preserved over a range of almost 18 MeV of 
excitation in the 15N(p, a)12e reaction. 

Transitions in which L 3 are shown in 
Fig. 3. 7 The only consistent feature (an L
dependent effect) appearing in these distribu
tions is that the first maximum no longer peaks 
toward zero degrees. The J -dependent effects 
are again apparent in the J = 5/2 and 7/2 dis
tributions, although the diffe renee s are not as 
pronounced as in the previous L = 1 case. Al
though only one transition populated in these 
reactions was restricted solely to a J = 5/2 
transfer [the 16o(p, a)BN(7.39 MeV, 5/2-) 
transition] , at least four other transitions 
were observed to proceed predominatly through 
this mode. 8 One example of these is the 
15N(p,a)12e(16.1 MeV, 2+, T = 1) transition. 
Simple spectroscopic arguments (employing 
in part the wave functions of Ref. 6) indicate 
that this transition should have a strong com
ponent of L = 3, J = 5/2 transfer, although 
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Fig. 2. Differential cross sections for vari
ous L = 1 (p, a) transitions: (a) J = 1/2 trans
itions; (b) J = 3/2 transitions. Where error 
bars are not shown, they are smaller than the 
size of the points. The curves represent 
least-squares fits to the data. Vertical lines 
have been added to facilitate comparisons. 
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L = 1, J = 3/2 transfer is also allowed. Since 
the angular distribution for this reaction 
(Fig. 3a) shows no obvious L = 1 character at 
forward angles, it can be taken as a further 
example of an essentially pure J = 5/2 trans
ition. Of the final states populated in the 
J = 7/2 transitions, only the 12c(4+) and 
10B(4+) were previously known (the small 
angle behavior of the transition to the 10B 
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state is well accounted for by a small admix
ture of an L = 1 component .to an incompletely 
resolved neighboring level). The two re
maining J = 7/2 transitions will be discussed 
below. The angular distributions of the strong 
transitions to all the other p-shell states are 
consistent with these four different J -dependent 
shapes, either singly or in an appropriate 
combination. 

Distorted wave calculations were employed 
to determine whether the observed J -depend
ence was consistent, at least in general, with 
simple theory. Since the initial aim was only 
for a qualitative comparison, a local, zero
range calculation, using the point-triton ap
proximation, was carried out by using the 
code DWUCK. 9 [Optical model parameters 
for the proton channel (including a spin-orbit 
term), the alpha channel, and the bound state 
(radius and diffuseness parameters only) were 
obtained from the literature. In the case of 
a-particle parameters it was often necessary 
to refit the elastic a-scattering data to obtain 
a deeper and more realistic real well potential 
(Vo) around 200 MeV.] In general, the DWBA 
fits qualitatively reproduce the shapes of the 
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Fig. 3. Differential cross sections for various 
L = 3 (p, a) transitions: (a) J = 5/2 transitions; 
(b) J = 7/2 transitions. See caption for Fig. 2. 
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distributions and hence clearly predict the ob
served J -dependence. The relatively slight 
dependence of the distributions on kinematic 
effects was also reproduced by the calculations. 
The major deficiency of these calculations is 
that they consistently predict a more rapid de
crease in the overall magnitude of the cross 
section (with increasing ec. m.) than is ob
served. 

Finally, this observed J -dependence per
mits us to make two definite spectroscopic 
assignments. The first of these is for the 
second strongest transition observed in the 
12C(p, a)9B reaction, which was to a level at 
6.97±0.06 MeV. This level, which has a width 
of approximately 2 MeV, accurately follows 
the kinematics of other 9B levels and its ex
citation is consistent with a known 7/2-
state10 in the mirror nucleus 9Be at 6.6 MeV. 
The excitation of the 6. 97 MeV level also cor
responds well to a state reported at 7.1 ± 0. 2 
MeV in 9B which was tentatively assigned10 
as 7/2-. Similarly, the third strongest trans
ition in the 16o (p, a) 13N reaction was to a 
broad, hitherto unobserved, level 
(rc.m. ""300 keV) at 12.13±0.06 MeV (Fig.1). 
The excitation energy of this state corresponds 
favorably with that of a state at 12.42 MeV in 
its mirror nucleus 13c which has JTr=7 /2-
(Ref. 5 ). The angular distributions for these 
(p, a) reactions to the 9B and 13N states, 
shown in Fig. 3b, are in agreement both with 
each other and with the known J = 7/2 trans
ition shapes. Both distribu~ions are also con
sistent only with the DWBA predictions for 
J = 7/2. Since these transitions proceed 
from o+ targets, unique JTr = 7/Z- assignments 
are possible. 
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A HIGHLY NEUTRON-DEFICIENT VANADIUM ISOTOPE: 44vt* 

J. Cerny, D. R. Goosman,* and D. E. Alburger* 

With the exception of 
16

F, all of the 
members of the A= 4n, ~7. = (N - Z)/2 = - 1 
series from 8B through 4lJSc are nucleon 
stable and their decay properties have been 
fairly well established. However, no technique 
for investigating higher-A nuclei of this series 
has been demonstrated. We wish to re-gort the 
observation of 44v, following the 40Ca( Li, Zn) 
reaction, by utilizing the weak beta-delayed 
particle emission frequently observed in the 
decay of nuclei in this mass series; in prin
ciple, extension of this approach to other 
heavy ions should permit observation of heavier 

unknown Tz = -1nuclei. 

Mechanically chop.fed beams of 18.5- and 
21.5-MeV 6Li ions (3 ) from the second tandem 
of the Brookhaven National Laboratory three
stage MP tandem Van de Graaff facility were 
used to irradiate 0. 86 mg/ cmZ natural calcium 
targets. Beam intensities incident on the tar
get averaged 0.4 fJ-A. The 21.5-MeV beam was 
employed to investigate the well-known beta
delayed a-particle emission of 20Na1 for 
orientation and calibration purposes: ZONa 
was produced by the 16o(6Li, Zn) reaction on 



oxygen target impurities. The 18.5-MeV beam 
was required to investigate 44v, since this 
energy lies just below the threshold for the 
production of ZONa which would otherwise 
present a severe'background problem due to 
its prolific yield. (Due to the nucleon in
stability of 16F, reactions on 1Zc target im
purities are of no concern. ) 

Simple calculations lead one to expect 44v 
to be, most probably, a weak beta-delayed 
a-particle emitter with a half-life ;S 150 msec. 
In order to detect fairly-low-energy a-particle 
groups in an intense beta background, a semi
conductor telescope consisting of surface-bar
rier detectors was employed. This telescope 
utilized a 5-fl ~E detector followed by a 31-flE 
detector and subtended a solid angle of 0.15 sr. 
The targets were placed at an angle of 30• to 
the beam while the telescope was positioned 
perpendicular to the beam axis. 

A timing device triggered both the pneumatic 
beam interceptor and a shutter that dropped in 
between the target and the ~E counter during 
the irradiation periods. Summed coincidence 
pulses between the two detectors were stored 
in a two-parameter analyzer as a function of 
time. As a further aid in reducing the back
ground from beta-particle pile-up, only those 
events losing more than 600 keV in the ~E de
tector were accepted. 

Figure 1 (a) presents data from the bom
gardment of the calcium target with Zi. 5-MeV 

Li ions. Comparison of this a-particle spec
trum with the results of Polichar et al. 1 shows 
that it is dominated by, and consistent with, 
the decay of ZONa produced from oxygen target 
impurities. (The primary a-particle branch 
in this decay has a center-of-mass (c. m.) en
ergy of Z. 70 MeV; due to our relatively thick 
target, most of the yield of this group lies be
low the telescope cutoff.) Further, the ob
served half-life of these beta-delayed a par
ticles agrees well with the known 446-msec 
half-life of ZONa. Z 

Figure 1 (b) presents an a-particle spectrum 
following the decay of the new isotope 44v. 
A peak corresponding to a c. m. energy of 
3.05 ± O.ZO MeV, after corr.ection for energy 
loss in the target, dominates the observed 
spectrum. The data are consistent with the 
assumption that this fairly broad peak arises 
primarily from a single a -particle group and 
have been so treated; however, due to the 
low yield of this group and the various assump
tions necessary for the energy analysis, the 
possibility that such a peak could arise from 
two moderately spaced a-particle groups 
cannot be completely eliminated. The half-
life of this peak is 90 ± Z5 msec and its pro
duction cross section is of the order of 100 nb. 
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Fig. 1. (a) An a-particle spectrum following 
the decay of ZONa produced by the 16o(6Li, Zn) 
reaction on oxygen target impurities. The 
center-of-mass energy of the major peak un
affected by the telescope cutoff is shown. 
(b) An a -particle spectrum following the de
cay of 44v produced by the 40Ca(6Li, Zn) re
action. Cross -hatched events below the arrow 
at 1.6 MeV can only arise from f3-particle pile-
up. (XBL 719-439Z) 

Events in the shaded region arise from beta
particle pileup and have a half-life longer than 
one second. 

This low ,yJeld for beta-delayed particle 
decay from V coupled with the overwhelming 
yield of ZONa from oxygen target impurities 
precluded determination of an excitation func
tion for the 40ca(6Li, Zn)44v reaction. How
ever, at this relatively low bombarding energy 
for 6Li on calcium, no other nuclide including 
the unknown isotope 45v can be formed which 
can be a source of beta-delayed a particles of 
this energy. (Unknown masses of relevant 
f7jz shell nuclei are taken from the predictions 
of Harchol et al. 3) 

A preliminary decay scheme for 
44

v is 
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Fig. 2. A preliminary decay scheme for 44v. 
Decays that have not been directly observed 
are shown as dashed lines. Energies are 
given in MeV~ The spin-parity assignments 
are discussed in the text. (XBL 719-4393) 

presented in Fig. 2. Data on 44Ti were taken 
from Refs. 4 and 5. The spin and parity of 
44v are taken to be 2+, based on its mirror 
nuclide 44sc. 6 (Similarly, based on this mir
ror comparison, one would also expect a beta
decaying isomer 44vm (6+) of comparable 
half-life. For simplicity, we have attributed 
the observed decays to the ground state; 
several weak arguments, none of them con
vincing, ·favor this choice.) As can be seen 
in Fig. 2, the a particles must originate from 
a state at 8.17 MeV in 44Ti which, if populated 
by allowed beta decay, is restricted to a JTT 
of 2+ bY? angular momentum and parity conser-
vation. Superallowed beta decay populates 
the 2+, T = 1 state at 6. 72 MeV. 5 Even though 
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this state is unstable to (isospin-forbidden) 
a-particle emission, penetrability calculations 
alone show that such a emission is far too slow 
to compete withy-ray de-excitation; no evi
dence for any such a -particle group was ob
served in the ~E singles spectra. 
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ISOSPIN-FORBIDDEN PARTICLE DEACY OF THE LOWEST T = 2 STATE OF 56Ni 

* G. W. Goth, R. A. Gough, H. L. Harney, and J. Cerny 

Subsequent to the initial observation that 
isospin-forbidden particle decay accounts for 
almost all.the width of the lowest T = 2 states 
of 20Ne, 24Mg, 28si, 32s, and 40ca, 1 an 
additional measurement has been made of the 

isospin-forbidden particle decay of the first 
T = 2 state of 56Ni. Measurements of the total 
widths of the T = 2 states of 20Ne, 2 24Mg, 3 . 
28Si, 4 and 32s5 have indicated that the total width 
ranges from 3x1o-4to 3X10-3 times the Wigner 
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Fig. 1. Triton singies data containing the 0+, 
T = 2 state(s) in 56Ni, together with the summed 
projections of the coincidence data. Data to 
the right of the arrow labeled DE' in the proton 
spectrum are protons stopping in the .6.E-E
telescope. The vertical arrows indicate the 
cutoff energies determined by the kinematics 
and detector thlcknesses. (XBL 716-3784) 

limit. The maximum particle-decay energies 
(EjPax = 2. 6 MeV, Em ax = 1. 8 MeV) of the 
T = 2 state of 56Ni al:id the high Coulomb and 
centrifugal barriers lead to a Wigner limit 
on the order of 3 keV for this state. The 
Weisskopf limit for an M1 '{ transition to the 
first T = 1, Jrr = 1 + state (the excitation en
ergy of which has not been experimentally de
termined!:, but which is expected to lie at about 
8.09 MeV )is 0.2 eV. If the ratio of the total 
width to the Wigner limit is the same for 56Ni 
as it is for the lighter isotopes and the M1 
transition is as strong as those seen in ZONe, 
24Mg, and 28si, 7 then'{ decay might account 
for a substantial portion of the total width of 
the 56Ni, T = 2 state. Studies of the M1 '{ 
decay ofT = 2 states also provide information 
concerning the matrix elements of the analogous 
Gamow-Teller beta decay. 8 Of particular in
terest are .6.T = 2 '{ decays, which are strictly 
forbidden in the quark model of the nucleon; 9 
the observation of such decays would be of con
siderable importance. Consequently, this ex
periment was undertaken to determine if 

Table I. Summary of T = 2 branching ratio 
data for 56Ni. 

Mode 

55 Co+p
0 

52 
Fe+a

0 

52 
Fe+a

1 

Total 

Net 
events 

34±7 

-2 ± 2 

5±3 

Branching a 
ratio (X100) 

95 ± 20 

-5 ± 5 

11 ± 7 

101±28b 

Normalized 
branching 

ratios 

90 

-o 

10 

100 

aStandard deviation includes only counting 
statistics. 

bStandard deviation includes uncertainties in 
the number of triton counts and in the decay 
telescope solid angles (Ref. 1 ). 

r particle was, in fact, substantially less than 
rtotal for the T = 2 state of 56Ni. 

The 58Ni(p, t) 56Ni reaction was used to 
populate the T = 2 state at 9.83±0.1 Mev.10 
Coincidences between tritons forming the state 
and protons and a particles from its decay 
were measured in a system virtually identical 

0.84 
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0 7,912 o";T=O 
(8.014) 

2+,r=o 7.455 
52 Fe +a 712-

2. 697 z+r 0 
(7.193) 

55 co+ P 

56Ni 

Fig. 2. Decay scheme of the lowest 0+, T = 2 
state(s) of 56Ni. (XBL 716-3786) 



to that described in Ref. 1. To prevent tritons 
from the 12c(p, t)10c (g. s.) contaminant re
action from overlapping with those from the 
58N1(p, t)56Ni(T=2) reaction, an incident beam 
energy of 49 MeV and a triton angle of 24° 
(c. m.) were chosen. The differential cross 
section populating this state at this angle is 
only 30 ± 5 f-Lb/sr. 

The data were analyzed as in Ref. 1. The 
triton singles spectrum and the coincidence 
spectra projected onto the triton energy axis 
are shown in Fig. 1. Branching ratio data are 
summarized in Table I and Fig. 2 illustrates 
the decay scheme of the 56Ni(T=2) state. 

A high-resolution study of 
58

Ni(p, t)
56

Ni at 
40 MeV by R. Sherr et al. 11 recently revealed 
that the T = 2 state could be a triplet of o+ 
states all lying within about 100 keV. Their 
excitation energies are 9.915, 9.991, and 
10.021 MeV; the first of these states is the 
strongest, the relative intensities being 1, 0.2, 
and 0.3. Moreover, states at 9.832- and 
9. 749-MeV excitation were also observed. 12 
It is claimed in Ref. 12 that these last two 
states have spins J/ 0. Unfortunately, all 
five of these states are contained in our peak 
labelled T = 2, due to the 250-keV resolution 
for tritons necessitated in this coincidence ex
periment. (See Fig. 1.) One can estimate 
from the data of Ref. 12 that the decay of the 
T =/= 2 states could account for at most 50o/o of 
our observed intensity. In order to take this 
into account, the errors quoted in Table I must 
be increased. We then find that (10o~g 0 ) o/o of 
the decay of the o+, T = 2 group of states in 
56Ni is via particle emission and that the 
branching ratio for proton emission is 
(90~48lo/o. 

Isospin-forbidden particle decay appears to 
account for a substantial fraction of the decay 
of the T = 2 state(s) of 56Ni. It would there
fore be difficult to observe any T = 2 y decays 
from these states. Perhaps the 48cr T = 2 
state at 8.77±0.05 Mev13 would be the best 
case in which to look for isospin-forbidden y 
decay. The very low energies of the decay 
particles (Emax= 0.6 MeV, Emax = 1.1 MeV) 
lead one to J>xpect a Wigner lfmit of about 
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0.2 eV, while r;y(M1 ) is likely to be about 0.2 
to 0.4 eV, and r (E2 )' if it were allowed, would 
be- 1-3 eV. '{ 
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ALPHA-PARTICLE TRANSFER VIA THE (12c, 8Be) REACTION: 

APPLICATION TO STUDIES OF 16o 

G. J. Wozniak, K. H. Wilcox, H. L. Harney, and J. Cerny 

With the advent of heavy-ion beams of suf
ficient energy, numerous a-transfer reac
tions! have been investigated as a means of 
studying four -particle correlations. In this 
paper we wish to reJ?ort a simple technique 
for the detection of ~Be which allows one to 
study four-particle four-hole states in 16o 
via a new a-transfer reaction, (12c, 8Be). 

The 8Be nucleus in its ground state is un
stable, with respect to breakup into two alpha
particles. It has a breakup f~ergy of 92 keV 
and a mean lifetime of::::: 10- seconds. Methods 
of identifying 8Be that have been previously re
ported in the literature have relied on the sep
arate detection of the two breakup a-particles: 
either their tracks have been observed in nu
clear emulsions2 or they have been recorded 
in coincidence in separate solid-state de tee
tors. 3 

Our approach employs a conventional 
D.E- E telescope plus particle identifier. If 
the two breakup alphas travel together through 
a counter telescope, they will be identified as 
a 7Li. This can be seen as follows. The dif
ferential energy loss of a particle with charge 
z and velocity v in a given absorber may be 
written4 

dE z
2 

2 
dx = 2 f(v ), 

v 

where f varies logarithmically (hence slowly) 
with v2. We obtain for a 7Li with energy E 

(ddE) 7 = 2i:/7 f (2E/7)' 
X Li 

and for two a particles, each of which carries 
half the energy E, 

( dE) = 2X4 f(E/4 ) 
dx 

8 
E]4 

Be 

Because of the approximate equality: 

f(0.286E) ::::: f(0.250 E) = f
0

, 

we have 

(~~ ) 7 Li 
31.5 

fo 
T 

(~~) 32 
fo 

8
Be 

E 

and 

The near equality of the last two expressions 
demonstrates that the two breakup alphas will 
be identified by their differential energy loss 
as a 7Li. Similar results are obtained if an 
identifier of the power -law type is used. 5 
Fortunately the Q value for the (12C, 8Be) re
action is often much larger than that of the 
(12c, 7Li) reaction on the same target. (For 
T z = 0 targets, the diffe renee is ::::: 15 MeV. ) 
Thus the (I2c, 8Be) reaction may be observed 
over a large range of excitation energy with
out contamination from the (12c, 7Li) reac
tion. 

We have tested this approach for detecting 
8Be particles with the 12C(12c, 8Be)16o re
action. A 12c beam of 62.6 MeV from the 
88-inch cyclotron was used to irradiate car
bon targets of 150-fJ.g/cm2 thickness. Parti
cles were detected in two 4-counter telescopes 
consisting of silicon detectors whose thick
nesses were 80fJ., 50fJ., 500fJ., and 500fJ.. The 
fourth detector rejected particles which pene
trated it. A particle identifierS was fed by the 
first three detectors. Our electronics were 
as described in Ref. 5, except for one major 
addition: Scattered 12c ions, which were 
stopped in the first detector, saturated the 
linear amplifier, thus causing pileup problems. 
Saturating pulses were detected and eliminated 
by using an updating discriminator whose out
put inhibited the master gate of the identifier 
electronics for 4fJ.sec-the baseline recovery 
time of the linear amplifier. 

Only a small fraction of the 
8

Be particles 
emitted into its solid angle were detected by 
our setup. The two breakup alphas are con
fined to a cone (in the laboratory system) 
which is centered around the velocity vector 
;8 of the 8Be which forms an angle'{ given 
by 

y " 2 arcein (::.) . 

Here vr is the relative velocity of the two 
breakup alphas. This equation may be re~ 
written as 

'{ 2 arcsin ~ , 

where Q is the breakup Q value of the 8Be 
ground state and E 8 is the laboratory energy 
of the 8Be. For E 8 = 40 MeV we obtain 
'{ = 5. 6°. Our rectangular collimators sub-
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Fig. 1. Particle-identifier spectra showing 
the 6Li and 7Li events recorded at 14° from 
a 7Li target (curve A) and the 6Li and 8Be 
events recorded at 24° from a carbon target 
(histogram B). (XBL 721-2174) 

tended angles of 0.85° horizontally and 2.4° 
vertically. Hence, a 8Be(g. s.) whose c. m. 
velocity vector ;8 is within the solid angle of 
one of our telescopes has only a small proba
bility that both of its breakup alphas fall inside 
the collimator. For our geometry we have 
calculated 6 a detection efficiency of 
about 1o/o for E8 = 40 Me"';{. Jn contrast, our 
efficiency for detecting Be'''in its first excited 
state is calculated to be 1/2 5th as large, so 
that the "shadow-peaks" which usually occur in 
the spectra of heavy-ion reactions are much 
reduced. 

Copious amounts of 
6
Li and 

7 
Li reaction 

~roducts formed by: bombarding a 300-f.l.g/cm2 
Li target with a 12c beam were used to cal

ibrate the particle identifiers. Figure 1 pre
sents particle identification sp·ectra observed 
while irradiating first a 7Li target (curve A) 
and second a 12c target (curve B). The peak 
labelled 7 Li contains only genuine 7 Li events, 
which is verified by the corresponding energy 
spectrum in the upper half of Fig. 2, where 
only transitions to 12c final states produced 
by the 7Li(12c, 7Li)12c reaction are seen. 

The particle identification spectrum labelled 
(curve B) in Fig. 1 was produced by irradiating 
a carbon target and observing the reaction 
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Fig. 2. The upper half shows the energy spec
trum of 7Li(12c, 7Li)12c and corresponds to 
the 7Li-peak of curve A in Fig. 1. The lower 
half is the spectrum of 12c(1Zc, 8Be)16o and 
corresponds to the [8Be]-peak of histogram B 
in Fig. 1. The excitation energies given on 
the lower half of the figure are determined 
from this experiment. See also Table I. 

(XBL 721-2176) 

products at B(lab) = 24°. Due to the kinematics 
and the low-energy; detector cutoff, no 7Li' s 
from the 12c(12c, 7Li)17F reaction could be ob
served at this angle. Thus the peak in curve 
B appearing in the 7Li position contains only 
8Be-breakup events, and all the peaks in the 
corresponding energy spectrum in the lower 
half of Fig. 2 result from the 12c(12c, 8Be)16o 
reaction. The observed resolution was 500 keV 
FWHM, with the largest contributions arising 
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Table I. Summary of the results of the present experiment. The first two columns list 
the known states ~n 16o according to Ref. 9. The third column gives the excitation ener
gies which we determined for the observed states. The fourth column gives the observed 
cross sections as explained in the text. 

States in 

E 
X 

(MeV) 

g. s. 

6.0502 

6.13066 

6.9188 

7.11867 

8.8717 

9.597 

9.8469 

10.353 

10.952 

11.080 

11.096 

11.26 

( 11.44) 

12.528 

14.39 

(14.53) 

14.82 

14.922 

16.218 

16.23 

16.30 

16.407 

160 according to Ref. 9 

J1T 

a+ 
a+ 
3 

2+ 

1 

2 

1 
2+ 

4+ 

0 
3+ 

4+ 

a+ 
3 

2 

4+ 

6+ 

4+ 

1+ 

6+ 

on 
2+ 

States in 160 observed in the present experiment at 
e(lab) = 140 

E 
X 

(MeV)b 

-0.03 

'6.07 

6.92 

10.34 

11.10 

14.67 

16.27 

(d /d!J)a 
u observed 

(f.lb/sr)c 

1.5 

8.2 

6.6 

16.0 

7.6 

18.0 

13.0 

aCross sections for populating 16o final states are given in the c. m. system and are 
averages of several measurements. 

bErrors are quoted in the text. 

cThe cross sections could be uniformly in error as much as 50o/o. 
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Fig. 3. Kinematics of the 
12

c(
12

c, 8Be)16o 
reaction as compared with the kinematics of a 
hypothetical reaction 12(12, 7)17. See explana-
tion in the text. (XBL 721-2194) 

from the target thickness (350 keV) and the 
kinematical spread (220 keV). 

In order to provide further evidence that 
the observed reaction is the (12c, 8Be) re
action, we studied the energies of several 8Be 
peaks as a function of the scattering angle. For 
two peaks the result is given in Fig. 3, along 
with two curves in each case: a) the kine
matics of the reaction 12c(1 2c, 8Be)16o and 
b) the kinematics of a hypothetical reaction 
12c + 12c -+ mass 17 +mass 7 with the Q value 
adjusted to match both curves at the laboratory 
angle of 14°. The experimental points prove 
that we are indeed detecting mass-8 particles. 

Provided the peaks in our spectra are due 
to the population of single states, we can de
termine their excitation energy to ±70 keV. In 
Table I we give the excitation energies and the 
c:~;oss sections at 8(lab) = 14° for the states in 
1 bo as determined from our experiment and 
compare them to the compilation of states 
from Ref. 7. The cross sections are givenas 
(da/dn)observed• which is the number we mea
sured, and does not include the correction for 
the 8Be detection efficiency. 

It appears that (
12

c, 
8
Be) is a ' 1 good" a

transfer reaction in that the four nucleons are 
transferred as a o+ -cluster. This is apparent 
from comparing the (12c, 8Be) spectra to 
those from (7Li,t), an example of an a-transfer 
reaction, 8 and to those from (10B, 6Li), an 
example of four-nucleon transfer without any 
pronounced selectivity. 9 

We do not observe the 2 unnatural states 

at 8.87 and 12.53 MeV. Hence, it seems that 
only natural parity states are excited, as 
should be the case for an a-transfer reaction. 

Our spectra are dominated by the rotational 
band based on the 6.050 MeV (0+) state, 10which 
contains the 6.919(2+), 10.353(4+), and 16.24(6+) 
states; they have essentially 4p-4h character 
(see e. g., the introductory remarks of Ref. 11 
and the references given therein). In addition 
to this band we observe two strong states: 
(a) the 11.096(4+) state, which shows up 
strongly in 14N(a, d)16o and therefore was 
suggested12 to have predominantly 2p-2h 
character; 
(b) a broad (800 keV FWHM) state or a group 
of states at 14.73 MeV which probably contains 
the 6+ state at 14.79 MeV observed in elastic 
a scattering13 as well as in 12 14N(a, d)16o. 
The population of the broad 5- state at 14.6 
MeV reported in Ref. 14 is unlikely, since it 
would be a member of the odd-parity, 3p-3h 
rotational band [containing the 9. 6 (1-), 
11.63(3-), 14.6(5-), and 20.8(7-) states], and 
we do not find any evidence for the first two 
members of this band. These results '1re very 
similar to previous ones from the 12c( Li, t)1bo 
reaction, 8,15 exce.ft that in the (12c, 8Be) re
action the 11.096(4 ) state is seen more 
strongly. Also, we do not know the relative 
population of the 6.050(0+) and 6.131(3-) states, 
since they are not resolved. 

The four-nucleon transfer reaction9 
12c(10B, 6Li)16o populates all the above
mentioned states, as well as states of com
parable intensity at 8.872(2-), 9.847(2+), 
13.258(3-), 15.2, and 15.6. MeV. 

In summary, this qualitative discussion sug
gests that (12c, 8Be) is a new a-transfer re
action. 
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AN EXPLORATION OF THE (HEAVY-ION, 6He) REACTION AS A 

TECHNIQUE FOR MASS MEASUREMENTS 

G. J. Wozniak, K. H. Wilcox, H. L. Harney, and J. Cerny 

Recently, the feasibility of usl2"g heavy-ion
induced reactions such as 40ca( C, t)49Mn to 
measure the masses of unknown Tz = (N-Z)/ 
2 = -1/2 nuclei in the 1hj2 shell, has been re
ported. 1 We have attempted to extend ~is ap
proach and~ave investigated the (12c, He) 
and (16o, He) reactions on 40ca as a possible 
technique for measurin~ the masses of the un
known T z = -1 nuclei 4 Cr and 50 Fe. No 
masses of nuclides in this A= 4n + 2 series are 
known above 42Ti. 

12 3+ . A C beam from the 88-1nch cyclotron 
with an intensity of 40 nA was used to irradi
ate self- supporting 7Li(99.9o/o). and ctrbon 
targets of 500-, 125-, and 75-flg/cm thick
ness respectively. The beam energy was mea
sured with a high-resolution analysis magnet2 
and found to be 62.62 ±0.03 MeV. 

Two similar counter telescopes and elec
tronic systems were simultaneously employed. 
The telescopes were mounted in an 18-inch 
diameter scattering chamber at 14° on oppo
site sides of the beam. Four phosphorus
diffused silicon transmission detectors were 
used in each telescope; signals from the fourth 
detector were used to reject particles traversing 
the first three. After a fast coincidence (50 
nsec resolving time) among the first three de
tectors restricted the origin of all allowed 
events to a single beam burst, two particle 
identifications were performed and compared 

by using the signals from the two successive 
differential-energy loss detectors (an 80- f1 
D.E2 and a 56-fl D.E1) and the third 450-fl E 
detector. 3 Events in each system with accept
able identifications were sent via an analog-to
digital converter system to an on-line PDP-5 
computer. Four parameters-the energy 
losses (D.E2, D.E1) in each of the first two 
transmission detectors, the total energy (ET) 
deposited in the first three detectors, and the 
particle identification (PI)-were recorded for 
each event. Following the experiment each 
6He event was analyzed in detail. 

Both counter telescopes subtended a solid 
angle of ~1 msr and were entirely enclosed by 
a thick tantalum shield, except for a colli
mated 120- X 200-mil entrance window. This 
shield was of critical importance in eliminating 
large high-frequency oscillations in our ampli
fiers. These oscillations were generated by 
the shower of low-energy electrons produced 
when the heavy-ion beam irradiated the target. 

We monitored the elastic and inelastic scat
tering of the heavy ions to ensure constant 
beam energy (and beam type). Signals from 
the 6.E2 detector were split after the preampli
fier and one signal was fed into a 6.E2-singles 
amplifier which had a dynamic range of 70 MeV. 
Since the cyclotron used carbon dioxide

4 
as its 

source gas and because 12c 3+ and 16o +have 
an almost identical charge-to-mass ratio, mon-
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Fig. 1. Particle-identification spectra from 
62.62-MeV 12c-induced reactions on targets 
of 40ca (top) and 7Li (bottom). The integrated 
charges given in the figure are based on fully 
stripped carbon ions. (XBL 721-2188) 

itoring the beam energy was also a way to prove 
the beam was 12c 3+ 

The reaction 
7

Li(
12

c, 6He) 13Nwas used to 
calibrate the particle identifiers since it pos
sesses a relatively high cross section 
(~3.6 f.J.b/sr). Figure 1 presents particle-iden
tification spectr'b from 12c-induced reactions 
on the 7Li and 4 Ca targets. Pileup from a
particle-proton chance coincidences falls just 
above the 6He region in the identifier spec
trum. 3 The calculated position of the a-p 
chance-coincidence peak is identical with the 
observed position an~ the a-p chance-coinci
dence rate from the Oca target agrees 
within a factor of 2 with the one calculated 
from measured values of the a- particle and 
proton counting rates in our detector systems. 
Under our conditions, the ratio of a-15 chance 
coincidence to 6He events from the 4 Ca tar
get is -3.5/1. However, their two identifier 
peaks are we 11 enough resolved that one can 
eliminate most of the a-p chance coincidences 
by req~iring tight identification limits based 
on the He reference peak from reactions on 
the Li target. The identifier peak labelled 
7 Li in the top half of the figure includes a sub
stantial fraction of 8Be events (see the pre
ceding paper in this Annual Report). 

Lithium-6 and -7 data from the 
7

LH 12c, 
6Li)13c, 7Li(12c, 7Li)12c and 12c(12c, 
6Li)18F reactions were used to establish an 
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energy calibration. Our experimental resolu
tion as observed from 18F states was -400 
ke V. In addition, the 18Ne ground state pop
ulated by the 12C(12c, 6He) reaction and the 
unresolved 3.51- agd 3.55-MeV states in 13 N 
from the 7Li(12c, He) reaction were used as 
calibration points (Fig. 2, b, and c). Using 
these energy calibrations and the expected 
mass-excess of 46cr of -29.53 ±0.05 MeV, 
which was obtained from Coulomb energy sys
tematics and theoretical calculations, 4 we 
have indicated the predicted position of the 
46cr ground state ln Fig. 2a. No evidence of 
population of the 4 Cr ground state is found in 
these data. The absence of backgroun~ in the 
region of the predicted position of the 6cr 
ground state allows one to set an upper limit 
of 60 nb/sr for the differential cross section. 
The locations of the first three excited states 
of 4 6cr are also predicted, based on states 
in its mirror 46Ti. Several events are pres
ent in the spectrum where one wouldlxpect 
the analogue of the second excited (4 ) state 

"' c 
::> 
0 
u 
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Fig. 2(a). A 
6

He energy s15ectrum arising 
from the bombardment of 4 Ca by 62.62-MeV 
12c at 14° (lab). Energies given in MeV. The 
integrated charge shown assumes fully stripped 
carbon ions. 

6 (b). A He-energy spectrum from the 
12C(12c, 6He) 18Ne reaction at 14°. Possible 
transitions to the 18Ne(1.89-MeV) state lie 
quite near the telescope cutoff. 

6 
£c). A He energy spectrum from the 

7Li (1 C, 6He) 13N reaction at 14°. ThG 
arrows indicate the region over which He 
particles could be observed. 

(XBL 721-2189) 



. 46T· F th · . 1n 2· ur ermore, one sees tr ans1t1ons 
to the 2 Mg ground state and several of its 
excited states from the {12c, 6He) reaction 
on oxygen target impurities. 

The same detection system and method of 
anal4(sis w~re -gsed in an attempt to observe 
t~e 0ca{1 0, He)50Fe reaction. A 65.0-MeV 
1 o 3+ beam with an intensity of ~10 nA was 
used to irradiate a 100- f.!.g;/ cm2 natural cal
cium targe~ on a 25-iJ.g/ cm2 carbon backing. 
The 7Li{ 1 0, 6He) 17F reaction was used to 
calibrate the particle identifier. No events 
were observed at the predicted location of the 
50 Fe ground state, for which the mass-excess 
is expected4 to be - 34.49 ±0.07 MeV. The 
upper limit for the differential cross section 
populating the 5°Fe ground state was deter
mined to be 300 nb/ sr. 

These besul{~ demonstrate that while the 
12c( 12c, He) Ne reaction has an observable 
cross section {do/d!J = 1.2 flb/sr) at 14°{lab), 
the (12c, 6He) and (16o, 6He) reactions on 
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40ca have very low cross sections. There
fore, a large increase in beam intensity and 
a corresponding utilization of a more effective 
subnanosecond pileup-rejection system will 
be required before these heavy-ion reactions 
can be used to produce T z = -1 nuclei in the 
f7 ; 2 shell. 
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THE (a,2a) REACTION ON 44ca AND 40ca AT Ea = 90 MeV 

J. D. Sherman and D. L. Hendrie 

Preliminary: results from the (a, 2a) re
action on the 40ca and 44ca isotopes are re
ported here. These targets have been chosen 
primarily because of the questions concerning 
the a-particle structure of these nuclei. Pre
vious a knock-out reactions on targets with 
even a rather low density of states in the low
energy part of the residual nucleus spectrum 
have been bothered by poor energy resolution. 1 

A major concern of this work is to maintain 
sufficient energy resolution so that low-lying 
residual states would be unambiguously re
solved. 

The 2a-coincident experiment was done with 
a 90-MeV a beam from the 88-inch cyclotron. 
Symmetric coplanar geometry has been used 
for all measurements. Figure 1 displays the 
pertinent kinematic variables. An indepen
dently movable counter was constructed for the 
36-inch chamber which previously had only one 
independent remotely- controlled e motion. The 
symmetric angles 25°- 25° to 70°- 70° can now 
be attained. The solid angles for the coinci
dent detectors were nearly the same and equaled 
approximately 1.5 msr. This corresponded to a 
detector angular accepta~8e of 1.2°, assuming 
a point beam spot. The Ca target thickness 
was 0.452mg/cm2 and that of 44ca was 0.390 
.mg/cm2. Reaction particles were detected in 
identical counting systems composed of a 250-~ 

phosphorous-diffused transmission detector and 
a 3-mm Li-drifted Si stopping detector. The en
ergy loss in the transmission detector was used 
to admit only Z = 2 particles into the coincident 
array. If all logical requirements are satisfied, 
the two summed energies and a TAC logic signal 
are transmitted to an on-line PDP-5 computer 
through a multiplexer-ADC system. 2 

TARGET 

Fig. 1. Geometry and kinematic variables 
which are appropriate for a symmetric, co-
planar experiment. (XBL 722 -340) 



:::r I 1 I 
.OJ I 
,02~ 
,01 t 

> L-~~--~~--~~~L-~~--~~~ .. 
::;; 

OlN 

::E 2,04 
(/) 
u 

,02 

.01 

I I 1 

36 40 44 48 52 
EICMo.V) 

Fig. 2. Triple differential cross sections for 
the 36Ar and 40Ar ground state kinematic 
bands. (XBL 722-344) 

This experimental technique has yielded 
kinematic lines in the E1 + E2 vs E1 arrays of 
approximately 250 keV FWHM in the 36Ar and 
40Ar residual nuclei. The E1 projections of 
transitions to 36Ar and 40Ar ground states at 
8c = 35• are given in Fig. 2. The lack of 
sharp peaks in this energy correlation indi
cates the absence of sequential mechanisms 
in this energy region, while the broad peak is 
characteristic of a direct reaction or quasi
elastic mechanism. Figure 3 illustrates the 
projection of the kinematic lines onto the 
summed energy axis. The various peaks cor-
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respond to states in residual nuclei charac
terized by the energy T1 + T2 = To+ Q - TR· 
This energy notation is summarized in Fig. 1 
Figure 3 indicates that oxygen is a serious 
contaminant in the Ca targets. Figure 3 also 
indicates very little excitation strength of 40 Ar 
excited states whereas 36Ar excited states 
clearly stand out. These spectra have been 
analyzed up to approximately 5 MeV excita
tion. Relatively few Ar states have been 
identified since the random-chance background 
makes the identification of weak states dif
ficult. 

The results of integrating the E1 projection 
over the E1 energy range shown in Fig. 2 for 
peaks associated with 3-6Ar and 40Ar is given 
in Table I. The ground state transition to 
36Ar is seel:). to have slightly greater strength 
than the transition to the 40Ar ground state. 
The major difference of transition strength 
lies in the population of excited states. Table 
I shows the low-lying excited states of 36Ar 
are much more strongly populated than the 
corresponding region in 40Ar. This indicates 
that in a cluster model, 40ca has significant 
parentage in 36Ar [(excited state)+a] whereas 
most of the parentage in such a model for 44ca 
is in [ 40Ar (g. s. ) +a] . A review of parentage 
concepts in clustering has recently been pub
lished. 3 A unique assignment of excitation en
ergy to a peak in 36Ar at approximately 4.2 
MeV has not been made, since there are sev
eral known levels4 in 36Ar near this energy. 
The last line in Table I provides a sum of the 
experimentally observed transition strengths 
of all observed 36Ar states divided by a simi
lar sum in 40Ar. The ratios are given as a 
function of correlation angle. All errors are 

Table I. Summary of triple differential cross sections 
integrated over the quasi-elastic region as a function 

of the correlation angle. 

r9.5 
( 3 ) 

( (;:)2) 
d a dE 

·'· dQ, dQ
2

dE
1 

1 
Residual E 32.8 
nucleus (MeV) 2 5• 3 5• 45° 

36Ar 0.00 0.696±0.160 0. 623±0.11 7 0.070±0.017 

1.97 0. 663±0.146 0. 207±0. 063 0.039±0.023 

-4.2 0.423±0.113 0.158±0.055 0.012±0.007 

40Ar 0.00 0.652±0.157 0.383±0.095 0.063±0.027 

2.13 0.075±0.044 0.041±0.025 

~:~ 

E 36 Ar(E '~) '6 
2.45 ± 0.64 2.33±0.64 1.92± 0.94 ·'· 

E 40 Ar(E':') ~ 
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Fig. 3. Projection of kinematic bands ob
served in the 40ca(a, 2a) and 44ca(a, 2a) ex
periments onto the summed energy axis. 

due to statistics. These results suggest that 
40ca may contain a factor of approximately 
2.2 more clusters than the 44ca nucleus. 

The enhanced elastic scattering of 
40ca(a,a0 ) over 44ca(a,a

0
) in the back hemi

sphere (Blab> 90°) has been given considerable 
attention in recent work. 5, 6 One theory5 con
tcp_ds that the enhanced elastic differential 
cross-sections in 40ca arises from a scat
tering factor that lies outside the average 
optical-model potentials which fit this mass 
region. This factor is hypothesized to a re
pulsive a-cluster scattering from four-nucleon 
clusters in the 40ca nucleus. The second in
terpretation6 claims that certain high 1 values 
(2:, 12) which would normally be absorbed in the 
nucleus and hence contribute to the imaginary 
part of the optical model (OM) are instead 
scattered in the elastic channel. This 1-de
pendent cutoff in the imaginary part of the OM 
occurrs for smaller 1-values in 40ca than in 
44ca because of different (a,TJ) Q values for 
these targets. Hence, the 40ca(a, a 0 ) cross 
section is expected to be enhanced over 
44Ca(a, a 0 ). The 4 0-44Ca(a, 2a) results sug
gest there is an enhancement of a clustering 
in 40ca compared to 44ca, but it remains to 
be seen if the observed relative magnitudes 
of the a clustering can account for the 
40-44Ca(a,a0 ) anomalies. 

(XBL 722-343) 

Besides offering the possibility of answering 
questions concerning a clustering in nuclei, it 
is hoped that good resolution (a, 2a) experi
ments at medium a energies will stimulate a 
better theoretical understanding of the reaction 
mechanism. Considerable effort in this di
rection has already taken place. 3 
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AN INTERPRETATION OF THE STRONG AND WEAK o+ STATES EXCITED IN THE 
142ce(p,t) 140ce AND 140ce(p,t) 138ce REACTIONS 

J.D. Sherman, B. G. Harvey, D. L. Hendrie, M.S. Zisman, and B. Sorensen* 

One year ago we reported our first exper
imental results from a spectroscopic study of 
the 140ce and 138ce nuclei by the (p, t} reac
tion. 1 We were interested in testing the pre
dictions of pair vibration theory2, 3 at the N =82 
closed neutron shell. We observed certain de
viations from the harmonic theory2, 3 as did 
other experimenters 4 who studied various tar
get nuclei with A~ 90 by the (p, t} reaction. 
These experiments were performed at or near 
a closed neutron shell. The experimental ob
jections to the harmonic theory in these cases 
can, perhaps, be summarized in two state
ments: first, the theory does not always yield 
the correct Q values for the states under con
sideration; and secondly, the tran~ition strength 
is often split among a number of 0 levels. 
However, it was recognized5 that the pair vi
bration state whose J1T= o+ could mix with other 
nuclear states of the same spin-parity. Such 
a model was developed and theoretical calcula
tions were carried out for the Zr isotopes. 5 · 
The results indicated a better agreement be
tween experiment and theory. We have applied 
this model to the Ce experiment, 6 and we now 
describe these results. 

Experimental details and the triton spectra 
were presented earlier, 1 and we will !fot re
peat that discussion. Levels of J1T = 0 were of 
primary interest for the comparison between 
experiment and theory. Fortunately, angular 
distributions of two-neutron pick-up r~actions 
with transferred angular momentum Lt = 0 are 
quite characteristic at our proton energy. In 
our case the angular momentum condition 
It = Lt + St with the Lt = 0 value leads to an 
immediate l1T assignment for the final state. 
Five J1T= 0 assignments were made in 140 ce 
on this basis for excitations up to 6.36 MeV. 
These differential cross sections are given in 
Fig. 1. Two Lt = 0 angular distributions 
were found in 1 3'8ce up to 3. 62 MeV excitation, 
and these are given in Fig. 2. The solid curves 
are two-nucleon DWBA calculations in which 
one normalization has been used. The normal
ization will be discussed in more detail below. 

The proposed model provides a framework 
in which the anharmonic pair vibration 7 may 
couple with othef nuclear excitations charac
terized by J1T= 0 . Henceforth this model is 
referred to as a "coupled anharmonic" (c. a.} 
theory. It differs from the harmonic theory in 
two ways. First, anharmonic theory permits 
interaction between the basic quanta of har
monic theory. 2 This may change (p, t} transi
tion strengths significantly, but generally does 
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not affect excitation energies very much. 7 
Second, the coupling part permits the wave 
function of a given nuclear state to be com
posed of fr'fgments of a basis set, all of which 
have J1T = 0 . This coupling may have the ef
fect of making significant shifts away from the 
uncoupled harmonic (u. h. ) theory:' s prediction 
for the pairing vibration energy. 5 The coup
ling also permits transitions to nuclear states 
which would have been forbidden in a one- step 
(p, t) reaction. 12 This coupling is then seen to 
dilute the transition strength to the pair vibra
tion state, while allowing enhanced transitons 
to other nuclear states. This has often been 
the case experimentally. 4 
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We shall now give a brief discussion of the 
basis set alluded to in the .previous paragraph. 
Figure 3 provides a compact summary of all 
the components in the basis set. One compo
nent is the anharmonic pair vibration which is 
given the notation (O_?+). It's excitation energy 
is approximately 3.9 MeV. The ground state of 
14Zce has the notation (0+) whi~e the 138ce(g.s.) 
is noted by (0_). Spin-parity 2 states in 1 5~e 
and 142ce at 0.796 and 0.64 MeV excitation, 
respectively, are given the notations (2_) and 
(2+). The~e can couple to give a multiplet of 
states in 1 0 ce with J=O to 4 at Ex=5.33MeV 
in the u. h. model. 2 In the c. a. theory, a strong 

splitting between the (0_0+) and (2_2+) + com
p~rients brings a main component of tl9eoretical 
0 excitation strength into energeti-f agreement 
with the experimentally observed 0 state at 
3.23 MeV. 6 

The_ two_ multiple phonon states (2+@2+)
0

+ 
and (3 @ 3 ) + are also components of the 
basis set. Tb'ese are given the notation (zZJ=O) 
and (32J=O) in Fig. 3. The one-phonon multi
pole vibrations are given the notations (2) and 
(3). Their excitations (1.59 MeV and 2.46MeV) 
are frogn an inelastic alpha scattering exper
iment. Four proton states of two quasi-par
ticle nature 5 • 6 complete the basis set. These 
are given the notations (0 

1
), (0

2
), (0

3
), and 

(0 4). 

The mixing amplitudes are then calculated 
by diagonalizing the Hamiltonian 

H = H + H + H 2 + H 3 sp p 

in the basis set de scribed above. Hsp is t~e 
single-particle part, Hp the pairing force, 
and H'l('l = 2, 3) the separable multipole forces. 
A summaryof the theoretical and experimental 
results is given in Fig. 3. Experi,raent is nor
malized to the 3.23-MeV state in 1 Oce, which 
can be associated with the expected pairing vi-
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Fig. 3. Summary of calculated and exper
imental energies and (p, t) cross sections 
compared at the maximum near 35° for the 
selected states considered. 

(XBL 719-4357) 



bration. 9 Theory is similarly normalized with 
the optical model parameters for the DWBA 
calculations taken from the literature. 10, 11 
After carrying out this procedure, the 
theoretical ground state transitions are over
estimated. These normalizations were re
duced to 149 and 163 for 14°ce(g. s.) and 
138ce(g. s. ), respectively, when a different 
set of optical model parameters still based on 
Refs. 10 and 11 were used. However, these 
parameters resulted in a poorer fit to the an
gular distributions. The dashed lines of Fig. 
3 joining the u. h. theory to the c. a. theory 
indicate the dominant configurations of the c.a. 
wave functions. 

+ . 140 
The 0 states m Ce at 5.57 MeV(O'_O+) 

and in 138ce at 2.32 MeV (0'_) may be under
stood as noncollective states predicted in Ref. 
7. This is reasonable from an energetic view
point since the 2.32-MeV state in 135ce has 
very nearly the same energy above its ground 
state as the 5.57-MeV state in 140ce has above 
the pairing vibration. 

Summarizing, the (p, t) reactions on the 
142ce and 140ce isotopes have rev,rale~ a~ 
in most previous cases for A~ 90, a J = 0 
level structure that deviates significantly from 
harmonic p. v. theory. However, the described 
model calculation seems able to explain the re
distribution of (p, t) strength from the harmonic 
p. v. to a number of low-lying states, to give a 
plausible reason for the large energy shif.$ of 
the p. v., and for the occurrence of two 0 
levels in 14°ce (p, t) below the p. v. The 5.57-
MeV state is likely to represent the first find
ing of a pair-analogue of a noncollective state 
that was predicted in Ref. 7. 
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ANOMALOUS BACKWARD a-SCATTERING 

B. G. Harvey, D. L. Hendrie, J. Mahoney, J. Sherman, J. Steyaert, M. Zisman, G. Gaul,* 

R. Santo,* R. Stock,* and M. Bernas t 

The elastic scattering of a-particles by 
40ca, 39K and 36Ar at angles greater than 
90° is anomalous in the sense that cross sec
tions decrease more slowly than the exponen
tial decay expected from diffraction scat
tering. 1-3 For 40ca, the phenomenon has been 
studied at energies from 18 to 42 MeV. 

Two theories have been used to explain the 

anomalous scattering. According to the P. -de
pendent absorption model, 4, 5 the absorption 
is reduced for partial waves exceeding the 
maximum angular momentum Lc that can be 
carried away by the dominant channels coupled 
to the elastic channel. The (a, n) reaction is 
considered to be the most important absorption 
channel. The different thresholds for (a, n) 
introduce an explicit isotope dependence. 
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<Jr = 2n: J <J(0)sin0d0 
117 

o 40ca 
• 44Ca 
---Optical Model 

Fig. 2. Comparison of integrated backward
scattering cross sections for 40, 44ca with 
optical model. 

( XBL 723-342) 

Good fits have been obtained for K, Ca and 
Ar at Ea = 24 MeV. The 1-dependent absorp
tion effects should become less important, 
and finally disappear, at energies above about 
40 MeV. 

Alternatively, it has been sugge~ted2 ' 6 

that the anomalous scattering arises from an 
interaction between the a particle and a cor
related T = 0 structure of four nucleons in the 
target. 40ca is known to have signi'ficant 
4p-4h and 8p-8h components in its ground 
state. 7 The four (or eight) excited particles, 
mainly in the otherwise empty f7(.2 shell, are 
not hindered by the Pauli princip e from 
adopting a highly correlated configuration that 
maximizes their mutual binding energy, but 
the neutrons already pre sent in the f7 /2 shell 
in the Ca isotopes with A > 40 should hinder 
the formation of the correlated structure. 
Scattering should remain anomalously high in 
40ca up toEa"' 100 MeV. 
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Backward scattering was measured at the 
88-inch cyclotron for 40, 42, 44, 48ca at five 
energies between 40.7 and 72.3 MeV. Above 
49.5 MeV, the characteristic backward peaking 
in 40ca disappears (Fig. 1). Figure 2 shows 
the results of a quantitative test for the anoma
lous scattering. Optical model fits were made 
to the 44ca angular distributions. Experi
mental and optical-model cross sections were 
integrated from 117" to 160° (c. m. ). Figure 
2 shows that at all energies the 40ca cross 
section is 5 to 10 times greater than either 
44ca or the optical model'predictions. 

The experimental results therefore favor 
the four-nucleon correlation model over the 
1-dependent absorption, but clearly more ex
perimental tests are required. 
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HIGH-SPIN PROTON STATES OBSERVED IN THE 90zr(a,t)91Nb AND 92Mo(a,t)93Tc 

REACTIONS AT 50 Mev* 

M. S. Zisman and B. G. Harvey 

In recent years there have been many stud
ies of pro~'3n configuratio~s in theN= 50 nuclgi 
91Nb and Tc using the ( He, d) reaction. 1-
The states expected in proton transfer to 90zr 

and 92Mo are g 9; 2 , g7/2• ds/2• d3/2· s1/2• 
and possibly h11/2· The (3He, d) reaction, 
however, preferentially populates the lower
angular-momentum states (i.e., P, = 0, 2) and 
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Table I. Levels observed in the 90 zr(a,t) 91 Nb reaction at 50 MeV. 

(a, t) (3He, d) 91 
Levels 

I . b 
Levelsc d £ d c2sd 

Mo(g. s. )deca~ 
No. observeda ntens1ty observed ' levels observed 

(MeV} (mb} (MeV} p (MeV} 

1 0.0 3.441 0.0 4 0.918 
2 (0.103)£ 0.144 0.103 1 0.430 
3 1.29 0.038g 1.31 1 0.048h 

1.581 
4 1.60 0.073 1.60 1 o.o78h 1. 637 

1. 791 
5 1.82 0.069g 1.84 3h 0.058~ 
6 1.95 ±0.04 Weak 1.96 2 0.014 
7 2.30 0 .043i 2.34 1 o .o nh 
8 2.39 ±0.03 Weak. (2.391)j 
9 2.53 0.0321 2.531 

10 2.61 0 .023k 2.62 1 Weak1 2.631 

0.0 12k 
2. 792 

11 2.77 
Weak

1 12 2.90 0.074 2.92 1 

13 3.01 0 .036m 3.028 
3.07} 2 0.035 

14 3.12±0.04 Weak 3.11 3.149 
3.187 

15 3.37 0.218 3.36 2 0.388 
16 3.65±0.04 o .o27k 3.66 2h 0.023h 

3.837 
3.886 

3.92n Weakn 3.916 
3. 95} 
3.99 
4.11 0 0.055 

17 4.18 0.107 4.18 (2) 0.020 4.179 
4.23 (2) 0.008 
4.30 2 0.023 
4.39 0 0.160 
4.49 2 0.043 
4.61 2 0.013 
4. 70 2 0.033 

18 4.77±0.03 0.232g 4. 77} 4 0.343 
4.80 
4.85 

19 4.89 ±0.03 0 .096g 4.90 
4.95} 
4.99 

(O) 0.055 

20 5.02 ±0.03 Weak 5.04 0 0.040 
21 5.14±0.03 0 .067i 5.17 (0) 0.080 

5.24 2 0.133 
22 5.34±0.03 Weak 5.33 0 0.090 

5.44 2 0.165 
5.57 (0) 0.035 
5.64 0 0.060 
5. 74 0 0.020 
5.80 0 0.120 
5.86 0 0.045 

23 5.95 ±0.05 (0.1)
0 

6.01 4 0.500 
24 6.09±0.05 Weak 6.09 2 0.075 

6.17 2 0.103 
6.215n (4)n Weakn 
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(Table I (continued) 

aExcitation energy± 20 keV except as noted. The Q value for the reaction was assumed to be 
- 14. 64 3 MeV. 
b 
Integrated from ec. m. = 12.5 to 57° except as noted. 

cExcitation energy± 15 keV. 

dTaken from Ref. 2 except as noted. All £ = 2 levels up to 5.44 MeV are assumed d5/2. All £= 4 
levels except the ground state are assumed g7/2' 

eTaken from Ref. 8. Only those levels believed to be populated in the g. s. (9/2 +) de cay are in
cluded. All energies ± 1 keV or less. The upper limit for the decay is about 4.4 MeV. 

fNot resolved. 

gintegrated from ec. m. = 12.5 to 52°. 

hTaken from Ref. 4. All £ = 1 levels except 0.103 MeV are assumed p 3; 2 . 
~s assumed f 5; 2 . 

The 1.85-MeV level 

1
Integrated from ec. m. = 12.5 to 36.5°. 

jThe existence of this level was uncertain. 
k 

Integrated from ec. m. = 12.5 to 42°. 
1
Taken from Ref. 1. 

m 
Integrated from ec. m. 12.5 to 42°. 

nTaken from Ref. 6. 
0

0bserved at only three angles. The average differential-cross-section ratio to the 4.18-MeV 
level ( -o.9) was used in obtaining the intensity. 

thus is not a very efficient method for locating 
high-spin states such as g9/2 , g7/2• or h11j2· 
On the other hand, the large momentum trans
fer in t~e (a, t) reaction, compared with that 
in the ( He, d) reaction, favors the excitation 
o£:hig_h- angular-momentum proton states 
[Q XR"' 6 for the (a, t) reaction]. A compar
ison of the relative strengths of states observed 
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Fig. 1. Triton energy spectrum from the 
90zr(a,t)91Nb reaction at B,e=30°. The peak 
numbers correspond to excitation energies 
given in Table I. (XBL 713-3116) 

in both the (3He,d) and (a,t) reactions should, 
therefore, give some infor91ation on the loca
tion of £=4 or 5 levels in 1Nb and 93Tc. 

The experiment was performed with the 50-
MeV a-particle beam of the Berkeley 88-inch 
cyclotron at a beam resolution, D.E/E, of 
0.04'1o. The targets were self-supporting 
metal foils of 90zr (enriched to 97.8o/o) and 
92Mo (enriched to 98.3%) whose nominal thick
nesses were 0.20 and 0.30 mg/cm 2 , respec
tively. Absolute cross sections are accurate 
only to ± 50o/o but relative cross sections for 
each target should be correct to ±1970 • Tritons 
were detected with two counter telescopes each 
consisting of a 0.25-mm phosphorus-diffused 
silicon D.E and 5-mm Si(Li) E detector and 
identified with a Goulding- Landis particle iden
tifier. 7 

. 90 91 A tnton spectrum of the Zr(a, t) Nb re-
action at Bf!, = 30° is given in Fig. 1. The 
resolution is 50 ke V full width at half max
imum (FWHM). The spectrum is dominated 
by the g 9 ; ground state (level 1) which is a 
factor of 1 ~ more intense than any other single 
level in the spectrum. The excitation energies 
of states observed in this work are given in 
Table I. The results agree, in general, with 
those of Vourvopoulos et al. 2 
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Table II. Levels observed in the 92 Mo(a, t) 93 Tc reaction at 50 MeV. 

(a, t) (3He, d)a (3He,d)b 
Levels 

Intensityd 
Levels 

c2 se 
Levels 

c2 se No. observedc observed ,e observed ,e 
{MeV} (mb) {MeV) p {MeV} p 

1 0.0 3. 709 0.0 4 0.67 0.0 4 0.50 
2 0.39 0.118 0.390±0.010 1 0.30 0.396 ± 0.005 1 0.38 
3 0.68 0.040 0.660±0.020 Weak (0. 66) Weak 
4 1.18 0.019 1.190±0.015 1 0.03, 0.01 1.21 ±0.020 1 0.034, 0.015 
5 1.42±0.03 0.037 
6 1.51 0.044 1.500±0.015 1 0.10, 0.04 1.500±0.010 1 0.12, 0.052 
7 1. 78 0.055f 1. 780 ± 0.020 1 0.12, 0.05 1.788±0.010 1 0.11, 0.048 
8 2.14 0.097 2.130±0.020 Weak 2.134±0.015 3 0.045g 
9 2.59±0.04 0.082 2.565 ± 0.020 2 0.04, 0.02 2.556±0.015 2 0.037, 0.019 

10 3.10 0.091 
3.170±0.020 (2) 3.147±0.015 2 0.034, 0.018 

11 3.36 0.390 3.360±0.020 2 0. 78, 0.38 3.343±0.015 2 o. 78, 0.41 
12 3.58 0.064 
13 3.91 0.245 3.910 ± 0.020 2 0.09, 0.05 3.89 ±0.020 (2) (0.11, 0.06) 

0.059f 
4.110±0.020 (0) (0 .15) 4.09 ±0.030 0 0.23 

14 4.15 ± 0.04 
15 4.37 0.192f 4.43 4.39 ± 0.040 
16 4.47 0.066h 
17 4.67±0.03 o.o7i. 
18 4.77±0.03 0.087~ 4. 79 4. 76 ±0.030 
19 4.90 0.1661 4.92 4.88 ±0.030 

5.02 
20 5.20±0.03 o.o97h 5.18 5.170±0.015 1 0.23, 0.083 

5.33 5.302 ±0.015 2 0.059, 0.032 
5.49 5.50 ±0.040 (2) (0.051, 0.028) 
5.65 5.64 ±0.040 2 0.035,,0.019 

21 6.01±0.03 0.16~ 5.98 ± 0.040 (5) (0.079)J 
22 6.17±0.03 0.17h 6.24 ±0.040 
23 6.44±0.04 0.11 

aTaken from Ref. 1. No spectroscopic information is given for levels above 4.110 MeV. 

bTaken from Ref. 5. 

cExcitation energy ±20 keV except as noted. 
d 
Integrated from ec. m. = 12.5 to 57• except as noted. 

eWhen two values are listed the first corresponds to j = £- 1/2 , the second to j = £ + 1/2. 
f 
Integrated from ec. m. = 12.5 to 52•. 

gAssumed f
5

; 2 . 
h Integrated from e = 12.5 to 36.5•. . c.m. 
1 
Integrated from ec. m. = 15.5 to 52•. 

jAssumed h
11

/ 2 . 
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Figure 2 shows angular distributions oftwo 
of the stronger final states (levels 15 and 17), 
both of which are assigned£= 2 in (3He, d).2, 6 
The shapes of the two curves are slightly dif
ferent at forward angles: the 3.37-MeV angu
lar distribution flattens out while the 4.18- MeV 
angular distribution is steeper. This steep 
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Fig. 3. Triton energy spectrum from the 
92Mo(a,t) 93Tc reaction at Bp, = 15•. The peak 
numbers correspond to excitation energies 
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angular distribution shape is also observed for 
the ground and 4. 77-:ieV states,' which are 
both assigned£= 4. 2 • Another discrepancy 
with the £ = 2 assignment for the 4.18-MeV 
13vel comes from its strength: b~sed on 
( He, d) spectroscopic factors, 2 • it is too 
strong relative to the 3.37-MeV level by a 
factor of between 14 and 20. Additional ev
idence for the existence of a high- spin level 
at this energy comes from a study of the 
91Mo(9/2+) !3-decay8 which populates a weak 
level at 4.179±0.001 MeV. Consideration of 
!3-decay selection rules suggests that 9/2+, 
7/2+, or 11/2- states are the most likely 
possibilities to be seen in (a, t). This would 
then correspond to E =4 or £ = 5 proton trans
fer. 

A 92 Mo(a, t) 93Tc spectrum is shown in Fig. 
3. The resolution is 55 keV (FWHM). Here 
too the spectrum is dominated by the ground 
state (g

9
; 2). A summary of the levels ob

served in this work is given in Table II. The 
excitation energies determined here agTee 
generally with those found previously. -1, 5 In 
the 92Mo(a,t) data, as was true for 90zr(a,t), 
there is one level, at 3.91 MeV, whose 
strength is inconsistent with its £ = 2 assign-



ment. 1 The angular distribution of this state 
(level 13) and that of the 3.36-MeV J!, = Z state 
(level 11) are shown in Fig. 4. The forward 
angle behavior of the 3.91-MeV level is diff
erent from that of the 3.36-MeV J!, = Z state; 
it corresponds more closely to the shape of 
the J!, = 4 ground state. Moreover, the strength 
of the 3.91-MeV state relative to the 3.36-MeV 
state is 4 times that expected from the (3.He,d) 
spectroscopic factors.1,5 Thus, based on the 
cornparison of the (3He, d) and (a, t) results, 
both the 91Nb 4.18-MeV and 93Tc 3.91-MeV 
states 1nay be £=4 or 5 proton levels. 
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HIGH-SPIN LEVELS OF 92,93,94,96Nb AND 94Tc POPULATED WITH THE 

(a,d) REACTION AT 50 MeV* 

M. S. Zisman and B. G. Harvey 

The 90, ~1, 9Z, 94Zr(a, d) 92, 93, 94, 96Nb arid 

9ZMo(a, d) 9 Tc reactions have been investi
gated with a 50-MeV a-particle beam from the 
Berkeley 88-inch cyclotron in order to search 
for high- spin states in the A= 90 mass region. 
As in previous (a, d) experiments, 1 the three 
criteria used to identify (a, d) states of the 
same configuration are: (a) large cross sec
tion in (a, d), (b) similar angular distribution, 
and (c) regular dependence of the Q-value for 
forming the level, Qf, on mass number. 

Large (a, d) cross sections were observed 
for two levels in each of the even-A niobium 
an<ty1echnetium isotopes and for two multiplets 
in Nb. Figures 1 and Z show spectra for the 
90zr(a, d)9ZNb and 9ZMo(a, d)94Tc reactions 
at 8 p =zoo . The resolutions were 50 and 65 
keV full width at half maximum (FWHM), re
spectively. Summaries of levels seen in the 
two reactions are given in Tables I and II. In 
each spectrum the ground state and one excited 
state (Z.58 MeV in 92Nb, Z.68 MeV in 94Tc) 
are strongly populated. Angular distributions 
for these strong levels are shown in Figs. 3 
and 4. As can be seen, the two ground states 
and two excited states have very similar angu
lar distributions. The 9ZNb ground state is 
knownz to be 7+ and the 94Tc ground state has 
been assig:fed3 6+ or 7+. Based on the (a, d) 
results a 7 assignment is indicated, in agree
ment with shell model predictions. 4, 5 

A summary of the Q values for formation 
of these two groups of levels in (a, d) is given 
in Table Ill. Neither of the two groups seen 
here displays the regular Qf vs mass depen
dence seen previously. 1 It is clear that the 
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Table I. . 90 92 Levels observed 1n the Zr(a, d) Nb 
reaction at 50 MeV. 

No. Levels observeda Intensityb 
(MeV) (mb) 

1 0.0 0.278 
2 0.13 Weak 
3 0.21 Weak 
4 0.28 0.025 
5 0.36 0.069 
6 0.49 0.01 
7 1.08 0.022 
8 1. 75 0.03 
9 2.03 0.019 

10 2.15 0.051 
11 2.28 0.097 
12 2.47 0 .166c 
13 2.58 0.345 
14 2.81 0.047c 
15 3. 72 0.057 
16 3.81 0.040 
17 3.92 0.053 
18 4.45 o.o4d 
19 4.83 o.o5d 
20 5.62 0.124 
21 (6.0±0.1) 

aExcitation energy error ± 30 keV except as 
noted. 
b 

Integrated from e 12.4 to 56.8° 
except as noted. c. m. 

Cintegrated from e = 12.4 to 51.7°. 
d c.m. 
Integrated from e 12.4 to 31.1°. 

c.m. 
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Table II. Levels observed in the 92 Mo(a, d) 94Tc 
reaction at 50 MeV 

No. Levels observeda Intensityb 
(MeV} (mb} 

1 0.0 0.336 
2 0.10 0.040 
3 0.21 0.083 
4 0.34 Weak 
5 0.45 0.027 
6 0.93 0.040 
7 1.22 0.039 
8 1.30 0.042 
9 1.41 0.040 

10 1.64 0.045 
11 1. 74 0.139 
12 2.14 Weak 
13 2.35 0.10JC 
14 2.43 0.04 
15 2.68 0.446 
16 2.86 0.083 
17 2.95 0.06 
18 3.08 0.117 
19 5.07 o.o9e 
20 5.24 0.183 
21 5.38 0.197 

aExcitation energy± 30 keV. 
b 
Integrated from ec.m. 12.5 to 56.9° except 

as noted. 

Cintegrated from e 12.5 to 41.6°. 
d c.m. 

Integrated from e 12.5 to 36.2°. c.m. 
eintegrated from e 12.5 to 51.9°. 

c.m. 

lack of regularity in Or is not due to a failure 
of the reaction to selectively populate s.fecific 
shell model configurations, since the 7 levels 
(which correspond to the levels labelled E 1 
in Table Ill) have been iden,tified in all but one 
case by other reactions. 2 • b, 7 Since both 
groups show the same 0-value dependence (i.e., 
the relative energy difference between the two 
groups remains nearly constant at about 2.4 
MeV) it seems reasonable to associate the 
levels listed as E 2 in Table Ill with a specific 
shell-model state in spite of the irregular Or 
vs A dependence. 

In this mass region there are a number of 
high-s pin proton- neutron configurations which 
might be strongly populated in (a, d). For 
example, the (1r ggjz, vd5 ; 2)?+ configuration is 
selectively populatea in the (a, d) reaction in 
all of the cases studied here (see Table Ill). 

Other possible high- spin states, to which the 
higher (a, d) group might correspond, are 



Table III. Q Values of Strong (a, d) states. 

E1 
a Q b 

E2 
Q b 

Final 1 2 
nucleus (MeV) (MeV) (MeV) (MeV) 

90y 0. 69c -12.79 3.11c -15.21 
92 Nb o.o -13.03 2.58 -15.61 

94Tc 0.0 -13.37 2.68 -16.05 

94Nb 0.08 -12.89 2.42 -15.23 

96Nb 0.23 -12 60 2.38 -14.75 

a 
( rrg?L 2 , vd 5/ 2 ) 7 + states. All levels except 

the 9 Tc ground state have been assigned 7+ 
by other groups. See text. 
b Ground state Q values taken fron1 C. Maples, 
G. W. Goth, and J. Ce9l}.Y• Nucl. Data A2, 
429 (1966), except for Nb, which is inferred 
fron1 S. Antman, H. Petterson, and Y. 
Grunditz, Nucl. Phys. A110, 289 (1968) and 
S. Antn1an, Y. Grunditz, A. Johansson, 
B. Nyman, H. Petterson, and B. Svahn, 
Z. Physik 233, 275 (1970). 

cObtained from 88sr(a, d)90y data, M. S. 
Zisman, E. A. McClatchie, and B. G. Harvey, 
Lawrence Radiation Laboratory Report UCRL-
19530 (1970), p. 100 (unpublished). 
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Fig. 4. Angular distributions of deuterons 
from the 92Mo(a, d)94Tc reaction leading to the 
0.0 and 2.68 MeV states. Statistical errors 
are shown for each point. The solid lines 
through the data points represent smoothcurves 
drawn through the experimental angular distri
butions of the 9°zr(a, d)9 2 Nb reaction leading 
to the ground and 2.58-MeV states (see Fig. 3). 
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(rr g9/2' v hH/2)10-, (rr g9/2' v g7/2)8+' 

(d5/2) ~ +, ( rr g7/2' v d5/2)6+' (g7/2)~+. and 

(rr g
7

;
2

, v hi ;
2

)
9
-. In order to determine 

whicl't possio1hhes are reasonable, simple 
shell-model calculations, based on8the method 
outlinded by Brody and Moshinsko/', were per-
formed with the code PHYL[rJS. A Gaussian 
potential employed by True was used and the 
oscillator parameter was obtained by normal
izing the calculation to the empirical residual 
interaction for the 92Nb ground state, -0.679 
MeV. This procedure y~elded an oscillator 
parameterv=0.156fm-. Sincetheh11/2 
neutron level is actually in a different oscilla-

Fig. 3. Angular di~;tri bution s of deuterons 
from the 9°zr(a, d) Nb reaction leading to 
the 0.0 and 2.58 MeV states. Statistical errors 
are shown for each point. 
theoretical significance. 

The curves have no 
(XBL 718-4102) 
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Table IV. Surnmary of shell model calcula
tions for the two- particle states .in 92Nb. 

Configuration 

(iTg9/2' vd5/2) 
7+ 

(iTg9/2' vh11/2) 10 

(iTg9/2' vg7 /2) 8+ 

(d5/2) 
2 5+ 

(iTg7 /2' vd5/2) 
6+ 

(g7 ;2> 
2 7+ 

(iTg7 /2' vh11/2) 9 

VRESa 

(MeV) 

-0.678 

-1.263 

(-1.472)c 

-1.098 

-1.129 

-0.543 

- 1.2 68 

-0.975 

(-1.136)c 

E b 
X 

(MeV) 

0.0 

> 2.10 

(> 1.89)c 

2.35 

3. 75 

5.66 

7.70 

> 7.90 

(>7.74)c 

aCalculated with a single oscillator param
eter v = 0.156 fm- 2 except as noted. 

bBased on single-particle energies summa
rized in Table V. 

cCalculated ~h oscillator parameters 0.156 
and 0.184 fm for the proton and neutron, 
re spe cti vely. 

tor shell than the other particles, a modified 
calculation with different oscillator param
eters for the two particles was performed 
using the code NAOMI. 9 The generalized trans
formation brackets are expanded in terms of 
standard Moshinsky brackets8 using a formula 
derived by Gal. 11 The results of both calcula
tions are given in Table IV. The single-particle 
energies required to calculate the excitation 
energies are taken from single-nucleon trans
fer data12, 13 and are listed in Table V. 

Based on the results in Table IV, the most 
likely configurations for the 92Nb 2.58-MeV 
level are (iT g9; 2 • v h 11 ; 2)1o- and (iT g9/2• 
v g7/2)8+. As can be seen in Table IV, the 
calculated interaction energies are quite sim
ilar for all of the configurations considered 
here. Thus, the predicted excitation energies 
depend strongly on the single-particle energies 
but are not particularly sensitive to the choice 
of oscillator parameters. 

Table V. Single- particle energies for A = 91. 

91Nb 
a 

91zr 
b 

(MeV) (MeV) 

g9/2 0.0 

d5/2 4.20 0.04 

s1/2 5.27 1. 66 

d3/2 6.43 2. 76 

g7/2 5.52 2.77 

h11/2 > 2.68 

aTaken from Ref. 12. 

bTaken from Ref. 13. 
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MULTIPOLE DEFORMATION OF 238u 

D. L. Hendrie, B. G. Harvey, J. R. Meriwether,* J. Mahoney, J. C. Faivre,t and D. G. Kovar 

The ability to me a sure details of nuclear 
deformation to multi poles higher than qua
drupole by means of a-particle inelastic scat
tering has been well demonstrated in perma
nently deJormed rare earth nuclei. 1, 2 At
tempts to extend these measurements to the 
interesting actinide region of permanent de
formations were thwarted by experimental dif
ficulties-the inability of solid state detectors 
to resolve the more closely spaced energy 
levels in these nuclei. Meanwhile, several 
theoretical predictions for the '14o moment of 
actinide nuclei and experimentaf results using 
other techniques have been published. The 
interest in the problem is intensified, because 
both theoretical_predictions 2 • 3, 4 and exper
imental results s-, 6 show variations of up to 
one order of magnitude for the J4o moment of 
uranium. 

Our experiment measured the angular dis
tributions in elastic and inelastic scattering 
of 50-MeV a particles by 238u, utilizing the 
new magnetic spectrometer7for detection of the 
scattered alphas. Differential cross sections 
were measured for levels in the ground state 
rotational band up to s+. The target was made 
by evaporating 75 f-lg of uranium metal onto a 
50-f.Lg carbon backing. Beams of up to 1 f-LA 
were pre pared by the high-resolution mag
netic analysis system,delivered onto the target, 
and collected and measured in a Faraday cup. 
The quantity of beam on target was also mon
itored by a solid- state detector placed at 20° 
with respect to the incident beam. Detection 
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Fig. 1. Sample spectrum of the 
238

u (a, a 1
) 

reaction at 48 •(lab). (XBL 723-2531) 
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Fig. 2. Differential cross sections and 
coupled-channel calculations. The optical 
parameters for the calculations are the same 
as in Ref. 1. (XBL 723-2530) 

of scattered alphas at the focal plane of the 
spectrometer was made by a position-sensitive 
silicon detector ( 1- em high by 5- em long) ob-

-tained from Nuclear Diodes, Inc. The energy 
resolution of the entire system was 16 keV at 
forward angles, changing slowly to 20 keV at 
the most backward angles, where target
thickness effects become more important. 

The data were taken in two independent 
runs. Scatterilf;¥ from a target contamination 
of about 10% 1 W obscured the 23 8u levels 
for several angles in the first run. This prob
lem did not repeat in the second run; the re
sults from the two runs reproduced well where 
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Table I. Table of deformation parameter for this work and in the 
recent literature. The parameters are defined by describing the 
nuclear surface as R = R 0 (1 + 132 Y20 + 134 Y40 + 136 Y6o). The 
radius common to all values in the table 1s R 0 = 1.2 A 1/3 Fm. 

132 134 

0.23 ±0.01 0.055 ±0.01 

0.23 ±0.01 0.017 r-0.015} 
-0.030 

0.235 ±0.006 0.100 ±0.028 

0.220 0.071 

0.200 0.075 

0.267 

they could be checked. A sample spectrum 
from the second run is shown in Fig. 1. The 
resulting angular distributions are shown in 
Fig. 2. Also shown in Fig. 2 are the results 
of a coupled- channels calculation using the 
program of Glendenning. 8 Expansions and 
numerical sums were carried to convergence 
so that the only approximations involved in 
the calculation are those inherent in the model 
itself. The optical parameters chosen were· 
the same as were used in the rare earth work;9 
varying these slightly did not change the val
ues extracted for the deformation parameters. 
Estimate of the errors were made by making 
several independent calculations with altered 
parameters. 

Table I lists the value of the deformation 
parameters obtained from our work and from 
other recent theoretical and experimental re
sults. Our results are in fair agreement with 
the theories of Refs. 2 and 3, but disagree 
markedly with the two other experimental val
ues. 
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A STUDY OF SECOND-ORDER PROCESSES IN THE 238U(p,t)236u REACTION 

D. G. Kovar, B. Mayer, M. Marinescu, B. G. Harvey, M.S. Zisman, F. G. Puhlhofer, 

F. D. Becchetti, J. Mahoney, A. Giorni, R. J. Ascuitto, N. K. Glendenning, and B. S0rensen 

There has been considerable interest in the 
importance of higher-order processes in one
and two-nucleon transfer reactions such as 
(p,d) and (p,t). In recent coupled-channels 
studies of transfer reactions on spherical 
nuclei Ascuitto, et al. 1 found that while the 
two-step processes-;-ia inelastic channels can 
be important, there was no conclusive evidence. 
In their more recent studies 2 on deformed nu
clei, however, they found clear evidence for 
two-step processes which significantly affect 
both the magnitude and the angular distribu
tions of the (p,t) cross sections for the o+, 2+, 
and 4 +members of the ground state rotational 
bands. While these results are impressive, it 
is of interest to determine whether one can use 
coupled channels to analyze data for higher 
members of the ground state band such as the 
6+ and 8+ members, as well as members of 
excited bands. 

In the pre sent study we have investigated 
the 238U(p, t)236u reaction in order to obtain 
such information. Previous studies of the 
effect of inelastic channels have been confined 
mostly to nuclei with smaller mass numbers.3 
Here we extend the study to a heavier mass 
region. The experimental information on the 
defor~ation parameters for 238u is avail
able, as are the nuclear structure calcula
tions needed for the structure factors used in 
the calculations. The study is at present par
ticularly interesting in view of the results of 
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Fig. 1. The spectrum obt~Nd at eL = 35• -
from the (p, t) reaction on U with a proton 
beam of 25 MeV. (XBL 723-2533) 

Maher ~t al. 5 from the study of (p, t) ~egac
tions in the actinide region (in~_luding 2 U) 
which revealed that the first 0 1 state ( "";900 
keV) in these nuclei was populated unusually 
strong. These studies, made near the Coulomb 
barrier (Ep=17 MeV), reported the angulardis
tributions for only the o+ and 2+ members of 
the g. s. and excited bands. The angular dis
tributions were not fit well by the DWBA cal
culations. In the present study, made at a 
higher bombarding energy, angular distribu
tions for the (p, t) reaction leading to members 
of the g. s. band up to 6+ and to members of 
the excited- state band have been obtained. 
Tentative results are given here. 

The 
238

u(p, t)
236

u reaction was studied by 
using a 25-MeV proton beam from the 88-inch 
cyclotron .. A spot target (100 flg/cm2) en
riched to 99. 9o/o 238u on a 10- fig/ cmZ' carbon 
foil was used. The tritons were momentum
analyzed in th& Berkelev uniform field 
spectrometer and detected by two 300-micron 
position-sensitive detectors (10X50 mm) sit
uated in the focal plane to cover the excitation 
range in 236u from the g. s. to 0.45 MeV and 
from 0.85 to 1.35 MeV. The position spectrum 
obtained at 35° is shown in Fig. 1. Typical 
energy resolutions of 15 to 20 keV were ob
tained. 

+ + - + 
The well known 0 (g. s. ), 2 (45 keV), 4 

(150 keV), and 6+(309 keV) members .j?f the 
g. s. band, and the ot(920 keV) and 2 1(959 
keV) members of the first excited band in 23 6u 
were observed and their angular distributions 
obtained in 5• steps from 15• to 60° (Fig. 2). 
In addition, several other states not reported 
in the previous (p, t) study were observed at 
excitation energies above 1 MeV. Some of 
these states c~n be identified with levels pop
ulated in the 2 5U(d, p) reaction. 7 A compar
ison of the angular distributions for the two 
o+ and the two 2+ states (Fig. 2) reveals that 
while the maxima and minima remain in the 
same position, the oscillatory structure of the 
angular distributions for the excited band mem
bers appears to be significantly damped when 
compared to those of members of the g. s. band. 
A theoretical analysis of these results using 
the coupled-channels procedures of Ascuitto 
etal. isinprogress. 
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INTERFERENCE EFFECTS IN HEAVY-ION INELASTIC SCATTERING 

F. D. Becchetti, D. G. Kovar, B. G. Harvey, J. Mahoney, F. Piihlhofer, M. Zisman, 

B. Mayer, M. Marinescu, J. R. Meriwether, S. W. Cosper, J. D. Sherman, and A. Giorni 

At bombarding energies above the Coulomb 
barrier the forces responsible for inelastic 
transitions consist of a long-range Coulomb 
term and a short-range nuclear term. Since 
the sign and phases of these terms differ, one 
often observes interference effects. 1 Such 
phenomena are expected to be sensitive to the 
details of the nuclear force. 2 In heavy-ion 
inelastic scattering, the Coulomb and nuclear 
forces are comparable and interference effects 
are large. 

A series of experiments using the 16o beam 
from the 88-inch cyclotron has been initiated 
in order to study these effects. Scattered par
ticles were detected and identified using a six
wire proportional counter in the focal plane of 
the magnetic spectrometer (see Sec. IV). The 
energy resolution was betwe~n 10£0 ~nd 300 keV 
(FWHM). A spectrum for 1bo + Pb at 
E L = 104 MeV is shown in Fig. 1. The levels 
reported in (p, p) are also indicated together 

20Bp b ( 160, 160') 

EL=I04 MeV 

OL = 75° 

100 
/T(p,p'): 

3 20 a; 
c: 

(10,8,6,4)+ c: w.u. 0 
.s;;; 
0 

80 -
Q; 5 10 
Q. 

(/) 

"E 
60 0 :::> xl/16 0 

(.) 

40 

20 

0 
,·, .. 

I 

Ex. in 20Bpb (MeV) 

Fig. 1. An 16o spectrum obtained from 16o+ 
208pb at EL = 104 MeV. The counts vs posi
tion spectrum from a single wire of the focal
plane proportional counter is shown. The 
levels in 208pb observed in (p, p 1 ) are indi
cated along with the transition strengths. 3 

(XBL 723-2536) 

20Bpb( 160, 160)20Bpb' 

EL = 104 MeV 

---Coulomb excitation 
--Nuclear 
-- Caul. exc. + nuclear 

3- (2.6 MeV) 

Bc.m.(deg) 

Fig. 2. A comparison of the experimental 
data with DWBA calculations, using nuclear 
and/ or Coulomb excitation form factors. The 
values of j3L deduced are indicated. The 
values given in Ref. 3 are 133 = 0.085 and 
135 = 0.051. (XBL 723-2534) 

with t~e transition strengths in Weisskopf 
units. 

DWBA calculations for 
208

Pb(
16

o •
16

o) 
have been performed using a version of the 
program DWUCK 4 modified to use 140 partial 
waves. The form factor was taken to be the 
sum of the Coulomb excitation term and the 
first derivative of the optical model potential. 
The latter was of a Woods-Saxon form with 
V = -40 MeV, W = -15 MeV, R = 11 fm, and 
a = 0.5 fm and was chosen to fit the elastic 
scattering. The DWBA calculations are shown 
in Fig. 2 together with some preliminary data 



for the 3-- state at 2. 6 MeV and the 5 state 
at 3.2 MeV. It can be seen that interference 
effects play a dominant role, particularly for 
the 3- state. The deformation parameters 
deduced are in reasonable agreement with 
other measurements. 3 
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STUDY OF THE 208Pb(16o, 17o)207pb AND 208Pb(16o, 15N)209Bi 

REACTIONS AT 104 MeV 

D. G. Kovar. F. D. Becchetti, B. G. Harvey, F. Puhlhofer, M. Zisman, J. Mahoney, A Giorni, 
M. Marinescu, B. Mayer, J. Sherman, S. Cosper, and J. Meriwether 

There is at present considerable interest 
in the experimental information that can be 
obtained from the study of heavy-ion induced 
single-nucleon transfer reactions. The re
sults of recent transfer reaction studies1 on 
target nuclei with A:o; 100 have revealed that 
(a) the reactions are selective, populating es
sentially the same states populated in the 
equivalent light projectile reaction, and (b) 
the reactions show a definite Q dependence 
strongly affecting the transfer cross sections. 
While the Q dependence can be understood 
qualitatively in terms of a semiclassical 
model, 2 there remain questions concerning 
the applicability of existing theoretical tech
niques.2, 3 There is evidence, for example, 
that multistep processes may be important. 4 

To further investigate these questi~n§, 
single-nucleon transfer reactions on 0 Pb 
were studied using an 16o beam [E(16o) = 104 
MeV] from the 88- inch cyclotron. The re
action products were momentum-analyzed in 
the uniform field spectrometerS arid detected 
with a six-wire proportional counter described 
in detail elsewhere. 6 The total position spec
trum included a large variety of reaction prod
ucts whose separation and identification were 
made using time- of- flight and dE/ dx informa
tion. Time-of-flight resolutions of 2 to 3o/o 
and dE/dx resolutions of 12 to 15% made pos
sible the clean, if not complete, separation of 
the_ reaction products of interest. 

Fig. 1. The total position spectrum and the 
gated 16o, 1 7o, and 15N spectra obtained at 
65° in the laboratory frg,m the reaction 16o + 
208pb at an energy E(1 0) = 104 MeV. 

(XBL 721-55) 
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Fig. 2. Position~pectrum of the neutron 
pickup reaction 1 0, 17o on 208Pb. The five 
observed "single-hole" states in 207pb are 
labelled. (XBL 721-89) 

In Fig. 1 we show
6

the total posit~on spec
trum and the gated 1 0, 17o. 3nd 1 N spectra 
obtained at 65°. As can bf

6
seen, except for 

some leak-through of the 0 elastic and some 
inelastic peaks, the particle separation is very 
good. Spectra for these reactions were ob
tained in the angular range 40° to 85° in 5° 
steps. Typical energy resolutions of 150 to 
250 keV were observed. 

In the 
17

0 gated spectra (see Fig. 2) we ob
served the population of all the known neutron 
single-hole states in 20 7 Pb with the exception 
of the 2f 7/2 -1 state at 2.34 MeV excitation 
which is expected to be found exactly at the 
position of the 16o leak-through peak. In ad
dition to these states, we observed, as ex
pected, states in the data built on the 0.871 
MeV 17o first excited state. 

In the 15 N spectra (see Fig. 3) we observed 
the population of the six known proton single
particle states. At higher excitation there ex
ists a background resulting either from some 
break-up phenomenon or from the population 
of R- large number of unresolved levels in 
t0'1Bi. Of additional interest in the (16o, 15N) 
reaction is the possibilitY.: of exciting the mem
bers of the well-known [208pb(3-)X h

9
; 2 ] sep

tuplet at about 2. 6-MeV excitation by means 
of a two-step inelastic process. Our results 
give no clear evidence that they are excited. 
However, these states might reasonably be 
expected to be significantly more weakly ex
cited than the single-particle states and hence 
it is of interest to further pursue this question 
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Fig. 3. Position spe~trum of the ;&rotan
stripping reaction (1 0, 15N) on 08pb. The 
six observed "single-particle" states in 209Bi 
are labelled. (XBL 721-91) 

to establish an upper limit for these cross sec
tions. 

The angular distributions are at present 
being extracted and will be analyzed using 
DWBA with finite-range form factors. The 
results may be compared with those obtained 
at sub-Coulomb energies. 7 
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THE Q-VALUE DEPENDENCE OF HEAVY-ION INDUCED TRANSFER REACTIONS 

F_ D. Becchetti * 

In a series of experiments performed at the 
Niels Bohr Institute in Copenhagen, Denmark, 
the Q-value dependence for one- and two
nucleon transfer reactions between 16o ions 
and several target nuclei, 40,;: A,;: 100, has 
been determined. The incident beam energy 
of 60 MeV {lab) corresponds to an energy 15 
to 25 MeV above the Coulomb barrier.1 

One finds that the neutron transfers have 
maximum cross sections when Q"' 0, while 
the one-

6 
and two-proton stripping reactions, 

e. g. {1 0, 15N) and (16o, 1't), peak at Q "='-5 
MeV and Q "'-10 MeV, respectively. These 
results are consistent with those obtained by 
Diamond, et al. 2 

In the theory of sub-Coulomb heavy-ion re
actions3 the Q-value dependence is determined 
by the overlap of the semiclassical orbits of 
the projectiles in the incident and final chan
nels. This overlap can be characterized by 
the diffe.rence in the apsidal distances 

where { 1) 

D. f(e) = ('11- f/k. f)(1 +cosece/2). 
1' 1 t 1, 

Here '11 and k are the Coulomb parameter 
and reduced wave number, respectively, and 
e is the scattering angle. Equation 1 is ex
pectedtobevalidprovided 'r]. f>>k. f>>1 
and L < < £

0 
where L is the \ingulaimomen

tum transfer and £0 is the partial-wave £ 

O,MeV 
-10 -8 -4 0 

Q,MeV 
-12 -8 -4 0 4 8 

N,("O."N) Zr("O. "Nl 

A•64 62 Go sa A'96 92 

l 0.0 ~.·:\~:,. l" r::~~w:,~, .. 
ZO.OI ~ Zo01 

~ ~·\ j (\ ~ QQI ·:~) ~001 L I 

: . = ~~ 
~ 

0001 0 0001'---;-----o---~---'----c,-----1 

.. a, fm .. o,fm 

Fig. 1. The peak cross section for the (
16

o, 
15N) reaction (60 MeV lab) on the Ni and Zr 
isotopes as function of .0-D(e) as defined in 
Eq. 1. ( XBL 721-48) 
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Fig. 2. The peak cross sections for some one
and two-nucleon transfer reactions as a func
tion of .0-D(e). The incident ergrgY. is 60 MeV. 
The notation used is: t1g = ( 0, 15N), -1p = 
(180 , 19F), -in= (ibo, 17o), t 2 p = (16o, 14C), 
t2n = (1 8o, 16o), td = (16o, 14N). Where 
applicable, the experimental cross sections 
have been divided by the shell-model spec
troscopic factors. Transitions are g. s. __..g. s. 
unless otherwise indicated. 

( XBL 721-47) 

value for a grazing collision. The experimen
tal data presented here have '11"' 25, k"' 5, 
0,;: L,;: 5, and Jl, "' 25 so that Eq. (1) should 
be valid providecf the theory is applicable when 
the incident energies are above the barrier. 1 
The maximum overlap of semiclassical orbits 
occurs when3 

.0-D( e) = o 

or (2) 

Q ='= Ei(z3ziz 1z 2 - 1)"' Ei(Z/Z 1), 

where Z 1(z
3

) and z
2

(z
4

) are the projectile 
and target cliarges respectively, in the inci
dent {final) channel, Zt = z 2 - Z1, and Ei is 
the incident c. m. energy. Equation 2 neglects 
terms of the order (L/£0 ). 

In Fig. 1 and 2 we present the experimen
tal data for one- and two-nucleon transfers as 
a function of .0-D{e) as defined in Eq. 1. Also 
shown are DWBA calculations4 for the {16o, 
15N) reaction using a full finite range form 
factor. 5 It can be seen that the experimental 
results are consistent with Eq. 2 and also the 



DWBA calculations. It thus appears that the 
sub-Coulomb theory may be applicable to the 
study of heavy-ion reactions above the barrier. 
Experiments in progress at the 88-inch cyclo
tron6 will provide additional information on 
the Q-value dependence, and in particular, 
test the dependence on bombarding energy pre
dicted by Eq. 2. 

··,,. 
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3He ACTIVATION ANALYSIS FOR S, Cl, K, AND Ca: EXCITATION FUNCTIONS 

D. M. Lee and S. S. Markowitz 

Experimentally determined excitation func
tions are useful for activation analysis and 
radioisotope production. In order to evaluate 
the feasibility of activation analysis or pro
duction of r adionuclide s by using a particular 
nuclear reaction, the excitation function has 
to be known. 

In the present work, the excitation functions 
for 3He nuclear reaction with light elements 
have been extended to the elements sulfur, chlo
rine, potassium, and calcium at incident 3He 
energies from 5 to 20 MeV. The cross sec
~ions of the followin15 nu~le ar reactions: 

2s( 3 He, p) 34mcl, 3 Cl( He, a) 34mcl, 
37

Cl(
3

He, 2p)
38

cl. 
37

Cl(
3

He, 2n)
38

K, 
39K( 3 He, 2a)

34
mcl, 39K(

3
He, a) 

38
K, and 

40 3 38 
Ca( He, ap) K, have been measured. Sam-

ples containing small known amounts of above 
elements were tested for the possible use of 
this method for quantitative determinations. 

Targets were prepared by the separate 
vacuum evaporation of CaF2, KI, Pb Cl2, and 
pure sulfur, for the measurements of the ex
citation functions. For the subsequent analy
yses, samples were synthesized as thin tar
gets or as thick ones. Thin targets were pre
pared either by vacuum evaporation or by set
tling the finely ground powder on a tantalum 
backing-foil from an ether suspension; the 
powder was fixed to the foil with a drop of di
lute polystyrene in dichloroethylene. The 
thick targets were prepared by homogenizing 
a known small amount of material to be an
alyzed, with pure lead powder (approx 200 

mg/cm 2) and then pressing the mixture into a 
thin disk. 

Irradiations were performed at the Berke
ley 88-inch cyclotron. The energy was first 
adjusted to 30 MeV before the 3He impinged 
on the targets, and then a further energy de
gradation was achieved by using aluminum 
degrader foils. The length of bombardments 
varied between 8 to 15 min. and the average 
beam current was about 0.2 f.1A. of 3He. Thin 
targets were irradiated simultaneously at dif
ferent energies by using stacked-foil tech
nique; thick targets were irradiated one at a 
time with a thin standard in the same stack, 
or a thick standard from two :f~ccessive irra-
diations. The decays of the K(7. 7 min), 
38cl (37 min) and 34mcl (32 min) activities 
were followed by measuring the 2.17 MeV and 
2.14 MeV -y-ray with a 30-cm3 Ge(Li) detec
tor coupled to a 1024 multichannel analyzer 
with a magnetic tape unit. The computer pro
gram SAMP01 was used for the numerical 

data analysis of the 2.14- and 2.17-MeV -y-ray 
peak. Data reduction was conveniently per
formed in an interactive on-line mode, em
ploying cathode-ray-tube (CRT) display and 
teletype input and output. 

A summary of experimental cross-section 
data obtained in this work is presented in 
Table I, and the excitation functions for each 
element are shown in Figs. 1 through 4. Re
sults of sample analyses are shown in Table 
II; the average deviation from known values is 
about 5o/o. The cross sections for a particular 
nuclear reaction can be used to estimate the 
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Table I. Cross sections (in mb) for 3
He nuclear reactions on S, Cl, K, and Ca. 

Average 32
8 35Cl 37Cl 37Cl 39K 39K 40Ca 

beam Energy 
3 3 3 3 3 3 3 energy interval ( He, p) ( He,a) ( He, 2p) ( He, 2n) ( He,a) ( He, 2a) ( He,ap) 

(MeV) (MeV) 34mCl 34mCl 38Cl 38K 38K 34mCl 38K 

4.2 4.6-3.8 0.25 
4.6 5.0-4.3 1.1 
5.2 5.6-4.9 3.1 
6.3 6.6-6.1 11.1 
7.5 7.8-7.3 28.4 7.9 0 0.5 6.4 
8.2 8.4-8.1 0.1 3.8 8.2 0.36 
8.7 9.0-8.4 35.2 9.8 0 
8.9 9.2-8.6 10.3 2.8 

10.1 10.3-9.4 34.2 9.1 10.2 5.9 
10.6 10.9-10.4 12.1 13.4 9.3 9.9 
11.2 11.5-11.0 11.6 21.8 12.9 
11.9 12.1-11.6 31.0 
12.4 12.6-12.3 18.4 7.7 0 22.4 
13.8 14.0-13.6 23.1 9.5 48.0 22.8 39.1 
14.8 15.0-14.7 8.5 53.1 23.0 6.9 0.5 50.5 
15.4 15.6-15.3 16.2 7.4 60.5 
15.9 16.0-15.7 7.8 62.2 22.6 
16.2 16.4-16.0 6.3 3.6 62.6 
17.1 17.3-17.0 12.4 7.7 70.0 
18.0 18.1-17.8 10.3 6.7 75.0 20.1 6.1 7.1 72.1 
18.8 19.0-18.6 9.7 
20.0 20.2-19.9 7.2 8.1 77.7 17.2 5.8 8.2 76.6 
22.0 22.1-21.8 6.7 

Table II. Results of 
3 H . . 1 e achvahon ana yses. 

Element 

Sample Element Product (mg[cm2) Dev. from known 

sought nuclide Present Found (%) 

s s 34mCl 0.211 0.205 -2.8 

S + Pb s 34mCl 1.121 1.202 +7.2 

Saran-1 Cl 38Cl 1.204 1.082 -10.0 

Saran-2 Cl 38Cl 0.985 0.902 -8.4 

AgCl Cl 38Cl 0.753 0.802 +6.5 

NaCl-1 Cl 38Cl 0.211 0.207 -1.9 

NaCl-2 Cl 38Cl 1.081 1.025 -5.2 

PbC1
2

+Pb Cl 38Cl 0.101 0.105 +4.0 

KCl Cl 38Cl 1.345 1.306 -2.9 

CaF 
2

-1 Ca 38K 0.540 0.550 +1.8 

CaF 
2

-2 Ca 38K 0.258 0.261 +1.2 

CaF
2

-3 Ca 38K 0.130 0.135 +3.8 

Av. dev. ::t 5o/o 
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Fig. 1. Excitation function for the reaction 
32s (3He, p)34mcl. (:X:BL 723-2 524) 

Table III. Percent 
38

K activity produced 
from K, Cl, and Ca. 

3
He beam energy 

From elementsa 

(MeV) K Cl Ca 

8 90 9 1 

10 51 16 33 

15 10 10 80 

20 7 5 88 

aEqual weight of natural elements in a thin 
sample. 
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Fig. 2. Excitation functions for reactions 
3He + Cl. 
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3
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38
K 

e 35Cl(3He,a)34mCl. 

(XBL 723-2525) 

sensitivity of the method. The detailed math
ematical and statistical treatment has been 
discussed by Currie. 2 Applying Currie 1s 
"working expression" for an interference
free Ca determination by activation with 20-
MeV 3He, (1 fJA current, 8-min irradiation 
time, starting count immediately after ir r adi
ation for 8 min and with a counting efficiency 
about 1o/o) we estimate the determination limit 
to be about 0.015 ~g. 

Relative activities for formation of the 
same reaction- product nuclide by more than 
one element are shown in Tables III and IV. 
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Table IV. Percent 
34

mCl activity produced 
from Cl, S, and K. 

3
He beam energy 

From elementsa 

(MeV} Cl s K 

8 16 84 0 

10 19 81 0 

15 24 73 3 

20 30 36 34 

aEqual weight of natural elements in a thin 
sample. 

Chlorine can be determined unambiguously by 
detection of 38cl from 37cl (3He, 2p) 38cl 
reaction, because no other element will pro-
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duce 38cl under our conditions. However, 
for the determinations of Ca, K, and S, the 
interfering activities can not be completely 
eliminated. It is possible to minimize these 
interferences by the adjustment of bombard
ing energies. The extent of interference can 
be asses sed also by knowning the ratio of pro
duction from the interfering element if it also 
produces a no the r detectable activity in the 
same sample. For example, to determine 
Cain the presence of K and Cl at 20-MeV 3He 
bombarding energy, the 38K activity produced 
from K and Cl can be estimated by the activity 
of 34mcl and 3 Bel. 

The method can be applied successfully for 
determining Cl non-destructively with relative 
few interferences. In the case of samples 
containing low concentrations of K and Cl, the 
determination of Ca is also possible. 
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E 
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+
u 
Q) 
<Jl 

<Jl 
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0 .... 
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This research extends the applicability of 

I02 r-~~--~-r~r-.-~--.--.-,--, 

16 1.L--L--L-~~--~~~~_L--L-~~ 
0 4 

3He beam energy 

Fig. 4. Excitation function for the reaction 
40ca (3He,ap)38K. 

(xBL 723-2527) 



3 He activation analysis to elements not yet 
published in the literature. 

HZ 
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ENHANCEMENT OF DIRECT PROCESSES IN HEAVY-ION REACTIONS 

AT HIGH ANGULAR MOMENTA 

F. G. Puhlhofer* and R. M. Diamond 

6 
Direct~rocesses in reactions induced by 

1 0 and Z Ne on Z7 Al have been studied in the 
energy range from about 4 to 10 MeV/nucleon. 
Heavy-ion reactions at these energies are char
acterized by angular momenta between the in
teracting nuclei which may exceed the upper 
limit J cr of the angular momentum of a com
pound nucleus. 1 J cr indicates the angular 
momentum at which the fission barrier of the 
compound nucleus vanishes or becomes so 
small that its lifetime is comparable to the 
time typical for direct reactions. Therefore, 
compound-nuclear processes become more 
and more unlikely at higher bombarding energy. 
This has been shown experimentally for the re
actions mentioned. Z As a further consequence, 
one expects a corresponding increase of the 
cross sections for direct reactions, since the 
total reaction cross section is known to be ap
proximately constant at energies far above the 
Coulomb barrier. 3 

The experiments were performed with 16o 
and ZONe beams from the Hilac. Excitation 
functions were measured in large energy steps 
by observing "Y rays from the residual nuclei 
in-beam and out-of-beam with Ge(Li) counters. 
Information about the momentum transferred 
in a particular reaction, and thus about the re
action mechanism was obtained from the 
Doppler effect and from measuring "Y intensi
ties as a function of target thickness. The ex
perimental method turned out to be very effec
tive, allowing the observation of many reac
tion products in a relatively short bombard
ment time. 

A survey of all reaction products identified 
in the ZONe experiment is given in Fig. 1. The 
lines of nuclei with masses A~ 3Z are most 
intense at the lower bombarding energies. 
Their excitation functions and the recoil mea
surements show that they are formed in com
pound- nucleus reactions. At high bombarding 
energies (10 MeV/nucleon), the spectra are 
characterized by lines from nuclei with mass 
numbers between 18 and Z8. Except for 23Na, 
these nuclei are produced in reactions with 
small momentum transfer, i.e., in direct re-

R eaction products 
23 

in 'oNe on 27AI 22 

21 - 42Sc 4'sc 44Sc 

20 rca 3
Ca 44Co 

19 ~OK -

z IS "l\, 

1 
17 - 34

CI 
36

c1 - -

16 -
21 22 23 24 

15 - 32p 
20 

14 - '%; 
19 

13 - - ''h, ''A, 
18 

12 - - '"'Mg 'Mg -
17 

II - - 2
Na 

3
Na 

4
Na -

16 

'1--Je 21Ne -
15 

10 

- IBF 19F - -
14 

- -N 13 
-

12 
8 9 10 II 

Fig. 1. Reaction R_roducts identified in the ex
periment with the -zONe beam. Projectile, 
target, and compound nucleus are indicated by 
dark squares. A minus sign indicates that a 
nucleus has not been observed, although it 
should be detectable in this experiment. 

(XBL 7110-453Z) 

actions. They have no appreciable recoil if 
they originate from the target nucleus, as for 
example Z6Al. Or, if they come from the pro
jectile, they have its full velocity, thereby 
producing a strongly Doppler broadened line 
in the "Y spectrum. This is the case with Z1Ne, 
which is mostly formed in a neutron pickup in 
the ZONe bombardment. The distribution of 
the reaction products also gives some hints as 
to the type of direct reactions occurring at 
high energies. Simplenucleon-transfer reac
tions seem to have the highest probability. 
Fragmentation processes are the most likely 
explanation for the observation of nuclei like 
19F or 18F made from the target. 

In Fig. Z are given the excitation functions 
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Fig. Z. Excitation functions measured for 
ZONe on Z7Al. The arrows labeled CN indicate 
the calculated threshold for compound-nucleus 
reactions. Error bars include only statistics 
and errors due to background subtraction. 

{XBL 711Z- 4876) 

for 'I rays from nuclei produced in the reactic< 
ZONe on Z7Al. The results for nuclei with 
masses larger than Z8 are typical for com
pound-nucleus reactions. Observed thresholds 
and maxima are in agreement with simple cal
culations. The excitation functions for the nu
clei in the mass region A = 18 to Z8 (except 
Z3Na and Z6Al) show a shape similar to each 
other, but different from those of the heavier 
products. A typical example is given by the 
broad component of the 351-keV line of Z1Ne. 
The excitation function shows a threshold at 
about 100-MeV beam energy. This is about 
50 MeV below the threshold for compound
nucleus reactions involving emission of nucle
ons and a particles leading to the same nucleus. 

The cross sections for direct reactions, ex
emplified by the excitation function for the neu
tron pick-up reaction leading to Z1Ne, do show 
the expected behavior, namely a strong in
crease by factors of 5 to 10 or more compared 
with the values below the threshold observed 
at about 100-Me V beam energy (for ZONe). 
This threshold indicates the point where the 
angular momenta for surface collisions begin 
to exceed the critical angular momentum, Jcr• 
of the compound nucleus. Thus, above 100 
MeV, partial waves with angular momenta 
smaller than those for surface collisions be-

2 
c:: ... 
0 
..c 

b 

0 
0 100 200 

Elob (MeV) 

Fig. 3. Energy dependence of the reaction 
cross section, aR and of the total compound
nucleus cross section, acN• for ZONe on Z7Al 
according to the sharp-cutoff model described 
in the text. The curve parameter is Lcr• the 
upper limit of the angular momentum of the 
compound nucleus. The data points for acN 
are from Ref. Z. (XBL 711Z-4874) 

come increasingly available for direct reac
tions rather than leading to fusion. This con
cept is formulated more quantitatively by means 
of a sharp-cutoff model (see Fig. 3). Here, the 
reaction cross section, aR, is calculated as
suming that all collisions in which the two nu
clei come within the range of the nuclear 
forces lead to a reaction. The total compound
nucleus cross section, acN• follows from the 
assumption that all partial waves with an angu
lar momentum smaller than Lcr "" J cr lead to 
compound-nucleus formation. Figure 3 shows 
that the measured fusion cross sectionsz are 
consistent with Lcr"" 30 1'1. The excitation 
functions for direct reactions are to be identi
fied with the difference aR = acN and should 
therefore show an exactly complementary be
havior. Our results (the threshold being at 
about 100 MeV) indicate a slightly higher limit 
(Lcr = 351'1 ). The discrepancy may be attrib
uted to the fact that compound- nucleus forma
tion follwed by fission has not been included in 
the cross section of Ref. Z. 
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ISOSPIN PROPERTIES OF THE GIANT DIPOLE RESONANCE 

J. D. Vergados 

The study of the giant dipole resonance 
(GDR) is a very interesting problem of nu
clear structure. In particular, a microscopic 
description of the DGR, using realistic inter
actions, has become an attractive application 
of the shell model since the advancement of 
computer technology made it easier to use rel
atively complex Hilbert spaces. Furthermore, 
the effort in this direction has been motivated 
by the fact that many experimental techniques 
have become available for the study of the GDR 
[e. g., (p, y) excitation functions]. 

The excitation energy of the GDR and the 
relevant- sum rules have already been under
stood in terms of the configuration mixing of. 
the shell model. Recently the efforts have 
been centered on trying to understand the frag
mentation of the GDR. The most consistent 
explanation of this fragmentation can be given 
in terms of the isospin quantum number (T), 
which retains its significance even in heavy 
nuclei. 

If the ground state of the nucleus is charac
terized by isospin T = Tz = i/2 (N-Z), then, 
since the dipole operator is essentially an iso
vector, the GDR is expected to split into two 
components with isospins T and T + i (in the 
case of N = Z nuclei, i.e., T = 0, only the T + i 
component appears). In a simple-minded pic
ture 1 one expects the energy splitting to be 

C.E = E (T +1)- E(T) = (Vi)eff (T +1)/ A, ( i) 

where (Vi) f"" 3/5 Vi· Vi is the strength of 
the Lane pb{ential (~iOO MeV) and is related to 
the symmetry energy U via the relationship 
U =Vi T/ A. The dipole strength d is distrib
uted between the two isospin components as 
follows: 

(2) 

Equations ( i) and (2) provide a definite iso
spin dependence. They predict that for N=Z 
nuclei, only the T + i component is pre sent, 
while for N- Z large (e.g., Pb region), the 
T + i component of the GDR almost disappears. 
In the intermediate cases both isospin compo
nents are present and fragmentation is ex
pected. The above predictions should be 
checked by detailed shell-model calculation 
and experiment. However, since the excita
tion function shows fine structure and theoret
ically the dipole strength is shared by many 
eigenstates, some kind of averaging has to be 

devised. We have chosen to define 
E=Z:E.r./z:r., where r. is the radiative 
width of tlie sta\e i with erlergy Ei. 

For nuclei in Sr region (T"" 6), we have al
ready performed such calculations which have 
been published. 2 So we will not elaborate here 
except to state that they confirm the above pre
dictions. The results are summarized in 
Table I. 

For nuclei in the Pb region, such calcula
tions are in progress, but the final results are 
not yet available. We intend to perform these 
calculations after the spurious motion has been 
rigorously removed. 

Therefore, we will discuss, in detail, cal
culations3 of nuclei with N- Z = 2 (T = i),for 
which the strength is expected to be fragmented 
more or less evenly between the two isospin 
components. In particular, we will focus our 
attention on 42ca since this is a case where 
sufficient experimental information has be
come available. 

For the initial (dipole) states, our she 11-
model space was allowed to include 2- particle 
~2p) and 3-parti_c}e--i-3-.ple (3p- ih) excitations 
1n any of the Od 5 ;_2 , isi/2 , O.clj"t2, Of7 ; 2 • i13;2 • 
Of5 ; 2 , ip i/J, ana Og

9
l 2 orb1t~'rs. Th'e unper

turbed singre-particle energies of -13.36, -9.66, 
-7.26, 0, 2.i0, 6.00, 4.i0, and 4.98 MeV, re
spectively, for both neutrons and protons were 
taken essentially from experiment. For the 
final states, we restricted ourselves to the 2p 
positive- parity states. The resulting matrices 
were i82 Xi82 and 2i6X2i6 for the T=2 and 
T = i dipole states, respectively. 

The Kuo- Brown realistic effective interac
tion {bare matrix elements) was used, and the 
isospin- breaking Coulomb interaction was 
neglec~d. The calcul~ion predicts (Figs. i 
and 2) ~ = i 7. 0 MeV, E T +1 = i 9. 6 MeV, 
Vi = 52.5 MeV, yhi_ch is in good a_greement 
with experiment (EJr = 17.4 MeV, ElrH = 20.4 
MeV, Vi= 60 MeV) and the above simple model 
(see Table I). The calculation also shows that 
there is no appreciable dipole-quadrupole cc;m
pling, at leas~ if the effects of deformation can 
be neglected. 

As a further example, we considered the 
case of 42sc, which is characterized by T = 1, 
T 2 =0. Then the dipole states are character
izedbyisospinsT-i, T, andT+1. However, 
the T- T isovector dipole transition is strictly 
forbidden (the Clebsch-Gordon coefficient 
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Table I. Summary of calculations. 

BE1 BE1 A 
Nucleus BE1(T<) T> T> BE1(T) 1 _!_ll+rHf ET ET v 2 (eff) BE1 NZ 

T 0'1 < > 
E ~ 7.5 MeV 

e
2
fm 

2 
e

2
fm

2 BE 1(!'<) T bT (MeV) (MeV) (MeV) ------
88Sr 2.77 31.8 2. 76 0.087 0.167 0.450 0.086 15.67 19.47 48 1.60 

90zr 2.94 32.9 3. 78 0.114 0.200 0.373 0.117 15.18 19.66 67 1.65 

89y 5. 59 27.5 3.16 0.115 0.182 0.410 0.100 16.40 19.74 46 1.40 

42Ca 1. 35 8.25 6.54 0. 793 1.000 0.124 0. 779 17.90 20.74 53 1.42 

Experimentally (Carlos and Bergere): 

s dE I s dE =0.12±0.02 for 88Sr and 90 zr. aT E aT """""E 
> < 

~ 3965 
42ca ( ,--o·l 

3 ·······T; =T> =2 
--T; = T< =I 

~2 
-"' 

~ 

ll 
I 

05 
l ·~ i i 

10 15 20 25 30 
Ex- MeV 

Fig. 1. Dipoletransitions42ca(1--0+). Only 
widths r-y ~ 0.2 keV are presented. 

(XBL 7112-4867) 

<TO 10 ITO> vanishes). Therefore, the GDR 
now splits into two components which differ by 
two units of isospin, but the separation energy 
should be approximately twice the separation 
energy predicted by the effective symmetry 
energy. 

The calculated total oscillator strength 
(14.88 e2 fm2) compares well with that of 
42ca(14. 79 ez fm 2). We also find dT+J.: 
dT-1 = 1.41 which is in excellent agreement 
with the above simple model (dTH: dT-1 
= 1.40). However, the T = 0 strength is frag
mented all over the place (Figs. 3 and 4). We 

get E(T + 1) = 20.5 MeV and E(T- 1) = 18.8 
MeV, which yields b.E = 1. 7 MeV instead of 
the expected 3.7 MeV. However, if we used 
the BE1 strength, rather than the width, as 
weight is computing the average energy, we 
get b.E = 5.6 MeV. The separation energy 
seems to be a sensitive function of the averag
ing method, especially when the strength is 
fragmented. Unfortunately, there are no ex
perimental results here to compare the calcu
lation with. 

Since nuclei with T /: T z will provide a fur
ther test for the isospin properties of the GDR, 
we plan to investigate another such nucleus 
(e. g. 14N). Hopefully, the strength will be 

42 Ca ( 1·-2•l 

······T; = T>= 2 
--T; =T<= I 

Ex- MeV 

3700 

Fig. 2. Dipole transitions 42ca(1- .... 2+). Only 
widths r"Y ~0.2 keV are shown. 

(XBL 7112-4868) 
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Fig. 3. Dipole transitions 42Sc{1-- 0+). Only 
widths r'{ ~0.2 keV are shown. 
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more concentrated, and the ambiguities of the 
averaging will not come in. 
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RADIATIVE 1r- ABSORPTION IN NUCLEI 

J. D. Vergados 

The absorption of a 1T from an atomic orbit 
by the nucleus can serve as a very good probe 
for the study of the nucleus: First, because 
the pion wavelength { 1. 7 fm) is smaller than 
the nucleon wavelength, i.e., of the order of 
the range of nuclear forces. This means that 
a precise knowledge of the rr-N interaction is 
less necessary than that of the N-N interaction. 
Second, because the captured pion is in a 
bound orbit around the nucleus. So one over
comes some of the problems associated with 
the continuum states involved in nuclear re
actions. 

Once a pion is absorbed, because of the 
tremendous energy which is released (roughly 
equal to the pion mass, i.e."' 140 MeV) there 
are many channels which open up. Mostly, we 
have emission of neutrons and'{ rays. How
ever, it has been observed1 that about Zo/o of 
the time, the pion capture is followed by emis
sion of high-energy'{ rays, i.e., 

So, superimposed on the continuum spec-

trurz one sees very-well-resolved spikes; e. g. 
in 1 C peaks are observed at Ey = 124.7, 120.3, 
and 117.0 MeV. These correspondtotransi
tions in which the residual nucleus is left in 
the 1+ (ground), 2- (Ex= 4.46 MeV), and 
1- {Ex= 7.85 MeV) states, respectively. It is 
interesting that the final 1-- and 2- -states are 
parents of the highly collective states in 12c 
seen via a number of other reactions. 

Two questions must be answered: Why the 
radiative rr- absorption proceeds with so high 
a probability (2o/0 )? Why the nucleus prefers 
to go only to a specific number of states, at 
least at the high-energy portion of they- spec
trum? Furthermore, it is interesting to com
pute the capture rates to a number of final 
states and compare them with experiment. 

In order to answer these questions, one 
must "tackle" the following problems: 

(a) The pion wave function must be known 
accurately. Hydrogenic wave functions will 
not be accurate enough because of distortions 
arising both from the Coulomb and strong in
teractions. The pion comes very close to the 



nucleus, compared with the electron. So the 
nucleus cannot be treated as a point charge. 
Furthermore, it falls within the range of 
strong interactions, and its interaction with 
the nucleons must be taken into account. For 
this part of the problem, we rely on the collab
oration of the atomic and nuclear physicist. 

(b) The interaction responsible for this 
transition must be known. In constructing the 
effectize interaction, we follow the well-known 
CGLN prescription, which derives the effec
tive interaction for the inverse process (pion 
photoproduction). The nonrelativistic limit of 
this Hamiltonian yields the following operator: 

where 

+ iD q . (k >< ~)] ' 

__,. 
ai is the spin of the gh nucleon 
__,. 
q is the pion momentum 

k, E are the momentum and polarization 
of the produced photon. 
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The coefficients A, B, C, D at zero momentum, 
are chosen to be: 

A -2 -0.032 M,. , B 

c -2 -0.037 M , D ,. 

-2 
0.0075 M,. , 

-0.037 M- 2 . ,. 
The effective Hamiltonian to be sandwiched be
tween the nuclear states is 

A 

Heff I e 

i = 1 

"fP:ere e~p[ -ik -"7d is a retardation factor and 
fA. o (r.) y o (r.) is the pion wave function 

0 1 f,J{j 1 

y>--o (r.) is a spherical harmonic of rank A.0 ]. 
J.lo 1 

We have made use of the impulse approx
imation. Furthermore, inside the nucleus, we 
might have to consider renormalization effects, 

i.e., the constants A, B, C, D may have to be 
modified. 

(c) Since the radiative,. absorption is a 
collective effect, the nuclear wave functions 
for the A(N, Z) and A':'(N + 1, Z- 1) systems 
must be computed as accurately as possible. 
We have set up the computer programs which 
are going to compute these wave functions by 
diagonalizing fairly large shell-model matri
ces. So, configuration-mixing effects will be 
taken into account using realistic two-body 
interactions. The techniques of the calculation, 
coefficients of fractional parentage and Racah 
Algebra are well-known and will not be dis
cussed here, nor will the formulas that yield 
the single-particle reduced-matrix elements, 
which are rather involved. Special care must 
be taken to guarantee that the transverse polar
ization of the photon is included. If the axis of 
quantization is in the k- direction, then ~Z = 0. 

This restriction makes the formulas somewhat 
more complicated. 

The pion-capture rate (in natural units) is 
given by 

2 

I (Jj}''\ I He ff 11a ~) I · 

The formalism has completely been worked out 
but only tentative results are available for the 
reaction: 

- 6 6 ,. + Li __,. '{ + He. 
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MICROSCOPIC CALCULATIONS OF QUASI-ROTATIONAL STATES 

C. W. Ma and C. F. Tsang 

During the past few years, one of the most 
exciting phenomena in the deformed regions of 
nuclei is the experimental discovery of the 
quasi-rotational energy patterns which strongly 

deviate from the simple I(I + 1) rotational spec
trum. A variety of models directed to under
standing this problem have been suggested and 
are often capable of giving a good fit to the ex-
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perimental spectrum. Among these, the em
pirical variable-moment-of-inertia model1 
(or the mathematically equivalent Harris' 
fourth-order cranking model2) probably stands 
out as the most popular one, which was found 
recently to have a very wide range of validity 
for the yrast states. In the V:MI model, the 
energy of a state with spin I is given as 

E = _!. C(J -J )2 + I(IH) ( 1) 
I 2 I 0 2JI 

subjected to the minimization condition 

(2) 

The two parameters C and Jo are obtained by 
a least-square fit to the experimental data. 

We are currently performing detailed mi
croscopic calculations on the quasi-rotational 
states. Specifically, we calculate the moment
of-inertia, Jo, and the force constant, C, as
sociated with the V:MI model. The former can 
be calculated by the well-known second-order 
cranking formula, while the latter can be ex
pressed as3 

(3) 

where {Xi} stand for the "vibrational" modes 
leading to the deviation from the I(I + 1) rule. 
The present calculation takes into account the 
symmetric quadrupole (E) and hexadecapole 
( €4) centrifugal stretching, the proton ( Vn) 
and neutron (vp) Coriolis-anti-pairing and the 

fourth-order cranking 2 (TJ) effects: 

% = c:, (: :~)'+ c~4 (: :~' + ~ (',:~' 
p 

+ c1 G:~o)2 + c1 (::o)2 
vn n T] \ 

Calculations on nuclei in the actinide region, 
the rare-earth region and the neutron-rich re
gion (A"' 110), based on the new Nilsson wave 
function, 4 are under way. 

Preliminary results show that the calcu
lated moment-of-inertia of the ground state, 
J 0, in the rare-earth and actinide regions can 
be over-all reproduced, provided the pairing 
strength is chosen as Go= 18.0 MeV and G1 = 
7.4 MeV. This pairing force will give odd- . 
even mass differences which are systematic_.fr.
ally smaller than the empirical values. It 
may be argued that effects other than pairing 
force may also contribute to the empirical 
odd-even mass difference. In particular, the 
kinetic energy contribution of 22/ A MeV (due 
to the simple fact that there are two particles 
per level) appear to be able to account for the 
discrepancy. 
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CORIOLIS EFFECTS IN THE YRAST STATES 

F. S. Stephens and R. S. Simon 

For a given angular momentum, the state 
of lowest energy in a nucleus is called the 
yrast state. For angular momenta lower than 
about 1011, these states are reasonably well 
known and understood in most nuclei, but there 
is much less information about yrast states of 
considerably higher angular momentum. Re
cently, however, evidence f. 2 has been accu
mulating for a major change in the nature of 
the yrast levels in some deformed rare-earth 
nuclei somewhat below I = 20, and further
more, at higher spin values a new very reg-

ular structure seems to develop. 1 If we con
fine ourselves to rotational nuclei, both be
cause most of the above data relate to this 
type and because they are considerablyeasier 
to understand, then it seems reasonably clear 
that the primary new features at high angular 
momentum are the presence of strong centri
fugal and Coriolis forces. There is exper
iment.f.l evidence3 that in good rotors, such 
as 15 Sm, the centrifugal stretching up to 
spin 8 is very small, if it occurs at all. Al
though the stretching may well be appreciable 
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for larger spins, it seems unlikely to cause 
the major effects described above. On the 
other hand, any simple estimate indicates that 
the Coriolis effects can be very large, and 
furthermore, they are known to be involved in 
determining the yrast levels at rather low 
spins (I"' 10) in some odd-mass rare-earth 
isotopes. 4 We have therefore attempted to 
evaluate the direct effects of the Coriolis force 
on the nuclear levels. By direct effects we 
mean those that result from the diagonaliza
tion of the Coriolis interaction among a given 
set of levels. This simple procedure does not 
take into account changes due to other types of 
interaction (centrifugal stretching, for example) 
nor more subtle effects of the Corio!;is force, 
itself (the Mottelson- Valatin effect, for ex-

. ample). Thus, while we cannot expect all the 
changes occuring in nuclei at high spins to be 
direct Coriolis effects, we can expect such ef
fects to provide a background which is occur
ing and against which other changes ~ight be 
identified. This work represents an attempt 
to understand this background; and a more 
complebe report of it has been given else
where. 

In order to calculate the direct Coriolis ef
fects in deformed even-even nuclei, we must 
decide which states to include in the calcula
tion and which to omit. Fortunately, it turns 
out to be rather straightforward to select the 
important states; namely, the ones that lie low 
in energy and have large Coriolis interactions. 
As far as the energy is concerned, one can 
say that the 2 quasiparticle (2qp) states lie 
lowest--after the ground band (Oqp)--then the 
4qp states, etc., and apart from this it de
pends on the exact location of the fermi sur
face. The requirement for large Coriolis 
interactions is much more specific. It is well 
known that these effects are much the largest 
in the unique-parity high-j orbital within 
each shell. In the rare-earth region these 
shells would be the i13j2 for neutrons and the 
h11/2 for protons. Due to the fact that it is 
less- completely filled, the i 13; 2 orbital turns 
out to be considerably more important than 
theh11/2 in the rare-earth region. This sug
gests that it might be reasonable to consider 
the Coriolis effects among the states from the 
i13j2 orbital explicitly, and to assume that the 
other states form an inert core that only ro
tates. This is the model we have chosen to 
explore and we have made rather extensive 
calculations involving up to 4 quasi particles 
in the i13j2 orbital. 

The results of these calculations %ave been 
discussed in some detail elsewhere; so that 
here we will only give a brief summary. We 
find that at moderately high values of the spin 
(IS: 10) a pair of i13/2 particles tend to de
couple from the core and align their angular 

momenta, 2j- 1, with the rotational angular 
momentum of the core. This state, whether 
or not fully decoupled, lies very. low in the 2 
quasiparticle spectrum and generally inter
sects the rising ground state band somewhere 
between I= 10 and 20. Thus, our calculations 
suggest that the lowe st-1 ying band changes 
character rather abruptly in this region to one 
where two particles-i13j2 particles in the be
ginning of the rare-earth deformed region-are 
(or tend to be) decoupled from the core. If the 
Coriolis matrix elements are somewhat re
duced over the a priori estimate, this picture 
fits rather well the experimental data on rota
tional spacings 2 and feeding following (:E-ll, xn) 
reactions. 1 This method for carrying angular 
momentum with the minimum expenditure of 
energy combines that used by the deformed 
nuclei for lower spin values, rotation, with 
that used by the near-closed-shell nuclei, 
aligning high- j particles, and suggests that at 
least in some cases the combination is more 
efficient than either one separately. 

Our calculations ignore any other significant 
changes that may be occurring in the nucleus 
as the angular momentum increases. It does 
not seem so likely that such other changes will 
totally prevent or submerge the tendencies of 
the Coriolis interaction, but they may certainly 
interrupt, delay or temporarily overshadow 
them. The Mottelson- Valatin effect5 might 
represent an example of such a change. Thi,s 
is the phase transition caused by the Coriolis 
force from the state with pairing correlations 
to the one without, and is expected to occur 
rather suddenly at around I = 20. This effect 
is not the same as the decoupling that we are 
discussing, though both are related in that they 
have a common cause--the Coriolis force. In 
fact, the Mottelson- Valatin effect has also been 
suggested2 as a possible cause of the observed 
change in the yrast levels around I = 20. If 
this is true then the decoupling which we have 
discussed would have to occur at still higher 
angular momentum. It is an interesting and 
challenging problem to try to determine 
whether the experimentally observed changes 
are due to de coupling, the Mottelson- Valatin 
effect, some combination of these two, or 
some other cause. 
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TEMPERATURE-DEPENDENT THOMAS-FERMI CALCULATION OF 

NUCLEAR PROPERTIES 

.. * 
W. A. Kupper 

The temperature dependence of nuclear 
properties can be investigated in the Thomas
Fermi approximation,using the expression for 
the free energy which is a simple extension of 
the zero-temperature ground state energy. It 
has been shown1 that one can formulate a gen
eralized T and chemical potential f.l• in which 
the free energy is required to be stationary 
with respect to variations in the density, sub
ject to the condition that the total number of 
particles remains constant. 

The momentum-dependent phenomenolog
ical two- body interaction V(r 12• P12) used in 
this work is that of Seyler and Blanchard2 with 
coefficients chosen to roughly reproduce known 
nuclear properties.3 Only symmetric nuclear 
systems (neutron and proton densities equal) 
that may be thought of as consisting of only one 
component are considered here. 

The free energy can then be written 

t ~ sd.E_1 ~ sd.P1 [P(E_1•l\)£np(E_1,_!'1) (1) 
(2TT) • 

+ (1-p(E_1'E1)) £n(1-p(E_1.£'1)], 

where 

is the potential energy of a nucleon with mo
mentum P 1 located at E-1• and 

(3) 

+ 1 

is the distribution function, which determines 
the density p(E_ 1) and the particle number A: 

A = s dE_ p(E_) =\dE_ ~ sdP p(E_, J:?). (4) 
' (2TT) 

Relative density, PI p
0 

Fig. 1. The free energy per particle F/A as 
a function of the normalized density Pn for 
various temperatures. The locus of the sta
tionary points- solid line for minima, dashed 
line for maxima-is shown in the same figure. 

( XBL 723-2 561) 
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Fig. 2. The equilibrium density for nuclear 
matter as a function of temperature. The 
solid line represents minima, the dashed line 
maxima ofF/ A. Tc = 13.15 MeV is the crit
ical temperature. 
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Nuclear Matter. The equilibrium density 
of nuclear matter is found by minimizing the 
free energy per particle. Figure 1 shows F/A 
for several temperatures as a function of the 
normalized density Pn = o/o0 , where Po is the 
density of nuclear matter at zero temperature. 
The locus of the stationary points is given in 
the same figure. In Fig. 2, this locus is plot
ted against the temperature. With increasing 
temperature, the density of nuclear matter de
creases. Beyond the critical temperature 
T c = 13.15 MeV, no stable solution exists ex
cept the trivial one at zero density. 

Finite Nuclei. Figure 3 shows the density 
distribution of a symmetric nucleus (N =Z =100) 
without Coulomb energy as a function of the 
radial distance. For an infinitely large nu
cleus, the central density would be that of nu
clear matter. For large, but finite nuclei,the 
surface tension squeezes the central region, 
and the central density is increased above that 
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Fig. 3. Density distribution of a symmetric 
nucleus (N = Z) without Coulomb energy as a 
function of the radial distance for various 
temperatures (in MeV). 

( XBL 723-2 560) 

of nuclear matter at the same temperature. 
The central density, as a function of temper
ature, shows the same characteristic behavior 
as the density of nuclear matter. At finite 
temperature, the solution consists of the orig
inal nucleus in equilibrium with a vapor whose 
density is characteristic of the temperature 
and nucleus being considered. With increasing 
temperature, the surface of the nucleus be
comes more diffuse, and the characteristic 
radii of the nucleus, such as the mean-square 
radius, increase. 
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THEORY OF NUCLEAR MAGNETIC RESONANCE DETECTED BY 

NUCLEAR RADIATIONS* 

E. Matthias,t B. Olsen,* D. A. Shirley, J. E. Templeton,§ and R. M. Steffen11 

A comprehensive theoretical description was 
given for the effects of magnetic resonance on 
the angular distribution of radiation emitted 
from oriented nuclear states. The formulation 
was made in a general way. It may be applied 
to an ensemble of nuclei oriented by any meth
od: For example, nuclear reactions, angular 
correlations, and low-temperature nuclear 
orientation may be treated. In fact, the theory 

can also be applied to optical-double-resonance 
experiments. Statistical tensors, designed to 
describe nuclear orientation in the 11 resonant' 1 

state, are defined by the equation 

A. \ I+m' I J IT pq(O)-; =4n(-1) (I-m'Im A.q)(Im'p(O)fLm), 

( 1) 
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Fig. 2. Transformation from the laboratory 
frameS into the rotating frame S 1(t). 
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z' 
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x' 
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z"=z"' 

x" 

( b) s''- s "' 

Fig. 3. Transformations (a) from the S' 
frame into the S" frame, with He as the z" 
axis, and (b) into S 111 , a second rotating fr arne. 
The S" __. S"' transformation transforms He 
to zero in the S'" frame. (XBL 711-2663) 

where (hn'lp{O) ~m) is an element of the den
sity matrix for the resonant state at time t = 0, 
and (I-m 1Im lt..q) is a Clebsch-Gordan coeffi
cient. The problem at hand is to solve explic
itly for the time-dependent angular distribution 
of radiation fr~m a resonant state perturbed by 
a static field Ho, taken along the z axis, and 
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an oscillatory field H1, taken along the x axis. 
The nuclei are initially oriented in an arbitrary 
direction k1 and the detector is in an arbitrary 
direction k2, as shown in Fig. 1. 

The central problem in calculating the in
fluence of an extranuclear perturbation on an
gular distributions or correlations is the com
putation of the time evolution of the density 
matrix p(t) from a given initial state p(O) for a 
specific perturbation Hamiltonian JC: 

JC 
p(O) - p(t). 

The time evolution of a density operator is 
given by the von Neumann equation 

i1l p = [JC. p] = JCp- pJC. (2) 

The operators p and JC must be defined in the 
same reference frame. 

Solutions of Eq. (2) are found by introducing 
the tim.e-evolution operator A(t), which repre
sents a time-dependent unitary transformation 
of the density matrix p: 

p(t) = A(t) p(O) A(t +)., (3) 

The density matrix p(t) is a solution of Eq. (2) 
if A(t) satisfies the Schrodinger equation 

8 tjt> =- ~ JC(t)A(t). (4) 

,If the operator JC does not contain the time 
t explicitly or if a reference frame can be 
found such that JC does not de pend on t, the 
solution of Eq. (4) is 

A(t) = exp(-iJCt/1'1), (5} 

and p(t) has the simple form 

p(t) = exp(-iJCt/1l}p(O) exp(+i:;ct/1'1. (6) 

Although JC is time dependent in the lab
oratory frame S, a series of three rotational 
transformations into the rotating frame s•. 
the tipped frame S", and the doubly rotating 
frame S 111 , defined by Figs. 2 and 3, yield 
a time-independent Hamiltonian. The trans
formations can be written in terms of the D 
matrices as 

This may be compared to the general expres
sion for a time-dependent statistical tensor 

p_};,(t)-+ = \ G~~(t) __.. p A.(O}-->-, 
q z 6 1\.f\ z q z 

A.,q 

where we have introduced the perturbation co
efficient 

qg \ 2I+m'+m' - -I'\- I 
Gn(t)-; = 1_., (-1) - (I-m'lm 1 A.q) (I-m1Im A.q) 

m•,rn 

X (m \A(t) \r1 (m' \A(t)\ m' ). ( 8) 

The angular distribution of radiation is given 
by 

where the orientation parameters are defined 
by 

(10} 

and the response functions are related to the 
perturbation coefficients by 

Response functions for tensor rank A.= 1 are 
given in Table I for several important geomet
ries. 

Another approach to the theory of radiative 
detection can be made by generalizing the 
torque equation, familiar from NMR theory, 

dM - -dt = '( MXH; ( 12) 

where M is the magnetization. This leads to 
the generalized torque equation 

( 13) 

which governs the time-evolution of the sym
metry axis of the oriented ensemble of nuclei, 
K(t). At time t = 0, K(O) = k1. If the angle 
T](t) is defined by 
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TABLE I. Response function r1 (t) = K(t). k2 for selected geometries. The angles are defined in Fig. f. 

No. 91 <P1 92 <P2 r1<t> =K<t> ·k2 
(de g) 

1 0 0 180 0 - G~~ =- cos213- sin2f3cosw6 t 

1 0 0 0 0 G~~ = cos 2!3 + sin2f3cosw6 t 

2 0 0 90 90 - (i/J2)(Gn + ct1> = sinf3cosf3 sin(wt +A) (1- cosw6 t)- sinf3cos(wt + ~) sinw6 t 

3 0 0 90 0 (1/../2) (- G~j +G\71) = sinf3cosf3cos (wt +A) (1- cosw6 t) + sinf3sin(wt +A) sinw6 t 

4 0 0 90 45 !(-en +G~j1 - iGn- iG\71) = sinf3cosf3(1- cosw6 t) sin(w t + ~ + h> 

- sinf3 sinw6 t cos (w t + ~ + !n·) 
5 90 45 0 0 !<- GH +Gjj 0 +iGH +iGjj0) = sin/3 sinw6 t cos(~+ h> 

+sinf3cosf3(1- cosw6 t) sin(~+ h> 

6 90 135 0 0 !<elf- Gjj0 +iGl~ +iGjj0) = sin/3 sinw6 t sin(~ +h) 

- sinf3cosf3(1-cosw.t) cos(~+ h) 
7 0 0 135 90 - (1/../2)G~~- !i(G~j +G~j1 ) = (1/../2)[sin/3cosf3 sin(wt + ~)(1- cosw

6 
t) 

- sinf3cos(w t +A) sinw6 t- cos2f3- sin2f3cos w6 t] 

8 45 90 0 0 (1/ v'2)G~~ + !i(Gj~ + Gjj 0) = (1/../2)[sinf3 sinw6 t cos~ +cos 2f3 + sin2f3 cos w6 t 

+ sin/3 cosf3(1 -cos w6 t) sin~] 

9 90 0 90 180 !<- Gll +G}j1 +Gjjl- Gjj-1) = cos/3 sinw
6

t sinwt - sin(wt +A) cosw6 t sin~ 

+ (cos 2f3cosw6 t- sin2f3) cos (wt +~)cos~ 

10 90 0 90 135 ~(- Gll +Gjj1 +Gjjl- Gjj-1 +iGll +iGjj1- iGjjl- iGtr1) 

= cosf3 sinw6 t sin(wt +!7T)- cosw6 t sin(wt + ~ +!7T) sin~ 

- (sin2f3 +cos 2f3cosw6 t) cos(w t + ~ +!7T) cos~ 

11 90 45 90 135 !(Gjj1 +Gjjl +iGH- iGjj-1) = cosf3 coswt sinw6 t 

+cosw6 t sin(wt + ~+ h> cos(~ +!7T) 

- (sin2f3 +cos2f3 cosw6 t)cos (wt + ~ +!7T)sin(~+ i 1T) 

12 90 45 90. 0 !../2(GJl- Gjj1- Gjjl +Gjj-1- iGll +iGjj1- iGjjl +iGjj-1) 

=- cos/3 sinw6 t sin(w t + !1r)- sin(w t + ~) cosw 6 t cos(~+ !1r) 

+ (sin2f3 +cos2f3 cosw6 t) cos (wt +~)sin(~+ h> 

13 90 90 90 45 !../2 (G!l +Gjj1 +Gjjl +Gjj-1- iGll +iGjj1- iGjjl +iGjj-1) 

=- cosf3 sinw6 t sin(wt + !1rl +cosw6 t cos~cos(w t + ~ + !1rl 

+ [sin2f3 +cos2f3 cosw6 t] sin(wt +~ + !1r) sin~ 



Fig. 4. Line shapes in the saturation limit 
w1T --+ oe, with k2 along -;and k1 along ; with 
6:. = 0 (top row), along y with 6:. =-0, in the x- y 
plane with 6:. random, and along z (bottom row). 

(XBL 687-3315) 
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cos 11(t) = k"2 · :Ks (t), (14) 

then the angular distribution of radiation is 
given by 

This theory leads to some very unusual res
onance line shape~ especially when the phase 
angle 6:. between k~ and the oscillatory field 
is held fixed. Typ1cal cases are shown in 
Fig. 4 

... . ,, 
Footnotes and References 

Condensed from Phys. Rev. A4, 1626 (1971), 
UCRL-18413. 

tPresent address: I. Physikalisches Institut, 
Freie UniversiHit Berlin, Boltzmannstrasse 20, 
1 Berlin 33, Germany. 

tPresent address: Institute of Physics, Uni
versity of Uppsala, Thumbergsvagen 7, 
Uppsala 12, Sweden. 

§Present address: Oxford Instrument Corp., 
100 Cathedral St., Annapolis, Md. 21401. 
II 
Department of Physics, Purdue University. 

THE IMPORTANCE OF INDIRECT TRANSITIONS ON (p,t) REACTIONS 

ON DEFORMED NUCLEI 

R. J. Ascuitto,* N. K. Glendenning, and B. Sorensen t 

The mechanism involved in a nuclear re
action is pictured in one of two ways: 
1) either a compound nucleus is formed in
volving the rapid sharing of the incident en
ergy through many collisions, followed by its 
eventual decay when sufficient energy again 
becomes concentrated on one or several parti
cles so that they can escape; or 2) a single 
reaction takes place in which only those nu
cleons are involved that are needed to change 
the target ground state into a nearby and 
closely related final state. The latter reac
tion, referred to as a direct one, has proved 
enormously valuable in nuclear spectroscopy 
since Butler first postulated it to explain the 
forward -peaked angular distributions popu
lating low-lying states in (d, p) reactions. 
That all nuclear reactions should fit so neatly 
into one or the other of these very different 
categories does seem implausible, however. 
It has been known for some time that the ex
citation of intermediate states in inelastic 
scattering is important for deformed nuclei, 
though not so important for vibrational nuclei, 
except for any state whose structure forbids 
or inhibits its direct production in a single 

interaction (such as 2 -phonon states). In the 
past several years we have been investigating 
the question of whether higher-order processes 
in nucleon transfer reactions are impor-
tant. 1-8 The processes that we expect are 
most important are those in which an excited 
state is produced by an inelastic collision and 
is followed by the transfer reaction to the 
final state, together with these interactions in 
reverse order. Such processes, when im
portant, will involve inelastic transitions to 
states that are enhanced, and the final states 
for which the multiple-step processes are 
important will be those that have a consider
able fraction of their parentage based on such 
collective excited states. Thus the spectros
copy of a different class of states is opened 
up, namely those whose main parent is a 
collective state as compared with those most 
extensively studied up till now, which have 
the target ground state as main parent. Nat
urally the former states, on the average, ap
pear higher in the energy spectrum; but since 
the theoretical analysis has, until now, 
assumed that any direct reaction proceeds in 
a single step, undoubtedly many analyses 



have yielded misleading information. 

Very recently, in the 
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Yb(p, t) reaction, 
we reported what we consider to be the 
firmest evidence for strong higher-order 
processes in direct reactions; and the way in 
which the higher-order processes interfere 
with the single-step direct transition to bring 
about agreement with experiment is strong 
evidence of the correctness of the reaction 
mechanism. 6 

We have refined and extended the calcula
tions reported in the last annual report so 
that nuclei at both ends of the rare earth 
region, for which l34 has opposite signs, have 
been treated-and now at two typical bombard
ing energies. There is much evidence from 
various sources that the rotational model 
provides a good description of these nuclei. 
This implies the existence of an intrinsic 
state from which all two-nucleon transfer 
amplitudes to the ground band of the neighbor
ing nucleus can be computed. This is in con
trast to spherical nuclei, where the various 
states of different spin are independent of 
each other. We may thus have a high degree 
of confidence that relative cross sections can 
be computed correctly if the reaction mechan
ism is properly treated-:- This indeed turns 
out to be the case where, with an accuracy un
precedented in reaction theory, the cross 
sections to the o+, 2+, 4+, and 6+ members 
of the ground band are reproduced, as shown 
in Fig. 1. However, this comes about only 
because the many higher-order routes of pro
ducing these states were included in the cal
culation. Especially for the higher spins, the 
higher-order processes were more important 
than the first-order ones, traditionally treated 
by the DWBA. This is demonstrated in de
tail for the 4+ state in Fig. 2, where it can 
be seen that the direct transition, usually 
used to describe direct reactions, is smaller 
than the three indirect processes shown and 
smaller also than the experimental cross sec
tion. In both cases we studied-i.e., in a 
nucleus near both ends of the rare -earth 
region (both positive and negative 134 ) and at 
two different energies-the interference 
among the different processes was destructive 
but of different magnitude for each state in a 
given nucleus, an:d also different in the two 
nuclei for the same spin state. The interfer
ence of the various routes, which was between 
amplitudes of comparable magnitude, did,how
ever, bring about the remarkable agreement 
mentioned, and is the strongest confirmation 
that higher-order processes in transfer re
actions are of importance for a correct de
scription, and that they can be computed with 
satisfactory accuracy. This success supports 
the conclusions that we reached elsewhere4 
for spherical nuclei where, however, direct 

127 

c 
.2 ..... 
(.) 
Q) 
(/) 

(/) 
(/) 
0 .... 

Ep=I9MeV CC 

u 101 

Fig. 1. Complete calculation for the ground
band members of 174yb produced in the (p. t) 
reaction. Calculations include all inelastic 
and reaction transitions connecting all four 
states in both nuclei. The o+ is normalized 
to the data and the same normalization was 
used for the others. The experimental values 
of the deformation parameters 132• 134· 13tS 
were used. (XBL 718-4185) 

confirmation from experiment was not pos
sible, both because of the lack of data and 
because the nuclear structure information 
was more tenuous. We claim,therefore, on 
the basis of this work, that we have demon
strated that our calculation of higher-order 
processes is correct, and on the basis of that 
other work that they are important in spheri
cal nuclei, though less dramatic in producing 
changes in angular distributions computed for 
the direct transition. 

We emphasize that at each step of the cal-

\ 
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Fig. 2. Cross sections for the 4+ state at 19 
MeV corresponding to several of the many 
individual transfer processes indicated in the 
insets. (XBL718-4196) 

culation we made the physically reasonable 
choices of parameters, and had we not been 
rewarded with success,we would not have 
known what else to try. 

Contrar0 to suggestions made else-
where, 9, 1 it seems to us that the (p, t) reac
tion is not a good way of determining higher 
multipoles in the nuclear shape. This sug
gestion was made on the assumption that the 
reaction could be described by its direct 
transition alone. As we have seen, the direct 
transition to the 4+ state, from which it might 
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be hoped to determine f34, is smaller than 
many of the higher-order processes. The 
higher-order processes, since they go 
through an intermediate state, involve, dom
inantly, lower multipoles than the direct. 
Thus sensitivity to higher multipoles in the 
shape is weak. 
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QUANTUM MECHANICAL TREATMENT OF PARTICLE TRANSFER BETWEEN 

HEAVY IONS NEAR THE COULOMB BARRIER IN THE PRESENCE 

OF COULOMB EXCITATION* 

R. J. Ascuitto t and N. K. Glendenning 

In the collision, at energies near the 
Coulomb barrier, between an ion such as oxy
gen and a deformed nucleus such as samarium, 
the probability that the deformed nucleus is 

left in an excited state is very high. Indeed 
it is near unit probability that the nucleus is 
in the 2+ state. 1 In the treatment of particle 
transfer between the colliding ions, it is there-
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fore essential that inelastic processes be in
cluded in the description. Now, there is no 
difficulty in formulating the quantum mechani
cal description of Coulomb excitation. In
deed, the Coulomb and nuclear forces were 
treated on an equal basis in a very accurate 
description of 50-MeV alpha scattering on rare 
earth nuclei which yielded the first information 
on higher multipoles in the nuclear shape. 2 
There, however, the Coulomb field was much 
weaker than the nuclear field. In the typical 
Coulomb excitation experiment the reverse is 
true; and then while the theory is the same as 
before, the numerical problems become criti
cal. The Coulomb field being the strong one, 
and the quadrupole Coulomb fi~ld falling off 
with distance so slowly as 1/r , the differen
tial equations de scribing the collision have to 
be integrated to great distance, R (hundreds 
of fermis) and corresponding large angular 
momenta (£ m "' kR, i.e. , hundreds). For 
this reason Coulomb excitation can and has 
been treated semiclassically, so long as the 
energy is sufficiently low that nuclear inter
action does not take place; the enormous ex
perimental literature on Coulomb excitation 
has been based on such a treatment. 1 

With the burgeoning interest in heavy-ion 
reactions, a semiclassical theory of particlP. 
transfer has been developed in analogy to the 
Coulomb excitation theory. 3 One might think 
at first, if Coulomb excitation is important in 
these transfer reactions, that the same dif
ficulties as to large interaction regions and 
high partial waves will be present here also. 
This is in fact not the case and can be under
stood as follows: At Coulomb or sub-Coulomb 
energies the ions are prevented from interpene
trating by the Coulomb barrier. (Quantum 
mechanically we know that there is a small but 
finite probability for this. In such cases mas
sive rearrangement will result and the parti
cles are lost to the particular simple transfer 
of one or several nucleons that we envision. ) 
Particles can be exchanged between the ions 
in slightly more distant collisions, however, 
because of the finite probability of their being 
found beyond the nuclear surface, where their 
wave functions are described by exponentially 
decaying tails. However, because of the ex
ponential decay of the tails, the probability of 
transfer falls off rapidly with distance. So 
there is some region bounded on the lower side 
by the sum of the radii R1 + R2 of the two ions 
and some larger, but not so much larger, 
radius R3, where the product of the two ex
ponential tails -the particle bound in one nu
cleus and then transferred to the other-pro
duces negligible probability that the transfer 
takes place. This outer radius for particle 
transfer is certainly only several fermis 
larger than R 1 + R2. On the other hand, be
cause of the slowly decreasing Coulomb field, 

Coulomb excitation between states in the tar
get nucleus as mentioned earlier can take 
place even at several hundred fermi beyond 
R1 + R2. However, any such collision with 
impact parameter R, which is much larger 
than R1 + R2, cannot contribute to the trans
fer of particles between the ions. Therefore 
only such partial waves are relevant for the 
transfer of particles which lie within 1 ~ R3/k. 
(The radial wave function corresponding to 
angular momentum £ increases from zero 
and has its first maximum near R = £/k, where 
k is the wave number of relative motion. ) 
Higher partial waves, while they may excite 
the target, will not give rise to particle trans
fer! 

The above argument establishes that par
ticle transfer reactions between heavy ions, 
even when Coulomb excitation of an excited 
state has a high probability, is governed by a 
much more modest number of partial waves 
than the Coulomb cross section, namely those 
corresponding to the nuclear region, £,;;: R3/k. 
However, Coulomb excitation of the nucleus 
among the above limited number of partial 
waves is still possible and implies, because of 
the slow fall-off of the Coulomb field, that the 
equations describing the reaction will have to 
be integrated to distances considerably in ex
cess of the nuclear region, though much smaller 
than the distance required to describe Coulomb 
excitation alone. 

For the above reason it is feasible to do a 
fully quantum mechanical treatment of particle 
transfer reactions between heavy ions at 
Coulomb energies when Coulomb excitation is 
present so that transfer can take place from 
excited states. 

In the paper 
4 

of which this is an abstract, 
we have formulated the above problem by 
using our source term technique. 5 We use 
the following symbols to denote the reaction: 

D+A- P+B 

D=P+N, B=A+N 

Here D and P are the incoming and outgoing 
ions and N is the transferred particle, which 
may be a single nucleon, or several. Then, in 
the notation of Ref. 4, the coupled equations 
governing the reaction are 

(T - E ) w (R ) + z 
p p p p PI 

rri 
vdd 1 

'TTl \ 
v I w I (R ) = 6 pd (R ). 

pp p p d p p 

Here p is a source term which contains the 



information on the transfer leading from a 
typical channel d of the initial partition to 
channel p in the final partition. We have 
evaluated the source term under certain 
assumptions that are discussed fully in Ref. 4, 
where the detailed form of p is also given. 
Briefly we are able to treat a finite range in
teraction, but at the expense of limiting the 
validity of the source to energies below or 
near the Coulomb barrier, where the transfer 
takes place dominantly in the tail region of the 
bound state wave functions. The equations are 
sufficiently general to account for Coulomb ex
citation of all four nuclei involved in the re
action, with particle transfer taking place be
tween all states in the initial and final parti
tion. 

Footnotes and References 

'~condensed from LBL-233. 

tPresent address: Wright Nuclear Structure 
Laboratory, Yale University, New Haven, 
Connecticut. 

130 

1. K. Alder and A. Winther, editors, 
Coulomb Excitation (Academic Press, New 
York and London, 1966. 

2. N. K. Glendenning, in Proc. Int. School 
of Physics, 11 Enrico Fermi", Course XL, 
1967 (Academic Press, New York, 1919); 
D. L. Hendrie, et al. Phys. Letters 26B, 
127 (1968). -- --

3. R. A. Broglia, T. Kammuri, and A. 
Winther, in Proc. International Con£. on 
Heavy Ion Physics, Dubna (Preprint from 
Niels Bohr Institute). 

4. R. J. Ascuitto and N. K. Glendenning, 
LBL-233. 

5. R. J. Ascuitto and N. K. Glendenning, 
Phys. Rev. 181, 1396 (1969), and Phys. Rev. 
C2 415 (1970-r-

DROPLET-MODEL PREDICTIONS FOR THE VALLEY OF BETA STABILITY 

W. D. Myers 

In the course of a program to determine the 
best set of coefficients for use in a droplet
model1 mass formula, we have undertaken a 
comparison between the properties of the ex
perimental valley of f3 stability and the prop
erties predicted by the droplet model. The 
latest nuclear mass table was used2 and follow
ing the procedure employed by previous inves
tigators, 3 we simply fit parabolas to isobaric 
sequences. Our study differs from previous 
work in that we corrected the experimental 
masses for "shell effects" and the "Wigner 
term" before determining the (3- stability 
parameters so as to remove the scatter intro
duced into these quantities by nondroplet-model 
effects. 

The three quantities determined for each A 
value are: the value of the mass at the bottom 
of the valley VA, the value of the neutron ex
cess at the bottom YA = (N- Z)min• and the 
curvature of the parabola CA. The differences 
between these quantities and a reference set 
(obtained from a liquid-drop-model formula 
similar to that used by Kodama3) are plotted as 
points in Fig. 1. Clearly, the shell effects 
were imperfectly removed since some scatter 
remains. 
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Fig. 1. (XBL 723-2535) 
The smooth lines represent the droplet-



model predictions for these quantities using 
the parameters 

a
1 

= 15.938 

a2 = 20.628 

a 3 = 0 

J = 30.372 

0=17.889 

r
0

= 1.176 

K = 240 

L = 29 

M = 295. 

Some features to note in this figure are the 
sharp reduction in stability at the end of the 
periodic table as the mass VA turns upward, 
and the tendence toward N = Z nuclei shown by 
the downward trend of!:::. Y A. 
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DROPLET-MODEL FISSION BARRIERS 

* W. D. Myers and R. W. Hasse 

Preliminary work1 on the calculation of 
fission barriers has been 2xtended to include 
all droplet-model effects. The Nix shapes3 
are employed in a program that searches for 
the droplet-model saddle points. In addition, 
a much faster approximation has been devel
oped that permits one to quickly ·compare the 
barriers predicted for a particular set of 
droplet-model coefficients with the substantial 
number of experimental data that are available. 
Such a comparison is shown in Fig. 1. 
The ci~cled points represent the experimental 
values that are corrected for ground state 
shell effects and the crosses represent the 
droplet-model barriers calculated for the set 
of coefficients given in the previous report. 
The lack of agreement in the Pu region reflects 
the preliminary nature of this set of coeffi
cients. 

The program that permits quick approx
imate comparisons of the type shown employs 
the one-dimensional y-family of shapes (the 
family of liquid-drop-model saddle-point shapes 
where y = 1- x, x being the fissility parameter). 
In addition, tabulated values of the six shape 
dependences Bs• Be, Bk, Br, Bv, and Bw are 
employed to reduce computation time. 

The figure is plotted in perspective because 
the single fissility parameter x of liquid-drop
model fission theory no longer serves to 
uniquely determine the barrier. In the droplet 
model, the barrier is a more complicated func
tion of Nand Z. 

The droplet model includes surface sym
metry effects and this leads to the interesting 
result that the predicted barriers for a partic
ular isotopic sequence remain relatively con
stant, or even (for some choices of the coeffi
cients such as the one shown) decrease with 
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increasing neutron number. Another feature 
of the droplet-model barriers is that agree
ment between experiment and theory no longer 
requires a value of the radius constant r0 in 
disagreement with results obtained from elec
tron scattering. 5 Over quite a range of vari
ation of the other parameters in the theory, 
we find that a single value of the radius con
stant can be determined that simultaneously 
gives a good fit to masses, a good fit to bar
riers, and agreement with nuclear charge 
radii. 
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SEARCH FOR SUPERHEAVY ELEMENTS IN NATURE 

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

In recent years various estimates and calcu
lations have been made which suggest the pos
sibility that nuclei having atomic numbers in 
the region·108-114 may be sufficiently stable to 
exist in nature. 1-3 These nuclei are expected 
to decay either directly by spontaneous fission, 
or by alpha and/or beta emission to give prod
ucts that would undergo spontaneous fission. 
The production in nature of such long-lived 
superheavy nuclei could come about via the r
~roc~ss4 or .b~ ~ission of neutron-ri~ heavy 
1ons ur the v1c1n1ty of neutron stars. On the 
basis of the present knowledge of fission bar
riers and spontaneous fission decay of heavy 
elements, the possibility of production of the 
supe,rheavy elements in nature can neither be 
excluded nor be established; thus the field has 
been open for experiments aimed at discovering 
minute quantities of these elements in nature. 

Estimates by Nix6 based on liquid-drop dy
namical calculations and simple extrapolation 
based on the behavior of the kinetic energy re
lease and mass differences between fissioning 
nuclei and the fragments of a wide variety cf 
nuclei indicate that on the average -230 MeV 
of kinetic energy should be liberated in the fis
sion of the superheavy nuclei and that about ten 
neutrons should be emitted in such fission 
events. The evaporation of such a large nurr 
ber of neutrons with average energies of 2 to 
3 MeV is unique and is a very sensitive indi
cation of the presence of superheavy elements 
in a sample. Furthermore, these evaporated 
neutrons would have sufficient energy toes
cape from a large sample and enter a counting 
chamber. 

We have used a large gadolinium-loaded 
liquid scintillation detector as a method for de
tecting events in which several neutrons are 
emitted. The detector is a tank of dimensions 
62X62X125 em which holds the liquid scintil
lator with a center well of dimensions 
11.4X105 em, for the samples to be counted. 

Neutrons produced by any source placed at 
the center of the chamber enter the liquid and 
are thermalized by collisions with the hydrogen 
in the solution and eventually are either cap-· 
tured by the gadolinium or leak out of the tank. 
The (t'J, y) reaction in the gadolinium produce 
z 9 MeV of y energy, the energy usually being 
shared by several y rays. The electrons 
created by the reactions of these y rays with 
the liquid, produce scintillations which are 
seen by a few of the photomultipliers. 

The distribution in time for neutron capture 

is broad and has a peak at about 10 f!Sec after 
the neutrons are emitted. About 90~, of all the 
captured neutrons are detected within the inter
val 1 to 36 f!Sec after their production. In this 
way individual members of a burst of energetic 
neutrons are separated in time for convenient 
electronic multiplicity counting. 

Due to the large volume of samples it is im
possible to trigger the system with the fission 
fragments; therefore, the system is designed 
to be triggered by the first neutron or the 
prompt y rays from any fission event. 

The detection of an event is obtained the fol
lowing way: A pulse from the counting chamber 
triggers a gate that is 35- f!Sec long and de
layed by 0.5 f!Sec. (The delay is to insure that 
all of the prompt y rays from a fission event 
have been emitted.) During the 35- f!Sec gate 
interval all tank pulses are counted by a scaler. 
At the. end of the 36-f.Lsec period the digital in
formation in the scaler is stored. Then the 
scaler is reset. The next tank pulse defines a 
new 36- f!Sec gate interval. A more detailed 
description of the electronics and counting 

7 charnber was given at the Leysin conference. 

A spectrum of multiplicity in the range 0-15 
is thus obtained. The system is capable of 
monitoring a burst of neutrons where the count
ing period can be activated either by the prompt 
y-rays or the first neutron captured. 

When the system operates with any neutron 
or gamma signal as the main trigger, it is sen
sitive to the environmental radiation which con
sists of y rays from natural sources (e. g., U, 
Th, and K) and cosmic rays and the products 
of their reactions in matter. They rays that 
arise from natural sources appear in general 
as single random pulses. Accidental coinci
dence between these random pulses yields a 
distribution which is represented by a Poisson 
probability function 

P(N) 
4 N+1 

8.64X10 (CT) exp(-CT), (1) 
N!T 

where P(N) is the number of events observed 
per day in which N pulses follow a single ran
dom trigger appearing at a rate of C/ sec within 
a gate length of T(sec) after each pulse. At the 
operating gate length of 35 f!Sec and a count rate 
of 600 counts/sec. less than 0.5 events per day 
appearing as multiplicity four or more are ex
pected by the above probability function. 
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The experimental equipment was placed in a 
250-m deef [500-meter-water-equivalent 
(M. W.E.) tunnel to reduce the cosmic-ray 
background. The situation in regard to cosmic 

8 rays underground was reviewed byE. P. George. 
At the depth of the tunnel the only significant 
component of the cosmic rays that can induce 
multiple neutron emission is that of energetic 
fl-mesons. 

Gorshkov and Zyabkin9 have studied neutron 
production induced by fl mesons at a depth of 
150 M. W. E. and estimate that at a depth of 800 
M. W. E

8 
the total of neutron production in lead 

is ~10- neutrons/g sec. Lessthan 10o/o of the 
neutrons are produced from stopped negative 
fl mesons for which v = 1.8 in lead whereas 90% 
of the neutrons are produced from inelastic
ally scattered fl mesons with v > 10 and thus 
could register efficiently in our chamber as 
significant events. Assuming v= 10 we expect 
a rate of 50 high-multiplicity events for a sam
ple of 50-kg lead in 250 h. 

The passage of fl mesons in the detector 
liquid causes an ionization of ""2 MeV/ em of 
path length, thus a fl meson entering the sample 
can be identified by its high energy loss. If a 
high-energy inelastically scattered fl meson 
·comes into the tank from the vertical direction 
through the sample tube it must traverse at 
least 20 em of the scintillating liquid at the bot
tom of the tank depositing more than 30 MeV in 
the tank. 

Since neutron capture in gadolinium gives a 
total of 9 MeV of -y-ray energy, it was possible 
to eliminate some of the fl meson-induced high 
multiplicity events by rejecting the events 
which produce a signal that had an energy 
greater than 9 MeV. Nevertheless the neutron 
multiplicities which are induced in the sample 
by energetic neutrons, produced by inelastic 
collisions outside the chamber, cannot be re
jected nor can the fl-meson-induced neutron 
multiplicities detected in the chamber but orig
inating outside it be eliminated. 

The operation of the system was monitored 
continuously by chart recorders that monitored 
the rate of single pul~es coming from the tank 
and the time distribution of events that were of 
multiplicity four or more. In addition an effi
ciency of the system to detect neutrons was 
measured twice a week and was generally found 
to be stable at the ~65% level. Any variation 
of over 2% in the efficiency and consequently in 
the single count rate, was corrected by adjust
ing the threshold discriminator levels. This 
occurred several times during about one year 
of running. 

Results of the observed multiplicity distri
bution measured with a sample of pure tung-

sten and with an empty chamber are shown in 
Figs. 1 and 2. The results are plotted on a 
semilog scale with the abscissa being the multi
plicity and the ordinate N! X counts. In this 
way the multiplicity distributions due to the sin
gles rate, which is the dominant component 
up to N = 3, appear as a straight line. The 
counts that are above this line in these figures 
are background events due to cosmic rays or 
their products. 

The results of many samples that were 
placed in the detector are summarized in 
Tables I- IV. 

The tables describe the sample, its weight, 
and the period of measurement. Under the 
heading of "Counts" are presented three differ
ent experimental numbers. The column headed 
by "4" lists the total observed events with multi
plicity of four. The column headed by "4 Ran" 
is the estimated value at random multiplicities 
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Fig. 1. The multiplicity distribution for me
tallic tungsten sample. The abscissa N is the 
observed multiplicity (i.e., number of events 
following a trigger). The ordinate is N! X 
counts of the Nth multiplicity. The straight 
line represents the contribution of random 
multiplicities. (XBL 714- 3245) 
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in the "4" column. This value was inferred 
from linear extrapolation of the counts having 
m~tiplicities of 1, 2, and 3. The column 
"5 " contains all the observed events having 
multiplidtie s of 5 and above. The "Normal
ized" column in Tables I, II, and III presents 
counts normalized to 50-kg samples and 250 hour 
counting periods at multiplicities four or more 
after subtraction of the "Empty-Chamber" 
count rate and the random multiplicities: 

"Norm~lized" = ~ (4 )- (~~AN)+ (5 +) X 250-
' 1me ( 2 ) 

Empty chamber counts X 250 i 50 
Time ( X Weight 

) 

The "Normalized" results thus represent the 
additional counts of multiplicities four or 
more that are due to the presence of the sam
ple. Thus activity could be caused either by 
cosmic rays or by spontaneous neutron emis
sion. 

The value of T1j2 cone. represents the ap
parent half-life of the major components of 

Fig. 2. The multiplicity distribution of the 
detector without any sample. 

(XBL 714- 3244) 

Table I. Metallic samples and empty chamber. 

Weight 

(kg) 

55 

45 

91 

168 

60 

0.0107 

0.0106 

Time 

(h) 

233 

189 

91 

163.5 

192 

330 

168 

338 

844 

21.5 

30.5 

Counts 

4 4Ran 

18 4 

13 2 

2 1 

6 2 

8 3 

6 6 

7 3 

19 13 

32 22 

29 1 

81 1 

Normalized T 1/jconc. 

5+ counts[50 kg- 250h 1022 y 

10 20 ±6 16 

5 20 ±5 15 

5 9 ±5 32 

4 25 ±9 12 

0 2 ±4 50 

2 1.5 ±2 

2 9 ±5 

1 5 ±4 

5 4 ±2 

2 1.66X 10
6 1.5X 10- 4 

9 3.44 X 10
6 0.7X10- 4 

aEmpty chamber "Normalized" column is normalized to 250 h counting time and not 
by weight. 

bThe uranium in sample 9 was shielded by 1 in. of lead capsule inside the chamber. 
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Table II. Samples 

Sample Weight Time 
Counts Normalized T 1; 2 cone. 

(kg} (h} 4 4 Ran 5+ counts/50 kg- 250h 1022:::: 

11 Hg Ore 21.2 251 16 4 2 24 ± 12 12 

12 Gold nuggets 36 335 21 5 3 11± 6 28 

13 Pt Ore 20 380 19 10 5 13 ± 7 24 

14 Bi Ore 14.3 360 57 21 6 84 ± 24 3 

15 Manganese nodules 7 192 23 9 2 120 ±57 9 

( Moon rocks j 3 

16 1 r 781 44 18 8 99 ±58 17 

lSteelcans J 27 

17 Cu Ore 10 279 9 8 1 -20 ::1: 22 

18 Water filters 10 118 8 4 0 23 ± 22 60 

19 Air filters 90 5 2 0 

20 California soil 9 170 15 4 2 83 ± 25 

21 Pegmatite 13.5 310 31 19 4 26 ± 26 

22 Tenaya Pegma- <337 135 237 4 
tite 

23 Tioga Pegma- <122 132 570 570 11 
tite 

Table III. Lead ores'and lead processing. 

Sample Weight Time 
Counts 

Normalized T1/2 cone. 

(kg} (h} 4 4Ran 5+ counts[ 50 kg-250h 10222': 

24 Galena 1 20 256 35 3 7 86 ± 18 3.4 

25 Galena 2 23 77 12 2 3 92 ±28 3.2 

26 Bunker Hill Galena 25 122 6 2 1 12::1: 12 24 

27 Bunker Hill Bullion 90 120 14 3 6 17::1: 5 17 

28 Low grade Galena 15 46 5 1 0 45::1:36 6.5 

29 Homemade lead l 75 240 13 5 4 6± 3 48 

30 Slag 1 50% ( a 34 70 5 1 0 15::1:13 

31 Slag 2 50% I 25 185 11 2 5 30::1:12 
-· 

32 Galena 3 17 112 3 1 0 2::1:13 145 

33 Galena 4 17 94 4 1 1 20 ::1:20 15 

34 Thullium fraction 7 188 18 5 1 104 ::1:50 3 

a -·' 
Thes~ samples were produced from 135 kg of lead ore (see text). Samples 30 and 31 are 

only 50% of the slag produced._ 
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Table IV. Selby lead smelting and refining plant. 

Number Sample Weight Time 
Counts Normalized 

5+ (kg! (h) 

35 Lead bullion 50 48 

36 Blast furnace slag 19.5 76 

37 Cintering dust (I} 16.1 65 

38 Cintering dust (II} 7.2 108 

39 Blast furnace slag!! 12.5 87 

40 Dust from As, Sb, Sn, 5 114 
Cu removal 

41 Dust of tin dross 13.1 

42 Bismuth fraction 55 

the sample assuming that all "Normalized" 
events are real. 

Table I presents results obtained with 
chemically refined samples or an empty cham
ber. These samples form a background for 
heavy elements. Samples 9 and 10 are 
reagent-grade uranium metal. The result 
shows that the excess counts in any of our 
samples assun1ed to be due to cosmic rays 
corresponds to the counting rate given by~1o 
ppm of uranium. 

Table II shows the results of various sam
ples: Sample 11 was Hg ore, 80o/o cinnabar, 
from the Great Western Mine, Middletown, 
California; Sample 12 was gold nuggets, 95o/o 
gold, from the collection of Sierra County, 
California; Sample 13 was Pt ore, 67o/o Pt, 
from Goodnews Bay Mining Company, Alaska; 
Sample 14 was a composite of Bi ore from 
Colorado, Tanzania, Saxony, Cornwall, and 
Bolivia; Sample 15 was manganese nodules 
from the Mid-Atlantic ridge; Sample 16 was 
moon rocks from the first United States flight 
to the moon; Sample 17 was Cu ore from the 
South Pacific area; Sample 18 was activated 
charcoal and sand from a local water plant 
that was used to filter ~ 1100 gallons of drink
ing water; Sample 19 was an air filter flown 
by a plane that filtered 290 000 ft of air; Sam
ple 20 was soil from a pasture in Martinez, 
California; Sample 21 was pegmatites from 
the Sierra Nevada Mountains of California at 
Tioga Pass and Tenaya Lake. 

A chemical separation was made on the peg
matites to obtain Samples 22 and 23. The chem
ical procedure used was to grind the rock to 
about 100 mesh and then to leach the rock with 
a mixture of 2 parts aqua regia and 1 part 
water. The resulting solution of sand and acid 

72 

74 

4 4 Ran counts/2 50h 

2 1 2 12 ± 10 

8 4 3 12 ± 11 

2 2 1 4 ±8 

7 3 0 12 ± 5 

1 1 0 -1d:3 

10 3 3 18 ± 8 

5 2 0 6±6 

4 1 2 13 ± 8 

was stirred four times during a period of not 
less than 12 h (temperature 20 to 25°C). At 
the end of the leaching, the acid mixture was 
decanted off and two water rinses followed. The 
resulting liquid was then evaporated to near 
dryness so that the volume would fit in the 
counting chamber. Of the material dissolved 
from the rock, 66o/owas present in the sample 
counted. Sample 22 consisted of leached mate
rial from 338 kg of pegmatitic rock from 
Tenaya Lake, California, and Sample 23 was 
leached material from 122 kg of pegmatitic 
rock from Tioga Pass, California. 

Table III shows the results of lead ores and 
lead processing. Special attention was pai~0to lead because of the ·results of Flerov et al. 
The first lead ore sample that was checked 
(Sample 24} showed significant excess neutron 
activity so a second sample was prepared 
(Sample 25} at a location 5 miles from Lawrence 
Berkeley Laboratory to reduce the possibility of 
contact with spontaneous fission sources. The 
second sample also showed excess neutron ac
tivity. Both samples were"" 80o/o galena ob
tained by the Materials Science and Engineering 
Department of the University of California at 
Berkeley about 30 years ago from the Bunker 
Hill mines in Idaho. The uranium concentra
tion was determined but·could not account for 
all of the observed activity. Samples 26 and 27 
were then obtained from Bunker Hill, Idaho,but 
gave negative results. In addition 9 samples 
were collected at the lead smelting and refining 
plant at Crockett, California. The samples 
were taken from most of the locations at which 
chemical fractionation occurs at the plant. No 
significant activity was found in any of these 
samples as is shown in Table IV (35 counts per 
250 hr would be positive}. Sample 28 was low
grade galena ore ("" 30o/o galena} chosen to deter
mine if the excess neutron activity was in the 



rock or galena of Samples 24 and 25. 

An attempt was made to concentrate the 
activity in -200 kg of high-grade lead ore that 
had shown a positive indication. The process 
chosen for the separation was the reduction of 
the galena by iron. PbS + Fe.- Pb + FeS at 
1100" C. The products of the reaction were 
easily separated into three components: lead 
bullion, slag with iron, slag with sodium bor
ate. All three of these samples gave negative 
results. Samples 32 and 33 were taken from 
the same ore and gave negative results. It is 
possible that the activity could have been due 
to very slight contaminations by 25 2cf that oc
curred de spite the strict precautionary mea
sures taken. 

In conclusion, we have been unable to find 
any evidence to support the existence of super
heavy elements in nature. 

Footnotes and References 

* Present address: Weizmann Institute of 
Science, Rehovoth, Israel. 
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POSSIBLE HEAVY-ION REACTIONS LEADING TO SUPERHEAVY NUCLEUS FORMATION 

* W. J. Swiatecki and C. F. Tsang 

The existence of an island of stability in 
the region of proton number 114 and neutron 
number 184 has been predicted by many 
groups1-5 over the past few years. Though 
many suggestions have been advanced for the 
production of such superheavy nuclei, detailed 
studies of the production processes are not yet 
available. In the present work we consider in 
a semiempirical approach, one of the most 
probable ways of producing superheavy nuclei, 
i.e., by means of heavy-ion reactions using 
projectiles that will be available through the 
SuperHilac at Berkeley. 

The study is based on the most recent de
tailed predictions of the island of stability 
supplied by Nix and collaborators 5 at Los 
Alamos. In Fig. 1, their calculated half-lives 
are shown in units of years. The major decay 
in electron captureis marked out by arrows. 
Half-lives in excess of 105 years are found 
near the Z=110, N=184region. !fa com-

pound nucleus is formed in the region where a 
decay is dominant, there is a good chance that 
one will be able to observe a series of three or 
four alphas with energies in the 7- to 13-MeV 
region. In the calculations of half-lives, the 
spontaneous fission half-life is most uncertain 
because of our lack of knowledge concerning 
the penetrability of the fission barrier in spon
taneous fission. If a pessimistic view is taken 
that the spontaneous fission half-lives in these 
calDulations were overestimated by a factor of 
10 , then results are obtained as shown in 
Fig. 2. The longest half-life found is in ex
cess of one year and the picture still looks 
good for the observation of superheavy nuclei 
once they are made. 

To make the superheavy nuclei, the heavy
ion reactions should ideally aim at a com
pound nucleus somewhat to the northeast of 
the center of the island of stability at Z = 114 
and N = 184. In Fig. 3, the available landing 
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Fig. 1. Half-life contours (numbers in units 
of years) in the region of Z = 114 and N = 184. 
The broken lines divide the region into por
tions, in each of which the dominant decay 
mode is indicated. Nuclei whose dominant de
cay is electron-capture are denoted by arrows 
in the direction of their decay. 

(XBL 724-2762) 

places near the center '2~~he islanzlsa-re shown. 
The cases that require Cf and Cm tar-
gets that are not yet available are pointed out. 
In particular, one may note that with Ge iso
topes as projectiles on 232Th, one lands at 
Z = 122 and N = 180, 182, 183, 184, and 186. 
In terms of half-lives as shown in Figs. 1 and. 
2, this is one of the few favorable cases which 
decays by successive alpha-emission, reach
ing relatively long-lived isotopes of elements 
110 and 112 by electron capture. 

The compound nucleus formed is necessar
ily in a very excited state. There is a chance 
that the excited compound nucleus will fission 
immediately and no superheavy nucleus re
main. On the other hand, there is also a 
chance that the excited compound nucleus will 
emit several neutrons, typically four, takigg 
off most of its excitation energy. Moretto 
has made a detailed study of such fission
neutron-emission competition. We made a 
rough estimate of the survival of super
heavy nuclei by neutron emission. The ap
proximate region within which the survival 
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Fig. 2. Same as Fig. 1, but the spontaneous 
fission half-lives from Ref. 5 are arbitrarily 
cut down by a factor of 10 10 

Fig. 3. Available landing places in heavy-ion 
reactions. These are designated by <-J, X, or 
o. The latter two symbols denote landing 
places that cannot be reached without 25<Jcm 
or 25 2cf targets respectively. The longer solid 
curve marks out the region where the probabil
ity of the compound nucleus surviving four suc
cessive neutron-fission competition is expected 

to be in excess of 10-3 This region will be 
decreased to the area indicated if the calculated 
fission barrier is arbitrarily cut down by 2 
MeV. (XBL 724-2764) 
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probability may be expected to exceed 10- 3 is 
marked out in Fig. 3. Two estimates are 
made, one with the nominal values of fission 
barriers deduced from the Los Alamos shell 
corrections and the other representing the 
pessimistic arbitrary assumption that barriers 
were overestimated by 2 MeV. (When the bar
rier is cut down by 2 MeV, the original :furve 
representing survival probability of 10- is 
estimated to have a survival probability of ap
proximately 10-5·Jg_The reahtion of Ge on Th, 
as well as that of \_;a on 24 0C:m (landing at 
z = 116, N = 180) are among the more favor
able cases looking apart from 250cm and 252cf 
targets. If these targets became available, 
one would stand a better chance with the landing 
places 116182, 118182, 120184. 

The above discussion assumes that the com
pound nucleus is already formed. There are 
still many uncertainties concerning the fusion 
probability of the projectile and target nuclei. 
In particular, a large viscosity of nuclear mat
ter in the fusion dynamics might cut down the 
formation probability tremendously. In Figs. 
4 and 5, the first few stages of the fusion of 

76Ge and 232 Th are shown in an end-on colli
sion as well as a broadside-on collision. (The 
broadside-on collision is expected to leave an 
excitation energy some 80 MeV higher than 
the end-on collision because of the higher 
Coulomb energy involved.) The saddle point 
shape of the compound nucleus is also shown. 
If the configuration of the projectile and target 
nucleus on collision falls to a large extent with
in the saddle point shape of the compound nu
cleus one is attempting to form, then only a 
small amount of nuclear matter flow is able to 
bring the system within the potential well of 
the compound nucleus ground state, and the 
fusion probability might then be close to unity. 
The results shown in the figures suggest that 
there remains much uncertainty as regards 
the compound nucleus formation probability. 
The broadside collisions appear to be some
what more favorable (but would end up with 
more excitation). 

Fig. 4. End-on collision of 
76

Ge on 
232

Th. 
The circle on the left re pre segts the half
density contour shape of the 7 Ge projectile. 
The ellipse on the right represents the half
density contour shape of the Z:5ZTh target. 
The saddle point shape of the compound nu
cleus to be formed is shown as another 
ellipse with its center of mass at the center 
of mass of the colliding projectile and tar get. 
Four stages of the collision are shown. In the 
first stage, the separation s between the half
density contours of the projectile and target is 
3 fermi. At this separation, the tails of the 
density distributions are just beginning to over
lap. In the second stage, s = 1.5 fermi,and the 
overlap of the densities is more pronounced. 
In the third stage, s = 0, and 11 solid contact" 
is made; beyond this point, the nuclear density 
in the region of the overlap would begin to ex
ceed the nuclear matter value. In order to 
avoid this, nuclear matter must flow out of the 
region of overlap into a ring-shaped space sur
rounding it. This is indicated in the fourth 
stage with s = -1.5 fermi, and the overlap of 
the densities is more pronounced. In the third 
stage, s=o, and "solid contact" is made; be
yond this point, the nuclear density in the re
gion of the overlap would begin to exceed the 
nuclear matter value. In order to avoid this, 
nuclear matter must flow out of the region of 
overlap into a ring-shaped space surrounding 
it. This is indicated in the fourth state with 
s = -1.5 fermi. Beyond this stage, the further 
development in time of the fusing system would 
depend critically on inadequately known features 
of nuclear dynamics, in particular, on nuclear 
viscosity. (XBL 724-2765) 



Fig. 5. Same as Fig. 4 with thei broadside
on collision. In the lowest figur

1

e, the broken 
curve indicates the configuration wf:rf. looking 
along the axial-symmetric axis of Th nu-
cleus. (XBL 724-2766) 
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We may summarize by giving an estimate 
of the cross section of superheavy nucleus for
mation based on various controlling effects. 
Start with a geometric cross section of 1o-24 
cm 2 . Assume that the compound nucleus can 
support at most 20 1'1 units of angular momen
tum. This re2uirement cuts down cross sec
tioning by 10- . Assume that the compound nu
cleus formation occurs with a probability of 
10-1 (with an uncertainty of +1 to -oo in the ex
ponent). Finally, assume that in the neutron
fissjon competition, the survival probability is 
10- . The final cross S,1Jction could then be in 
the neighborhood of 10- cm 2 

7 
It would be 

unlikely to be greater than 10-2' or 10-28 c~. 
It could be vanishingly small (less than 10- , 
say) if the compound nucleus formation were 
inhibited by excessive nuclear viscosity. 
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SHELL-MODEL CALCULATIONS OF FISSION DECAY WIDTHS AND 

PROBABILITIES IN SUPERHEAVY NUCLEI 

L. G. Moretto 

The possible existence of magic or near 
magic regions about the proton number Z = 114 
and the neutron number N = 184 has led to a 
great amount of theoretical study on the stabil
ity of superheavy elements. By means of the 
Strutinski procedure, the nuclear potential en
ergy surfaces have been calculated as a func
tion of deformation. Nuclear masses, fission 
barriers, alpha and beta decay energies have 
been predicted. In particular, very large fis
sion barriers are expected with consequently 
long spontaneous fission lifetimes. 1-3 

However, the analysis of the potential ener
gies alone does not allow one to draw any def
inite conclusion concerning the possibility of 
synthesizing superheavy elements. 4 Two more 
aspects of the problem must be considered. 
The first concerns the possibility of the coales
cence of the target and a very heavy ion into a 
compound nucleus. Very little is known about 
this aspect. The second, which is the object 
of this paper, concerns the stability of the 
superheavy compound nuclei towards fission. 
It has been shown in a preceding paper5 that 
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the ground state shell effects are gradually 
washed out with increasing excitation energy. 
This is very relevant as far as the stabilityof 
the superheavy compound nuclei is concerned. 
In contrast with lower Z elements, the fission 
barrier of superheavy elements is generated 
exclusively by shell effects. The excitation 
energy, by effectively reducing the fission bar
rier, may substantially compromise the stabil
ity of superheavy compound nuclei. In order 
to investigate this problem, we have evaluated, 
on the basis of the shell model and of the BCS 
Hamiltonian, the nuclear de formation prob
ability for different excitation energies. We 
have shown5, 6 that the deformation probability 
can be expressed as follows: 

,_j 2:rrm -1/2 
P(E, E) dE= -h- A' p(E- V(E), E) dE, 

where E is the nuclear deformation, m is the 
inertial mass associated with the motion along 
the collective coordinate, E is the excitation 
energy, V(E) is the potential energy, and 
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Fig. 2~.8 Fission barriers for the nuclei 112 X 
and 114 X calculated on the basis of the Nilsson 
model. The black dots represent the potential 
energies calculated by means of the Strutinski 
procedure; the solid line represents the liquid-
drop potential energy. ( XBL 725- 833) 

0 

-2 

-4 

-6 

--8 
> 

~-10 
> 

-6 

-8 

-10 

-12 

-.2 0 .2 .4 .6 .8 
E 

Fig. Jio Fission barriers for the nuclei ii~x 
and 11 6 X calculated on the basis of the 
Nilsson model. The black dots represent the 
potential energies calculated by means of the 
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A' _ [d£n p(x, E1 
- dx x = E - V( E)' 

Calculations of the fission barriers and of 
the deformation probabilities have been per
formed on the basis of the Nilsson model. In 
Figs. 1 and 2 the potentiat9e~erl2~~rofiles are 
presented for the nuclei 114x, 114x, 1{gx, ugx 
as obtained from the Strutinski procedure. 
Large barriers are seen to develop close to 
the doubly magic nucleus with Z = 114, N = 184. 

In Fig. 3 the natural logarithm of a quantity 
proportional to

2
tJ6e deformation probability is 

presented for 11 f,x. This calculation is per
formed by evaluating the level density from the 
Nilsson diagram and the BCS Hamiltonian. At 
low-excitation energies a sharp peak centered 
about sphericity is visible. This is what could 
be called the compound nucleus peak. Since the 
system can undergo fission, the probability 
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does not ever go to zero at any prolate defor
mation. The deepest minimum of probability 
along this coordinate represents the transition 
state or the stage which controls the flow of 
probability towards fission and determines the 
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fission width. 

In all the cases it can be seen that, as the 
excitation energy increases, the compound 
nucleus peak becomes less sharp and less de
fined while the transition-state probability 
steadily increases. At sufficiently high ener
gies the deformation probability becomes so 
uniform with deformation that the definition of 
a compound nucleus does not seem possible 
any longer. The shell effects have completely 
disappeared at this stage and the consequences 
ought to be visible in the fission probability. 
The first chance fission probability rFfrF + rN 
can be obtained by calculating rF from the 
probability of deformation at the transition 
state and by evaluating rN at the equilibrium 
deformation of the residual nucleus. Examples 
of such calculat'ions are shown in Figs. 4, and 
5 for the nuclei listed above. 

It can be noticed that very small fission 
probabilities are observed at low excitation 
energy, consistent with the fact that fission 
barriers substantially exceed the neutron bind
ing energies. However, at moderate excitation 
energies the fission probabilities grow 
quickly to very substantial values, in some 
cases above 0.9. This is due to the washing 
out of the shell effects, which was illustrated 
above. A fission probability above 0.9 is pre
dicted by the uniform model for a difference 
BN- BF"" 6 MeV. Since the neutron binding 
energies are about 6 MeV, it can be said that 
for some of these nuclei at the moderate ex
citation energy of -35 MeV the effective fission 
barrier is already very close to zero. The 
cases presented here are rather favorable. 
Calculations performed for other nuclei further 
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Fi~. 5. First chance fission probabilities for 
1{'6x and H~x. ( XBL 725-825) 



removed from the magic region indicate, in 
some cases, a fission probability as high as 
0.95 over substantial energy ranges. Again it 
is to be stressed that the first chance fission 
probability should not be confused with the 
much larger total fission probability which ac
counts for the fission competition during the 
overall evaporation cascade. Still one has to 
recognize that even a survival factor of 10o/o 
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per evaporation stage yields a reasonable over
all survival factor of 10-4 for a loss of four 
neutrons. 

In conclusion .. it seems that even allowing 
for the disappearance of shell effects with ex
citation energy, the predicted survival factor, 
at the compound nucleus stage, should be bet
ter than that measured in the actinide region. 
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TRANSITIONS IN ODD A AND ODD-ODD ISOTOPES PRODUCED IN THE 

PROMPT FISSION OF 252cf 

E. Cheifetz,* R. C. Jared, S. G. Thompson, and J. B. Wilhelmy 

In past studies we have reported on transi
tions in ground state bands of prompt even
even fission products. 1-3 In this report we 
present preliminary assignments of '{-ray 
transitions to specific odd A and odd-odd iso
to]:>es produced in the spontaneous fission of 
252.Cf. The experimental procedure which 
consists of three- and four -parameter mea
surements of'{ rays, x rays and prompt fis
sion-product kinetic energies, has been de
scribed in previous publications, 1-3 and 
therefore details will not be included here. 
Basically, the kinetic energies of the frag
ments are used to determine the mass of the 
isotopes, the x rays are used to identify their 
atomic numbers, and the'{ rays give informa
tion on the nuclear properties. Our previous 
studies have been successful in identifying 
the ground state bands in even-even products 
for two primary reasons: 

1) The angular momentum of the primary 
fission products (- 711) results in a condition 
strongly favoring population of the ground 
state band at around the 6+ or 8+ member4 
followed by an easily identifiable cascade of 
transitions as the band deexcites, and 

2) even-even nuclei have very regular 
systematics in their energy-level spacings5 
which enables prediction of the location of 
the members of the ground state band and, 
therefore, confidence is obtained in the transi
tion assignments if the observed level 
spacings are close to those predicted. How
ever, these favorable conditions do not exist 
in the odd A and odd-odd fission-product iso-

topes. The angular momentum dissipation 
can be spread over inter- as well as intra
band transitions therefore eliminating the 
strong regularly spaced'{ rays in the spec
trum. Of equal importance is the unpredic
tability of the nuclear-level spacings in the 
odd A and odd-odd isotopes. This lack of 
regular systematics results in less confidence 
in assignments of band spacings in these nu
clei. 

Even with these limitations we feel it is 
possible to make reasonably positive assign
ments of some of the observed prompt'{ rays 
to specific odd A and odd-odd isotopes. The 
unfortunate situation currently is that the ex
isting tabulations of prompt transition assign
ments to specific isotopes6-9 have some 
errors in isotope assignments. Though most 
of the assignments are probably correct, the 
incorrect assignments result in a loss of con
fidence in prompt-fission spectroscopy and 
therefore retard incorporation of these data 
into the main body of spectroscopic informa
tion. With the improvements of the x-ray 
analysis techniques, 1 • 2, 3, 6, 8, 9 the atomic 
number assignments have become, for favor
able cases, very reliable. The major diffi
culty for strong transitions is now in the mass 
identification. The masses are calculated 
from the measured kinetic energies of the 
fragments and utilize predetermined neutron 
emission distributions. 10 The mass resolu
tion using these techniques is approximately 
4 to 6 amu (FWHM), which is rather poor. 



But even with this resolution, centroids of 
mass distributions for strong transitions can 
be readily determined to± 0.2 amu accuracy. 
This should be adequate for making positive 
mass assignments. The difficulty is that the 
calculational procedure for obtaining the 
masses relies on an accurate energy calibra
tion for heavy ions stopped in solid state de
tectors11 and more importantly on the details 
of the neutron evaporation for specific iso
topes. These neutron-multiplicity measure
ments have been performed only as averages 
as a function of energy release in fission.l.O 
Therefore, average corrections are being 
applied to specific isotopes. This can intro
duce errors of over 1 amu in the mass deter
mination of certain isotopes. 

To eliminate these problems we try to 
utilize transitions in predetermined even
even isotopes for internal mass calibration 
points. The mass calculational procedure, 
even though it biases the assignment for 
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Fig. 1. Mass determination for three transi
tions associated with Mo isotopes. Plotted 
are the observed intensities of the'{ rays in 
various mass intervals. The'{_ rays are: 
104Mo 2+ ..... o+ 192.3 keV, 0 105Mo 95.0 keV, 
X 106Mo 2+ ..... o+ 171.7 keV. The centroids 
of the distributions are shown on the plot. 
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Table I. Assignment of prompt-fission 
gamma rays to specific odd A 

Isotope 

and odd-odd isotopes. 

Energy 
(keV) 

53.6 

94.9 

138.2 

144.8 

246.8 

283.0 

418.2 

71.8 

123.2 

69.4 

74.3 

98.3 

63.0 

76.1 

104.0 

150.4 

167.0 

358.1 

58.9 

Isotope 
Energy 

(keV) 

60.6 

48.8 

87.4 

51.0 

78.9 

117.6 

112.7 

90.9 

100.1 

114.6 

52.6 

some isotopes, is a smooth function and ac
curate results can be obtained for non-even
even nuclei by interpolation between these 
known isotopes. An example of this proce
dure is shown ·in Fig. 1 for transitions from 
three adjacent isotopes of Mo (104, 105, 106). 
The plotted points represent observed intensi
ties of three separate'{ rays as a function of 
mass interval. These'{ rays have been 
established through x ray-'{ ray coin
cidence1, 3, 8, 9 as being associated with Mo 
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isotopes. The observed mass distribution 
for each of these transitions is quite wide 
(- 5 amu FWHM) but the centroids can be well 
established. From coincidence studies and 
decay scheme systematics, two of the transi
tions have been shown to be associated with 
104Mo and 106Mo. 1, 3 These transitions have 
centroids in the mass distribution at 
A = 104.67 and A= 106.03 respectively. 

The other transition which is also from a 
Mo isotope has a mass centroid at A= 105.37 
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and is therefore as signed to 10 5Mo. Similar 
considerations have been applied to other 
transitions observed in the prompt'{ -ray 
spectra. For cases which are reasonably 
intense and relatively free of other-y-ray con
taminants, good mass determinations are pos
sible. 

The long-term objective in these experi
ments is to determine nuclear level properties 
of the prompt-fission isotopes, but as of now 
the complexity of the '{-ray spectra and the 
relatively poor mass resolution obtained from 
fragment kinetic energy measurements have 
precluded these determinations except for 
even-even isotopes. Gamma ray-gamma ray 
coincidence measurements will be useful in 
establishing level structures,and we have per
formed such measurements. An example of 
a tentative decay scheme for 111Ru is shown 
in Fig. 2. These transitions have been shown 
to be associated with Ru x rays and to have 
mass distributions consistent with mass 111. 
The order of the transitions is determined 
from intensity considerations, lifetime deter
minations, 7 and '{ -'{ coincidence measure
ments. Unfortunately, even with this informa
tion we are unable to make reliable spin 
assignments to the levels. 

Even though, at this time, we are unable to 
make level scheme determinations for odd A 
and odd-odd isotopes, we feel it is useful to 
establish the first step in this procedure-the 
accurate assignment of transitions to specific 
isotopes. Table I contains a partial list of 
such assignments. These assignments are 
made by using the x-ray and mass determina
tions described above. Additional experiments 
are now being performed to improve the 
quality of the data so that more assignments 
can be made. 
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INFLUENCE OF SHELLS AND PAIRING IN THE FISSION PROBABILITIES OF 

NUCLEI BELOW RADIUM 

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

A large body of experimental information 
on fission cross sections for nuclei lighter 
than radium is now available. 

Preliminary analysis of the fission proba
bilities on the basis of the Fermi gas level 
density has shown that fission barriers car" 
be reliably obtained. 

Difficulties arise when one attempts to fit 
the fission probabilities over a rather large 
energy interval. Close to the shell region, 
the ratio af/an between the level density 
parameters in the fission width and in the neu
tron width can be as large as 1.4 and de
creases to ~ 1.0 with increasing excitation 
energy. This behavior is attributed to the 
presence of shell effects in the neutron width 
and their washing out with excitation energy. 
Experimental studies of fission fragment 
angular distributions in 210po and 211po 
seemed to indicate large pairing effects at the 
saddle point. 

In order to investigate shell effects in the 
neutron width and pairing effects in the fis
sion width, realistic level densities have been 
incorporated in. the calculation. 1-3 The level 
density employed in the neutron width is cal
culated on the basis of the Nilsson model and 
pairing is accounted for by means of the BCS 
Hamiltonian. The level density used in the 
fission width is calculated on the basis of the 
uniform model and the BCS Hamiltonian. 
Angular momentum effects are accounted for 
throughout the calculation. No free param
eters are included in the neutron width. The 
harmonic oscillator shell spacing 1lwo has 

been assigned the value 41 A-1/3. The free 
parameters in the fission width are the fol
lowing: 1) fission barrier Bf, 2) single 
particle level density at the saddle point gf, 
3) gap parameter /::., 4) barrier penetration. 
The experimental fission cross sections are 
transformed into fission probabilities by 
dividing them by a reaction eros s section cal
culated from the optical model. In order to 
obtain the first- chance fission probability, 
one should correct for higher order fission 
and for non-compound nucleus reactions. The 
evaluation of these corrections is rather un
certain; however, they are expected to can
cel out to some extent. Therefore, no cor
rection has been performed and the fitting 
has been carried out up to 70 MeV and 120 
MeV excitation energy. 

The fitting has been performed in three 
modes: 

1) All the parameters free. The fits are 
quite good; however, rather large fluctuations 
in the barrier penetrabilitie s are obtained 
where data close to the barrier are not avail
able. 

2) The barrier penetrability is fixed at its 
average value of 1 MeV. The fits are essen
tially as good as in 1 ). 

3) Since the saddle point gap parameters 
obtained in 1) and 2) are smaller than the 
average observed in ground state nuclei, they 
were fixed just at this value(!::. =11A-1f2.). 
The fits are very poor, indicating that within 
the formalism used here, such large values 
are not acceptable. 
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Table I. Parameters obtained from the analysis of fission probabilities. a 

Reaction 

B .209 + H 4 At2i3 
83 1 2 e ..,. 85 

Pb.208 + H 4 P 2i2 
82 2 e ..,. 84 ° 

Pb207 H 4 P 211 
82 + 2 e ..,. 84 ° 

Pb206 +. H 4 P 2i0 
82 2 e ..... 84 ° 

B .209 + Hi P 2i0 
83 1 i .... 84 ° 

Pb20S + Hi B.209 
82 i ..... 83 1 

Pb206 + Hi ..,. B.207 
82 i . 83 1 

A i97 + Hi ..,. . i98 
79 u i 80Hg 

R i87. H4. 
1

i9i 
75 e + 2 e ..,. 77 r 

. R i85 . H 4 I i89 
75 e + 2 e ..,. 77 r 

W i84 H 4 O i88 
74 . + 2 e ..,. 76 s 

wi83 + 2:H:e4 .... 76osi87 
74 . ' 

W. i82 H 4 O i86 
74 + 2 e ..,. 76 s 

T i8i + H 4 R i85 
73 a 2 e ..... 75 e 

L i75 H 4 T i79 
7i u +. 2 e ...... 73 a 

T i69 H 4 L i73 
'69 m + 2 e '..,. ·7i u 

Ref. 

c 

c 

c 

c 

c 

c 

c 

c 

c 

d 

d 

e 

e 

e 

c 

d 

d 

Bf 
(MeV) 

i7. 0 

i9. 5 

i9. 7 

20.5 

21.4 

23.3 

21.9 

22.3 

20.4 

23.7 

22.6 

24.2 

22.7 

23.4 

24.0 

26.i 

28.0 

gf 

(MeV-i) 

7.67 

7.36 

7.08 

7.42 

7.33 

7.55 

7.63 

7.57 

7.43 

7 .i6 

6.84 

6.89 

6.84 

6.66 

6.5i 

6.53 

6.i7 

aThe barrier penetrations have been set equal to 1.0 MeV. 

b 2 i 
XLOG = N 

K=i 

2 
[LOG(Exp. K) - LOG(Theor. K)] 

cA. Khod~i-Joopary, Ph. D. thesis, UCRL-i6489, July i966. 

D. 
(MeV) 

0.38 

0.06 

0.84 

0.60 

O.i7 

0.22 

0.11 

0.39 

0. 68 

0.05 

O.iO 

0.54 

0. 83 

0.43 

0. 60 

0.99 

0.87 

2 b 
XLOG 

0.060 

0.027 

O.OOi 

0.030 

0.024 

0.020 

0.035 

0. 05i 

O.Oi5 

0.003 

0.023 

0.005 

0.004 

0.006 

0.008 

0.002 

0.003 

de: :M:. Raisbeck and J. W. Cobble, Phys. Rev. i53, i270 (i967). 
eL. G; Moreho, R. C. Gatti, and S. G. ThompsQn,"UCRL-i7989, Nuclear 

· Chemistry Divi!!ion Annual Report, January i968, p. i41. 
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Fig. 1. Theoretical fits to the ex~erimental 
fission probabilities of 188os and 10Po. The 
parameters obtained from the fitting procedure 
are reported in Table I. (XBL 721-15) 
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Fig. 2. Experimental fission barriers cor
rected for the ground state shell effects. The 
solid line represents the liquid-drop prediction. 

(XBL 721-14) 

In Fig. 1 examples are shown of typical 
fits. The fission barriers as obtained in 
mode 2) are presented in Fig. 2, together 
with the ground state shell effects and the 
liquid-drop prediction. It can be seen that 
the experimental fission barriers can be ob
tained by adding the ground state shell effect 
to the liquid-drop barrier. 4 
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Fig. 3. Saddle point densities of doubly de
generate single particle levels. The values 
cluster about a line corresponding to 
a = A/8. 5. (XBL 721-16) 

In Fig. 3 the saddle -point single -particle 
level densities are shown as a function of A. 
The expected linear dependence with A is 
clearly seen. The experimental values 
cluster around the line corresponding to 
a= A/8.5 and are bracketed by the lines cor
responding to a = A/9 and a = A/8. No 
particular structure is seen in going through 
the 208pb shell, indicating that the Nilsson 
model accounts for the shell effects satisfac
torily. 

The summary of the parameters obtained 
from the data fitting is presented in Table I. 

As a conclusion, it seems that: 1) the 
fission barriers are well understood, 
2) the Nils son model accounts for the shell 
effects in r n and their disappearance with 
excitation energy, 3) pairing at the saddle 
point is either small or some physical effect 
not accounted for in the present formalism is 
artificially lowering pairing. 



References 

1. L. G. Moretto, R. Stella, V. Caramella 
Crespi, Energia Nucleare "!__, 436 (1970). 

2. L. G. Moretto, LBL-219, August 1971; 
to be published in Nucl. Phys. 

150 

3. L. G. Moretto, LBL-228, August 1971; 
to be published in Nucl. Phys. 

4. W. D. Myers and W. S. Swiatecki, Nucl. 
Phys. g, 1 (1966). 

PROMPT GAMMA-RAY SPECTRA FROM PRODUCTS FORMED IN THE 

SPONTANEOUS FISSION OF 252ctt 

J. B. Wilhelmy, E. Cheifetz,* R. C. Jared, and S. G. Thompson 

The purpose of this report is to present 
information on how to obtain and use a mag
netic tape on which is recorded '{-ray spec
tral information in coincidence with the prompt 
fission of 252 Cf. These data have been ob
tained from three- and four-parameter mea
surements of "Y rays and K x rays in coinci
dence with fission fragment pairs (see Fig. 1 ). 
From analysis of these data information has 
been obtained on the ground state bands of 
even-even fis sian products, 1 -3 on the mass 
and charge distribution in fis sian, 4 and on the 
primary fragment angular momentum. 5 In 
the experiments, - 2 X10 8 multiparameter co
incidence events have been recorded. This 
quantity of data has therefore precluded the 
possibility of presenting all of the experi
mental information in published form. Since, 
to a large extent these data are unique, we 
propose to make available, on request, a 
magnetic tape containing the spectral informa
tion so that interested potential users will 
have access to the data for any analysis which 
they would care to perform. The details of 
how to obtain the tape and a compilation of 
data necessary for utilizing tte information is 
presented in the main report for which this 
is a summary. 

The tape contains '{-ray spectra for selected 
mass intervals (in one case also Z intervals). 
The masses were calculated from the mea
sured kinetic energies of the fragments, 
using the predetermined mass -dependent neu
tron emission distribution 7 and the Schmitt, 
Kiler, and Williams mass-dependent energy 
calculation procedure. 8 This method con
sists of first obtaining a rough energy calibra
tion from the measured fragment kinetic-en
ergy pulse-height spectrum, 

E = a · x + b, (1) 

where x is the recorded fragment kinetic
energy channel number and a and b are 
constants, 

b = 103.77 - a· PL' 

with PL and PH being the centroids of the 
light ana heavy fission-fragment kinetic-en
ergy peaks. Conservation of momentum re
quires 

252 
(1 + E 1 p/E2F,) 

M2p = 252 - M 1p. 
(2) 

Mi and Ei denote mass in amu and energy in 
MeV of the ith fragment. The subscript P de
notes preneutron emission quantities. In the 

~em 
adet.~ 

241Am-,/ 

soc ~adet. 1.0 

Nor 

Fig. 1. General schematic representation of 
the detector configuration. • Detectors F 1 
(with electrodeposited 252Cf) and F 2 mea
sured kinetic energies of the fragments. De
tectors '1 1 and '1 2 measured energies of'{ rays 
and/or x rays. The sources and detectors in
dicated in the bottom of the figure were used 
for external stabilization of the photon detec
tors. (XBL 703-2403) 
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Fig. 2. An example of portions of mass
sorted y -ray spectra recorded in Experi
ment 1 (HR). The top spectrum is for transi
tions from fission products stopped in frag
ment detector F 1 having masses between 103-
105 and the bottom spectrum is for the mass 
internal 105-107. The straight line is for en
ergy calibration. Each spectrum is plotted 
twice with the top spectrum being equal to the 
bottom spectrum multiplied by 5. 

(XBL 708-1785) 

first calculation E1p and E2p are approxi
mated by 

(3) 

Using these values of M 1 and M 2 , the mass
dependent energy calibrationS is evaluated: 

The values of M1p and M2p are then cor
rected for the average number of emitted neu
gons (v) using the experimental results of 
v(M, ET) presented by Bowman et al. 7 This 
correction has the form 

E. 
l 

(24.0203 + 0.03574 M
1
.) 

+ 0.1370 Mi + 89.6083. 

X 

PL-PH 

(5) 



The values of EiP are then calculated: 

E
1
.p =E. (1 t v./M. ). 

1 1 1 
(6) 

The new values of E1p and E2p are en
tered into Eq. (2) for continuation of the 
iterative process. This is repeated until the 
mass values resulting from the consecutive 
iterations differ by less than 0.05o/o. These 
calculations are performed only once for each 
allowed channel combination (a total of 10 000 
possibilities) and the results are stored in an 
array in the computer program used for the 
data analysis. The event-by-event mass 
assignments are then obtained from the ex
perimental fragment kinetic-energy results 
by interpolation in the array. After the mass 
of each event is determined, the recorded 
coincident '{-ray (or K x-ray) channel is in
cremented in the '{-ray (or K x-ray) spectrum 
corresponding to the appropriate mass inter
val. The spectral information is stored in 
38 discrete mass intervals (each 2 amu wide) 
covering the fission product distribution from 
A = 8 7 to A = 16 3. 

The magnetic tape which we will provide 
contains sorted spectral information for six 
different experimental configurations. These 
individual experiments provide data which 
are useful over varying energy ranges and 
detector geometries. A brief description of 
each experiment is given below, with our 
designation shown in parenthesis. 

Experiment 1 (HR) 

This is a three-parameter measurement of 
'{ rays in coincidence with fission fr'3gments. 
The '{-ray detector used was a 1-cm Ge(Li) 
detector having resolution of- 1 keV at 122 
keV and was located in position '{ 2 (see Fig. 1 ). 
The experimental data covered a usable en
ergy range of from 40 to 400 keV. An ex
ample of the mass-sorted spectra from this 
experiment is shown in Fig. 2. 

Experiment 2 (G6) 

Two three-parameter measurements were 
recorded in the same experiment; these ex
periments are designated "G6" and" COAX". 
In the G6 experiment a 6-cm3 Ge(Li) detector 
was used having resolution of 1.6 keV at 279 
keV and was located in position '{ 1 (Fig. 1 ). 
The data cover a usable energy range of 60 
to 1400 keV. 

Experiment 3 (GX) 

The data recorded in this experiment rep
resent the '{-ray portion of three- and four
parameter measurements in which'{ r'ays 
and K x rays were recorded. The '{-ray de
tector had a 6-cm3 volume with resolution of 
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- 1.6 keV at 279 keV and was located at posi
tion '{ 1 (Fig. 1). The usable energy range in 
this experiment was 60 to 1400 keV. 

Experiment 4 (COAX) 

The data presented in this experiment were 
recorded at the same time as the data pre
sented in Experiment 2. In this case a 35-crr? 
coaxially drifted Ge(Li) '{-ray detector with 
resolution of 2.5 keV at 279 keV was used. 
This crystal was located in position '{ 2 and 
had a usable energy range of 150 to 1900 keV. 

Experiment 5 (HRF2) 

This experiment presents the same three
parameter data recorded in Experiment 1. In 
this case, however, the data is presented for 
mass intervals relative to the fragments 
stopping in fragment detector F 2 (see Fig. 1 ). 
For all other presented results the mass in
tervals are relative to fragments stopping in 
detector F 1 . The sorting is performed in 
this manner so that transition lifetime infor
mation can be extracted from the '{-ray in
tensity measurements. By observing, over 
the same mass intervals, the intensity of a 
specific'{ ray in the 11 HR" and "HRF2" ex
periments and by knowing the velocity of the 
fragment and the geometry of the detectors, 
it is possible to estimate the transition life
time. Transition lifetimes in the 0.2- to 
2-nonosecond region, which we have extracted 
using this technique, are presented in Refs. 1-
3. 

Experiment 6 (Z) 

This experiment presents '{-ray data ob
tained in a four -parameter experiment in 
which two fragment energies were recorded 
in coincidence with'{ rays and K x rays. The 
'{ rays were recorded by using the detector 
described in Experiment 3. In this experi
ment the data are presented in 27 spectra each 
labeled by an atomic number (Z = 37 to 63). 
These atomic numbers were established by 
placing windows on the appropriate energy 
interval containing the Ka x rays of each 
element. 
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INTERPRETATION OF MASS ASYMMETRY IN FISSION BASED ON 

DEFORMATION ENERGY SURFACES* 

C. F. Tsang and J. B. Wilhelmy 

One of the most readily observed properties 
of the fission process has been the determina
tion of the mass distribution of the resultant 
fission products. Until very recently all low
energy induced fission studies of actinide nu
clei have shown mass distributions that wei'P 
strongly asymmetric. A characteristic mea
surement of the asymmetry is the ratio of the 
yield of fission products corresponding to the 
peak of the mass distribution compared with 
the yield of products at the valley. Experi
mental peak-to-valley ratios have been tabu
lated for low-energy induced fission of acti
nide nuclei1 and these results invariably show 
them to be strongly asymmetric and have the 
property that as the excitation energy is in
creased in the fissioning nucleus, the peak-to
valley ratio decreases. Recently an appar
ently anomalous case has been discovered in 
which the thermal-neutron induced fission of 
257Fm has resulted in a strongly symmetric 
mass distribution. 2 These results are even. 
more striking because other current experi
mental studies have shown that the mass 
distribution for the spontaneous fission of the 
adjacent even-even isotope 256Fm is asym
metric. 3 

Many attempts have been made to theo
retically interpret the fission mass distri
bution but none, so far, have been successful 
for quantitative predictions. The liquid-drop 
model analysis4 predicts the mass distribution 
to be symmetric in all cases. Very often the 
asymmetry has. been qualitatively explained as 
the result of strong shell effects in the re
sidual fission product nuclei. Recently a 
tractable theoretical interpretation of the mass 
distribution was proposed by Moller and 
Nilsson5 in which they have shown that in the 

actinide region, the second fission barrier 
has a lower total energy for asymmetric mass 
division. A schematic representation of the 
total deformation energy surface of an actinide 
nucleus is shown in Fig. 1. The multidimen
sional aspects of the surface are reduced by 
combining the two symmetric coordinates 
( E2 and E4) and the two asymmetric coordin
ates (E3 and E5). The surface shows that the 
ground state, first fission barrier, and sec
ondary minimum have their lowest energy 
along the symmetric axis (labeled SYM). 
However, the calculations show that in the 
outer barrier region there is a mountain top 
on the symmetric axis and the saddle point is 
located at an asymmetric deformation. Also 
shown in Fig. 1 are cross sections of the def
ormation energy surface through the sym
metric axis and an asymmetric axis in the 
second barrier region. The cross section 
through the symmetric axis shows the now
familiar double-peaked fission barrier. On 
the other hand, the cross section through the 
asymmetric axis shows that the deformation 
energy surface clearly prefers an asymmetric 
deformation near the second barrier. 

Our interpretation of mass asymmetry is 
based on a quasi-static analysis of the system 
at the second saddle point. We make the 
simple assumption that the probability of 
symmetric or asymmetric fission is related 
to the excitation energy of the system relative 
to the deformation energy surface of the sym
metric and asymmetric outer fission barrier. 
When the excitation energy is positive with 
respect to the barriers then we take the prob
ability for asymmetric and symmetric fission 
to be proportional to the local level density 
above the asymmetric saddle point and the 
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0 
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Fig. 1. Schematic representation of a clef
formation energy surface as a function of 
symmetric and asymmetric deformations. 
For details, see text. (XBL 719-4270) 

symmetric mountain top respectively. This 
probability is evaluated by using the simplest 
Fermi gas level-density formula: 

(1) 

where P a and P s are the probability for asym
metric and symmetric division respectively, 
ET is the excitation energy, Ea andEs are 
the energies of the asymmetric saddle point 
and the symmetric mountain top, and a' and 
a are the level-density parameters for the 
asymmetric and symmetric cases. In the 
Fermi gas model the level-density parameters 
are proportional to the number of particles 
(A) and can therefore be formally written as 

a' =X 'A; a = xA . 

By making these substitutions in Eq. (1) and 
taking the ratio of the probability of asymmet
ric to symmetric fission, we get, on a slight 
rearrangement, 

1 
1\,fA(ET-E ) ../A(ET-E ) 

2 .JY' a 2 ,jy s 
X l'n Pa/Ps - X l'n Pa/Ps 

(2) 

A plot of .J A (ET-Ea)/l'n(Pa/Ps) against 
.J A(ET-Es)/l'n(Pa/Ps) should be linear if 
X and X 1 are constants. To make such a 
plot it is necessary to evaluate the various 
quantities in the ordinate and abscissa. The 
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ratio Pa/P ~is taken to be the experimentally 
determined peak-to-valley ratio, ET is the 
excitation in the fi s s ioning nucleus, and the 
energy of the asymmetric saddle point is 
taken as the empirical barrier height of the 
outer fission barrier. These empirical values 
have been derived from the analyses of ex
perimental data by Bjphnholm, Britt et al. , 7 
and Back et al. 8 Where experimental data is 
not available we have used the semiempirical 
values of Pauli and Ledergerber. 9 The values 
of the symmetric barrier heights (E ) were 
obtained by adding the theoretically ~alcu
lated5, 10, 11 energy difference between the 
symmetric and asymmetric fission barriers 
(Es -Ea) to the above -mentioned empirical 
values for the asymmetric barriers. Thus, 
this energy difference is the only number we 
get directly from the theory. 

These values were used to calculate the 
ordinate and abscissa for Eq. (2), and Fig. 2 
presents a plot of this data based on the 
Moller-Nilsson5 deformation-energy surfaces. 
The data with large excitation energy have 
large values of the ordinate and abscissa. As 
can be seen, these data define a reasonable 

~ 
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I 
Intercept = /Vi 

2.yX 
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= 1.6 
X'""_!_ 
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./ A(ErEsJ/ In p/v 

30 

Fig. 2. Correlation obtained by plotting data 
using Eq. (2) for cases in which the excitation 
energy in the fissioning nucleus is above both 
the asymmetric saddl~ point and the sym-
metric mountain top. The line is drawn to 
smoothly join data points. (XBL 719-4272) 



straight line, with some deviation at the low
energy end. The magnitudes of X and X 1 are 
determined from the line. They are found to 
be equal (which is reasonable, since, when 
the excitation energy is large the effect of the 
energy difference between the symmetric 
mountain top and the asymmetric saddle point 
becomes less significant) and of value ~ 1/10. 
This gives for the level-density parameter in 
the Fermi gas model, a = A/10, which is in 
good agreement with the value obtained from 
analysis of neutron-capture resonances and 
of other nuclear reactions where a is typi
cally determined to be between A/8 and 
A/12. For low-energy points, both X and 
x1 are seen to be no longer constant as a 
function of energy. Since the smooth curve 
bends up from the straight line as one goes 
to decreasing values on the abscissa, this 
means that the value of X 1 is decreasing 
which implies a decrease in the number of 
levels when the energy is close to the def
ormation-energy surface. 

Using these results we are now in a posi
tion to make an estimate of the peak-to-valley 
ratio for the thermal-neutron induced fission 
of 257Fm. The values12, 5, 9 of ET, Es, and 
Ea are 6.5, 3.5, and 3.3 MeV respectively. 
Using the values of X and X 1 from Fig. 2 rl.nd 
rearranging Eq. (2 ), we obtain a prediction 
for the peak-to-valley ratio of -1.8. This 
compares well with the experimental value of 
1 (i.e., symmetric fission) since the rang,; 
of values of peak-to-valley ratios which are 
experimentally known is from 1 to ;:::750. Th 
uncertainties in theory are more than enough 
to account for the difference of 1. 8 from 1. 
The physical reason why we predict close -to
symmetric fission in this case is that the en
ergy difference between the asymmetric 
saddle point and symmetric mountain top is 

small (only 0.2 MeV) so that at the neutron 
binding energy, 3.2 MeV above. the barrier, 
its effect is not large. In other cases such 
as U and Pu, the difference is about 2 MeV 
and this has a significant effect on the mass 
distribution for excitation energies corre
sponding to thermal-neutron induced fission. 
In this argument, we can predict that the 
thermal-neutron induced fission of 255Fm 
will also be symmetric (even though spontane
ous fission of 256Fm is found to be asym
metric). 

In cases when the excitation energy is be
low the barriers (for example, spontaneous 
fission) we interpret the probability for asym
metric and symmetric fission to be given by 
the probability of penetrating the fission bar
riers along the symmetric and asymmetric 
paths. These probabilities are given by the 
standard WKB penetration formula 
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p cl exp -2 J~A5/3 (E -E )dE 
a 112 a T 

(3) 

p = cl exp -2 J~A5/3 (E -E~dE ' s 11 s 

where (3 1 A 
5

/
3 

is the inertia parameter for 
penetrating the asymmetric saddle, and 
(3A5/3 is that for the symmetric mountain. On 
taking the ratio of probabilities, the penetra
tion from the ground state to the second mini
mum that is common to both cancel out, and 
we need only consider the penetration from 
the· secondary minimum to the emerging point 
of the barrier by way of the asymmetric and 
symmetric paths. 

For the analysis of the peak-to-valley 
ratios by using Eq. (3), there are two param
eters to be obtained: the asymmetric and 
symmetric inertia parameters. Until re
cently there has only been one radiochemical 
result of the peak-to-valley ratio for spontane
ous fission, which is the case of 252cf · 
(~ 750). The other spontaneous fission re
sults are given only as lower limits. As a 
reasonable number, we have assumed the 
inertial parameter for asymmetric fission 
was the s arne as that obtained by Nilsson 
et al. 13 from an analysis of spontaneous fis
sionhalf-lives. Their value is: 

R = 0.3390 MeV-
1

/
2

. (4a) 

The value for the symmetric inertial param
eter can then be obtained from Eq. (3) by fit
ting the 252cf peak-to-valley ratio. This 
gives a value of: 

q = 0.3747 MeV- 1 / 2 

11 
(4b) 

With these values it is now possible to pre
dict peak-to-valley ratios for all spontane
ously fissioning even-even nuclei. Results 
of the analysis are shown in Table I. Thus 
the peak-to-valley yield for the spontaneous 
fission of 256Fm is calculated to be 43, which 
agrees reasonably well with the experimental 
value3 of ~ 12. The physical reason why the 
spontaneous fission of 256Fm is asymmetric 
is that even though the energy difference be
tween the asymmetric saddle point and the 
symmetric mountain top is small, in the case 
of tunneling under the barrier it is felt quite 
strongly. This is to be contrasted with the 
case of the thermal-neutron induced fission 
of 257Fm, where the energy difference is just 
as small, but its effect is very little when the 



Table I. Experimental and calculated values 
of peak-to-valley ratios for spontaneously 

fissioning nuclei. 

Peak yield/valley yield 

Nucleus Experimental Calculated 

238u > 500a 8X 10
6 

240Pu > 270a 7X 10
5 

242Cm > 700a 2.4X 10
4 

244Cm > 5X10 3 b 2X1o
4 

252Cf 750a Fitted 

256Fm 12b 43 

aRe£. 1. 

bRef. 3. 

excitation energy is substantially above the 
barrier. In this argument, we can predict 
that the spontaneous fission of 258Fm is asym
metric, even though the thermal-neutron in
duced fission of 257Fm is found to be sym
metric. 

In this study we have correlated quantita
tively the peak-to-valley ratios of the mass 
yield distributions of all even-even fissioning 
nuclei. We are able to understand the appar
ently anomalous case of the symmetric ther
mal-neutron induced fission of 257Fm. We 
have also made a study of radium fission 
which yields a triple -peaked mass yield dis
tribution. The results can be understood 
within our picture. 
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A USE OF 252cf FOR FISSION-FRAGMENT MEASUREMENTS 

R. C. Jared and J. A. Harris 

The fission process has long been used as 
a method for producing neutron-rich isotopes. 

These neutron-rich isotopes have been used 
to study radioactive decay schemes. Until 
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Fig. 1. The plating cell for 
252

Cf. The 
liquids were added or removed by the syringe 
on the right by using vacuum or pressure 
from the syringe on the left as an aid. 

(XBL 721-2138) 

recently, very few conclusive assignments 
were made on prompt'{ radiation from fis
sion. The measurements of decay schemes 
of fission products have been limited to nu
clei that have undergone beta decay and have 
sufficiently long half-lives to permit applica
tion of chemical separation techniques. 

A typical fission experiment would consist 
of two fission-fragment detectors facing each 
other with a 252Cf source in the middle 
mounted on a very thin foil so that both fis
sion-fragment kinetic energies can be mea
sured. The masses of the fission fragments 
are calculated from these energies. In addi
tion to the fission detector, a y detector is 
usually positioned close to the source to ob
tain gammas that are in coincidence with cal
culated masses. The main problem with the 
above experimental configuration is that the 
'{ rays emitted from the moving fragments 
are broadened and shifted as a result of the 
Doppler effect. This effect can be minimized 
by stopping the fragment in times much 
shorter than the lifetimes of they rays. 

An obvious solution to the problem is to 
stop one of the fission fragments immediately 
after fission in one of the fragment detectors 
and then observe the'{ rays. This was ac
complished by electrodepositing the californ
ium on a detector. The stopping time of the 
fragments is- 10-12 sec; therefore, lines 
with half-lives greater than 10-10 sec can be 
clearly identified. This technique was used 
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to identify 30 decay schemes for f.rompt even
even isotopes in the fission of 25 Cf. 1, 2 

Experiment 

The electrodepositing of 
252

Cf was ac
complished in the cell shown in Fig. 1 A 
phosphorus diffused Si detector (200- 500 rl/ em) 
was mounted at the bottom of the cell. The 
252cf was made chemically pure by being 
processed through a cation exchange column. 
The sample was then placed in 0.001 M HN03 
and transferred to the plating apparatus. 

Electrodepositing of 
252

Cf was done under 
the following conditions. A Si detector was 
used as the cathode, and Pt wire as the anode. 
The 0.001 M HN03 solution with 252cf was 
introduced into the system by applying a 
slight vacuum to the cell, which was done by 
means of a syringe attached as shown on the 
left-hand side of Fig. 1. Voltage was applied 
and the sample was allowed to plate for 1 0 to 
15 min, after which time NH4 0H was intro
duced into the system, converting the sample 
to the hydroxide form. The detector was 
then removed and thoroughly washed with 
alcohol, and allowed to dry under a heat 
lamp. 

Results 

The detector showed no deterioration from 
the plating procedure, but the life of the de
tector due to radiation damage was reduced by 
a factor of 5. This reduction in lifetime was 
probably due to microscopic nonuniformity in 
the plated californium. 

Conclusion 

In conclusion, the overall effect of the 
plating was to reduce the useful life of the 
fission-fragment detector, but this was far 
outweighed by the ability to stop the fission 
fragment within- 1o-12 sec of fission, there
by eliminating for all practical purposes 
Doppler-shifted lines in they-ray spectrum 
of 252c£. 
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Rb and Cs ISOTOPES AND CROSS SECTIONS FROM 40- TO 6D-MeV PROTON FISSION 
OF 238u 232Th AND 235ut 

' ' 

8_ L Tracy, J. Chaumont, R. Klapisch, J. M. Nitschke, A. M. Poskanzer, E. Roeckl, 

and C. Thibault 

On-line mass spectrometer techniques for 
the separation of Rb and Cs have been used to 
detect products from the 40- to 60-MeV proton
induced fission of 238u, 232Th, and 235u. 
New isotopes were observed, half-lives mea
sured, and isotopic c·ross section distributions 
determined. 

Briefly, the experimental arrangement in
volves having the target in the ion source, 
where energetic fission fragments are caught 
in heated graphite foils from which Rb and Cs 
diUuse very quickly. They are ionized easily 
by surface ionization, accelerated, and then 
analyzed with a mass spectrometer (90" deflec
tion, 30 em radius). Individual ions are de
tected at the collector by means of an electron 
multiplier. 

This apparatus was installed in an external 
beam of the Grenoble cyclotron. The current 
of the proton beam bombarding the target of 
about 2 f.lA was pulsed by blocking the ion 
source to give 100 msec of beam with a repeti
tion period of 1 to 10 sec .. 

To measure short half-lives, two methods 
were used: 

A) Differential scanned diffusion. In this 
method, io (t) is the diffusion-limited time de
pendence of the ion current following a proton 
irradiation when the mass spectrometer is 
set on a stable or long-lived isotope. If an
other measurement is performed on a short-

lived isotope, radioactive decay will be an 
additional limiting factor to the ion current 
and we shall thus have i (t) = io (t) exp(- }-.. t ). 
From the ratio i/io the radioactive decay con
stant can be obtained. In fact i(t) and io(t) are 
monitored at fixed regular intervals by means 
of a periodic triangular modulation of the ion 
accelerating potential in order to discriminate 
the signal from the time -dependent background. 

B) Beta-decay measurements. The electron 
multipli~r, normally used to count ions, can 
detect beta rays emitted by nuclei accumulated 
on the first dynode with an efficiency of about 
20o/o. With the mass spectrometer set at a 
particular mass, nuclides are collected on the 
dynode during the proton irradiation and for 
130 msec afterwards. At this time, to, the 
iori beam is switched off and the decay of the 
accumulated activity is recorded. This method 
not only gives the half-life of the respective 
Rb or Cs isotope but also allows the observa
tion of the beta-decav descendants. From an 
analysis of the initial activities information 
can be gained on whether the second half-life 
belongs to the daughter or granddaughter. The 
results are given in Table I. 99RB, 98sr, 
and 145, 146cs are new isotopes. 

The isotopic distributions of Rb and C s 
independent yields were measured with high 
precision. The Rb isotopic distributions 
have a Gaussian shape, but those of Cs are 
somewhat asymmetrical. As the proton bom
barding energy increases, the neutron-excess 

Table I. Measured half-lives in milliseconds. 

Mass 

96 

97 

98 

99 

145 

146 

Element 

Rb 

Rb 

Sr 

y 

Rb 

Sr 

y 

Rb 

Cs 

Cs 

Diffusion 

207± 3 

176±6 

140± 8 

76± 5 

559 ± 28 

189 ± 11 

Beta decay 

175 ± 8 

.$ 200 

1110±140 

96±27 

845 ±43 

:;300 

613±100 

Best value Previous work 

207 ± 3 230 ± 20 

176 ± 5 135 ± 10 

.$ 200 400 ± 300 

1110± 140 1110±30 

136 ± 8 

850 ±50 

:;300 

76± 5 

563±27 

189± 11 



sides of the distributions remain approxi
mately fixed while the neutron-deficient sides 
shift to lower mass number-s. The distribu
tions also show significant variations with the 
neutron-to-proton ratio of the target. 

All the isotopic cross sections show a 
significant odd-even structure, with the for
mation of even neutron isotopes being favored. 
The effect is more pronounced for the neu
tron-rich isotopes. A similar structure is· 
found to occur in Rb and Cs distributions 
from fission induced by. thermal neutrons, 
155-MeV protons, and 24-GeV protons, as 
well as in the Na and K cross sections from 
24-GeV proton reactions with a variety of 
targets. 

This 'structure is more evident if .one anal
yzes the data by a method of third differences. 
Let L 0 , L1, L 2 , and L 3 be the natural log
arithms of the relative isotopic yields at the 
mass numbers A, A+ 1, A+ 2; and A+ 3. 
We then define. the third diffe renee for this 
mass interval as 

(1) 

If L 0 to L3 lie on a parabola (i. e. , the data 
are Gaussian), then it is easily shown tha~ 
the third difference is exactly zero. Suppose 
now that the logarithms of the yields of odd
mass isotopes all lie above a smooth parabola 
by an amount b., and those of even-mass 
isotopes all lie below this curve by an equal 
amount. Then, it can be shown that D3 =+b.. 
Thus if the yields of odd-mass isotopes are 
favored, the third differences will be con
sistently greater than zero and will give di
rectly the average fractional odd-even effect 
for each interval of four masses. The re
sulting third differences for all Rb distrib~
tions are shown in Fig. 1. The experimental 
data of J. Chaumont1 have been used to com
pute the third differences from fission by 
thermal neutrons, 155-MeV protons, and 24-
GeV protons. From these graphs it is evi
dent that a small but significant odd-even 
effect exists in all of the Rb isotopic distri
butions measured up to the present. This 
effect varies more or less smoothly with 
mass number, but shows no apparent de
pendence on target or bombarding energy. 

The effect is 10o/o or higher for the most neu
tron-rich isotopes, but levels off to a value 
of about 2 o/o near the maxima of the distribu
tions. Some graphs show a tendency to in
crease on the neutron-deficient side, but this 
is not reproduced in all cases. 

An odd-even effect which favors even-neu
tron species in the isotopic distribution could 
have two possible origins! 
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Fig. 1. Percent odd-even effect in the Rb 
distributions. The third difference for each 
mass interval A to A+ 3 is plotted at the 
midpoint of this interval, i. e. , at mass 
A+ 1. 5. In each case a smooth curve has 
been drawn by eye through the computed 
points. Open circles represent third dif
ferences containing one or more interpolated 
or extrapolated yields. These points have 
been given less weight when drawing the 
s.mooth curve. (XBL 724-780) 

1) ·A preference in the nuclear division it
self for fragments with even numbers of neu
trons, because of the higher Q values in
volved.· 

2) A tendency for odd-neutron prompt £rag
ments to evaporate slightly more neutrons 
than even-neutron prompt fragments. 

In the first case, neutron emission from 
the prompt fragments will tend to smear out 
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Fig. 2. Analysis of the odd-even effect in the 
Rb distribution from the'fission of 238u by 50-
MeV protons. The points are computed from 
the experimental data, and are the same as 
in Fig. 1. The solid curve shows the results 
of the calculation for v = 1. 6, a pairing ef
feet of ± 18o/o in the prompt. yields, and ·no 
pairing effect in the neutron emission; the 
dashed curve is for v = 1.6, a pairing effect 
of± 12 o/o in the prompt yields, and a± 2. 5o/o 
effect in the neutron emission. 

(XBL 724-781) 

any structure originally present at the mo
ment of scission. However, this structure 
will tend to be preserved on the neutron-rich 
side of the isotopic distribution. This is be
cause the yields of the neutron-rich fragments 
are decreasing very quickly with increasing 
neutron number, and neutron evaporation 
from higher mass isotopes has very little 
effect on the observed yield of the isotope at 
mass A. Expressed differently, the observed 
yields of the neutron-rich isotopes result from 
events in which very few if any neutrons are 
emitted. On the other hand, near the maxi-
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mum of the isotopic distribution, the yields of 
adjacent isotopes are about equal, and neu- · 
tron emission from higher-mass isotopes be
comes more effective in smearing out pairing 
structure. In the second case, a pairing ef
fect in the neutron emission leads to a struc
ture which is nearly constant with mass. 

A preliminary calculation has been per
formed of the odd-even effect in the Rb dis
tribution from 238u at 50 MeV and is shown 
in Fig. 2. We conclude that the odd-even ef
fect in the Rb and Cs distributions can be ac
counted for by a 10 to 15o/o neutron pairing ef
fect in the prompt yields and a 2 to 3o/o pair
ing effect in the neutron emission. 

From the mean mass numbers of the Rb 
and Cs distributions, the average total num
ber of emitted neutrons has been estimated 
for each reaction. This information, to
gether with other results on neutron emission 
as a function of fragment mass, has allowed 
the mean mass numbers to be corrected for 
prompt neutron emission. These corrected 
values differ by about one mass unit from the 
values predicted by the unchanged charge 
density (UCD) mechanism and are consistent 
with the same mechanism of charge division 
as that operating in thermal neutron fission. 
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SEARCH FOR 'Y TRANSITIONS EMITTED IN THE FORMATION OF A FISSION ISOMER 

D. Benson, Jr., C. M. Lederer, and E. Cheifetz * 

The phenomenon of isomeric states de
caying by fission was first discovered by 
Polikanov. 1 It was first suggested by 
Strutinsky, 2 and is now generally accepted, 3, 4 
that nuclei exhibiting fission isomerism un-, 
dergo fission after being trapped briefly in a 
secondary minimum in the potential-energy 
surface. A probable4 mechanism by which 
fissioning isomeric states could be populated 
involves y decay in the second potential well 
after evaporation of neutrons from the com
pound nucleus. 

In our search for y rays preceding delayed 
fission we chose to study the reaction 
238U(a, 2n)240mPu. This reaction has a rela
tivell high ratio of isomeric to prompt fis
sion (4.4X1Q-5 at Ea=25 MeV). With a half
life4 of 3. 8 ± 0. 3 nsec the isomer decay can be 
observed between bursts of the 25-MeV a 
beam at the 88-inch cyclotron. 

A target consisting of 0.6 mg/cm
2 

uo2 on 
a 0.2 mg/cm2 carbon foil was mounted at 45• 
to the beam. Fission fragments were detected 



by a 450-mm2 surface barrier Si detector on 
one side of the target, at about 100• to the 
beam. The target was viewed on the op~osite 
side through a thin Al window by a 5-cm 
Ge(Li) '{-ray detector. Both detectors were 
placed close to the target to maximize geo
metric efficiencies. 

The arrival time of the beam burst was 
de'rived from the zero-crossover point on the 
cyclotron rf voltage. A bi-level time pickoff 
system was used with the Si detector. The , 
lower threshold provided fast timing of the 
fission events, while the upper threshold re
jected the more abundant pulses from scat
tered a particles. Gamma-ray timing was 
obtained from a leading-edge discriminator 
on the preamplifier output. The time delays 
between the beam burst and a fission event, 
TBf• and between a'{ ray and a fission event, 
T'{f' were measured, as well as E'{ •. Base
line stabilization of the TBf signal corrected 
for any rf phase driftS during long runs. 
The T'{f signal was compensated6 for energy 
dependence of the '{ timing. 

Most of the width of the TBf curve (Fig. 1) 

number 
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Q) 
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Fig. 1. Time distribution of fission relative 
to beam bursts. The dashed line indicates 
isomer activity calculated for a 3. 8-nsec 
half-life with overall isomer/prompt-fission 
ratio of 4.4X1o-5. (XBL 721-2035) 
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Fig. 2. Time distribution of fission relative 
to'{ rays for all'{ energies above 25 keV. The 
plotted points correspond to events for which 
TBf falls within the delayed fission window 
(Fig. 1). The solid curve, obtained with no 
restrictions on TBf• is normalized to the 
points in the vicinity of the peak. 

(XBL 721-2033A) 

is due to the time structure of the beam burst. 
This width does not permit complete separation 
of delayed from prompt fission. However, it 
was possible to set a window on the TBf s ig
nal, as shown in Fig. 1, such that about 17 o/o 
of the events in the window should be due to 
the isomer. This amounts to an enhancement 
of 4X 103 relative to the overall isomer/prompt 
ratio. 

The two parameters E:y and T'{f were 
stored serially on magnetic tape for every 
fission-'{ .coincidence event that also fell 
within the TBf window. One out of every 100 
events falling outside the window was also 
stored; marker flags distinguished these 
events from those gated by the TBf window. 
A total of 5X108 fission events were counted 
during the 36-hour measurement. The re
sults are shown in Fig. 2. The plotted points 
correspond to events for which TBf fell within 
the delayed fission window, while the solid 
curve, normalized to the points near the peak, 
was obtained with no restrictions on TBf· The 
excess of '{-delayed fission coincidences, 
evident from the right-hand portion of Fig. 2, 
totals 57± 8 counts. These counts cannot be 
related to the time structure of the beam 
bursts (because the timing of a true fission-'{ 
coincidence is independent of the beam time 
structure), but may be ascribed to one or 
more of the following effects: 

(1) Gamma rays emitted in the formation 
of the 3. 8-nsec isomer. 

(2) Chance coincidences between (apparently) 



delayed fis sian fragments and prompt '{ 
rays emitted during the same beam .burst 
by another nucleus. 

(3) Tailing in the time-response curve of 
the fis sian detector. 

At the observed counting rates we would 
expect 4 7-!:r B chance coincidences between 
prompt'{ rays and those fission events oc- · 
curring within the TBf window. The validity 
of this estimate for effect (2) was checked in 
a separate experiment, in which fission fra·g
ments were counted in chance coincidence with 
prompt'{ rays from the preceding beam burst. 
Thus chance coincidences alone can account 
for the observed excess of fissions delayed 
with respect to the'{ rays; an upper limit 
of 36 counts can be ascribed to the effect (1) 
we have sought to observe. Since chance co
incidences alone can account for the data,. the 
spurious effect (3) due to tailing in the fission 
detector time-response curve is ·apparently 
small. We have attempted to check this con
clusion by repeating the experiment with the 
232Th + 25-MeV a reaction, which produces 
no known fission isomer. However, an in
creased chance coincidence rate, due to a 
poorer time structure of the beam, makes 
these results inconclusive. 

In summary, our results give no definite 
evidence for '{ rays feeding isomeric fission. 
If the isomeric state is 2.6 MeV above the 
240pu ground state, 4 the maximum energy 
available for'{ decay would be 5.4 MeV. From 
the gross'{ detection efficiency (photopeak plus 
Compton), we conclude that an average of 
< 2 '{-ray photons precede isomeric fission of 
240Pu. This low'{ multiplicity may indicate 
a" special" channel for formation of the iso
mer, possibly via compound stat'es of low 
angular momentum. 

The energy spectrum of prompt'{ rays 
coinCident with (apparently) delayed fission 
reveals no discrete lines. Table I gives 
limits on pas sible discrete photon transitions 
as a function of energy. ·The low intensity in 
the Pu K x-ray region (100 keV) indicates that 
the isomeric state is not populatc:!d by trans
itions that' are strongly K-converted. The 
present results do not rule out possible rota
tional transitions in the second well, since 
these would be converted strongly in the L 
and higher shells. 
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Table L Limits on the intensities of possible 
discrete photon transitions preceding 

delayed fis sian. 

' 

E (keV) 
Maximum'{' s .· 

:eer fission isomer 

50 - 120 0.2 

175 0.3 

250 0.5 

300 0.7 

400 1.0 
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A NEW SEMI EMPIRICAL LEVEL DENSITY FORMULA WITH PAIRING AND 

SHELL EFFECTS 

A. Gilbert, R. C. Gatti, S. G. Thompson, and W. J. Swiatecki 

The original Bethe
1 

formula for the nuclear 
level density p is 

p = C exp (2 .J aU), 

where U is the excitation energy and a is 
proportional to A, the number of nucleons. 

Using the Bethe formula to fit neutron 
resonances, with a as an adjustable p.aram
eter, one finds systematic odd-even and shell 
effects in a. Newton2 and Gilbert and 
Cameron, 3 among others, showed that the 
odd-even effect could be accounted for by sub
tracting from U the odd-even mass difference, 
and that shell effects in a could be related to 
the shell term of the mass formula. 

In the high-energy limit, Rosenzweig 
4 

and 
Gilbert 5 found that for a periodic scheme of 
single-particle states the level density has 
the form 

p - exp [ z.J a (U + b. ) ] 

b. is related to shell structure and has maxi
mum negative value at closed shells. 

In order to incorporate all these effects we 
have devised the following semiempirical 
level density formula: 

where 

p(U) = C exp (2 .JaeffU' ), 

b. 
aeff = aA(1 + U'+K ); 

U' = U + E
0

, 

where Eo is the odd-even term of the Myers
Swiatecki 6 mass formula; 

where S is the experirrental shell correction 
to the Myers -Swiatecki mass formula and Ed 
is the deformation energy. C is a constant; 
a and K are adjustable parameters. 

Neutron resonance data are being used to 
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Fig. 1. The logarithmic ratio of observed to 
calculated neutron resonance spacing with 
a = 0.125 and K = 12.0 MeV versus the number 
of nucleons. ( XBL 724-678) 



determine a and·K. Our compilation of reso
nance data was derived from the Brookhaven 
neutron cross section work {BNL-325), sup
plemented by the Nuclear Data Sheets, the 
work of Baba, 7 and some recent references. 

Figure 1 is a logarithmic plot of the ratio 
of observed and calculated neutron resonance 
spacings with a = 0.125 and K = 12.0 MeV; 
7 5o/o of the points are within a factor of 2, 
18o/o are between a factor of 2 and 3 off, 7o/o 
are off by over a factor of 3 {but well within 
a factor of 10 ). 

Some systematic discrepancies are of con
cern, particularly near the N = 50 shell and 
in the rare -earth region. Preliminary indica
tions from Myers and Swiatecki are that these 
discrepancies may be related to problems in 
the mass formula. Final fitting of parameters 
will await completion of the new Myers
Swiatecki mass formula. 

We plan to use our semiempirical level 
density formula to fit high-energy fission 

164 

cross-section data. 8 
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A NOVEL APPROACH TO THE EVAPORATION OF COMPLEX FRAGMENTS 

L. G. Moretto 

The ·neutron evaporation process has been 
described by Weisskopf1 on the basis of the 
detailed balance equation. The neutron decay 
width is usually written as: 

rdE= z Zm a 1.nv{E)Ep,~(E-BN-E)dE, rr "h2p{E) 

where p {E) is the compound nucleus level 
density at the excitation energy E; BN, m, 
and E: are the neutron binding energy, the 
neutron mass, and the neutron kinetic energy 
respectively; p '~(E - BN - E:) is the level 
density of the residual nucleus; and a inv is 
the cross section for the inverse process. 

The same expression is also frequently 
used for describing the emission of complex 
particles. The inverse cross section is 
either taken from the experimental particle
induced reaction cross section, or, equiva
lently from an optical model calculation. This 
may be correct in the case of neutron emis
sion but may be seriously in error for more 
complex particles. In fact the inverse cross 
section has no direct fundamental meaning, 
but it is introduced in order to provide a 
rough estimate of the inverse probability: 

P. ::::::: 
lnV 

a . X particle velocity 
lnV 

normalization volume 

Therefore the use of an experimental cross 
section or of an optical model cross section 
may lead to a gross misrepresentation of the 
number and the relevance of the degrees of 
freedom {especially the collective ones) in
volved in the process. A way to account 
specifically for the relevant degrees of free
dom is offered by the transition state method, 
used, for instance, for the evaluation of the 
fission widths. If a highly asymmetric mass 
splitting is considered, the critical shape, 
corresponding to the fission saddle point, is 
highly necked-in and the mass asymmetry 
degree of freedom can be considered frozen. 
This critical point in the potential energy can 
be called the ridge point, in analogy with the 
saddle point, because it is found on a slope of 
the potential energy curve versus the mass 
asymmetry {Fig. 1a). 

In order to illustrate this approach, let 
the liquid-drop model be used for the po
tential-energy calculation and the ridge point 
shapes be searched for among those allowed 
by the parametrization described below. 

The ridge point configuration is represented 
as a sphere {small fragment) in contact with 
the pole of a spheroid with variable eccen
tricity )/ (large fragment). The small frag
ment is assumed to be without internal de-
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Fig. 1 (a) Schematic representation of the 
potential energy of a nucleus versus a fis
sion-like coordinate and a mass asymmetry 
coordinate. Two paths towards decay at dif
ferent mass asymmetry show the passage 
through the ridge point. 

(b) Total potential energy VT and 
Coulomb interaction energy V c versus the 
deformation of the large fragment. A fluctua
tion in the total potential energy of the order 
of the temperature T produces a fluctuation 
in the Coulomb interaction energy b.V c• which 
can be very large. (XBL 721-2027) 

grees of freedom and with only zero intrinsic 
spin: it is allowed to oscillate in a doubly de
generate mode w about the pole of the spheroid. 
This approximation may be reasonably good 
for fragments like 4He, 12c, 16o, 20Ne and 
for temperatures at the ridge point lower than 
the first excited state of the small fragment. 
The first observation which can be made is 
the closeness (in the model, the coincidence) 
of the ridge point and of the splitting point. 
Therefore the distribution of the dynamical 
quantities of the two points can be taken to be 
the same. 

4 
He 
p= 1.66 

10 

0.8 

~ 0.6 
w 

()._ 0.4 

E KIN ( MeV) 

Fig. 2. Kinetic ene4.gy distribution predicted 
for the emission of He from 236u at different 
temperatures. {XBL 721-2029) 
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Fig. 3. Kinetic ener.z.y distribution predicted 
for the emission of 1 C from 236u at different 
temperatures. (XBL 721-2031) 

The second observation is that the large 
fragment, at the ridge point, has a prolate 
deformation-the larger, the higher the charge 
of the fragment. This implies that fragments 
can be emitted below the nominal Coulomb 
barrier (Coulomb interaction energy of two 
touching spheres). 

The third observation concerns an ampli
fication effect in the kinetic energy spectrum 
(Fig. 1b}. The total potential energy and the 
Coulomb interaction energy can be expanded 
up to second and first order respectively in 
the deformation coordinate }- of the large 
fragment about the ridge point: 

2 
kJ- ' 
c;-. 

As can be seen in Fig. 1, an excursion in 
potential energy of the order of the tempera-

1.0 
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'00.6 
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0.2 

20Ne 

p ~ 39.29 

E"'" (MeV I 

Fig. 4. Kinetic ener&.y distribution predicted 
for the emission of 2 Ne from 236u at dif-
ferent temperatures. (XBL 721-2030) 



ture along the coordinate .}-corresponds to an 
excursion in Coulomb interaction energy and 
eventually in kinetic energy given by the re
lation: 

2 
(fl.Vc) ex: pT, 

where T is the ridge temperature and 
p = c2/k. All of these features are contained 
in the differential decay width: 

2 
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r= dj 21TW dw 
2 

21Tp(E)h 

>!< 2 2 2 Pw 
p (E - B - 2w - k ~- - E- E._ - - ) 

fl 2m, 2m 
':Y w 

~_.;, 

2rr p dp dp dw , 
w w }--

··-where p-·- is the level density at the ridge 
point; E is the ridge point kinetic energy; p,, 
Pw• n;J- , mw are the m~menta and inertia~!' 
masses along the coord1nate s y and w; B 1 s 
the ridge point height; and E is the excitation 
energy. 

The final kinetic energy distribution in the 
center of mass is given by the expression 

P(x) dx ex: (2x-p) exp (- ~ ) erfc p-Zx 
2 >JPT 

JP! 2+42 
+ 2 E2:TT exp ( - P x ) 

4pT ' 

where x = Ek - E 0 , Ek is the kinetic energy, 
and Eo is the Coulomb 1nteraction energy of 
the two fragments at the ridge point. 

It is interesting to notice that for the case 
of neutron emission (p = 0, Eo = 0) the distri
bution reduces to a Maxwellian 

in agreement with the standard theory. Sub
stantially different results are obtained for 
more complex fragments. In Figs. 2, 3, and 
4 the kinetic energy distributions are obtained 
for the emission of 4He, 12c, ZONe from the 
compound nucleus 236u. It can be seen that, 
with increasing charge of the fragment, the 
distribution changes from Maxwellian to 
Gaussian and that the widths of the distribution 
for the same temperature greatly increase 
with the parameter p. Some of the features 
predicted by the present formalism, like the 
emission below the Coulomb barrier and the 
large widths of the kinetic energy distributions 
seem to be visible in the particle spectra ob
tained in the bombardment of 238u with 6-GeV 
protons. 2, 3 No definite conclusions are pos
sible because of the very complicated modes 
of decay involved in such a high-energy re
action. Experimental research at smaller 
excitation energies is now being planned. 
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BASIC FORMULATION OF NUCLEAR LEVEL DENSITY CALCULATIONS 

A. Gilbert, R. C. Gatti, and G. L. Struble 

The calculation of the nuclear level density 
requires a knowledge of the grand partition 
function 

_AH 
Z = Tr e t-' , 

where H is the Hamiltonian of the system. 

In this work we derive a variational prin
ciple for the grand partition function which is 
an extension of the well-known minimum 
principle for the ground state energy of a 
quantum mechanical system. 

The variational principle is based on 
Peierls' theoremi and the Bogoliubov in
equality. 2 • 3 

Peierls 1 theorem 
1 

says that 

Z = T r e - (3H 2::: :L e - f3 ( k I H I k) ' 

k 

where I k ) is an arbitrary set of orthonormal 
states. 

In other words, if Hd is the diagonal part 
of the Hamiltonian in some representation, 
then 

Tr e -(3H 2::: Tr e -(3Hd . 

If any Hamiltonian operator is written as 
H = Ho + H1, we can make use of the 
Bogoliubov inequality2 • 3 



ln Tr e -(3(Ho + Hi) 2:: ln Tr e -f3Ho 

-(3H 
Tr(Hi e 0) 

- (3 - (3H 
Tr e 0 

These two theorems combined give a lower 
bound zi for z, which is then maximized. 

The diagonal terms of a general nonrela
tivistic Hamiltonian with two-body forces can 
be written as 

Hd = U + 2:: W n + i/2 I W n n 
a aa a-y a-ya-y 

The na are number operators equal to aa + aa, 
aa+ and aa being creation and destruction 
operators. U, Wa, Wa-y depend on the choice 
of representation. 

Bogoliubov' s choice for Hi is 

Hi = i/2 2:: W (n -f ) (n -f ), 
0!'{ a-y a '{. '{ '{ 

where the fa are adjustable parameters. 
Then the lower bound for Z is given by 

-(3E 
-(3U+ Iln(i+e a) ln zi 

i67 

_/l 2:: w i 
2 0!'{ 

(e(3Ea + i)(/E"Y + 1) 
0!'{ 

w 
+ (3 I 0!'{ £y 

(3E + i 
a-y e '{ 

ln Zi depends on the parameters fa and on the 
choice of representation. The maximization 
of ln Zi with respect to fa can be ·carried out 
quite generally, yielding 

f 
a 

1 
(3E 

e a+ i 

In this work the variational principle is 
applied to the case of a two-body Hamiltonian 
under the special Bogoliubov transformation. 
The results give a generalization of the usual 
temperature -dependent BCS pairing theory. 
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STATISTICAL DESCRIPTION OF A PAIRED NUCLEUS WITH THE INCLUSION 

OF ANGULAR MOMENTUM 

L. G. Moretto 

The statistical properties of a paired nu
cleus have been studied as a function of the 
temperature T and of the ang'2lar momentum 
projection on the ,}'axis M. i, 

The B. C. S. Hamiltonian can be written in 
its second quantization forms as follows: 

(i) 

where Ek afe the single -particle energy 
levels, ak and ak are the single -particle 
creation and anniliilation operators, and G 
is the pairing strength. 

The boundary conditions can be immediately 
introduced in the Hamiltonian by performing 
the substitution: 

H-H-A.N--yM, (2) 

where N is the number of particles, M the 
angular momentum.} projection, and A. and '{ 
are Lagrange multipliers to be determined. 
In this form the Hamiltonian can be approxi
mately diagonalized by means of the Bogoliubov 
method. 3 The Hamiltonian in its diagonal 
form is: 

H = L: ( E k - A. - Ek) + 2:: 

[ 2 2 i/2 
wher_e Ek = (Ek.- A.)_ + !i ] are the 
quasiparticle excitations; nt. nk are the 



occupation numbers of the quasiparticles 
with positive and negative spin projection 
respectively; mk are the single-particle 
spin projections; and the quantity !:;., called 
th~ gap parameter, is given by the gap 
equation 

L 
+ -

1-nk-nk 

Ek 

2 
G' 

where Ek is defined as above. 

(4) 

The Grand Partition function, which sum
marizes the statistical properties of the sys
tem, is given by 

I 

e 0 = T r e - f3H ' ( 5 ) 

where 

(6) 

where f3 = 1/T is the inverse of the tempera
ture. The quantities !:;. , f3, 'A.,'{ are related by 
the gap equation: 

The first integrals of the system can be ob
tained from the Grand Partition function: 

(8) 

M 

1 + exp f3Ci:k +'{ mk~' (9) 

E ~ Ek (1- E;~k 'A. (tanh i f3(Ek- '{ mk) 
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(10) 

The system of Eqs. (7) through (10) defines 
the quantities /::;., f3, 'A.,'{ as a function of the 
boundary conditions. The entropy is given by 
the expression 

(11) 

The level density of the system is given by 

p(E,N,M) (12) 

where 

(13) 

and a1 :::: f3, a 2 = f3'A., a 3 = f3'i· In order to 
illustrate the interrelation between tempera
ture, pairing gap, and angular momentum the 
formalism can be applied to a uniform spec
trum of doubly de gene rate single -particle 
levels of density g and of average spin pro
jection m. 

For T = 0 (f3 = oo) Eqs. (7) and (9) can be 
integrated to yield the zero temperature de
pendence of the gap parameter on angular mo
mentum: 

(14) 

where /::;.0 is the gap parameter for T = 0 and 
M = 0. The gap parameter decreases with 
increasing angular momentum (Fig. 1) and the 
pairing correlation is destroyed for M =Me, 
where: 

(15) 

The reason for the pairing breakdown with in
creasing angular momentum is related to the 
blocking effect generated by the quasiparticle 



.8 

.J 
~ 

.6 

.4 

.2 

T= 0. 

.2 ·' .6 
M/Mc 

.8 

Fig. 1. Dependence of the gap parameter !:::,. 
upon the angular momentum M at zero temp
erature. !:::,.0 is the gap parameter for 
T = 0, M = 0, and M\: is the critical angular 
momentum above wh1ch !:::,. = 0. 
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Fig. 2. Dependence of the gap parameter 
!:::,. upon the temperature T at zero angular 
momentum. T c is the critical temperature 
above which !:::,. = 0. 

(XBL725-832) 
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Fig. 3. Dependence of the critical temperature 
upon angular momentum: the parameters 
used in the calculation are: t::,.0 = 1 MeV, 
g = 7 Mev-1, m = 211. 
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.. 

Fig. 4. Contour map of the gap parameter 
as a function both of temperature and angular 
momentum. The spacing in !:::,. between two 
successive lines is 0.05 MeV from!:::,.= 1.0 MeV 
to!:::,.= 0.1 MeV. The outer line corresponds 
to!:::,.= 0 MeV. 

(XBL725-826) 

excitations on which angular momentum is 
built up . 

Pairing is also destroyed by an increase in 
temperature (Fig. 2). The gap parameter 
goes to zero at the critical temperature T c: 

2!:::,.0 

3.50. 



The critical temperature depends upon angular 
momentum as is shown in Fig. 3. A peculiar 
feature of this function is its double value for 
values of M between M and 1.22 M . In this 
interval at T = 0 the sy'~tem is unpa1red; 
when the temperature increases up to the lower 
critical temperature, pairing sets in until, 
above the higher critical temperature, pairing 
disappears again. This effect, which can be 
called 11 thermally assisted pairing correla
tion, 11 is simply explained by the antiblocking 
effect of temperature. The tight strongly 
blocking quasiparticle structure typical of the 
zero temperature is spread out to a less 
blocking configuration when the temperature 
increases. The thermally assisted pairing 
correlation is visible also for values of 
M < Me In Fig. 4 the lines of equal ll. are 
shown in the T, M plane: it can be seen that, 
for any non-zero value of M, the gap param
eter ll. starts increasing with temperature, 
goes through a maximum, and finally goes to 
zero. 

The effect of angular momentum on entropy 
can be seen in Fig. 5 where the entropy is 
plotted versus angular momentum-in constant
temperature steps. 

By setting T = 0 in Eqs. (7), (9), and (10) 
the equations for the yrast line are obtained: 

,.. 
a. 

18 

14 

~ 12 c 
w 

10 

4 

4 6 8 10 12 14 16 18 20 
M (1'\) 

Fig. 5. Entropy as a function of angular mo
mentum for a set of equally spaced tempera-
tures. 

(XBL725-829) 

170 

12 

10 

> .. 
:::!: 

w 

8 

6 

4 

2 

0 

4 6 8 10 12 14 
Mtfll 

16 18 20 

Fig. 6. Critical energy (upper line) and 
yrast line (lower line) as a function of angular 
momentum. The dashed line, .which merges 
into the yrast line at M =Me is the yrast line 
for the unpaired system. The difference in 
energy between the dashed line and the lower 
solid line represents the condensation energy 
due to pairing. 
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1 2 M M 
2 g ll.O M (2 - 2M ) for M < Me 

c c 

forM> M 
c 

In Fig. 6 the lower line represents the 
yrast line and the intermediate dashed line 
represents the yrast line that can be obtained 
for zero pairing. The energy difference be
tween the two curves represents the condensa
tion energy at each value of angular momentum. 
The upper curve represents the upper bound
ary of the paired region. 
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DEFORMATION IN EXCITED NUCLEI AND DISAPPEARANCE OF SHELL EFFECTS 

WITH EXCITATION ENERGY 

L. G. Moretto 

Ground state nuclei are known to have a 
well-defined deformation, which corresponds 
to the minimum in the potential energy sur
face as a function of a set of deformation 
parameters. The only uncertainty in the 
ground state deformation is related to the 
quantum mechanical fluctuations due to the 
zero-point motion. The same considerations 
do not apply to an excited system; if the sta
tistical assumption is valid, the nucleus 
should be able to explore all the deformations 
that are allowed by the excitation energy. 
Therefore an excited nucleus is characterized 
by a distribution in deformations or by a func
tion that will be called deformation probability. 

This function can be calculated if one 
assumes full statistical coupling between the 
internal and the collective degrees of free
dom. 1, 2 

Let E be a collective nuclear coordinate, 
V(E) the potential energy function, E the ex
citation energy. At any deformation E, the 
available excitation energy is ET = E - V(E). 
This available energy can be shared in many 
ways between the internal degrees of free
dom and the collective one. The semiclassi
cal statistical probability for a given partitio· 
is: 

dE dn 
P(x, E) dE dp = p(x) ~ 

where x is the fraction of the available ex
citation energy taken up by the internal de
grees of freedom, p(x) is the nuclear level 
density, p is the conjugate momentum associ
ated with the coordinate E, and his the Planck 
constant. In order to obtain the total proba
bility at the deformation E one must integrate 
over all the energy partitions: 

where m is the inertial mass for the motion 
along E. The integration limits are 
± ,.,) Zm ET· Because of the rapid decrease 
of the integrand with increasing I pI the 
limits can be substituted with± oo. By ex
panding the logarithm of the level density 
about ET and retaining terms up to the second 
order, the integrand reduces to a Gaussian 
which can be integrated explicitly: 

12 

10 

./ 
I 

\ 

-.5 -.1 .3 

Fig. 1. Potential energy as a function of the 
deformation parameter E for 172yb calculated 
from the Nils son diagram by means of the 
Strutinski procedure (black circles). The 
continuous line represents the liquid -drop 

energy. (XBL725-815) 

where 

A' = [dlnp(x)J . 
dx x=E 

T 

The approximations associated with the evalu
ation of the integral correspond to the pass
age from the energy-preserving microcanoni
cal ensemble to the constant-temperature 
canonical ensemble. In particular the quantity 
A' can be identified with the inverse of the 
temperature 1/T. 

In order to obtain a realistic estimate of 
the deformation probability it is necessary 
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Fig. 4. Natural logarithm of the deformation 
probabilities (see text for details) at differ
ent excitation energies for 172yb, The 
labeling of each curve is in MeV. 
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to be able to calculate accurately both the po
tential energy V(E) and the level density 
p(E,ET). 

The first quantity can be obtained by means 
of a procedure suggested by Strutinski. 3 The 
second quantity can be evaluated on the basis 
of the same shell model and B. C. S. Hamilton
ian as described elsewhere. 2, 4 

In Figs. 1, 2, and 3 the potential energies 
versus deformation are shown for the nuclei 
174yb, 184os, 208pb, The first two nuclei 
appear to be deformed in their ground state 
while the third is spherical. In Figs. 4, 5, 
and 6 the logarithm of a quantity proportional 
to the deformation probability is plotted for 
different excitation energies. For the nuclei 

Fig. 3. Same as in Fig. 1, but for 
208

Pb. 

(XBL 725-819) 
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17 4yb and 184os the deformation probabilitie f 
show, at the lowest excitation energies, a 
sharp peak in correspondence with the ground 
state deformation. A secondary peak is also 
present at the posit ion of the oblate minimum. 
A deep minimum in probability separates the 
two peaks. As the energy increases, the two 
peaks become broader, tend to get closer and 
to equalize their height, while the minimum 
which separated them Brogressively fills in. 
Eventually, first for 1 4os then for 174yb, 
all the structure disappears and the deforma
tion probability seems to reflect the liquid
drop potential energy without any recollection 
of the strong shells visible in the true po
tential energy. These calculations show in a 
dramatic way how the shell structure is 
washed out by excitation energy. In particular, 
deformed nuclei are seen to become spherical 
at high excitation energy with high probability 
for fluctuations about sphericity. 

60 
60 35 28 

30 

- .s -.3 -.1 0 .1 .3 .s -.5 '3 -.1 0 .1 .3 .s 
E E 

Fig. 6. Same as in Fig. 4, but for 208Pb. 

(XBL725-824) 

Concerning the doubly magic 
208

Pb, the 
deformation probability peaks at sphericity at 
all energies. The excitation energy tends to 
broaden the peak substantially, until at the 
highest excitation energies,the deformation 
probability curve looks rather similar to that 
of the other two nuclei. 

References 

1. L. G. Moretto and R. Stella, Phys. 
Letters 32B, 558 (1970). 

2. L. G. Moretto, LBL-228, August 1971. 

3. V. M. Strutinski, Nucl. Phys. A95, 420 
(1967). 

4. L. G. Moretto, LBL-219, August 1971. 



174 

NOTE ON THE DISAPPEARANCE OF SHELL EFFECTS WITH EXCITATION ENERGY 

AND THE STRUTINSKI SMOOTHING PROCEDURES 

L. G. Moretto 

Recent numerical calculations performed 
on the basis of the shell model have shown the 
influence of shell effects on level densities 
and their disappearance with excitation en
ergy. 1-3 It has been shown by Kahn and 
Rosenzweig4 that the entropy of a system 
characterized by a periodically bunched single
particle spectrum at high energy has the same 
form as in the equidistant model: 

S=2~, 
X 

where Ex = E - .6-E. The quantity .6-E is an 
energy shift which has been identified with the 
ground state shell effect. 

By analogy some authors have assumed 
that a similar behavior is to be expected for 
the entropy calculated on the basis of the shell 
model. In particular it has been claimed that 
plots of s2 versus E have become linear at 
moderate excitation energy and the intercept 
of .6-E with the E axis has been identified with 
the shell effects. 5-7 

We will first show that the above as sump
tion is not justified, even for uniform models 
where the single -particle level density is not 
constant. We shall then discuss the mechan
ism by which the shell structure is washed 
out in the Strutinski procedure and in the 
statistical calculation. Finally we shall ill us
trate the theoretical conclusions with numeri
cal calculations. 

a) Let us consider a system characterized 
by the single-particle level density g(e). We 
expand g (e) about the chemical potential f.L up 
to second order and calculate the logarithm 
of the Grand Partition function: 

2 3 4 
Q=f3 f-12 g(f.L)- f3 f-13 g'(f.L)+f3f.Ls g"(fL) 

7 4 2 
+ 360 -;- g" (fl.)+ ~f3 g(fL), 

f3 

where f3 is the inverse of the temperature. 

The particle number N, energy E, and 
entropy S can be obtained immediately: 

-8 

~ 
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-2 
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N=200 
g=Kv'e 

300 
Ex (MeV) 

t.E 
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Fig. 1. Intercept .6-E and chemical potential 
fL versus excitation energy for a Fermi gas 
(g = k .Je) of 200 particles. 

(XBL 7112-4977) 

1 2 1 3 1 4 
ET = 2 fL g(f.L)- 6f.L g' (fl.)+ 24 fL g" (fl.) 

2 2 4 
+ 'TT6R2 g(fL) + ~ fLg' (fl.)+ 1~0 'TT4 g" (fl.), 

~ 6f3 f3 

s 

It can be seen that only if g' (fl.) g" (fL) 0 
then fL = constant, 

'TT
2 

2a 
E - E = E = -- g and S = - = 2 ~. 

T 0 bf32 f3 

Only in this case is a linear dependence of 
s 2 vs E obtained. If g' ( fL) > 0 then fL is de
creasing with excitation energy. In other 
words the chemical potential is attracted 
towards the regions of low single -particle 
level density. In Fig. 1 the. behavior of fL 
and .6-E is shown for a Fermi gas (g = k ..J€). 
It can be seen that .6-E starts from zero and 
goes toward ever-increasing negative values, 
simulating a shell effect increasing with en
ergy. 

b) The single-particle level density, as 
obtained by a shell model, can be considered 
as composed of a smooth component and a 
rapidly fluctuating component, the latter being 
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Fig. 2. Intercept ll.E and proton chemical 
potential flp versus excitation energy for 
l32sn. (XBL 7112-4976) 

due to the shell structure. The smoothing in 
the Strutinski procedure is performed by a 
Gaussian: 

g(e) = _1_ > ~k exp( ek-e r . 
'I ,.,;n \ 'I . 

The quantity Fk has the purpose of retaining 
the smooth trend of the level density undis
torted. The statistical procedure smoothes 
out the spectrum by means of the function: 

4 2 1 
f(x) = (3 sech 2 f3x, 

g(e) = ~ [sech
2 i f3(ek- e) 

The two smoothing functions are very similar 
and the parameters f3 and-y are connected by 
the relation: 

2.12 
'I= -f3-

Once the shell structure is washed out, the 
smooth but not constant component of the level 
density is left. 
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Fig. 3. Same as in Fig. 2, but for 124 Pd. 
(XBL 7112-4978) 

c) In Figs. 2 and 3 the quantities ll.E and 
fl are shown for a magic and a non-magic 
nucleus. The chemical potential first senses 
the low level density at the shell and then is 
attracted by the lower level density deeper 
in the well. The intercept ll.E varies rapidly 
at low energies while the shell structure is 
washed out, then the effect of the smooth com
ponent of the level density takes over and the 
intercept decreases slowly. It can be ob
served that ll.E never becomes a constant, 
which implies that s2 never becomes linear 
with E. 
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OPTICAL ZEEMAN SPECTRA OF Am3+, Cm3+, AND Nd3+ IN CaF2 

J. J. Stacy, N. Edelstein, R. D. Mclaughlin, and J. Conway 

It is well established that when a trivalent 
rare earth ion is incorporated into CaF 2 • sev
eral kinds of sites are created as a consequence 
of the various modes of compensation of the 
excess positive charge. The resultant sharp 
line spectra are very complex due to the su
perposition of spectra belonging to specific 
sites. 1 We have used a superconducting mag
net (maximum field 67 kG) to study the Zeeman 
effect of Am3+, cm3+, and Nd3+ in CaF2 . The 
axis of rotation was parallel to the given crys
tal direction and perpendicular to the magnetic 
field. 

The [ 110] Zeeman rotation patterns for 
two Nd3+· absorption lines at- 7300 A are 
shown in Fig. 1. It is apparent from the angu
lar variation that the symmetry of the lines is 
tetragonal. In particular the 7o• to 110• split 
between the angles at which the lines merge is 
characteristic of tetragonal symmetry. 2 The 
relation of the zero field lines to the Zeeman 
components can be seen in Fig. 2, which shows 
the splitting of the lines as a function of mag
netic field strength. The Zeeman components 
of the two tetragonal lines repel one another 
as the magnetic field is increased. This in
teraction can be thought of as a" crystal 
Paschen-Bach effect. " 

7J5.f 

,,. 
fooO {ttt} 

Fig. 1. Optical Zeeman rotation pattern for 
0.1 wto/o Nd3+_c.f:F2• rotation about [110] di
rection (4S3j2; F7j2 manifold). 

(XBL 7111-1669) 
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Fig. 2. Splitting of absorption lines as a func
tion of magnetic field strength (4 s3 ; 2 ; 4 F 7 ; 2 
manifold). (XBL 7111-1670) 

Three additional tetra~onal Nd3+ lines at 
6263 A, 7356 A, and 7962 A could be positively 
identified. However, only one tetragonal line 
could be identified for Am3+ -CaF2 and for 
Cm3+ - CaF2 . No lines due to symmetries 
other than tetragonal could be identified. 

Although only a single Am line could be 
investigated, valuable information was gained 
about the thermoluminescence of Am. This 
Am absorption at 5223 A corresponds to one 
of the high-temperature thermoluminescence 
emission lines observed by Edelstein, Easley, 
and McLaughlin, 3 and hence confirms Merz 
and Pershan' s4 proposal that such thermo
luminescence is due to tetragonal sites. 
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ABSORPTION SPECTRUM OF URANIUM FORMATE, ENERGY LEVEL SCHEME 

OF URANIUM {+3)* 

J. Drozdzynskit and J. G. Conway 

The absorption spectrum of uranium(+3) 
formate mixed in Halowax (index of refrac
tion = 1. 63 5) has been studied at room, liquid 
nitrogen, and liquid helium temperatures in 
the wavelength range 2500 to 45000 A. Twelve 
well-separated levels were identified,and a 
least-square fitting was used to derive the 
electrostatic, spin-orbit, and configuration 
parameters. ARMS deviation of 20 cm-1 was 
obtained with parameters of E1 = 2779, 
E2 = 14.1, E3 = 272, ~Sf = 1656, a = 17. 5, 
13 = 479 and'{ = 1000 cm-1 (held constant). 

Intensity calculations were attempted. 
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Matrix elements u(}...) were calculated for us 
by Dr. W. T. Carnell of Argonne National 
Laboratory. 
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>:<The complete report will appear in the J. 
Chem. Phys. 56, 883 (1972). Also available as 
LBL-218. 
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Fig. 1. Absorption spectrum of U(HC00)3: 
(a) at 2 98°K, (b) 77 °K, (c) 4°K. 

(XBL 717-3.933) 
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THE ABSORPTION SPECTRUM OF PmCI3 IN LaCI3 * 

W. Baer, S. P. Davis, and J. G. Conway 

The absorption spectrum of a single crystal 
of LaCl3 containing approximately 0.1o/o 
PmCl3 was photographed between 3,000 and 
9,000 A. Polarization spectra at liquid helium 
and liquid nitrogen temperatures were taken. 
Groups of lines or multiplets were found. 
Starting with parameter values interpolated 
from Nd+3 and Sm+3, a least-square fitting 
process was begun for electrostatic, spin
orbit and crystal-field parameters. The 
matrix elements for crystal-field parameters 
of the 5r, 5F, 5s were calculated, and from 

an analysis of the levels, fitting of crystal
field 2arameters were obtained for 514, 5s2 , 
5F1 , 5F2 , 5F3 . The best values for the 
parameters are F2 = 358, F4 = 36/) F6 = 4.06, 
s1f = 1020, B~ = 145, B6 = 320, B 0 = - 650, 
B6 = 450 cm-l'. 

Footnote 

':'w. Baer, The Crystal Spectrum of Pro
methium 3+ in LaCl3 (Ph. D. Thesis), 
September 1971 (unpublished). 

SPIN-OFF OF THE DYSPROSIUM WORK 

J. G. Conway and E. F. Worden 

With the publication of the energy levels and 
wavelength lists of dysprosium I and II, there 
have been a number of workers who have found 
the data useful. We published this work real
izing that there was more to do, but the pres
sure of other analysis work was such that we 
felt we were not ready to complete it. The 
data was sent to the French group before pub
lication. So far, they have two publications 
extending the analysis, and Spector has used 
some of the levels in a treatment of a special 
problem in a configuration of the heavy rare 

earths. A group at Los Alamos has used the 
levels in a treatment of vapor pressure data of 
dysprosium metal. Ross at Rollins College 
has been able to assign his isotope shift data to 
the configurations found. Brewer, Martin, 
VanderSluis and Nugent have all used the con
figuration and level information in their various 
treatments of the systematics of rare earth 
spectra. Howard, of Kitt Peak, has used the 
wavelengths to extend the identification of Dy 
in the sun by a factor of three to four. Such a 
large use of these data in a short time is sur
prising and encouraging. 

HIGH-IONIZATION STUDIES OF URANIUM 

G. V. Shalimoff 

The spectrum of ionized uranium has been 
obtained in the vacuum ultraviolet region,using 
a sliding-spark source. A McPherson 3-meter 
vacuum spectrograph and Kodak SWR plates 
were used to photograph spectra at various ex
citation currents. 

From survey plates taken with a 10-meter 
vacuum spectrograph at the National Bureau of 
Standards, the region 500 to 2000 A is very rich 
in lines at all excitation levels from 100 to 900-
A peak current. To· date over 1200 lines have 
been measured in the region of 1070 to 1750 A 
for a 200-A peak excitation exposure. Visual 
separation of the various stages of ionization 

is made by observing the changes of intensity 
of the lines in the spectra photographed at dif
ferent excitation cur rents. 

Although the spectra are photographed with 
an adjacent reference spectrum from a copper 
hollow-cathode lamp, it has been difficult to 
measure the spectrum lines accurately because 
of shifts of the lines at the various excitation 
conditions. Some of this is due to expected 
Stark effects, but a more serious source of ran
dom shift is apparently due to our optical setup, 
and tests are underway to correct or eliminate 
it. 
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ON THE METASTABLE DISSOCIATION OF THE CH+ ION PRODUCED BY 

ELECTRON IMPACT* 

A. S. Newton and A. F. Sciamanna 

Several investigations have been made on 
the occurrence of metastable ions in small 
molecules. 1-4 These have concentrated on 
the region above mass 1Z. Below mass 1Z, 
Melton and Rosenstockz saw only the results 
of collision-induced transitions. Recently 
Lorquet, Lorquet, _Momigny, and Wankenne5 
observed the metastable dissociation of cH+ 
from CzHz and HCHO. The present investiga
tion confirms the metastable dissociation of 
cH+ but the energetics differ from those of 
Lorquet~t.2:_l. 5 and this leads to a different 
interpretation of the source of the metastab
ility of this ion. 

These experiments were performed on a 
Dempster-type mass spectrometer Model Z1-
103B. In Fig. 1 are shown peaks in the mass 
range 8.5-1Z in the mass spectra of CH4, CD4, 
CzHz, and CzDz. In Table I are shown the 
transitions leading to these respective peaks. 
In Fig. Z is shown the variation of peak sen
sitivity (peak iQtensity/pressure) with pres
sure for (M/q)"' = 11.07"Z._from CH-containing 
compounds and of (M/q)"' = 10.Z86 from CD
containing compounds. It is apparent that each 
of these shows a well-defined peak sensitivity 
at zero pressure, indicating the bulk of each 
respective peak is of unimolecular origin at 
moderate pressures. In Fig. 3 are shown the 
variations of peak sensitivity with pres sure of 
various transitions of CD:;t formed from CzD6. 

czoz------------------~ 

c~--------~~------~ 

CzHz--------------------

cH4~~====~===c==~~~~~~--~ 
8.5 9 10 12 

M/q 

Fig. 1. Mass spectra of CH4, CD4, CzHz. 
and CzDz in the mass region 8.5 to 1Z amu. 
Conditions: all at 50 fJlTI inlet pres sure except 
CD4 at 80 fllll· Collector slitwidth 1.5 mm; 
Ve = 70 V nominal, Ie = 38 fLA.. Voltage scan 
with MV.A = 30 600. Focus maximized for 
metasta5Ie peaks. (XBL 721-4) 

(M/q)~' = 10.Z86 and (M/q)':' = 9.000 s~.ow def
inite unimolecular components. (M/q) '' = 
10.889 probably has a unimolecular component 
but the sensitivity is low. (M/q)* = 8 shows 
no unimolecular component. The unimolec-

Table I. Dissociation process of CHx ions leading to apparent 
metastable ion peaks below (M/q)'" = 1Z. 

Process Type 
a (M/q)':' CH (M/q)':' 

X 

1) CH+ - c+ +H (m) 11.077 10.Z86 

Z) CH +-
z 

c+ +Hz (m) 10.Z86 9.000 

3) CH +-
3 CH+ +Hz (m)? 11.Z67 10.889 

4) CH
3
+- c+ + (3H) (c) 9.600 8.000 

5) CH +- CH+ 
4 

+ (3H) (c) 10.563 9.800 

6) CH +- C+ 
4 

+ (4H) (c) 9.000 7.200 

a(m) = metastable ion plus collision- induced component 
observed. 

(c) = only collision-induced dissociation observed. 

CD 
X 
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Fig. 2. Variation of peak sensitivity with 
pressure of metastable peak+at (M/qf:'= 11.077 
from various sources of CH (m) and (M/q)':' 
= 10.286 from various sources of cD+(m). 
Peak sensitivities have been adjusted for clar
ity of presentation. Conditions: VA= 3000 V, 
V e = 7Q V, Ie = 38 f.LA.. Focus maximized for 
(M/ q)"" = 10.286 peak. (XBL 721-2) 

ular components of the 9.000 and 10.889 peaks 
were of too low intensity for further investiga
tion. 

The (M/q)':' = 11.077 and (M/q)':'= 10.286from 
the transitions 

( 1) 

(2) 

were studied in detail. The kinetic energy re
lease in the metastable dissociation of CH+(m) 
was 1.1±0.3 eV and of cD+(m) was 1.4±0.3eV 
as shown in Table II. These values were de
termined by the chan1,e in peak width with ion 
accelerating voltage. 

When formed from the parent compounds by 
fast fragmentation processes in the ion source, 
CH+(m) and cD+(m) can also possess initial 
kinetic energy. This initial kinetic energy was 
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Fig. 3. Variation of peak sensitivity with 
pressure of various metastable peaks in the 
mass spectrum of C2D6· Conditions: 
MV A = 30 600, Ve = 7Q V, Ie = 38 f.LA.. Focus 
maximized for (M/q)"" = 10.286 peak. 

(XBL721-1) 

Table II. Kinetic energy release in the meta
stable fragmentation of CH+(m) and CD+(m) 

from various sources. 

Compound 

C2H2 

C2D2 

C2H4 

C2D4 

CH4 
CD4 
CHF3 
CDF

3 
CHC13 
CH2 Cl2 

1.1 ± 0.3 

1.1 ± 0.2 

(b) 

1.3 ± 0.5 

1.1 ± 0.3 

1.1 ± 0.3 

1.4 ± 0.2 

1.1±0.3 

1.4±0.3 

1.4 ± 0.3 

aProbable errors include estimates of errors 
in me a suring width of peaks as we 11 as re
producibility with various voltage differences. 

bValue not recorded owing to interference 
from (M/q)''" = 11.267. 

determined by the negative repeller cutoff 
method 7 as shown in Fig. 4. The results from 
various compounds are shown in Table III. 

The half-life of the metastable dissociation 
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Table III. Initial kinetic energy (KE) of CH+(m) 
and CD+(m) forrned by 70-eV electron impact 

with various source molecules. 

Initial KE (eV) 

Source CH+(m) or CD-f-(m) T (init.) 

CH4 
0.3 ± 0.1 Indeterminate 

CD4 0.6 ± 0.2 Indeterminate 

C2H2 1.3±0.2 2.6 ± 0.4 

C2D2 0.7±0.2 1.4 ± 0.4 

CDF3 
~3.2 ± 0.4 Indeterminate 

Repeller Voltage 

Fig. 4. Negative repeller C'j_toff curves for 
the metastable peak at (M/q)"'= 10.286 in the 
mass spectra of CD4, C2D2, and CDF3. Con
ditions: Magnetic scan, VA= 3000 V, Ve = 70 V, 
I = 38 f.LA.. Inlet pressure: CD4 = 175 fJJTI• 

. C2D2 = 120 fJJTI• CDF3 = 300 fJJTI· Zero inten
sities have been offset for clarity of presenta-
tion. (XBL 721-6) 

was determined by the variation of the peak 
intensity with ion accelerating voltage and com
parison with the discrimination calculated for 
various half-lives. 8 The observed intensities 
must be corrected for two factors. 1) The 
beam width at the collector is wider than the 
collector slitwidth,so the integrated intensity 

(approximated by peak width in amu multiplied 
by the peak height) must be used. 2~ The ini
tial kinetic energy of CH+(m) or CD (m) causes 
discrimination losses at the ion-source exit 
slit. These corrections were calculated by the 
method of Berry.9 · 

In Figs. 5 and 6 are shown the results of the 
half-life determination. The circles are the 
observed points and correspond to about 0.1-
f.LSec half-life. Correction for change in'peak 
width with VA raises this value to 0.15 to 0.17 
f.LSec. A further correction for initial kinetic 
energy raises the value to 0.5 to 0.8 f,sec. 
This last correction assumes all CH (m) and 
cD+(m) to possess the maximum initial kinetic 
energy determined. This is almost certainly 
not true and there is a distribution of initial 
kinetic energy values in each case. Assuming 
over-correction for initial kinetic energy, the 
best value of the half-life for cH+(m) or CD+(m) 
is 0.4±0.2 f.LSec. Lorquet et al. 5 report 0.1 
f.LSec for the half-life of this metastable transi
tion. 

----------- 0.8 
... 

- - - - - _ _..._ 0.5 

0.2 

0.1 

• 

Fig. 5. Ion accelerating-voltage discrimina,..~ 
tion curves for the metastable peak at (M/ q)''' 
= 11.077 from CH4 and (M/q)':'= 10.286 from 
CD4. Lines calculated for the half-lives 
shown for the fransitions CH+- c+ + H, solid 
lines; and CD - c+ + D, dashed lines. Ob
served points: open circles, CH4; filled cir
cles, CD4. Points corrected for peak width: 
open squares, CH4 ; filled squares, CD4. 
Points further corrected for initial kinetic en
ergy: open triangles, CH4; filled triangles, 
CD4. (XBL721-7) 
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Fig. 6. Ion accelerating-voltage discriminq_.~ 
tion curves for the metastable peak at (M/q)"' 
= 11.077 in the mass spectrum of CzHz. Lines 
calculated for the half-lives shown. Observed 
points, circles; corrected for metastable peak 
width, squares; corrected for peak width and 
initial kinetic energy of CH+(m), triangles. 

(XBL 721-8) 
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Fig. 7. Ionization efficiency curves for the 
(M/g)':' = 10.28~ peak from CzDz at two sensi-
tivity levels. He+ standard for calibrating 
energy scale. The background at M/ q = 3 
below 24.6 eVis due to a small HD+ background 
produced when deuterated compounds are 
introduced into the ion source. 

(XBL 721-9) 

Table IV. Energetics of formation of the metastable ions CH+ and CD+ from various sources. 

Compound Products a 

Diss. limit Tc eV 

(calc)b, eV CH+(m) 

AP, eV 

(calc) 

APd, eV 

(obs) Standard 

[C++ H] + H + H
2 

[C+ + D] + D + D
2 

[C++ H] + CH 

[C+ +D] +CD 

[ C + + D] + D + CD 
2 

23.99 

23.99 

24.78 

24.78 

26.74 

aBracketed species appear as the metastable ion. 

-1.4 

1.4 

1.1 

1.4 

1.1 

25.4 

25.4 

25.9 

26.2 

27.8 

31.0 ± 1 

30 ± 1 

26.9 ± 0.5 

26.2 ± 0.5 

30.3 ± 0.5 

He+ 

22Ne + 

He+ 

22Ne + 
3He+ 

22 Ne + 

bAssuming C+ in the 
2 P~/Z ground state. For C+ in the 

4
P first excited state add 5.33 eV. 

cThis is the kinetic energy of fragmentation of the metastable ion. Other fragmentations are 
assumed to occur with zero kinetic energy release at the AP. 

dAll AP 1 s from the initial break compared to the initial break in the standard. 



Appearance potential dete_rminations omthe 
metastable ion peak at (M/q)"' = 10.286 from 
CzDz are shown in Fig. 7. The appearance of 
the 3He+ ion is used as an energy standard, 
though this has an interference from HD+ 
formed in the ion source when deuterated com
pounds are introduced. 

Appearance potentials from various source 
molecules together with calculated appearance 
potentials, assuming the minimum energy 
fragmentation path, are shown in Table IV. 
From CH4 and CD4, the appearance potential 
is~ 5 eV above that calculated to the lowest 
dissociation limit. From CzHz and CzDz,how
ever, the agreement between the observed and 
the calculated value is quite good and shows 
definitely that CH+(m) dissociates to the low
est dissociation limit. 

(3) 

Lorquet et al. 5 found an appearance poten
tial of 34 eVfor CH+(m) from CzHz and postu
lated the dissociation limit to be to the c+(4P), 
which is 5.33 eV above the first limit. The 
data on CzHz, CzDz, and CzD4 show this can
not be the case. The above author s5 calcu
lated potential energy curves for many states 

of CH+. Only two of their states are in the 
energy region consistent~~th dissociation to 
the lowest limit. The b -2.; is crossJd+~1.6 eV 
above the dissociation limit by the c L; state. 
This crossing is forbid~n by the selection 
rule L:+ d- L;-. The b L;+ state can radiate 
to the a 3n state by an allowed transition. The 
half-life for predissociation may be determined 
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by t~e partial half-life for de pop1.J,lating the 
b ~ state by radiation to the a .:ri state. 
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ELECTRON IMPACT EXCITATION FUNCTIONS OF RADIATING AND 

METASTABLE STATES OF CARBON MONOXIDE* 

A. S. Newton and G. E. Thomas 

One technique for obtaining electron impact 
excitation function"s for long-lived metastable 
states of atoms and molecules is the crossed 
electron and neutral beam technique. The 
metastables produced by electron impact are 
detected via their ability to eject an electron 
from a metal surface placed downstream from 
the colJ-ision region in the path of the neutral 
beam. Photons higher in energy than the 
work function of the metal detector can also be 
measured. By pulsing the electron beam and 
by using time-of-flight (TOF) techniques, the 
two signals can be measured inde pendently. 2 

The molecular beam apparatus and the elec
tron gun used in this study have been described 

previously by Clampitt and Newton. 2 The only 
significant change in the apparatus was that an 
EMI 9603 Be-Cu electron multiplier was used 
as the detector. This multiplier had an effec
tive photoelectric work function of 5.1 eV,mea
sured by using a deuterium light source and a 
monochromator. The distance between the 
electron gun and the detector was 10.7 em. 
The data-gathering system ~as been described 
by Thomas and Vogelsberg. To record the 
photon curve, the data count gate was opened 
only during the electron pulse. For the meta
stable curve, the count gate was delayed for 
60 f!Sec and was then opened to intercept the 
majority of the TOF distribution of the CO 
metastables. The time between electron pulses 
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was 1 msec. 

The electron energy scale was calibrated by 
using the threshold for metastable argon atoms 
at 11.62 eV. It is estimated that the energy 
scale established in this fashion was accurate 
to ±0.2 eV. 

Figure 1 shows the excitation function for 
metastable states produced by electron impact 
on CO. The excitation threshold was found to 
be 5.9 eV as compared with the spectroscopic 
value of 6.01 eV. The shape of the curve 
agrees quite we 11 with the initial portion of a 
metastable CO curve recently published by 
Borst and Zipf. 4 It is, however, quite differ
ent from the curve measured by Olmsted, 
Newton, and Street. 5 Referring to Krupenie's 
compilation of spectroscopic data on CO, 6 the 
only state which could contribute to the meta
stable signal iJt the region immediately above 
6 eV is the a 11 state. 

Figure 2 shows the excitation function ob
tained for the production of prompt radiation 
of energy greater than 5.1 e V from CO. An 
unusual feature of this curve is the sharp peak 

observed at threshold. The onset of the curve 
is at 7.4 eV and the peak occurs at 8.3 eV. The 
width at half height of the peak is 0. 9 e V, in
cluding the broadening caused by the energy 
spread of the electrons from the thoriated 
iridium filament. There is a second strong 
emission threshold at -11 eV. It is also ap
parent that there is weak emission below 11 
eV that is probably not connected with the 
peaked feature, but the threshold of this emis
sion is obscured. It is not possible in the pre
sent instrument to measure the wavelength 
distribution of the emitted light. 
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Fig. 1. Excitation function for production of 
long-lived metastable states of CO. 

(XBL 716-1162) 
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Fig. 2. Excitation function for the production 
of prompt photons of energy> 5.1 eV from CO. 

(XBL 716-1160) 

The strong emission above 11 eV can have 
several sources. The A 1rr state has a thresh
old at 8.03 eV and should rise gradually as the 
energ~ i!jl:crea~es. In the "3A" system of 
CO(c ~ -+a "n ), the upper state has an ex
citation poten~ial of 11.1 eV. 7 The serie; of 
high-l.fing 1L: fltate s li ste_g by Krupe nie 
(B 1L; , E 0 1L; and C 1~ ) can P,ecay either 
via allowed trans1hons to the+A IT state, wh1ch 
in turn can decay to the X 1~ ground state, or 
via a direct transition to the ground state. 

The sharp peak at 8.3 eV in the photon ex-

100 o,\ o 
I I 
I 1 
I I 

80 ol do 
I I 
I \ 

I \ 
\ 

?:' 60 
I I 

I \ 

"' I \ c \ 
~ I ,oo 
.E I \ 

<t' 
\ 

40 \ 

' I ' I 'o----
I 

20 1 Franck-Condon 0 0 

,'1- regran 
0 p 

0 
01 

07 8 9 10 

eV 

Fig. 3. Excitation function for the production 
of prompt photons from CO (dashed curve) 
compared to phot:fn +absoq~ti'?t-n intensities for 
the forbidden a' L: -<- X 1~ transition (points 
from Ref. 8). 

(XBL 716-1161) 



citation efficiency curve is more difficult to 
explain. The only known states of CO acces
sible to Franck- Condon ~ra-rsition below 8 eV 
ar3 the a 3n and the a' L: (Ref. 6). The 
a fl state can be eliminated from consideration 
on the basis of its long radiative lifetime. 4 
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Its excitation function should resemble that of 
CO in Fig. 1. Furthermore, this state be
comes inaccessible to a Franck- Condon transi
tion from the ground state above 7 eV, and no 
new phenomena preceded by direct excitation 
of this state should occur above this energy. 

To interpret the peaked feature a~ arising 
from a direct transition to the a' 3L: state, 
followed by the decay of this a' state to the 
ground state, is also difficult. Figure 3 com
pares the peak observed here with the optical 
absorption envelope for the transition 
a' 3 L: + ..... X 1L:+ observed by Herzberg and 
Hugo. 8 It is clear that the a' state passes 
through the Franck- Condon region in the appro
priate energy range. It would be expected that 
the electron impact peak would be broadened 
if direct excitation were involved. 

An alternative that is consistent with the 
present data is that selected vibrational levels 
of the a' state are being populated via a res
onant state. This could certainly account for 
the narrow width of the excitation function. 
The a 1 state can radiate to the metastable a 
3n via a dipole-allowed transition (the Asundi 
system). No radiations directly to the X 1L:+ 
ground state have been observed. The present 
observations would demand that the branching 
ratio for de population of the a 1 state by direct 
radiation to the ground state be an appreciable 
fraction of the total population. 

An improbable source ~f the light is by 
direct excitation to the A fl state which radi
ates to the ground state (Fourth Positive bands). 
The threshold for this state is at 8.03 eV, well 
above the observed threshold of 7.4 e V and out
side the experimental error in establishing the 
energy scale. Further, there is no precedent 
in which the electron impact excitation of an 
allowed state exhibits resonance behavior. 
Excitation of the A fl state accounts for the 
low-intensity light in the 9- to 11-eV region of 
Fig. 2. 

If the a 1 ;L:+ state populated via a resonant 
state is not the source of the radiation, it 
seems necessaro/ either to postulate an unknown6 
and unpredicted state of CO in the appropriate 
energy range, or to consider the possibility of 
photon emission proceeding via a long-lived 
(~10-8 sec) co- state at the observed energy 
and the unstable Zn ground state of CO-. This 
is the dielectronic attachment process.10 The 
ground state of co- has beey1observed in elec
tron scattering experiments and its potential 

energy curve has been estimated by Boness, 
Hasted, and Larkin. 1G Chantry13 has shown 
that there are excited states of co- which have 
dissociation limits of 9.62 eV [C(3P) + 0-(zP)] 
and 10.88 eV [C (1D) + 0- (ZP)], and Stamatovic 
and Schultz 14 have shown still a third state with 
the dissociation limit of 9.84 eV [C-( 4 S) +0 (3P)]. 
Both the states leading to 0- (2P) have their 
maximum yield near the threshold with the ki
netic energy of 0- equal to zero. 13 One can 
therefore assume that these are not repulsive 
states and that there are bound levels of these 
states below the dissociation limit that lie with
in the Franck- Condon region. The fate of these 
levels is not known. 

In order to clarify the nature of the peaked 
feature observed here it would be useful to 
measure the wavelength distribution of the 
emitted light and to search for a resonance in 
CO in the energy range between 7 and 8 eV. 
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SPECTROGRAPHIC INVESTIGATION OF THE LIGHT PRODUCED BY IMPACT OF 

8.3-eV ELECTRONS ON CO 

A. S. Newton, A. F. Sciamanna, and G. V. Shalimoff 

The observation of an apparent resonant 
fast photon emission from CO when impacted 
with 8.3-eV electrons has led to no firm con
clusion regarding the source of these photons.1 
An attempt has therefore been made to mea
sure the wave length distribution of this radi
ation. It is known that the bands must lie be
tween 2430 A (5.1 eV) and 1494 A(8.3 eV). 

A vacuum system was built onto a 3-meter 
McPherson vacuum spectrograph. The effec
tive aperture of this spectrograph is about f22. 
For the electron gun, the detector from an EAI 
Quad 250B residual gas analyzer was installed 
in the vacuum system. The ion gun on this 
unit was constructed with open apertures to 
both the quadrupole analyzer-multiplier unit 
and, in the opposite direction, to the spectro
graph. In order to prevent metastable mol
ecules and/or ions striking the multiplier, a 
1-mm-thick fluorite window was installed be
tween the gun and the quadrupole analyzer. Car
bonmonoxide was introduced to the gun through a 
thin-wall 1/16-in. -o. d. stainless steel tube 
held in place on one of the open side walls of 

the gun with a BeN spacer. The CO traveled 
across the ion gun perpendicular to the elec
tron beam and out the other side. Because of 
the geometry of the system, the CO was not 
introduced as a true molecular beam through 
the electron gun. While this gun is purported 
to operate at 500 to 1000 fJ.A. of electron cur
rent, at low electron energies (5 to 15 eV), the 
filament life even at 250 fJ.A. was found to be 
short (sometimes less than 24 hours). The 
electron beam was collimated with a weak 
magnetic field (- 280 gauss). 

In operation the electron energy scale was 
roughly calibrated by measuring the light inten
sity on the Be -Cu. multiplier through the fluorite 
window and quadrupole lens system. The rise 
at -11 e V in the work of Newton and Thomas 1 
was compared with the similar rise in this 
system. The resonant feature at 8.3 eV was 
not observed. Its position on the electron en
ergy scale was estimated by the position of 
the rise at 11 eV. 

Exposures for 24 hours with a 2-mm slit 

Table I. Cameron bands observed in electron impact of 8. 0-eV electrons 
with CO. a 

Observed band head I . b 2 
Transition ntens1ty Cameron band head 

A(± 1 A) A v' - v'' 

1927.9 w 1928.0 2 - 0 

1991.8 m 1992.1 (1992.7) 1 - 0 

2061.4 m 2061.8 0 - 0 

2156.5 s 2157.1 0 - 1 

2177 vvw 2177.3 1 - 2 

2258.5 w 2257.7 0 - 2 

2280 w 2280.5 1 - 3 

a 250 !fA of 8.0-eV electrons, 2-mm slit, 70 hours. Plate center at 
2000 A. 
b w = weak, m = medium, s = strong, vvw = very very weak. 
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Table II. Unidentified bands or lines observed in electron impact 
of 8.3-eV electrons with CO. a 

Observed wave length 
A (± 2 A) 

Energy, eV 
A 1n band 

Possible interferences 
v'- v 11 

1744 

1731 

1621 

1611 (?}b 

1538 

1478 

1473 

1928 (Cameron)c 

1922 (Cameron) 

2061 (Cameron} 

7.109 

7.162 

7.648 

7.695 

8.061 

8.388 

8.416 

5 - 7, 

1 - 4 

Clear 

4 - 4 

Clear 

5 - 2, 

Clear 

2 - 5 

2 - 0 

a 
250 f!A of 8.3-ev;: electrons, 2-mm slit, 70 hours. Plate 

centered at 1750 A. 
bThe existence of this line is open to doubt because of a scratch 
on the plate. 

cThree Cameron bands shown established the wavelength scale. 

opening to the spectrograph and with electron 
energies from 11 to 25 eV showed only the + 
Fourth Positive bands from CO, A 1n-x 1~ . 
Between 1600 and 2400 A some 35 bands due to 
this transition were observed. 

Exposure for 70 hours with 250 f!A of 8.0-eV 
electrons and with the plate centered at 2000 A 
showed 7 bands in the forbidden Cameron 

system, a iT->- X i~+. These bands are shown 
in Table I. g 

Exposure for 70 hours with 250 f!A of 8.3-eV 
electrons with the plate centered at 1750 A re
sulted in the recording of three of the Cameron 
bands along with seven very weak lines which 
were barely visible on the plate. These are 
shown in Table II. As yet no identification of 
these bands has been made, nor could they be 
duplicated, as later experiments at this level 
of current always resulted in filament burnout 
within less than 24 hours. 

The observation of Cameron bands in the 
region of 7 to 9 eV was a d~sappointment. The 
radiative lifetime of the a n state of CO is 
now estimated3 to be ~1 msec, and it was 
hoped that the open sides of the ion source 
would lead to their removal before they could 

radiate. From the rate of leak, the volume of 
the system, and the equilibrium pressure, one 
can estimate that the mean life of a CO mol
ecule in the vacuum chamber is ~o.1 sec. 
Therefore all molecules excited to the a 3n 
state radiate in the vacuum chamber (or under
go de-excitation at a wall). Since the record
ing and electron beam are continuous, a buildup 
occurs to a steady- state level of a 3n mol
ecules, some of which can radiate in the elec
tron gun or in front of the spectrograph slit. In 
the experiments of Newton and Thomas, this 
buildup did not occur, since the electron beam 
was pulsed 10 f.!Sec on and 1 msec off. Record
ing of photons only occurred during the electron
on cycle. This pulsed operation discriminates 
against the Cameron bands. It is, however, not 
possible to use pulsed operation with photo
graphic recording. 
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-y-IRRADIATION OF ACTIN I DE IONS IN CaF2 

J. J. Stacy, N. Edelstein, R. D. Mclaughlin, and J. Conway 

When small amounts of rare -earth ions are 
incorporated into CaF2, they replace the cal-
cium ions; however, since they are most U 
stable in the trivalent state, a valence mis-
match occurs which must be compensated. 
This gives rise to rare-earth ions in cubic, 
tetragonal, trigonal, or lower symmetries de
pending upon the mechanism of charge com
pensation. 1 We have used optical absorption 
and thermoluminescence measurements to 
study the effects of y -irradiation on trivalent 
actinide ions in CaF 2. 

When Np3+ -CaF 
2 

is y -irradiated at ooc or 
at room temperature, an intense broad ab
sorption appears throughout the visible spec
tral region and three new groups of sharp lines 
appear. These latter features ·are due to 
Np4+. The rate of decay of Np3+ is propor
tional to the rate of growth of N p4+. The rate 
of decay of Np3+, however, is not first order, 
which implies that the oxidation mechanism is 
not direct ionization. 

C F 1 . . p 3+ d c 3+ a 2 crysta s conta1n1ng u an m 
show similar behavior, i. e. , they are oxidized 
to the tetravalent state by room temperature 
y -irradiation. However, Am3+, like all of the 
lanthanides, 2 is reduced to the divalent state. 3 

u3+-CaF 2 is not yet well understood because 
there is considerable controversy about the 
assignment of u2+ and u4+ in CaF 2 . 4, 5 

When Np 3+ -CaF is y-irradiated at 77°K, 
the most pronounce~ effect is the appearance 
of three new intense Np3+ absorption lines. 
Since these lines do not appear in the room 
temperature irradiation, it must be inferred 
that y-irradiation at 77°K produces a new 
Np3+ site. 

Intense broad absorptions also appear when 
An3+-CaFz crystals are y-irradiated. These 
are shown in Fig. 1. The most striking fea
ture is that the broad band maxima occur at 
approximately the same wavelengths for all 
of the actinides (except Am, which behaves 
like a lanthanide). These: absorptions are un
doubtedly related to the defects of the lattice 
and are therefore assigned to color centers. 

Thermoluminescent glow curves for these 
actinide ions (and for comparison the lantha
nides Er, Ho, and Tm) have been measured 
between 100° and 300° K and are shown in Fig. 
2. These are remarkably similar, with glow 
peaks occurring at nearly the same temper
atures for all of the ions. High resolution 

!vf 

"' V) 

:<-._ 

~ , 

fu 
t-. 
~ 

~ 
~ 

<' 
~ 
~ 

Am ~ 

Cm i 

\ i xio/\ 
~:\ 

T(}tJO £(J(J(} 

V.,efr,Jfh (;n A) 

Fig. 1. Broad absorption spectra of An
3

+-CaF2 
after 3 h y-irradiation. The vertical dotted 
lines indicate the position of absorption max
ima. Typically the unirradiated spectra are 
very weak, as shown by the dotted lines for Np. 

(XBL 7111-1682) 

measurements of the spectra of the thermo
luminescence show that the emission is iden
tical to the fluorescence of the trivalent ions, 
and determines the site symmetry of the emit
ting ion. There is evidence that the glow 
emission below 300° K originates from triva
lent actinide ions in cubic sites. 

·The data presented above can be explained 
by a simple model. Irradiation at 77°K pro
duces hole traps and electrons which are lo
calized near cubic An3+ ions. Heating allows 
a hole to diffuse to the site of a localized elec
tron. The hole and extra electron recombine, 
leaving an excited trivalent actinide ion. De
cay of this ion to its ground state results in 
the observed thermoluminescence. When 
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An3+-CaF2 crystals are irradiated at 300°K, 
the actinide ion is oxidized to the tetravalent 
state. Subsequent heating allows electrons 
which had become tra.fped in the lattice to re
combine with the An4 ions. The decay of the 
newly formed An3+ ion to its ground state re
sults in the observed thermoluminescence. 
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Fig. 2. Thermoluminescence of Ln3+ -CaF2 . 
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60co source. The dotted lines indicate the 
positions of glow peak maxima. 

(XBL 7111-1657) 



193 

ZERO-FIELD SPLITTINGS OF TRIPOSITIVE Cm IN SrCI2 AND Th02 

W. Kolbe, N. Edelst~in, M. M. Abraham,* and C. B. Finch* 

The actinide ions with half-filled shells 
(Cm3+ and Am2+; Ac core, 5f7) exhibit cubic 
crystal field splittings in CaF2 and SrCl2 
which are at least two orders of magnitude 
larger than their lanthanide analogs. 1, 2 These 
splittings were determined from an EPR mea
surement of the g value anisotropy of the r 6 
ground state caused by Zeeman mixing of the 
r8 excited state. In this paper we report 
similar measurements for cm3+ in Tho2 3 and 
SrF2, and for Am2 + in SrF 2 . In addition we 
have measured the g value anisotropy of the 
thermally POJ?Ulated r7 excited state of the 
ground J = 7/2 manifold of Cm3+ in SrCl2 . 
In the latter case this measurement together 
with the earlier one, 2 establishes the values 
of the crystal field parameters b4 and b6· 

The crystals used in these experiments 
were grown as described previously. 1, 2 Mea
surements were made using a Varian Associ
ates model E-12 35-GHz bridge. The mag
netic field was produced by a 12 -inch electro
magnet which was rotatable about a vertical 
axis, and was measured by an Alpha Sci
entific NMR gaus smete r monitored by a fre
quency counter. For measurements at 4. 2°K 
the samples were immersed in liquid helium. 
The excited state r7 measurements were 
done at a temperature of approximately 25°K 
which was obtained by flowing cold He gas 
over the sample and cavity. 

For actinide ions, spin-orbit coupling ef
fects are large and only J, the total angular 
momentum quantum number, remains as a 
good quantum number. In the absence of the 
mixing of various J levels by the crystal field 
(a very good approximation in this case) the 
J = 7/2 ground state splits up into 2 doublets, 

Table I. Zero field splittings 

r 6-r8 

Crystal Ion 
- 1 

(em ) 

r6 and r7. and one quartet, r 8 . The Zeeman 
term causes an admixture of the r8 state into 
the r 6 and r7 levels with the result that these 
formally isotropic states exhibit an anisotropy 
which can be related to the zero-field crystal 
field splittings. The applicable Hamiltonian 
is 

(1) 

The magnetic field was rotated in a plane 
approximately normal to the [ 110] crystalline 
axis and Jhe data were fitted at each point by 
a least- squares routine which diagonalized the 
8 X 8 matrix generated by the Hamiltonian of 
Eq. (1). To compensate for crystal misalign
ment, the three angles necessary to specify 
the orientation of the magnetic field with re
spect to the crystal axes were also varied. 
We believe the small discrepancy between our 
present data and earlier work is due to a slight 
crystal misorientation. Table I lists the values 
for the crystal field splittings of all 5f7 ions 
measured to date. 

The measured r7 - r 8 splitting for Cm
3

+ 
in SrCl2 agrees with the previously estimated 
values obtained from intensity measurements 
taken as a function of temperature. From the 
measured splittings, we calculate for Cm3+ 
in SrCl2: 

of the 

r8-r7 

-1 (em ) 

b
4 

60B
4 

=- 0.66±0.03; 

b
6 

= 1260B
6 

=-0.077 ± 0.006. 

The data presented here follow. the trends 

5f7 . . . l 1ons 1n var1ous crysta s. 

gJ Reference 

SrCl
2 Cm 

3+ 
5.13 ± 0.05 15.3±0.4 1.928±0.002 This work 

SrF 
2 

Cm 
3+ 

11.2±0.4 1. 9257 ± 0.001 This work 

CaF 2 Cm 
3+ 

13.4±0.5 1.926±0.001 1 

Th0
2 

Cm 
3+ 15.5±0.3 1.9235±0.002 This work 

SrCl
2 

Am 2+ 
5. 77 ± 0.48 1. 9283 ± 0.0008 2 

SrF 
2 

Am 2+ 15.2±0.4 1. 9254 ± 0. 001 This work 

CaF
2 

Am 
2+ 

18.6±0.5 1.926±0.001 1 



observed for the analogous ions (4£7) in the 
lanthanide series. The relative magnitudes 
of the crystal field splittings are similar for 
the two series. The main difference is the 
much larger absolute magnitude of the split
tings in the 5£7 ions. As shown previously a 
large part of this splitting is due to inter
mediate coupling effects.l. For Cm3+ in all 
the crystals (assuming b6 < < b4) the point 
charge model predicts the correct sign for b4. 
However, the measured b6 for Cm3+ (and 
Gd3+) in SrC12 is of the opposite sign to that 
predicted by this simple model. Presumably 
the mechanisms discussed by Wybourne4 and 
others5 for the lanthanide ions are applicable 
here and are responsible for these discrep
ancies. 
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BIS(1,3,5,7·TETRAMETHYLCYCLOOCTATETRAENE) URANIUM (IV) AND 

BIS(1,3,5,7-TETRAMETHYLCYCLOOCTATETRAENE) NEPTUNIUM (IV); 

PROTON MAGNETIC RESONANCE SPECTRUM AND THE QUESTION OF 

f-ORBITAL COVALENCY 

A. Streitwieser, Jr.,* D. Dempf, * G. N. LaMar,* D. G. Karraker/ and N. Edelstein 

Our previously published
1 

analysis of the 
observed large upfield shift for bis(cyclo
octatetraene)uranium (IV), (COT)2U, 
uranocene, indicated a large positive net con
tact shift that suggests some form of covalency; 
however, in the absence of data relating to the 
type of ligand MO (a or 7T) containing the delo
calized spin, no attempt was made to evaluate 
the possible role of £-orbitals in such cova
lency. Methyl substitution provides a useful 
technique for characterizing the spin-con
taining ligand. For spin inTI-orbitals it is 
well known that an attached ring proton and 
methyl proton exhibit contact shifts of com
parable magnitude but of opposite sign; for 
spin in in-plane or a -orbitals, these shifts 
are of the same sign with the ring proton shift 
3 to 5 times larger than the methyl shift. 2 To 
apply this approach to the uranocene case we 
have prepared and characterized bis(1, 3, 5, 7-
tetr amethy lcyclooctatet r aene) -ur ani urn (IV) 
and neptunium (IV), (TMCOT)2 U and 
(TMCOT)2Np. These compounds were pre
pared in a similar fashion to the parent com
pounds3, 4 except the TMCOT ligand prepared 
as described by de Mayo and Yip5 was used. 
The TMCOT compounds had similar prop
erties to the COT compounds except for 
greater solubility in organic solvents. An 
attempt was made to prepare (TMCOT)2Pu, 
but it appeared that Pu(IV) was reduced by the 
ligand to Pu(III). 

The proton NMR spectrum of a THF -ds 
solution of (TMCOT)2U was recorded as a 
function of temperature on a Varian HA-100 
operating in the HR mode with variable fre
quency modulation. Two peaks with intens
ities of 3:1 were observed and can be assigned 
to the methyl and ring protons, respectively. 
The observed shifts at room temperature, 
referenced against TMCOT, are given in 
Table I together with that observed for 
(COT)2 U. The ring proton shifts and their 
temperature dependences tre virtually the 
same for both complexes. The proton NMR 
spectrum of a toluene -is solution of 
(TMCOT)2Np was recorded at 37•c. The cor
responding proton peaks of the methyl group 
(linewidth -2000 Hz) were much broader than 
for the U complex. The shifts are listed in 
Table I. 

7 
The known structure of (COT) 2 U and an 

extrapolated structure based upon ionic radii 
for (COT)2Np plus the assumption of a freely 
rotating methyl group were used to calculate 
the geometric factors. 8 The calculated di
polar shifts of the various protons were sub
tracted from the experimental shifts to give 
the net contact shifts listed in Table I. The 
hyperfine coupling constants AF are also 
given. 9 The derived contact shifts are of 
opposite sign for the methyl and ring protons 
and their ratios [-0. 5 for (TMCOT)U and 
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Table I. Chemical shifts and hype rfine coupling constants for 
(TMCOT)

2
U, (COT)

2
U in THF, and (TMCOT)2Np in toluene 

(TMCOT)
2

U (COT)
2

U (TMCOT)
2

Np 

ring-H methyl-H ring-H ring-H methyl-H 

Shifts a 

Observed +41.3 + 6.0 +42.6 +41. 5 ± 2 - 9.9 

Dipolar + 7.9 +23.6 + 7.9 + 5.2 +13.2 

Contact +33.4 -17.6 +34. 7 +36.3±2 -23.1 

AF 
b 

+ 0.98 0.52 + 1.02 + o. 95 0.61 - -

aShifts in ppm, referenced against the uncomplexed diamagnetic 
TMCOT and COT. U data given at 298°K, Np data at 310°K. 

bHyperfine coupling constants in MHz; estimated accuracy ±25o/o. 

-0.6 for (TMCOT)Np] are indicative of sys
tems having considerable rr spin density. 10 
These results strongly suggest that the spin 
density in our ligands is primarily in rr-MO' s; 
indeed, application of the McConnell equation, 
A = QP/2S, with Q = - 63 MHz, indicates in 
excess of 0.1 unpaired electron per ligand 
ring. Although the coupling constants are 
approximately the same for U(TMCOT)2 and 
Np(TMCOT)2, the U complex has only two 
unpaired electrons (three for the Np complex) 
which suggests stronger covalency for 
U(TMCOT)2 . 11 The high magnitude of this 
delocalized spin density compared with that 
observed in more ionic lanthanide and actinide 
complexes implies a high degree of covalency 
and raises the question of £-orbital involve
ment in such covalency. 

Direct delocalization of £-electrons into a 
vacant ligand rr-MO would give proton shifts 
of opposite sign to those observed. 1 A more 
plausible mechanism is charge transfer from 
filled ligand rr-MO's to vacant £-orbitals; be
cause of exchange interaction the transfer of 
spin parallel to the spin on the metal ion is 
energetically more favorable and would leave 
net positive spin density on the ligand as ob
served. 12 Donation of ligand electrons into 
empty 7s, 7p, or 6d orbitals will also produce 
the correct sign but it is less likely because 
of their relatively high energies. Exchange 
polarization of filled metal orbitals will also 
give the correct sign but the magnitudes cal
culated and observed for other lanthanide and 
actinide compounds13 appear to be much 
smaller than in the uranocenes. The present 
interpretation is consistent with the Mossbauer 
isomer shift in (COT)2Np5 and does not dis
agree with the simple MO formulation pre-

sented earlier. 3, 14 We hope that a more de
tailed model will result from further experi
mental and theoretical studies in progress. 
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HIGH-RESOLUTION MOSSBAUER SPECTROSCOPY WITH THE 6.2-keV GAMMA RAYS 

OF 181 Ta 

G. Kaindl* and D. Salomon 

There are only two Mossbauer levels with 
lifetimes in the microsecond region for which 
gamma resonance has been observed: the 
93-keV state of 67zn (T1fz=9.3}J-sec)1 and the 
6.2-keV state of 181Ta (T 1 jz= 6.8fJ.sec). 2 In 
both cases the natural widths of the recoilless 
"{rays are comparable (r =1i/r = 4.9X1o-11ev 
for 67zn and r = 6. 7X 10-11 eV for 181Ta). The 
ultimate resolution which may eventually be 
obtained in a Mossbauer measurement of hy
perfine interactions (of electric monopole, 
magnetic dipole, and electric quadrupole 
type) is mainly determined by the natural line
width of the Mossbauer resonance and by the 
size of the nuclear· parameters involved 
( 6 (r 2 ) , fl., and Q, respectively). Since all of 
these parameters are rather large for the 
181Ta resonance, and especially much larger 
than those of the 67zn resonance, the 6.2-keV 
"{ transition of 181 Ta is the top candidate for 
high-resolution Mossbauer spectroscopy 
applied to hyperfine interaction studies. 

The present paper reports on a major im
provement towards this goal: we have for the 
first time observed large isomer shifts of the 
Mossbauer absorption line between sources of 
181 W diffused. into single crystals of the 3d, 
4d, and 5d transition metals, and absorbers 
of Ta metal, KTa03 and TaC. Single crystals 
were used to insure high-purity hosts and to 
preclude preferential diffusion along grain 
boundaries. The observed isomer shifts cover 

a range of 104 mm/sec, corresponding to 
16000 times the naturallinewidth W0 =zr 
= 21i/T, or 1500 times the total minimum ex
perimental linewidth obtained up to now. 3 
Part of the results of this work has already 
been published. 4 

The measurements were performed at room 
temperature with a sinusoidal electromechani
cal velocity drive6 and a 2048-channel multi
channel analyzer. The experimental technique 
and the procedure used for preparing the 
sources were similar to those described pre
viously. 5 In the present experiment, however, 
the 181w activity, after deposition on the 
single-crystalline metal samples, was reduced 
in an atmosphere of Hz at 850°C prior to dif
fusion under high vacuum at temperatures up 
to 2400°C. The re suiting W concentration is 
estimated to be less than 1 at.o/o for all sources. 
The Ta metal absorber (4 mg/cm2 thick) was 
the same one used in our previous work. 5 The 
KTa03 absorber (5 mg/cmz) was prepared 
from finely powdered 99.9% pure KTa0 3 by 
sedimentation in a polystyrene-benzene solu
tion on a 1/4-mil-thick Mylar foil. The same 
preparation technique was used for the TaC 
absorber. 7 

Some typical velocity spectra are shown in 
Fig. 1. Dispersion-modified Lorentzian 
linesZ, 5 were least-squares fitted to the spec
tra. The large range of the observed isomer 
shifts is clearly exhibited. Table I sum-
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Fig. 1. Absorption spectra of the 6.2-keV 
'{ rays of 181Ta: (a) absorber: TaC, 
(b) absorber: KTa03, (c) absorber: Ta 
metal; all three measured with a 181 W(W) 
source; (d) absorber: Ta metal, source: 
181w(Mo). Adjacent points were added for 
the plots, and the solid curves represent the 
result of the least-squares fit. 
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marizes the experimental results. The er
rors quoted for the isomer shifts include a 
possible 0.5% inaccuracy of the absolute ve
locity calibration of the drive. The quoted 
isomer shifts are given relative to a Ta metal 
absorber: in all cases where they have been 
measured with the respective sources versus 
a Ta metal absorber they are given with op
posite sign from the measured Doppler shifts. 
The amplitudes of the dispersion term 2£, 
resulting from the least-squares fits, agree 
for all spectra within statistical error with 
our previously published value of 
2 s = 0.30±0.01. 5 

A graphical representation of the observed 
isomer shifts is given in Fig. 2. The isomer 
shifts measured for 181 Ta in lattices of the 
transition metals cover a range of 36 mm/ sec. 
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Fig. 2. Graphical representation of observed 
isomer shifts. (XBL 721-2247) 

As can be seen, those found for the cubic 5d 
metals (Ta, W, Ir, and Pt) are rather small, 
while those obtained for the cubic 4d metals 
(Nb, Mo, Pd, and Rh) cover a wider range 
from -15.26 mm/sec (Nb) to -28.80 mm/sec 
(Pd). The value found for the 3d element V 
is again larger (-33.6 mm/sec). A calibra
tion of the 181Ta isomer shifts has not yet 
been established. From a comparison with 
isomer shifts measured for other Mossbauer 
'{ rays of isotopes of the 3d, 4d, and 5d transi
tion elements especially of 57Fe, 99Ru, 
193rr, and 197 Au, the following conclusions 
may be drawn: 

1) The change of the mean square nuclear 
charge radius t:::.2 (r2) = (r 2 ) e - (r2) is 
negative for the 6. 2 -keV '{ transition, l'hd of 
the order of -10-2 fm2. The negative sign is 
also favored by the measured ratio of the 
electric quadrupole moments of the excited 
state and the ground state 
(Qe/Q = 1.133 ± 0.010 12), from which it fol
lows, ~hat the intrinsic quadrupole moment of 
the excited state is smaller than that of the 
ground state. 

2) As in the cases of Ru metal and Ir 
metal, 8 the isomer shift found for Ta metal 



Table I. Summary of experimental results for 
the isomer shifts IS (given relative to a Ta 

metal absorber) and the total 
experimental linewidths W 

Source lattice w IS 

[mm/sec] [ mm/sec] 

v 7.7 ±2.6 -33.6 ±0. 7 

Nb 0.30 ±0.04 -15.28±0.10 

Mo 0.22 ± 0.03 -22.50±0.13 

Rh 3.2 ± 0.5 -28.80±0.25 

Pd 2.7 ± 0.6 -27.55±0.25 

Ta 0.184±0.006 -0.075 ± 0.004 

w 0.112±0.002 -0.860±0.008 

Re 0.60 ± 0.04 -13.99±0.09 

Ir 1.60 ± 0.12 - 1. 84± 0.10 

Pt 0.50 ± 0.08 + 2.81±0.06 

Absorbers - 8.11 0.15 

KTa0
3 1.5 ± 0.2 - 8.11±0.15 

TaC 2.4 ± 0.4 + 70.8±0.5 

lies close to that of the pentavalent state 
(KTa03 ). Since the isomer shifts found for 
isotopes of the transition elements imbedded 
into the lattices of transition metals cover 
typically a range which corresponds to roughly 
a difference of 1 in the formal oxidation state, 
we may expect that the isomer shifts for other 
Ta compounds will not exceed by much the 
present range of 100 mm/sec. Anyway, Ta 
compounds exist only in three formal oxida-
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tion states (III, IV, V), with the pentavalent 
state being the most stable. 

The superior resolution which can be ob
tained in applications of isomer shift mea
surements with the 6.2-keV -y rays to solid 
state or chemical problems is demonstrated 
in Table II. There we compare the presently 
observed total ranges of isomer shifts, the 
naturallinewidths w 0 , and the current best 
experimental linewidths W for those Mossbauer 
transitions that have good resolution for iso
mer shift studies. As can be seen, the ideal 
resolution (represented by Q 1 ) as well as the 
presently reached experimental resolution 
(represented by Gz) are for the 181 Ta re so
nance more than an order of magnitude higher 
than for all other Mossbauer resonances 
presently in use. 
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ELECTRIC QUADRUPOLE SPLITTING OF THE 6.2·keV GAMMA RAYS 

OF 181Ta IN RHENIUM METAL 

G. Kaindl* and D. Salomon 

From the preceding paper the extreme 
sensitivity of the 6.2-keV 'I resonance of 181Ta 
to small changes of the total electron density 
at the nucleus is obvious. 1 Its inherent reso
lution for magnetic hyperfine studies has al
ready previously been demonstrated by mea
surements of the magnetic moment of the ex
cited state in externally applied magnetic fieF 
of the order of 1. 5 to 3.0 kOe. 2, 3 Likewise a 
very high resolution is expected for the mea
surement of electric quadrupole interactions 
(EQI) due to the large electric quadrupole mo
ment of the ground state of 181 Ta, 
Q(7/2) = + (3.9±0.4)b. 4 The present paper re
ports on a measurement of the electric 1_uad
rupole splitting of the 6. 2 -keV 'I rays of 81 Ta 
in sources of 181 W diffused into single -crystal 
rhenium metal. This is the first application 
of the 181Ta 'I resonance to nuclear quadrupole 
interaction studies. From the completely re
solved split spectra, the sign and magnitude 
of the electric field gradient (EFG) at the 
181Ta site in rhenium metal, the ratio of the 
quadrupole moments of the excited state to 
that of the ground state, and the isomer shift 
of 181 Ta(Re) relative to Ta metal are de-
rived. - . 

The experimental technique employed was 
very similar to the one described in the pre
ceding paper. 1 From a high-purity single 
crystal of rhenium metal (P3oo/P4.2= 10 500), 5 
oriented to within 1° by reflection of coherent 
light on an etched surface and subsequently 
by the Laue backscattering method, thin disks 
(about 1 mm thick) were cut with a spark cut
ter parallel and perpendicular to the [ 0001] 

axis. The 181w activity was diffused into the 
Re metal disks at a temperature of 2500°C in 
high vacuum (1Q-7 Torr). The same Tametal 
absorber and the same Mossbauer spectrom
eter were used as in our previous work. 1 

The velocity spectra obtained are presented 
in Fig. 1. As the 6. 2 -keV transition has pure 
E1 character with the spin sequence 9/2-+ 7/2, 
the hyperfine spectrum resulting from an 
EQI alone consists of 11 hyperfine components, 
of which 7 are Ll.m = ± 1 transitions, 3 are 
Ll.m = 0 transitions and 1 is a mixed transition. 
In the diagrams of Fig. 2 the dependence 
of the line positions on the ratio of the quad
rupole moments Q(9/2)/Q(7/2) is presented 
for an axially symmetric EFG, with the di
rection of observation perpendicular (a) and 
parallel (b) to its axis. By observing the 
emission spectrum parallel and perpendicular 
to the [ 0001] axis of the single-crystal 
181w(Re) sources, the assignment of individ
ual transitions to the observed lines could be 
done uniquely. 

Both Mossbauer spectra were simultane
ously least-squares fitted with a superposition 
of dispersion modified Lorentzian lines: 

N(v) N(oo) A(i) (W/2)
2 
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Fig. 1. Velocity spectra of the 6.2-keV y rays 
of 181Ta in rhenium metal versus a Ta metal 
absorber, with direction of observation 

farallel (c) and perpendicular (b) to the 
0001] axis , respectively. 

(XBL 7111-4691) 

where the amplitude 2 s of the dispersion term 
was set equal to 2s = 0.30. 3 [ N = number of 
counts, W = experimental linewidth (FWHM), 
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v =Doppler velocity, A(i) and v 0 (i) = amplitude 
and position of the _gh component, respectively). 
The z component of the axially symmetric elec
tric field gradient eq, Q(9/2)/Q(7 /2), the iso
mer shift IS, W/2; and for each of the two 
spectra, N(oo) and an amplitude factor Atot• 
describing the total summed effect, were 
used as free parameters for the 8-parameter 
fit. Within statistical accuracy the measured 
spectra are in agreement with the assumption 
of an axially symmetric EFG, expected from 
the point symmetry of the hexagonal rhenium 
lattice. 

The results of the least-squares-fit analysis 
are presented in Table I, with negative signs 
_for IS and e2qQ(7/2), since the measured in
teractions occurred in the source. The ob-
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Fig. 2. Dependence of the line positions ex
pected for the 9/2 (E1 )7 /2 ground state transi
tion in 181Ta on the ratio of the quadrupole 
moments Q(9/2)/Q(7 /2) for an axially sym
metric electric field gradient: (a) perpendicu
lar to the axis of the EFG, and (b) parallel 
to it. The widths of the lines are proportional 
to the intensities of the components. 

(XBL 7111-4750) 

served linewidth W = 0.60±0.04 mm/sec re
flects a considerable line-broadening, only 
part of which is due to geometrical broadening 
(about 0.1 mm/ sec for the solid angle 
r2 = 4or/500 used). Because of the line
broadening,the total resonance effect Atot' 
summed over all components, is rather small 
(-1%) in both spectra. 

With the electric quadrupole moment of the 
7/2+ ground state Q(7/2) = + (3.9±0.4)b,4 
values for the electric quadrupole moment of 



Table I. Summary of experimental results 
obtained by a simultaneous least-squares 

fit of spectra (b) and (c). 

isomer shift IS 

Q(9/2)/Q(7/2) 

e2q Q(7/2) 

linewidth W 

effect Atot 

-(14.00±0.10) mm/sec 

1.133±0.010 
-6 -( 2.15±0.02) 10 eV 

0.60±0.04 mm/sec 

1.30±0.18o/o Spectrum(b) 

0.94±0.18% Spectrum(c) 

the 6.2-keV state and for the EFG eq at the 
181Ta nucleus in rhenium metal can be de
rived. Using our experimental value 

Q(9/2)/Q(7/2):: 1.133±0.010, 

we obtain 

Q(9/2):: + (4.4±0.5)b 

for the quadrupole moment of the 9/2- excited 
state and 

eq ==- (5.5±0.5)X1o
17 

V/cm
2 

181 
for the EFG at Ta(Re) at room temperature. 

The ground state and the 6. 2 -keV state of 
181 Ta have been classified as intrinsic proton 
states with the Nilsson assignments 7 /2'1-[ 404] 
and 9/2 -[ 514], respectively. 6 Assuming the 
same intrinsic quadrupole moment for both 
states, the Nilsson model predicts a value of 
Q(9/2 )/Q(7 /2) == 1.17, which is slightly larger 
than our experimental value of 1.133±0.010. 
Neglecting band mixing, we obtain for the 
ratio of the intrinsic quadrupole moments 0 0 
a value of 0 0 (9/2)/00 (7/2) == 0.97±0.01. 

Our value for the EFG at 
181

Ta in rhenium 
metal may be compared with the results of 
nuclear specific heat 7 and nuclear acoustic 
resonanceS measurements for pure rhenium 
metal. In agreement with our result, the sign 
of the EQI was reported negative. 7 From the 
quadrupole coupling constant for 185Re in 
rhenium metal and the quadrupole moment of 
the ground state of 185Re[ Q(185Re) :: · 
+ (2.3±0.9)b9], a value ofeq=-(4.9±1.9) 
X 1017 V / cm2 can be derived for the EFG in 
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rhenium metal at 4.2°K. This value is in 
good agreement with our room-temperature 
result for 181Ta(Re), though of less accuracy 
due to the large error in the value for 
Q(185Re). The only other 5d element for which 
the EFG has been measured as an impurity in 
rhenium metal is osmium: eq ==- (3.3±0.6) 
X 1017 V/cm2 at 4.2•K. 10 In all three cases 
the EFG' s are negative; for a quantitative 
comparison, however, a measurement of the 
EFG of Ta(Re) at 4.2•K is highly desirable. 
It may be noted that a measurement of the 
temperature dependence of the EFG of Ta(Re) 
can be achieved over an unusually large tem
perature region by using the 6.2-keV '( reso
nance of 181 Ta. 

We would like to thank Prof. D. A. Shirley 
and Dr. H. Haas for valuable discussions, 
and Dr. B. B. Triplett for the rhenium metal 
single crystal. 
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NMR ON ORIENTED 196Au AND 198Au IN NICKEL 

F. Bacon, G. Kaindl,* H.·E. Mahnke,t arid D. A. Shirley 

Induced magnetic hyperfine fields at dilute 
in>purities in the ferromagnetic host lattices 
Fe, Co, and Ni have been measured for a large 
number of elements, 1 and play a significant 
role for hyperfine interaction studies. Despite 
this the theoretical understanding of the origin 
of these fields is still rather poor. Until re
cently the fields were considered as arising 
entirely from a Fermi contact interaction. By 
a study of the hyperfine anomaly between the 
first excited state and the ground ftate of 
193rr in Fez as well as Co and Ni, using the 
M~ssbauer effect, non- contact contributions to 
the effective hyperfine fields were derived. A 
similar approach was made for Au(Fe}, 
by studying the hyperfine an?~aly be- . 
tween the ground states of 1 Au ~nd 199Au in 
iron with the NMR-ON technique. For an 
under standing of these non- contact fields, an 
accurate study of their variation for Fe, Co, 
and Ni is of crucial importance. We have 
therefore used the NMR-ON technique to deter
mine the non- contact part of the induced hyper
fine field for Au(Ni}. 

Using the NMR-ON technique, we have deter
mined the magnetic hyperfine interactions fJ.H/1 
for the z- ground states of 196Au and 198Au in 
nickel, and compared them with the one mea
sured for 197Au(Ni) by the NMR spin-echo 
method. 5 Since the magnetic moments of all 
three nuclear states have been determined with 
great precision,6• 7, 8 we can derive from our 
data values for the hyperfine anomalies 
1966. 197N. and 197 6. 198 . for Au in a nickel 

1 Ni 
lattice; since in addition the hype rfine anom-
alies 16.Zc for these pairs of isotopes have also 
been measured with great precis1on, for pure 
contact interaction (free atoms}. ' we can de
termine contact (He} and non- contact (Hncl con
tributions to the hyperfine field £2om the t;ro 
different hyperfine anomalies 16. c and 1Li Ni" 
The two anomalies are related by 

16.Z 
Ni 

H(Z} = 
eff 

where H(Z} = H(Z} 
field at i~J!ope ~. 

+ H(Z) 
nc 

is the total hyperfine 

Th . f 196A d 198A t. ·t· e carrier- ree u an u ac IVI 1es, 
produced by bombardment of a Pt target con
taining 36.Zo/o 196pt and 44.4o/o 198pt with 18-
MeV deuterons, and subsequent chemical sep
aration, was electroplated on a high-purity 
nickel foil. After repeated melting of the 
11,ickel in an Hz atmosphere, a thin foil (~zo 000 
A) was produced and contact-cooled by the cop
per fin of an adiabatic demagnetization appara-
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Fig. 1. Frequency dependence of the intensity 
of the 41Z keV y rays, observed along the polar
izing field direction, for increasing (a) and de
creasing (b) frequencies, respectively. The rf 
field was modulated with 100 Hz over a band
width of 1.4 MHz, and the total time span be
tween adjacent points was 4.Z5 min. 

(XBL 721-Z153} 

tus, which uses CMN as a cooling salt. Gamma 
rays were detected along the external polarizing 
field of 1 kOe with a Nai(Tl} detector. 

A typical result of the NMR-ON experiment 
is presented in Fig. 1, where the frequency 
dependence of the intensity of the

8
41Z-keV y 

rays, following the f3 decay of 19 Au is plotted 
for increasing (a} and decreasing (b) rf fre
quency. Despite the fact that the frequency was 
varied in steps of 1 MHz with a total time span 
of 4.Z5 min between adjacent data points, the 
resonance curves measured for increasing and 
decreasing frequencies are shifted against each 
other. This is due to the rather long nuclear 
spin-lattice relaxation time T t, which was de
termined as T l = 3 ± 1 min, using a single ex
ponential fit.8 Similar resonance curves were 
measured simultaneously for the1 ~~6-keV y 
rays, following the EC dec~y of A~. Since 
the magnetic moment of 19 Au and 19 Au differ 
by only 0.33(Z6}o/o 6 and also the hyperfine anom-



aly 19 6 e:,. 198 c wts found to be zero within the 
limits of error, we give the average of{~~ 
resonalfce frequencies derived from the Au 
and 19 Au data: 

v = 58.4 ± 0.3 MHz. 

203 

Using f1{196) = 0.5823( 14) n.m. and f1(198)= 0.5842 
(4) n.m. for the 2-ground states of 196Au and 
198Au, 6, 7 we derive a value for the magnetic 
field 

IH~~~· 198
J = 262.3±1.3 kOe. 

With the magnetic field determined by the spin
echo method for a sample of les~ than 2 at.o/o 
197Au(Ni), HJ{?= -294±6k0e, we derive 

197.6.198Ni = + 12.1 ±2.3% 

for the hyperfine anomallf 
197e:,. 198 in nickel. 

7 The comparison with 19 Cl.c 198 = + 8.53 ±0.08% 
leads to a non-contact field of 

H = + 110 ± 70 kOe, nc 

with the contact fields being 

H
197 

= -404±70k0e and H
196

•
198

=-372±70k0e. 
c c 

The rather large error is mostlydue to the Zo/o 
error in the value for H~{?. It is our hope that 
this value can be improved by using a smaller 
Au concentration in nickel. 

The present result is compared with all the 
other available.data on the non-contact parts of 
hyperfine fields in Fe, Co, and Ni in Table I. 
The error bars are still too large to draw con
clusions, but in all cases the non- contact fields 
are positive, and there seems to be some in
dication that they increase from Ni to Fe. 

Footnotes and References 

:::~ 

Miller Fellow, 1969-1971. 

tOn leave from Hahn-Meitner Institutue, 
Berlin, Germany. 

Table I. Summary of experimental results for 
non-contact contributions to the induced hyper
fine fields at Au and Ir in Fe, Co, and Ni. 

Impurity Host lattice N Ref. 
nc 

(kOe] 

Au Fe +270 ± 70 4 

Au Ni 1-110 ± 70 Present 
work 

Ir Fe +335±200 2 

Ir Fe +155 ± 90 3 

Ir Co +149 ± 80 3 

Ir Ni + 52± 50 3 
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MAGNETIC HYPER FINE FIELDS AT BISMUTH IN IRON AND NICKEL 

F. Bacon, H. Haas,* G. Kaindl, t and H.-E Mahnke* 

Magnetic hyperfine fields on impurities in 
ferromagnetic host metals have been studied 
in the past for a large number of elements, but 
so far only very few experimental data are 
available for the heavy elements with Z > 80. 
Recently the discrepancy in the measured fields 

for lead in Fe (Co and Ni) has been clarified by 
means of the time-differential pelturbed angu
lar correlation technique (DPAC) and by chan
neling experiments. 2 In this context the fields 
at bismuth became of increased interest. We 
report here on measurements of the magnetic 



fields at bismuth in Fe and Ni b0 thermal equi
librium nuclear orientation of 2 4Bi. 

The 
204

Bi 'O%tivity (T 1/zt> = 11.3 h) was pro-
duced by the 2 Pb(p, 3n) 4Bi reactif~ with 
30-MeV protons on a 99.8% enriched 6PbS04 
target. The carrier-free <::0 4 Bi activity, ob
tained by anion exchange separation, was pre
cipitated with 50 mg Fe(OH)3 carrier, heated 
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to form the mixed oxides, and reduced in hydro
gen at soo•c. The samples were quicklymelted 
in a hydrogen stream without excessive loss of 
activity and quenched to r,pom temperature in 
less than 10 sec. The 20 Bi(Ni)sample was pre-
pared in a similar way. ..,-

Together with a 
60

co (Fe) thermometer the 
Bi samples were attached with Bi-Cd solder to 
the copper fin of an adiabatic demagnetization 
apparatus. Using CMN as a cooling salt, the 
lowest temperatures reached were 0.005°K. A 
superconducting Helmholtz pair, operated in 
persistent mode, was employed to magnetize the 
samples in a field of 4 kOe. Gamma ray spec
tra parallel and perpendicular to the polarizing 
field were taken during the warm-up of the sam
ples over a typical period of 8 hours with high
resolution Ge(Li) detectors. After background 
and decay corrections, the anisotropies were 
obtained

2
W4 the 899-, 912-, and 984-keV -y 

lines of Pb as well as for the 60co -y lines. 
Figure 1 shows the temperature dependence of 
the anisotropy of the 984-~8¥ -y transition in 
20 4 Pb measured with the Bi( Fe) sample. The 
data were least-squares fitted for a nuclear 
spin I= 6, using the hyperfine interaction I f.LHI 
and an amplitude factor as free parameters. All 
the measured samples were also investigated at 
room temtf,rrature by DPAC of the 1274-keV 
state of 2 Pb (T1/2 = 290 nsec), using the 912 
to 375-keV -y cascade, in order to check the sam
ples. In all cases the same fields as previously 
observed for sources of 20 4mPb in Fe and Ni 
were obtained. The insert in Fig. 1 shows as an 
example the spin rotation of~\ 1274-keV state 
as observed with one of our Bi(Fe) samples. 
The modulation frequency obtained from a least
squares fit corresponds to an internal field atthe 
Pb nucleus of +2 62 ± 5 kOe, in very good agree
ment with the result quoted in Refs. 1 and 3. 

Due to the intermediate 9- state in 204pb 
(T1/2 = 66.9 min) the anisotropies of the 899-
and 912-keV -y lines do not necessarily have to 
show the same temperature dependence as the 
one of the 984-keV -y t~ansition. z~Js transi
tion is not fed by the 9 state, of Pb, while 
about 60o/o of the 912-keV -y transition and less 
than 15o/o of the 899-keV -y transition occurs via 
the 9- state. However, the effects of a reorien
tation of the 9- state on the temperature depen
dence of the anisotropies of the 912-keV and 
899 keV -y rays can be neglected, because ofthe 
much smaller hyperfine interaction expected 
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Fig. 1. Temperature dependence of W(O)- 1 
for tlz1J4J84 keV -y rays, emitted from the polar-
ized Bi(Fe) source. The insert s~'-4,s the 
spin rotation of the 12 74 ke V state of 0 Pb, 
measured with the same sample at room tem
perature. The solid curves are the results of 
least-squares fits. (XBL 7112-4942) 

for this state as compared with the 20 4 Bi 
ground state. Within statistical accuracy the 
least- squares fits of the anisotropy curves for 
the three -y line s yield the same values for the 
magnetic s~J~ting. As a fin,rl result the mean 
values for Bi(Fe) and 20 Bi(Ni) are given in 
Table I. -- --

The results of recent channeling experiments 
on Tl, Pb, and Bi impurities in an iron lattice 2 

provide evidence that the hyperfine field of 262 
kOe measured for Pb(Fe) is as.sociated with the 
substitutional site for Tead. We therefo,re may 
conclude from our DPAC results for 20 Pb(Fe), 
measured on the same samples as used for our 
2o~entation work, that our field value for 

Bi(Fe) is also associated with the substitu
tional site. The same argument applies for 
Bi(Ni). 

Our value for the hyperfine field for 
204

Bi(Ni) 
can be compared with the result of a previous 
!PAC measurement on 211Bi(Ni), using an 
227Ac(Ni) source: Hhf = + 160±30 kOe. 5 This 

Table I. Magnetic hyperfine fields on Bi in 
iron and nickel at temperatures T < 0.1 •K. 

Host lf.LHI Hhf 
-18 

( 10 erg) (kOe) 

Fe 25.4 ± 2.9 1180 ± 130 

Ni 7.0 ±0.8 325 ± 35 
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value is smaller than our result by a factor of 
2. The ratio of the hyperfine fields found in the 
present experiment for Fe and Ni hosts agrees 
very well with the ratio of the magnetic mo
ments per atom of the ferromagnetic host lat
tices. If we assume the positive sign for our 
field values, they agree rather well with the 
predictions from the pheno:g:tenological theory 
of Balabanov and Delyagin, namely + 935 kOe 
for Bi(Fe) and +255 kOe for Bi(Ni), respec-
tively.- -

We would like to thank Prof. D. A. Shirley 
for valuable discussions. 
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NUCLEAR MAGNETIC RESON~NCE ON ORIENTED PLATINUM-195m IN IRON 

F. Bacon, G. Kaindl,* H.-E. Mahnke,t and D. A. Shirley 

Nuclear magnetic resonance on oriented 
nuclei (NMR-ON) 1 provides precise informa
tion on the magnetic splitting of nuclear sub
levels (fJ.Heff/I). On the other hand, the mag
netic hyperfine interaction (fJ.He££) results from 
an analysis of the temperature dependence of 
'{-ray anisotropies. By a combination of both 
measurements the spin of the nuclear state can 
therefore be obtained directly. The present 
paper reports on the first application of this 
method to an isomeric state, in determining 
the spin of the 259-keV state (T1j2 = 4.1 d) of 
195pt, In addition, the magnetic moment of 
the isomeric state and the mixing ratio of the 
98.8-keV '{transition of 195pt were derived. 

The 19Smpt activity was produced by neu
tron irradiation of 57% enriched 194 Pt metal 
in a neutron flux of 2.5X·1015 n/cm2 sec fgr a 
period of two weeks. Thin foils (::::: 20.000 A 
thick) containing 1 at. o/o Pt in an irgn matrix 
were prepared after melting the 19?mpt under 
a hydrogen atmosphere with high-purity iron, 
already containing a matched amount of 60co 
activity, to be used for thermometry. The 
low temperature technique was the same as 
described in the previous paper. For the NMR
ON experiment an rf field H1 was applied per
pendicular to Hext• and the amplitude of H1 
was measured by a pickup coil. 

Figure 1 shows the results of the NMR-ON 
experiment. The temperature of the sample_ 1 
increased during the run from 1/T = 145 ±5 K 
to 125 ±5 K- 1 , causing the sloping background 

noticeable in Fig. 1b. Despite a total time 
span of 3.5 min between adjacent data points, 
the resonance curves measured for increasing 
vs decreasing frequencies in steps of 1 MHz 
are shifted relative to each other by more than 
1 MHz. This is due to the rather long nuclear 
spin-lattice relaxation time 'J11 for 195"mPt(Fe), 
which was determined in a separate exper
iment2 to be 'J11 = 10 ± 1 min at a temperature 
of 1/T = 150 ± 5 K-1, using a single-exponen
tial fit. 3 The observed resonance effect re
presents a 30% destruction of the '{-ray anisot
ropy. The same resonance curves were simul
taneously observed for the 129-keV '{ rays of 
195Pt. The possibility of heating by a coil res
onance was excluded since the '{-ray anisotropy 
of the 158-keV '{ rays, originating from the de
cay of 199Au that was also present in our sam
ple, did not show any frequency effect. From 
the results in Fig. 1 we determine the res
onance frequency as 

fJ.Heff/h ·I= 89.5±0.5 MHz. 

In a separate experiment the temperature 
dependence of the anisotropies of the 99-keV 
and 129-keV '{rays of 195pt were measured at 
angles of 0 and 90 degrees relative to the polar
izing field. During the warmup of the samples 
over a typical period of 7 h, spectra were taken 
continuously; for periods of 15 min. The anisot
ropy of the 60co '{ lines was used for thermom
etry. The data shown in Fig. 2 are the results 
of three individual demagnetizations "of the same 
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Fig. 1. Frequency dependence of the 99-keV 
'{-ray intensity, observed in the direction of 
the polarizing field Hext = 1 kOe, for (a) in
creasing and (b) decreasing frequency, re
spectively. The rf frequency was modulated 
with 100 'Hz and a bandwidth of 1 MHz, and the 
rf amplitude was 0.8 Oe. The time span be
tween neighboring points is 3.5 min. 

(XBL 7112-4940) 

19Smpt source. The anisotropy curves were 
least- squares fitted with 

W(B) 1 + l BkUkFkQkPk(cosB). 

k=2,4 

In the analysis of the anisotropy of the 129-
keV '{ rays the influence of the 129.6-keV M4 
'{ transition was taken into account. With the 
branching ratios of Ref. 4, and the conversion 
coefficient aexp =1. 76 ±0.19 for the 129.8-keV 
E2 transition:>, and ath = 1230 for the 129.6M4 
transition, 6 the ratio of the '{ intensity of the 
M4 transition to that of the E2 transition at 129 
keV was found to be 0.029. Using this value, 
the anisotropy curve of the 129-keV '{ rays, 
shown in Fig. 2b, was fitted with !Jlieff as a 
single parameter, and various values for the 
spin I of the isomeric state. As expected the 
results obtained for f!H are independent of 
the assumed spin within the limits of error, 
clearly demonstrating that from anisotropy 
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curves only a value for the magnetic moment 
can be obtained. Only for a spin I= 13/2 does 
('{H) NO agree with ('{H)NMR. The sensitivity 
of tlie method is shown by a plot of the ratio 
('{H)No/('{H)NMR versus the assumed spin, 
given 1n the insert of Fig. 2. 

The anisotropy curve of the 98.8-keV '{ rays 
(Fi~. 2a) was least-squares fitted with the 
E2/M1 mixing ratio & (in the definition of Bie
denharn and Rose, Ref. 7) as the single free 
parameters, taking f! · H/I from the NMR ex
periment. This leads to a value of 

& = -(0.16±0.02} 

for the mixing ratio of 98.8-keV '{transition. 
The absolute value of & is in__good agreement 
with previous measurementsl:l.9, but the neg
ative sign is opposite to the one given by Ref. 
9. 

For a+ derivation of the magnetic moment of 
the 13/2 state we use the hyperfine field 
Hhf = -(1280 ±26) kOe, measured for the 1/2--

195mp1 {Fe} 

1.4 

1.2 {a} 99 keV 

W{O} 

0.8 

0.6 {b) 129 keV 

0 

{YH}NO 

{YH}NMR 

50 

15 • 

1.0 -----+-----

9/2 11/2 1312 1512 17/2 
Spin 

100 150 
1/T [ K- 1 ] 

Fig. 2. Temperature dependence of the '{-ray 
anisotropy W(B = 0) -1 of the (a) 99-keV and 
(b) 129-keV '{ rays of 19 5Pt(Fe) for Hext = 4 
kOe. The solid curves are the results of least
squares fit procedures (see text). In the in
sert the ratio ('{H)N0 /('{H)NMR is plotted ver
sus the value of the assume-d spin. 

(XBL 721 -2226) 



ground state of 195pt in iron. 10 This leads 
to 

f.l(13/2) = {.±) (0.597 ±0.015) n. m. 

for the magnetic moment of 195mpt, with the 
negative sign assumed from systematics. The 
error is mostly due to the 2% uncertainty in 
the value for the hyperfine field. A correction 
for a possible hyperfine anomaly between the 
13/2+ isomeric state and the 1/2- ground state 
has not been applied. In the n~i_ghboring odd 
mercury isotopes 19 5Hg and 1':! 1 Hg, however, 
the hyperfine anomalies between the 13/2+ iso
meric states and the 1/2- ground states have 
been measured 11. i95m6.195 = +0 91 ±0 ozm 

d 197m 197 · · · 1° 
an 6. = +0. 97 ± 0.0 7o/c. A hyper fine 
anomaly of this size can also be expected be
tween the analogous states of 195Pt. Thus the 
quoted value for f.l(13/2) should perhaps be de
ere a sed by 1 o/o. 
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Our result for the spin of the isomeric state, 
I= 13/2, confirms the spin assignment made 
on the basis of the M4 multipolarity of the 129.6-
keV isomeric transition. 12 For 195mpt a neu
tron configuration (i13j2l 13 (f5/2l4 outside of 
the N = 82 core and the filled 17 ; 2 and h9j2 neu
tron shells is expected, since the p 3/.2 , p 1 ; 2 , 
f5/2• and i13j2 levels lie very close together, 
and he nee the neutron pairs are expected to fill 
the states of higher angular momentum first 
due t~ th~ pairing energy. Following the c~re
polanzatwn approach of Arima and Horie 1 
we obtain for this neutron configuration a vah. 
of -0.64 n. m. for the magnetic moment, in 
rather good agreement with our experimental 
result. The magnetic moment may be com
pared with the known magnetic moments of 
other 13~2+ ~t:ftes in neighboring even-odd nu
clei 11, 4: 1 Hg [f.l = -1.041613) n. m.], 
195Hg[f.l =-1.~ 0 ~0(2) n.m.], 19 7Hg[f.l= -1.0112(3) 
n. m.], and Pb[f.l= -0.975(39) n. m.]. Going 
from Pt to Hg, the effect on the magnetic mo
ment of two additional protons that are filling 
up the d3j2 shell, is obviously quite drastic 
and much larger than expected on the basis of 
the single- particle mode 1 with con.figur ation 
mixing. 
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MAGNETIC MOMENT OF THE 12- ISOMER OF 196Au* 

F. Bacon, G. Kaindl,t H.-E. Mahnke,:t: and D. A. Shirley 

High- spin isomers with large magnetic mo
ments and long lifetimes are especially suitable 
for the technique of thermal equilibrium nu
clea~ orientation: Using the induced large hy
perf1ne f1elds 1n non, high saturation of the nu-

clear polarization can be easily reached. 1 
Thus, the determination of the magnetic hyper
fine interaction from the temperature depen
dence of the y-ray anisotropy becomes indepen
dent of uncertainties in factors influencing the 
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absolute magnitude of the anisotropy. This 
technique was applied to a measurement of the 
magnetic moment of the 12- isomer of 196Au 
(T 1; 2 = 9. 7 h) to te ~t the interpretation as 
["TTl:lff/2• vi13j2J 12 shell-model configuration.2 

Th . f 196mA t" "t e carner 6 ree u ac 1v1 y was pro-
duced by the 19 Pt(d, 2n) reaction with 18-MeV 
deuterons on isotopically enriched platinum 
foils and Sufsequent ethyl acetate6Hcl solvent 
extraction. Thereafter, the 19 mAu was 
electroplated in high- parity iron or nickelfoils 
already containing carrier-free 60co used for 
thermometry. Foils of 196mAu 60coFe (or 
Ni) were then made from the electroplated 
foils by melting, rolling, and annealing. These 
foils were contact- cooled by the copper fins of 
an adiabatic demagnetization apparatus, which 
used cerium magnesium nitrate, to temper
atures in the 8 millidegree K range. Polariza
tion was obtained by applying a 4-kOe field 
parallel to the plane of the foil. 

During the warmup period of the foils, 
count~ng data for thg 148- and 188-keV '{ rays 
of 19 mAu and the 0 co '{ rays were measured 
at 0- and 90- degree angles relative to the po
larizing field with high-resolution Ge(Li) de
tectors. After background and decay correc
tions, a least- squares fit of the data to the 
angular distribution function 1 

1 + L BkUkFkQkPk(cos8) 

k= 2,4 

gave the results for the magnetic hyperfine in
teraction, flH, listed in Table I. The ratio of 
the magnetic hyperfine interactions for iron 
and nickel agree within error with the ratio of 
the hyperfine field of 19 7Au in iron and nicke1.4 
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Fig. 1. Temperature dependence of 1 - W(O) 
for the 148-keV '{ rays of 196mAu:Fe (circles) 
and 196mAuNi (squares). (XBL 719-4341) 

Figure 1 shows the temperature depe.fgence of 
1 - W(O) for t~e ~48-keV '{ rays for 1 mAuFe 
(circles) and 9 mAuNi (squares). The solid 
curve is the result ofa.least-squares fit with 
two free parameters,the hyperfine interaction 
and an amplitude factor, to the 1~tsotropy data. 
Whereas the dashed curve, the mAuNi data, 
is a one-parameter fit of J.1H with the amplitude 
factor fixed from the 196mAuFe fit. The dif
ferent procedure was necessary because, in 
the latter case, saturation is not fully reached 
and therefore the two parameters would be 
completely correlated. The importance of 
reaching full saturation is thus clearly demon
strated. 

A value for the magnetic moment of the 12 
state can be determined from the measured 
values of J.1H by taking into account the hyper-

Table I. Summary of experimental results for two different samples of 
196mAu(Fe) (a and b) and one sample of 196mAu(Ni), obtained from the 
temperature dependence of the anisotropy of the 148-keV '{ rays. 

Host lattice e 
(de g) 

Fe 0 (a) 

Fe 90 (a) 

Fe 0 (b) 

Ni 0 

Ni 90 

lfLH I 
[ -18 ] 10 erg 

31.8 ± 1.6 

27.3±3.1 

30.0 ±2.4 

6.0 ±0.4 

7.4±0.7 

lfLH laver age 
-18 

[10 erg] 

30.6±1.2 

6.4:1:0.4 
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fine anomalies known to exist for other gold 
8 isotopes. 5-7 Using the Bohr- Weisskopftheory

extended to odd-odd nuglei, we find that the cal
I~tated afSomalies, 19 m6.197 = -12.2o/o and 

mb. 19 = -2.3o/o, agree
6 
t~ 9~itNg 20% with 

the measured ones for 19 ' ' Au. From 
the measured hyperfine field of 19 7Au and 
198 Au in iron, 4 the corrected values for the 
magnetic moment lead to a weighted average 
value of f.l= ±5.35 ±0.20 n. m. for the 12- state. 
Theoretically, this state should have the_ s~ell
model configuration ( rrh11/2• v i13;2 ) 12 . 
The magnetic moment of such a state is easily 
calculated. The proton contribution to the nu
clear moment can be calculated following the 
spin polarization procedure of Arima and 
Rorie 9 which yields f.l = 6. 7 n. m. The neutron 
configuration as an i13/2 state is experimen
tally well e~~'Sblished and we take the measured 
moment of mHg (f.L = 1.03 n. m. 10) for its con-
tribution. One then gets the coupled moment 
for this configuration as f.L=5.67 n.m., in good 
agreement with the measured value, assuming 
the positive sign. The experimental value for 
the magnetic moment of the 12- state therefore 
provides strong evidence for the correctness of 
the assumed shell-model configuration. 

We wish to thank Mrs. Winifred Heppler for 
preparing the carrier-free gold activity. 
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SPIN AND MAGNETIC MOMENT OF THE 18.7-h ISOMER OF 200Au 

F. Bacon, G. Kaindl, *H.-E. Mahnke,t and D. A. Shirley 

It has been suggested that the recently dis
covered ~8. 7-h isolfW{ of 200 Au 1 is analogous 
to the 12 state of Au on which we reported 
earlier. 2 We used nuclear orientation tech
niques combined with NMR- ON to test this as
sumption by: determining the spin and magnetic 
moment of 200mAu. 

The 
200 

Au isomer was produced by the 
198pt(a, pn) reaction with 35-MeV a particles 
on a Pt metal target containing 1 iglht in an en-
richment of 44.4%. Samples of mAu in 
iron and nickel were prepared in a similar way 
as described in Ref. 2, in which we also gave 
a description of the experimental setup and pro
cedure used for measuring nuclear orientation. 
For the NMR-ON experiment an rf field was 
applied to the sample perpendicular to the ex-

ternal magnetic field. 

The anisotropy as a function of temperature 
was measured for the six strongest 'I lines 
(181, 256, 368, 498~ 580, and 760 keV) follow
ing the f3 de cay of 2vOmAu. As a typical ex
ample, Fig. 1 shows the temperature depen
dence of the anisotropy of the 368-keV 'I tran
sition of 200mAu(Fe) (circles) and 200mAu(Ni) 
(squares). The solid lines represent least-
squares fit of the data by 

W(8) 1 + L UkFkBkQkPk(cos8). 

k =2,4 

Since very little is known about the multipolar-
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Fig. 1. Temperature dep28fience of 1- W(O) 
for t!zuJ~8-keV -y rays of mAu(Fe) (circles) 
and Au(Ni) (squares). 

- (XBL 7112-4965) 

ities of the transitions involved, the products 
UkFk (k = 2, 4) wed"rr determined by fitting oo and 
90° spectra of 2 mAu(Fe) simultaneously. 
With these values of UkFk the fit procedure for 
the nickel data assuming various spin values 
~ielded the hyperfine interaction fiHeff for 

OOmAu(Ni) given in column 2 of Table I. 

Figure 2 sh~(jo the result of the NMR-ON 
experiment on mAu(Ni). The summed 
counting rate of the 498-=-;- 580-, and 760-keV 
-y rays observed along the external field is 
plotted versus the rf field was frequency mod
ulated with 100Hz over a bandwidth of 1 MHz 
and had an amplitude of 0.5 mOe. The res
onance frequency was determined to be 

v 97.7 ±0.2 MHz. 

No resonance was detected with the modulation 
frequency switched off, ruling out the possibil
ity of a warming up of the sample by a coil res
onance. Agreement between the NMR-result 
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Fig. 2. Frequency dependence of the summed 
intensity of the 498-, 580-, and 760-keV '{rays 
of 200rrtAu(Ni) observed along the external 
field Hext = 1 kOe. (XBL 7112-4963) 

(f!.Heff/I) and the value of the hyperfine inter
action (f.J.Heff) determined from the anisotropy 
data is obtained only for a spin I = 12 (see 
column 3 of Table I). 

Wit~ the recently measured hyperfine field 
for 19 Au in Ni Hhf = -(262.5 ± 1.3) kOe, 3 we 
derive a value for the magnetic moment of the 
isomeric state of 200 Au of 

f.l = ±5.86 ± 0.03 n.m. 

The ~greement in spin and magnetic moment 
[f.l(19 mAu) = (+) 5.35 ±0.20 n.m. 2 ] strongly 
supports the su~~ested analogy to the 12- iso-
meric state of 8 Au. 

Table I. Summary of fit results for fiHeff obtained from the anisotropy 
curves for 200mAu(Ni}, assuming various values for the spin of the iso

meric state. 

I f.lH gf (f.J.H}NO/ (f.J.H)NMR 
-f 

( 10 erg) 

11 7.73±0.23 1.073 ± 0.030 

12 7.81 ±0.23 0.995 ± 0.030 

13 7.89 ±0.23 0.934 ± 0.030 
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A TEMPERATURE-INDEPENDENT SPIN-LATTICE RELAXATION TIME 

IN METALS AT VERY LOW TEMPERATURES* 

F. Bacon, J. A. Barclay,t W. D. Brewer,* D. A. Shirley, and J. E. Templeton§ 

Nuclear magnetic resonance in oriented 
nuclei (NMR/ON), in which resonance is de
tected through the distribution of nuclear radi
ations, was suggested by Bloembergen and 
Temmer 1 and first observed in nuclei oriented 
by thermal e'1uilibrium methods by Matthias 
and Holliday. It was used to study relaxation 
in ferromagnetic metals,3 a phenomenon that 
has also been studied by nonresonant methods.4 

5 In 1964 Cameron et al. suggested that, for 
nuclei relaxing in a metal through interaction 
with conduction electrons, the spin-lattice re
laxation time T 1 will approach a constant value 
at temperatures low enough that the magnetic 
quantum yH is larger than kT. This effect was 
observed by Brewer et al., who reported it in 
abbreviated form in 1968. 6 A summary of a 
detailed theoretical discussion of this result is 
given below. 

Let us assume that spin-lattice relaxation 
occurs via an interaction with the conduction 
electrons, of the form 

and that first-orier perturbation theory is ap
plicable. Here S is an effective electron-spin 
operator that can be related to either the or
bital or spin operator of conduction electrons, 
or to both. The discussion below is quite gen
eral, requiring only that the nuclei relax by 
exchanging energy with a degenerate Fermi 
gas, via magnetic dipole transitions. If the 
nuclear energy levels are equally spaced by hv 
and the lm=-I) state lies lowest, we maywrite 
for the transition probabilities between states 
I m) and I m + 1 ) 

W m' m +1 = B I ( m + 1 I I+ I m) 12 

X (">e f( E) ( 1 - f ( E - h v)) de, Jo 

2 
Wm+i,m = Bl(mii_ImH)I 

X s~ f( E ) [ 1 - f ( E + h v)) de. ( 2) 

Here B is a constant that contains various 
numerical factors including the density of states 
at the Fermi energy, and f(E) is the Fermi
Dirac distribution function 

where L denotes the lattice. After evaluating 
the matrix elements and the integrals we find 

w m,m+1 

XL 
Bhv [I (I+ 1)- m(m + 1)/[ e - 1], 

-x 
W = Bhv[I(I+1) -m(m+i)/[1-e L]. (3) 

m+1,m 

where xL = hv/kTL. It is easily shown, by 
choosing I= 1/2, substituting into Eq. (3), and 
comparing with the rate equations in the high
temperature limit, that B=(2kC)- 1 , where C 
is the high-temperature Korringa constant 
(T1T=C). 

The appearance ){f the Bose-Einstein distri
bution function 1/[e L- 1] in Wm,m+1 suggests 
that the above transition probabilities should 
possess an interesting analogy with the radi
ation problem. Of course this is also expected 
be cause the states I m) and I m + 1) could be con
nected by the emission and absorption of pho
tons. We can rewrite Wm+1, mas follows: 

X 
W +

1 
= (hv;2kC)[I(I+1)-m(m+1)] [1/(e L_1 )+1] 

m ,m 

= W +i+ (hv/2kC)[I (I+ 1)- m(m + 1)]. m,m 

Thus the downward transition probability 
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contains two parts, a temperature-dependent 
part which is equal to the upward probability 
(in analogy to stimulated emission and absorp
tion) and a temperature-independent part, anal
ogous to spontaneous emission. Here temper
ature plays a role analogous to the occupation 
of the radiation field in photon processes. The 
appearance of stimulated and spontaneous 
transition probabilities is in fact a general 
property of transitions whose quanta of excita
tion obey Bose statistics and are thus more 
likely to enter states that are already occupied. 
That the quanta exchanged in magnetic relaxa
tion obey Bose statistics is clear not only from 
Eq. (3) butfrom the fact that a relaxation pro
cess is accompanied by a conduction electron 
spin-flip, i.e., an "excitation" of spin 1. This 
is even more apparent in the case of quadrupole 
relaxation, in which relaxation processes are 
accompanied by emission or absorption of lat
tice phonons that clearly obey Bose statistics. 
At absolute zero there are no more lattice pho
nons to absorb, but a nucleus can still relax by 
exciting a phonon; i.e., spontaneous emission 
remains. 

It is useful to define a set of parameters 
{p } that measure the deviation of the diagonal 
de~sity-matrix elements Pm from their equi
librium values p 0 

, 
m 

Slow: 
k=I/TIL 

Fast 

(a) 

1·1 

1-1 

-I 

TL 
I 

+ 
Q) 

E 

c: 
0 -0 

"' 0 

Q) 

0:: 

T~ 

0 I 
I 
I 

Since p = 0 at equilibrium, the master equa
tion maTbe written 

Pm = L (pn wnm - Pm wmn. (4) 
n 

Under the (A/2}[S+ I_ +S_ I+] interaction.only 
transitions to the states n = m ± 1 are allowed. 
It is instructive to regard Pm and Pm as com
ponents of (2 I+ i)-dimensional vector with 
entries labeled in the order m =L I- 1, · · · -I 
(or we can use the corresponding label }.. which 
runs from zero to 2I). Then Eq. (4) can be 
written 

(5) 

where F' is a "tridiagonal" matrix with non
zero elements: 

F =W 
1
+W +i=-W{I(I+i)-m(m-1)] mm m,m- m,m 

-XL 
+ [I(I+i) -m(m+i)] e }, 

F i = W 
1

= W[I(I+1)-m(m-1)], m- ,m m,m-

T; (T=Ol =T~= kC/hvi 

~ x- 3 

T 1~ 1=fLHik 
1 
Tu 1=hv/2k 

(b) 

Fig. 1. Comparison of relaxation time T 1 and 
T1_. Diagram (a) at left represents relative 
rates of transitions between levels, showing 
"bottleneck" effect of slower rates between 
topmost and bottommost pairs of levels, which 
leads to an effective relaxation time close to 
T at relatively high temperatures. Diagram 
(b) at right shows temperature behavior of T 1 
and T1_, illustrating the saturation of the latter 
at a relatively high-temperature T(ll). By sim
ilar triangles one sees that T(fl)jT( 1) = 2I. 

(XBL 714-3374) 
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' -xL 
F =W 

1 
=W[I(I+1)-m(m-1)]e. m,m-1 m- ,m 

-XL -1 -xL 
Here W=hv[2kC(1-e )] · The factor e 
in the "upward" transitions assures that de
tailed balance obtains at equilibrium. 

The general solution o_! Eq. (5) has the form 

__.. -Ft __.. 
p (t) = e p(O). ( 6) 

If F has orthonormalized eigenvectors r;(A.) 
and correspon&ing eigenvalues k>.._(~O 1· · · 2I), 
then a~atrix U with columns of the eigenvec
tors 11( 1.) diagonalizes F: 

Using U, Eq. (6) can be rewritten as 

(7) 

or, in component form, 

L u;!. pm'(O). (8) 

m' 

At_very low temperatures xL __.. oo, Q- 0 
and F approaches the limiting form 

I 0 

-I 2I-1 

1-2I 

0 

3I- 3. 

0 

1- 2I I 0 

-I 0 

/I 

The matrix F LT is singular, and thus non
diagonalizable. Jhe root__E! k:>,. of its character
istic equation I FLT - k:>,.T I = 0 may be used, 
however, to find the limiting values of the 
eigenvalues of the general transition matric F 
at low temperatures. Th~se roots are simply 
the diagonal elements of FLT. Thus the low
temperature limiting decay constants are, for 
inte~ral I: 0 laf.fearing once), I(hv/kC), (2I-1) 
(hv/kC), · · · .!ii.jJJ (hv/kC) (each appearing 
twice). The two smallest nonzero rate con
stants, having the values hvi/kC will tend to 
determine the rate of change of all observables 

100 60coCo (cubic) 

u 75 
Q) 

IJI 

1-
.... 
0 

-
1-

10 50 100 150 
liT (K)- 1 

Fig. 2. Relaxation data for 60coco at low 
temperature. The multiexponential fit T 1 
points are indicated by circles. The single
exponential fit T.{ points are shown as triangles. 
The dashed curve shows the expected hyperbolic 
tangent dependence ofT 1· The solid curve is. 
simply an empirical curve drawn through the Tj_ 
data. (XBL 714-3378) 

as the lattice temperature approaches absolute 
zero, provided that secular equilibrium is es
tablished. In most practical experimental 
situations the initial conditions will lead to sec
ular equilibrium rather quickly, and T't,as ob
tained from a single-exponential analysis,will 
closely approach its low-temperature limiting 
value 

Lim T
1
1 = kC/hvi = T 

T-o f.l 

at a relatively high temperature. We shall call 
T fJ. the magnetic spin-lattice relaxation time. 
In the low-temperature limit T fJ. plays a role 
which is similar to, but more general than, that 
of T 1 in the high-temperature limit. 

The physical situation is depicted in Fig. 1. 
The experimental realization of a const~nt 
TJ. is illustrated for the typical case of 0 co 
in a lattice of cubic cobalt in Fig. 2. 
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THE INTERNAL MAGNETIC FIELD OF MERCURY IN NICKEL ' 

* H.-E. Mahnke 

Magnetic hyperfine fields at mercury in 
ferromagnetic host metals have already been 
determined using time-integral perturbed an
gular correlation techniques (IPAC). 1 The 
determination of the effective field (He££) in an 
IPAC experiment, however, is based on the 
assumption that the angular correlation mea
sured, c. g., in diamagnetic surroundings, is 
perturbed only by Heff and is not attenuated by 
other processes; also, such field values only 
represent averages with respect to time and 
lattice location. Therefore time-differential 
(DPAC) measurements not only improve the 
accuracy but also check the assumptions on 
which the interpretation of an IPAC result is 
based. 

The DPAC experiment was performed on the 
2.4-nsec state in 199Hg in nickel using the 
3/2-(50 keV)5/2-(1?8 keV)1/2- y-ray cascade_ 
which follows the i3 decay of 1 '19 Au. The 5/2 
state has one of the shortest half-lives ever 
used for time-differential studies. Carrier
free 199Au activity was obtained in the stand
ard ethyl acetate se par at ion from neutron
activated Pt, and was electroplated onto nickel. 
Foils prepared from melted samples were mag
netized between the pole tips of a permanent 
magnet (Hext = 2 kOe). 

Figure 1 shows a typical modulation spec 
trum measured with a 4-detector system. The 
solid line represents a least-squares fit of the 
data by R (t) = at b cos 2( e - wL t). The Larmor 
period was determined as 

T L = 2 5. 8 ± 1. 3 nse c. 

Using the known g factor of g = t0.404±0.03z2·
3 

hyperfine field for mercury in nickel, corrected 

Hhf = - ( 124 ± 12) kOe 

is derived, where the negative sign was con
firmed by measuring a modulation spectrum 
with 135° detector geometry. Actually the g 
factor of the 2.4-nsec state was determined 
in J3. time-integral PAC experiment using 
19':1Tl(Au) sources;3 but since the angular cor
relation coefficients were determined in the 
same source, possible systematic errors were 
avoided. The amplitude of the observed mod
ulation agrees with an estimated value based 
on the angular correlation coefficients for the 
y-y cascade and the experimental factors like 
solid angle and time resolution which reduced 
the ideal angular correlation appreciably. It 

a:: 
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Fi~. _1. Spin precession spectrum of Hg 
(5/2 state) in nickel. (XBL 7112-4966) 



can therefore be concluded that all mercury 
nuclei produced in the 199Au decay are 
affected by the same field and that this field 
is associated with the substitutional position 
in the nicke 1 lattice. 
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ON THE INFLUENCE OF MOLECULAR GEOMETRY, ORIENTATION, AND 

DYNAMICS ON ANGULAR CORRELATION PATTERNS 

FROM ROTATIONALLY LABELED MACROMOLECULES* 

D. A. Shirley 

In order to determine the sensitivity of 
gamma-ray angular correlation patterns from 
solute macromolecules labeled with "rotational 
tracers" such as 111mcd, a theoretical study 
was made of the behavior expected under cer
tain conditions. A nucleus of spin 5/2, acted 
upon by an axially symmetric electric field 
gradient, and bound to a rod-like macromol
ecule, was considered. Under static condi
tions (no molecular rotation), the time-depen
dent correlation pattern is quite sensitive to 
molecular orientation and, for oriented mol
ecules, to the angle between the axis of the 
field-gradient tensor and the molecular axis. 
A general equation and results for selected 
geometric configurations are given. Wben mo 
lecular rotation is allowed, a classical model 
is applicable if the rotation is sufficiently slow. 
This model is used to calculate relaxation 
curves for several geometrical configurations 
under the condition that the macromolecules 
rotate about their long axes. These curves are 
found to have considerable diagnostic value. 

Let us consider a system, such as a macro
molecule in solution, that is labeled with a nu
cleus bound to a specific site such that it ex
periences quadrupole coupling. We assume 
further that the nucleus decays from an initial 
nuclear level to an intermediate level of spin I, 
emitting a'{ quantum ("Y1)· While in this inter
mediate level the nucleus interacts with extra
nuclear fields. The interaction, described by 
a hyperfine-structure Hamiltonian K, starts 
acting at the instant of formation of the inter
mediate level (time t = 0) and continues to act 
until this level decays by emission of the sec
ond "Y quantum ("Y2). 

8
The ~uclear mean-life TN 

is usually in the 10- -10- sec range in cases 
for which the rotational tracer method is most 
useful. Both '{ 1 and "Y2 are detected and re
corded, as is the time interval between their 
emission. The three processes involving the 
intermediate level-formation, perturbation, 
and decay-are separable. The angular corre-

lation between the tw~quanta~-y 1 and -y 2 , emit
ted in the directions k1 and k 2 , respectively, 
is given by 

where the response function r 2 (k
1

, ~, t) has 
the form 

(

I I 2\
2 

~ ~ m 1-m q) 
q ,:, q 

Y2(e1.<1>1) Y2(e2.<1>2). 

Here w
0 

is the fundamental quadrupole fre
quency. 

(2) 

For I = 5/2, the ef{plicit expression for the 
response function is 

Here w = 6w , and the z axis is taken along the 
symmehy di9ection of the electric field gradi
ent tensor. This will be called the atomic 
frame, and the Carte sian axes in this frame will 
be denoted by xyz. 

In rotational tracer experiments the tracer 



nuclei are bound to macromolecules. We con
sider cylindrically symmetrical molecules·, 
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with the molecular coordinate frame xyz chosen 
with the symmetry axis along Z. The molecules 
are taken to be orier_rted at angle o with respect 
to an external field E, and the angle between Z 
and z is denoted by r'3· Two experimental geom
etries were considered: 

(Geometry 1 1 ) 

and 

f 1 k = -k 1 2 (Geometry 2 1). 

Ihe rel~tionships among the directions k
1

, E, 
Z, and z are shown for Geometry 2 1 in F1g. 1. 
By using the cosine law and averaging over 
angles, general expressions were derived for 
the statistical response functions :F2(t)1' and 
r2(t)2r. Curves were plotted for four cases: 

.... liZ II;, Case I· E 

.... .... .... 
Case II: E II Z 1 z, 

.... .... .... 
Case III: E 1 Z II z, 

-+ .... -+ 
Case IV: E 1 Z 1 z. 

By combining these four cases with Geometries 
1 1 and 2 1 , a total of eight configurations can be 
constructed. These are designated by the nota
tion !1 1 , I2 1 , etc. The angles describing these 
eight configurations are set out in Table I. 

Table I. Classification of the configurations. 

Configuration r'3 0 e1 Static curve 

I 1' 0 0 0 A 

I 2 1 0 0 rr/2 B 

II 1' rr/2 0 rr/2 B 

II 2 1 rr/2 0 O-rr c 

III 1' 0 rr/2 rr/2 B 

III 2' 0 rr/2 O-rr c 

IV 1 1 rr/2 rr/2 O-rr c 

IV2 1 rr/2 rr/2 O-rr D 

The eight configurations yield only four distinct 
curves. These curves, labeled A, B, C, and D, 
have the forms 

-E 

Fig. 1. Geometrical relationship of vectors 
in Geometry 2-. (XBL 7011-4148) 

- 1 27 15 
r 2 (t)B=4 +56 cosw

0
t +56 cos3w

0
t, 

- 11 129 15 r 2(t)c=TI + 448 cosw
0

t +56 cos2w
0

t 

45 + 
448 

cos 3w
0 

t, 

- - 49 1443 15 
r

2
(t>n- 25'b + 3584 cosw

0
t + 64 cos 2w

0
t 

615 + 
3584 

cos 3w
0
t. 

These four curves A through D are distributed 
among configurations I1' through IV2 1 as indi
cated in the last column of Table I. They are 
plotted in Fig. 2 for intercomparison. In asses
sing the diagnostic value of r2(t), we note that 
either Geometry, 1 1 or 2 1 , would suffice to dis
tinguish among Cases I, Cases II or III, and 
Case IV, but that II and III are undistinguishable. 

Further differentiation among the configura
tions is possible in the long-correlation-time 
limit. By introduction of a classical (adiabatic) 
model and the use of random-walk techniques, 
relaxation curves of the form . 



+-

I~ 

-0.5~----~----~----~~----~ 
0 7T 27T 37T 47T 

w0 t-

Fig. 2. The curves A through D describing 
1'2 (t) for statically oriented molecules. 

(XBL 7011-4151) 

for example, were calculated. These curves 
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IJ 1' 

Fig. 3. Relaxation curves for various config-
urations. (XBL 7011-4149) 

are shown in Fig. 3. Their diagnostic value is 
obvious. Clearly relaxation studies will yield 
further information about macromolecules. 
Thus gamma-ray angular correlations appear 
to hold considerable promise for the elucidation 
of certain static and dynamic properties of bio
logical systems. 

Footnote 

* Condensed version of a paper that appeared in 
J. Chem. Phys. ~' 1512(1971). 
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K-ELECTRON BINDING ENERGY SHIFTS IN FLUORINATED METHANES 

AND BENZENES: COMPARISON OF A CNDO POTENTIAL MODEL 

WITH EXPERIMENT* 

D. W. Davis, D. A. Shirley, and T. D. Thomast 

Shifts in is electron binding energies can 
yield valuable information about electronic 
charge distributions in molecules. The origins 
of core-level binding-energy shifts are well 
understood, and the shifts have been interpreted 
with various degrees of sophistication, 1, 2 from 
valence-bon1 models to ab initio calculations on 
hole states. Good correlations between mea-
sured shifts and other parameters have been ob
tained in nearly every case. Until now, how
ever, a hiatus has existed between experiment 
and theory that has, in most cases, rendered 
a completely satisfactory interpretation im
practical. Only ab initio calculations have 
yielded quantitative predicted shifts that were 
both in agreement with experiment and free of 
empirical parameters. Although it is adequate 
to use ground state orbital energies from ab 
initio results together with Koopmans 1 theorem 
to pre diet shifts, the expense of these calcula
tions hampers their use in investigations in
volving large numbers of sizable molecules. 
It would be desirable to be able to predict core
level binding-energy shifts from one of the 
simpler "intermediate-level" molecular orbital 
approaches, such as the CNDO mode 1. 4 

In this report we describe a possible soluti0n 
to the above problem. For four fluorinated 
methanes and six fluorinated benzenes good 
agreement was obtained within each group be
tween observed shifts in the carbon and fluo
rine is binding-energies and shifts in the elec
trostatic potentials at the.carbon and fluorine 
nuclei, as calculated from CNDO wave functions. 
To a good approximation, shifts in the Coulomb 
potentials experienced by the nuclei and by the 
is electrons are equivalent. Since both CNDO 
calculations and the integrations required for 
evaluating the potentials require very little 
computer time, it appears feasible to predict 
core-level binding-energy shifts by this method 
for essentially any case of interest. 

The measurements were made as described 
previously. 5 The calculations were done as 
follows: 

( i) For each molecule a CNDO calculation 
was carried out, yielding molecular orbitals 
lj!i expressed in terms of atomic orbitals <Pi• 
lJ!J· = ~c .. <Pi· 

1 Jl 

(2) The contribution of the occupied valence 
orbitals of the molecule to the electrostatic 
potential energy, V, at each carbon and flu
orine nucleus was evaluated. The portion of 
this energy arising from occupied valence 

orbitals on the parent atom was, in each case, 
evaluated directly by calculating matrix el
ements of r-i. The portion arising from the 
other atoms in each molecule was evaluated in 
two different ways, each based on CNDO pop
ulations: a foint charge calculation, and eval
uation of r- integrals by retaining only the 
diagonal matrix elements between atomic orbi
tals at the same center. The reason for choos
ing these approaches will be discussed in a 
later publication. The numerical results of the 
two calculations are quite close. 

(3) The difference between the binding ener
gies of electrons in is orbitals of a given el
ement in two different sites was taken as (minus) 
the difference between the potential energies V 
calculated for the two sites, 6.E = - 6. V. Basch6 
has discussed the validity of this approach. 

Theory and experiment are compared in 
Table I. Agreement within each group (meth
ane derivatives and benzene derivatives) seems 
to be comparable to that obt~.ixsed, from ground 
state ab initio calculations. ' ' This is not 
too surprising, as we have calculated the quan
tity of interest (6.EB) directly, rather than as 
a small difference between two large energies. 
There has been other evidence that the CNDO 
approximation gives orbital populations con
sistent with observed binding-energy shifts. 
For example, a plot of binding energies vs 
CNDO "atomic charges" shows about the right 
slope. 2 A point-charge analysis based on 
CNDO populations also shows a good correla
tion with experiment after suitable empirical 
parameters were determined by least-squares 
fitting. i The CNDO- potential described here 
has not bgen used previously to predict shifts. 
Schwartz used the same approach with ex
tended-Hiickel wave functions, obtaining shifts 
that were much larger than experiment, in 
agreement with the well-known fact that the 
Hiickel model exaggerates polarization effects. 
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Table I. Carbon and fluorine is electron binding-energy shifts. 

i:!.E(carbon is}. in eVa i:!.E(fluorine is}, in eVb 

Compound Calculated, Calculated, Experimental c Calculated, Calculated, Experimentaf 
(point charge) diagonal plus (point charge diagonal plus 

p-p' elements p-p' elements 
--

d 
2.30 2.84 2 .43( 4) O.i6 -0.04(i0) fluorobenzene, CF 0.07 

0.33':'e 
... 

CH 0.36''' 0.39(3) 

o-difluorobenzene, CF 2.49 2.93 2.87(6) 0.08 O.i5 0.33(i5) 

CH 
0. 72':' 0.64* 0.72(4) 

m-difluorobenzene, CF 2.68 3.26 2.92(6) 0.48 0.55 0.26( 11) 

0.29':' >:~ 

CH 0.47 0.70(5) 

p-difluorobenzene, CF 2.38 2.88 2. 74(6) 0.29 0.35 0.26(i5) 

CH 0.63 0.65 0.76(4) 

i, 3, 5-trifluoro- CF 3.2i 3.85 3.02(9) 0.70 0.9i 0.47(i3) 
benzene, 

CH 0.50 0.48 0.56(13) 

hexafluorobenzene 3.75 4.45 3.57(9) i. 75 1.82 1.34(i0) 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
methyl fluoride 2.58 2.97 2.8(2) 

difluoromethane 4.99 5.58 5.55(5) 1.07 0.82 0. 73(5) 

fluoroform 7.32 8.54 8.3(2) 2.09 1.60 1. 7(2) 

carbon tetrafluoride 9.52 i1.14 11.0(2) 3.11 2.37 2. 6(2) 

aCarbon shifts in fluorinated methanes and benzenes are referred to methane and benzene, respectively. The two 
scales disagree by 0.9 eV. 

bAll fluorine shifts are referred to methyl fluoride. 

cError in last place given parenthetically. 

dHere CF and CH are carbons directly bonded to fluorine and hydrogen, respectively. 

e Asterisk denotes weighted average over inequivalent carbons. Experimentally only one CF and one CH peak was seen 
in each case. 

N 
N 
0 



2. J. M. Hollander and D. A. Shirley, Ann. 
Rev. Nucl. Sci. ~. 435 (1970). 

3. M. Schwartz, Chem. Phys. Letters_?, 50 
(1970). 

4. J. A. Pople, D. P. Santry, and G. A. 
Segal, J. Chem. Phys. 43, S129 (1965). 

5. D. W. Davis, J. M. Hollander, D. A. 

221 

Shirley, and T. D. Thomas, J. Chem. Phys. 
_g, 3295 (1970). 

6. H. Basch, Chem. Phys. Letters 2_, 337 
(1970). 

7. H. Basch and L. C. Snyder, Chem. Phys. 
Letters 2_, 333 (1969(. 

8. M. E. Schwartz, Chem. Phys. Letters!_, 
78 (1970). 

HIGH-RESOLUTION X-RAY PHOTOEMISSION SPECTRUM OF THE 

VALENCE BANDS OF GOLD* 

D. A. Shirley 

Electronic band structures are of fundamen
tal importance in under standing properties of 
metals. A knowledge of the valence-band den
sity of states of a metal can in principle yield 
considerable information about that metal's 
band structure. X-ray photoemission exper
iments, in which valence electrons are ejected 
from the specimen by photons from a mono
chromatic source and energy-analyzed in an 
electron spectrometer, yield spectra that are 
closely related to the valence-band density of 
states. The extent to which these photo
emission spectra and the density of states 
can be directly compared is still somewhat 
uncertain, however. 

In this paper the high-resolution x-ray photo
emission spectrum is compared with lower
energy photoemission spectra and with band
structure results. The following questions are 
at least partially answered: 

.!!! 
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<.> 

0 ., 
'0 
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Fig. 1. Comparison of the corrected exper
imental spectrum I 8' with broadened density
of- states function p (E) from the relativistic 
KKR band- structure calculation of Connolly 
and Johnson. (XBL 7111-4854) 

..... 
0 ., 
'0 
c: 
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.s:: 
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-6 -4 -2 
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Fig. 2. Comparison of I 8' with broadened 
density-of-states function p(E) from the 
relativistic APW band- structure calculation 
of Christensen and Seraphin. 

(XBL 7111-4857) 

( 1) Do ultraviolet photoelectron spectroscopy 
(UPS) results approach x-ray photoelectron spec
troscopy (XPS) data as the uv photon energy in
creases toward the upper end of the readily 
available energy range (-40 eV)? 

(2) It is meaningful to compare XPS spectra 
directly with valence- band densities of states, 
or are matrix-element modulation effects so 
large as to obviate such comparisons? 

(3) Can XPS spectra establish the necessity 
for relativistic band structure calculations in 
heavy elements? 

(4) Are XPS spectra sensitive enough to dis
tinguish critically among different theoretical 
band- structure calculations? 
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Table I. Comparison of gold d- band parameters. 

De scription ~B(eV)a D.Ed(eV) 
d 

EF - Ed(eV) 
c 

Reference 

KKR o. 79 5.25d 1.89d 3 
(5 .18) ( 1. 93) 

RAPW 0.54 5.54 1.56 8 
(5. 58) ( 1.41) 

RAPW 0. 78 4.90 2.21 7 
(4.92) (2.20) 

RAPW 0.85 5.07 2.17 4 
(5.12) (2 .04) 

Interpolation 0.92 5.67 2.34 5 
(5.64) (2.18) 

Experiment 5.24 2.04 This work 

aFWHM of Poisson broadening function by which theoretical band
structure histogram were multiplied. 

bFWHM of d- band. 

~nergy difference from Fermi level to a point halfway up the higher
energy d-band peak. 

dValues in parentheses were taken from smoothed curves. Values without 
parentheses were evaluated before smoothing. Accuracy is 0.1 eV. 

A gold single crystal of 99.9o/o purity was 
cut to provide samples with (100), (110), and 
(111) faces. These were polished, etched, 
and annealed. Spectra were taken, at room 
temperature and in a sample chamber pumped 
to about 10-7 Torr, on a Hewlett-Packard 
ESCA spectrometer. This spectrometer em
ploys monochromatized aluminum Ka1,2 ( 1486 
eV) radiation: it should in principle be possible 
to reduce the freviously obtainable instrumen-

tal resolution •
2 

of 1.0 eV by a factor of 2 or 
more. The observed spectrum in fact shows 
a definite improvement over earlier spectra. 

After background and scattering corrections 
were made, the results were compared directly 
with several broadened theoretical density-of
states functions. The following conclusions 
were drawn: (i) Relativistic band structure 
calculations are required to fit the spectrum. 
(ii) Both the KKR calculation of Connolly and 
Johnson3 (Fig. 1) and the RAPW calculation by 
Christensen and Seraphin4 (Fig. 2) give density 
of states results that (after broadening) follow 
the experimental curve closely. (iii) Full 
Slater exchange is required: fractional (2/3 or 

5/6) exchange 5- 7 gives d-band densities of 
states that are far too wide. (iv) Eastman's 
40.8-eV ultraviolet photoerriission spectrum8 

is similar to the x-ray spectrum, suggesting 
little dependence on photon energy above 40 eV. 
(v) Both (ii) and (iv) imply an absence of strong 
matrix-element modulation in the photoemis
sion spectrum. 
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SPLITTING IN NITROGEN AND OXYGEN 1s PHOTOELECTRON PEAKS IN 

TWO PARAMAGNETIC MOLECULES: SPIN DENSITY IMPLICATIONS* 

D. W. Davis and D. A. Shirlev 

Multiplet splitting of core-level peaks in 
x-ray photoelectron spectra, arising from ex
change interactions between unpaired core and 
valence electrons, has been reported previ
ously for molecular O:r and NOl • 2 and for com
pounds of Mn and Fe. • 4 In every case the 
magnitude of the multiplet splitting, .6.E, was 
found to be in good agr~ement with approximate 
theoretical estimates, and it was concluded 
that the splitting was qualitatively understood. 
Better theoretical values for .6.E(NO) are now 
available, however. These values were de
rived from 11 frozen orbital" Hartree-Fock 
calculations on NO itsel£6, 7 and also from di
rect Hartree-Fock calculations 7 on the four 
NO+ final states that can be formed by: re
moving a single is electron from N0(2rri ; 2 ). 
In this note we report high-precision experi
mental values for .6-E(NO). In addition, values 
of .6.E are reported for di-t-butylnitroxide. 
These latter data illustrate the efficacy of x
ray photoelectron spectroscopy in measuring 
spin density distributions in polyatomic free 
radicals. 

All samples were run as gases on the 
Berkeley iron-free double-focusing rr.JZ 
spectrometer, as described earlier. 8 The 
current stepping interval of O.imA was equiv
alent to O.i4 eV for the N is peak and 0.13 eV 
for the 0 is peak. Sufficient data were taken 
to achieve good statistical accuracy (i. e. , up 
to 6000 counts in the peak channel). At least 
two spectra were taken for each case, to 
demonstrate reproducibility. Careful least
squares fits were made, using both Gaussian 
and Lorentzian peak shapes, in order to ex
tract values of .6.E from the unresolved peaks. 
The values of .6.E so obtained were essentially 
independent of the peak shape chosen. They 
were also insensitive to whether the doublet 
intensity ratio was fixed at 3 or allowed to 
vary. The final values, which are quoted in 
Table I, were all derived from Lorentz ian fits, 
with the intensity ratio fixed at 3. A compari
son run on N 2 gas gave a symmetrical N is 
peak of width 0.974±0.025 eV FWHM. 

The NO splittings given in Table I show 
good agreement with the Hartree -Fock final 
state calculations, 7 which are, however, 
0. 06 eV (or three standard deviations) low in 
each case. The frozen orbital calculations 6, 7 
also give fairly good estimates for .6.E, al
though the final-s tate calculations are dis
tinctly favored by our data. 

In a free atom whose valence electrons are 
coupled to spin S, the multiplet splitting of the 
is peak can be estimated as 

.6.E = (ZS + i )Hx' 

where Hx is the is electron-valence electron 
exchange integral. In a free radical the un
paired electrons are bound in molecular or
bitals that are distributed over the atoms. In 
the crudest approximation, using an LCAO 
basis set and neglecting all two-center inte
grals (including overlap), the total population 
of unpaired electrons can be approximately 
partitioned among the atoms, with a fraction 
fi assigned to the ,!;!h atom. In this approxima
tion we would expect multiplet splitting 

.6.Ei ::::: f. Hi (2S+i) 
1 X 

for the ith atom. Using this relation, and 
assuming that H~ ::::: H£ , we may infer from 
Table I that most of the unpaired spin in the 
piT antibonding orbital of NO is on the N atom. 
With some refinement, multiplet splittings 
may give a more direct measure of spin den
sity distributions than do hyperfine structure 
constants. 

The splittings in di-t-butylnitroxide, when 
compared to those in NO, suggest that the spin 
density on the oxygen atom is essentially un
changed, but that the N atom loses spin density 
in the larger molecule, apparently to the alkyl 
groups. This is not surprising, as the un
paired electrqn is presumably in a delocalized 
antibonding orbital. By contrast the large re
ductions in binding energy of both the N is and 
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Table I. Binding energies and splittings of is electrons (in electron volts). 

Measured .6.E from 
Binding 
energy 

Line width 
(FWHM) 

splitting, final- state .6.E from frozen .6.E (expt) 
hedman et al. .6.E calculations orbital estimates 

~O(i Il) 411.5(5)b 

~0(3I1) 4iO.i(5) 

N0( 1
I1) 543. 6(5) 

N;(3I1) 543.i (5) 

d~ ~O(i Il) 406. 9(5) 

dtb ~o( 3 IT) 406.4(5) 

dtb NQ( 
1 

IT) 536. 7(5) 

dtb NQ( 3 I1) 536.2(5) 

Methyl C 290.3(5) 

Tertiary C 291.4(5) 

0.9i(2) 

1.13 (4) 

0.88(3) 

1.i6(5) 

1.4i2(i6) 

0.530(2i) 

o. 539(42) 

0.448(26) 

1.5 

0.7 

aThe atom losing a is electron is underlined. Assumed final-state symmetry is denoted parenthet
ically, and 11 dtb 11 means 11 di-tertbutyl. 11 

bStandard deviation in the last digit is given parenthetically. Absolute values of binding energies 
are accurate to only 0.5 eV. 

cin fitting each group, linewidths were constrained to be equal. 

dRef. 7. 

eRe£. 6. 

the 0 is electrons in di-t-butylnitroxide dem
onstrate quite conclusively a net flow of elec
tron charge from the alkyl group to the NO 
group. This conclusion is corroborated by 
increases in the binding energies of is elec
trons in the tertiary carbon atoms, as com
pared to the usual values of 290.2 eV for the 
tertiary alkyl carbon, indicating oxidation of 
these carbon atoms. 

We are indebted to Dr. M. P. Klein for the 
sample of di-t-butylnitroxide. 
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A COMPARISON OF VALENCE-SHELL AND CORE-IONIZATION POTENTIALS 

OF ALKYL IODIDES 

J. A. Hashmall,* B. E. Mills, D. A. Shirley, and A. Streitwieser, Jr. 

It has recently been shown that the lone
pair ionization potentials (IPs) of alkyl iodides, 
bromides, and chlorides correlate well the 
Taft's a>!< values (as used with the Hammett 
equation)1 and even better with each other. 2 
Similar correlations have been found between 
the iodide lone-pair IPs and those of a series 
of other alkyl substituted groups. 3 Figure 1 
plots and Table I lists the iodine 5p1/2 IPs 2 

of a series of alkyl halides as well as the 
shifts in IP of the iodine 3d5/2 level (relative 
to a trifluoromethyl iodide reference) with 
which we wish to compare them. These latter 
values were obtained with the Berkeley iron
free spectrometer4 using Mg Ka x rays 
(1253.6 eV) on a mixture of sample and ref
erence gases. Figure 2 gives examples of 
spectra in the best and worst cases. 

Inspection of Fig. 1 will indicate that the 
core 3d5/2 IP is more sensitive to variations 
in the alkyl group than is the 5p1/2 level. This 
can be understood if one realizes that the 
change ·of substituent group results in a change 
of electron density in the C-I bond and that 
this bond is, on the average, closer to the 
3d5/2 orbital than to the 5p1; 2 , with conse
quent greater effect on the core level. This 
is illustrated in Fig. 3. 
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Fig. 1. Relative iodine 3d5/2 binding energy 
vs iodine 5p1/2 binding energy, and least
squares stra1ght line fit (slope = 1.22 ± 0.05) 
of all points except that for HI (.6.). 

(XBL 717-3928) 

Table I. Summary of the iodine 5p1/2 binding 
energies and relative 3d5; 2 binding energies 
for alkyl iodides. 

5P1j2 3d5/2 
binding energy 

a chemical shiftsb 

R in RI (eV) (eV) 

Methyl 10.14 1.10±0.03 

Ethyl 9.93 1.36±0.03 

n-propyl 9.83 1.45 ± 0.04 

n-butyl 9.81 1.49 ± 0.04 

n-pentyl 9. 78 L51±0.03 

i-propyl 9. 75 1.57±0.03 

t-butyl 9.64 1.73±0.05 

Hydrogen 1L05 0.20±0.04 

aAll errors ± 0.02 eV. 

bRelative to trifluoromethyl iodide. 

Binding energy (eV) 
624 622 620 618 

624 626 628 630 
Kinetic energy ( eV) 

Fig. 2. Resolved photoelectron spectra of 
iodine 3dsj2 electrons from trifluoromethyl 
iodide with (a) tert-butyl iodide and 
(b) methyl iodide. Radiation was Mg Ka 

632 

xrays. (XBL717-3929) 



c 
Fig. 3. Diagram of the C-I bond length in 
relation to the average position of the 5p and 
3d electrons. Note that r , the distance 
between the center of the ~--¥bond and the ex
pected position of the 5p electron, is consider-
ably longer than rp-d· (XBL 717 -3930) 

Figure 1 also shows that 5p1 !z IP of HI is 
larger than might be predicted {rom the alkyl 
results. Indeed, the HI 5p1/2 binding energy 
is about 0.14 eV greater than expected because 
the orbital is unable to hyperconjugate. In the 
alkyl iodides, hyperconjugation is possible 
with the (J orbitals of the alkyl group, re
sulting in destabilization of the iodine 5p 
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levels. This effect is of the same order as 
that calculated by Brogli and Heilbronner. 5 

There is the further implication in the fit of 
all of the alky 1 iodides to a single line that the 
hyperconjugative interaction with C-C bonds 
must be approximately the same as with C-H 
bonds. 

The present example demonstrates the 
unique advantages of using both valence- shell 
and core photoelectron spectroscopy to eluci
date the causes for chemical shifts of ioniza
tion potentials. We are continuing our studies 
of ionization potentials, using these comple
mentary techniques. 
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X-RAY PHOTOELECTRON SPECTROSCOPY OF THE FLUORINE K LEVEL 

IN SIMPLE FLUORIDE COMPOUNDs* 

R. G. Hayes t and N. Edelstein 

Since x-ray photoelectron spectroscopy 
came into relatively common use two or three 
years ago, a rather large number of studies 
of core-level binding energies in solid com
pounds has appeared. 1 The primary object of 
such studies has been the correlation of core
electron binding energies with parameters 
such as the oxidation state or the charge of the 
atom bearing the core level. Such correlations 
have met with some success despite the fact 
that the binding energy of a core level is known 
not to be a local property of the system, but 
depends on attributes of the system away from 
the atom bearing the core level. It has been 
shown, from calculations on atoms and small 
molecules, that the binding energy of a core 
level can only be calculated accurately from 

independent calculations of the total energy of 
the ground state of the system and of the state 
containing a hole in the core level. 2 Such an 
elaborate calculation is necessary because the 
electronic system relaxes on core ionization. 
It is also known, however, that, at least in 
some systems, the binding-energy shifts of a 
core level correlate well with the orbital en
ergies of the core level in the ground state of 
the various molecules, which means that the 
change in energy due to relaxation is nearly 
independent of the system in which the atom 
with a core vacancy is found. 3 Thus, for a 
comparison of the energies of a given core 
hole state among various systems, one may 
use the orbital energy of the core orbital. 
Finally, it has been shown, and it is clear 
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Table I.* Fluoride 1 s binding energies, point-charge potentials, and corrected potentials at fluoride 
sites of various ionic fluorides. 

-
EB(F ) 

(Au NVII = 94.0 eV) EB-EB(NaF) VP.C. v Vcorr-Vcorr(NaF) Compound corr 

LiF 686.3 0.9 12.45 8.34 -0.3 

NaF 685.4 (0.0) 10.89 8.64 (0.0) 

KMgF3a 686.5 1.1 11.69 10.86 2.22 

MnFb 
2 686.1 0. 7 12.61 11.30 2.66 

CaF2 686.3 0.9 15 35 11.01 2.37 

SrF2 685.7 0.3 14.48 12.77 4.13 

BaF2 685.2 -0.2 13.53 10.67 2.03 

LaF3c 685.3 -0.1 9. 20 (I) 2.54 -6.10 

11.29(II) 4.52 -4.12 

8.18(III) 3.28 -5.36 

YbFf 686.7 1.3 10.40(I) 5.58 -3.06 

11.21(II) 6.53 -2.11 

UF e 685.4 0.0 (11. 5) (9.5-L!.Vu) 0.9-L!.V 4 u 

-·-
•r All units are eV. 

aCrystal structure from R.· W. G. Wycoff, Crystal Structures, Vol. II (John Wiley, New York, 
1965), p. 390. 

bCrystal structure from J. W. Stout and S. A. ~ead, J. Am. Chern. Soc. ]j_, 5279 (1954). 

cCrystal structure from A. Zalkin, D. H. Templeton, and T. E. Hopkins, Inorg. Chern. ~· 
1466 (1966). 

dCrystal structure from A. Zalkin and D. H. Templeton, J. Am. Chern. Soc. 22_, 2453 (1953 ). 

eCrystal structure from A. C. Larson, R. B. Root, Jr., and D. T. Cromer, Acta. Cryst. .!2.• 
555 (1964). 

There are seven distinct kinds of fluorides. Their point-charge potentials range from 11.24 to 
12.03 v. 

from general agreements, that the dependence 
of the orbital energy on surroundings is given 
quite accurately by the electrostatic potential 
at the nucleus bearing the core level due to all 
the other nuclei and electr~s other than the 
core electrons of interest. At this point we 
can discuss attempts to correlate core binding 
energies with charges. The potential at a nu
cleus will be proportional to the charge on the 
atom having that nucleus only if the potential 
due to the rest of the system is proportional 
to the charge on the atom in question. Fur
thermore, the constant of proportionality will 
be the same for all systems having the atom 
in question only if the effect on the potential 
of transferring charge from the atom of inter
est to the rest of the system is the same for 

all systems. It is not likely that such would 
be the case, so one should attempt a more 
careful analysis of the relationship between 
core binding energies and charges. 

Before discussing the analysis of binding 
energies in solids further it is well to make 
some observations about the stndv of core 
binding energies in solid materials. The 
quantity one would wish to measure is the en
ergy necessary to remove an electron into the 
vacuum. This quantity is not accessible, how
ever, as has been pointed out. 1 Instead, one 
can measure the binding energy of the sample 
with respect to the vacuum level of the spec
trometer material or, if one knows the work 
function of the spectrometer material, with 



respect to the common Fermi levels of spec
trometer and sample. Since, in a pure insu
lator, the Fermi level lies in the middle of 
the gap, the difference in vacuum levels can, 
in principle, be obtained if the gap is known 
and if the photoelectric threshold of the insu
lator is known, as well as the work function of 
the spectrometer material. These quantities 
are in general not known. Also the presence 
of impurities, or of damage centers, in the 
insulator can move the Fermi level and make 
the above arguments invalid. 

The simplest approach to the analysis of 
core-level binding energies in solids, similar 
to the calculations of potentials which have 
been carried out for molecules, is one in 
which the potential due to other atoms is ap
proximated by the point-charge Madelung po
tential. The contribution of electrons on the 
atom in question can then be handled by calcu
lating the binding energy of the core level in 
the free atom and various free atom and setting 
the difference in orbital energy equal to the 
difference in potential. Such calculations have 
been discussed. 5 They are clearly much more 
rudimentary than the corresponding calcula
tions in molecules, though, which do not use 
the point-charge approximation and which, in 
fact, include multi-center integrals. 6 

Any attempt to refine the simple point
charge calculation, in order to assess the mag
nitude of the corrections or to compare the 
agreement of the calculations with experiment, 
requires the study of .substances of simple 
structure, since otherwise the corrections be
come difficult, if not impossible, to carry 
out. It is important, of course, to study the 
same atom in a number of environments be
cause it is only binding-energy shifts that we 
are able -to obtain. Finally, one needs rea
sonably good wave functions for all the atoms 
in the various compounds. Our choice of com
pounds for the study of binding energies and 
their correlation with calculated potentials has 
been the simple fluorides. 

The compounds we have studied are avail
able commercially. Spectra were from pow
ders, except those from CaF2, SrF2, BaF2, 
and LaF3, which were from pieces of single 
crystals. The crystals, in general, gave 
narrower lines. 

All spectra were studied on the Berkeley 
iron-free spectrometer by using a thinlayer 
of gold evaporated over the sample as a ref
erence. 7 The binding energy of the Nyu of 
gold with respect to the Fermi surface was 
taken to be 84.0 eV. 8 

The data were recorded on magnetic tape 
and were then analyzed by fitting the data in 
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the least-squares sense, using a program de
scribed elsewhere. 9 The uncertainty in the 
binding energy in the least-squares fit was 
typically about ±0.05 eV. In duplicate runs of 
the same compound on different days, how
ever, the results scattered by about± 0.3, 
which may be taken as the precision of our 
data for practical purposes. 

The binding energy of the fluorine K level 
in the various compounds we have studied ap
pears in Table I. 

Table I also includes the results of an an
alysis of the expected binding energies, 
assuming the compounds to be completely ionic. 
The analysis was performed by, first, cal
culating the point-charge Madelung potential 
at the fluoride site (or sites, if there were 
several inequivalent fluorides), using a mod
ification of the program described by 
Pickens. 10 These results, referred to the 
fluoride ion of NaF (in which the point charge 
Made lung potential is 10.89 v. ) appear in 
column 4 of Table I, labeled V point charge· 

The results of the point-charge Madelung 
potential calculation were corrected approxi
mately for the fact that the atoms are not, in 
fact, point charges. The pairwise potentials 
between the fluoride ion of interest and all 
other ions within 4 A of the reference fluoride 
ion were calculated exactly, assuming the two 
atoms to be described accurately by free-ion 
Hartree-Fock functions. The functions used 
for the heavier cations were minimum-basis
set functions calculated for the free ions. 13 

The salient fact about the experimental 
fluoride-ion binding energies is their con
stancy. As one sees, the binding energies 
of fluoride in the various compounds we have 
studied are the same to within about 1.5 V. 
The calculations reflect this constancy only 
in part. Among the compounds of lighter ele
ments, for which better wave functions are 
available (NaF, CaF2, LiF, MnF2 , and 
KMgF3), the rms deviation of the calculations 
from the measured binding energies is 1.27 V. 
This is hardly more than the expected uncer
tainty in binding energies due to solid state 
effects, but it is somewhat disconcerting that 
all the calculated shifts, except that of LiF, 
are too large. Furthermore, the point-charge 
Madelung calculations give nearly as good an 
account of the trends in binding energies. The 
rms deviation of the point-charge predictions 
from the observations is 1. 56 V, but this is 
dominated entirely by the large deviation from 
CaF2. On the whole, the agreements of both 
the point-charge calculations and the more 
elaborate calculations are not significantly 
better than the simpler calculations and the 
data show no evidence of significant covalency. 



Table II. Linewidths of the fluorine K level 
and of the Au reference level in various 

fluoride compounds. 

.6.EF .6.EAu 

(eV) (eV) 

NaF 2.12 2.19 

LiF 2.38 2.27 

CaF2 
1.72 2.51 

SrF 2 1. 59 1. 98 

BaF2 
1.43 2. 88 

LaF3 
1.29 2. 75 

YbF 3 1. 91 2.91 

UF4 1.77 2.06 
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The only systems displaying substantial 
negative deviations are LaF3 and YbF3 , which 
could be corrected by assuming fluorine 
charges of -0.43 and -0.72 respectively. The 
rare-earth fluorides are not considered to be 
especially covalent, though. On the other hand, 
UF 4 is expected, on chemical grounds, to be 
rather covalent, but there is no evidence for 
covalency from the fluoride binding energies. 
We have no wave function for u4+, but the cor 
rection can hardly be larger than 1 eV per 
uranium and each fluoride has two uranium 
neighbors. The result is sure to come with-
in 1 eV of the observations. 

It would appear that the negative deviations 
are an artifact produced in systems with small 
cations by errors in the F-F potential. LiF 
is a less severe example of such a component. 

The structures of low symmetry permit 
crystallographically inequivalent fluorides, 
which have different potentials, as shown in 
Table I. The presence of more than one kind 
of fluoride is nowhere apparent in the data. 
No compound showed more than one peak from 
the fluoride is. There is not even a hint of 
broadening of the peaks of YbF3, LaF3, or 
UF 4· The widths of the fluoride peaks are 
hard to correlate in any quantitative way be
cause the factors influencing the width of a 
peak are hard to unravel, but the widths of 
the fluoride peaks in several compounds, 
along with the widths of the gold peaks, shown 
in Table II substantiates our point. All 
widths are full widths at half maximum from 
fits of the data to Gaussian lines. 

Our data suggest that all the fluorides we 

have studied are very highly ionic. The de
viations of the binding energies from the pre
dictions of a completely ionic model are with
in the combined uncertainty of the measure
ments and the calculations in most cases. 
There are, however, a few disconcerting 
facts. The constancy of the observed binding 
energies is rather surprising, and the fact 
that compounds with crystallographically dis
tinct fluorides, calculated to be f1Ubjected to 
different potentials, show no evidence of more 
than one type of fluoride, is equally discon
certing. We must assume that in these com
pounds the electronic structure adjusts itself, 
in ways more subtle than described by our 
calculations, to yield a potential at the fluo
rides which is very nearly the same among 
various compounds. 

We conclude that the compounds must all 
be quite ionic and that our calculations are not 
sufficiently subtle to reproduce the details of 
the potential at the fluorides, which is very 
nearly independent of compound and of crystal
lographic inequivalence. 

Footnote and References 

':'Published in Electron Spectroscopy, edited 
by D. A. Shirley (North-Holland, Amsterdam, 
1972). 

t Permanent address: Chemistry Department, 
University of Notre Dame, Notre Dame, 
Indiana. 

1. A recent review which considers some of 
these studies is J. M. Hollander and D. A. 
Shirley, Ann. Rev. Nucl. Sci. 20, 435 (1970). 

2. P. S. Bagus, Phys. Rev. 139, A619 (1965); 
M. E. Schwartz, Chem. Phys:-I::'etters 2_, 50 
(1970). 

3. D. W. Davis, J. M. Hollander, D. A. 
Shirley, and T. D. Thomas, J. Chem. Phys. 
g. 3295 (1970). 

4. M. E Schwartz, Chem. Phys. Letters~. 
631 (1970). 

5. a) K. Siegbahn et al. , ESCA, Atomic 
Molecular and SolidState Structure Studied 
by Means of Electron Spectroscopy (Almqvist 
and Wiksells, Stockholm, 1967); b) C. S. 
Fadley, S. B. M. Hagstrom, M. P. Klein, 
and D. A. Shirley, J. Chem. Phys. 48·, 3779 
(1968). -

6. M. E. Schwartz, Chem. Phys. Letters '!._, 
78 (1970). 

7. G. Kaindl (private communication). 



8. C. S. Fadley and D. A. Shirley, J. Res. 
Natl. Bur. Stand. 14A, 543 (1970). 

9. C. S. Fadley (Ph. D. dissertation), Law
rence Radiation Laboratory Report 
UCRL-19535 (1970). 

10. W. Van Gool and A. G. Piken, J. 
Material Sci. _!, 95 (1969). 

230 

11. E. Clementi and A. D. McLean, Phys. 
Rev. 133, A419 (1964). 

12. E. Clementi, I. B. M. Journal Res. Dev. 
Suppl. _2, 2 (1965). 

13. E. Clementi, D. L. Raimondi, and W. 
P. Reinhardt, J. Chem. Phys. 47, 1300 
(1967). 

CHEMICAL SHIFTS OF CORE-ELECTRON BINDING ENERGIES IN OSMIUM COMPOUNDS 

* G. Kaindl 

The recent development of x-ray photo
electron spectroscopy (ESCA)1 has made it 
possible to measure binding energies of 
atomic core electrons with a precision that 
can detect shifts arising from differences in 
the chemical environment of the atom under 
study. These chemical shifts of core-elec
tron binding energies (CS) are related to the 
isomer shifts (IS) of Mossbauer '{ rays. The 
IS is proportional to the difference of the 
total electron density at the nucleus, which 
may vary through direct contributions of the 
valence electrons and indirectly by their 
shielding effects on s -type core electrons. 
The binding energies of core electrons, on 
the other hand, vary by effects of the mole c
ular charge distribution on mainly the Coulomb 
potential acting on the core levels. The pres
ent paper reports on a study of chemical 
shifts of the 4f binding energies of Osmium in 
a series of divalent through octavalent 
Osmium compounds. 2 The· complementary 
relationship between CSs and ISs is dis
cussed on the basis of a comparison of the 
CS data with Mossbauer ISs of the 36.2-keV 
y rays of 189os, measured for the same 
series of Os compounds. 3, 4 

The standard features of the experimental 
technique employed are described elsewhere.5 
The samples studied were prepared by dusting 
the finely powdered Os compounds onto double
sided adhesive tape. Mg-Ka x rays were used 
to irradiate the samples, and the momentum 
distribution of the expelled photoelectrons 
was analyzed using the LBL iron-free spec
trometer. Special care was taken to correct 
for the effects of electrical charging of the 
samples on the kinetic energy of the photo
electrons. Pseudoshifts of the photoelectron 
lines of up to 1. 5 eV due to these charging 
effects were found. They were corrected for 
by depositing a thin layer of Au (about 5 A 
thick) on top of each sample, and using the 
Au 4f lines for reference. Such a thin layer 
of Au does not noticeably influence the photo-

electron spectrum of the underlying material, 
besides diminishing slightly its intensity. No 
changes in the line positions of the Os 4f lines 
were found as a function of the thickness of 
the Au layer from - 5 to- 20 A within 0.5 eV. 
Instead of Au we have also used Pt as a de
posit, and the CS 1 s determined in this way 
agree with those determined with Au deposits 
within 0.05 eV. During this work the results 
of a similar study on charging effects, also 
using the method of nogle metal deposition, 
came to our attention. 

Figure 1 shows some typical photoelectron 
spectra of the 4f levels of Os in K4 [ Os (CN)6] , 
K2[ OsC16] , and K[ Os03 N] . The experimen
tal results are summarized in Table I; a 
graphical representation of the CSs relative 
to K4[ Os (CN)6[ is given in Fig. 2. The 
quoted error bar of 0.1 eV represents the 
highest scattering of CS values found during 
repeated independent measurements. The 
following conclusions can be drawn from the 
data: 

1) The chemical shifts can be arranged ac
cording to the formal oxidation state of Os, 
which may therefore be regarded as the main 
parameter to influence the binding energy. 

2) On an average the 4£ binding energy of 
Os increases by - 1 eV per unit increase in 
the formal oxidation state. 

3) Possible differences in the contribution 
of the Madelung energy of the positive hole 
formed in the photoelectric process5 to the 
observed shifts are obviously small enough 
for this series of highly covalent compounds, 
in order not to obscure the observed syste
matics. 

Even though a quantitative interpretation 
of the observed shifts would have to involve 
MO calculations, a comparison with the re
sults of relativistic free-ion Dirac-Fock cal
culations 7 reveals some interesting features. 
Using Koopman's theorem, the Dirac-Fock 
calculations show that upon removal of one 5d 
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Fig. 1. X-ray photoelectron spectra of the 
4f levels of Os in K4[ Os(CN)6] , K2[ OsC16] , 
and K[ Os03N]. The line positions corrected 
for charging effect are given by the dashed 
lines. (XBL 7011-4116) 

electron the 4f binding energy of a free Os ion 
increases by 14 to 19 eV, depending on the Sd 
configuration. The small size of the experi
mental shifts (~ 1 eV), even after taking in
to account the contribution of the Madelung 
energy, reflects the fact that only a small 
fraction of an electron charge is actually re
moved from the Os atom when increasing its 
formal oxidation state by one. This is in 
agreement with what is expected from the 
principle of electroneutrality for these highly 
covalent compounds. 
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+2 

Fig. 2. Graphical representation of the CSs 
of the 4f binding energies of Os, relative to 
that of K4[0s(CN)6], for all of the Os com-
pounds studied. (XBL 713-3186) 

The experimental relationship between the 
CSs and the Mossbauer ISs is given in Fig. 3, 
where the ISs of the 36.2-keV y rays of 
189os are plotted versus the CSs of the Os 
4f binding energies. The dashed curve repre
sents the relationship resulting from the re
sults of the free -ion Dirac -Fock calculations 
for different Sd configuration of the Os ions, 
with arbitrary scales on both axes. 
Qualitatively, such a free -ion-like picture 
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describes the overall features of the observed 
correlation rather well. A very similar con
clusion has been drawn on the basis of d
electron shielding arguments from the syste
matics of Mossbauer isomer shifts for com
pounds of the d-transition elements. 4 Devi
ations from this simple free -ion like corre-
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lation are expected from the influence of 
covalency effects, like backhanding. Back
bonding is especially pronounced for CN-, 
NO+, and (dipyr) ligands, which posses empty 
rr':' orbitals, that can form rr* bonds with metal 
orbitals of the right symmetry. In the re
sulting MOs the d-electron density at the 
metal will be considerably reduced. This d 
transfer from metal to ligand is coupled with 
a synergic a -charge transfer from ligand to 
metal, increasing the covalency in the a bonds, 
in agreement with the principle of electroneu
trality. Both coupled charge transfers will 
increase the total electron density at the nu
cleus, by a decrease of the shielding effect of 
the d electrons and by a direct contribution of 
the atomic s -type population of the a-bonding 
orbitals, respectively. In contrast to this, 
the effects of the two synergically coupled 
charge transfers on the 4f binding energy have 
opposite signs, and therefore will not change 
it much. This explains the position of the 
points for K4[0s(CN)6[ and [Os(dipyr)3] 
(Cl04)2 in the plot of Fig. 3. Obviously co
valency effects have rather different effects 
on the systematics of Mossbauer ISs and 
ESCA CSs giving rise to a complementary 
relationship between both. 

The author is indebted to Drs. D. A. 
Shirley, Ursel Zahn, F. E. Wagner, J. B. 
Mann, and Mr. G. A. Apai. 

Table I. Chemical shift (CS) of 4f binding energies 
of osmium for various osmium compounds relative 

to K4[ Os (CN)6] . 

Formal oxidation Chemical shift 
Compound 

K 2 [ Os0
2 

(OH)
4

] 

K 2 [ OsC1
5

N] 

K
2

[ OsC1
6

] 

(NH
4

)
2

[ OsC1
6

] 

(NH
4

)
2

[ OsBr 6 ] 

[ Os (dipyr )
3

] (ClO 
4

)2 

K
4

[ Os(CN)
6

] 

state of osmium CS, in eV 
------------------------------------

Os (VIII) +5. 64 ± 0.10 

Os(VI) +4.13 ± 0.10 

+3.35±0.10 

Os(IV) +2.54±0.10 

+2.58±0.10 

+1.76±0.10 

Os (III) +0.91±0.10 

Os(II) -0.07±0.10 

0.0 
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THE CRYSTAL STRUCTURE OF VANADYL SULFATE TRIHYDRATE 

H. Ruben, A. Zalkin, and D. H. Templeton 

A recent nuclear magnetic resonance study1 

of the coordination of vanadyl complexes in 
solution indicated that the vanadyl oxygen and 
four waters of coordination form a square 
pyramid in which the vanadium atom lies 
somewhat above the equatorial plane, and it 
also suggested that a fourth oxygen coordinates 
weakly to the vanadium and is in a position 
opposite the vanadyl oxygen. A crystal struc
ture determination was undertaken to see if 
these conclusions would be consistent with the 
geometry in a hydrated vanadyl salt crystal. 
The salt we used for this study, vanadyl sul
fate trihydrate, was a selection of convenience 
rather than design, since it was available 
commercially. The resulting structure de
termination confirms the postulated coordina
tion geometry of Wuthrich and Connick, 1 and 
in particular the presence of a weakly coordi
nated water. Recently Ballhausen, Djurinskij, 
and Watson2 reported the crystal structure 
determination of vanadyl sulfate pentahydrate, 
and our results are also in good agreement 
with theirs on the vanadium coordination ge
ometry. 

Crystals of VO(S04)· 3H2 0 were obtained 
·from Fairmount Chemical Company, in a 
bottle labeled VOS04. The crystals are blue 
and form fairly regular faces in a typical 
prismatic monoclinic form. The crystals 
are hygroscopic and required encapsulation 
in glass capillaries for examination. Sharp 
extinctions were observed under the polarizing 
microscope. The space group is P21/c with 

cell dimensions a = 7.390 ± 0.002, 
b = 7.471±0.004,-c = 12.212±0.004A., and 
~ = 108.80±0.03°,-at 23°. A density measure
ment by flotation in a bromoform-ethylene 
chloride mixture gave a value of 2.03 g/cm3. 
The calculated x-ray density, assuming four 
formula units per unit cell, is 2.11 g/cm3. 
There is one formula unit in the asymmetric 
cell. There were 3080 8-28 scan data 
collected with an automatic diffractometer, 
using Cu Ka x rays and a scintillation counter. 

The positions of vanadium, sulfur, and 
three oxygen atoms were deduced from a 
three-dimensional Patterson function. A 
Fourier analysis based on phases calculated 
from the partial structure revealed the po
sitions of the remaining non-hydrogen atoms. 
After several cycles of least-squares refine
ments, a difference Fourier was calculated 
from which all six hydrogen atoms were lo
cated. Refinements were continued with an
isotropic temperature factors for the non
hydrogen atoms. The final R value is 0. 030 
for 1128 data, and 0.035 for all 1246 data (in
cludes zero weighted data); R 2 is equal to 
0.035, and the standard deviation of a reflec
tion of unit weight is 0. 98. 

The vanadium atom is in the interior of a 
distorted octahedron consisting of the vanadyl 
oxygen, the three water oxygen, and two sul
fate oxygen atoms. Figure 1 shows this octa
hedron. The vandium atom is displaced 
0.36 A from a least-squares plane consisting 

Fig. 1. Coordination octahedra about vanadium 
in vanadyl sulfate trihydrate. 

(XBL 693-334) 
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Fig. 2. Stereoscopic view of the dimer sub
structure in vanadyl sulfate t:dhydrate. 

(XBL 693-324) 

y 
2.79'/ 

Fig. 3. Hydrogen bonding scheme and 
vanadyl-oxygen environment in vanadyl sul-
fate trihydrate. (XBL 693-328) 
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Fig. 4. Stereoscopic view of the hydrogen 
bonding in vanadyl sulfate trihydrate. 

of atoms G'.1), 0(4), 0(7), and 0(8), and is 
displaced in the direction of its vanadyl oxy&,en. 
The V - 0(6) distance, which is at least 0.2 A 
longer than any of the other V - 0 distances 
in the octahedron, corresponds to a weak co
ordination in the axial position opposite the 
vanadyl oxygen. 

The sulfate ion has the expected tetrahedr- 1 

geometry; the average S-0 bond distance is 
1.470 A (uncorrected for thermal libration) 
with an average deviation of 0.008 A. When a 
librational correction is made, assuming the 
oxygen atoms to ride on the sulfur atom, the 
average becomes 1.479 A with an average de
viation of 0.007 A. 

A novel dimer substructure consisting of 
two formula units is found in this crystal. 

(XBL 693-327) 

Two vanadyl octahedra are alternately linked 
to two sulfate tetrahedra about a crystallo
graphic center of symmetry. Figure 2 shows 
a stereographic view of the dimer. The in
dividual dimers are bound to each other by an 
intricate system of hydrogen bonds which in
volves all of the hydrogen atoms in the struc
ture. Figure 3 shows a schematic diagram of 
the hydrogen bonding. Figure 4 shows a ster
eoscopic view of the bonding network. 
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THE CRYSTAL STRUCTURE OF (C2H5)4NCo(~C2H9 ) 2, A SALT OF THE 

COBALT DERIVATIVE OF THE (B7c2H9r2 CARBORANE LIGAND* 

D. St. Clair,t A. Zalkin, and D. H. Templeton 

A new polyhedral transition metal complex 
containing the (B 7C 2H 9)-2 ligand was pre
pared by Hawthorne and George, 1 who deduced 
its structure on the basis of NMR data and 
chemical analysis. The anion, Co (B 7C2H9)Z:-, 
2, 2' -commo-bis[ nonahydro-dicarba-2-cobalta
closo-decaborate] (1- ), is shown without hy
drogen atoms in Fig. 1. It is a sandwich com
pound of cobalt (formal oxidation state +3) 
with two carborane polyhedral fragments. 

Carbon is in position 1 and in either position 
6 or position 9 (Fig. 1 ). Positions 6 and 9 
are chemically equivalent in each cage, but 
enantiomeric, and isomerism is possible de
pending on the relationship of the carbon 
atoms in the two cages of a complex. 

We have made an x-ray diffraction analysis 
of the structure of tetragonal crystals of the 
tetraethylammonium salt of Co(B 7 C 2H

9
)2-. 
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Fig. 2. Crystal structure of the tetraethyl
ammonium salt of Co(B7C 2H9)2_=· 

(XBL 6811-6118) 
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This study confirms the structural features 
found by Hawthorne and George, 1 but fails 
to resolve the isomer problem because dis
order is present. 

The crystals are tetragonal, space ~roup 
P4/n, with a= 16. 556(6), c = 8. 580(4) A at 
24°C. The density measured by flotation, 
1.13 g/cm3, agrees with 1.15 g/cm3 calcu
lated for four molecules of [ (C2H5)4N] 
[Co(B7C2H9)2] per cell. 

The structure determination, based on 
measurements of 926 independent, non-zero 
reflections, was not straightforward. By a 
combination of Fourier, least-squares, and 
trial-and-error methods we located all of the 
atoms except hydrogen and convinced our
selves that disorder exists. Carbon atoms 
are either at position 6 or at position 9 in 
each cage, and half of the tetraethylammonium 
ions have a choice of configurations. We 
failed to determine the hydrogen positions. 
For the final structure, R was reduced to 
0.097 with anisotropic thermal parameters. 

The structure of the anion may be de
scribed in terms of the bicapped square anti
prism. Two vertices (positions 1 and 10), 
and bonds to them, may be described as polar. 
The other positions may be described as 
tropical, and bonds among them as tropical 
or equatorial. The tropical bonds connect 
positions 2, 3, 4, and 5, or 6, 7, 8, and 9. 
Average bond lengths (excluding atoms in
volved in disorder) are: Co-C = 1.93, 
Co-B = 2.15, B-C {polar)= 1.60, B-B {polar) 

1.73, B-B (tropical)= 1.88, B-B {equatorial) 
1. 83 'A. 

Figure 2 indicates the packing of the mo
lecules in the crystal. The disorder in the 
cages has little effect on the external shapes 
of the anions. The disordered cations, in
dicated by broken lines, may be as shown or 
may be inverted. In either case, the positions 
in this projection are the same. 
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THE CRYSTAL AND MOLECULAR STRUCTURE OF METHYL PHEOPHORBIDE 

WITH APPLICATIONS TO THE CHLOROPHYLL ARRANGEMENT IN 

PHOTOSYNTHETIC LAMELLAE* 

M.S. Fischer,t D. H. Templeton, A. Zalkin, and M. Calvin 

Lack of sufficiently large crystals has 
hindered x-ray diffraction studies of chloro
phyll. We became interested in methyl pheo
phorbide ~ (C36H38N405, Fig. 1) because of 
its structural similarity to chlorophyll and 
the availability of crystals. It differs from 
chlorophyll a only by having two hydrogen 
atoms rather than magnesium in the center 
and a methyl ester rather than a phytyl 
(C2oH39) ester on a side chain. The crystal 
structure was determined from measurements 
of diffraction intensities of 1662 independent 
non-zero reflections. 

The unit cell dimensions (at room tempera
ture, ~z3o) are a= 8.035±0.004, 
b = 28.531±0.020-;- c = 7.320±0.004A, and 
f3 = 110.96±0.06°. -A density of 
1.25 ± 0.01 g/ cm3 was obtained from flotation 
in aqueous solutions of ZnBr2, KBr, and Nal. 
The calculated density is 1.285 for a formula 
weight of 606.7, Z = 2, and V = 1567 A3. 

The structure was found by a trial-and
error method and was refined by least squares. 
Final parameter shifts were less than 0.1 a 
with R = 0.053. The highest peak in a final 
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t:.Fmap is 0.15 e/A3. Extensive calculations 
byFourier methods convinced us that the two 
hydrogen atoms at the center of the molecule 
are distributed among four positions (on the 
four nitrogen atoms), but probably not with 
equal probability. Bond distances were de
termined to an accuracy of about 0.01 A (ex
cept for hydrogen). 

The central ring system is nearly flat 
(Fig. 2), while the side chains are not. The 
packing of the molecules in the crystal is 
shown in Fig. 3. Parallel molecules, tipped 
16° from the b axis and related by a and c 
translations, -are packed in a ps eudohexagonal 
array. Such layers, related by the screw 
axes, are stacked in the b direction. Within 
the layer, the plane of each molecule is 3.49 
and 3. 52 A from the planes of its nearest 
neighbors. 

On the basis of these results and other 
physical evidence,we have speculated con
cerning the structure of chlorophyll as it ex
ists in the plant. Figure 4 shows the config
uration in a proposed model. 
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Fig. 1. Three resonance structures of two 
tautomers of methyl pheophorbide a. 

(XBL 696-727) 



Fig. 2. 
a plane. 

Deviations (X 100 in A) of atoms from 
(XBL 698-1332) 
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Fig. 4. Stereoscopic view of a proposed 
model of a chlorophyll-water polymer which 
might exist in photosynthetic lamellae. Only 
the first carbon atom of each phytyl group is 
shown. (XBL 6910-5918) 

Footnotes 

':'condensed from UCRL-19524; to be pub
lished in J. Amer. Chern. Soc. 

tPresent address: Department of Physiologi
cal Chemistry, Medical School, University of 
Wisconsin, Madison, Wisconsin. 

Fig. 3. Stereoscopic view of the crystal 
structure of methyl pheophorbide; a axis 
horizontal, b axis vertical. (XBL 698-1331) 
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CRYSTAL AND MOLECULAR STRUCTURE OF CHLOROMERCURINAPHTHALENE-1-

SULFONYL FLUORIDE, A POSSIBLE PROTEIN LABEL, 

AND CRYSTAL DATA FOR THE 4, 1-ISOMER 

* M_ S. Fischer, D. H. Templeton, and A. Zalkin 

1 
Fenselau et al. have proposed that chloro-

mercurinaphthlenesulfonyl fluorides, 
C1oH6HgClSOzF, be employed as heavy-atom 
labels for x-ray structural work on proteins. 
The sulfonyl fluoride, the reactive group of 
the label, has been demonstrated to react with 
the hydroxyl group of the serine residue of the 
active site of the protein chymotrypsin.2 In 
the synthesis of several of the isomers, an 
amino group is converted to a diazonium salt 
and then replaced by the chloromercuric group. 
A single-crystal x-ray analysis was under
taken to determine whether or not the actual 
isomer was the expected one and to obtain a 
detailed structure that would be of use in struc
ture studies of so-labeled protein crystals. 

Samples of the 4,1- and 7,1- derivatives 
were crystallized from dioxane; both are 
monoclinic. The cell dimensions for the 7, 1 
derivative are a= 9.725(3), b = 6.836(3), 
c = 8.351(3) A, and f3 = 90.99(3)• in space 
group PZ1/m. The 4, 1 derivative is in space 
group CZ, Cm, or C2/m and has dimensions 
a= 17.50(6), b = 4.92(2), c = 13.13(5) A, and 
f3 = 104(1)0

• Densities were determined by 
flotation in mixtures of 1, 2 -dibromoethane 
and 1, 1, 2, 2 -tetrabromoethane and are 
2.64±0.02 g/cm3 for both derivatives. We 
measured 1055 intensities of the 7, 1 deriva
tive with a card-controlled diffractometer, 

using 8-28 scan technique and Mo Ka x rays. 
The heavy-atom structure was solved with the 
use of the three -dimensional Patterson func
tion; the light atoms were found in subsequent 
difference Fourier maps. Some disorder dif
ficulties were encountered with respect to the 
sulfonyl group, and the results seemed to in
dicate that a fluorine and an oxygen occupy 
positions across a mirror plane such that one 

Fig. 1. Numbering scheme for 7-chloro
mercurinaphthalene -1-sulfonyl fluoride. 

(XBL 6910-5731) 

Fig. 2. Stereoscopic view of the packing of 
7 -chloromercurinaphthalene -1-sulfonyl 
fluoride looking down the b axis. 

(XBL 6910-5730) 



must assume 50% occupancy for each. The 
molecule is shown diagrammatically in Fig. 1 
with the disorder indicated. The atomic co
ordinates were refined until the maximum 
shift was less than 1% of its standard devia
tion. The final R value is 0.0269 for the 1034 
observed and 0.0281 for the 1055 zero and 
nonzero data. 

We have confirmed that the crystal is com
posed of molecules of the 7, 1-isomer of 
chloromercurinaphthalenesulfonyl fluoride as 
was originally expected. The molecule lies 
on the mirror plane, a special position of 
space group P21/m. The molecules pack in 
sheets in the ~ plane. The naphthalene rings 
in the sheets are related by centers of sym
metry in such a way that there is almost com
plete overlap of rings in adjoining sheets (see 
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Fig. 2). The sheets are separated by a dis
tance of t c 3.418 A. The Hg-Cl and Hg-C 
distances are 2.303(3) and 2.033(8) 'A respec
tively, and the near-linear C1-Hg-C bond 
angle is 179.3(3) 0

• 
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TWO ISOSTRUCTURAL CYCLOOCTATETRAENE DIAN ION 1r-COMPLEXES OF THE 

5f TRANSITION SERIES: THE CRYSTAL AND MOLECULAR STRUCTURE OF 

URANOCENE, U(C8H8J2 AND THOROCENE, Th(C8H8)2 t 

* * * A. Avdeef, K. N. Raymond, K. 0. Hodgson and A. Zalkin 

Following the initial characterization of 
his (cyclooctatetraenyl) uranium (uranocene) 
by Streitwieser and Muller-Westerhoff~ the 
synthesis and chemical properties for anum
ber of 4£ and Sf transition-series IT complexes 
containing cyclooctatetraene dianion (COT -2) 
have been reported. 2-6 It was originally 
postulated that uranocene has a IT-sandwich 
structure and that symmetry-allowed overlap 
of the Sf orbitals with the ligand molecular 
orbitals could contribute to the bonding. 1 Our 
preliminary report 7 showed the structure of 
uranocene to be a true IT-sandwich complex 
with D8h molecular symmetry. The question 
of £-orbital participation in bonding has since 
become the subject of much renewed interest 
and speculation. Mossbauer studies on 
his (cyclooctatetraenyl) neptunium3 and proton 
magnetic resonance studies of uranocene8 and 
the substituted uranocene, bis(1, 3, 5, 7-
tetramethylcyclooctatetraene)uranium, 6 ap
pear to confirm the presence of at least some 
IT interaction between ligand molecular orbi
tals and metal Sf orbitals. Little is known of 
the structures of these IT-carbocyclic com
plexes and knowledge of the precise molecular 
structure is necessary in order to interpret 
their spectral and magnetic properties. The 
recently reported structure of 
[ Ce(C8H8)Cl· 2 OC4H3] 2 is the only other 
structural report for an actinide or lanthanide 
compound containing COT -2. 9 

After the characterization of uranocene, 

the analo~ous thorium complex was syn-
thesized. Its physical and chemical prop-
erties were so different from those of 
uranocene that there was question as to 
whether the complex had the same IT-sandwich 
structure. A structural study was begun in 
order to determine if the two complexes were 
indeed isostructural. 

Single crystals of both compounds suitable 
for x-ray analysis were obtained by vacuum 
hot tube sublimation of the pure powdered 
material. The highly oxygen-sensitive crys
tals were sealed in thin-walled quartz capil
laries under a dry argon atmosphere; a small 
amount of Kel-F grease was used as ~n ad
hesive. 

The uranocene crystal selected for data 
collection was a deep-green regular par allele
piped. The monoclinic cell parameters are 
a:: 7.084, b:: 8.710, c:: 10.631A, and 
(3 = 98.75°. The calculated density is 2.29 
g/cm3 for two molecules in the unit cell of 
space group P21/ c. Intensity data were col
lected manually by using the stationary-crys
tal stationary-counter method with Mo Ka 
x rays. A total of 543 non-zero unique reflec
tions, I >a (I), were obtained and corrected 
for absorption. 

A bright-yellow crystal of thorocene which 
extinguished sharply in polarized light was 
chosen for data collection. The cell param-



245 

Fig. 1. A stereoscopic packing diagram of 
uranocene viewed normal to the yz plane. 
The origin is at the lower back left. 

Fig. 2. A stereoscopic diagram of thorocene. 
Thermal ellipsoids are drawn at the 40o/o 
probability contour and the calculated hydr?~en 
positions are included with j3 values of 1.0 A . 
The numbering in the upper COT ring in
creases counterclockwise from C4, the car
bon at the far left in the upper ring. 

eters are a= 7.058, b = 8.819, c = 10.704A 
and j3 = 98.44 • . The calculated density is 
2.22 g/cm3 for two molecules in the unit cell 
of space group P21/c. The intensity data 
were collected with an automatic Picker dif
fractometer using a 8-28 scan mode and mono
chromatized Mo Ka radiation. A total of 730 
unique reflections with I > 3a (I) were obtained 
and corrected for absorption. 

The structure of uranocene was solved by 
using Patterson techniques. With two formula 
units per unit cell, the uranium atom can be 

(XBL 702-346) 

located unambiguously at the orgin with T (Ci) 
site symmetry. A three-dimensional Patterson 
map easily confirmed the heavy-atom posi
tions. The remainder of the map, however, 
was dominated by Fourier ripple peaks around 
the origin and no uranium-carbon vectors 
could be discerned. In order to remove 
Fourier ripple peaks associated with the origin 
peak of the Patterson map, an origin-re
moved sharpened Patterson function was cal
culated. The resultant map showed large 
peaks and relatively-little ripple. The largest 
eight peaks in the map for vectors with rea
sonable uranium-carbon bond lengths were 
all approximately 2.6 A in length and repre
sented the eight different U -C vectors. These 
peaks clearly showed the sandwich structure 
of the molecule. The coordinates obtained 
from the Patterson map, used directly in a 
least-squares refinement (with all atoms 
isotropic), converged in several cycles. 
Since the hydrogen atoms could only be ap
proximately located in difference Fourier 
maps, their positions were estimated by 
assuming a trigonal planar geometry about 
the carbon atoms and C-H bond lengths of 
1. 0 A. In the final anisotropic refinement, 
the hydrogen atom contributions to the struc
ture factors were calculated from these fixed 
positions with isotropic thermal parameters. 
The model converged to give a final R factor 
of2.1o/o. 

Solution of the structure for thorocene 
followed directly from the uranocene results. 
Trial atomic positions with isotropic thermal 



parameters from uranocene were used in a 
least-squares refinement with the thorocene 
data. The refinement converged in three 
cycles. Hydrogen atom positions were cal
culated as described for uranocene. In the 
final anisotropic least-squares refinement 
the structure factor contributions from these 
fixed hydrogen positions were included. The 
final R factor was R = 2.07o/o. 

In the crystal structures of uranocene and 
thorocene, there are two molecules per unit 
cell. The heavy atoms occupy the symmetry
related positions 0 0 0 and 1/2 1/2 1/2 with 
T (Ci) site symmetry. A stereoscopic packing 
diagram of uranocene viewed normal to the 
yz plane is shown in Fig. 1. The molecules 
alternate in a herringbone motif up the two
fold screw axis, parallel to b. The molecular 
eight-fold axis which passes through the center 
of the two rings and the uranium atom makes 
an angle of 40.9° with the b axis in uranocene 
and 44.6° with the b axis in thorocene. The 
crystal structures show no unusually short 
intermolecular non-bonded distances. 
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A stereo view of the thorocene molecule is 
shown in Fig. 2. The molecular structure 
consists of a central metal atom symmetrically 
rr-bonded to two COT-2 rings which are re- · 
lated by the inversion center at the heavy 
atom. In uranocene, the uranium-carbon 
bonds are equal within experimental error 
and average 2.647(4) A. The thorium-carbon 
bonds in thorocene are slightly longer and 
average 2.701(4) A. The mean ring-to-ring 
distance alon$ the molecular eight-fold ~is 
is 3.847(10) A in uranocene and 4.007(3) A in 
thorocene. The mean C-M-C angle for ad
jacent carbons in the dianion ring is 30. 5(3) o 

in uranocene and 29.7(2) 0 in thorocene. Car
bon-metal-carbon angles, where the two car
bons are separated by three ring atoms and 
are on opposite sides of the dianion ring, 
average 86.80(13) 0 for uranocene and 84.22(16) 0 

for thorocene. These angles and distances, 
along with the planarity of the dianion ring, 
establish almost exact D 8h molecular sym
metry for the rr-sandwich structures. The 
thermal motion of the heavy atoms is nearly 
isotropic. 

The cyclooctatetraene dianions in both 
compounds are planar and have averal;je C-C 
bond lengths of 1.393(13) and 1.386(9)A in 
uranocene and thorocene, respectively. The 
planarity of the ring and the mean bond 
lengths and angles demonstrate the aromatic 
nature of the 10 -rr electron dianion rings in 
these structures. 

The general features of the bonding in 
thorocene and uranocene, as established by 
this study, are substantially identical. Ques-

Fig. 3. The cyclooctatetraene dianion ring 
carbon atoms in thorocene viewed perpendicu
lar to the plane of the ring are shown on the 
left. The right view is rotated 65°. The 
numbering sequence increases sequentially in 
a clockwise direction from the upper right 
carbon atom, c1, in both rings. 

tions regarding the relative importance of f 
orbital involvement in the bonding of these 
compounds and how this may affect the rela
tive reactivities of compounds such as 
thorocene and uranocene cannot be directly 
answered by structural studies alone. It was 
observed by Streitwieser and Yoshida that 
thorocene, in contrast to uranocene, is 
easily solvolyzed in solvents which can act as 
Lewis bases. 2 The degree to which f orbital 
back bonding-explains the chemical differences 



in this series remains to be established by 
the magnetic resonance and spectroscopic 
studies which are in progress. 
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THE CRYSTAL STRUCTURE OF FERRIC AMMONIUM SULFATE TRIHYDRATE~ 

FeNH4(S04l2·3H20 t 

K. J. Palmer,* R. Y. Wong,* and K. S. Lee* 

Large crystalline lumps of ferric ammo
nium alum, FeNH4(S04)2 · 12H20, obtained 
from a bottle labeled "Analytical Reagent" 
for the purpose of preparing standard solutic. , 
of ferric ion, were observed to be encrusted 
with a granular material. When the alum was 
dissolved. in water the granular material re
mained as a residue. Microscopic examina
tion revealed that it consisted of a mixture of 
faintly mauve prisms and colorless hexagonal 
plates. The optical properties of these two 
types of crystals were determined but did not 
lead to the identification of either one. An x
ray powder pattern of the hexagonal crystals 
was found to agree with that recorded for fer
ric ammonium sulfate. The powder pattern 
of the prismatic crystals did not agree with 
any of the powder data available to us. Chem
ical analysis proved that the prismatic crys
tals contained iron. Because of our general 
interest in coordination chemistry, we de
cided to determine the structure of this pre
viously unreported iron salt. The results of 
this determination prove that the prismatic 
crystals are FeNH4(S04)2· 3H20· The opti~al 
properties have been published separately. 

The crystals are in the monoclinic space 
group P21/c with cell di~ensions a=9.982(5), 
b = 10.156(5), c = 9.504(5) A, and f3 = 94.95(5) 0

; 

1690 intensity data were obtained manually by 
the stationary- crystal, stationary- counter 
method using Mo Ka x rays. 

A three-dimensional Patterson function 
was interpreted in a straightforward way and 
led to approximate positions for the iron and 
four oxygen atoms. Least-squares refine
ment, interspersed with Fourier difference 
calculations, led to the evaluation of the pa
rameters of all 15 heavy atoms in the asym
metric unit. After a series of refinements a 
Fourier difference map was calculated from 
which approximate parameters for the ten hy
drogen atoms were determined. After a cor
rection for secondary extinction was made the 
R factor became 0.038 for the 1504 data whose 
intensities were greater than their standard 
deviations. All non-hydrogen atoms were as
signed anisotropic temperature factors. 

The ferric ion is coordinated to six oxygen 
atoms which form a distorted octahedron. The 
arrangement of the four sulfate groups and the 
two water molecules about the iron atom is 
shown in Fig. 1. The nitrogen atom and the 
third water oxygen, 0(11), are not shown, but 
can be seen in Fig. 2. The structure has 
continuous chains composed of alternate iron 
atoms and the S(2) sulfate groups running par
allel to the c axis. These chains are bridged 
by the coordinate bonding of the S( 1) sulfate 
group to iron atoms in adjacent chains. The 
six thermally corrected Fe-0 distances vary 
between 1.979 and 2.014 A with an average 
value of 1.997 A. The 0-Fe-0 angles indicate 
that the octahedron of oxygen atoms about the 



Fig. 1. Coordination of four sulfate and two 
water oxygen atoms around an iron atom. The 
numbering system used is shown. 

(XBL 72-!-728) 
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Fe atom is somewhat distorted; i.e., bond 
angles that would ideally be 90• vary from 84.1 
to 96.7°. There are two crystallographically 
distinct sulfate groups in this structure. The 
avera&,e value for all S-0 bond lengths found is 
1.468 A when uncorrected for thermal motion 
and 1.478 A after correction; these numbers 
are in excellent agreement with previously 
determined values. 2 The packing and bonding 
are illustrated in Fig. 2, which is a projection 
onto the (101) plane. The ammonium and water 
molecules form hydrogen bonds as shown by the 
dashed lines. There are ten hydrogen bonds in 
the asymmetric unit. 

Fig. 2. Packing and bonding in FeNH4(S04)2·3H20. 
This is a projection onto the (101) plane. Hydrogen 
bonds are shown as dashed lines. 0(9), 0(10) and 
0(11) are water oxygen atoms. 

( XBL 724-279) 
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THE EFFECTS OF ION CHARGE ON ION-EXCHANGE RESIN SELECTIVITY 

J. Bucher, B. Chu, and R. M. Diamond 

It is often mentioned in ion exchange publi
cations that for strongly acid cation or 
strongly basic anion resins, ion selectivity 
goes up the higher the charge on the ion. Such 
a rule is implicitly founded on a Coulomb's 
law interaction between the exchanging ions 
and the resin-fixed ion, and so is a natural 
consequence of ion-exchange models based on 
the importance of ion pairing in the resin 
phase. 1-3 But the opposite behavior, a de
crease in resin affinity with increasing ionic 
charge, would be the rule if, as has also been 
proposed, 4-5 ion-water interactions, rather 
than ion-resin ion contacts, were the most 
important factors in the exchange. The higher
charged ion has a larger hydration energy, a 
greater need for hydration, than the lower
charged one; and since the best hydration is 
obtained in the dilute external phase rather 
than in the concentrated resin phase, the 
higher-charged ion goes into the aqueous 
solution preferentially, forcing the other ion 
into the less desirable resin phase. 

What then is the experimental resolution 
of this question? Before answering this, one 
should note the effect of 11 electroselectivity" 
in this problem. That is, as discussed in 
Ref. 6, the Donnan potential of the ion-ex
change resin, created by the tendency of the 
counter ions to diffuse into the solution and 
so leave a slight imbalance of charge in the 
resin, acts on the counter ions with a force 
proportional to the ionic charge. Thus, the 
counter ion of higher charge is more strongly 
attracted by the ion exchanger. And because 
the Donnan potential increases with dilution 
of the external solution and with increasing 
concentration of the resin-fixed ions, the 
attraction for the higher -charged ions follows 
the same pattern. Since, in most ion-ex
change operations the external solution is 
dilute compared with the resin phase, this 
leads to the empirical observation that resins 
prefer the ion of higher charge. But, in fact, 
if the external solution is made quite concen
trated, this order can be reversed. This type 
of selectivity, called electroselectivity, is 
not intrinsic to the exchanger, but follows 
merely from the difference in ionic charge of 
the two ions and the difference in concentration 
of the two phases. 

However, in the equilibrium, 

where the superscript bar represents the 
resin phase, and ion type A is univalent (for 

simplicity) with ion type B n-valent, the value 
of the equilibrium quotient, or selectivity co
efficient, for Eq. (1), 

[B] [A] n 

[A]n[B] 
(2) 

where brackets indicate concentrations, does 
give a direct measure of the intrinsic selec
tivity even for heterovalent exchanges. A 
complication is that the value of KB/A may 
vary with resin composition. To circumvent 
this, the ions to be compared can be in tracer 
quantities in the presence of macro amounts 
of a third ion which thus dominates the com
position in both phases. Experimentally it is 
more convenient to measure KB/ A for one 
tracer ion at a time in the presence of the 
same macro species. 

Obviously it would be best to compare 
(tracer) ions of similar size and structure, 
though differing in charge, so as to minimize 
all effects other than that of the charge on the 
sele~tivity. For _this reason, tracer Re04-, 
WO~ , and CrO~ were, measured vs ~1- as 
the macr.9 anion, and tr~cer Cr (CN)6 , 
Co (CNJ6 , and Fe (CN)~ were determined vs 
macro concentrations of CN-. Values of D, 
the distribution ratio of the tracer anion, 

D = (counts/ of resin) , (3 ) 
(counts ml of solution) 

were measured for each tracer ion over a 
range of macro-anion concentrations to show 

Table I. Selectivity coefficients for tracer 
anions on Dowex-1. 

Tracer anion K1/n 
of charge n Macro anion K 

Re04 
Cl 570 570 

wo2 
4 

Cl 0.10 0.32 

2 
Cr04 

Cl 0.23 0.48 

3 
Cr(CN)6 

CN 2.0 1.3 

3 
Co(CN) 6 

CN 22 2.8 

4 
Fe(CN)6 

CN 0.073 0.52 



that D did vary with the appropriate power of 
the macro-anion concentration, and then these 
values were converted to KB/..A with the values 
of the resin capacity (per g or-resin) and the 
external solution concentration (in molarity). 
Table I lists the values of the equilibrium 
quotients found. Actually, there is some un
certainty as to the most appropriate way to 
compare heterovalent exchanges. A fairer 
comparison;han the values of K directly, 
might be K 1 ab so that the equilibrium is nor
malized to one equivalent of exchange; these 
values are also listed. It can be seen from 
either set of values that there is a marked de
crease in resin selectivity with an increase in 
the charge on the anion. 

250 

So at least with a strongly basic resin, elec
trostatic ion pairing in the resin phase does 
not determine the order of selectivity. On the 
contrary, resin selectivity appears to go with 
the inverse order of the hydration energies of 
the ions. This is, in fact, what would gen
erally be expected from a model for ion-ex
change selectivity based on the difference in 
hydration of an ion between the two phases, as 

the latter should be roughly proportional to 
ion hydration energy in pure water itself, at 
least for lowly and moderately cross -linked 
resins. 
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INFRARED SPECTRAL EVIDENCE ON THE NATURE OF THE TRIOCTYLPHOSPHINE 

OXIDE COMPLEXES OF HRe04 AND HAuCI4 

J. J. Bucher and R. M. Diamond 

In examining the extraction of the strong 
acids HRe04 and HAuCl4 by dilute solutions 
(< 0.1 M) of trioctylphosphine oxide (TOPO) 
in ccf4" and in the aliphatic hydrocarbons' 
cyclohexane and isooctane (2, 2, 4-trimethyl
pentane), 1 certain inconsistencies were en
countered. Slope analysis of data from distri
bution studies indicated a step-wise change of 
the acid-TOPO complex coordination number 
from two to three at about 0.001 M TOPO in 
isooctane and 0.01 M in cyclohexane and CCl4. 
A 3:1 TOPO:acid complex suggests the hy
dronium-ion core found in the extraction of 
these acids by tri-butylphosphate (TBP)2 and 
other not too basic extractants such as 
Ketones, ethers, etc. However, loading 
curves indicated the stoichiometric limit, the 
saturation coordination number of TOPO, was 
only 2. This was true even for those ranges 
of TOPO concentration where an overwhelming 
amount of 3:1 complex would be expected from 
slope analysis. Similar studies with the same 
acids in TOPO-benzene,TOPO-CHCl~ and 
TOPO- sym-triethylbenzene systems had 
demonstrated the presence of only a two
TOPO, unhydrated proton complex. It was 
thought somewhat unreasonable that the acid 
complex structure could be changed so drasti-

cally from a proton to an hydronium ion by 
simply using a series of somewhat more 
poorly solvating diluents. 

It is now believed the error lies in the slope 
analysis, and arises from an erroneous, 
though usually empirically valid, assumption 
that the organic-phase activity coefficient 
ratio of the acid complex to TOPO, 
YHx/YTo , remains reasonably constant 
in these fiPute (< 0.1 M) solutions. Apparently, 
this assumption (madedue to the lack of ex
perimental values) breaks down for TOPO 
concentrations < 0.001 Min isooctane and 
< 0.01 Min both CCl4 and cyclohexane. 

To learn more about the nature of the pos
sible TOPO-acid complexes, infrared spectra 
were taken of a number of HAuCl4-TOPO solu
tions (Fig.· 2) and for comparison with hydron
ium-ion-base complexes, of some acid-TBP 
solutions,2 (Fig. 1 ). Curve 1 of Fig. 1 is the 
spectrum of 0.024 M HAuCl4 in 0.367 M TBP 
against dry 0.367 M TBP. Those peaks 
labeled TBP· H 2 0 are associated with the water 
extracted by the non-acid bound TBP. Spec
trum 2 of Fig. 1 shows the result of removing 
these TBP- H20 bands by vapor phase drying 
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Fig. 1. The infrared spectrum in the region 
1300 to 4000 cm-1 for 0.024 M HAuCl4 in 
0.367 M TBP in CCl4 (curve 1); the same 
TBP solution dried over P20 5 via the vapor 
phase to remove TBP· H 2 0 bands (curve 2); 
and dried 0.037 M HRe04 in 0.367 M TBP in 
CCl4 (curve 3). (XBL 718-4018) 

over P205 the same solution as used in spec
trum 1. Several broad but distinct peaks show 

-1 
in the range 3200 to 1600 em , and we be-
lieve them cv be representative of the hydron
ium-based 3:1 TBP:acid complex formed by 
very strong acids extracted by TBP. Curve 
3 shows the spectrum for dried 0.037 M 
HRe04 in 0.367 M TBP-CCl4. The TBP co
ordination number in this system is 2, instead 
of 3 as in spectrum 2; but this change seems 
to have little effect upon the spectral pattern, 
and presumably indicates little difference in 
the hydronium-ion based cationic complex. 

Figure 2 shows spectra for the 0.05 M 
HAuCl4 acid complex in 0.10 M TOPO-benzene 
(line 1); 0.10 M TOPO-CC14 (line 2), dried 
over P205; 0.2 M TOPO-isooctane (line 3); 
and 0.10 M TOPO-cyclohexane (line 4). The 
main feature of these spectra is the single 
broad peak centered at about 1450 em -1. Very 
noticeable is the absence of absorbance peaks 
similar to those found in the TBP systems. 

_____ T_l).is result clearly indicates that the acid 
complex with TOPO is not based on a hydron
ium-ion core. It is difficult to conceive of a 
cationic structure, other than the hydronium
ion core, to which three TOPO molecules 
could be bound and thus, we believe, only the 
2:1 TOPO:H+ species is present in all these · 
systems. 

Probably the broad band centered at ~1450 
cm- 1 is the (asymmetric)stretching vibration 
of the R3PO · · · H+. · · OPR3 ion. Confirmation 
that it is associated with hydrogen motion was 
obtained by replacing the protons with deuter
ons. This substituti'in causes the disappear
ance of the 1450 em- peak, but unfortunately 
shifts it into a region of strong interference 
from the solvent and TOPO bands. Spectra 
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Fig. 2. The infrared spectrum in the region 
1300 to 4000 cm-1 for 0.05 M HAuC14 in 
0.10 M TOPO in benzene (curve 1); in CC14 
(curve 2), in cyclohexane (curve 4), and for 
dried over P205 0.05 M HAuC14 and 0.20 M 
TOPO in isooctane (curve 3). 

(XBL 718-4017) 

have also been taken (not shown) of the 1:1 
TOPO: acid complex in CCl4 for HAuCl4 and 
HRe04; these show a peak at ~3200 and ~2 750 
cm- 1 , respectively, res,rmbling the trilauryl
ammonium salt spectra, as expected. Dilu
tion of these solutions of 1:1 corr:plex with an 
equal amount of TOPO causes the disappear
ance of the absorbance around 3000 cm-1 and 
the appearance of the 1450-cm- 1 band. The 
magnitude of the shift in going from 1:1 to a 
2:1 complex (~v = 1750 to 1300 cm-1) is sim
ilar to _the large shifts fosrnd in going frorr:_ HF 
to HF2 (~v = 2500 em - 1}, and from HCl2 
(~v= 1200 cm- 1). 5 This behavior, too, sug
gests to us a structure for the H+(TOPO) 2 cat
ion similar to that of the dihalide ions, namely 
R 3PO · · ·H+. · · OPR 3. From these and previous 
studies, however, it is not yet possible to de
cide whether this hydrogen- bonded system is 
symmetric as in HF2- or asymmetrig as in 
certain crystalline salts of HC12 -. 5 • 
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THE VAPOR PRESSURE OF PROTACTINIUM METAL 

R. L. Dod and T. C. Parsons 

Two determinations of the vapor pressure 
of Pa metal have been reported, 1, 2 but they 
differ from each other by orders of magnitude, 
and neither seems entirely reliable. We have 
recently completed a series of measurements 
of this vapor pres sure and find a value dif
ferent from and intermediate to the previously 
reported values. 

Since the previous determinations had in
dicated that the vapor pressure of Pa metal 
was very low, in order to have reasonable 
hope of success an apparatus was developed 
capable of heating a tungsten Knudsen effusion 
crucible to temperatures of approximately 
2 700°K. The choice of tungsten for the crucible 
material is somewhat unfortunate as protac
tinium is known to alloy with tungsten, but the 
temperatures necessary severely restricted 
the choice of materials. The crucible was 
heated directly with an induction coil inside a 
water-jacketed Pyrex chamber which could be 
continuously pumped. A platinum collection 

Table I. Vapor pressure of Pa metal. 

Crucible Sequence Temperature Vapor pressure 
No. No. (°K) (atm) 

e 
~ 10-6 

Fig. 1. Vapor pressure of protactinium 
metal. The solid line represents the linear 
least-squares fit of all data; the dashed lines 
include the extremes of linear least-squares 
fits of individual runs. 

___ 1 _____ 2 ______ 2_1_0_5 ____ 2_._5_1_X_i_0_-"""7,..-- foil was located 21 em above the crucible be-

2224 2.08X1o-7 hind a !-em-diameter collimator mask. The 

7 

2 II 

VIII 

2352 5.71Xio-7 foil was exposed in five different locations 
2466 4.07 X 10-6 during each sequence, following which the foil 
2605 1. 74X 10-6 was changed and the individual exposures 

separated and a-counted. 
2165 2.38Xto-7 
2265 3.98Xto-7 
2358 6.77Xto-7 
2488 i.iOXi0-6 
2625 1.69Xto-6 

2118 1.18X1o-7 
2247 2.99Xto-7 
2363 3.28Xio-7 
2485 4.43Xto-7 
2593 2.46X to-6 

2168 4. 76X to-8 
2288 2.98Xio-7 
2353 6.14X1o-7 
2470 2.14Xto-6 
2646 3.62Xto-6 

Two crucibles were manufactured from 
1/2-inch tungsten rod and suitably cleaned 
and degassed to temperatures of - 2500°K. 
Each was loaded with a multimilligram piece 
of pure protactinium metal that had been 
scraped clean: In turn, each was loaded into 
the vacuum system and slowly heated, main
taining the pressure in the chamber below 
5 f.LTorr to avoid reaction of the protactinium 
with the desorbed gases. The initial heating 
sequence on each crucible took it only slightly 
above the melting point of Pa metal(~1565°C) 
in order to release radioactive decay products 
trapped in the body of the metal and at the 
same time minimize alloying with the tungsten. 



Following this procedure, a series of exposure 
sequences was made with each crucible. The 
measured vapor pressure increased with each 
exposure sequence until a limit seemed to be 
reached at about the sixth or seventh sequence, 
representing that many hours at temperatures at 
or above 2000 •K. This effect was determined 
to be due to protactinium metal diffusing through 
pores in the tungsten cap of the crucible, thus in
creasing the effective area of the effusion 
orifice. A mask was prepared for each 
crucible of 2-mil Ta foil which was held 
slightly above the top surface of the cap. A 
hole slightly larger than the effusion hole in 
the cap was drilled in the masks and located 
directly above the effusion hole. A single ex
posure sequence was made with each crucible 
with the masks in place, and the resulting data 
agreed well with those of the first sequence 
with each crucible. 

The measured vapor pressures of Pa metal 
and the temperatures at which the measure-
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ments were made are listed in Table I for the 
first and last exposure sequence with each 
crucible. This data is also plotted in Fig. 1 
with a line representing a linear least-squares 
fit of all data points. The dashed lines in
dicate the extremes of the linear least-squares 
fits for the individual exposure sequences. 

This measured vapor pressure is consistent 
with the vapor pressures of others of the light 
actinides, and although the possibility of oxide 
vaporization cannot be excluded, the true 
pressure is probably quite close to that mea
sured. 

References 

1. Murbach, NAA-SR-1988 (1957). 

2. B. Cunningham, in Pa conference pro
ceedings, Schloss Elmau, Germany, 1969. 

THE CONCENTRATION OF HIGH BOILING IMPURITIES FROM LOW BOILING 

COMPOUNDS BY REVERSE FLOW GAS CHROMATOGRAPHY* 

A. S. Newton 

It has been suggested that one method of 
concentrating high boiling impurities in air or 
breath is the use of reverse-flow gas chroma· 
tography. 1 In this method the sample is in
troduced onto a suitable GLC column with 
characteristics such that the major compo
nents of the sample (Oz, N2, Ar, H20, and COz 
in the case of an air sample) are rapidly eluted 
from the column. The flow is then reversed 
and the impurities still on the column are 
eluted in a short time and can be collected for 
analysis by another method such as mass spec
trometry or a more sensitive GLC column. 
The method is not limited to air but can be 
used on any system in which the bulk compo
nent can be rapidly eluted from a suitable 
column while the impurity components of in
terest are still held on the column. 

While reverse-flow gas chromatography is 
widely used to rid columns of high boiling mate
rials which are not of interest in the analysis 
under consideration, no detailed studies of the 
reverse GLC process were found. Therefore 
the process has been studied to evaluate its 
possibilities and limitations as a concentration 
method. 

Most of this work was done with a 30-inch 
column of 0.25-inch-diameter stainless steel 
tubing packed with 80-100 mesh Porapak Q. 2 
The column was enclosed in a laboratory oven, 

A) 

8) 

• Inject Reverse 

Fig. 1. Definitions of terms used in charac
terizing gas chromatographic peaks when: 
A) the chromatographic column is operated in 
the normal manner, and B) the helium flow 
through the column is reversed at a time tr. 

( XBL 7112-1796) 

the temperature of which was controlled by a 
variable transformer. The heliurn flow 
through the column was controlled to operate 
in the forward or reverse direction with a six
port valve. The ports on this valve are se-
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Fig. 2. Collection efficiency of various com
pounds when column flow is reversed after 4 
min and the reverse peak collected for 4 min 
(curve A) and 5 min (curve B) as a function of 
the emergence time of the compound in the 
forward direction. Curve C is the half width 
of the reverse peak after reversal at 4 min. 
Points are experimental; line is calculated 
from Eq. (2). (XBL 7112-1799) 

lected by a series of Viton-A 0-rings on a 
push- pull shaft. The helium flow of 40 ml/min 
was controlled by a Mini flow controller. The 
detector was a thermal conductivity cell oper
ated at 150°C. 

Samples were dissolved in methanol, and 
1 fJ.l samples of a 5o/o solution in methanol were 
sufficient in most cases to give peaks suitable 
for characterization. On this column at 150°C, 
methanol is eluted in 2 min and the re corder is 
back at the base line 4 min after injection. The 
peaks forward and reverse are characterized 
as shown in Fig. 1. 

A series of samples with elution times in 
the forward direction, te, of from 4.2 to >1000 
min were run with tr = 4 min. The character
istics ofthese peaks are showninFig. 2. The 
half width of the forward peak follows the re la
tion, 

( 1) 

while the half width of the reverse. peak follows 
the relation 
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Fig. 3. Half width of reverse peaks of various 
compounds as a function of time of reversal of 
the helium flow rate. Lines are calculated from 
Eq. (3); points are experimental. 

All except di-isobutyl ketone determined with 
Porapak Q column, 30-in. length, 150" C, 40 
ml He/min, k1 = 0.100. Di-isobutyl ketone 
determined with 6-ft column packed with 20o/o 
di-nonyl phthalate on 60-80 mesh Chromosorb, 
120°, 120° C, 40 ml He/min, k1 = 0.054. 

(XBL 7112-1797) 

hw 
r 

= k t 1/2 
2 e · 

InEq. 2, k
2 

must be a function of t 1/ 2 . 

(2) 

The fractions of the respective reverse 
peaks collectable in 4 min after reversal and 
5 min after reversal are also shown in Fig. 2. 
For te less than 100 min, the fraction collect
able is > 75"/o for 4 min and > 90"/o for 5 min 
collection (except CH3COOH, which has a poor 
collectability owing to severe tailing of the re-



verse peak). Beyond te = 100 min the fraction 
collected falls off, and at te = 1000 min is of 
the order of 2 5 to 30o/o. 

Toluene was used to evaluate Eq. (2) as a 
function of the time of reversal, tr. It was 
found that the half width of the reverse peak 
follows the equation: 

hw = k t 1/ 2
t 1/ 2 . 

r 1 r e (3) 

The generality of this function is shown in 
Fig. 3 where a variety of compounds were in
vestigated as a function of the time of reversal. 
The lines are calculated from Eq. (3). It is 
seen that the data fits Eq. (3) quite well, 
though with some compounds, e.g., isopropyl 
benzene and phenol, hwr falls off at longer 
times of reversal of the flow. 

The effect of large amounts of water was 
also investigated by injecting 40 f.!l of a 0.2o/o 
solution of ethylene glycol ·in water. At this 
level the column is overloaded and tailing of 
the water peak occurs. At tr = 4 min, the 
concentration factor in a single pass with this 
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amount of water is - 1500. It can be improved 
to > 106 by reinjecting and making a second 
separation of the water peak. Alternately, 
with two-column operation, the first column 
could be a preparatory column in which sam
ples as large as 1 ml liquid could be injected. 
If this is followed by reinjection of the col
lected reverse flow material onto an anal6tical 
column, then a concentration factor of 10 can 
be achieved with adequate amounts of the im
purities for determination and identification by 
various phy~ical methods. A concentration of 
1 part in 10 should be readily handled by two
column operation. 
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SEARCH FOR SUPERCONDUCTIVITY IN LITHIUM AND MAGNESIUM* 

T. L. Thorp, B. B. Triplett, W. D. Brewer, M. L. Cohen, N. E. Phillips, 

D. A. Shirley, J. E. Templeto. R. W. Stark,t and P. H. Schmidt* 

Recent advances in the theory of metals 
raise the possibility of reliably predicting the 
critical temperatures of superconductors from 
normaJ- state data. In particular, Allen and 
Cohen have used a pseudopotential method to 
treat the electron-phonon interaction for anum
ber of metals, and shown that Mg and Li might 
•be superconducting at experimentally accessible 
temperatures. A verification of their calcula
tion by the discovery of superconducting transi
tions in these metals would be of sufficient in
terest to justify a search for superconductivity, 
even though it is not possible to cover the whole 
of the temperature regions corresponding to the 
recognized uncertainty in the calculations. We 
have accordingly tested magnesium and lithium 
for superconductivity down to 4 m•K. The re
sults were negative, but they serve to set limits 
for the parameters related to the critical tem
perature 

·The cryostat system used for this expe r
iment was similar to that described by Brewer. 
Temperatures were measured by using a nu
clear orientation thermometer. A single crys
tal of hexagonal cobalt was cut into ·needles with 

the axis of the needles parallel to the c axis. 
The needJios were irradiated with neutrons to 
produce Co in situ. For a good single crys-
tal the large anisotropy field of 5 kOe and the 
small demagnetizing factor ensure that closure 
domains are small and most of the Co atoms 
are in domains magnetized along the c axis, 
subjecting all the l).uclei to the same hyperfine 
interaction. The bOco nuclei are thermally 
distributed among the magnetic sublevels of 
the ground state split by the hyperfine inter

6
'1'Jc

tion. Gamma, rays emitted from states in Ni 
fed from the bOco ground state have an aniso
tropic distribution; the anisotropy depends on 
the extent of the polarization of the 60co nuclei, 
the nature of the gamma transitions, and the 
depolarizing effects of intermediate transitions. 
We have checked for complete saturp.tion of the 
magnetization of the single-crystal bOco ther
mometer. We compared the measured temper
ature with and without an external polarizing 
field and found that for the thermometer used in 
the experiments there was agreement to within 
the experimental error of 5o/o. The accuracy 
was limited by drifts in temperature due to ap
plying field. 



In order to check that the apparatus was 
working properly, the critical field curve of a 
sample of 99.999o/o tungsten was measured. 
The tungsten was attached to the copper stalk 
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by plating copper onto a surface of gold partially 
diffused into the bulk material. The resistivity 
ratio (4-300° K) of the sample after diffusion 
bonding and plating was 17 000. In addition to 
the transition near 15 mo K, a transition was 
also observed near 2° K. A sample which had 
not been subjected to the gold evaporation, 
heating, and bonding process did not show this 
high-temperature transition. We attribute this 
transition to the presence of small amounts of 
f3 tungsten formed during the bonding process 
which becomes superconducting in that region. 
The critical field curve measured in two exper
iments on tungsten to 5 m° K gave values of H 
about 10o/o different from those of Black et al.f 

We were unable to find a superconducting 
transition in any of the magnesium or lithium 
samples. This does not completely rule out 
the possibility that Tc is greater than 4 m°K, 
because the samples may have supercooled. 
For pure, unstrained materials with a transi
tion temperature in the m° K range, the coher
ence lengths at T = 0 is very long, giving a 
small Ginsburg-Landau K and type-! supercon
ductivity. At a temperature at which the ther
modynamic critical field is He the lowest field 
to which the sample can remain normal is 
Hc3 = 2.4 K He for surface nucleation, and 

Hc2 = ,J2 KHc for bulk nucleation. 

In summary, we have cooled lithium and _ 
2 

magnesium to 4m°K in m¥netic fields of 10 
Oe and to 5 m°K at 5X10- Oe without observ
ing superconducting transitions. The possibil
ity that the samples supercooled precludes set
ting a definite upper limit to T c• but it seems 
probable that Tc $ 6 m°K. At best, we have 
explored 60o/o of the temperature range pre
dicted for T c for magnesium; for lithium the 
theoretical estimates of T c are so much in 
doubt that we may still be far from the region 
of the transition. 
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A PROPOSED ABSOLUTE TEMPERATURE SCALE FOR CERIUM MAGNESIUM 

NITRATE BELOW 0.003° K* 

J. J. Huntzicker t and D. A .. Shirley 

Cerium magnesium nitrate, 
Ce2Mg;3(N03) 12 · 24H2o (CMN), has long been 
recogn1zed as a substance capable of being 
cooled by adiabatic demagnetization to ex
tremely low temperatures. The pioneer in
vestigation of the temperature scale for single
crystal CJ"'f;N was reported by Daniels and 
Robinson in 1953. Using calorimetric meth
ods, they found that the minimum temperature 
reached was 3.08 m°K (millidegrees K) and 
was constant for all values of the magnetic en
tropy in the range SjR.,; 0.45. Above 6 m°K 
Curie's law was found to be obey;ed, with T and 
S related by ln2- S/R=3.2X10-6T-2. In asub
sequent reanalysis of their data, de Klerk2 as
serted that the temperature did not become 
constant at S/R = 0.45 but continued to decrease 
to 2.25 m°K at S/R = 0.150. 

In 1965 Frankel, Shirley, and Stone
3 

demon
strated that nuclear orientation could be used to 

determine the temperature scale of CMN. They 
found that both of the above T-S relations were 
unable to explain the nuclear orientation results 
for 137mce in CMN below 3 m°K. Using their 
data and the Daniels and Robins on results above 
6 m°K, Frankel et al. derived a newT-S rela
tion. They foundthat the temperature did not 
be come constant at any value of entropy in the 
range available to them and at S/R = 0.303 (the 
lowest entropy which they reached), they re
ported T = 1.94 m°K. 

In a recently reported investigation of single
crystal CMN, Hudson and Kaeser4 studied both 
spherical and ellipsoidal samples by using the 
calorimetric -y-ray heating method. They 
found no shape dependence in the T-S correla
tion, and they confirmed that Curie's law was 
obeyed down to 6 m°K. However, they found 
that f~r the Curie law region ln2 -S/R = 2. 88 
X 10- T- 2 ·, in significant disagreement with the 
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value given by Daniels and Robinson. At tem
peratures greater than 15 mo K they observed 
a departure from the T-2 dependence. At the 
low-temperature end of the scale their results 
differed somewhat from those of Frankel et al., 
and be low S /R = 0. 2 9 6 they found the temper-:
ature to be essentially constant and equal to 
1.53±0.3 m°K. 

Shortly after the pre sent experimental work 
was completed, a calorimetric study of CMN 
was reported by the Leiden group (Mess et a1.5). 
This work differed from the earlier calorimet
ric studies in two respects. First, the energy 
input was accomplished by Joule heating rather 
than by y-ray heating. Secondly, lower entro
pies were obtained through a two-stage 
adiabatic demagnetization process. The re
sults of this work can be summarized as fol
lows: In the temperature range J:, z-r:o;!< ~T~ 20 
mo K, .ln2 - S/R = (2.4 ±0.1) X 10 

2 
T , while 

for 20 m°K~T~ 150 m•K the T- dependence 
is not

6
obeyed. Above 150 m° K, ln2- S/R = 3.1 

X 10- T-2. The lowest temperature measured 
was 1.0 ± 0.3 m° K at S/R = 0.02. Finally, mag
netic susceptibility measurements indicated 
that at T = 1.9±0.1 m°K CMNundergoes a 
transition to a ferromagnetic state. 

The work reported in this paper was unde:::
taken to extend the entropy-temperature rela
tion over a wide range via the nuclear orienta
tion method. The absolute temperature scale 
for single-crystal cerium magnesium nitrate 
(CMN) has been extended to entropies as low a 
S/R = 0.002 by adiabatic demagnetization from 
values of H/T up to 68 k0e/°K. The temper
ature dependence of the highly anisotropic an
gular distribution of the 255-keV '{ ray from 
oriented 137mce in the CMN provided the ther
mometric parameter. The nuclear orientation 
results were interpreted with the spin Hamil
tonian JC= g (3H S + B(S I + S I ), where 
Hx is a calcu~atea &.polar Xf~ld. YT1.e hyperfine 
structure constant B was determined by nor
malizing the higher temperature nuclear ori
entation results to the calorimetric results of 
Hudson and Kaeser and of Mess et al. at high 
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this work {HS). {XBL 701-2278) 
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Fig. 2. Comparison of quoted experimental 
errors. Shaded area, this work; horizontal 
lines, Hudson and Kaeser; slanting lines, 
Mess et al. (XBL 701-2279) 

entropies. A provisional temperature scale, 
based on both our nuclear orientation results 
and the calorimetric work, is proposed. This 
scale is compared in detail with the results 
from earlier studies of CMN. 

The four most recent T-S scales are shown 
in Fig. 1. The two nuclear orientation scales 
(Frankel et al. and Huntzicker and Shirley) are 
in reasonable agreement although the Frankel 
et al. results yield systematically higher tem
peratures for a given entropy than do the pres
ent results. The results of Frankel et al. 
have been renormalized to the average of the 
Mess et al. and Hudson and Kaeser results at 
high temperatures. 

There is a small systematic discrepancy 
between the two sets of orientation data. The 
explanation for this difference probably lies 
in the method of correction for the back
ground under the y-ray peak. This is a diffi
cult correction to make, and the present work 
represents a somewhat more sophisticated 
approach to the problem than used by Frankel 
et al. Moreover, inspection of the data of 
Frankel et al. reveals that their experimental 
scatter issomewhat greater than in our work. 
We believe, therefore, that the present re
sults are definitely to be preferred over those 
of Frankel et al. 

The disagreement between our results and 
the calorimetric results appears to be more 
serious-especially for temperatures below 
2 m°K. Furthermore there is a complete lack 
of agreement between the two calorimetric 
scales themselves. In Fig. 2 the quoted errors 
are depicted for our work and for the two cal
orimetric scales. This figure illustrates one 

·of the most important advantages of the nuclear 
orientation method: namely, that it retains 
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Table I. Entropy-temperature relations for CMN, including pro-
posed T A scale. 

S/R TMLNH THK TA 
(m •K) (m •K) (m•K) 

0.002 1.29(9)b 
0.010 1. 30 (9) 
0.020 i.Oa 1.32(9) 
0.040 1.36(9) 
0.050 1.2 1.38(9) 
0.070 1.41(9) 
0.100 1.42 1.46(9) 
0.130 1.51(9) 
0.150 1.60 1. 54(9) 
0.170 1.57(9) 
0.200 1. 75 (1.53)a 1.62(9) 
0.230 1.82 (1.53) 1.66(10) 
0.250 1.86 ( 1.53) 1.69(10) 
0.270 1.88 (1.53) 1.72(10) 
0.300 1.92 1.53 1. 77(10) 
0.330 1. 93 1.54 1.83(11) 
0.350 1.94 1.56 1.88(12) 
0.370 1.95 1.64 1.95(13) 
0.400 1.97 1.81 2.07(13) 
0.420 2.00 1.94 2.18( 14) 
0.450 2.07 2.24 2.37( 15) 
0.480 2.16 2.57 2.62(15) 
0.500 2.25 2.84 2.81(17) 
0.510 2.34 2.98 2.92(17) 
0.520 2.45 3.06 3.04(18) 
0.530 2.58 3.32 3.18(18) 
0.540 2. 75 3.50 3.35(19) 
0.550 2.94 3.69 3.55(20) 
0.560 3.20 3.92 3. 79(22) 
0.570 3.58 4.20 4.05(23) 
0.580 3. 75 4.48 4.34(25) 
0.590 4.07 4.87 4.68(27) 
0.600 4.40 5.30 5.06(29)C 
0.610 4.80 5. 75 5.47(30) 
0.620 5.30 6.26 5.93(32) 
0.630 6.00 6. 76 6.46(35) 

aWe have made graphical interpolations, where necessary, using 
the values ofT given in Table I of Ref. 4 and~ Table I of Ref. 5. 
The precision of the interpolation is 2-3 X 10- • K. 

bErrors in last place are given parenthetically for theTA scale. 
Errors in the other two scales are not indicated here. See Refs. 
4 and 5. 

cFor S/R < 0.590, TA depends on the other two scales through the 
normalization procedure discussed in text. For S/R < 0.590, T 
is derived directly from the (normalized) nuclear orientationdata. 
Only in the entropy range 0.655.,; S/R.,; 0.687, is TA equal to 
1/ 2 (T MLHN + T HK). 



considerable sensitivity even to the lowest 
temperatures where the calorimetric methods 
deteriorate. It should be noted that the error 
limits on our scale can be reduced by 50-70"/n 
when an accurate value of the hyperfine struc
ture parameter B becomes available. 

The most serious problem encountered in 
the calorimetric technique is that the temper
ature is obtained by a differentiation of th ex
perimental S-Q curve. Thus the derived tem
perature is very sensitive to the curve fitting 
of the S-Q data. Moreover, any experimental 
scatter at the lowest entropies can cause large 
uncertainties in the slope (T) since there is no 
fixed point other than absolute zero to anchor 
the T-S curve. It should be noted that the heat 
function, Q, is determined in the calorimetric 
experiments by heating the specimen from 
various low temperatures to a given high tem
perature, T 0 • It takes a given length of time, 
.6.t 1 , to heat the specimen from a given low
temperature point, T 1(S'), to T 0 • Thus one 
must extract a heat function, Q 1 , from a time 
interval .6.t 1 , making appropriate corrections 
for heat leak, etc. While certain checks can 
be made on the various a'ssumptions that go 
into determining Q' from .6.t 1 , we feel that 
these checks are not totally convincing. Even 
if one accepts the Q-S curve as being free of 
systematic error, the data that have been pre
sented by the two groups doing calorimetric 
work (Fig. 5 in Ref. 4 and Fig. 7 in Ref. 6) do 
not seem to us to be a quality that can be dif
ferentiated with confidence to give T = dQ/dS 
with very high accuracy below 2 m°K. 
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The question of error estimates is also 
important. We note that the error estimates 
in the HK and MLNH studies are grossly dif
ferent. At S/R = 0.50, for example, the HK 
estimate is ±0.3 m°K. Mess et al. give no 
error explicitly for this entropy, but their dis
cussion implies that the error is much smaller 
than ±0.10 m°K. This difference is not sup
ported by the apparent relative quality of the 
two sets of Q-S data (Ref. 4, Fig. 5, and Ref. 
5, Fig. 7). We note, on closer study, that the 
Q values for a given entropy are in very bad 
disagreement in these two figures, differing 
by about a factor of 1.5 at the highest entropies. 

Apparently systematic errors in the calorimet
ric work should receive further study before 
firm conclusion about magnetic transitions can 
be drawn, especially since the Q-S curves 
must be differentiated to yield the absolute 
temperature. In the nuclear orientation tech
nique the temperatures are derived directly 
from the-y-ray anisotropies: no differentiation 
is required. 

As we have already pointed out, the two nu
clear orientation scales are reasonably con
sistent while the two calorimetric scales are 
quite different. Moreover it should also be 
pointed out that although the two nuclear orien
tation scales originated from the same lab
oratory, the apparatus, the samples, and the 
methods of data analysis were different for the 
two scales. Thus any systematic errors pecu
liar to a particular apparatus can be ruled out. 
For this reason and those cited above, we feel 
that the low-temperature (T< 3 m°K) results 
of the present work more closely represent the 
thermal behavior of CMN than do the calori
metric scales. We therefore propose the T-S 
scale labeled as TA in Table I. 
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DISTRIBUTION COEFFICIENTS OF SIXTEEN ELEMENTS ON THE ANION EXCHANGE 

RESIN DOWEX-1 IN THE AZIDE FORM 

U. Abed, R. D. Giauque, and E. H. Huffman 

The ability of the azide ion, N 3 -, to form 
complexes of varying strengths with many 
metals is the basis for determining distribu
tion coefficients which are useful when separa-

tion procedures are considered. 

AdsorR.tions, expressed as Kd values, for 
v5 +, Mn ·.:::+, Fe 3 +, Co2 +, Ni 2 +, C~Z+, znZ+, 
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10° v 5 + 10' Mn 
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Fig. 1. Adsorption of the elements from sodium 
azide solutions. 

Broken line = pH S 
Continuous line = pH 6. 

As
4
3/, AsS+, Ru3 +, Rh3 +, Pd2 +, Cd2 +, Sb3 +, 

Ir , Pt4+, and Hg2 + were determined at pHS 
and pH 6 for azide concentrations of O.OS, 0.10, 
0.12(S), 0.2S, O.SO, 1.0, and 2.0 ~· 

The affinity of these metals for the azide 
form of the resin was frequently found to differ 
from their respective adsorptions on the resin 
in the chloride form (Ref. 1). 

Ti, Cr, Ga, Ge, In, Tl, Pb, and Bi precip
itate under the experimental conditions of pHS 
and pH 6. 

Kd values were normally measured after a 
16-hour batch equilibration at 2S° C in a con
stant-temperature water- bath, followed by 
colorimetric determinations of the metal re
maining in the supernatant above the resin. 

(XBL 721- 2024) 

See the results in Fig. 1. AsS+ showed zero 
adsorption for all azide concentrations, both 
at pHS and pH 6, and is therefore not rep3e
sented graphically, while the Kd' s for As + 
indicate a fairly level adsorption horizontal. 

Phenomena of chemical ano/or Pf-fsica1 
nature :were observed with yS , Ru , Rh +, 
and Sb3+ in the azide medium, the inve stiga
tion of which could lead to the development of 
new colorimetric or electrochemical methods. 

The study of other metals is in progress. 

Reference 

1. K. A. Kraus and F. Nelson, Anion Ex
change Studies of the Fission Products, 
A/CONF/8/P/837, U.S. A., 23 June 19SS. 
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* RADIOL YSIS OF LIQUID N-ETHYLACETAMIDE 

H. A. Makada and W. M. Garrison 

The radiation chemistry of simple organic 
amides is of considerable intrinsic interest 
and at the same time has potential application 
in the development of our understanding of the 
actions of ionizing radiations on more complex 
biochemical systems. Studies of the radiation 
chemistry of liquid form amide, 1, 2 of liquid 
N, N -dimethyl formamide, 3 and of acetamide4 
in both liquid and solid states have recently 
been published. However, none of the simple 
amides studied contain the characteristic 
peptide function, ~CONHCHR2, which is of 
particular interest from the radiation bio
chemical viewpoint. In the present work we 
consider the radiation chemistry of one of the 
simplest peptide derivatives, N-ethylaceta
mide. 

The 100-eV yields (G-values) of degradation 
products formed iri the y-radiolysis of liquid 
N -ethylacetamide are summarized in Table I. 
Yields are essentially ii).dependent of dose rate 
over the range 3.5X1o16 eV/g min 
1X1o18 eV/g min and independent of tota:l dose 
up to values of approximately 5X 1019 eV /g. 

The evidence is that heterolytic processes 
are of prime importance in the radiolytic 
degradation of the peptide bond to yield the 
aldehyde and amine functions. The scheme of 
reactions given in Eqs. (1) to (9) are con
sistent with the major experimental require
ments of the present system. 

RCONHCHR
2 
-.w~ RCONHCR

2 
+ H+ + e-, 

(1) 

RCONHCHR
2 
-M/-- RCON = CR

2 
+ H

2
, (2) 

e- + RCONHCHR 2--- RC(O-)NHCHR
2

, (3) 

H+ +RC(O-)NHCHR
2 

RC(OH)NHCHR
2

, 

(4) 

RC (OH)NHCHR
2 

+ RCONHCR 2 

---2 RCONHCHR
2

, (5) 

RC(OH)NHCHR
2 

+ RCONHCHR
2 

RC(OH)NCHR 2 I 

Table I. Product yields in the y-radiolysis of 
N -ethylacetamide. 

Product G 

Acetaldehyde 1.1 

Ethyl amine 1.2 

Ammonia < 0.1 

Hydrogen 0.8 

Carbon Monoxide 0.4 

Methane} <0.3 
Ethane 

The dehydropeptide, RCON = CRz, formed in 
reaction (8) is labile and yields carbonyl 
through hydrolysis during the sequence of 
analytical manipulations 

(9) 

Electrons produced in the radiation-induced 
step (1) can be detected through use of electron 
scavengers such as organic chloro compounds, 
RCl, which species have been shown tobe ef
fective in trapping electrons produced in the 
radiolysis of polar mediaS, 6 

The production of chloride ion in the y-radi
olysis of liquid N -ethyl acetamide containing 
increasing concentrations of ethylene dichlo
ride is shown in Fig. 1; a reciprocal yield 
plot is shown in the insert. These results 
provide a measurement of the yield of re
action 1, viz. , Ge _::::: 3. 2. 

The effect of ethylene dichloride on the 
yields of ethyl amine and acetaldehyde is 
summarized in Table IIA. In the presence of 
RCl, reaction (10) occurs in competition with 

RC(OH)NHCHR 2 , (6) 

RC(OH)NCHR 2 + RCONHCR 2 - RCONHCHR 2 + (RC0)2 NHCHR2 + NH2 CHR2 , (7) 

I 
RC (OH)NHCHR

2 

z RCONHCR
2 

- RCONHCHR 2 + RCON = CR2 . (8) 
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Fig. 1. Chloride ion yield in the y-radiolysis 
of liquid N -ethylacetamide containing in
creasing concentrations of ethylene dichloride, 
R 1 Cl. Insert: reciprocal yield plot. 

(XBL 709-3826) 

Table II. Effect of added scavengers on 
acetaldehyde and ethylamine yields in the 

y-radiolysis of N-ethylacetamide. 

G(RCHO) G(RNH
2

) 

A. Ethylene dichloride (M) 

B. Ferric ion (mM) 

None 

0.05 

0.16 

0.25 

0.32 

0.39 

1.10±0.05 

1. 61 

1. 82 

1.89 

2.03 

2.06 

None 1.10 

0.13 1.36 

1.32 2.79 

5.48 

13.2 3. 92 

132 3.96 

1. 21±0.1 

0.66 

0. 76 

0.47 

0.61 

1.21 

0.68 

0.50 

reaction (3), and this leads to a decrease in 
the amine yield since reactions (3 ), (4 ), and 
(7) are blocked. The fact that the amine yield 
levels off at a limiting value of G(RNH2 )"" 0.5 
at the higher R'Cl concentrations is interp
reted as evidence that part of the amine pro
duction arises from a" high-energy" reaction, 
e. g.' 

RCONHCHR
2
-...w- R+CO+NHCHR

2
, (11) 
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where the radical products of reaction (13) 
have excess energy and abstract H from 
RCONHCHRz to yield RCONHCR 2 . Such re
action also provides the source of the small 
amounts of methane and carbon monoxide re
ported in Table I. The acetaldehyde yield in
creases in the presence of ethylene dichloride 
as seen in Table IIA. At sufficiently high con
centrations of R' Cl, reaction (1) is followed 
preferentially by reaction (10). 

Oxidizing solutes such as Fe III scavenge 
both electrons and radicals. Effects of in
creasing Fe III concentrations on the yield of 
aldehyde and amine are shown in Table liB. 
At sufficiently high concentrations of Fe Ill, 
the electrons produced in reaction (1) are 
preferentially scavenged via 

e- +Fe III- Fell. (12) 

Here again the scavenging of e prevents re
action (3), and as a result the amine yield de
creases to the limiting value of G(RNHz) = 0. 5. 
The a-carbon radicals are scavenged by Fe III: 

/

RCON = CR
2 

+Fe II+ H+ 

(13) 

RCONHCR2 +Fe III 

~Products. (13a) 

We find at the higher Fe III concentrations that 
G(RCHO) = 3. 9. The magnitude of this value 
indicate~ that a ma.jor fraction of the 
RCONHCRz radicals is removed via step (13). 
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RADIOLYTIC OXIDATION OF PEPTIDE DERIVATIVES OF GLYCINE IN 

AQUEOUS SOLUTION* 

H. A. Makada and W. M. Garrison 

Radiolytic oxidation of peptide derivatives 
of the simpler a-amino acids in aqueous so
lution is initiated by OH attack at the C -H 
position of the peptide main-chain. 1 With 
peptide derivatives of alanine, for example, 
such attack in the presence of oxygen leads to 
formation of peroxy radicals of the type: 

02 
I 

R-CO-NH-C-R 
I 
R 

I 

We have recently completed a study of the 
chemistry of such radicals as formed in the 
radiolytic oxidation of aqueous N -acetylanine 
and polyalanine. 2 In the present work we con
sider the nature of the intermediate processes 
involved in the radiolytic oxidation of peptide 
derivatives u{ glycine. In this case the deg
radation involves the radical species 

02 
I 

R-CO-NH-C...,R • 
I 

H 

II 

It was expected that the presence of the C-H 
linkage of radical II in place of the C-R link
age of radical I would lead to differences in 
the subsequent chemistry. We present here 
a detailed study of the '{-ray-induced oxidation 
of the simple peptide derivatives, N -acetyl
glycine and glycylglycine. 

Radiolytic oxidation of the peptide main
chain in dilute oxygenated solution is char
acterized by the formation of labile amide
like degradation products. 1-3 A summary 
of the yields of inorganic and organic products 
observed in the radiolysis of 0.01 M N-acetyl
glycine and 0.01 M glycylglycine solutions 
under one atmosphere of oxygen is given in 
Tables I and II respectively. 

The evidence from previous radiation
chemical studies1 in which Felli was used as 
a radical scavenger is that the OH radical 
formed in the radiation-induced step 14-6 

- + 
H 2 0 -~- H 2 o 2 ,H2 ,0H,H,eaq'H, 

(1) 

reacts with simple peptide derivatives such 
as N -acetylglycine and glycylglycine at the 
a-carbon position; i. e. , 

Table I. Product yields in the'{ radiolysis of 
N -acetylglycine (0.01 M) in oxygenated solution. 

Product Yield 
(g) 

NH
3 

(total) a 
2.9 

NH
3

(free) < 0.2 

CHOCOOH 0.3 

CH
2

0 0.1 

HCOOH 2.9 

(COOH)
2 < 0.1 

H2o2 2.1 

ROOHb < 0.1 

a Amide plus free ammonia. 

bTotal organic peroxide, unspecified. 

Table II. Product yields in the '{ radiolysis of 
glycylglycine (0.01 M) in oxygenated solution. 

Product 

NH
3 

(total)a 

NH
3 

(free) 

CHOCOOH 

(COOH)
2 

H2o2 

ROOHb 

aAmide plus free ammonia. 

bTotal organic peroxide, unspecified. 

Yield 
(g) 

4.8 

2 

1.9 

0.1 

1.6 

< 0.1 

2.1 

< 0.1 

OH+RCONHCH
2

COOH 

-----H2 0+RCONHCHCOOH. 

(2) 



In the presence of oxygen, the peptide radicals, 
RCONHCHCOOH, are scavenged via 

0
2

+RCONHCHCOOH 

---RCONHCH(02 )COOH. 

(3) 

In the case of N -acetylglycine the subsequent 
major steps include 

2RCONHCH(0
2

)COOH 

---ZRCONHCH(O )COOH + 0 2 , 

(4) 

which reaction is followed by 

0 2 + RCONHCH(O)COOH 

---RCONHCHO + C02 + H02 , 

(5) 

where the diamide RCONHCHO is labile and 
yields amide and formic acid on mild hydrol
ysis: 

H 2 0+RCONHCHO-RCONH2 +HCOOH. 

(6) 

In explaining the remarkably high yield of 
total ammonia, G(NH3) == 4. 58, from glycyl
glycine, we note that in the earlier study o;!' 
the radiolytic oxidation of alanine peptides 
there was some evidence that the alkoxy 
radical sites formed in reaction of the type 
given in Eq. (4) can react intramolecularly 
with other C-H linkages along the chain. In 
the case of the alkoxy radicals formed from 
glycylglycine via step 4, the subsequent 
chemistry would be of the form 

NH2CH2 CONHCH(O)~OOH 
---NH2 CHCONHCH(OH)COOH. 

(7) 
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The radical product ofreaction (7) reacts in 
turn with oxygen: 

0
2 

+ NH2 CHCONHCH(OH)COOH 

---NH = CHCONHCH(OH)COOH + H02 

(8) 

H
2 

0 + NH = CHCONHCH(OH)COOH 

NH
3

+CHOCONH
2

+CHOCOOH. 

(9) 

The glyoxylamide, CHOCONH2 , then yields 
additional ammonia and glyoxylic acid on acid 
hydrolysis. 
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SULFUR DIOXIDE AS A RADICAL SCAVENGER IN ALKENE SYSTEMS 

D. C. Fee and S. S. Markowitz 

A thermal distribution of the energies of 
reactive species is a barrier to the study of 
high-energy chemical reactions. The tech
niques of hot-atom chemistry have been de
veloped to circumvent this carrier by intro
ducing a highly energetic species, a" hot" 
atom, at the upper end of the chemically in
teresting energy region. Hot tritium atoms 

are produced by 3He (n, p)T reactions with 
192 000 eV of kinetic energy. They undergo 
successive energy-losing collisions with the 
molecules or atoms of the gas in which they 
are made, until they enter the energy range 
below 20 eV, where chemical reaction is 
thought to occur. Carbon-carbon and car
bon-hydrogen bond energies are 3 to 4 eV, so 



any reaction is energetically possible. The 
vast number of hydrocarbons in the environ
ment has focused attention on the kind of in
formation that can be obtained from recoil 
tritium chemistry. The typical ex13eriment 
involves sealing known amounts of He and a 
hydrocarbon in a 1720 Pyrex glass capsule 
which is irradiated with neutrons to form 
tritium. The products are separated by gas 
chromatography and measured in a flow pro
portional counter by monitoring the radio
active tritium. The general reaction pathways 
are1 

abstraction T· + RH - R• + 

addition T· + R-y=6-i-
T 

substitution T· + RX -RT +X· 

X=H, halogen, 
alkyl group. 

The T -for -X substitution reaction may bring 
an excessive amount of energy into the RT 
species, causing it to undergo unimolecular 
de composition. 

Many recoil tritium experiments have used 
scavengers to remove thermalized tritium 
atoms and radical intermediates from the 
system before such species yield products 
that might be confused with high-energy trit
ium reactions. 1 Oxygen,2 iodine, 3 bromine, 3 
deuterated eth6lene, 4 nitric oxide, 5 and 
iodine halides have been used in gas phase 
experiments. All of these satisfy some of the 
criteria for a good scavenger proposed by 
Hawke and Wolfgang, 6 namely: 

1) A scaven er must react avidly with the 
atoms and radicals to be remove , pre era y 
with a collision efficiency near unity. It may 
then be used in sufficiently low concentrations 
so as not to interfere with the hot or otner 
primary processes being studied. We are 
interested in recoil tritium reactions with 
alkenes, particularly cyclohexene and the 
methylcyclohexenes. Deuterated ethylene is 
thus eliminated by this criterion since its 
scavenging ability is of the same order of 
magnitude as other alkenes. 7 

2) A scavenger should be inert with respect 
to the bulk reagent. For alkene systems this 
eliminates iodine, bromine, and the iodine 
halides, since they would under go rapid addi
tion to the double bond. Oxygen may also be 
eliminated as a scavenger in cyclohexene sys
terns since the rate of cyclohexene hydro
peroxide formation is non-negligible at room 
temperature and increases with temperature. 
In addition a pyrex glass surface has a cata
lytic effect on the initial stages of the reac
tion. 8 This may rule out simultaneously 
raising the vapor pressure of cyclohexene by 
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elevating the temperature and employing 0 2 
as a scavenger. 

3) Products of the scavenging reaction 
should not react further, or if they do, such 
reaction should be controllable. In the recoil 
tritium-transbutene system, the presence of 
nitric oxide increased the 1-butene-t yield by 
100o/o, presumably through a reversible re
action with sec-butyl-t radicals. 9 Thus nitric 
oxide is an unreliable scavenger for alkenes. 

4) A gas phase scavenger must have an 
adequate vapor pressure at the temperature in 
question. Oxygen, the only reported scavenger 
left for alkene systems, readily satisfies this 
criterion. 

5) Furthermore it is highly desirable, but 
not always essential, that the scavenged 
species be detectable. The peroxy radicals 
formed from 

(1) 

are not readily assayed in the conventional 
radiogas chromatographic methods used for 
recoil tritium experiments. In addition, the 
peroxy radicals may react further with either 
the bulk reagent or other radicals in the sys
tem. As yet, there is no evidence that such 
further reaction results in products that might 
be mistaken for the yield of a hot reaction. 

We report here a comparison between oxy
gen and sulfur dioxide as scavengers for re
coil tritium-alkene systems. Sulfur dioxide 
was selected, since its reaction with radicals 
in other systems was known. 10 

The efficiency of a scavenger is determined 
by the dependence of various products on 
scavenger concentration. The yield of prod
ucts formed solely by hot reactions will re
main unchanged over a wide range of scav
enger concentrations. The yield of products 
formed by both thermal and hot processes will 
decrease rapidly with the addition of scavenger 
until a plateau is reached where the yield is 
relatively insensitive to scavenger concentra
tion. In this region, all thermal reactions, 
except with the scavenger, have presumably 
been suppressed g-nd the yield is due entirely 
to hot reactions. 

In the T+cyclohexene system, the scavenge
able thermal reaction product is cyclohexane-t, 
which results largely from thermal addition of 
T to the double bond to form a cyclohexyl-t 
radical. This radical then abstracts a hydro
gen from the bulk system to form cyclo
hexane -t. Ethylene -t and butadiene -t are 
high-energy products from the unimolecular 
decomposition of excited cyclohexene-t formed 
by direct substitution. 11 The yields of these 
products for both 02 and S02 scavenger are 
shown in Fig. 1. The sharp drop in cyclo-
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hexane-t yield is the same for both Oz and 
SOz. The small drop in the ethylene -t yield 
is the same for both Oz and SOz and indicates 
a small thermal route in ethylene -t formation. 
The butadiene -t yield is constant with SOz 
scavenging but increases by 50% with Oz 
scavenging' This anomalous increase in 
butadiene -t yield with Oz scavenging is being 
investigated. 

The comparison of Oz and SOz was also 
made in the T +trans butene system. As 
shown in Fig. 2, the yield of butane-t, a 
product analogous to cyclohexane -t, was 
sharply reduced on the addition of both Oz and 
SOz. All other products exhibited the same 
yields for both Oz and SOz scavenging, in
cluding a 50% decrease in the 1 butene-t 
yield. The anomalous increase in the 1 
butene-t yield with NO as scavenger was dup
-licated in this laboratory. 
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scavenged with SOz or Oz. The ordinate gives 
the butane -t yield relative to the trans butene -t 
yield as 100. (XBL 714-3Z39) 

Sulfur dioxide thus compares favorably 
with oxygen in some alkene systems and is 
superior in others. Sulfur dioxide has an 
adequate vapor pressure of over two atmos
pheres at room temperature. 1 Z Similar to 
oxyg.en scavenging, SOz -scavenged species 
of the form R-SOz and HSOz are a) capable 
of further reaction (no problems of this sort 
are apparent in the SOz data to date), 
b) undetected in conventional analysis of gas 
phase products. 

We have also compared the scavenging 
ability of SOz and Oz in an alkane system 
where hydrogen abstraction to form HT is the 
low-energy reaction. The SOz data points 
show no scavenger plateau. In addition all 
of the thermal tritium atoms are not being 
removed by SOz, since the HT yield is higher 
for the SOz than for the Oz -scavenged samples. 
The difference in scavenging efficiency ob
served here can be attributed to the large dif
ference in collisional efficiency between Oz 
and SOz for reaction with thermal tritium 
atoms: 

(Z) 



The measured rate constants for reactions 
(1)13 and (2)14 for protium in place of tritium 
show a 105 preference for Oz over SOz. 

We conclude that while SOz is not a good 
scavenger in alkanes it compares favorably 
with Oz as a scavenger for alkenes. The use 
of SOz as a scavenger may be advantageous in 
alkenes since 0 2 , the only other scavenger 
available, shows some anomalous effects in 
cyclohexene. 
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MUTUAL AFFINITY OF AMINO ACID SPECIES 

J. M. Krochta,* C. Alesandrini,t and T. Vermeulen 

Dimerization of amino acid molecules 
occurs appreciably in aqueous solution, and 
is important as a measure of the chromato
graphic-adsorption affinity between a free 
amino acid and one bound in a polymeric 
matrix. Dimerization is postulated to involve 
hydrogen bonding or electrostatic attraction 
between the zwitterionic NH! and coo- groups: 

The tendency to dimerize can be measured 
by an equilibrium constant: 

dimer concentration 
2 ' 

(monomer concentration) 

where the m.•nomer value is given by the total 
dissolved concentration, less the amount of 
monomer converted to dimer. 

The activity of water, observed by a 
freezing-point lowering, measures the di
merization for an ideal solution but not other
wise. Glycine appears to form an ideal so
lution, and its freezing-point drop gives 
KD = 0.105±0.005. Nonselective two-point 
interaction of zwitterion groups should be 
almost unaffected by the nature of R, the at
tached organic group, thus giving general 
predictive values of KD = 0.105 in self-di
merization and KD = 0.21 in inter-dimeriza
tion between dissimilar molecules. 

Selectivity in dimerization arises when 
another part of each interacting molecule en
hances or inhibits the two-point interaction. 
Three -point interaction has been shown to oc
cur by Buss, 1 who found that the solubility of 
pure amino acid enantiomers shows unequal 
degrees of enhancement by a pure enantiomer 
of different amino acid. The corresponding 

inter-dimerization constants are always sub
stantially greater than 0.2, usually between 
0.5 and 2.0; and D- and L-values may differ 
as much as 30 to 40o/o. Additional values 
based on solubility have been provided by Su 
and Shafer, 2 and by Krochta and Vermeulen.3 

The non-constancy of specific optical ro
tation for pure amino acid enantiomers has 
been measured accurately, and used to ob
tain self-dimerization KD values (the same 
for either isomer of a pair). The workability 
of this new method suggests that various spec
trometer measurements may also prove 
fruitful; such methods are needed, because 
for most amino acids the freezing-point data 
are obscured by nonideal-solution effects. 
From specific rotation measurements on a 
Bendix 143A Polarimeter, with a new data
analysis technique, the following self-dimer 
KD values have been found: arginine, 0.68; 
arginine hydrochloride, 0.35; lysine hydro
chloride, 1.30; histidine hydrochloride, 
0.58. Four other amino acids showed incon
clusively small changes in specific rotation, 
suggesting strongly that they undergo only 
the minimum two-point interaction. Such 
self-dimer constants must be known before 
fully dependable values of inter-dimer con
stants can be arrived at in the solubility 
studies. 
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THREE-COMPONENT ION EXCHANGE IN FIXED BEDS 

A. G. Sassi, G. Klein, and T. Vermeulen 

Local-equilibrium theory for multicom
ponent systems in packed columns predicts 
a complex effluent concentration profile, the 
number of transitions in it being one less than 
the number of exchangeable ionic species, and 
the number of intervening constant-composi-

tion plate a us being one less than the number 
of transitions. 1 These plateaus are ap
proached, or even fully attained, in real sys
tems; however, the rate -limited real transi
tions are always more sloping than those given 
by equilibrium theory. 2 This study has been 
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Fig. 1. Resin regeneration by four-times
concentrated brine in column uniformly 
presaturated with sea water. Plateaus and 
transitions from equilibrium theory (solid 
lines) compared to experimental calcium 
effluent- concentration history. 

made to interpret theoretically a representa
tive set of experimental three -component data, 
in terms of both equilibrium and nonequilib
rium influences. 

The data involve sea water, considered as 
a three -cation mixture (sodium, magnesium, 
and calcium), in which calcium removal is 
desired in order to avoid calcium-scale for
mation in an evaporator. Regeneration of the 
exhausted calcium-bearing resin can be car
ried out with a reject evaporator brine that 
is two to four times as concentrated as sea 
water, and thus gives a lower affinity of cal
cium for the resin. 3 

Equilibrium plateaus were fitted to the ex
perimental curves by use of averaged binary 
mass-action constants: for Ca replacing Na, 
on Duolite C-24 resin, K = 0. 97 (g/ml); for 
Mg replacing Na, K = 0.45 (g/ml); and for 
Ca replacing Mg, 2.15. Errors in the total 
numbers of equivalents of Ca or Mg leaving 
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the column were attributed to small varia
tions in column capacity, and were corrected 
for. 

Because the primary process interest is in 
removing calcium rather than magnesium, 
the shapes of the transitional breakthrough 
curves for calcium were used to determine 
mass-transfer rates, treating the other ions 
present (principally Na, but also Mg) as a 
single component. In regeneration, the ex
perimental curves for two consecutive transi
tions overlapped greatly; and only the last 
part of the curve lying wholly within the last 
transition, as shown in Fig. 1, was taken for 
fitting. 

Standard breakthrough curves based on a 
reaction-kinetic model of mass transfer and 
on the applicable separation factor (analogous 
to relative volatility) were matched to the ex
perimental curves to obtain the number of 
mass-transfer units NR in each run. For a 
4-ft column with 20-50 mesh resin, NR. 
ranged from 12 to 28 in calcium-removal runs 
and from 3 to 14 in regenerations with four
times-concentrated brine. The results showed 
that solid-phase diffusion controls in this op
eration, rather than pore diffusion or exter
nal mass transfer; they agreed within 2 to 
20 "/o with standard correlations, and indicated 
a diffusion coefficient of 3.0X1o-7 cm2/sec 
for the solid phase. 4 
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MASS-TRANSFER COEFFICIENTS AND INTERFACIAL AREA FOR GAS ABSORPTION 

BY AGITATED AQUEOUS ELECTROLYTE SOLUTIONS 

C. W. Robinson and C. R. Wilke 

In order to design or optimize the operation 
of stirred-tank gas absorbers, such as are 
used for the submerged cultivation of aerobic 
microorganisms wherein oxygen is supplied by 
mass transfer from dispersed air bubbles, it 
is necessary to characterize the oxygen mass-

transfer capabilities in terms of the physico
chemical properties of the aqueous phase, the 
agitation power input, and the aeration rate. 
The oxygen mass -transfer capability of a 
completely mixed tank can be described in 
terms of the overall volumetric mass transfer 



coefficient, KLa, defined by the equation 

where: 

RA = KLaVL(c':'-CB) ... , (1) 

a 

c':' 

= the total rate of absorption, 
lb mols/sec, 

=overall liquid phase mass
transfer coefficient, em/sec, 

= gas -liquid interfacial area per 
unit volume of liquid, cm3/cm2, 

= vol~me of liquid in the tank, 
em, 

= equilibrium solubility of the gas 
at the concentration in the gas 
leaving the tank, lb mols/cm3, 
concentration of the absorbed 
gas in the b1Jlk liquid, 
lb mols/cm5 . 

For a slightly soluble gas such as oxygen the 
overall mass-transfer coefficient is essenti
ally equivalent to the liquid phase mass
transfer coefficient, so that KLa can be de
termined from physical absorption and de
sorption measurements. In more general 
cases, not involved in the study, it is neces
ary to account for the gas phase resistance to 
obtain KLa. 

KL a measurements for oxygen transfer 
were made in several aqueous electrolyte 
solutions of varying ionic strength over a 
wide range of agitation-aeration intensity in 
a 2. 5 -liter .fully-baffled stirred tank having 
standard geometric ratios and equipped with 
a turbine-type impeller. Both steady-state 
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Fig. 1. Generalized correlation for oxygen 
mass transfer overall volumetric coefficients 
in aerated and agitated aqueous phases. 
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and unsteady-state experimental methods 
were applied, utilizing a dis solved oxygen 
probe to measure the aqueous -phase oxygen 
tension or its rate of change. Mathematical 
analysis of and computer solutions for probe 
response in unsteady-state absorption or de
sorption are given in the original report. 1 

KLa values were obtained as a function of 
the agitation power input per unit volume 
(PG/V L), superficial gas velocity (v5 ), and 
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Fig. 3. Effect of ionic strength on agitation 
power per unit volume and superficial gas 
velocity exponents. (XBL 714-3208) 
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solution ionic strength. The results indicate 
that the ionic strength has a pronounced ef
fect on the value of KLa at constant Pc/V 
and v5 ; the effect of ionic strength heretofore 
has not been explicitly described in the litera
ture. A generalized dimensional correlation 
for the prediction of KLa for electrolyte so
lutions or for water was developed for the 
particular type of stirred tank used. The 
group E/(A.s vt:g) is expressed as a function 
of the power per unit volume as shown in 
Fig. 1 where 

E :::: KL a= volumetric liquid phase mass 
transfer coefficient, sec-1, 

(P G/V L) power per unit volume, ft lb/min 
ft3 

s physical property factor, 
t: 0. 533D2/3/( 0.6 1/3) 
'=' PL L a flL ' 

PL = liquid density, g/cm3 , 

(]' = 
flL = 

liquid phase diffusion coefficient, 
cm2 /sec, 
liquid surface tension, dynes/em, 
liquid viscosity, poises, 

v
5 

= superficial gas velocity, ft/sec, 

m = exponent on v
5

, 

n exponent on (P G/V L), 
A. = proportionality constant. 
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The exponents m and n and the proportion
ality constant A. were found to be functions of 
ionic strength of the liquid, as shown in 
Figs. 2 and 3. 

A new simultaneous measuring technique 
involving concurrent chemical absorption of 
carbon dioxide and desorption of oxygen was 
developed for separately evaluating the liquid
phase oxygen mass transfer coefficient, kL, 
and the specific interfacial area, a. Results 
from three different non-viscous electrolyte 
solutions showed that at high agitation power 
input levels, such that the average gas bubble 
diameter is between 0.02 and 0.25 em, kL 
decreases with increasing Pc/V L' Figures 
4 and 5 illustrate typical results. This be
havior is in contrast with the results of 
others at lower agitation levels or in non
electrolytic liquids, but is in general agree
ment with previous results for the behavior of 
single bubbles or bubble swarms having the 
same range of average bubble diameter pro
duced in viscous non-electrolytic aqueous 
solutions. 
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MASS AND/OR HEAT TRANSFER BETWEEN FLUID PHASES: INFLUENCES OF 

INTERFACIAL INSTABILITY AND HIGH RATES OF MASS 

AND/OR HEAT TRANSFER 

I. F. Davenport and C. J. King 

It is becoming increasingly apparent that 
mass a!ld heat transfer rates in liquid-liquid 
and gas-liquid contacting devices (e. g., ex
tractors, absorbers) are often strongly in
fluenced by interfacial instability arising from 
the mass and/or heat transfer itself. The in
stability may be caused by gradients in inter
facial tension or density, which in turn are 
caused by developing gradients in composition 
and/ or temperature. The goal of this project 
has been to gain a sufficient understanding of 
these phenomena to permit the development of 
rational design methods which take these ef
fects into account. Gas -liquid and solid
liquid systems have been selected for the ini
tial studies because it is possible to confine 
the influences of the instability to the liquid 
phase alone. With liquid-liquid systems the 
instability affects both liquid phases, and it 
becomes mole difficult to isolate individual 
effects as is required to gain the fundamental 
under standing. 

Experiments were carried out to measure 
and correlate the onset of convection when a 
liquid is heated from below through a hori-· 
zontal solid-liquid interface, or cooled from 
above through a horizontal air -liquid inter
face. The experimental conditions were de
signed so that the temperature profile through 
the liquid was highly nonlinear (time dependent). 
This corresponds to situations most commonly 
found in practice. 

Convection at the liquid-solid interface was 
shown to be density-driven for a number of 
liquids with a wide range of viscosity. The 
solid-liquid temperature was increased lin
early with time. The results could be corre
lated by a time-dependent Rayleigh number 
(Rat) and the Prandtl number (Pr), when the 
temperature penetration depth was small com
pared with the fluid depth (see Fig. 1 ). 

When the penetration depth, as expressed 
by (a t)1/2, was comparable to the fluid depth 
(H), the time-dependent Rayleigh number was 
observed to increase as shown in Fig. 2. In 
the "shallow pool" region, the results were 
independent of Prandtl number and approached 
a time-independent asymptote, expressed by 
a Rayleigh number based on height (Ra ) 
having a constant value of about 1700. lifhis 
plot helps to explain the transition mechanism 
in density-driven convection which is observed 
when the Rayleigh number (RaH) has a value of 
about 105. Our results show that for RaH 
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Fig. 1. Effect of Prandtl number on time
dependent, deep-pool convection initiation. 
- - - Theoretical prediction of Foster for an 
amplification factor of 108. The experimental 
results could be identified with an amplifica
tion factor in the range 103 to 104. 

(XBL 724-2769) 

greater than the transition value, the mechan
ism is time-dependent, fluid-depth-independ
ent, whereas for lower values of RaH, the 
mechanism depends less on time and more on 
fluid depth. 

Experiments in which the fluid was vibrated 
sinusoidally showed that stability was de
creased under various vibration conditions. 
There was no significant difference observed 
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between fluids that were contained by a solid 
surface at the upper edge of the liquid and 
those that were open to the air, provided the 
vibrating motion did not promote turbulence. 
Viscous heating was observed when the ampli
tude at any given frequency was high enough. 
Considering onset of viscous heating as an 
upper bound to the degree of vibration con
sidered, the Rayleigh number (Rat) for meth
anol and octanol was found to have a maximum 
decrease of almost 40o/o from the value ob
tained on a 11 vibration-free" table, when os
cillated to 60 Hz. The range of oscillation, 
10 to 8000 Hz, was considered to be the range 
of common environmental vibration. 

The wall spacing (D) was observed to have 
little effect on the results, provided the tem
perature penetration depth was much less than 
the wall spacing (at/D 2 < 0.1 ). 
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Convection at the horizontal air -liquid in
terface was produced by cooling through an 
air space (in contrast to cooling by evapora
tion). When thermal gradients along the air
liquid surface were eliminated, the convection 
was observed to be dominated by density 
forces. 

The influence of the fluid depth when it was 
either much greater or comparable to the 
penetration depth was found, for n-butanol, 
to be similar to the results obtained for the 
solid-liquid surface convection. This implied 
that density effects continued to dominate 
over surface-tension forces even when the 
fluid depth was decreased to 2 mm and the 
temperature penetration was described by 
at/H2 = 8. 

The Rayleigh number for the air -liquid 
convection was observed to be similar to that 
obtained for the solid-liquid convection, over 
a range of Prandtl number values. This re
sult is in contradistinction to results of vari
ous theoretical models which have been pro
posed. 

Experiments showed that the Rayleigh 
number (Rat) for a linear decay in surface 
temperature with time was about 2.8 times 
as large as that produced by a step change in 
surface temperature. The trend observed by 
five liquids was similar to that shown for 
octanol in Fig. 3. 

The effect of vibration (environmental 
"noise") on the air-liquid surface was ob
served to lower the Rayleigh number. This 
effect increased as the liquid viscosity de
creased. In our apparatus there was no sig
nificant decrease for octanal (viscosity of 7.9 
em), but the decrease was almost 50o/o for de
cane (viscosity of 0.87 cp). The effect could 
be explained by the presence of surface waves 
and the action of surface-tension forces on a 
wavy surface to decrease stability. 

A result of the study is a better under
standing of the initiation, transient, and 
steady-state stages of interfacial instability. 
A new set of coordinates has been proposed to 
describe the heat or mass transfer coefficient 
during the transient and steady-state stages, 
with much more flexibility and accuracy than 
those currently existing in the literature. 

A report describing this work is due for 
release during the coming year. 1 

Reference 

1. I. F. Davenport and C. J. King, LBL-660 
(1972). 
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PROTON MAGNETIC RESONANCE SHIFTS IN BIS (CYCLOOCTATETRAENYL) 

URANIUM (IV)t 

N. Edelstein, G. N. Lamar,* F. Mares,* and A. Streitwieser, Jr.* 

The question of the extent of participation of 
the f orbitals in the metal-ligand covalency of 
organometallic actinide complexe11.\as re
ceived renewed attention recently - with the 
emphasis on interpreting the Fermi contact 
contribution to the observed proton NMR shift 
of such paramagnetic complexes. 1 In com
plexes with magnetic anisotropy2• 3 both the 
contact and dipolar interactions 5, 6 contribute 
to the isotropic shift, and before any interpre
tation of the contact shift can be put forth an 
estimate of the dipolar shift must be made. 
The lack of reliable structural or magnetic data 
has prevented detailed and unambiguous anal·· 
yses for most systems. We wish to present 
here solution proton NMR data for bis(cyclo
octatetraenyl)uranium(IV), U(COT)2 (Ref. 7), 
also calle~ "uranocene," for which both the 
structural and magnetic 9 data are available, 
and interpret the shifts in terms of a crystal
line field model. 9 From our analysis, we de
termine that part of the isotropic shift arises 
from the Fermi contact term, and reach some 
qualitative conclusions as to its electronic ori
gin in relation to the metal-ligand bonding. 

Samples of uranocene prepared according to 
the method ofStreitwieser and Muller-Wester· 
hoff7 were dissolved in hot THF-d3 or deuter
ated toluene and sealed under argon. The pro
ton magnetic resonance shifts were measured 
on a Varian HR-100 spectrometer modified for 
variable frequency modulation. The temper
ature was controlled by a precalibrated Varian 
V-4343 unit. The shifts measured are plotted 
in Fig. 1 and tabulated in Table I. All shifts 
are referenced to the proton resonance in 
COT2- which was taken as -5.9 ppm with re
spect to TMS. The actual data were measured 
with respect to the trace amounts of protons in 
the deuterated solvents and were later corrected 
to the proton resonance of COT 2 -. The shifts in 

Table I. Contributions to the measured proton 
shifts at 302°K from the dipolar and Fermi con
tact terms for various values of the angle n. 

R 2 
(3 cos n-1) (~HD/H) (~HF/H) 

(A) (ppm) (ppm) 

3.481 -0.092 + 8.6 +33.3 

3.498 -0.152 +14.0 +27.9 

3.515 -0.210 +19.2 +22. 7 
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Fig. 1. Proton resonance shifts as a function 
of 1/T for U(COT)

2 
(referenced with respect 

to COT2-). (XBL 7012-4170) 

both solvents agreed within experimental error. 
The line widths appeared to be temperature in
dependent and of the order of 10Hz. 

The measured proton resonance shifts of 
U(COT) 2 , Fig. 1, are analyzed on the basis of 
a crystalline field model and magnetic suscep
tibility data. In U(COT)2 the orbital and spin 
angular momenta are coupled antiparallel for 
the ground state, so that a positive hyper fine 
coupling constant due to the Fermi contact 
term will result in an upfield proton resonance 
shift. The measured shifts are classified ac
cording to the mechanism of interaction in 
Table I. From this data the Fermi contact 
term AF is found to be AF = (+0.90 ±25o/o)MHz. 

If only pi bonding were pre sent in this com
plex we would expect much smaller Fermi con
tact shifts and the opposite sign. Therefore, 
sigma bonding is certainly important if not 
dominant, although as yet we do not have 
enough information to be. quantitative. Further
more, even the sigma spin delocalization need 



not be directly related to 5f covalency, since 
exchange polarization between the 5f and 6s or 
6p electrons or other mechanisms cannot be 
ruled out. 10-12 Further investigations, some 
of which are currently in progress in our lab
oratories, are required to elucidate the bond
ing in this complex. 
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DIRECT NEAR-HARTREE-FOCK CALCULATIONS ON THE 1s HOLE STATES OF NO+ 

P. S. Bagus* and H. F. Schaefer Ill) 

For an open-shell molecule, ejection of an 
inner shell electron will give rise to several 
different flectronic states of the resulting pos-
itive ion. The separations between the above 
electronic states, arising from the same elec
tron configuration, have been called1 "exchange
induced splittings. 11 This terminology is a re
sult of the fact that, using single- configuration 
wave functions, the magnitude of the splittingis 
often given by a single exchange integral. Us~g 
photoelectron spectroscopy (also called ESCAj, 
such exchange splittings have been observed2 • 
in 02 and NO and in a number of Mn and Fe 
compounds. 4,5 

The language used to describe the above phe
nomena implies clearly that single-configura
tion Hartree-Fock wave functions should render 
an accurate description of the observed split
tings. The purpose of the present communica
tion is to provide a test of this hypothesis. To 
do this we have performed direct Hartree-Fock 

calculations on the ionic states of inte~e st. In 
addition, it is of considerable interest to see 
if these splittings can be reproduced by using 
the simple exchange integral approach described 
above. Calculations of this type are carried out 
in terms of the neutral ground state molecular 
orbitals and are analogous to those for closed
shell molecules using Koopmans 1 theorem. We 
refer to this type of calculation as a frozen or
bital approximation. Prior to the present cal
culations, we carried out a related study of the 
02 hole states.· However, the existence of lo
calized and delocalized hole states confused the 
interpretation. Therefore we turned to the con
ceptually simpler NO radical. 

The calculations were carried out at 2.1747 
bohrs separation, using a very large set of 
Slater functions (7s, 6p, 3d, and 2f on each atom), 
and the resulting molecular self-consistent-
field energies are certainly no more than0.0005 
Hartree (0.01 eV) above the exact Hartree-Fock 
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Table I. 

Frozen orbital Direct hole state 

State of aeeroximation calculation 
Experiment 

No+ E (hartree s) I. P. (eV) E(hartrees) I. P. (eV) 

Oxygen 1s 1I -108.6097 562.93 -109.3771 542.05 543.3a, b 
X 

1rr -108.5829 563.66 -109.3594 542.53 a b 
544.0 , X +0.495 ±0.04 

3rr -113.5847 427.56 -114.1872 411.17 410.3a, b 
Nitrogen 1s X 

1rr -113.5396 428.79 -114.1375 412.52 
a b 

411.8 , x+ 1.415 ±0.02 

aRe£. 2. 

bRef. 9. Only the splittings are measured in this work. 

energies. Tj1.e NO ground state SCF energy is 
-129.29815 Hartrees. Two types of calcula
tions are reported: 

a) Frozen orbital approximation. These cal
culations are in terms of the 2rr NO ground 
state orbitals and the splitting is given by a sin
gle exchange integral. 

b) Direct hole state calculations. 7 These are 
near-Hartree-Fock calculations on the appro
priate states of the No+ positive ion. The only 
previous molecula!f calculations of this type are 
those of Schwarz. 

The results are compared with experiment
2

•9 

in Table I. The first point to be made is that 
the ionization potentials predicted by the direct 
calculations are much closer (within 1.5 eV in 
all four cases) to experiment than are the fro
zen orbital results. ~his trend has been 
pointed outearlier. 7 • The splittings have re-
cently been determined experimentally with 
relatively high precision by Davis and Shirley.9 
For the oxygen 1s hole, the frozen orbital split
ting is 0. 73 eV, the direct calculation splitting 
0.48 eV, and experiment 0.495 ±0.04 eV. For 
the nitrogen 1s hole the same three splittings 
are 1.23, 1.35, and 1.415 ±0.02 eV. We see 
that 

a) the frozen orbital calculations are in qual
itative agreement with experiment, and 

b) the direct hole state calculations agree 
quantitatively with experiment. 

Using a much smaller "double zeta" basis set 

and the frozen orbital approach, Schwarz 6 pre
dicts splittings of 0. 77 and 1.26 eV for the 0 
and N hole states. The close agreement with 
our results implies that double zeta calcula
tions may be quite reliable. 

On the basis of the present NO results there
fore, it appears that the single- configuration 
Hartree-Fock approximation is quite adequate 
for the description of exchange splittings of in
ner shell ionization energies. 

The calculations reported here were carried 
out on the 360/91 computer at IBM Research 
Laboratory, San Jose. 

Footnote and Re fe renee s 

*Present address: IBM Research Laboratory, 
Monterey and Cottle Roads, San Jose, Califor
nia 95114. 

1. C. S. Fadley and D. A. Shirley, Phys. Rev. 
Letters ~· 980 ( 19 68). 

2. K. Siegbahn, C. Nordling, G. Johansson, 
J. Hedman, P. F. Heden, K, Hamrin, U. 
Gelius, T. Bergmark, L. 0. Werme, R. Manne, 
andY. Baer, ESCA Aeelied to Free Molecules 
(North Holland, Amsterdam, 1969). 

3. J. Hedman, P. F. Hedman, C. Nordling, 
and K. Siegbahn, Phys. Letters 29A, 178 
( 1969). 

4. C. S: Fadley, D. A. Shirley, A. J. Free
man, P. S. Bagus, and J. V. Mallow, Phys. 
Rev. Letters~' 1397 (1969). 



278 

5. C. S. Fadley and D. A. Shirley, Phys. Rev. 
AZ, 1109 (1970). 

6. M. E. Schwarz, Theoretica Chimica Acta 
~ 396 (1970). 

7. P. S. Bagus, Phys. Rev. 139, A619 (1965). 

8. M. E. Schwarz, Chern. Phys. Letters 2· 
50 (1970). 

9. D. W. Davis and D. A. Shirley, J. Chern. 
Phys. 2..§, 669 (1972). 

LOCALIZED AND DELOCALIZED 1s HOLE STATES OF THE 0~ MOLECULAR ION 

P. S. Bagus* and H. F. Schaefer Ill 

The photoelectron spectrum of the oxygen 
molecule has been studied rather carefully by 
expe.rimentalists 1-5 and its interpretation 
presents a significant challenge to theoreti
cians. For this reason we decided to carry 
out very accurate near-Hartree-Fock calcu
lations on the. hole states of O!. The results 
are of particular interest because they show 
that the is hole states of o! are localized
that is, the ejected electron has been specifi
cally removed from one of the two atoms. 

The near -Hartree -Fock calculations were 
carried out in a manner similar to those re
ported recently6 for tg.e hole states of NO+. 
The NO+ calculations were noteworthy in 
that the theoretical 1 s ionization potentials 
were within 0.3o/o of experiment, and the is 
11 exchange splittings 11 7 were within a few 
hundredths of an electron volt of experiment. 
The present calculations were carried out at 
the experimental ground state internuclear 
separation for 0 2 , 2.282 bohrs. The direct 

Table I. Ionization potenti~s, in eV, of the oxygen atom. Our self-consistent-field 
energy for the P ground state of 0 is -74.80941 hartree s. 

State of 0+ 

is ejected 4p 

orbital energy zP 

= 562.39 eV ZD 

zs 

Zs ejected 4p 

orbital energy ZD 

= 33.86 eV zs 

zP 

Zp ejected 4s 

orbital energy ZD 

= 17.19 eV zP 

Frozen orbital 
a ppr oximati on 

561.44 

564.31 

564.59 

567.88 

29.58 

34.96 

39.34 

42.42 

14.45 

17.74 

19.94 

Direct hole 
state calculation 

543.41 

548.09 

54 7. 81 

551.97 

26.93 

34.06 

3.7.72 

40.76 

11.89 

15.67 

18.16 

Experiment a 

28.49 

34.20 

37.88 

39.98 

13.62 

16.94 

18.63 

ac. E. Moore, II Atomic Energy Levels, II Nat. Bur. Std. (U.s. ) Circ. No. 467 (1949). 
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Table II. Ionization potentials, in eV, of the oxygen molecule. The self-consistent-field energies 
for the 3~- state of 0 2 are -149.66584 hartrees for the frozen orbital calculations and -149.66664 

fcft the direct hole state calculations. Experimental values are in parentheses. 

1a ejected 
g 

orbital energy 

= 564.07 eV 

1au ejected 

orbital energy 

= 564.04 eV 

2a ejected 
g 

orbital energy 

= 44.88 eV 

2au ejected 

orbital energy 

= 29.91 eV 

3a ejected 
g 

orbital energy 

= 20.03 

+ State of 0
2 

2~
u 

g and u 
orbital symmetry 
required/frozen 

orbital approximation 

563.52 

565.20 

565.38 

566.67 

563.49 

565.19 

565.35 

565.65 

43.38 

46.1.6 

47.46 

47.83 

27.44 

31.19 

32.49 

34.81 

19.10 

21.32 

21.86 

22.61 

g and u 
symmetry 

required/direct 
hole state 

calculations 

554.44(543.1 a) 

556. 58(544.2a) 

556.63 

558.07 

554.39 

556.57 

556.60 

558.04 

44.02 

45.39 

29.97 

31.32 

19.10 

21.32 

21.86 

22.61 

No g and u 
orbital symmetry 

required/direct 
hole state 

calculations 

542.03 

542.64 

...... -···- ··---·-· ---



280 

Table II. (continued) 

+ State of 0 2 

g and u 
orbital symmetry 
required/frozen 

orbital approximation 

g and u 
symmetry 

required/ direct 
hole state 

calculations 

No g and u 
orbital symmetry 
required/ direct 

hole state 
calculations 

iTiu ejected 

orbital energy 

19.20eV 

1 TI ejected 
g 

orbital energy 

14.49 eV 

2<f> 
u 

16.02 

a) 17.26 

b) 20.25 

c) 32.42 

18.34 

14.47 

hole state calculations were done using a very 
large basis set of Slater functions (7s, 6p, 3d, 
and 2f on each atom), and the resulting molec
ular self-consistent-field energies should lie 
no more than 0.01 eV above the exact Hartree
Fock energies. 

In an attempt to gain some insight into the 
physical nature of the ionization processes, 
three types of calculations were carried out: 

a) The frozen orbital approximation con
sists of evaluating the energy of O! wave 
functions constructed from the near -Hartree
Fock orbitals8 for the ground state of neutral 
Oz. These calculations will be comparable to 
those obtained for closed-shell systems using 
orbital energies via Koopmans' theorem. 
From atomic calculations, 9 we know that the 
ionization potentials obtained in this way will 
usually be too large, since the positive ion 
wave function is not allowed to relax following 
the loss of an electron. 

b) Direct _h_o_l_e _s_ta_t_e calculations were car-

14.28(16.10b) 

15.63(17.05b) 

18.80 

31.22 

16.78 

ried out for the pertinent states of 0~. As is 
normally the case, for homonuclear diatomic 
molecules each molecular orbital was re
quired to have either g or u inversion sym
metry. 

c) Since the is ionization energies obtained 
in b) were not in satisfactory agreement with 
the experiment, direct hole state calculations 
were carried out without the restriction that 
each molecular orbital be of _g_ or ~ symmetry. 

Calculations on the oxygen atom ionization 
potentials are shown in Table I, and Table II 
contains our molecular results. There are 
three 2 rru states of Oz arising from the 1 TI~ 
1TI~ electron configuration, and the values in 
Table II are the results of solving the 3X3 con
figuration interaction. For the direct hole 
state work, the three ionization potentials are 
the re suits of separate three- configuration 
MCSCF calculations. In general the frozen or
bital ionization potentials are in fair -to- good 
agreement with experiment, and the direct hole 
state results are somewhat better. These re-



sults provide a clear indication of the kind of 
agreement with experiment that can be ob
tained by pushing to the very limit of the inde
pendent particle approximation. 

The results for the is electrons in 02 are 
of particular importance. The frozen orbital 
ionization potentials are about 20 eV too large. 
More surprisingly, the direct hole state cal
culations b) yield ionization potentials that 
are still more than 10 eV too large. Only after 
obtaining such poor is results from calcula
tion b) did we decide to drop the orbital sym
metry requirement and carry out calculation 
c). As Table II shows, the direct hole state 
calculations without g, u restriction yield 
ionization potentials within 1. 5 eV of experi
ment, which is about as good as can be ex
pected in light of inherent errors due to rel
ativistic effects and electron correlation. 9 

If one removes a i()" g or iO"u orbital from 
a single-configuration wave function, in the 
resulting o! state a population of 7-i/2 elec
trons can be assigned to ea.ch oxygen atom. 
It is reason-'>le to designate such a state a 
delocalized nole state since the loss of elec
tron is equally shared by the two atoms. Our 
calculations show that there is such a delocal
ized solution of the Hartree -Fock equations. 
However, by dropping the requirement that 
the ejected electron occupy either the ia g_ or 
iO"u orbital, we have obtained a second sOlu
tion of the Hartree -Fock equations. In fact 
there are two equivalent solutions of this 
type, one in which the electron is ejected 
from oxygen atom A and the second in which 
oxygen atom B loses an electron. Since 
these two localized Hartree-Fock wave func
tions result in energies more than 12 eV be
low the delocalized solutions, we must con
clude that the localized solutions correspond 
to physical reality. A properly symmetrized 
total wave function ( L:g or L:u) can be formed 
by mixing these two equivalent solutions. 

The extent of the localization of the valence 
shell orbitals which results as a consequence 
of localizing the core is surprisingly large. 
In Table III, we list the gross atomic popula
tions10 for the 4L;- localized is-hole state. 
The ()" valence shell orbitals are still nearly 
symmetry-adapted, but the rr orbitals are 
quite localized. Thus, the electronic struc
ture in the valence shells appears to be that 
appropriate for FO+. Recently, Snyderii has 
suggested that core holes should be localized 
on one of a number of equivalent centers based 
on arguments about the increase of atomic re
laxation energy. Our calculations show that 
the localization is favored because of the large 
charge transfer between the two 0 atoms which 
gives rise to a molecular relaxation energy of 
- i2 eV. 
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Table III. Cross atomic popl}lations for .f.he 
localized orbital is-hole 4 L: state of 02 . 
The valence shell orbitals are labeled to in
dicate the 02 symmetry orbital which they 
most nearly resemble. 

Population 

Shell Center A Center B 

is A 1.00 0.00 

isB 0.00 2.00 

-2a 1.13 0.87 
g 

-2a 0.92 1.08 
u 

-3a 1.03 0.97 
g 

-1rr 3.44 0.56 
u 

-1rr 0.26 1. 74 
g 

Total 7. 78 7.22 
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ELECTRONIC STRUCTURE OF DIATOMIC MOLECULES 

P. K. Pearson, S. V. O'Neil, and H. F. Schaefer Ill 

The purpose of this article is to summarize 
theoretical work carried out at Berkeley 
during the past year1-9 on the electronic 
structure of diatomic molecules. Some10- 12 

of the work along these lines discussed in the 
Nuclear Chemistry Annual Report for 1970 
(see page 190) did not appear in print until 
this year. Our theoretical calculations are 
ab initio, that is they result from the rigorous 
application of the variational principal to 
Schrodinger' s equation within the Born
Oppenheimer approximation. 

Collisional Quenching of Metastable Hydrogen 
Atoms I 

Quenching of metastable hydrogen atoms by 
low-energy collisions with atoms and mole
cules is considered, the actual process being 
H(2s) +X- H(2p)+X. The Born approxi
mation, with long-range multipole-multipole 
interactions, is used to describe collisions of 
H(2s) with molecules, and simple formulas 
for the cross section result. Collisions with 
spherically symmetric species (i.e., rare 
gas atoms) are treated in the adiabatic approx
imation, and the process is seen to be form
ally identical to symmetric charge transfer. 
Numerical results for collisional quenching 
by helium, based on accurately computed po
tential curves, are presented. Shortly after 
the appearance of our H(2s) +He- H(2p)+He 
results, 1 an experimental paper13 appeared 
in Physical Review Letters verifying in detail 
our predictions. 

Krypton Nonofluoride and Its Positive Ion
2 

Nonempirical quantum mechanical calcu
lations have been carried out on KrF and 
KrF+. A large basis set of Slater functions 
was used, and the self-consistent-field (SCF) 
total energies for both diatomics are estimated 
to lie no more than 0.005 hartrees above the 
exact nonrelativistic Hartree-Fock energies. 
The KrF SCF potential curve is repulsive and 
dissociates smoothly to Kr+ F atoms. The 
KrF+ potential curve displays a minimum at 
1. 68 A and spectroscopic constants 
De=- 0.02 eV, and we= 810 cm- 1 The im
portance of polarization functions (d and f 
orbitals) in the single -configuration wave 

functions is discus sed. Electron correlation 
in both molecules has been investig;ated by 
using first-order wave functions, fZ which 
have yielded dissociation energies in excellent 
agreement with experiment for several 
smaller diatomic molecules. A 158 configura
tion correlated wave function predicts a flat
ter but nevertheless repulsive potential curve 
for KrF. We conclude that, except for the 
van der Waals interaction, KrF is unlikely to 
exist in the gas phase. The relation between 
this work and the observation of the KrF ESR 
in crystals of KrF 2 is discussed. First-
order wave functions containing 210 configura
tions for KrF+ yield the following predictions: 
re = 1.75A, Do= 1.90eV, we= 621 cm-1. 
Chupka and Berkowitz report the experimental 
value Do 2: 1. 58 eV for KrF+. Several mole
cular properties are predicted for KrF+. 

Role of Electron Correlation in a Priori 
Predictions of the Electronic Ground State of 
BeO , 

Ab initio wave functions including electron 
correlation have been calculated for the 
1L;+, 3L;+, 3L; -, and 3rr states of BeO. A 
(4s Zp 1d) basis set of Slater functions was 
centered on each atom. The iterative natural 
orbital method was used to optimize the set 
of molecular orbitals employed in each multi
configuration first-order wave function. The 
3rr energy calculated here is 0. 73 eV above 
the 1L; +energy obtained in a comparable cal
culation. Since 11ear Hartree-Fock calcula
tions result in a 5 rr energy below the iL; + en
ergy, it seems clear that electron correlation 
plays a crucial role in the ordering of these 
states. Predicted spectroscopic constants 
for the different states are seen in Table I. 
Natural orbital occupation numbers and co
efficients of important configurations in the 
CI wave functions are presented to describe 
the electronic structure of BeO. 

Theoretical Description of Molecular Rydberg 
States: BfL; +and Lowest 3L;f States of BH4 

Ab initio calculations, including electron 
correlation, have been carried out on the 
x1L;+, B1L;+, and lowest 3L;+ states on BH. 
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Table I. Summary of predicted spectroscopic constants for 
low-lying states of BeO. 

(Experimental values in parentheses. ) 

Te(eV) R (A) 
-1 -1 

State we(cm ) Be(cm ) e 

1 z:; + 0 1.313(1.331) 1629(1487) 1. 699(1. 651) 

3n o. 734 1.463 

in (1.166) (1.463) 

3 z:; + 1. 93 1.384 

3 z:; -
Repulsive 

The last two states can be thought of as 
arising from the 1a2za23a4a electron con
figuration. A double -zeta-plus -polarization 
and Rydberg function basis of Slater functions 
is used and electron correlation is considered 
through the use of approximate 11 first-order" 
wave functions. Optimum wave functions for 
the B 1 2:: + state are obtained by repeated di
agonalization of the density matrix arising 
from the second eigenvalue of the 12:: + secu
lar equation. For the ground state the ab 
initio dissociation energy is 3.27 eV, com
pared to Gaydon' s experimental value 
3.54±0.04 eV. Other spectroscopic constants 
for the xiz:;+ and Biz:: 'I- states are also in 
good agreement with experiment. The X-B 
separation is calculated to be 51 770 em -1, 
compared to the experimental value 

52347 cm- 1 . The Biz:+ calculations confirm 
the double minimum pred~cted by Browne and 
Greenawalt. The lowest 2:: + state is pre
dicted by the present treatmen! to be Rydberg
like (with a minimum at i.i 73 A) for short 
internuclear separations and valence-like 
(repulsive) for large separations. A maximum 
occurs in the 3z:;+ potential curve at 1.45A. 
Natural-orbital analyses and electron density 
plots are used to describe the valence to 
Rydberg "transition. 11 

Curve Crossing of the B 
3 z::~ and 

3n~ States 
of Oz and Its Relation to Predissociation in 
Schumann-Runge Bands 5 

Nonempirical quantum mechanical calcula
tions including electron correlation have been 
carried out for the lowest 3z:;- and 3n states 
of Oz. A relatively large bas'ts set isuused 
and 257 3z:;~ and 345 3nu symmetry-adapted 

i270 1. 365 

(1144) (1.366) 

1234 1. 527 

configurations are included in the first-order 
wave functions. For the B 3z:;- state the theo
retical spectroscopic constant~ (with experi
mental values in parentheses) ar~ Te 6.i6 eV 
(6.i7), De 0.76 eV(1.01), re 1.64A (1.60), 
we 679 cm-i (709), and Be 0. 783 cm-i (0. 8i9). 
Neither state is well described by a single 
electron configuration and the B 3 2::- state is 
seen to have a normal (non-Rydberg1 electron 
distribution. The calculated potential curves 
indicate that the repulsive 3n u curve crosses 
the inner limb of the B 3z:;- curve. Analogous 
calculations on the repulsi~e in state yield 
a crossing of the outer limb of die B 3z:;-. 
Figure i shows the predicted potential e~e rgy 
curves. Since previous interpretations of 
the predissociation of B 3z:;- have suggested 
that 3nu crosses the outer l'tmb, this predis
sociation is discussed in some detail. It is 
concluded that spin-orbit coupling is the 
principal interaction ·responsible for the pre
dissociation, so that all four repulsi~~ states 
that dissociate to ground state atoms are ex
pected to predissociate B 3z:;- to roughly the 
same degree. u 

Molecular Autoionization Lifetimes and Cross 
Sections for Penning Ionization: Numerical 
Results for He"'' (1s2s 3s) + H(is Zs)6 

The width r f~>r lifetime ii/r) for auto
ionization of He"''(1s2s 3s) + H(is 2S) has been 
calculated as a function of internuclear dis
tance, and eros s sections }or Pennin.f and 
associative ionization (He"''+H->-He+H +e-, 
HeH++e-) have been determined for low col
lision energies. Associative ionization is 
22o/o of the total ionization cross section in 
the limit of zero collision energy; this frac
tion decreases with increasing energy, being 



> 
Q) 

w 

1.75 2.0 
r(A)-

Fig. 1. Theoretical potential curves for the 
3rru, 1rr , and B 3~- states of 0 2 . The ex
perimenflal B state clhve is that of Albritton, 
Schmeltekopf, and Zare. The dashed line is 
the repulsive curve inferred by Murrell and 
Taylor. The energ3 scale is relative to the 
v = 0 level of the X ~ g ground state. 

- 18o/o at a collision energy corresponding to 
300°K. The distribution in energy of the 
ionized electron is also calculated, and it is 
seen that measurement of this quantity should 
lead to a good estimate of the well-depth of 
the He':'-H potential. Comparison of these re
sults to those obtained by an orbiting model 
shows that the model (suitably scaled) is ade
quate in predicting the total ionization eros s 
section, but is less accurate for the more de
tailed collision properties. 

Interatomic Correlation Energy and the 
van der Waals Attraction Between Two Helium 
Atoms 

!::; priori calculations have been carried out 
on He-He for 26 internuclear separations be
tween 3.0 and 10.0 bohrs. The interatomic 
correlation energy is added to the Hartree
Fock energy to predict a potential energy 
curve. The calculated potential parameters 
are E = 12.02°K, a= 2.608A, Re = 2.944A. 
Predicted values of the coefficients C6 and c 8 
are within 7o/o and 3o/o of the accepted values. 
The interatomic correlation energy is divided 
into contributions from atomic and molecular 
orbitals of different symmetry types. 
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Excited Bound States of Neon Hydride 9 

A theoretical study of the ground states of 
OH, HF+, HF, HF-, NeH+, and NeH has been 
carried out. Extended basis sets were used 
and electron correlation was included by way 
of first-order wave functions. Dissociation 
energies and other spectroscopic constants 
are in good agreement with available experi
mental data except for the bond distance of 
HF+. Electron detachment in collisions be
tween H and F- is discussed on the basis of 
the calculated potential curves. Potential 
curves were also obtained ab initio for the 
three lowest excited statesof NeH. These 
curves are qualitatively similar to those re
ported earlier by Slocomb, Miller, and 
Schaefer 1 for He H. The c2 ~ + state of NeH 
is predicted to have a potential maximum of 
0.87 eV at internuclear separation - 4 bohrs. 
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A PRIORI POTENTIAL ENERGY SURFACES FOR SIMPLE POLY ATOMIC SYSTEMS 

D. H. Liskow, S. V. O'Neil, C. F. Bender,* and H. F. Schaefer Ill 

One of the most exciting developments in 
theoretical chemistry over the past few years 
has been the emergence of theoretical and 
computational methods for the reliable 
~priori prediction of the electronic structure 
of polyatomic molecules. 1 The purpose of the 
present discussion is to review work2 -7 car
ried out along these lines at Berkeley during 
the past year. Some8-11 of our work on 
polyatomic · -.olecules discus sed in the 1970 
Nuclear Ch.,mistry Annual Report 
(UCRL-20426, pp. 190 and 223) did not appear 
in print until this year. 

Geometry and Electronic Structure of the 
Hydroperoxyl Radical2 

Self-consistent-field (SCF) and configura
tion-interaction (CI) calculations have been 
carried out, to investigate the geometry and 
electronic structure of the 2A" ground state 
of the H02 radical. A slightly better than 
double -zeta-basis set of contracted gaussian 
functions was used. First-order wave func
tions including 500 configurations were used 
to describe electron correlation in H02 . The 
iterative natural orbital procedure was used 
to generate an optimum set of molecular or
bitals. The SCF predicted geometry is 
r(H-0) = 0. 968 A, r(0-0) = 1.384 A, and bond 
angle 106.8°. The first-order geometry is 
r(O-H) = 0. 973 A, r(0-0) = 1.458 A, and bond 
angle 104.6°. Our bond angle is consistent 
with Walsh's prediction, and the overall ge
ometry is in essential accord with that sug
gested by Paukert and Johnston. However, 
several earlier theoretical predictions are 
not consistent with our results. Force con
stants are predicted which suggest that the 
0-H is similar to that in water, but the 0-0 
bond is much weaker than that in the 0 2 mole
cule. The H-02 dissociation energy is pre
dicted to 2. 36 eV in the SCF approximation 
and 2. 82 eV from CI, compared with an experi
mental value of 2 eV. The electronic struc
ture of H02 is discussed in terms of the 
natural orbital occupation numbers and the 
most important configurations. 

Electronic Splitting Between the 
2

B1 and 
2 

A1 
States of the NH2 Radical3 

Theoretical calculations are reported for 
the ground and first-excited states of NH2. 
A contracted gaussian basis of four s, two p, 
and one d functions is centered on the nitro
gen atom, while for hydrogen, two s and one 
p functions are used. Both self-consistent
field (SCF) and multiconfiguration first-order 
wave functions have been computed, the latter 
using the iterative natural orbital method. 
Two new theoretical ideas were tested and 
found useful: (a) Bunge'' s partitioning of de
generate spaces and (b) a procedure for gen
erating uniform sets of starting orbitals for 
multiconfiguration calculations. For the 2B1 
state the SCF, CI, and experimental geom
etries are e = 105.4°, r = i.019A; e = 102.1°, 
r = i.055A; e = 103.3±0.5A, r=i.024±o.oo5A. 
The analogous results for the 2A~ state are 
e = 141.9°, r = o.997A; e = 144.7, r=i.01oA; 

-2950.70 

-2950.75 

u; 
Q) 

~ 
0 
J: 2950.80 

w 

-2950.85 

2 

3 

Linear symmetric 
l<rF2 

5 6 
R (8ohrs) 

7 

Fig. 1. Potential curves for the symmetric 
dissociation of KrF2 . 1 refers to the conven
tional SCF calculation, 2 to the two-config
uration SCF, and 993 to the approximate first-
order wave function. (XBL 719-4325) 
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Fig. 2. Plot of the electronic energy of 
linear FH

2 
as a function ofF-Hand H-H dis

tances. Each small section bounded by four 
sides represents a square region in space 
0.075 bohrs on a side. Thus the F-H dis
tance ranges from 1.4 to 8.0 bohrs and the 
H-H distance from 1.0 to 7.6 bohrs. 

(XBL 723-2655) 

H + HF 
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Fig. 3. Same as Fig. 2 but viewed from the 
exit channel FH +H. (XBL 723-2654) 

H + HF 



e = 144±5° , r = 0. 97-1.00 A. For the upper 
ZA1 state the barrier to linearity is 1370 cm-1 
in the SCF approximation, 1030 cm-1 from the 
correlated wave functions, and 770±100 cm-1 
experimentally. The ZB1 -ZA1 splitting T is 
predicted to be 1Z 800 em -1 (SCF) and 14 ~00 
cm-1 (CI), whereas the ex~erimental value is 
thought to be - 11 000 em- . Potential curves 
are shown and electronic structure considera
tions discussed. 

Self-Consistent-Field Potential Energy Sur
face in Three Dimensions for the 
Cl + Hz _... ClH + H Chemical Reaction4 

N onempirical self- cons is tent -field calcula
tions have been carried out for 38 points on 
the potential surface for the Cl +Hz _... ClH + H 
chemical reaction. A basis set of sevens, 
five p, and one d functions on chlorine and 
three s and one p on each hydrogen atom was 
used. The least-energy path occurs for the 
linear Cl-H-H arrangement. A much higher 
barrier is found for the approach of Cl along 
the H-H perpendicular bisector. The linear 
barrier height is predicted'to be Z6.Z kcal/mol 
and the saddle point occurs for R (Cl-H"" 1.46 A, 
R(H-H) "=' 0. 94 A. The experimental activation 
energy is 5. 5 kcal/mol. It seems likely that 
a general feature of the Hartree-Fock approxi
mation is an over-estimation of barrier 
heights. The exothermicity is calculated to 
be -6.7 kcal/mol, compared with the near
Hartree-Fock result -Z.3 kcal/mol and ex
periment -3.0 kcal/mol. 

Geometry and Force Constant Determination 
from Correlated Wave Functions for Poly
atomic Molecules: Ground States of HzO and 
CH2 

Z88 

Ab initio calculations including electron cor
relationare reported for the water and meth
ylene molecules as a function of geometry. A 
large contracted gaussian basis set is used 
and the multiconfiguration wave functions, 
optimized by the iterative natural orbital pro
cedure, include Z77 and 617 configurations 
for HzO and CHz respectively. The method 
of selecting configurations, yielding 
11 first-order" wave functions, is discussed in 
some detap. For H 20, the SCF geometry is 
r = 0.942A, e = 105.8°; the correlated result 
is r = 0. 968 'A, e = 103.Z0

; and the experi
mental r = 0. 957 A, e = 104.5 •. The water 
stretching force constants, in millidynes/ 'A, 
are 8. 72 (SCF ), 8. 75 (CI), and 8.4 (experi
ment). Bending force constants are 0. 88 (SCF), 
0.83 (CI), and 0. 76 (experiment). For meth
ylene the SCF geometry is r = 1. 07Z 'A, 
e = 1Z9.5°' while the result from first-order 
wave functions is r = 1.088 A, () = 134°. The 
predicted CH2 force constants are 6.16 (SCF) 

and 6.13 (CI) for stretching and 0.44 (SCF) 
and 0.33 (CI) for bending. 

Electronic Structure of Krypton Difluoride 
6 

Nonempirical quantum mechanical calcula
tions have been carried out on KrF2, using a 
basis set of Slater functions, Kr (8s 6p 5d 2£) 
and F (4s 3p 2d if). Self-consistent-field 
(SCF) calculations imply that 4d functions 
centered on Kr are much less important than 
suggested by minimum-basis-set calculations. 
In the SCF approximation, KrFz is predicted 
to be unbound by 2.98 eV with respect to three 
ground state atoms. Two-configuration SCF 
calculations were carried out to allow proper 
dissociation to three atomic SCF wave func
tions. Although the two- configuration potenti
al energy curve for symmetric dissociation 
displays an inflection point, KrF2 is again 
predicted to be unbound. Use of 993 configura
tion first-order wave functions does predict a 
bound KrFz molecule, with Kr-F bond dis
tance 1.907 'A, as opposed to experiment 
1.889±0.01 'A. An interesting feature of the 
predicted KrFz 1~g+ potential curve

0
is a po

tential maximum, occurring at 2.4Z A and 
lying 0. ZZ eV above the dissociation limit. 
Figure 1 shows the calculated potential energy 
curves. Coulson's ionic-covalent picture of 
bonding in KrFz gives a qualitative explanation 
of this potentiai maximum. Additional sup
port for Coulson's model is given by the abrupt 
change in the electric field gradient at Kr near 
the potential maximum. Finally, Koopmans' 

H + HF 
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"' .c 
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4 Ll 

I 
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I 
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+26.7 

+4B c::=c- +16 

3 4 5 6 7 
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Fig. 4. Traditional contour map of the FHz 
surface. As in the three-dimensional plots, 
the F-H distance goes from 1.4 to 8.0 bohrs 
and the H-H distance from 1.0 to 7.6 bohrs. 

8 

(XBL 718-4140) 



theorem ionization potentials are compared 
with the experimental photoelectron spectrum. 

Potential Energy Surface Including Electron 
Correlation for the F + H 2 - FH + H Reaction 7 

Rigorous quantum mechanical calculations 
have been carried out for about 150 linear and 
200 nonlinear geometries for the FH2 system. 
The contracted gaussian-basis set used con
sisted of four s and two p functions on fluorine 
and two s functions on hydrogen. The barrier 
height and exothermicity are poorly predicted 
by single-configuration self- cons is tent -field 
calculations. However, the 214 configuration
correlated results are in qualitative agree
ment with experiment (low barrier height and 

substantial exothermicity). The reaction co
ordinate is discussed, and pictures of the po
tential surface are presented in Figs. 2, 3, 
and 4. A second series of calculations is 
being carried out with a larger basis set. 
These latter calculations yield nearly quanti
tative agreement with experiment for both the 
barrier height and exothermicity. 
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EVIDENCE FOR MAGMATIC MIXING IN BORAX LAKE OBSIDIAN AND DACITE1 

H. R. Bowman, F. Asaro, and I. Perlman 

In a previous study, the chemical composi
tions of obsidian from Borax Lake (in Lake 
County, California) was measured by using 
neutron activation analysis where some 40 el
ements were tested for. Many of the elemen
tal abundances appeared to be nearly constant, 
but about a dozen varied extensively. The 
variable elements were found to be linear with 
respect to each other and equations were devel
oped to express each of the compositions as a 
function of that of Fe. 

It was found that the composition given for a 
dacite flow 1 which is under the obsidian flow at 
Borax Lake could be roughly expressed by these 
same equations for a few elements. Because 
the composition data on the dacite rock was 
very meager, a detailed comparison could not 
be made. 

In the present work, eight samples of Borax 
Lake dacite were obtained from the site and 
analyzed along with two samples from the Uni
versity of California Geological Museum. The 
samples were subjected to the same type of 
neutron activation analysis as the obsidian 
samples. The dacite results fell into five dif
ferent chemical composition groups. The 
abundances for 26 of the elements are plotted 
against iron content in Figs. 1, 2, 3, and 4. 
The obsidian data are those data to the left of 
2rJ/, Fe, and the dacite data are shown to the 
right of 211/n Fe, although it should be noted that 
the "dacite" with the lowest iron content virtu
ally coincides with the highest Fe value of 
"obsidian. 11 

The points represent the ten obsidian and 
five dacite groups, all on the same graph. It 
is seen that all of the functional relations are 
linear, that the slopes vary considerably, and 
both positive and negative slopes are repre
sented. The linear relationships strongly sug
gest simple mixing of two phases in various 
proportions, and that both the obsidians and 
dacites belong to the same system. We now 
propose to examine the nature of these two 
phases. 

One of the phases (Phase A) is obviously a 
rhyolite, so it will be referred to as such. 
The second will only be termed "Phase B" for 
the present. Some of the lines with positive 
slope extrapolate to zero concentration of the 
elements while the iron value is still positive. 
We shall first examine these. One of them, 
Co, becomes zero at a higher Fe value than 
any of the other elements with lines of positive 
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Fig. 1. The chemical variation of Th, U, Mn, 
Sc, Cr, Co, and Cs plotted against total iron 
content for Borax Lake obsidian and dacite. 
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slope. The significance of this point of inter
section is that it establishes one of the limits 
in the composition of the rhyolitic phase, be
cause its content of Co cannot be less than 
zero. The content of each of the other el
ements in this limiting composition is given 
by the intercept of each line with the iron con
tent representing zero- Co. The other limit to 
the composition of the rhyolitic phase is given 
by that obsidian group with lowest Co value. 
It is seen that the limits of composition are so 
dose to each other that the rhyolitic phase is 
quite sharply defined. In other words, those 
obsidian specimens of lowest Fe content repre
sent this phase quite well. 

In this type of reasoning, it is seen that one 
limit of a phase composition is given precisely 
by an extrapolation to zero concentration of a 
single element and the other limit by an actual 
sample with the lowest concentration noted for 

·that element. If these almost coincide, the 
possible range is small. Turning to Phase B, 
we shall see that it is not possible to obtain a 
narrow range because the lowest concentration 
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Fig. 2. The chemical variation of Ti, Al, K, 
Rb, Sb plotted against total Fe content for 
Borax Lake obsidian and dacite. 
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Fig. 4. The rare earth chemical variations 
plotted against total iron. 

(XBL 7110-4478) 

Fig. 3. The chemical variations of Hf, Na, 
Zn, Ca, Ta plotted with total Fe. 

(XBL 7110-4481) 



Table I. BASA II abundances calculated from 
Borax Lake obsidian and dacit~ samples. 

(in ppm or%) 

Calculated Measured 
abundances abundance 

Fe% 7.7 7.74±0.10 

Sc 37.5 39.2 ±0.1 

Tio/o 0.90 0.93±0.02 

Co 39.6 40.7 ±0.5 

Cr 178 194± 3 

Th 2.5 2.2 ±0.1 

Cs 0.51 0.8 ±0.3 

Hf 3.2 3.0 ±0.1 

Alo/c• 8.4 8.2 ±0.2 

Ca% 7.5 7.5 ±0.6 

Mn 1370 1300±20 

Ko/c 0.8 0.9 ±0.5 

u o. 72 0.81±0.02 

Ta 0.52 0 .45± 0.09 

Sb 0.3 0.4 ±0.1 

Rb 27 40± 15 

Zn 115 100± 10 

Na% 2.43 2.00±0.03 

Sm 4.60 3.72±0.01 

Dy 7.1 5.7 ±0.2 

La 12.5 8.3 ±0.5 

Lu 0.43 0.34±0.02 

Nd 18 11±2 

Ce 28 20± 1 

Yb 2.7 2.4 ±0.2 

Eu 1.6 1.3 ±0.1 

Tb 0.81 0.81±0.04 

in available samples is not close to the zero 
concentration. The element selected for ex
trapolation is Cs, which has a negative slope 
and extrapolates to zero concentration at an Fe 
content of 7.93%. The highest iron content in 
the dacites analyzed is 4.98%, so the range of 
permissible compositions for all elements cor
responds with the band between these limits. 

Despite this large uncertainty as to the 
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exact composition of Phase B, it seems cer
tain that it is basaltic. Anywhere in the al
lowed range, the characteristics of certain 
basalts appear: high values for Fe, Co, Sc, 
and low values for Cs, Th, U and rare earth 
elements. Unfortunately, there are no basalt 
outcroppings at Borax Lake itself. Several 
samples from the general vicinity were an
alyzed, but these are not likely candidates. 
The analyses showed them to be unacceptable 
as the actual Phase B, although one s pe cime n 
was unmistakably similar and will now be com
pared. 

The particular basalt sample was obtained 
from Ander son 1 who collected it about 2 miles 
east of the Borax Lake flow and described the 
site as a member of the Cache Formation. 
The composition of Phase B was taken as that 
corresponding with 0.5% Cs, which is close to 
one of the limiting compositions. This calcu
lated composition for Phase B is compared 
with the reference basalt ( BASA2) in Table I. 
The error limits shown for each element in 
BASA2 is simply the precision of measure
ment. 

It is seen from Table I that for many el
ements the agreement between the calcula
tions for Phase B and reference basalt (BASA2) 
is remarkably close. However, the values for 
Na and most of the rare earth elements are 
distinctly different. Despite the similarities, 
this means that BASA2 cannot represent the 
basaltic material which we call Phase B and 
which is responsible for the dispersion in com
positions of the obsidians and dacites of Borax 
Lake. The similarities do show that Phase B 
is a basalt and its composition is not grossly 
unlike a specimen found in the general area. 
Finally the juxtaposition of the values for Phase 
B and Phase A point up the large differences in 
a number of the trace elements between a rhy
olite and a basalt. 

It will be noted that Figs. 1-4 are familiar 
"variation diagrams," but there are features 
not common to most geochemical studies. The 
elements included are only those which can be 
determined by gamma-ray spectroscopy after 
neutron irradiation, and without resorting to 
chemical separations. Employing this system 
of analysis, one automatically stresses an ar
ray of trace elements and sacrifices infornla
tion obtainable from some of the major con
stituents. Some of these are not measured at 
all and others only with poor accuracy. The 
other feature pertains to this particular prob
lem. Here, we are dealing with a postulated 
mixing of two phases in which certain trace 
elements which are very low in one phase are 
reciprocally high in the other. The happen
stance permits calculation of the compositions 
of the phases within more or less narrow 
limits. 



A rapidly growing body of information is 
appearing on trace element behavior as well as 
thoughtful discussion as to what these data 
imply. In the present report we have consid
ered it prudent to avoid discussion of the pre
history of the magmas because we feel that a 
more comprehensive body of accurate infor-
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mation on trace elements in various media 
will permit one to make deductions with 
greater certainty. 

Reference 

1. C. A. Anderson, Bull. Geo~. Soc. Am. 
47, 629 (1936). 

PROVENIENCE OF TWO MYCENAEAN PICTORIAL SHERDS FROM KOUKLIA 

(PALAEPAPHOS), CYPRUS* 

V. Karageorghis,t F. Asaro,* and I. Perlman* 

Mycenaean pottery of the pictorial style is 
rather scarce on the west coast of Cyprus as 
compared with the large quantities found on 
the south and east coasts. In the pictorially 
decorated category, we know of two fragments 
which have been published: one from a 14th 
century chariot crater and another, again from 
a crater, decorated with what appears to be a 
"Minoan Lady."1 This second fragment was 
found at site "Evreti," east of Kouklia2 village. 

The same site, "Evreti," produced another 
fragment from an open bell crater, decorated 
with the forepart of a bull in front of a tree mo
tif; it was first published by one of the pre sent 
writers (V. K.) and ascribed to the early part 
of the Rude Style period, dating chronologic:3 
ally to the last quarter of the 13th century. 
There are up to now seven such vases of the 
early Rude Style, all decorated with bulls; five 
vases were found in Cyprus and two at Ras 
Shamra. 4 

When the Evreti Mycenaean III A fragment 
with "Minoan Lady" (referred to later also by 
its laboratory serial number PPAP120) was 
exhibited at the site museum at Kouklia side 
by side with the Rude Style fragment with the 
bull and tree motifs (PPAP119),one of the pres
ent authors (V. K.) was struck by the similar
ity of their fabric, slip, and paint; in fact, had 
it not been for the two centuries which separate 
the two fragments stylistically, one might 
prima facie suggest that the two fragments be
longed to the same vase. Consequently small 
chips of these two sherds were taken for lab
oratory analysis in Berkeley to find out if the 
similarity which was striking to the naked eye 
existed also in the chemical composition of the 
clay. Any close affinity found would be of cru
cial importance. Although the two fragments 
came from the same· site, they belong stylisti
cally to two distinct classes of pottery, one 
(PPAP120) thought by several scholars to have 

been imported from the Greek mainland 5 and 
the other (PPAP119) universally accepted as 
of Cypriote manufacture. An exploration of 
the possible scope of application of laboratory 
analysis for deducing pottery provenience as 
an adjunct to expert stylistic examination is, 
of course, a central objective of such interdis
ciplinary studies at the moment. 

The chemical compositions of the two Myce
naean sherds, will be compared with each other 
and with reference materials in order to obtain 
evidence concerning provenience. The tab
ulated data designate these two fragments as 
PPAP119, and PPAP120, which numbers per
tain to the "Rude Style" and "Minoan Lady" 
sherds res pe cti ve ly. 

The first comparison of compositions will 
be made between these sherds and a group of 
MyciiiC: 1 sherds from Kouklia. The reference 
group consists of 19 pieces, all from the ex
cavation of Maier at the Evreti site.Z In Fig. 1 
the values for each element in PPAP119 and 
120 are shown as the two thin bars at the left 
in each box. The next thicker bar is the mean 
value for the 19 sherds in the reference group, 
and the hatched zone indicates the spread in 
composition expressed as the standard devia
tion, a. The numerical data upon which these 
bar-graphs are based are tabulated in Table I 
for those interested in the actual numbers. 
Before providing more detailed discussion, the 
conclusion will be stated: namely, that both 
PPAP119 and PPAP120 likely have the same 
provenience as the reference group and there
fore the same as each other. We shall first 
examine the basis for this provenience and 
then the question of whether the locality is 
Kouklia. 

The supposition is made that the 18 elements 
used for diagnostics may be treated as indepen
dent variables and that the variation of each el-
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Style, bull motif) and PPAP120 (Minoan Lady). 
The three wider bars represent mean values 
for the indicated pottery groups; the hatched 
zone on each is ± the standard deviation for 
the group. PPAP Myc!IIC is a group of 19 
sherds of MyciiiC: 1 ware excavated at Kouklia; 
ENK MyciiiC is for 11 sherds of similar wares 
from Enkomi; MYC Myc!IIB is for 16 sherds of 
Myc!IIB wares excavated at Mycenae .. For con
venience, the scale used is different for the 
different elements. The actual numbers are 
given in Table I. (XBL 7112-4948) 
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Table I. a 

( 1}b (2}b (3)c (4}c (5}c 
PPAP119 PFAP120 PPAP MyciiiC: 1 ENK MyciiiC: 1 MYC Myc!IIB 
Rude Style Minoan Lady (19 pieces} (11 pieces} (16 pieces} 

X±c X±c M±a M±a M±a 

Fe (o/o} 4.24 ±0.06 4.07 ±0.06 3.92 ±0.25 4.95 ±0.16 5.16 ±0.18 

Sc 14.45 ±0.06 13.45 ±0.05 14.16 ± 1.00 20.04 ±0.58 21.11 ±0.61 

Ta 1.131 ± 0.008 1.342 ±0.008 1.071 ±0.077 0. 765 ±0.033 0.822±0.039 

Cs 3.98 ±0.23 3. 76 ±0.20 .3. 79 ±0.40 4.40 ±0.82 9.19 ±0. 76 

Ti(o/o} 0.384 ±0.020 0.356±0.019 0.424 ±0.024 0.490 ±0.069 4.18 ±0.23 

Cr 113 ± 3 118 ± 3 97 ± 11 325±26 221 ± 14 

Th 8.03 ±0.13 6.48 ±0.11 7.35 ±0.53 8.59 ±0.47 10.70 ± 0.29 

Hf 3.08 ±0.10 3.21 ±0.09 3.13 ±0.22 3.11 ± 0.16 3.21 ±0.31 

La 28.6 :0.8 2 7.0 ± o. 7 27.6 ±2.3 23.2 ± 3.0 34.1 ± 1.2 

Al(o/a} 6.07 ±0.13 5. 78 ±0.14 5.58 ,±0.42 6.02 ± 0.36 8.09 ±0.30 

Lu 0.319±0.019 0.282 ±0.016 0.303 ±0.020 0.337 ±0.018 0.374 ± 0.016 

Co 22.07 ±0.34 23.20 ±0.32 20.21 ± 1.65 27.39 ±4.35 28.24 ± 1.42 

Na(01,) 0.720±0.011 0.355 ±0.009 0.354 ±0.085 1.065 ±0.223 0.615±0.139 

Mn 1014 ± 15 1057±16 962 ±·156 1092 ± 220 901 ± 66 

u 1.37 ±0.03 1.21 ±0.03 1.52 ±0.22 3.70 ±0.57 2.28 ±0.09 

Rb 95 ± 15 18 ± 13 74 ± 10 78 ± 18 145 ± 14 

Ni 113 ± 17 135 ± 15 92 ± 17 269 ± 38 223 ± 19 

Ca(o/~ 7.3 ±0.5 7.6 ±0.4 7.3 ± 1.6 12.1 ±0.8 9.8 ±0.8 

a All numbers entered are in parts-per-million unless the element bears the o/o sign. 
b 

Columns (1} and (2}: Measured values (X} in the respective sherds and their errors of measure-
ment (E:}. The error, E:, gives the precision of each value according to the statistics of radio
active counting. 

cColumns (3}, (4}, and (5}: Mean values (M} and standard deviations (a} for the indicated pottery 
groups. These groups were excavated at Kouklia (Palaepophos}, Enkomi, and Mycenae 
respectively. 

ement follows a normal distribution curve. On 
the basis of much work done to -date we are con
vinced that any shortcomings in terms of strict. 
validity are not serious. A sherd may then be · 
compared with a reference group as follows: 
It fits the group if only about six elements of 18 
fall outside of 1a and of these, only one element 
should depart by as much as 2a. It should be 
realized that we are dealing with the statistics 
of small numbers and there are other hazards 
involving systematic errors, so the criterion 
just outlined cannot be applied blindly. 

When PPAP120 is compared with the group 
of 19 MyciiiC: 1 sherds we find that seven el
ements lie outside of 1a and one of these, Ta, 

if off by 3.5a. If it were not for the single el
ement Ta this would be as good a fit as can be 
expected. 

The same comparison can be made between 
PPAP119 and the group of MyciiiC:1 ware from 
Kouklia. The results are much the same as for 
PPAP120. The fit is as good as can be ex
pected, with one "wild" element: in this case, 
Na. This single descrepancy is not considered 
serious because Na is very pervasive as a con
taminant and wild values are not uncommon in 
otherwise well- behaved materials. 

The evidence seems to us very strong that 
both PPAP119 and PPAP120 were made at the 
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( 1) b 
PPAP MyciiiC: 1 

( 19 pieces) 
M ± u 

3.92 ±0.25 

14.16 ±1.00 

1.071±0.077 

3.79 ±0.040 

0.424±0.024 

97±11 

7.35 :l:0.53 

3.13 ±0.22 

27.6 :l:2.3 

5.58 ±0.42 

0.303±0.020 

20.21 ±1.65 

0.354±0.085 

962±156 

1.52 ±0.22 

74±10 

92±17 

7.3 ±1.6 
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Table II. a 

(2)c 
PPAP MyciiiC: 1 

( 6 pieces) 
M ± u 

4.32 ±0.18 

17.38 ±0.69 

0. 8 7 8±0. 117 

3.41 ±0.41 

0.420±0.0.27 

118±9 

5.99 ±0.26 

2.90 ±0.09 

23.1 ±1.1 

5.89 ±0.24 

0 .291±0 .022 

19.87 ±1.90 

0.611±0.062 

780±108 

1.46 ±0.17 

61±15 

77±21 

7.3 ±1.2 

(3)d 
ENK MyciiiC: 1 

(11 pieces) 
M ± u 

4.95 ~c0.16 

20.04 ±0.58 

0. 765±0.033 

4.40 ±0.82 

0 .490±0 .069 

325±2 6 

8.59 ±0.47 

3.11 ±0.16 

23.2 ±3.0 

6.02 ±0.36 

0.33 7±0 .018 

27.39 ±4.35 

1.0 65±0. 2 33 

1092±220 

3. 70 ±0.57 

78±18 

269±38 

12.1 ±0.8 

ENK MyciiiC:1 
(10 pieces) 

M ± u 

5.67 ±0.18 

23.19 ±1.01 

0.706±0.036 

4.18 ±0.53 

0.455±0.025 

452±86 

7.13 ±0.32 

3.17 ±0.21 

22.3 ±2.1 

6.83 ±0.43 

0.:346±0.013 

28.77 ±2.28 

1.316±0.237 

1068±90 

1.95 ±0.35 

75±14 

198±30 

9.8 ±0.9 

a All numbers entered are in parts-per-million unless the element bears the o/o sign. 

bColumn ( 1): Group of MyciiiC: 1 ware from Kouklia reproduced from Table I. 

cColumn (2): Another group of 6 sherds of similar ware from Kouklia. 
d Column (3): Group of Myc!IIC: 1 ware from Enkomi reproduced from Table I. 

eColumn (4): Another group of 10 sherds of similar ware from Enkomi. 

same place as the group of Myc!IIC: 1 wares 
also excavated at Kouklia. 

One of the questions to be answered in this 
study is whether the "Minoan Lady" sherd has 
a chemical composition that conforms with that 
of the fine Myciii A and B wares thought to be 
unique to the Greek mainland. A large number 
of specimens of these wares excavated at a 
number of sites in Greece are currently being 
analyzed, and the results on one such group 
from Mycenae are presented in Fig. 1 and 
Table I. Although this study is not yet com
pleted we know that tht se wares are distinctly 
similar to each other, at least when drawn 
from a number of sites in the Argolid. The 

group from Mycenae (Fig. 1) is quite represen
tative of much of the material that has been 
analyzed so far. It is seen that the materials 
from Kouklia are grossly different: for exam
ple, the "Minoan Lady" (PPAP120) as com
pared with the group from Mycenae falls with
in 1u for only 1 element; it falls outside of 2u 
for 16 elements, and of these, 9 elements are 
beyond 5u and 4 elements beyond 10u. This 
gross difference lends some perspective to the 
fine distinctions discussed above in trying to 
decide whether PPAP120 belonged to the group 
of MyciiiC: 1 wares from Kouklia. Figure 1 
also shows a group of Myc!IIC: 1 ware from 
Enkomi near the east coast, and again it is 
seen that there are great differences. 
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Fig. 2. The bars and hatching have the same 
meaning as in Fig. 1. All wares shown are of 
MyciiiC:1 style. PPAP (19 pieces) is the same 
group from Kouklia shown in Fig. 1 and labeled 
PPAP MyciiiC; PPAP (6 pieces) represents 
another chemical group also excavated at 
Kouklia. ENK (11 pieces) is the same group 
from Enkomi shown in Fig. 1 and labeled 
ENKIIIC; ENK (10 pieces) represents another 
chemical group also excavated at Enkomi. 
For convenience, the scale used is differe.nt 
for the different elements. The actual numbers 
are given in Table II. (XBL 7112-4949) 
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The answer to the question of whether the 
"Minoan Lady" and its reference group 
(MyciiiC: 1 ware from Kouklia) are indeed 
local to Kouklia is more complex. If all ofthe 
sherds analyzed from Kouklia made up a sin
gle compact chemical group one might reason
ably assume that this composition is represen
tative of local clays. However, all of the 
wares excavated at Kouklia were not the same 
in composition. In addition to the reference 

group of 19 sherds, there were 18 others which 
did not fit this group. These, in turn, were 
not homogeneous and could be separated into 
five other groups, one with six members and 
one with only two members. These groups 
were not grossly different from each other or 
from the group of 19 sherds. It is possible 
that all of these merely reflect a diversity of 
clay sources used in that single area. Inorder 
to illustrate how one of these small groups re-
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lates to the group of 19 sherds, the latter group 
;has been entered on Fig. 2 alongside of the 
group of six sherds just mentioned. It is seen 
that for the majority of the elements these two 
groups are indistinguishable, but for some 
there are substantial differences: for example, 
Sc, Th, and Na. The general similarity of all 
these wares does not prove that they are all 
local, but this would seem a reasonable hypo
thesis to entertain pending the accumulation 
of further evidence. 

Also entered in Fig. 2 is the group of 11 
sherds from Enkomi previously shown in Fig. 
1. Here again, not all the MyclliC:1 wares 
analyzed belong to this group and another group 
of 10 sherds from Enkomi is entered. In the 
case of Enkomi, we can be more sure that both 
of these groups are local, because we have 
analyzed a much larger collection of wares em
bracing many styles and the two groups shown 
in Fig. 2 have chemical parallels among these 
diverse ceramics. Furthermore, samp-7es of 
grey clay from the Enkomi Village area were 
analyzed and agreed quite well with the ancient 
potteries shown in Fig. 2. 

The point being made by these comparisons 
concerns the mounting evidence that potters 
from a single site employed different clay 
sources, which are readily distinguishable by 
a sensitive method of analysis. If this is so, 
the rather similar wares from the Kouklia area 
may well be local to that site. None of these 
arguments are entirely convincing at this stag~, 
but it should also be recognized that even such 
complex situations can likely be resolved by 
sufficient sampling and analysis. 

Conclusions 

The evidence outlined above is quite con
vincing that PPAP119 (Rude Style) and 120 
(Minoan Lady) have the same provenience and 
that they were made from the same clays ource 
as were the preponderance of MyciiiC: 1 wares 
also excavated at Kouklia. It is not rash to as
sume that these were all made at Kouklia, par
ticularly in view of the evidence that this was 
probably the most important Late Bronze Age 
site in Western Cyprus. Even taken by itself, 
the "Minoan Lady" vessel very definitely does 
not come from the same clay sources respon
sible for the fine Mycenaean ware of the IliA 
and IIIB periods found in Greece and as im
ports in other places. 

As we now consider in addition the stylistic 
differences between PPAP119 and PPAP120, 
we are led to two divergent interpretations, the 
resolution of which is of some importance in 
the general problem of Mycenaean pottery in 
the Levant, particularly in Cyprus. 

1) If these two vessels are indeed 200 years 
apart as the stylistic criteria demand, this 
would simply mean that Mycenaean wares encom
passing this. particular time span were made at 
Kouklia. To support this view, one should 
search for other examples of locally made 
Mycenaean pottery of the 14th century. 

2) If, on the other hand, careful search 
should reveal no other evidence for local man
ufacture of Mycenaean ware during the 14th 
century, one might conclude that the- "Minoan 
Lady" is of a later date. If this should prove 
correct, this vessel becomes an unusual ex
ample of "14th century artistry" practiced at 
a later date. 

Footnotes and References 

'!<The present report was written in Berkeley 
while one of the authors (V. K.) was there in 
the autumn of 1971 as Regents' Lecturer. 

tDepartment of Antiquities, Republic of Cyprus. 

t Lawrence Berkeley Laboratory and Depart
ment of Chemistry, University of California, 
Berkeley. 
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Chypre (Paris, 1965), p. 231££. 
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Kouklia see F. G. Maier, "Excavations at 
Kouklia (Palae paphos), Third Preliminary Re
port: Season 1968," RDAC 1969, p. 33££:, 
where references to previous literature are 
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Paphos, 11 ArchaeoTogia Viva 2· 116££ (1969). 

3. V. Karageorghis, Nouveaux Documents ... 
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7. These clays were obtained from a present
day potter in Famagusta who told us that they 
were drawn from the vicinity of Enkomi 
village. 
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TWO CHEMICAL GROUPS OF DICHROIC GLASS BEADS FROM WEST AFRICA* 

C. C. Davison, R. D. Giauque, and J. D. Clark t 

Certain blue glass beads from West African 
archaeological sites were found by x-ray flu
ore.scence analysis to fall into two chemical 
groups .. Each group includes beads that ex-
hibit blue/yellow dichroism and/or cords. In 
incident daylight the dichroic beads appear blue, 
but transmitted daylight causes them to appear 
yellow-green. The non'-dichroic corded beads 
appear blue in both incident and transmitted 
daylight. Some beads show both cords and di
chroism. All dichroic and/ or corded beads 
analyzed fe)l into. one or the. other of the two 
groups. 

•The archaeological implications of the find
ings are discussed. These beads had been 
problematic, but the present results form a 
basis for resolution of some of the problems. 

There are five typewritten pages of refer
ences of a historical nature in the UCRL re
port. The UCRL report number is 20474. A 
slightly revised version is in press in Man. 

Footno~es 

··-
···condensed from UCRL-20474. 

tDepartment of Anthropology, University of 
California, Berkeley. 
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Fig. 1. Diagram of bead. The length mea
sured is that of the perforation. . 

(XBL 714-3286) 
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Fig. 2. Dist:t;ibution of blue dichroi~ and 
corded beads in West Africa . 

. (XBL 714-3287) 

7.5 
em 

7.5 em 

\ 

rl~ 
Our 
No .... ____________ ...... __ ~~~-~.i\.110 ..... __ 

/"" ~--~-L.iA.~~-~---- .. ----~~e--

~ 
~-

r~- -~J .. ~·----@. ...... ~\~---
L'~;>, . . 

0 

Fig. 3. Bead specimen "Cambridge, #1 11 on 
bead card. The print is in black ink and the 
handwriting in red ink. (XBL 714-3285) 



301 

DETERMINATION OF ATMOSPHERIC LEAD, BROMINE, AND IRON 

BY NON-DISPERSIVE X-RAY FLUORESCENCE* 

J. G. Conway, H. R. Bowman, F. Asaro, and L Y. Goda 

A series of filter papers was collected 
weekly over the past eight years in downtown 
Berkeley, California by the Safety Services 
department of the Lawrence Berkeley Labora
tory as part of an environmental survey sys
tem. 1 The downtown sampling station is lo
cated on a busy street (Shattuck Avenue between 
Hearst and Berkeley Way), and the air intake to 
the system is located about 8 ft from the curb 
and about 7 ft above the street level, facing the 
street. The air was filtered through HV 70 fil
ter paper at an average flowrate of 4 ± 0.5 cfm, 
and the aerosols were collected on an open area 
of ~196 cm2 . 

Each of the over 400 filter papers was an
alyzed for 2 min on the x-ray fluorescence spec
trometer. The filter papers were folded twice 
(to increase by a factor of 4 the effective lead 
and bromine seen by the x-ray detector) and 
placed in a holder that compressed the papers 
and held them at a fixed geometry with respect 
to the x-ray fluorescence system. Eight hun
dred channels of pulse-height information were 
taken on each two-minute run and stored on 
magnetic tape in digital form at the end of each 
run. The lead and bromine concentrations were 
obtained by summing a number of channels over 
the Pb La and Br Ka peaks, subtracting the 
nearly negligible background and comparing the 
results to standards treated in the same man
ner. A number of techniques were used to cal
ibrate the filter papers for lead and bromine. 
These included: analyses of weighed amounts 
of lead metal and of KBr which had been va,por
ized onto Al foils, wet chemical analyses of 
foils and some filters, and independent x-ray 
fluorescence analyses of some of the filters by 
R. D. Giauque. The lead and bromine results 
agreed within standard deviations of 7 and 13o/o, 
respectively. 

The atmospheric lead and bromine con
centrations for the years 1963 to 1970 are 
plotted in Fig. 1. An average bromine-to
lead weight ratio of 1:60 has been reported 
for six cities of the United States. Our study 
indicates a ratio of 1:3.2, which is closer to 
the ratio found for automobile exhaust gases. 
We have no explantion for this difference. 

The seasonal variations are similar to those 
reported for San Diego by Chow and Earl for 
lead, 1 and correlate very well with climatalog
ical data for wind direction and speed. In the 
summer the San Francisco Bay Area has winds 
of average speed of 9 to 10 miles per hour and 
these winds are from the Pacific Ocean. The 
winter winds average 5 to 7 miles per hour and 

.... 
(I) 

Fig. 1. Atmospheric lead (upper solid line) 
and bromine (shaded area) concentrations in 
downtown Berkeley (1963-1970). 

(XBL 714-3234) 

have no predominant direction. The higher
speed winds from the cleaner areas of the 
ocean result in the cleansing of the Bay Area, 
and as a result the lead and bromine concentra
tions are lower in the summer. There seems 
to be no correlation with rainfall. Filter paper 
samples collected at other sites in the area are 
being analyzed in a similar manner. 



Fig. 2. Atmospheric iron, lead, and bro
mine concentrations near a freeway, and the 
wind speed at LBL. (XBL 721-2088) 

In another series, samples were taken for 
two-hour intervals over a one-week period in 
March, 1971, at a location 500 yards from 
U. S. route 80 in Emeryville, California. The 
sample was collected on Whatmann #41 paper 
which is low in iron, so iron as well as lead 
and bromine were determined. The results 
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are plotted in Fig. 2. The wind velocity in
formation is from data collected by John Peck 
of the Safety Services department at a location 
on the grounds of the Lawrence Berkeley Lab
oratory. That wind velocity and traffic pat
tern are not the only important factors can be 
illustrated by the data from 1500 hours on 
March 18th and 0900 on the 19th. The velocity 
was high but the contaminants built up. In 
this case the wind direction was variable so 
that the wind, while high in velocity, was not 
cleaning out the area. After this period the 
wind· stopped and the concentration of iron, 
lead, and bromine remained high. 

Footnote and References 

':'Portions of this report have been accepted 
for publication in Environment Science and 
Technology. 

1. H. P. Cantelow, J. S. Peck, A. E. Salo, 
and P. W. Howe, UCRL-10255. 

2. T. S. Chow and J. L. Earl, Science Vol. 
169, August 1970. 
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* HIGH-PURITY GERMANIUM: CRYSTAL GROWING 

W. L Hansen 

We have been growing germanium crystals 
of high structural perfection for some time 
for use in making lithium- drifted detectors. 1 
Stimulated by the recent work of Hall, 2 we 
thought it would be useful to investigate the 
possibilities and limitations of our techniques 
when applied to growing very pure germanium. 
We orginally thought that the lack of facilities 
to control airborne contamination (by laminar 
flow work stations, etc.) might make our 
chances of success very small, but the results 
indicate that this prejudice was unjustified and 
that our previously developed crystal-growing 
techniques were applicable to this work. 

The selection of starting material for grow
ing high- purity germanium crystals presents 
a dilemma. Polycrystalline ingots can be 
zone-refined to high purity by using a large 
number of zone passes, but measuring the 
purity of the resulting material is impossible 
with existing techniques. Refined polycrystal
line ingots can be seeded on the final zone pass 
to give a single crystal whose purity can be 
measured, but the seeding process almost 
certainly introduces contamination. Commer
cially available high- purity germanium in
cludes polycrystalline material that is notmea
surable, and single crystal material that has a 
higher impurity concentration ( 1011 to 1012jcm3) 
than is desirable. While some of our earlier 
crystals were grown from commercial starting 
material, we now zone-refine our own poly
crystalline starting material under conditions 
thought to be much cleaner than those of the 
crystal puller, then grow a crystal from this 
material in a vertical crystal puller. 

The starting material for our zone -refining 
consists of ingots of 10-cm2 cross section and 
62 em long. The trapezoidal quartz boat is 
lined with carbon smoke made by burning pro
pane. A 2-cm wide melted zone is formed by 
direct coupling to the germanium charge with 
a single-turn 450-kHz rf coil that travels along 
the charge at 11 em/h. About 20 zone passes 
are made. We find that only about the last 
cubic centimeter of charge to freeze shows ex
trinsic conductivity at 25° c. 

A standard procedure has been used through
out for cleaning all quartz and germanium. The 
piece is hand-held with a polyethylene outer 
glove over an inner rubber glove, and is ro
tated under a stream of 5:1 HN03:HF. then de
ionized water, then 6:1:1 H20:HCl:H202,3 and 
finally, a stream of deionized water. The 
work and glove are immediately blown drywith 
nitrogen, and with the same glove the work is 

1. MOLYBDENUM SEED ROD 7. CARBON SUSCEPTOR PEDESTAL 
2. SEED 8. SAND QUARTZ HEAT SHIELD 
3. GERMANIUM MELT 9. QUARTZ OUTER ENVELOPE 
4. QUARTZ GAS DEFLECTOR 10. R.F.COIL 
5. QUARTZ CRUCIBLE 11. PYREX FISHBOWL 
6. CARBON SUSCEPTOR 12. DEIONIZED WATER 

Fig. 1. Crystal puller. (XBL 711-73) 

placed in the crystal grower. 

With the exception of the heat shielding, the 
crystal grower is identical with that previously 
reported1 and is shown in Fig. 1. The ambient 
gas is pure hydrogen at 8liters/min and the 
flow path is as indicated by the arrows in Fig. 
1. The 1, 0, 0 oriented seed is rotated at 40 
rpm, the susceptor at 2 rpm and the pull rate 
is about 12 em/h. Typical charges used up to 
the present time are about 800 g, and the 
pulled crystals have diameters between 24 and 
36 mm. Most crystals have been held to al
most constant diameter by varying the temper
ature of the melt, and have almost circular 
cross section for the entire length. The melt 
was grown to depletion during the pulling oper
ation to avoid breakage of the quartz crucible. 

The net ionized charge concentration in the 
pulled crystals is determined by measuring the 
resistivity at 77• K since the mobility is not 
limited by impurity scattering. The resistivity 
is found by passing 10 to 100 flA of current 
through the crystal, and recording the voltage 
measured by probes placed on filled notches at 
1-cm intervals. Typical impurity profiles are 
shown in Fig. 2. 

The two low-purity crystals in Fig. 2 (150 
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HEAD CRYSTAL LENGTH-CM TAIL 

2 4 6 8 10 12 14 16 18 20 

Fig. 2. Acceptor profiles of dislocated and dis
location-free crystals. The two upper curves 
are for dislocation-free crystals while the lower 
five are for crystals dislocated throughout their 
cross section. (XBL 7110-1546} 

and 152} are dislocation free, while the others 
all contain dislocations-this is the only known 
difference between these crystals. High-quality, 
1-cm-thick detectors, which are free of charge 
trapping, were made from most of the high
purity crystals while the dislocation-free crys
tals made thin detectors that showed consider
able charge trapping. 

High-purity germanium detectors have shown 
undetectable charge trapping for the extreme 
cases of high total ionization and for low temper
ature. Symmetrical peaks of 19 keV FWHM 
were observed for 40-MeV protons and no trap
ping could be found with natural a particles at 
1o K. 

Footnote and References 

*Condensed from Nucl. lnstr. Methods 94, 3 7 7-
380 (1971}; LBL-503. 

1. W. Hansen, R. Pehl, E. Rivet, and F. 
Goulding, Nucl. Instr. Methods~ 181 (1970}. 

2. R. N. Hall, IEEE Trans. Nucl. Sci. NS-18, 
No. 1 (1971}. 

3. W. Kern and D. Puotinen, RCA Rev. 2_!, 
No. 2, 187 (1970}. 

HIGH·PURITY GERMANIUM: CRYSTAL EVALUATION* 

W. L. Hansen and E. E. Hallert 

When attempting to grow high-purity crys
tals, it is natural to attribute variations in 
impurity concentration to uncontrolled chem
ical contaminations. We found, however, that 
the impurity concentration in our crystals 
seemed not to be affected by our cleaning pro
cedures, and the impurity variation along the 
length of a crystal could not be represented by 
any reasonable distribution coefficient. In 
fact, the impurity variations seemed incompat
ible with any melt-solid distribution law. 
Furthermore, it was found that minute changes 
in the crystal growing conditions (pull-rate, 
diameter, etc.} led to large changes in accep
tor concentration. Evidently we were seeing 
an effect due to the mechanical structure of the 
crystals, and not due to chemical impurities. 
An appreciation of these effects has allowed us 
to grow p-type germanium crystals, with high 
yield, with a net acceptor concentration of less 
than 1o10jcm3 over most of their length. 

Crystal Acceptor-Concentration Profiles 

All the crystals reported here were grown 
in pure hydrogen; they were about 3 em in di
ameter, 20 em long and 800 g in weight.1 T~ey 
had accer,tor concentrations in the range 10 
to 5X 101 / cm3. [All crystals grown in hydro
gen have been p-type. Crystals grown in en
vironments containing residual oxygen (form
ing gas, water vapor, nitrogen, and vacuum) 
have been p-type at the head end and n-type at 
the tail.] The crystal acceptor- concentration 
profiles can be naturally classed according to 
the distribution of dislocations in the crystals: 
a} dislocation free, b) uniformly dislocated, 
and c) crystals containing significant regions 
of each type. Crystals typical of the first two 
classes are shown in Fig. 2 of report "High
Purity Germanium: Crystal Growing" (the pre
ceding report}. The two upper profiles (150 
and 152} are for dislocation-free crystals, 



while the higher-purity profiles (153, 154,157, 
158, and 182) show crystals whose cross sec
tions exhibit almost uniform dislocation den
sities. The dislocations in the tail end of the 
higher purity crystals show tension-compres
sion ring structure to various degrees, due to 
the thermal strain introduced as the melts were 
depleted . 

A noteworthy feature of these profiles is the 
long regions of almost constant acceptor con
centration. Since the rate of pull from the 
melt is constant, this result is incompatible 
with the distribution of an impurity from a 
melt. We note also that the detectors made 
from these crystals show no detectable radial 
impurity gradient. 

Figure 1 shows the impurity distribution of 
a crystal that was examined in detail. This 
crystal was sectioned in 5-mm-thick slices 
and the etch-pit distribution observed through
out the entire crystal. The head slice had a 
total of only four dislocations, and an impurity 
concentration of 2X1011Icm3. The dislocation 
density multiplied down the length of the crys
tal, leaving islands of dislocation-free mate
rial which became progressively smaller until, 
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CRYSTAL LENGTH-CM 
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Fig. 1. Acceptor profile of a crystal that was 
cut into 5-mm sections. The crystal contains 
only four dislocations at the head end, but by 
10 em its cross section is completely dis-
located. (XBL 7110-1548) 
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Fig. 2. The dislocation distribution, and the 
configuration of the diode array made from a 
slice of the crystal shown in Fig. 4 cut at 3.5 
em. The cut between the diodes 1 and 2 has 
been aligned with the boundary of the dislo-
cated region. (XBB 7110-5091) 

by 10 em, the whole area was dislocate d and 
the impurity concentration was less than 
1010 I cm3 . The etch- pit distribution of the 
slice at 3 em from the head is shown in Fig . 2. 
Five diodes (detectors) of 10X5 mm area were 
made as shown in this figure. Figure 3 shows 
the C-V char a cteristics of these five diodes. 
It is seen that the "impurity" concentration as 
measured by capacitance is strongly corre
lated with the absence of nondislocated ar e as. 
Diode #1 is uniformly dislocate d and ha~ an 
"impurity" concentration of 6 X 1010 I em , 
while #4 and #5, that have an impurity concen
tration of 4 X 1011, are almost dislocation free. 
Diodes 2 and 3 have inte r mediate purity and 
have a few dislocations. 

... 
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> 
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c::; 10 
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10 

CRYSTAL #176a-3 

100 1000 
VOLTS 

Fig. 3. Capacity-voltage characteristic of the 
five diodes shown in Fig. 5. Diode No. 1 is 
almost uniformly dislocated while 4 and 6 are 
almost dislocation free . (XBL 7110-1547) 
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Fig. 4. Acceptor concentration vs temper
ature determined from conductivity meaS<' ·e
ments on a full-area slice of a dislocation-free 
crystal. The rapid fall in acceptor conce ntr a
tion near 7CJ'K is attributed to a sudden change 
in the nature of vacancy clusters. 

(XBL 7110-1562) 

The temperature dependence of the acceptor 
concentration, as derived from conductivity 
measurements, is shown for a dislocation-
free crystal in Fig. 4, and for a dislocated 
crystal in Fig. 5 . Also shown in Fig. 5 is the 
carrier concentration derived from a measure
ment of the resistivity of the undepleted mate 
rial in a detector made from another section 
of the same crystal. In this very low-temper
ature region the two types of material appear 
similar. The acceptor concentration begins 
to decrease at about zooK at too fast a rate to 
be characterized by a simpl e acceptor level 
such as would be produced by a chemical im
purity . 

For the dislocation- free material, another 
more populous level exists which deionizes 
between 100 and 50° K. 

It is tempting to try to explain away the ab-
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1000 / T 

CRYSTA L 153 / 3 

<t AI CONTACT-
DC MEASUREMENT 

1!1 CAPACITY CHARGING 
TIME MEASUREMENT 

Fig. 5. Acceptor concentration vs temper
ature determined from conductivity measure 
ments on a full - area slice of a uniformly d is 
located crystal. The rate of deionization of 
the acceptor centers in this crystal below 20°K, 
and a l so of the crystal in Fig. 4, is too rapid 
to be characteristic of a simple acceptor im
purity. It is believed to be associated with a 
sudden change in the acceptor energy level at 
this temperature. (XBL 7110-1550) 

sence of any observable effect of impurities as 
being due to some constant and secondary phe
nomenon such as compensation by levels near 
the middle of the band- gap or by precipitation 
of impurity atoms at dislocations. 

The degree of compensation by de e p le ve ls 
may be studied by me a suring the capacitance 
voltage characteristic, and the charge collec
tion in detectors made from these crystals at 
77° K. If deep levels were present, they would 
show up as a higher impurity concentration de
rived from the capacity-voltage measurement 
over that from conductivity, as the former 
measures the net fixed charge in the lattice , 
while the latter measures the equilibrium 
fr ee - carrier concentration. In our high- purity 
crystals, the acceptor conce ntrations derive d 
from capacity and from conductivity agre e 
within experimental error in the temperature 
range above zoo K. This applies even to crys
tals in the low 109/cm3 range of impurity con
centration, so that concentration of dee p l evels 
must be very low. 

The long regions of constant acceptor con
centration make itunlike lythat these acceptors 
r esult from chemical impurities. Czochralski 
growth is incompatible with constant impurity 
concentration along the length of a cr ystal, ex
cept for the unique case of unity segregation 
coefficient. (No such impurities are known to 
exist in germanium.) Furthermore, the t em 
peratur e behavior of the acceptor-concentra
tion data indicates that the acceptor levels are 



more complex than simple impurity deioniza
tion. 

Thermodynamic considerations require that 
the dislocation-free material be saturated with 
vacancies. A possible explanation of the level 
which disappears below 100° K in dislocation
free material is that a change in the nature of 
vacancy clusters takes place, so as to change 
the activation energy at this temperature. It 
is also possible that the level that begins to 
freeze out at 20°K in both dislocation-free and 
dislocated material is simply another config
uration of vacancies that changes its activation 
energy at this temperature. The rapid change 
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of hole concentration with temperature that oc
curs below 20° K is not consistent with simple 
deionization of an acceptor. 

Footnotes and Reference 

* Condensed from IEEE Trans. Nucl. Sci., 
NS-19, No. 1 (1972); presented at the IEEE 
Nuclear Science Symposium, Nov. 3-5, 1971. 

tPresently working with grants from Janggen
Poehn Stiftung and the Kanton Basel-Stadt, 
Switzer land. 

1. W. L. Hansen, Nucl. Instr. Methods 94, 
377 (1971). 

HIGH-PURITY GERMANIUM: DETECTOR FABRICATION AND PERFORMANCE 

R. H. Pehl, R. C. Cordi, and F. S. Goulding 

During t:he past year we have seen high
purity germanium detectors advance from being 
an interesting plaything to the point where they 
are on the verge of compehng directly, and 
successfully, against lithium-drifted germa
nium detectors. 

Since lithium drifting is not necessary, these 
high-purity germanium detectors have the fund?.
mental advantages of being simpler and quicke1 
to fabricate, and they can be stored at room 
temperature without deterioration. These fac
tors facilitate the construction of large- area 
mosaics of detectors, or thick stacks suitable 
for measurements on high-energy particles. 

Over the past year we have made a total of 
almost 100 detectors from 15 of the germanium 
crystals grown by W. L. Hansen at Lawrence 
Berkeley Laboratory. 1 Nearly all the crystals 
have been p-type. Consequently, almost all 
our detector development work has been de
voted to working with p-type material. P-type 
materia~ appears to be easier to work with be
cause n contacts that will support high fields 
are more readily made than p-F contacts. 

Initially the same techniques used for making 
contacts on lithium-drifted germanium detec
tors w.rre used for high-purity germanium.2,3 
The n contact was formed o/ lithium evap
oration onto a lapped surface followed by a six
minute diffusion at 400"C, and the metal barrier 
contact consisted of a gold evaporation onto an 
etched surface. 

Although a number of good detectors were 
made using the Au contact, it would not con
sistenly sustain a large overvoltage. Since 

development of a contact that would consistently 
allow the application of a significant overvoltage 
was imperative if high-purity germanium detec
tors were to become practical, we then tried a 
Cr evaporation. This proved to be an improve
ment, and most of our detectors have a Cr back. 
We later tried a few Pt evaporations; these 
detectors- all withstood very high overvoltage 
(> 1000 V), and additional Pt backs will be tried 
when electron-gun evaporating facilities are 
available. Recently we have also worked with 
a Pd-Ge back that appears to be very prom
ising, especially in regard to producing an ex
tr+emely thin entrance window. AnAl diffused 
p contact has also shown promise. 

The lithium-diffusion temperature has now 
been reduced to 330° C because of an apparent 
anomalously ~eep lithium-diffusion tail that 
extends the n -p junction far into the germa
nium. When lithium is diffused at> 350° C, 
the effect of the diffusion tail is large in ger
manium having::::: 1010 acceptors/cm3 or less. 

We have yet to see any deterioration of the 
lithium contact due to lithium precipitation in 
detectors that have been stored at room tem
perature for a year. Other laboratories have 
reported the same experience. 4 

After the contacts have been made, the con
tact surfaces are protected with etch-resistant 
tape, and the exposed surfaces are etched for 
two minutes in 3:1 HN03:HF mixture. The 
etch is quenched in methanol, which is blown 
off with nitrogen. After removing the tape, 
the device is mounted in the cryostat. A thin 
film <f_f indium-gallium eutectic is spread on 
the n surface to provide a good electrical con-
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tact. 

Contrary to Llacer, 5 we have found surface
state problems to be far less trouble some than 
for lithium-drifted germanium detectors. In 
fact nearly every case of high leakage current 
has been caused by electron injection at the 
metal barrier contact. Furthermore, the sur
faces are surprisingly stable. Apart from ex
amples where the p+ contact is damaged during 
handling, we have found no cases of detector 
degradation. 

Figure 1 presents the 
55

Fe spectrum ob
tained with a 5-mm thick, 1-cm diameter de
tector that depleted at about 375 V. Even with
out overvoltage the entrance window was ex
tremely thin; there were no more counts below 
the 5.9-keV line without overvoltage than the 
negligible number observed at higher voltages. 
This apparently is due to a built-in field that is 
characteristic of the Pd back. If a Au or Cr 
back had been used on this detector, an over
voltage of at least 100 V, probably 200 V, 
would be necessary before the effective window 
thickness would have decreased to a minimum, 
and even then the background would probably 
be significantly higher than shown in Fig. 1. 

This detector, mounted in the guard-ring 
configuration, has an effective capacity of 
about 4.4 pF. The 180-eV resolution for the 
5.9-keV Mn x-ray, obtained with an amplifier 
peaking time of 17 fLSec, is nearly equal to the 
best resolution obtained with a Si(Li} detector 
of equivalent area. Since the pulser resolution 
was 150 e:Jthe effective Fano factor was 0.10. 
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Fig. 1. X-ray energy spectrum from a 
55

Fe 
source. There were a negligible number of 
counts down ·to about 1 keV, where the spec
trum was electronically cut off. 

(XBL 7110-1566} 
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Fig. 2. Kaonic x-ray spectrum of Cl. X rays 
from pionic and sigma-hyperonic atoms, and 
a kaonic-induced nuclear y-ray, were also 
detected. (XBL 7110-4529} 

The same Fano factor is determined from the 
470-keV resolution obtained with this detector 
for the 122-keV y ray of 5 7co. 

Figure 2 shows a spectrum from the first 
significant physics experiment to use a high
purity germanium detector. A 4-mm-thick 
18-mm-diameter detector was used to obtain 
this kaonic xray spectrum of Cl. X rays from 
hydrogen-like atoms in which the electrons 
have been replaced by a kaon, a pion, or a 
sigma are observed. This spectrum has a con
siderably lower background than any previous 
mesic x-ray spectrum. It is also the first and 
only spectrum to show a kaonic induced nuclear 
y ray, in addition to x-ray transitions from the 
three different types of exotic atoms. 

We have made a number of approximately 
7-cm3 detectors("' 3 em diameter, 1 em thick}. 
The performance of these devices was essen
tially equivalent to a good Ge(Li} detector of 
the same size. As expected, there has been 
no indication that the best high- purity germao. 
nium will provide better or worse resolution 
than the best lithium-drifted detectors. 
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The availability of germanium crystals 
having less than 1010 acceptors/cm3 makes the 
fabrication of very-large-volume pl&ar detec
tors feasible. Figure 3 shows the Co spec-' 
trum from a 2-cm-thick 2.8-cm-d~meter de
tector. The capacityofthis 12-cm detector 
is only 4.2 pF. Since deplection is reached at 
1000 V the acceptor concentration is only 
5 X 10'f'cm3. 

The charge collection across such a long 
distance is excellent in this device. With no 
ove rvoltage ( 1000- V bias) the resolution for 
the 1173-keV 60co -y ray is 2.6 keV, at 1500 V 
it is 2.0 keV, and at 3500 V it is 1.9 keY
slightly worse than the resolution presented in 
Fig. 4 at 3000 V because of additional noise. 

The largestflanar detector we have yet 
made is 25 em (2 em thick, 4.0 em diameter), 
from another crystal that had an acceptor con
centration of only 5 X 109/ cm3. 

In De~ember 1970, a brief test of stopping 
40-MeV protons from the 88-inch cyclotron 
was made. A proton spectrum obtained by 
placing a 6-mm-thick 1-cm2-area detector 
directly in the magnetically analyzed beam 
(protons were not scattered off a target) is 
presented in Fig. 4. The device was operated 
in the scattering-chamber vacuum; thus the 
protons did not pass through a window prior to 
impinging on the detector. Collimation of the 
incident protons limited the exposed area to 
a bout the center 4 X 6 mm of the detector. The 
energy spread in the beam itself supposedly 
was 10 keV. Since the electronic noise was 
about 7 ke \)the observed resolution for the 
entire system of 19 keV is only slightly worse 
than predicted. 6 

Significant charge trapping has not been ob
served in any detectors made from crystals 
grown in pure hydrogen, except in a few cases 
where fabrication techniques were proven to be 

PULSER 

FWHM,.7 keY 
127-14 

6mm THICK-lxl em 
850 VOLTS 

PEAKING TIME 2 psec 

40MeV PROTONS 

FWHM=l9keV 

1~--~~------~~----------~----~------~ 
400 450 500 550 

CHANNEL NUMBER 

Fig. 4. Energy spectrum of 40-MeV protons. 
(XBL 7110-1565) 
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at fault. However, detectors made from crys
tals grown in nitrogen invariably exhibited very 
severe trapping, and detectors made from a 
crystal grown in vacuum had significant trap
ping, while detectors made from crystals 
grown in forming gas showed slight trapping. 
Residual oxygen in the crystal-growing environ
ment apparently creates charge trapping centers 
in the germanium. 

Radial scans of several good detectors have 
been made by directing a c~1J~ated beam of 
conversion electrons from Bi onto the p+ 
side at different bias voltages. Since we found 
no variation of the electron peaks along the 
diameter there can be no significant radial 
change in the acceptor concentration. This ob
servation is contrary: to that reported by Sakai, 
McMath, and Fowler 7 on detectors made from 
high-purity germanium crystals grown by R.N. 
Hall at General Electric. 8 Whether this dis
crepancy is due to different fabrication tech
niques or to the different germanium-growing 
techniques is not known. 
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A SURVEY OF RADIATION DAMAGE IN SEMICONDUCTOR DETECTORS* 

F. S. Goulding and R. H. Pehl 

The history of an 11-mm-thick, 3-cm
diameter, lithium-drifted germanium planar 
detector that is representative of many ex
amples seen in our laboratory is outlined in 
Table I. The history is typical, and conclu
sions drawn from the data can be regarded as 
generally valid for lithium-drifted germanium 
detectors. 

The shape of the 1.17- MeV 
6° Co line at 

various times is given in Fig. 1, and capacity 
vs voltage data are presented in Fig. 2. The 
following notes relate to various stages in this 
history. 

Stages #1 and 2. These represent the situ
ation before damage. The levelling operation 
performed between #1 and #2 flattened the ca
pacity voltage curve, but produced no signifi
cant effect on resolution. 

Stage #3. Following accidental neutron 
damage (dos~ unknown) in pionic x-ray exper
iments, the 0 co peak exhibited severe tailing 
characteristic of charge-trapping. The capac
ity-voltage relationship was not significantly 
changed from stage #2, so no ionized donors 

TABLE I : DETECTOR # 40A HISTORY 

DATA SET# 
1 

2 

3 
4 

5 

6 

7 
8 

9 

10 
11 
12 

13 

14 

15 

DATE NOTES 
4-24-68 FIRST TEST (DRIFT 9.5mm} 

STORED THEN LEVELLED 

5-1-68 TEST PRIOR TO USE 

NEUTRON DAMAGE IN MESIC 
X-RAY EXPERIMENTS 

5-28-68 TESTED WHILE AT 77"K 

5-28-68 SCAN TESTS AT 77"K 
5-28-68 AFTER BRIEF WARM-UP TO 25"C 

5-29-68 AFTER FURTHER BRIEF 

WARM-UP 

5-29-68 AFTER FURTHER BRIEF WARM-UP 

5-29-68 AFTER FURTHER 5 MIN. WARM-UP 

5-31-68 AFTER FURTHER 5 MIN WARM-UP 

5-31-68 AFTER FURTHER 8 MIN WARM-UP 

5-31-68 AFTER FURTHER 12 MIN WARM-UP 

5-31-68 AFTER FURTHER 15 MIN WARM-UP 

REHEAT TO 400"C 
AND REDRIFT 3 DAYS 

6-7-68 RETEST-THEN 

TO HILAC FOR EXPT'S. 

5-25-69 TESTED AFTER NEUTRON DAMAGE 

5-26-69 AFTER 4 HOURS DRIFT 
AND LEVELLING 

IN USE AT HILAC UNTIL NOW 

N.B: ALL TESTS CARRIED OUT 
WITH DETECTOR AT 77"K 

1 
VI 
..... 
z 
~ 
0 
(..) 

DETECTOR #40A 
(AI 2500V} 

1.17 MeV Co
60

LINE 

BEFORE DAMAGE 
AND AFTER RECOVERY 

r:---"'--.. 

3 

AFTER 
DAMAGE 

I 

CHANNEL 

2 

( 2 keV 
F.W.H.M. 

Fig. 1. Dt:tector #40A; showing the shape of 
1.17 MeV bOco peak at various stages (see 
Table I). No relevance should be attached to 
the peak position. (XBL 7110-1526) 

100 lKV lOKV 
APPLIED VOLTAGE 

Fig. 2. Detector #40A; capacity-voltage 
relationship at various stages (see Table I). 

(XBL 7110-1522) 



or acceptors (or perhaps equal numbers of 
each) were produced. Both capacity and spec
tral data were taken while the detector was 
still at 7 7• K. 

Stage #4. With the detector still at 77• K, 
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it was scanned from electr~de to electrode by 
collimated 'Y rays from a 1 7 Cs source. This 
scan revealed severe hole trapping. (i.e., 
performance was best when the '{-ray beam 
impinged near the p-type side.) This behavior 
contrasts with that of undamaged detectors 
made with this material where very slight elec
tron trapping is observed. 

Stage #5. Following a brief warm-up to 
25° c (while still mounted in its holder), the 
detec68r was again cooled to 77•K, and tested 
with Co. The trapping now appears to be 
much worse than in #4, and the capacity-volt
age relationship indicates the appearance of 
either donors or acceptors. 

Stage #6. The steps of #5 are repeated. 
Surprisingly, trapping is reduced although 
the concentration of active acceptors or donors 
has increaEed. We know from other evidence 
that acceptors are becoming dominant at this 
and later stages. 

Stage #7. After an additional repeat of the 
steps of #5 and 6, the trends of stage #6 con
tinued. 

Stages #8 through 12. Longer warm-up 
cycles continued the trends of stages #6 and 7. 
No data for stages #11 and 12 are given in Fig. 
1, as the detector would no longer sustain the 
2500 V necessary for direct comparison with 
earlier stages. Re-etching was not carried 
out at any stage. After stage #12, the net ac
ceptor concentration in the material corre
sponded to 1011 acceptors/cm3. This com
pa~es '3ith an initial net concentration below 
10 Y em , and with total lithium and gallium. 
concentrations of 3X 1o14jcm3. 

Stage #13. Following a reheat to 4oo•c 
and three days drifting under normal drift 
conditions, the detector was again tested. Its 
'{-ray performance and capacity-voltage curve 
were virtually identical to those seen at Stage 
#2. This represents complete recovery from 
the effects of damage. 

Stages #14 and 15. After additional neu
tron damage, the detector was recovered 
again-this time by a four-hour drift followed 
by levelling overnight at -zo• C. Due to im
proved procedures and better electronics de
veloped during the period of this history, the 
final detector resolution after stage #14 is 
slightly better than after stage #12. 

The detector is still in use in experiments, 
and has not suffered significant additional neu
tron damage. 

We will now try to relate these experimen
tal results to the work of others. Kraner, 
et al. 1 irradiated a series of lithium-drifted 
germanium detectors to levels ranging from 
about 10 7 to 1011 n/ cmz. 

Severe spectral deterioration occurs for 
2 neutron exposure greater than about 10 10j em 

and, as in our case, the primary effect at 77°K 
is the introduction of neutral hole traps. Very 
low production of acceptors or donors is ob
served in both sets of detectors when kept at 
77° K. We further agree that complete re
covery of detectors by lithium-drifting 
occurs-this implies that precipitation of lith
ium at damage sites reduces the cross section 
of the traps to essentially zero. 

The prompt effect of heating to room tem
perature after exposure at 7r K is the produc
tion of donors, but precipitation of lithium be
comes dominant quickly, and the loss of lith
ium ions results in p-type material. The im
provement in resolution after prolonged periods 
at 25° C supports the contention that the hole 
traps produced by radiation are annihilated by 
lithium precipitation. 

The nature of the neutral traps produced by 
radiation at 77° K is unknown. The primary 
damage sites may be responsible, but combi
nations of gallium plus vacancies or lithium 
plus vacancies may be involved. These latter 
mechanisms demand migration of vacancies at 
77°K. It is ofinterest to examine high-purity 
germanium detectors where the acceptor and/or 
donor levels are less by a factor of 104 than in 
lithium-drifted material, and where the possi
bility of acceptor/donor-defect interactions is 
negligible. 

Two tentative suggestions can be made, 
based on comparing high-purity germanium 
results with those for lithium-drifted detectors: 

a) The threshold dose for severe damage ef
fects is similar in the two cases. This strongly 
suggests that production of neutral hole-traps 
will be the initial mechanism observed in spec
troscopy experiments with either type of detec
tor. If this is true, it indicates that vacancy 
plus lithium or vacancy plus gallium pairs are 
not a factor in the degradation process in 
lithium-drifted detectors when maintained at 
77°K. 

b) Raising the detector temperature to 25• C 
for a significant length of time results in gen
eration of acceptors in both cases. While 
lithium precipitation must be a major factor 
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in this process in lithium-drifted detectors, 
the pure-germanium work suggests that a dam
age process basic to the germanium also con
tributes acceptors. 

The mechanisms used to repair damage in 
the two cases are quite different. In lithium
drifted detectors, we assume that lithium ions 
precipitate at damage site!] annihilating the 
traps, and that each site can probably accept 
only one lithium atom. The redrift-repair 
process presumably replaces the lithium lost 
by precipitation. On the other hand, the high
temperature anneal process used to repair 
pure-germanium detectors (which is not appli
cable to lithium-drifted detectors) must involve 
reassociation of vacancy-interstitial pairs 
produced by the radiation damage. It is sur
prising that the reassociation is so complete; 

perhaps it would not be if the damage were uni
formly distributed. In both cases studied here, 
the damage produced by individual collisions of 
neutrons or protons is locally intense, and the 
high-density damage clusters may be easier 
to anneal than the distributed isolated damage 
sites characteristic of '{-ray damage. 

Footnote and Reference 

':'Presented at the IEEE Nuclear Science Sym
posium, San Francisco, CA, Nov. 3-5, 1971; 
also to be published in IEEE Trans. Nucl. Sci. 
NS-19, No. 1 (1972). 

1. H. W. Kraner, C. Chasman, and K. W. 
Jones, Nucl. Instr. Methods g, 173 (1968). 
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* THE "BEVALAC"- A VERSATILE ACCELERATOR CONCEPT 

A. Ghiorso 

For many years the biomedical groups of 
the Lawrence Radiation Laboratory have been 
interested in a high-energy medium-heavy-ion 
accelerator which could be used for extremely 
important extensions of the field of nuclear 
medicine. Unfortunately, new high-energy 
machines with the necessary capability are, of 
necessity, very costly, so that there has been 
a natural reluctance in the past to fund the pro
jects that have been proposed for this purpose. 
The latest of these studies is for a synchrotron 
ring to accept particles from the SuperHILAC 
and accelerate them up to energies of several 
hundred MeV per nucleon. This project is fea
sible but suffers from the difficulties of cost 
(about 6 million dollars) and marginal utility. 
We have just recently come to the realization 
that the inexorable advance of accelerator tech
nology now makes it possible to use the exis
ting facilities at Berkeley in a novel manner to 
furnish the biomedical groups with ample beams 
of fast heavy particles at a very moderate cost 
without disturbing the normal operation of these 
facilities. 

By combining the new SuperHILAC, which will 
be operating early in 1972, with the pioneering 
high-energy proton accelerator, the Bevatron, 
we obtain at minimal cost a very powerful team 
that can undertake a number of important tasl< ·. 
The missing ingredient for the combination to 
be successful is a booster to raise the velocity 
of the SuperHILAC ions to the point where they 
will match the velocity of the protons that are 
normally injected into the Bevatron. The other 
requirement, because of the relatively "poor" 
vacuum in the Bevatron, is that the ions be 
completely stripped of electrons; the booster 
makes this possible for the heavier atoms that 
we desire to inject into the Bevatron. It turns 
out that such a booster, another linear accel
erator, can be very valuable in its own right 
for both biomedical purposes and nuclear chem
istry-physics. The booster would be able to 
accelerate all of the ions emitted from the 
SuperHILAC to energies in the region of 50 MeV/ 
nucleon, depending on the atomic number. Its 
duty cycle would be comparable to that of the 
SuperHILAC and it would have its own modest 
target area for those experiments requiring 
the intermediate energies. 

The most logical site for the booster is ad
jacent to the SuperHILAC exit but at an eleva
tion about 30 ft lower. The linac would point 
toward the south to take advantage of the ter
rain and to get its exit beam closer to the 
Bevatron. A beam line for inflection of fully 
stripped 13-MeV/nucleon heavy ions into the 

Bevatron would be about 400 ft long; such a 
length is easily handled by about 20 quadrupole 
magnets similar to those used in the 
SuperHILAC itself. 

The "'BevaLac" will be able to accelerate 
heavy ions to energies as high as 2700 MeV/ 
nucleon. The upper limit in Z that can be ac
celerated depends upon the ion velocity out of 
the booster. Detailed information as to the 
velocity for complete stripping is not yet known 
for atoms beyond argon, but it is expected that 
an appreciable current of 180- BeV Kr ions can 
be obtained. The beam current of ions such as 
neon could be as high as 10 11 ions per second. 
With further modifications of the Bevatron and 
the booster it should be possible to accelerate 
U ions to 460 BeV. 

The Bevatron can readily be adapted at mod
est cost to a time-share mode of operation so 
that the therapeutic use of the machine can be 
performed constantly. The SuperHILAC, by the 
addition of a third 800-kV injector, is already 
designed with this time- sharing capability. 
Since the time required to fill the Bevatron ac
celerating ring is only a few hundred micro
seconds there will be no problem in furnishing 
a beam pulse whenever desired by the medical 
facility. After exploratory "tuning" work has 
been accomplished with the "BevaLac" it 
should be a routine procedure that can be han
dled by computers. 

The tremendous range of capabilities of the 
proposed combination uncovers possibilities 
far beyond its use for cancer research and 
therapy and has thus aroused the excitement of 
many in the nuclear chemistry-physics com
munity. Clearly a whole new field of theoret
ical and experimental science would open up 
rather quickly at minimal cost. The collec
tive effects of the nucleons in a complex ion 
traveling at high velocity should be a rather 
interesting phenomenon; many scientists feel 
that these effects will not be simply those of 
individual nucleons traveling separately at the 
same speed. For the first time an exploratory 
effort will be possible. 

The availability of high-energy complex ions 
in the laboratory is very important for biomed
ical studies of the hazards that they may pre
sent in long spacecraft flights, and this is 
planned as a part of the biomedical research 
program. This facility would also be very 
valuable to the research workers in the space 
sciences, since for the first time they would 
be able to use a versatile machine for calibra-



tion purposes. The exciting discovery of high
energy uraniUITl ions in the cosmic flux opens 
a new window looking out into the universe. 
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The concept that has been outlined briefly 
can be accomplished with great rapidity and at 
modest cost. It will not interfere with either 
the construction or operation of the SuperHILAC
in fact, by judicious de sign we believe it may be 
possible to incorporate certain qualities in the 
proposed booster that will enable future changes 
in the pre sent post- stripper so that even more 
efficient acceleration of the heaviest ions will 
become possible. 

The joint additional operating costs of the 
new concept will be comparable to that ex
pected for the originally-proposed synchrotron. 

Footnote 

~" 
This memorandUITl was sent by Albert Ghiorso 

to Edwin McMillan on 22 March 1971 to outline 
an inexpensive concept of combining the Super
HILAC with the Bevatron to enable the accelera
tion of heavy ions to high energies and thus 
achieve one of the important goals of the ill
fated Omnitron project. As it turned out, the 
Bevatron is able to accept ions from the Super
HILAC even without the booster that was sug
gested in the memo, and thus it will be possible 
to make the Be vaLac operational late in 19 73 
if the funds for the transfer line between the 
two facilities be come available as expected. 
To prove that the Bevatron could accelerate 
heavy ions efficiently, a crash program was 
undertaken in the sUITlmer of 1971 and was, 
indeed, successful in accelerating to very high 
energies a small beam of nitrogen ions from 
its own injector. 

88-INCH CYCLOTRON OPERATION AND DEVELOPMENT 

* * J. Bowen, D. J. Clark, J.P. Meulders, and J. Steyaert 

During 1971 the cyclotron was operated 20 
8-hour shifts per week for experiments on 
light and heavy ions. One shift per week was 
a shutdown day for maintenance. The time 
distribution for operation and maintenance is 
shown in Table I. The distribution of beam 
particles is shown in Table II. Ions heavier 
than helium occupied over 25o/o of operating 
time, and in the last quarter of the year in
creased to 40o/o. 

The main emphasis in development was on 
producing high-intensity heavy-ion beams for 
use in nucleon transfer reaction experiments 

in the recently constructed spectrometer mag
net. A new heavy-ion source of the Penning 
type was built and put into successful operation 
by October. This source uses a 5/ 16-in. diam
eter arc in a copper anode, and tantalum cath
odes at each end. An arc power of 3 to 4 kW 
provides much greater output of high- charge
state heavy ions than the 1/8-in. -diameter, 
500- W arc of the conventional filament-type 
source. External beam4~urrents of 10 to 20 
f.LA. of 60- to 100-MeV 0 , and several f.LA. of 
160-MeV ~+and 250-MeV N5+ have been run. 
Cathode life is about 3 to 5 h. This source is 
described in a separate article in the Annual 

Table I. 19 71 Time Distribution 

Tune-up 7o/o 

Beam Optics. 5o/o 

Experiments 44o/o 

Beam Development 8% 

Operating Time 

Planned Shutdowns 

Unplanned Maintenance 

TOTAL WORK TIME 

64% (5331 hours) 

25o/o 

~ 

100o/o (8368 hours) 
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Table II. 1971 Particle Distribution 

Internal Ion Source: 

Protons 

Deuterons 

Helium 3 

Helium 4 

Nitrogen 

Oxygen 

Other 

Total 

External Polarized Source 

TOTAL OPERATING TIME 

Report. A new ion-source elevator was put 
into operation in the pit. It will pull the source 
without turning off the main magnet, making 
more rapi< on-source changes possible. The 
roof and wall shielding was completed for the 
new north experimental area containing both 
the spectrometer and two other beam lines 
from the analyzing magnets. 

Our development projects during the year 
included testing of a new master oscillator
power amplifier system for the main dee radio
frequency voltage, by the electronic engineer. 
ing group. This will replace the pre sent se !£
excited oscillator, to give better dee voltage 
and frequency stability. The design of a mod
ification of, the third section of the new deflec
tor was completed and sent to the shop. This 
will provide radial quadrupole electrostatic 
focusing to the extracted beam. Since the in
ternal heavy-ion source was working very well, 
the external heavy-ion source mounted on the 
axial injection system is not yet able to pro
vide similar intensities. A lithium oven was 
built for it, to develop lithium beams for the 
cyclotron, since lithium in the center of the 
cyclotron would cause dee voltage-sparking 
problems. This work is described in other 
papers in this Annual Report. 

There was a shutdown in January and part 

20o/o 

3% 

10o/o 

2 7o/o 

5% 

17% 

6o/o 

88% 

12% 

100% (5331 hours) 

of February for general maintenance, and for 
repair of a blockage in one of the dee water 
circuits. The blockage caused unsymmetrical 
heating of the dee and vertical bending, which 
caused variations in the center region align
ment. A piece of solder was removed to clear 
the cooling line. Also during this shutdown the 
loose inconel dee lips were replaced by copper 
lips. Puller east-west motion was reinstalled, 
and a new half-turn collimator was built to op
erate independently of the center region in
serts. 

In July another 1-1/2-week shutdown was 
required to repair cracks in the skin of the dee 
stem near the trimmer capacitor. This crack 
was causing an erratic vertical dee motion of 
0.040 to 0.080 in. Late in the year a poor con
tact in the dee stem short area developed, 
causing heating of the rear tank wall at high 
frequencies. It was repaired and a new clamp 
bar was designed and built, to be installed in 
early January 1972. A hole was cut in the 
south dee tank wall, during the Christmas 
shutdown, for later installation of a sublima
tion pump. 

Footnote 

* On leave of absence from the University of 
Louvain, Ottignie s, Belgium. 



318 

AN EXTERNAL HEAVY-ION SOURCE FOR THE BERKELEY 88-INCH CYCLOTRON* 

D. J. Clark, J. Steyaert,t A. Carneiro, D. Elo, P. Frazier, D. Morris, and M. Renkas 

A heavy ion source of the PIG (Penning Ion 
Gauge) type has been installed on the axial in
jection line at the 88-inch cyclotron. It is now 
in the testing phase. Arc powers up to 4 kW 
have been run, and hydrogen and nitrogen 
beams have been injected and accelerated in 
the cyclotron. 

De sign of the Source 

For the production of highly charged heavy 
ions, the best source appears to be the PIG 
type. 1 For the present source, the present 
versi.on of the source originally developed for 
the Berkeley Hilac2 was chosen as a starting 
point. 

The PIG source and injection area are shown 
in Fig. 1. The source anode is biased to +10 
kV, so the beam is accelerated to 10 kV/charge 
by the puller at ground potential. The cathode 
is biased 1 to 3 kV negative with respect to the 
anode by the arc supply. The source magnet 
with a field of 2 to 5 kG bends the beam through 
120 deg and selects the charge state to be trans
mitted. The exit edge of the magnet is cut back 
25 deg to give axial focusing to the beam. An 
iron shield, cut to the same angle, gives a 
sharp field cutoff and defines the magnetic edge. 

In Fig. 2 is seen a detailed view of the anode 
and puller. The anode is of water-cooled cop-

PIG SOURCE 

0 5 10 15 
L.u...,l,,l,,l 

INCHES 

HEAVY ION INJECTION SYSTEM 

OP 5 

Fig. 1. PIG source injection system showing 
source, focusing lens, bending mirror, Fara
day cups, and scanning wires for beam mon-
itoring. (XBL 712-2 94) 

I 
N 
c 
H 
E 
s 

0 

2 

3 

4 

INSULATOR 

PULLER 

CATHODE 

PIG SOURCE ELECTRODES 

Fig. 2. Cross sections of anode-puller region. 
(XBL 712-308) 

per. The puller blades are replaceable tanta
lum sheets. The puller is remotely movable 
parallel to the anode face. The cathodes are 
tantalum cylinders mounted with setscrews 
into water-cooled copper plates. Boron ni
tride insulators separate cathode and anode. 
They are mounted eccentrically to catch the 
tantalum cathode flakes falling from the ends 
of the horizontally oriented arc column. 

In the following sections of the system (Fig. 
1), the beam is transported through a 90-deg 
bend to the entrance to the quadrupole injec
tion line. Just beyond the source, a plate 
with a cross pattern of holes is used with a 
motor-driven scanning wire to measure source 
emittance. An einzellens and electrostatic 
mirror bring the beam to the injection line en
trance. 
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Initial Performance 

The testing of the source began in late 1970. 
The first operation was w ith an uncooled inco
nel anode. It was found that the output of N4+ 
beams was poor and that the anode me lted near 
a cathode. Also a great quantity of flakes was 
produced. An improveme nt was obtained when 
water cooling was added along the side of the 
anode. A further improvement came by using 
water-cooled copper, instead of inconel. This 
gave both bette r arc stability of 3 to 4 kW, and 
better high charge state production. At pres e nt 
the arc runs stably up to 1kV X 4A = 4kW. 

The charge distribution at optimum gas pres
sure of a nitrogen beam of 10 kV was measured 
on the Faraday cup after the source (Fig. 1). It 
is show n in Table I. Total beam current was 
abou t 10 rnA. 

T ab le I. Nitrogen-be am charge-state 
distribution. 

Beam( %) I 32 40 23 4.1 0 .36 11 kV 3.1A 

An initial measurement of the emittance of 
the source with the cross-plate and scanning 
wires just b eyond the source was made . The 
v alues are 900 mm-mr vertically, and 500 
mm-mr hori z ontally, for ab out 80 o/o of the beam 
in each plane. The vertical plane is the bend
ing plane, so that emittance include s source 
energy spread. 

Some initial transmission measurements 
into the cyclotron were also made. For pro
tons, the ove rall transmission from the source 
to the ext er nal cyclotron beam is about 0.5% 
without a buncher. By more careful matching 

of source emittanc e to the line, and by use of 
the buncher this should approach the 5% ob
tained with the polari ze d source. Beams of 
N3+ and N4+ were injected and accele rated in 
the cyclotron. These tests indicate that the 
overall transmission from source to e xterna l 
beam would be about 0.05o/o . The reduced 
transmission is due to gas charge exchange in 
the injection line and the cyclotron. By im
proving the injection line pressure , the optics, 
and using the buncher this transmission should 
approach 1% . 

Some Ope rating Procedures 

T wo powerful modes of operation of the arc 
are possible: a positive resistance (+R ) mode 
( 1A of arc and 2 kV) and a negative resistance 
(-R) mode (3A or more at 1 kV or less ). In 
this last mod e the cathodes are hot enough to 
emit thermionic e lectrons, the highest charge 
state is produced, and some "filaments" are 
seen between both lips of the anode slit. I n 
the +R mode the b e am is not se e n when look i ng 
axially at it, while in the -R mode the beam is 
clearly v isible, due to a h i gh p roportion of ex 
cited ions. A less powerful ar c (0 . 1 to 0.3 A 
at 3 kV) exists when starting the arc. It was 
most used when running the PIG source as a 
proton source. 
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HEAVY-ION DEVELOPMENT AT THE BERKELEY 88-INCH CYCLOTRON 

* D. J. Clark, J. Steyaert, A. Carneiro, and D . Morris 

Introduction 

Interest in h eavy-ion experiments has been 
increasing during the past year at the 88-inch 
cyclotron. The beams required are lithium, 
carbon, nitrogen, and oxygen in the 50- to 80-
MeV region for studies of nuclear structur e 
and r eaction mechanisms. Also nitrogen beams 
of the highest available energy are used for bio
medical studies of radiation damage. The orig-

inal internal ion source 1 has been used to pro
duce these beams, but h as limite d arc power 
and filament life. To get more arc power, a 
Penning Ion Gauge or "PIG"-.type source was 
built, and is now being tested. The external 
PIG source reported in March 19712 is being 
developed for lithium beam production by the 
addition of an oven. 
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Fig. 1. Standa rd 88-inch cyclotron internal 
ion source mounted on shaft which goes through 
lower pole of cyclotron. Scale in i nches. 

(CBB 7110-4842) 

Operation with Heavy I ons 

The 88 - inch c yclotron can acce lerate ions 
heavier thfn a particles to an energy of 
E = 140 Q /A MeV, where Q and A are, re
spectively, ion charge and mass in proton 
units. The cyclotron settings of center region, 
trim coils, a nd d e flector for heavy ions are 
base d upon the best operating beams of light 
ions . Cente r region source and puller po si
tions are set to be the same a s a light-ion 
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beam having the same number of r evolutions 
dur ing acce leration. The computer code CYDE 
is us e d to calculate a set of trim- coil cur rents 
that g ives the same magnetic fie ld center bump 
and e d ge fa ll- off as a light - particle be am having 
the same number of revolutions. If no refer
ence light - particle beam exists, or if a new 
third- or fifth-harmonic beam is required, we 
start from the best e stimated settings and op
timize them with beam on the cyclotron. The 
d e flector position settings are obtained from a 
light- ion be am, s calin& the deflector voltage 
proporti o na l to energy/ charge of the ion. 

There is charge exchange during accelera
tion o.::'ting to the tank pres sure of about 
4 X 10 mm. The resulting lo ss in beam is a 
factor of 2 to 4. T wo diffusion pumps have 
been added to the dee tank to reduce this pres
sure, but it would be best to have a larger 
pum p on the d ee tank, rather than o n the rf 
panel tank as at present. 

Standard Internal Ion Source 

The i nte rnal ion source us e d since the cyclo
tron first operated in 1961 wa s deve loped by 
Ehl e rs . 1 A photo of it is shown in Fig. 1. It 
is quite reliable in producing beams of protons, 
d e ute rons, 3 H e , and a particles. The available 
currents of the se ions are generally more than 
the deflector can handle -internal beams of up 
to 5 mA of protons and deuterons, a nd 100 to 
500 f.LA. of 3He and a particles. The filame nt 
life is about a wee k on 3 He and a particles , 
and much longe r on protons and d euterons. 

Thi s source has been used also for he avier 
i ons for the past several years . But the usable 
arc power was limited to about 500 W becaus e 
of limit ed anode cooling, and the filament life 
was reduced to a few hours owing to he avy ion 
sputtering. We improved the cooling by ex
tending the wate r cooling from the bottom up 
a round t he top of the anode. This incre as e d 
the us eful arc power from 500 to about 800 W. 
Thicker filaments we re made, giving lifetimes 
of 4 to 12 h on h e a vy ions. The best r e sults 
for beam currents of h eavy ions are show n in 
the upper section of Table I. The source is 
usually r un at lower output to conse rve fil
ament life . 

Internal PIG Source 

After the above improvements in the stand
ard filament-type source, the beaiJl curre nts 
of the m o st useful heavy ions of N""'+, N 5 +, and 
o3+ were m uch less than those reporte d by 
wo rkers at cyclotrons us ing PIG so~rces. 
Some of these are the Dubna group, Bennett 
at H arwe ll, 4 the IPCR Tokyo group, 5 and the 
Oak Ridge ORIC grou p. 6 The high beam cur
rents apparently come from the higher arc 
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Table I. Best performance of 88-inch cyclotron 
ion sources on heavy ions. 

Ion Ion Energy Harm. Anode External 
source no . 

(MeV) 

Standard N3+ 60 

filament N4+ 160 type 
N5+ 250 
03+ 52 

Kr 5+ 36 

----- -------------------
PIG type N4+ 

N5+ 

E-M ~ 
~~ 

~ 

::-• 

160 

250 

Fig. 3. New internal PIG ion source mounted 
on shaft. (CBB 7110-4844) 

power w hich is available from the large r area 
of the cathodes use d, compared with the small 
area of emitting filament in our standard source. 
The high arc power provides a higher flux (cur
r ent) or higher e ne rgy (voltage ) for e l e ctrons 
to produce the hig h charge states. 

The design of our PIG sour ce is shown in 
the sch ematic drawing, Fig. 2, and in the pho to 
of Fig . 3. The cathodes are conn ec t ed by a cop -

3 

1 

1 

3 

5 

1 

1 

slit 
(in. ) (p.A) 

0.080 X 0.440 4 

3 

0.03 

16 

0.02 

·---- ------------------ -
0.090 X 0 . 120 10 

7 

per wat er -cooling tube w hich fits inside the 
anode. Each cathode is he ld in a copper wat er 
cooled holder with a setscrew. When the s ource 
was first ope rated, the copper tube connecting 
the cathodes showed signs of wear by sputtering 
from the E X B discharge around it . A tapere d 
tantalum bar w as a ttache d to it to dump the dis 
charge along the magneti c field. S i nce the sput
t e ring was still present, the coppe r tube was 
wrapped with tantalum foil , whi.ch shows no 

ANOD ,. 

CM. IN . 

EXTERNAL P. I.G . SO URCE 

Fig. 4. Drawing of external PIG source in 
two se ctio ns, show ing source and new lithium 
furnace. Source is ins t a lled vertic a lly with 
the a rc cham ber at the bottom. 

(XBL 7110-1535) 
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signs of sputtering wear. A boron nitride in
sulator is dropped into a groove in the base 
alumina. It can be easily removed for cleaning 
or replacement and avoids chemical reaction 
between alumina and condensed tantalum. 

The source produced beam in September 
1971 and has been in the t esting and debugging 
phase since then. It has been run mostly on 
nitrogen, and the lower part of Table I shows 
t~ best beam results obtained. For ~+and 
N +the beam currents are about 10 to 100 
times lar ger than with the standard filament 
source, per unit slit area. Beam current is 
nearly proportional to slit area. The N5+ 
beam is much cleaner in the internal beam re
gion owing to l ess spurious N 1 +, making it 
much easie r to tune up with the PIG source. 
The main problem remaining is to improve the 
cathode life. At pre sent the cathodes have to 
be replaced every 2 to 3 hours, because the 
arc is extinguished by the deep craters in the 
cathodes. 

One disadvantage of internal sources is the 
gas load produced in the center region. For 
the PIG source, however, there is a self
pumping effect from the high-arc current, 
which converts 80 to 95 o/o of the gas into ions . 

External Lithium Source Development 

Since the last reports on the exte rnal source 
in March 1971, 2 the decision was made to de 
ve lop an internal PIG source for most heavy
ion beams, because the transport problems 
down the axia l injection line for the external 
source can be eliminated. The external source 
would be developed for ions which would be 
difficult to run internally. The first require
m e nt was for lithium, which would cause spar 
king and cleaning problems in the center of 
the cyclotron if used in an internal source. 

A stainless steel furnace was bui lt to pro
duce lithium vapor for the arc. Basic require
ments in the design of the furnace were: high 
enough temperature to vaporize the lithium 
("' 600° C), temperature gradient to prevent the 
mol ten lithium from flowing outside, and cor-

rosion-resistant materials like austenitic 
stainless steel and tantalum. 7 The electric 
current flows through the 0.06-in. -diameter 
tantalum wire coil used as a heater, and 
through the pipe (0 .125 in., 0.016 in. wall) 
transporting the lithium vapor to the arc cham
ber. The stainless steel pipe is warmer than 
the oven to prevent condensing. The top plug 
closing the oven is sealed with a tantalum gas
ket. A hollow in that plug contains the thermo
couple head. 

Thus far beams of 200 flA of Li + and 40 flA 
of Li2 + have been obtained from the source 
running at 2 kV and ~. 7 A . A small beam of a 
few nanoamps of Li +has been injected and 
accelerated in the cyclotron up to 80 MeV, but 
not extracted . 
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A PARTICLE-IDENTIFYING SPECTROMETER FOCAL-PLANE DETECTOR* 

B. G. Harvey, R. F. Burton, S. W. Cosper,t J-C. Faivre,* F. S. Goulding, 

D. L. Hendrie, D. G. Kovar, D. A. Landis, J. Mahoney, J. R. Meriwether,t 

F. Puhlhofer, § and M.S. Zisman 

The magnetic spectrometer at the 88-inch 
cyclotron has many advantages for the study 

of heavy-ion transfer reactions. Its solid 
angle -1msr -is 10 to 20 times greater than 



Fig. 1. T wo -dimensional di splay of time of 
fli§ht v s position for 104-Me V 16o on 
20 Pb, 60° (lab). Dot intens ity is proportional 
to log (numbe r of events ). (XBB 721 -4 24) 

the solid angles commonly us e d in .6-E-E 
solid-state counter systems. The movable 
focal plane permits compe n sation for the r e 
a c tion kinematics so tha t the l arge solid angle 
can be exploited while retaining g ood e n e rgy 
resolution. The dispersion compensation al-

Fig. 2. Two -dime nsion a l dis p l ay dE/ dx v s 
~osition for particles of m/q = 2.1 from 

6o (104 M eV) on 208Pb. Dot intens ity i s 
proportional to log (number of events ). 

(XBB 721 -42 8) 
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lows the us e of a dispers e d rather than an 
energy-analyz ed beam on the target with a 
resultant large gain in b eam intensity. 

The spectrometer was therefore equipped 
w ith a heavy-ion detection system capable of 
adequate position resolution (::::: 0. 5 mm). 
Particles are identified by m e asurement of 
their time of flight (velocgy, v), ene rgy loss 
dE/dx (dE/ dx a: ,fffiz 2 /'-J E for heavy ions of 
mass number m, atomic number Z and kinetic 
energy E), and position. The fo c al-plane 
position signal m e asures magnetic rigidity 
Bp a: m v/q where q is the charge state of 
the particle (q ::=:: Z ). 

Position and dE/dx are measured in are
sistive -wire proportional counter 1 45 em 
long and 1 em deep. This l ength covers an 
e nergy range of 24o/o . To obtain sufficient 
v e rtical sensitive aperture, six wires are 
us e d with a vertical spacing of 1 em. At a 
pressure of 0.2 atm of Ar + 7 o/o CH4, heavy 
ions typically los e about 1 MeV in the counter 
gas . 

In order to reduc e the capacity at the input 
of the 12 preamplifiers (one for each end of 
e ach wire), the twe lve FET' s are placed in
side the counter as close as possibl e to the 
e nds of the wi res. The remaining parts of 
the preamplifiers are in air outside the spec
trome t e r vacuum system. After generation 
of logic puls e s to identify the w ir e , all sig-
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nals from each end are mixed. Position is 
determined by comparing the rise times of 
coinc ident pulses from the two ends of a wire . 
Energy loss dE/dx is measured by adding the 
outputs of all twelve preamplifiers. For 
60 - MeV 16o ions, dE/dx resolution is 10o/o. 

Time of flight with r espect to the cyclotron 
oscillator is measured with a Pilot F plastic 
scintillator -light pipe -photomultiplier system 
behind the proportional counter. The intrinsic 
time resolution of the counter is < 2 nsec, 
but in practice the width of a peak is limited 
to 5 to 7 nsec by the time width of the beam 
pulses given by the cyclotron. 

Figure 1 shows a two-dimensional display 
of time of flight and position (v vs mv/q). 
The separate horizontal lines cor respond to 
different values of the quantity m/q. Com
puter gates select a chosen value of m / q. 
Particles with the chosen m/q are separated 
by their Z value by setting gates on their value 
of dE/dx vs position. Figure 2 shows a two
dimensional display of dE/ dx vs position for 
particles of m/q = 2.1 coming from 16o 
(104 MeV) on a target of 208pb. Figure 3 
shows an energy spectrum of 17o ions from 
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the reaction 208pb(16o, 17o)207pb. 

An e nergy resolution of 0.1o/o has been ob
tained from the scattering of 60-MeV 16o ions 
from targets of 62Ni and 197Au, but in realis
tic experiments the results are usually 2 to 3 
times worse because of practical limitations 
on target thickness and kinematic effects. 
Nevertheless, the resolution is substantially 
better than can b e obtained with silicon 
counters. 
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PDP 8/E COMPUTER SYSTEM USED IN THE NUCLEAR CHEMISTRY PROGRAM 

AT THE BEVATRON 

R. E. Eppley and E. K. Hyde 

A computer system has been installed re
cently at the Bevatron which consists of a 
Digital Equipment Corporation PDP 8/E mini
computer with 8K of core in conjunction with 
a var i ety of peripheral equipment . The pri
mary use for this system has been the on
line acquisition of data in conjunction with 
the h elium jet experiments. 1 

The PDP 8/E is a machine having 12-bit 
words and a 1.2 -f!s ec memory cycle time . 
The core can be expanded in 4K steps to a 
maximum of 32K. 

Peripheral equipment includes two bulk
storage devices: a removable cartridge disk 
and magnetic tape. In addition:, there is a 
165-character per second matrix printer, 
Model 33 teletype with paper tape I/0, 4096 
channel analog-to-digital converter , an e i ght
parame ter analog stretcher - multiplexer, 
scalers, real-time clock, storage scope, and 
remote control console interfaced to the com
puter. 

The disk system is a System Industries 
Model 3500 removable cartridge system2 

having a capacity of 1.66 million 12 -bit words 
w ith transfer rate of 130 K words/sec. The 
system includes a Model 30 10 Controller and 
Model 3090 power supply built around a Diablo 
Model 31 disk drive. The disk is presently 
being used as the system device, including 
the storage of all system and user programs. 

The magnetic tape transport is u sed pri
marily to store raw data for later sorting and 
reduction at the CDC 6600. It is also used as 
the b ack -up device for the disk, 3 the e ntire 
disk image being dumped to magnetic tape at 
periodic intervals. 

The high- speed matrix printer ·is a Cen
tronics Model 101. 4 It has a printing rate of 
165 characters per second or 60 lines per 
minute (132 characters line), which is approx
imately 16 times as fast as the Model 33 
T e l etype. The print head is composed of 
seven solenoid - activated print wires . Printing 
is accomplished by selectively pulsing these 
wires against an inked ribbon as the print 
head travels across the page. This printer 
makes it practical to output long lists such as 
program listings or spectra printout (e. g., a 
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2048-channel spectrum takes approximately 
1-1/2 minutes). The ADC is a 12-bit succes
sive binary approximation type4 which has 
b een described previously. Its constant en
coding time of 25 flsec is faster than can be 
us ed at present since all transfers proceed 
through the computer accumulator. The com
puter requires about 75 flSec to process each 
event , thus placing an upper limit of 10K to 
12K events per second on the data rate. In 
conjunction with the ADC is an analog multi
plexer5 that allows the acquisition of up to 
8-parameter coincidence events with a single 
ADC. The heart of the software is the Digital 
Equipment Corporation PS/8 Monitor System. 
It is presently being used for program editing, 
assembling, compiling, loading, copying, etc. 
Included in this system is an 8K version of 
Fortran II. 

Three stand-alone, data-acquisition pro
grams have been written-PHA2, HAFLIF, 
and PROTON - each of which can be loaded 
from the disk, as a us er program under PS/8 
control. 

PHA2 is a single-parameter program 
which stores information from the ADC in a 
2048-channel, double-precision histogram. 
Functions are available for displaying this 
histogram, or expanded s egments, on the 
storage scope. Other functions include inte
gration betwe e n markers, and output of the 
histogram on the matrix printer or teletype. 
Magnetic tape is used to store the histogram, 
together with identification, as a single rec
ord. At any later time the tape record can 
be r ead back into the computer and displayed. 

HAFLIF is a two-parameter program 
written primarily for the acquisition of half
life information. Each coded eve nt is stored 
toge ther with its time of arrival relative to 
the b e ginning of the counting period. These 
event -pairs are stored in a raw data buffer, 
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and wh en full, the buffer is read out to mag
n etic tape. Later the tape can be sorted by 
time to arrive at a series of spectra repr e 
senting successive counting intervals. The 
net peak area can be derived, for a peak of 
interest, in each spectrum of the series and 
the results analyzed in the usual way to arrive 
at a value for the half-life. Other program 
functions are similar to those of PHA2, de
scribed above. 

PROTON accepts six-parameter coincidence 
data (5 detector parameters and time) on an 
event -by- event basis and stores buffers of 
these data for later read-out to magnetic tape. 
This program utilizes the analog-multiplexer 
in conjunction with a single ADC. Display 
facilities include scope display of four of the 
input parameters as well as three gated spec
tra which can be defined at the beginning of 
each run. Other functions are similar to 
those of PHA2. 
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EQUIPMENT USED IN THE HELIUM-JET EXPERIMENTS AT THE BEVATRON 

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

On-line nuclear spectroscopy is becoming 
increasingly popular as new expe rimental 
methods are developed. One method, which 
has been us ed successfully for several years 
at the Hilac, 1, 2 is the study of a-emitte rs 
that occur as recoil products from the reac 
tion of these targets with accelerated ions. 
Thes.e recoil nuclei are thermalized in a 
helium atmosphere, transported via cap
illary tubing, and deposited on a catcher 

where their decay can be observed by various 
detectors. 

A modification of the Hilac system has be en 
successfully built and operated at the Beva
tron, 1 and a short description of this s ystem 
is given here. The experimental results from 
using this system are described elsewhere in 
this Annual Report. 



Fig. 1. Reaction cell used in the helium jet 
experiments. Helium ente rs from the right 
and exits through the stainless steel capil
lary on the left. Shims of various thickness 
are used to define the cell volume . Target 
foi ls are fastened to the inside of a w indow 
face. (XBB 716 -24 69) 

The main differences between the B evatron 
and Hilac h e lium-j et systems are the size 
and shape of the reaction cells and the dis
tance over which the activity must be trans
ported. Many of the problems associated 
with obtaining a high a yield at the catcher can 
b e minimized by using short (z 1 ft) capil
laries, as used at the Hilac. However, at the 
Bevatron large radiation fields in the vicinity 
of the reaction cell rapidly caused radiation 
damage to the detector and contributed to a 
large background on the spectrum of interest. 
This necessitated the placement of the detec
tor outside the shielding, an arrangement 
which required transportation of the activ ity 
a distanc e of approximately 20 ft . 

The reaction cell pictured in Fig. 1, was 
fashioned from an aluminum block. The cell 
itself is a circular cylinder having a 3-in. 
diameter . The height of the cylinder is 
ad justable, by the us e of shims, b e tween 4 
mm and 20 mm. Metal target foils are held 
to an inside face of the cell with epoxy. Hel
ium is drawn through the cell, parallel to the 
target surface, and exits through a metal cap 
illary. Stainless steel capillaries have been 
used in the range of 0 . 016 in. i.d. X 8 in. 
to 0.035 in. i.d. X 18 in. 

Tygon, Teflon, and polyethylene tubing 
have each b een tried for the connection be
tween the short metal capillary and the vac 
uum chamber. Most of the successful runs 
this past summer were obtained while using 
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a 0.033-in. i. d. X 24-in. SST capillary in con
junction with a 0. 041-in. i. d . X 18-ft Teflon 
capillary. Several other combinations have 
b een tested s u ccessfully including one in which 
a short SST capillary was placed ahead of a 
50 - ft length of 1/8-in. i. d. tygon tubing. 

The vacuum chamber, used to house the 
surface barrier detector and catcher plate 
for the transported activity, was situated out
side the shielding at a location as near the 
cell as the shielding would permit. This 
meant a minimum capillary path length of 
18ft. The present chamber is a 15- X 15-
X 12-in. aluminum tank having a plexiglass 
cover plate. These dimensions allow the use 
of a tape transport, des cribed below, inside 
the chamber. 

A stationary catcher foil is adequate for 
studying single-parameter spectra over short 
periods of time. However, the yield of a 
activity in recent experiments was such that 
12 to 24 hours was ne c essary to obtain spec
tra possessing high statistical accuracy. 
This situation caused the spectra to be dis
torted since the long-lived activities build up 
on the catcher and obscure some of the short
half-life , low-intensity peaks. Also, there 
appeared to b e a broadening of the long-half
life peaks during long runs. This phenomenon 
was attributed to impurities (i. e ., oil, etc.) 
in the supply b e ing deposited on the catcher 
along w ith the a activity . Thus, the long
half-live a transitions were observed through 
several layers of material and the energy res
olution was degraded by energy loss in this 
mate rial. 

These problems are avoided by providing 
clean catcher surfaces at short inte rvals. 
Magnetic tape provided us with this capability. 

A TEAC Model A -1 230 tape deck was modi
fied for incremental motion and for operation 
in a vacuum. It was n ece ssary to move all 
e lectronic components outs ide the vacuum 
chamber for proper operation. The trans
port motors, and capstan and brake solenoids 
remained in the vacuum and were cooled by 
water-cooled copper heat sinks. 

The h ear t of the transport apparatus is the 
v acuum pump system. Experience at the 
Hilac indicated that successful runs r e quired 
a relatively large helium flo w rate. Thus, 
a Leybold - Heraeus pump system was ob
tained, c onsisting of an E-250 single-stage , 
rotary-piston mechanical pump (14 7 cfm dis 
placement) and a WA-1000 Roots -type Blower 
(685 cfm displacement). This system was 
connected to the vacuum chamber through a 
6 -foot stainless steel bellows. The pump sys
tem typically pumps helium at the rate of 



10 cfh while maintaining a vacuum-chamber 
pressure in the range of 500 fl., an operating 
pressure which has proved to be satisfactory 
for the operation of surface-barrier detec
tors. Generally, Ortec gold-plated, silicon 
surface-barrier detectors have been used, 
having a surface area of 50 mm and a thick
ness of 100 fl.. 

Presently, an Ortec electronics system is 
being used, consisting of a Model 109A pre
amplifi.er, Model 451 main amplifier, and a 
Model 444 biased amplifier. The biased 
amplifier furnishes the signal to the ADC, 
which in turn transmits a digitized signal 
to the computer. The computer-ADC system 
is described separately in this Annual Report. 
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The yield at the catcher is a complex func
tion of several parameters, including the mass 
flow rate through the capillary, the material 
and shape of the catcher, and the distance be
tween the catcher and the end of the capillary 
tubing. Assuming viscous flow through the 
capillary, the mass flow rate, Q, is propor
tional to b."PD4/L, where b.P is the pressure 
differential across the capillary, D is the 
tubing diameter, and L is the tubing length. 
The length generally has been kept as short 

as possible with b.P and D being varied to ob
tain the desired flow rate of 8 to 10 cfh. 

There does seem to be a measurable dif
ference in yield, depending on whether the 
capillary resistance is distributed equally 
along the length of tubing (single tube of con
stant diameter) or defined by a short length 
of small-diameter tubing near the reaction 
cell. For this second case, a large-diameter 
tubing (e. g. , 1/8-in. i. d. ) with a very low 
resistance carries the activity the remaining 
distance to the catcher. This arrangement 
has produced noticeable increase in the a
activity yield. For a given configuration the 
yield is maximized when the distance between 
the end of the capillary and the catcher surface 
is 3 to 4 mm. A shorter distance causes a pre
Cipitous decrease in-yield, while a larger dis
tance produces a more gradual drop in the 
yield. 
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A HIGH-RESOLUTION DETECTION SYSTEM FOR SHORT-LIVED 

GASEOUS ACTIVITIES* 

J. E. Esterl,t R. G. Sextro, J. C. Hardy,* G. J. Ehrhardt,§ and J. Cerny 

The usual method
1 

of observing light 13-
delayed proton emitters ('Ti/2"' 10 to 200 
msec) has been to detect the protons in a sil
icon detector or telescope that directly views 
the target in which the activity is produced. 
However, the necessarily high beam currents, 
thick targets, and consequent 13-pile-up prob
lems combine to limit the energy resolution 
(full width at half maximum, FWHM) obtain
able using standard techniques to about 
100 keV. Thus in order to study nuclei of in
terest to us-9c, 13o, 17Ne, and 33Ar-a 
fast ~as- sweeping system similar to that 
used in the characterization of the decay 
properties of 8He was developed. 

Figure 1 shows the apparatus used in the 
stud?; of 33Ar('T 1; 2 = 173 msec) produced by 
the 2s(3He, 2n) reaction. 3 No solid target 
capable of withstanding prolonged high-cur
rent bombardment was available, so CS2 
vapor was used. An external beam from the 
88-inch cyclotron passed continuously through 
a target chamber which consisted of a 20-
cm3, 10-cm-long cylinder fitted with 2. 5-jJ.m-

thick Havar windows. When valve 1 1 operated, 
CS2 vapor from the CS2 reservoir filled the 
target chamber. The 1. S-liter reservoir was 
heated to about 30°C. At the same time as 
the target chamber filled, a 10-cm3 ballast 
chamber filled with 1. 5 atm of helium that had 
been passed through a liquid nitrogen trap to 
remove any condensable impurities. 

After a predetermined bombardment time, 
valves 2, 2 1 , and 4 opened and the high-pres
sure helium expanded, sweeping the cs2 vapor 
and the various beam-induced activities (in
cluding 33Ar) through the dry ice-trichloroeth
ylene trap, whose total volume was about 
60 cm3. This trap condensed approximately 
80o/o of the CS2 from the gas stream. The 
helium gas and gaseous activities then passed 
through a small glass-wool trap which re
moved the particulate sulfur formed by radia
tion decomposition of the CS2 . Finally the 
gas passed through 5 meters of 6.4-mm (i. d. ) 
Teflon tubing and into a well- shielded counting 
chamber located above the experimental area, 
valve 4 closed, and the counting period began. 
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Fig. 1. A schematic diagram of the apparatus 
used for the production of 33Ar from the re
action 32s(3He, 2n)33 Ar. The sequence of 
valve operation is shown at the bottom; valve 
open times are indicated. (XBL 708-3569) 

The transit time was typically less than 100 
msec. During the counting period, valves 3 
and 3' opened, draining the dry-ice trap into 
a liquid nitrogen trap used to solidify the 
CS2. The residual gas remaining in the line 
between the target and counting chambers was 
also pumped out to improve the efficiency of 
the system. Finally, at the end of the counting 
period, valve 5 opened and the counting cham
ber was evacuated. The diagram at the base 
of Fig. 1 shows the order in which the opera
tions described above were performed and 
typical times allotted for each procedure. 
The entire sequence was repeated every sec
ond. 
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Figure 2 shows a cross-sectional view of 
the counting chamber. The chamber was con
structed of aluminum with a stainless steel 
standoff for the copper cold-finger. Liquid 
nitrogen was used to cool the detectors be
cause the high rate of gas flow through the 
chamber necessitated a high-capacity cooling 
system. A resistive-bridge pressure-trans
ducer was located near the base of the conical 
counting chamber, providing continuous moni
toring of the time behavior of the gas flow. 
The end wall at the base of the counting volume 
was kept to a thickness of 0. 8 mm to reduce 
attenuation of y rays. A 2-in. X 2-in. Nal(Tl) 
detector was used for p-y coincidence work 
while singles y-ray data were generally taken 
with a Ge (Li) detector. 

The counter telescope consisted of a phos
phorous -diffused silicon .6.E counter whose 
thickness ranged from 14 to 50fJ.m and a 
1.0-mm lithium-drifted E counter. Th~y were 
cooled to -3o•c and operated satisfactorily in 
an atmosphere whose pressure fluctuated from 
about 35 Torr (counting) to 0.5 Torr (evacu
ated). The signals from the two detectors 
were required to be in fast coincidence 
(2 T "' 15 nsec) before being fed into a 
Goulding-Landis particle identifier. 

Counting was begun well after the signal to 
close the valve to the counting chamber had 
been sent, allowing time for the valve to close. 
The valve control unit started a time router 
that permitted storage of separate energy 
spectra for up to eight time intervals. For 
example, in the study of 33Ar all eight chan
nels were set at 100 msec. In addition, it 
started a multiscaler which allowed half-life 
measurements of a selected proton peak. In
hibit signals from either the valve control unit 
or time router ensured that only data taken 
during desired counting periods were stored. 
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Fig. 2. A schematic drawing of the counting 
chamber used for both delayed-proton and 
y-ray studies. The spacer used to confine the 
gas to the region viewed by the counter tele
scope is shown cross-hatched. The active 
volume is about 65 cm3. (XBL 711-74) 
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Fig. 3. The particle-identification spectrum 
following 17Ne decay obtained by using a 36-
f.Lm ~E counter. The structure labeled 11 13" 
is discussed in the text. (XBL 711-2539) 

Figure 3 shows an ungated particle identi
fier spectrum. The structure labeled "13' 1 is 
believed to be due to multiply-scattered 13 
particles since its relative magnitude de
creases with decreasing ~E-counter thickness. 
Low-energy electronic cutoffs probably con
vert the expected exponential shape into some 
thing resembling a peak. Gates set around 
the identified-proton peak help to further re
duce the background by eliminating these un
wanted events. 

A sample delayed-proton spectrum from 
33Ar is shown in Fig. 4. Note the extremely 
low background level even at the lowest proton 
energies. The pulser resolution (FWHM) in 
this case was 35 keV while the observed peak
widths of narrow states were 45 keV. This 
greater width for obse_rved states is due 
principally to an energy spread in this se
quential decay caused by the momentum trans
fer effects from the preceding 13 decay. The 
study of 17Ne and 33Ar required y-ray mea
surements. Details of singles y-ray studies 
and p-y coincidence studies are given in 
Ref. 3. 

The efficiency of the system was such that 
we were able to observe about one proton per 
f.LC of integrated beam current for several 
different target-activity combinations. Rough 
calculations indicate that on the order of 10o/o 
of the activity that is produced arrives in the 
counting chamber. The proton-detection ef
ficiency of the counting chamber illustrated 
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Fig. 4. Spectrum of delayed protons observed 
following 35-MeV 3He bombardment of CS2 . 
The use of a 14-f.Lm ~E detector in the counter 
telescope permitted identification of protons 
having energies as low as 1.3 MeV. 

(XBL 707-3451) 

in Fig. 2 was calculated 3 to be (1. 26 ± 0.13) 
x 1o-3. 

In the course of studying nuclei besides 
33Ar, both solid and gaseous targets were 
used. These targets are discussed in the 
original paper. ,~ The variety of target ma
terials, along with the capability for y-ray 
measurements, gives the system considerable 
flexibility. This system should prove useful 
not only in investigations of light nuclei but 
also in studies of many gaseous activities with 
half-lives ranging from minutes to millisec
onds. 
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ENVIRONMENTAL INSTRUMENTATION SURVEY 

D. A. Mack, N. Amer, R. Budnitz, G. Gabor, R. Graven, 

C. Hollowell, R. Mclaughlin, G. Welch, G. Y. Gee, 

R. M. Johnson, and P. Finn 

In July of 1971 a proposal to conduct an 
environmental instrumentation survey received 
funding from the National Science Foundation. 
The proposal divided the areas of concern 
into four broad classes: air, water, radia
tion, and biomedical. In each of these areas, 
present monitoring instruments were to be 
described and compared, new instrumentation 
and techniques were to be recommended and 
proper usage and maintenance procedures 
would be discussed. Instrument descriptions 
would be accomplished by writing "instru
ment notes" for each monitor, and a com
parison note would be written for each pollutant 
cons ide red. 

During the first six months of this contract 
some 70 instrument notes for S02 monitors 

and an S02 comparison note were written. 
These notes are now being reviewed by mem
bers of the California State Public Health 
Service, Bay Area Air Pollution Control 
District, and Environmental Protection 
Agency. Work on the draft stage of the radia
tion section is nearing completion. The 
emphasis in this area is on a discussion of 
the type of problems present in radiation 
monitoring and methods of solving these 
problems; about 200 instrument notes are 
also included. In addition a general survey 
of the air, water, and biomedical monitoring 
problems has been completed. Initial reac
tion has demonstrated that this survey will 
be extremely valuable to workers in the en
vironmental monitoring field. 

ZEEMAN-EFFECT ATOMIC ABSORPTION SPECTROMETER 

R. D. Mclaughlin 

Recently a new method of correcting for 
interferences in atomic absorption spectres
copy was described and

1
applied to the detec

tion of Hg in foodstuffs. Instead of monitoring 
the presence of Hg by the change in the in
tensity of the 253.6 resonant line, this tech
nique utilizes the Zeeman split components 
of this line. The change in intensity of those 
components that are shifted outside the region 
of main absorption of Hg from the sample are 
used to sense the presence of substances which 
absorb or scatter 253.6 radiation. By elec
tronically taking the difference between the 
radiation that is absorbed by the Hg atoms and 
the radiation that interacts with interferences 
it is possible to monitor Hg in foodstuffs by 
simply volatilizing the sample with a furnace 
in such a manner that the gases pass through 
an absorption cell. The Hg concentration is 
immediately displayed on a meter which reg
isters the difference in intensity caused by 
the vapors from the sample. 

Since the feasibility of this approach was 
demonstrated, effort has been expended to 
build instrumentation that will allow for the 
routine running of samples and that will have 
improved operating characteristics compared 
with the prototype. The improved instrument 
is diagrammed in Fig. 1 of the next article. 

The use of a 198Hg lamp in a 7 -kG parallel 

magnetic field provides greater difference 
between Is and IR than was formerly achieved 
with a perpendicular field and 199Hg lamp for 
the same amount of Hg in the detection cell. 
This use of a single photomultiplier has 
lessened the zero drift that resulted from the 
use of separate photomultipliers to monitor 
IR and Is· Larger quantities of potentially 
interfering substances can be tolerated be
cause of improvements in furnace design and 
correcting electronics. Under present running 
conditions the furnace has a useful lifetime of 
a few hours. After this time reproducible re
sults are no longer obtained. Efforts to de
sign better furnaces are still under way. 

The immediate goal of this effort is to use 
the instrument to verify results obtained by 
other methods of analysis. Thanks to cooper
ation from other laboratories, we now have a 
collection of samples including orchard leaves, 
various kinds of fish, minerals, gelatin, and 
horse liver; the Hg content of each has been 
determined by a variety of methods. These 
samples will be run as soon as the next stage 
of optimization has been achieved. 
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MERCURY DETECTOR FOR TUNA FISH 

T. Hadeishi and M. Nakamura 

A prototype instrument has been developed 
and constructed for the detection of traces of 
mercury in tuna fish. The instrument uses 
the hyperfine- and isotope-shift Zeeman effect. 

Advantages in the use of this instrument 
for the detection of mercury in tuna fish are: 

1) Sensitivity of 1 nanogram or less 
2) No need of chemical separation of the 

trace element from the host material 
3) Results measured in ppm in about a 

minute 
4) Such operational simplicity that a semi

skilled person can operate it 
5) Moderate cost. 

To our knowledge, no other analytical de
vice possesses the capability of this proto
type instrument for the detection of mercury 
in tuna fish. Theory, operational character
istics, and performance of this instrument are 
published elsewhere. 1 This prototype unit 
based on the hyperfine- and isotope-shift 
Zeeman effect has a detection sensitivity of 
40 ppb, which is already adequate to monitor 
the 0.5 ppm limit on mercury in food set by 
the F. D. A. 

Figure 1 shows the block diagram of the 
198Hg isotope-shift Zeeman-effect Hg detec
tor. A lamp containing 198Hg, excited by a 
100-MHz oscillator and in a 7-kG magnetic 
field, passes its light through a pyrolysis 
furnace containing the sample of tuna fish. 
The light alternator chops the two optical 
light paths, Is and IR• which are then recom
bined onto a single 1P28 photomultiplier tube 
with a 2537 -A filter in front of its entrance 
window. IR must pass through a filter cell of 
Hg in 1 atmosphere of N2. A light-emitting 
diode (LED) and a photodiode combine to give 
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Fig. 1. Diagram of 198Hg isotope-shift 
Zeeman-effect Hg detector. (XBL 7111-1698) 
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a reference signal used in the signal proc
e s sing chain. 

The electronics for extracting the informa
tion contained in the optical paths Is and IR 
are shown in Fig. 2. The reference signal is 
amplified via a logarithmic amplifier and 
squared via M6. This signal is applied to 
FETs Q3 and Q4 which separate the photo
multiplier tube signal into V S and V R' which 
are proportional to Is and IR respectively. 
The two 10-K potentiometers following the 
FETs are adjusted so that the output of M3 is 
zero with no mercury present in the absorp
tion cell furnace. With mercury in the fur
nace the output of M3 is no longer zero: it 
contains an ac voltage proportional to 
V S - V R which is then detected by means of a 
phase-sensitive lock-in amplifier. The ref
erence signal is also differentiated so that a 
portion of the ac signal which corresponds to 
the noisy transition periods of the alternator 
can be masked out via series FET Q5. With 
the output voltage of the lock-in amplifier fed 
into a voltage -to -frequency converter followed 
by a pulse counter, one can easily integrate 
the voltage to obtain a number proportional to 
the total amount of mercury liberated from 
the sample of tuna fish during the run. If the 
sample were carefully measured before the 
run, the number could be interpreted directly 
in ppm. 

Reference 
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TRACE-ELEMENT ANALYSIS BY X-RAY FLUORESCENCE* 

F. S. Goulding and J. M. Jaklevic 

Recent months have been marked by a new 
public awareness of the adverse effects of 
trace elements in the air we breathe, in the 
water we drink, and in the food we eat. Since 
many trace elements are known to be essential 
to life in its wide variety of forms, a better 
definition of the roles of trace elements, both 
adverse and desirable, in biological systems 
seems essential. These factors all point to 
the need for a measurement technique capable 
of rapid assessment of a broad range of trace 
elements present at very low levels (0.1 to 
100 ppm) in all types of organic material. We 
hope to show that x-ray fluorescence analysis 
using semiconductor detectors provides this 
tool. 

The analytical technique of x-ray emission 
spectroscopy depends upon the detection of 
x rays whose energies are characteristic of 
the individ1·~1 elements in the sample being 
observed a1"d requires the measurement of 
both x-ray energy and intensity. Both func
tions are performed conveniently and well by 
semiconductor detectors -hence the power of 
these devices as analytical tools. 

The simple design of a semiconductor x
ray fluorescence spectrometer is shown in 
Fig. 1; the physical mechanisms involved in 
the fluorescence process are also illustrated. 
The orbital diagram of Fig. 1 is sufficient to 
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Fig. 1. Basic x-ray fluorescence spectrom
eter and the atomic processes. 

(XBL 713-393) 

discuss the qualitative features of the atomic 
shell transitions generating the x rays of 
interest in this paper. In the energy range 
of interest here, the energy resolution of 
semiconductor-detector spectrometers is 
such that energy Sj'!parations of levels 
within a major shell are not resolved, thus 
designated Ka and corresponding to a transi
tion from the L to K shells. Similarly, Kf3· 
refers to the M (and N, · · · ) transitions to the 
K shell. The intensity of the Kf3 peak is al
ways much smaller than that of the Ka line. 

Energies of primary interest lie below 30 
keV, where the K x rays of elements with 
Z < 55 are observed, and the L x rays of the 
heavy elements also appear. The principal 
L x rays of interest are the La, and Lf3, 
transitions and are both of approximately 
equal intensities. Figure 2 shows the ener
gies of these x rays. The L x-ray energy of a 
heavy element may be the same as the K x-ray 
energy of a light element, causing confusion 
in analysis; but heavy elements are relatively 
rare in biological material, so the resulting 
problem is of less importance in practice 

Fig. 2. 
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than perhaps might be expected. Often, the 
presence of two strong L lines is useful-for 
example, Pb La coincides with the common 
As Kl3, but Pb Ll3 only clashes with Kr, an 
uncommon contaminant. This fact permits 
determination of lead even when arsenic is 
present. 

Two efficiency factors are important in the 
design of an x-ray spectrometer. The effi
ciency of any detector falls at high energies, 
causing a loss of counts. Lithium-drifted 
silicon detectors 5 mm thick were used in 
these studies, so their efficiency is essen
tially unity in the energy range of interest 
here. Choosing the energy of the exciting 
radiation is a major step in the design of 
x-ray fluorescence experiment; the proba
bility of creating a vacancy is a maximum 
when the energy of the exciting radiation just 
exceeds the binding energy of the atomic shell 
involved. For this reason it may be necessary 
to use more than one exciting energy to cover 
a broad range of elements with maximum sen
sitivity. 

We have so far considered only the fluores
cent x rays produced in the sample, their ex
citation and transmission to the detector, and 
their absorption in the detector. The main 
mechanism for absorption in the detector in 
this energy range is the photoelectric process; 
even where Compton scattering occurs in the 
detector, the scattered photon will nearly al
ways be absorbed photoelectrically to produce 
a total charge in the detector proportional to 
the total energy of the original incoming x 
ray. This situation is a pleasant contrast to 
the dominance of the Compton effect in spec
tra observed when detecting higher-energy 
'Y rays. However, scattering processes are 
still a major factor in x-ray fluorescence 
spectroscopy-this time, due to the effect of 
scattered radiation from the sample into the 
detector. Both coherent (elastic) and inco
herent (Compton) scattering from the sample 
matrix, the organic base containing the trace 
elements, are present, the relative propor
tions depending on the ratio of light to heavy 
nuclei present. However, the photon energy 
loss involved in Compton collision is very 
small at these energies. For example, 180° 
scattering of 20-keV photons involves an en
ergy loss of only 1.5 keV. 

We are now in a position to appreciate the 
general form of the spectrum (Fig. 3) ob
served by an x-ray fluorescence spectrometer. 
The dominant feature of the spectrum is the 
large scatter peaks that may constitute 99o/o 
of the total counts observed. At the very-low
energy end of the spectrum we see the effect 
of scattered photons from the sample which 
happen to Compton-scatter from electrons in 
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the detector and escape, leaving only the 
knock-on electron energy in the detector. 
The central region of the spectrum contains 
the interesting information on fluorescent 
x rays emitted by the sample -unfortunately 
superimposed on a background that, in an 
ideal case, is due only to photoelectrons 
from the detector escaping from its surface. 
Since the photons producing these electrons 
are primarily those scattered from the sample, 
and only part of the photon energy is converted 
into ionization in the detector, a continuum of 
pulse heights below the scatter peaks is gen
erated by this process. 

The validity of this general picture is 
illustrated in an x-ray fluorescence spectrum 
obtained recently using Mo Ka x rays for ex
citation. The data of Fig. 4 were obtained on 
a freeze -dried sample of swordfish and ill us
trate the well-known case of Hg pollution in 
certain species of fish. The large incoherent 
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Fig. 3. Idealized spectrum observed by an 
x-ray fluorescence spectrometer. 
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scatter peak is shown in the figure; the co
herent peak is just beyond the right margin of 
the plot. Figure 5 is a spectrum obtained with 
a similar sample of tuna fish, again showing 
Hg in concentrations of 0. 5 ppm in the freeze
dried sample; this represents a level of 0.1 
ppm referred to the original sample. 

The outstanding quality of these data and 
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the corresponding improvement in analytical 
sensitivity have been made possible by recent 
advances involving several aspects of semi
conductor x-ray spectrometer performance. 
Included in these are electronic noise per
formance and high- counting- rate capabilities 
together with· improved background character
istics of the Si(Li) detectors. A related de
velopment in high-rate excitation sources 
(x-ray tubes) has also contributed. Summaries 
of these improvements together with data ob
tained with other samples are contained in 
succeeding papers in the Annual Report. 

Footnote 

'~condensed from UCRL-20625. 
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DETECTOR BACKGROUND AND SENSITIVITY OF X-RAY FLUORESCENCE 

SPECTROMETERS* 

F. S. Goulding, J. M. Jaklevic, B. V. Jarrett, and D. A. Landis 

Introduction 

Semiconductor-detector x-ray fluorescence 
spectrometers are now commonly used for 
analysis of materials for constituents pre sent 
at levels over 10 ppm. Slightly lower limits of 
detection can be achieved in favorable circum
stances, and if long counting times are em
ployed. However, the sensitivity range below 
1 ppm, which is of great interest in biological 
and environmental studies, is not easily acces
sible using existing x-ray spectrometers; the 
purpose of the work described here is to lower 
detection levels down to about 0.1 ppm. 

Figure 1 shows the x-ray spectrum produced 
by a conventional spectrometer ~sing molybde
num fluorescer excited by an 12 I ring source. 
In a system of this type, no low-energy radi
ation is produced by the exciting source, and 
the semiconductor detector should observe only 
fluorescent x-rays from the sample together 
with the exciting radiation backscattered by the 
sample. In practice, well over 90'J,, of the 
counts should occur in the backscatter peak at 
the high-energy end of the spectrum, but, if 
degraded in any way, they constitute a general 
background hiding the peaks characteristic of 

trace elements in the specimen. In the case 
shown in Fig. 1. about 20o/o of the backscatter 

t 
II) 
1-z 
::::1 
0 
(,) 

BLOOD SERUM 

TOP-HAT DETECTOR 

.; 

ENERGY keY- - 5K FS I 

A 
n 

ii 
! i 
ll 
; ! 
I\ 

J \} 
J • 
500K FS -

Fig. 1. Fluorescence x-ray spectrum of a 
blood serum specimen using a conventional 
silicon detector spectrometer. 
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events are degraded to produce background. 
We shall show that these degraded back

ground pulses are the result of imperfect charge 
collection in detectors, and that they can be vir
tually eliminated by new detector techniques. 

Detectors in X-ray Spectrometers 

Figure 2 shows three silicon detector con
figurations used in x-ray spectrometers. The 
first type is referred to as the "top-hat" geom
etry, and is characterized by low-leakage cur
rent and excellent high-voltage behavior. The 
second type, the "grooved" detector, possesses 
the same advantages as the "top-hat" geometry. 
The third geometry, generally referred to as 
"planar," exhibits higher leakage current and 
capacity than the other two types, and is there
fore rarely used in x-ray spectrometers. How
ever, its background properties probably de
serve investigation. The presence of n-type 
surface layers distorts the internal electric 
field pattern in the detector in such a way that 
collection of charge produced by x rays inter
acting in some parts (shown by horizontal-line 
shading in Fig. 2) is via the surface layers. 
This causes a loss of charge, so that signals 
that should appear in the backscatter peaks 
appear in the general background in spectra. 
The tests presented in this paper show that 
this is the predominant source of background 
in existing spectrometers. 

Guard rings have been employed for many 
years to overcome fringing field effects in 
standard capacitors, and have also found appli
cation 1 in semiconductor detectors as a device 
to reduce edge leakage. It therefore seems an 
obvious step to use a guard ring to define the 
boundary of the sensitive volume of a detector 
by internal electric field lines rather than by a 
physical surface with its unknown charge
trapping characteristics. This can be consid-

a) b) 
+ + 

c) 

Fig. 2. Types of detector configuration used 
in x-ray spectrometers: 
a) Top-hat detector 
b) Grooved detector 
c) Planar detector. (XBL 717-1179) 
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Fig. 3. Guard-ring detectors. 
a) Simple guard- ring approach showing the 
mechanism for degraded pulses. 
b) Double guard-ring detector with pulse-reject 
circuitry to remove degraded pulses. 

(XBL 717-1181) 

ered as an electronic collimation technique. 
Figure 3a shows the simple implementation of 
the idea; note that the output signal is derived 
only from the central region, while the guard 
ring and the central region are maintained at 
the some de potential (ground). 

Even this configuration suffers from a signal 
degradation problem at the edge of the central 
region. The initial x-ray interaction in this 
peripheral region produces a dense cloud of 
charge -5 microns in diameter; in the electric 
field, holes and electrons are separated, drift
ing toward their appropriate electrode. The 
internal repulsive fields existing within the hole 
and electron clouds are very large compared 
with the drift field in the detector-therefore, 
the cloud dimensions rapidly increase until the 
internal repulsive field approaches the same 
value as the drift field. This means that the 
cloud dimensions reach about 100 f.L during the 
charge collection process. Consequently, a 
peripheral region of 100 f.L thickness exists 
around the sensitive region from which only 
part of the charge due to an event is collected 
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Fig. 4. Fluorescence x-ray spectrum obtained 
on a blood serum specimen using a spectrom
eter equipped with guard-ring detector andre
ject circuitry (b). For comparison, the spec
trum obtained on the same sample with the 
same geometry, and the same total counts in 
the scatter peak, but with a simple top-hat de
tector, is: so shown (a). This is a smooth 
curve drawn through the points of Fig. 1. 

(XBL 717-1180) 

in the central region-this means that many of 
the backscattered events appear in general 
background. Our measurements show that the 
background present with a simple guard-ring 
detector is from 2 to 10 times smaller than 
that with a top-hat detector, the exact factor 
depending on the energy of the backscatter peak. 

A further reduction in background is achieved 
by sensing coincident signals between the guard
ring and central regions, and rejecting the cen
tral region signal when such a coincidence is 

registered. This "guard-ring reject" system 
effectively eliminates the partial collection 
from the peripheral region of the sensitive 
volume of the detector. With such an arrange
ment, we approach the background level ex
pected due to electron escape from the detector 
surface. In our actual detector, shown in Fig. 
3b, a double guard-ring is used, the outer ring 
serving to reduce edge leakage in the inner ring, 
and there by improving its noise properties so 
that the inner guard-ring signal discriminator 
can be set low to detect very small signals. 

Figure 4 illustrates the improvement 
achieved by using this technique on a typical 
sample. The same blood serum sample used 
for Fig. 1 was examined, and the same total 
number of counts was accumulated in the molyb
denum x-ray backscatter peak. The reduction 
in background seen in this spectrum, averaged 
over the full energy range, is about a factor of 
15. Much larger factors, ranging up.to about 
60, have been observed for higher-energy ex
citation. Comparison .of Flg. 4. with Fig. 1 
shows the improvement in ability to see small 
traces of elements, such as nickel, present 
in the specimen at a level near 0.1 ppm. Better 
statistics realized by a longer count, or with 
more intense excitation, would further reduce 
the detection limit. 

Footnote and R e fe renee s 
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SOME ASPECTS OF X-RAY FLUORESCENCE SPECTROMETERS FOR 

TRACE-ELEMENT ANALYSIS* 

D. A. Landis, F. S. Goulding, and B. V. Jarrett 

The ability to perform x-ray fluorescence 
analysis with Si(Li) detectors is due in large 
part to the continuing improvement in the en
ergy resolution capabilities of the spectrom
eter system. The first major step toward im
proving energy resolution below 2 keV full 
width at half maximum (FWHM) resolution, the 
level common in 1964, came with the develop
ment of lo'!l'-noise field-effect transistors by a 
number of transistor manufacturers. Earlier 
field-effect transistors exhibited considerable 
surface noise, and their performance was not 

superior to the vacuum tubes commonly used 
in earlier preamplifiers. Following the devel
opment of a new generation of FET's (notably 
the 2N3823, then the 2N4416), low-temperature 
operation of these devices to reduce noise was 
introduced by a number of groups. Work at the 
Lawrence Berkeley Laboratory in mid-19651 
achieved an energy resolution of 7~0 eV(FWHM), 
and stimulated the first suggestion that a semi
conductor detector spectrometer could provide 
a useful x-ray fluorescence analyzer. This 
resolution permits separation of elements above 



zinc in the periodic table. 

A long slow period of development followed 
this initial jump in performance. Small im
provements resulted from use of the 2N4416 to 
replace the 2N3823, from rigorous selection 
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of these transistors, and from optimization of 
the operating temperature of the field-effect 
transistor. Changes in manufacturing tech
niques led to some improvement, but also some 
setbacks. By early 19 69, a few outstanding 
spectrometers were capable of achieving energy 
resolutions as low as 250 eV (FWHM) at low en
ergies, making separation of elements above 
calcium practicable. 

A series of advances made at LBL over the 
past two years and illustrated in Fig. 1 have 
reduced the energy resolution of x-ray spec
trometers to 100 eV or less, making possible 
the separation of all elements above carbon in 
the periodic table. The resistor, traditionally 
used to provide low-frequency feedback to a 
low- noise preamplifier as shown in Fig. 1A, was 
replaced by light coupling, from a light-emitting 
diode (LED) to the J3hotosensitive drain-gate FET 
junction (Fig. 1B). This step eliminated the 
feedback resistor, a noisy and unreliable com
ponent; it also entailed remounting the small 
FET silicon chip in a new package, thereby 

A. 

B. 

c. 

OUTPUT TO 
>--....__,..AMPUFIER 

Fig. 1. Development of pulsed-light feedback 
preamplifier from a resistor feedback config-
uration. (XBL 713-563) 

eliminating noise produced by the FET header. 
The elimination of these noise sources permits 
use of longer pulse-shaping times in the main 
amplifier, thereby achieving energy resolution 
below 100 eV at low counting rates. In this 
simple light feedback system, nonlinearity of 
the LED current-light relationship degraded 
performance at higher counting rates. This 
led to the pulsed-light feedback scheme shown 
in Fig. 1c. 4 Here the LED is pulsed when 
necessary to maintain the preamplifier output 
in its normal range. When pulsing occurs, a 
reject waveform is fed to the main amplifier, 
and all signal are rejected until the system 
resumes normal operation. Apart from the 
use of the FET as a photodiode, this scheme is 
quite similar to that first used by Kandiah. 5 

The simplified diagram of the amplifier 
system used in the pulsed-light feedback unit, 
shown in Fig. 2, gives some idea of the com
plex processing performed on signals before 
they are allowed to proceed to a pulse-height 
analyzer. Signals from the preamplifier are 
differentiated, shaped, and amplified in a lin
near amplifier, then fed to a circuit that accu
rately fixes the baseline of the signals at zero. 
The action of this restorer is inhibited during 
the reset action in the preamplifier. A fast 
channel also processes the signals, looking for 
cases where pile-up occurs in the slow chan
nel-in which case the events are rejected. If 
no pile-up occurs, the signal in the slow chan
nel is examined; and if its level exceeds a se
lected bias level, the signal peak is stretched. 
Shortly after the signal peak, the stretched 
output is sampled by a linear gate, and a 2-
IJ.Se c-wide output signal, proportional in am
plitude to the difference between the signal 
and the selected bias, is produced. It is an 
impressive demonstration of the power of mod
ern integrated circuits that these functions
amplification, shaping, pile-up rejection, de 
restoration, gating, signal stretching, and 

__/""t_ 
,.--..., l r-0---, 

BASE-

Fig. 2. Block diagram of the amplifier unit 
used with a pulsed-light feedback system. 

(XBL 711-75) 
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IM 

Fig. 3. Showing the effect of counting rate on 
resolution on Mn x rays for different Gaussian 
peaking times. The output counting rate is al· ' 
shown. (XBL 7010- 6806) 

FROM P.A. AMPLIFIER UNIT - INSPECTION 

LIVE TIME CLOCK 

SIGNAL 
TO PHA 

PHA 
STOP CONTROL 

Fig. 4. Method of correcting for dead-time. 
(XBL 718-1233) 

biased amplification-are performed in a single 
module (NIM-2 width). 

Figure 3 shows the variation of energy res-
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Fig. 5. Air-filter spectrum. 
(XBL 713-398) 

olution with counting rate me~sured on manga
nese x rays produced by an 5 Fe source, 
Gaussian pulse shaping was used with various 
peaking times as indicated on the curves. 
Figure 3 also shows the output pulse-rate vari
ation; the difference between it and the input 
counting rate represents those pulses rejected 
by the pile-up rejector. 

The most efficient input rate for the peaking 
time used can be determined from these curves. 
The dead time can be corrected by gating a 
live-time clock using the dead time generated 
by the circuit shown in Fig. 4. The number of 
pulses rejected is more than one might initial
ly expect from the value of the inspection time. 
This is because both pulses are rejected if the 
second pulse comes before the peak of the first 
pulse, and only the second pulse is rejected if 
it comes after the peak of the first pulse. Con
sequently, we use a dead time in the clock 
channel approximately 1.5 times the signal in
spection time, there by giving double weight to 
losses in the first half of the inspection period. 

An example of the performance of x-ray 
spectrometers in analytical application is shown 
in Fig. 5. The spectrum of an air pollution fil
ter was obtained using a guard ring reject de
tector and pulsed light-feedback electronics. 
The data were obtained in 10 min using a trans
mission x-ray tube for fluorescence excitation. 
Elemental concentrations are obtained by appro
priate calibration procedures after making cor
rections for amplifier dead time as described 
above. 
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SMALLX·RAY TUBES FOR ENERGY DISPERSIVE ANALYSIS USING 

SEMICONDUCTOR SPECTROMETERS* 

J. M. Jaklevic, R. D. Giauque, D. F. Malone, and W. L. Searles 

Introduction 

We have explored the use of small x-ray 
tubes as an alternative means of fluorescence 
excitation with particular emphasis on appli
cations to analysis of trace quantities (down 
to less than 1 ppm). Their principle advan
tage is the large characteristic x-ray flux 
which can be generated with a relatively small 
expenditure of power input to the tube. How
ever, analytical sensitivity, using fluorescence 
excitation with normal x-ray tubes, is limited 
by the continuous Bremstrahlung background 
generated by the deceleration of the electrons 
in the anode. Scattering of this spectrum 
from the sample to detector is unavoidable 
and is a particularly serious limitation when 
using low-background semiconductor spec
trometers. In the present work we describe 
techniques for generating nearly monoenergetic 
x-ray tube outputs with minimal background in
terference. 

The simplest method for reducing contin
uum background is to use suitable x-ray filters 
to transmit as much of the characteristic radi
ation as possible while attenuating all other en
ergies. Since any given element is a good 
transmission filter for its own characteristic 
x-rays, the anode of the x-ray tube can be 
made of an appropriate thickness to effectively 
filter the transmitted x-ray spectrum. Al
though filtering the spectrum produced at 
backward angles to the target would achieve 
the desired result, it proves convenient to 
employ the transmission geometry since more 
efficient anode-to-sample spacings are pos
sible and the use of multiple targets is facili
tated. Further filtering can be included to 
selectively reduce the Kf3 intensity and more 
closely approach a monoenergetic x-ray beam. 

A scale drawing of the x-ray tube is shown 
in Fig. 1. The electron beam is obtained 
from a tungsten filament and the current can 

be controlled either by the filament power or 
with the intermediate electrode voltage. The 
beam is focused on the target anode which is 
held at the high positive voltage and supported 
by the ceramic insulator. (Operation of the 
anode at positive voltage instead of ground 
potential is dictated mostly by convenience of 
design. There are possible advantages to op
eration at ground potential since the exit win
dow may then also be the transmission target 
filter, thus effecting higher geometric effi
ciency.) Optimum filter thickness is deter
mined empirically but 3 to 5 half-thicknesses 
of the target material are nearly optimum. 
A portion of the total filter thickness is 
mounted external to the tube to eliminate un
wanted characteristic x-rays from the stain
less steel vacuum enclosure. 

Most of the pre sent data were obtained with 

0 1 2 3 CM 

Fig 1. Schematic of transmission x-ray tube. 
(XBL 716-1154) 
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Fig. 2. Comparison of excitation modes 
showing spectra obtained from biological 
specimen (lyophilized horse liver). Numbers 
on peaks indicate concentrations in ppm for 
the sample pellet. (XBL 716-1155) 

molybdenum target and total filter thickness of 
0.012 em. The tube was operated at 42 keV 
with variable currents. up to 500 fl.A. The max
imum beam _)Ower of 25 watts was dissipated 
mostly by radiation from the anode structure. 
Although increasing the beam voltage would 
result in improved characteristic x-ray yield 
relative to Bremsstrahlung, a practical limit 
is set by the transmission of the high-energy 
continuum Bremsstrahlung x-ray through the 
filter. Stable emission is achieved via feed
back to the filament supply. 

Figure 2 is a comparison of fluorescence 
spectra obtained using radioisotope excitation 
and transmission x-ray tube excitation for the 
case of a biological sample. The spectra were 
obtained using a low-background guard-ring 
reject s2"stem1 and pulsed-light feedback elec
tronics; only the high-energy portions are 
shown since there is no significant difference 
in background at lower energies. The radio
isotope source-target assembly employed a 
125-mCi 125I source separated by 1 em from 
the molybdenum target, which in turn was 1 
em from the sample. The x-ray tube anode 
filter was 0.012 em molybdenum and gave a 
ratib of 30:1 for the Ka x-ray peak height
to-background height just below the Ka peak 
in the tube output spectrum. With the x-ray 
tube operating at 100 fl.A and 42 keV the spec
trum was acquired in approximately 15 min 
at a total counting rate of 4000 ctsjsec Trace
elements concentrations for the 0. 3 mm-thick 
sample were obtained by the method described 
in Ref. 3. With a 500-fl.A beam current and 
the anode to sample distance of 8 em as used 
in these measurements, the counting rate was 
50 times that obtained with the radioisotope 
source. 

An interesting feature of the data is the dif-
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ference in the ratio of backscatter peak height 
to fluorescence x-ray intensity between the 
two spectra. Although a part of this difference 
can be accounted for by the lower peak-to
background in the x-ray tube output spectrum, 
most of the difference is due to the difference 
in source-sample-detector geometry. In the 
source-target assembly the average scattering 
angle for the molybdenum x-rays is near 180° 
whereas the x-ray tube is mounted horizontally 
with a total scattering angle of approximately 
90°. These angles are the respective maxi
mum and minimum in the incoherent scattering 
differential cross section. These conclusions 
are supported by data obtained with the sec
ondary fluorescence tube operated in a similar 
geometric configuration. 

A substantial further reduction in contin
uum background can be realized by using a 
secondary excitation mode analogous to the 
source -target arrangement The x rays gen
erated in the anode by the electron beam are 
made to strike a secondary target- -the char
acteristic x rays from this target then are 
used to excite x rays from the sample. Al
though this conversion process results in a 
reduction in x-ray output for a given electron
beam power, it virtually eliminates the con
tinuous background in the output spectrum. 
Since the secondary target need not be an 
electrical conductor or dissipate large amounts 
of power, it is possible to generate character
istic x-rays from elements not available as 
metallic foils. 

We have constructed such a tube with a 
rhodium anode and molybdenum secondary 
target. 

Direct measurement of the output spectrum 
shows a ratio of peak-to-background height 
of greater than 300:1 however the x-ray pro
duction efficiency was much less than with the 
transmission-type anode. 
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RAPID QUANTITATIVE ANALYSIS BY X-RAY SPECTROMETRY 

R. D. Giauque and J. M. Jaklevic 

An x-ray fluorescence analysis method 
applicable to the case of fluorescent spectra 
excited with monoenergetic x-rays has been 
developed. The technique employs one cali
bration, uses a single-element thin-film 
standard, and depends upon theoretical cross 
sections and fluorescence-yield data to inter
polate from element to element. The samples 
are treated as thin films and corrections for 
absorption effects are easily determined. En
hancement effects, if not negligible, are mini
minzed by sample dilution techniques. 

The intensity of a K or L x-ray line from 
an element j in a thin specimen for which the 
critical thickness has not been reached and 
for which enhancement effects are negligible 
can be written as follows: 

X wK, L f AbE[ I- exp(-am)] /am 

Using data available in the literature Eq. 
may be reduced as shown: 

I= C K. m. [ 1- exp(-am)] /am 
J J 

(1) 

(1) 

(2) 

At constant primary radiation intensity and 
at constant geometry, the value of C may be 
determined from a single -element thin-film 
standard for which absorption effects are neg
ligible. The value of Kj is constant for the 
element j and is calculated. The quantity 
m. is the concentration (g/ cm2) of the element 
j fo be determined. The quantity exp(-am) is 
the product of the total absorptions of the pri
mary and characteristic radiations in the 
total sample thickness. The value of this 
quantity can be determined by measuring the 
relative intensity with and without the speci
men of the K or L x-ray line of interest from 
a target of element j located at a position ad
jacent to the back of the thin specimen. The 
express ion may be written as follows: 

[ 1(target +sample) - 1sample] 

-:- I ( ) target = exp -am (3) 

Using the described procedure several 
specimens were analyzed. The data were ob-

tained using a low-background guard-ring de
tector with pulsed light feedback electronics. 
Excitation was provided by a molybdenum 
transmission x-ray tube. A single thin-film 
standard, copper of mass 101 f!-g/cm2, was 
used to standardize for analysis. 

Table I. Analysis of pottery 

X-ray fluorescence Neutron activation 

Ti 0.76%±0.02 0.78% ± 0.03 

Cr 114 ppm± 6 115 ppm ±4 

Mn 47 ppm± 5 40.9 ppm± 0. 5 

Fe 1.05% ±0.01 1.017% ±0.012 

Ni 301 ppm± 6 279 ppm ±20 

Cu 55 ppm ±2 60 ppm± 8 

Zn 60 ppm ±2 59 ppm± 8 

Ga 40 ppm ±2 44 ppm± 5 

As 29 ppm± 2 30.8 ppm± 2. 2 

Rb 58 ppm± 2 70.0 ppm± 6. 3 

Sr 123 ppm± 3 145 ppm± 22 

Pb 31 ppm± 2 

Table II. Analysis of plant specimen 

X-ray fluorescence Neutron activation 

Ti 121 ppm± 5 < 0.01% 

Cr 26 ppm± 1 23.8 ppm± 0. 9 

Mn 60 ppm ±2 49.3 ppm± 1.4 

Fe 0.186% ± 0.002 0.201% ±0.006 

Ni 8 ppm± 1 13. 8 ppm± 3. 0 

Cu 21 ppm± 1 

Zn 80 ppm± 1 84 ppm ±8 

Br 48 ppm± 1 42 ppm ±1 

Rb 7 ppm± 1 7.0 ppm± 1.4 

Sr 97 ppm± 2 236 ppm± 66 

Pb 206 ppm± 3 



80,000 

60,000 

"' 
~ 40,000 
0 
u 

20,000 

0_,._ 
5 

LYOPHILIZED WHOLE BLOOD 
IOOOsec 

1980ppm ,, 
30ppm 
z, 

xzo 

6:4ppm 
Rb 

;., 

-~ :oo 

"' B.Oppm ; 

oo ~r .i 
0 ~~ruoo =~ :-':' 

0 

0 ~ : : 3:4~0.:7': 0

./ 

; : '· ..; ',; ~_t.......,...P 
10 

X-Ray energy (keV) 

MoKa 
backscatter 

\ 

L/ 
15 

. i 

.. · ... 

Fig. 1. Spectrum from lyophilized whole 
blood specimen. Concentrations listed are 
for the lyophilized specimen. This prepara
tion gave a concentration factor of five. 

(XBL 717-3813) 

Table I shows a comparison of the results 
obtained by x-ray fluorescence and neutron 
activation ,·nalysis on a pottery specimen. 
Total analysis time was one hour. The pre
cisions listed are for one standard deviation. 

Table II shows a comparison of the results 
obtained on a dried plant specimen. Analysis 
time was one-half hour. 

Figure 1 shows the spectrum and results 
obtained on a human whole blood specimen 
which had been freeze dried. Since the con
centration factor obtained by freeze drying the 
specimen was a factor of five, the concentra-
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Fig. 2. Spectrum from air filter of mass 
3 mg/cm2. Concentrations listed in nano-
grams/cm2. (XBL 717-3814) 

tions of the elements in the original specimen 
are one -fifth the reported values. The content 
of lead in this specimen is several times the 
normal value. 

Figure 2 shows the spectrum and results 
obtained on an air pollution filter of mass 3 
mg/ cm2 . The results are reported in nono
grams/cmz. 

The calibration method used has been suc
cessfully applied to trace element analyses in 
light element matrices. When used in con
junction with low-background detector systems 
and x-ray tube excitation, it can provide rapid 
and accurate multielement analyses down to 
concentrations of less than 1.0 ppm. 

A BIPOLAR DIGIPOTENTIOGRATOR* 

W. W. Goldsworthy and R. G. Clem 

The bipolar 11 digipotentiogrator" is a di
rect outgrowth of the previously developed 
digital integrator which served as a voltage
to-frequency converter in our first electro
analytical effort. 1 The same principle was 
later applied to the digitizing of charge lib
erated in a nuclear -event detector and re
sulted in the development of a digital nuclear 
spectrometer. 2 Both of these initial instru
ments served passively to neutralize incoming 
charge to a preset null through digital feedback 
of charge of opposite polarity. Neither was 
designed to perform a control function on the 
external system, although in some systems it 
seemed reasonable that they could be made to 
do so. The validation ofthis reasoningtook the 
form of the monopolar digipotentiogrator de
scribed in a recent correspondence. 3 The 

present bipolar device is a more sophisticated 
instrument and is more generally applicable to 
electroanalytical problems. It is presented 
as the heart of a new system which includes a 
digital wait-gate, a pulse-height analyzer for 
data storage, an analyzer interface, an incre
mental digital diffe rentiator, a voltage- step 
ramp generator, and a program timer. 

The system shown in Fig. 1 is a complete 
divergence from previous electroanalytical 
systems. The familiar train of instruments, 
a potentiostat, a current-to-voltage converter, 
and an analog-to-digital converter are absent. 
In their place, one finds a single device, the 
bipolar digipotentiogrator, which functions as 
a potentiostat through pulsed injection or ex
traction of charge to maintain a desired cell 



Fig. 1. Block diagram of the system. 
(XBL 7111-4638) 

control potential and consequently serves as 
a current-to-digital converter. If the current 
pulses are counted and summed in time, the 
device subsequently functions as an integrator. 

Figure 2 is a block diagram of the bipolar 
digipotentiogrator. The reference electrode 
is connected through a unity-gain, impedance
coupling amplifier to the inputs of the two dif
ferential comparators. The logic circuitry in 
turn senses the need for rebalance current and 
controls the rate of pulsed current required to 
satisfy the cell current demands at the con
trol potential selected. 

Cell potential control is effected either 
through a local potential source or an external 
source applied to the other input terminals of 
the differential comparator-pair. A resistor 
connected between the signal inputs of the com
parators, and driven with a constant current 
source, generates a potential separation be
tween the two comparators to prevent 11 chat
tering" . 

In addition to the digipotentiogrator, sev
eral other pieces of equipment are required. 
They are: a voltage-step ramp generator used 
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Fig. 2. Block diagram of the bipolar digipo-
tentiogrator. (XBL 7111-4642) 

·to drive the cell when scanning, a dual time
base generator which can serve as a wait-gate, 
an analyzer interface unit which also includes 
the necessary logicto permit incremental dif
ferentiation. Much of the equipment termed 
11 miscellaneous 11 in the previous paper is re
employed here. 1 

This system also includes a Cipher Model 
70 magnetic tape recorder and a Northern 
Model 406M tape controller. The latter unit 
permits communication between the analyzer 
and the tape in either a READ or a WRITE 
mode. 
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A DIGITAL POTENTIOSTAT* 

W. W. Goldsworthy and R. G. Clem 

Reported for the first time is an instru
ment for potentiostatic control of an electro
chemical cell that employs a new technique-
digital current feedback. Digital current 
pulses, which can be scaled to read out di
rectly on a scaler the weight of sample oxi
dized or reduced, pass through the auxiliary 
electrode of the cell and are used to maintain 
control potential. Since the instrument op
erates simultaneously as a potentiostat, a cur
rent-to-frequency converter, and subsequently 
as a digital integrator, a new term" digipo-

tentiogrator" (DPI) has been coined to identify 
it. 

This new device is simple, inexpensive to 
construct, and has very low power require
ments. The arrangement shown in Fig. 1 is 
used to digitally maintain a control-potential 
and to digitally measure the charge transfer 
which occurs in an electrochemical reaction. 
Two charge sources are connected to the 
auxiliary electrode. One source injects 
charge digitally, while the other source, 
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Fig. 1. Digipotentiogrator (DPI) Block 
Diagram. (XBL 715-3531) 

Fig. 2. DPI transient response for a dummy 
ce ll. 

upper trace: 
lower trace: 
time base: 

Current pulses 
Control-potential response 
2 50 flSe c / division 

(XBB 715-2225) 

which is a constant current driver, extracts 
charge on a continuous basis. Both drivers 
are designed to deliver up to 10 mA of av
erage current and to perform independently 
of the potential of the auxiliary electrode. 

The cell reference electrode is c onnected 
to the positive t e rminal of a differential com
parator through a unity-gain impedanc e 
coupling amplifier and the desir e d control
potential is applied to the negative terminal. 
Any positive output from the differential com-
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Fig. 3. DPI transient response for an elec
trochemical cell (1). Parameters the same 
as for Fig. 2. 

(XBB 715-2227) 

parator-balance detector initiates ope ration 
of the digital charge pump for fixed time 
periods and at rates determined by the charge 
demands of the cell. A loc al 500-kHz crystal 
clock furnishes digital inj ector drive inter 
vals up to the clock fr equency and therefore 
provides very good digital resolution. Since 
the charge demand of sampling is made only 
b e twee n possible injector drive intervals, the 
occurrence of partial current drive intervals 
is prevented. 

The small value capacitor c 1 is attached 
from the r e ference electrode to the grounded 
working electrode to maintain potential con
trol when the cell is driven through its elec
trocapillary maximum potential. 

Figure 2 illustrates the current and vol
tage response in time to a -500 mV -to
ground square -wave applied to the control 
input of the DPI when employing a capacitive 
resistive simulated cell load. N ote that in 
this system, the descent time is limited only 
by the current capability of the digital charge 
source and by the dead time between pulses. 

Figure 3 shows a repeat of the above ex
periment using an anodic stripping cell em
ploying 0.01M KCl as the supporting e lectro
lyte. 

The current drift of this device amounts 
to only 0 . 04% over a period of 1.4 h. The 
internal potential control is better than 1 mV. 

Footnote 

···Taken from Anal. Chem. 43 , 1718 (1971 ). 



A ROTATED PLATINUM CELL FOR CONTROLLED-POTENTIAL COULOMETRY* 

R. G. Clem 

The novel, rotated platinum cell is a con
c e ptual departure from the widely used station
ary, platinum gauze, stirred-solution d es igns 
and is the result of an extension of previous 
w ork w hich led to the de ve lopment of the ro
tated mercur y cell. 1 

The cell, whi ch is made entirely of platinum, 
is a gauze-lined cylinder , closed at the bottom, 
and partially opened at the top. It is h e ld in
side a plastic cylinder, with a partially opened, 
plastic, screw-cap top. (See Fig. 1.) The 
plastic cylinder is attached to a copper turn
table, and the cell-turntable combination is 
mounted in the previously: described 1800-rpm 
m otor-driven apparatus. 1 The sample solu
tion, upon rotating the cell wall with centrif
ugal force is contacted and efficiently 
stirredwithacoaxial, combination, reference
auxiliary electrode probe. This efficient stir
ring combined with a favorable working elec
trode surface-area to solution-volume ratio 
results i n the attainment of what quite possibly 
are the highest e lectrolysis rate constants ever 
achieved w ith a platinum electrode. Rate con
stants of 0.13, 0.82, and 0.064 sec-1 are cal
culated for Au(III), Fe(III), and N02-, respec
tively. In co_n{rast, constants of only 0.014 _ 
and 0.005 sec are found for Au(III) and N0 2 
in a conventional cell.2, 3, 4 

The rate constants are sensitive to sample 
volume changes. (See Fig. 2.) The electrol
ysis constant for a 5-ml sample is no larger 

,.,...____ 
llfu:'::'-=-...::.-:-

Fig. 1. Exploded, top , and cross sectional 
views of the platinum cell and plastic holder. 

(X BL 714-671) , 

than that obtained with a conve ntional cell. A 
2-ml sample volume was selected for this c e ll 
because the rate constants are high, and this 
volume is conve nient. Attempts to contact a 
much smaller volume of sample can result in 
the scraping of the platinum gauze against the 
counter e lectrode-reference probe. 

The results for Au(III), Fe(III), and N0
2 are shown in Table I. 

Table I. R e producibility 
~:=: 

3+ 3+ NO -(f!g) Au (j.J.g) Fe ( j.J.g) 
2 

Added Found Av. Dev. n Added Found Av. Dev. n Added Found Av. Dev. n 

1032 1029.8 0.4 5 761 759 .0 0 . 3 5 3882 3104 7 n 

516 514.8 0.2 6 380 379.0 0.4 6 1294 1283.6 1.3 5 

258 257.5 0.2 5 76 77.2 0.2 5 647 648 .2 0.8 6 

517 514.9 0.5 4 

326 323 . 7 0.3 5 

129 128.8 0.2 4 

65 66.7 0.1 5 

* All results obtai ned by normalization. 
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Fig. 2. Effect of volume on the e lectrolysis 
rate 
647 fig nitrite in: A. 2, B. 3, a nd C . 5 ml of 1M 
acetate buffer, pH 4. 7. Rate constants for 
curves A, J?• and Care 0 .064, 0.023, and 
0.005 sec- , r e spective ly. 

(XBB 714-1528) 
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A ROTATED CELL FOR ANODIC STRIPPING ANALYSIS: COMPUTER RESOLUTION 

OF PEAK(S) AND BACKGROUND DATA 

R. G. Clem, G. Litton, and L. D. Ornelas 

The determination of several trace e lements 
of environmental importance, with anodic strip
ping voltammetr y, is now made possible on a 
routine and rapid basis through recent im
provements in c e ll design and me thodology. 
The kinds of samples to which thi s approach 
is amenable are: water, water extracts of 
air, aqueous soilleachings, and possibly to 
the direct analysis of trace met a ls in biolog
ical fluids. 

This improved cell, shown in Fig. 1, fea
tures very rapid sparging characteristics like 
its pre decessors; 1. 2 thus the time required 
for pur ging the sample of electroreducible 
oxygen is reduced, from 10-20 min in a con
ventional c e ll, to -1 min in the present e d 
cell. This large time reduction is effe cte d by 
initially rotating the c e ll (sample container), 
which is p a rtially closed at the top, a t 1800 
rpm. The sample solution containing an 
added, known amount of a mer cur y salt is 
thrown against the container wall and forc e d 
into a thin film a, bout 1-mm thick with centrif
ugal force and the film sparged w ith nitrogen 
at a rate of :::05 liters/min. After the sample 
is sparged, the cell is stopped; the sample 
solution returns to the bottom of the container. 

Fig . 1. The rotated cell for anodic stripping 
analysis. (XBB 7112-6111) 



The stirring motor is started, and the trace 
metals and mercury are reduced simulta
neously, employing a potential of -1.0 to -1.4 V 
for seven min. The paraffin-impregnated, 
graphite electrode employed is oriented 90• to 
the vertical. This prevents the clinging of 
hydrogen bubbles which initially form on the 
active surface. Bare graphite has poor hydro
gen overvoltage characteristics; however, hy
drogen overvoltage characteristics on the 
mercury-plated graphite are virtually the same 
as for mercury alone. 

At the end of the accumulation period, the 
control potential is scanned in a step - and-hold 
manner to a potential sufficiently positive to 
cause stripping of the mercury film. The r e 
sulting current-potential information is tem
porarily stored in a puls e -height analyzer, 
then transferred onto magnetic tape in perma
nent storage for computer analysis. The total 
analysis time is about 8 min. This time is 
compared with :;:, 30 min required using con
ventional cells . A typical stripping polar
ogram is shown in Fig. 2 . Upon concluding 
the analys is, the probes (reference electrode, 
auxiliary electrode, and stirrer) are racked 
up and out of the cell compartment and the 
spent sample solution is removed with a vac
uum spitzer. After rinsing the cell, the next 
sample i s added. 

Digital signal recording is almost essential 
for anodic stripping analysis. The relative 
peak heights can vary over tw o to three orders 
of magnitude in a single run . If analog record
ing is employed, one must first estimate by a 
trial run the magnitude of the peak; then , after 
adjusting the recorder parameters accordingly, 
a second run is made to obtain the peak re
quired . Digital r ecording, on the other hand , 
allows one to first obtain the w hole voltammo
gram on the first run, then e lectronically ex
pand or compress the d ata at w ill after the 
fact to observe all the peaks of interest. 

In addition, s everal programs have been 
d eveloped to store and analyze the raw data 
o btained from anodic stripping experiments. 
T he raw experimental data from each sample 
i s initially stor e d on magnetic tape prior to 
its processing to obtain a clean spectrum fol
lowed by its storage in a librar y which has 
been established on the Laboratory Mass 
Storage S ystem. This library has been con
structed so that the data for any given sample 
may be easi l y obtained for analysis. 

348 

t .. 
c • .. .. 
:I 

0 

1.000 

I· 
0.600 0.200 

·I 
Voltage vs SCE 

Fig. 2. A typical stripping polarogram. 
(XBB 715-2224) 

The basic analysis package consists of a 
set of routines which first decomposes each 
spectrum into s e parate peaks, follo wed by a 
calculation of the areas associated w ith each 
peak. For a single, we ll-defined peak, the 
area is obtained by fitting the background under 
the peak to a high-order polynomial, subtrac
ting the background, then finally integrating 
the residual spectrum numerically. 

For composite peaks , the area of each com
ponent is obtained by first fitting the compos
ite to a sum of gaussians, then finding the area 
under each gaussian b y numerical integration. 

Further w ork is under w a y to exte nd the 
basic analysis package to incorporate a set of 
interactive routine s, w hich w ill allow the user 
to monitor and control the analysis of comple x 
spectra. 

Refer e nces 

1. R. G. Cle m, F . J akob, D. H. Ander berg, 
and L. D. Orne las, Anal. Chem. 4 3 , 1398 
(1971). 

R. G . Clem, i bid., p . 1853. 



349 

A SCANNING DIGITAL COULOMETER 

R. G. Clem and W. W. Goldsworthy 

Classical controlle d-potential coulometry 
is insensitive to qualitative measurements. 
The ele ctroa ctive ion(s) of inte r est as we ll as 
the e l e ctroinactive , supporting e le ctrolyte, 
ions must be know n prior to the analysis. If, 
however , a step and hold pote ntial sweep is 
emplo ye d in conjunction w ith an exhaustive 
coulometric measurement at each step, useful 
qualitative i nformation can be obtaine d . Only 
those potential regions near the half- w ave 
pote nti a ls of the materials in the sample will 
contain useful information, so some sort of an 
arr a n geme nt w hich favors these regions is 
desirable if a coulometr ic scan is to be made 
w ithin a reasonable time pe riod . 

One such scheme allowing this type of sele c 
tive favoring is that show n in Fig, 1. This ar
rangement is readily applicable to any system 
in which the analog of the cell current is con
ve rte d into a di gita l form--e. g . Ref. 1. In 
this approach a pulse -rate threshold is set 
which allows all farad i c data excee ding thi s 
rate to be examine d in d e tail w hile background 
data are passed o ve r a t a pre d e t ermine d rate. 
A step-potential ramp generator supplies the 
de s i re d potent ia l scan. A pul se -he i ght analyz
e r operated in the multich a nne l scaling mod e 
is used to a ccum ulate data in consecutive a d
dresses whose number is e qua l to that of the 
steps in the e ntir e pote ntia l scan. A timer 
supplies the s i gnal to advanc e the ana lyzer and 
simultaneously to step the ramp generator. A 
threshold-sensing cou nt rate me t e r is used to 
sense the current leve l of the incoming data 
and to block the ramp and channe l a d vanc e sig
nal w h en the current leve l (puls e rate ) is above 
the threshold leve l. 

Figure 2 indica tes the operation of the count 
rate meter in more d e t ai l. The first three 
blocks : a one-shot, a charge injector, and an 
integrator, d eve lop an output v oltage at point 
A proportiona l to the input puls e rate. Thi s 
potenti a l i s sensed w ith a differenti a l compa-

Fig. 1. B lock diagram of the scanning digital 
coulometer. (XBL 7112-1836) 

TIMING INPUT 

JL [>-
Fig . 2. Block diagram of the threshold sensing 
count rate meter . (XBL 7112 - 1835) 

1 
Q 

I I 
0.0 E Y§ SC E -1.00 

Fig. 3. A coulometric scan of Pb and Cd in a 
1M KC1 supporting electrolyte . 
Solution: 52.5 1-Lg Pb, 33.3 1-Lg Cd. Scanned 
from 0.00 to - 1.00 V vs SCE . Expande d por
tion o f the scan (upper left) show s the reduction 
of 0.05 1-Lg Cu. (XBB 7112 - 6112) 

rator who se sensing level can be adjusted by 
potentiometer R 1· Whenever the potential at 
A is lower than the threshold set by R 1• the 
output of the comparator is low. This allows 
signals to be d eve loped from the output of the 
NAND- gate whenever timing signals occur, 
thus providing rapid advancement of the ramp 
pote nti a l and memory address. If, however, 
the potential a t A is higher than the threshold, 
the output from the NAND - gate is blocked . 
The potential ramp and memory address can 
be a d vanced o n l y after the cell current drops 
below the set threshold level. 



In this way, potential regions containing 
only background current are passed over rap
idly at a rate predetermined by the timer set
ting while those regions containing the faradic 
current of interest are titrated to virtually the 
background curr e nt leve l. Near - equilibrium 
conditions ar e ther e fore maintained throughout 
the swe e p. 
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Scanning coulometry is capable of sensitivity 
t w o orders of magnitude as great as that of the 
classical controlled-pote ntial method and is al
so capable of much higher resolution. Figur e 
3 shows a coulometric scan for Pb and Cd in a 
1M KC1 supporting electrolyte so lution. De
termination of these two couples in the selected 
supporting e lectrolyte would be difficult by the 

classical method . 

It appears that computer programs deve loped 
for the automation of anodic stripping analysis 
can be applied d irectly to these coulome tric data . 

Future, further reduction of the Ne r nst diffu
sion l ayer in the rotated mercury c e ll1 should 
permit even more sensitive determination of 
electroactive species, provided the c e ll nois e 
is not increased. 

Refer ence 
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PLUG-IN ION SOURCE 

M. C. Michel and E. C. Miner 

Although samples can be introduced into the 
Cascade Isotope Separator w ithout breaking 
vacuum, many operations require removal of 
the entire ion source after venting the large 
vacuum chamber to air . This operation be
comes a potential hazard to the operator and 
the local environment as the level of residual 
radioactivity builds up from a variety of sam
ples. Reducing the physical manipulation of 
the ion-source assembly to a minimum thus be
comes a reasonable safety goal and allows for 
easy adaptation to a very simple, completely 
enclosed, transfer system at a later time if 
the level of radioactivity requires it. This 
argument is a particular ly compelling one if 
the primary residual acti vi ties are alpha emit
ters (as is the case for the Isotope Separator), 
which can be controlled very e ffective ly by a 
simple enclosure. 

For this reason, and to reduce installation 
er rors, we felt that a universal ion-source 
mount, plug, and alignment system would be a 
great advantage. The de sign that resulted 
from our work is sketched in Fig. 1. The alu
minum o x ide insulator to the right ofthe figure 
mounts on a vertical 19.5-in. vacuum flang e 
(not shown) which in turn is moved to the left 
to contact its mating flange by operation of a 
standard machine tool s lide, thus carrying the 
ion- source assembly into ope rating position. 
At the same time all twelve possible electrical 
connections are automatically made by means 
of the contact mounting ring and a correspon
ding set of plugs mounted permanently in the 
vacuum chamber . Six of these connectors are 
rated at 50 A and six at 5 A each. These fea
tures were already in existence and the plug-in 
ion source had to adapt to this system. 

Aluminum Oxide 
tube with S.S. 

Half twist source 
lock screw s (2) 

I Oxide 
contact mounting ring 

Fig. 1. Plug- in ion- source assembly. 
(XBL 719-4297) 

Alignment of the s.ource assembly, which is 
critical for operation of the i sotope separator, 
is accomplished by the mounting flange, rigidly 
attached to the end of the main insulator and 
accurately a ligned to be perpendicular to the 
beam axis. The flanged ion-source can is ac
curately pinned in position by three nonsym
metrically ar ranged a lignment pins to guarantee 
reproducibility of the source position and pre
vent improper insertion. The a luminum oxide 
mounting insulator in the ion-source can is thus 
properly positioned, the twelve connectors 
mount from the right side and the ion source 
itself is built up on supports at the left side. 
All high-current connections from the connec
tors to the ion-source electrodes are made by 
machined copper bus -bars that serve as part 
of the mounting system hardware. 

The heat-shield assembly is a slip fit into 
the main source-can structure and the inner 
front heat shield engages a step in the ion
source front cathode to complete the alignment 
of the ion exit hole at the beam axis. The heat 
shielding is sufficiently efficient to allow oper
ation of the source at a temperature limited by 
volatili zation of the aluminum oxide insulators 
with a powe r input of less than 300 W. 

Provision is made for t wo different dir ectly 
heated tube sample ovens, one of which can be 
inserted from outside the vacuum chamber 
through a bellows, valve, and vacuum lock com
bination. The othe r oven is mounted off the 
center axis and can be loaded only when the 
source is remove d from the socket. 

In operation, only two half-twist locking 

Fig. 2. 
flange. 

Main insulator and source mounting 
(XBB 719-4257) 



Fig. 3. Rear view of source. 
(XBB 719-4254) 

Fig. 4. Ion source without heat shields. 
(XBB 719-4252) 
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screws need be loosened in order to remove the 
entire source from the socket. Another pre
pared source can be installed in a few seconds 
and pumpdown initiated as soon as the flange 
can be closed. Repeated use of several sources 
at high temperatures for hundreds of hours has 
yet to result in a failure of the basic plug or 
alignment system. All surfaces w hich must 
move relative to others are lubricated with 
molybdenum disulfide, tungsten diselenide or 
niobium diselenide, depending on the nature of 
the materials and their function . Even the 
copper-to-coppe r high-current plug contacts 
have remained fre e of any indication of sticking 
or wear. 

Fig. 5. Complete ion-source assembly. 
(XBB 719-4255) 

Fig. 6 . Source in place in separator. 
(XBB 719-4253) 

Figure 2 shows the main insulator, contact 
mounting ring and the source mounting flange 
with the male socket pins in the center . 

Figure 3 shows the rear of the main source 
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can with its aligning flange and pins as well as 
the female high-current plugs extending forward 
from the mounting insulator base. 

Figure 4 is a view of the front of the ion 
source can, with a graphite oscillating electron
type plasma ion source in place. The heat 

shield assembly which covers the ion source 
when assembled is to the right. 

Figure 5 shows a complete source assembly 
ready to plug in to the base plate and Fig. 6 is 
an overall view of the entire source region in
cluding the main vacuum flange. 

A MOLECULAR BEAM ELECTRIC DEFLECTION APPARATUS* 

P. Yarnell, A. J. Hebert, and K. Street, Jr. 

The gas phase geometry of the metal diha
lides, MX2, poses an interesting problem in 
bonding theory, in that experimental results 
indicate that some of these molecules are bent 
and others are linear. A particularly inter
esting case is that of the alkaline earth diha
lides, where whether a molecule is "bent" or 
"linear" depends in some cases on the nature 
of the halide ligand rather than on the central 
metal atom. 1 

Two diffc::rent experimental methods have 
been the principle sources of information on 
the geometry of these molecules. Infrared 
absorption measurements on rare gas matrix 
isolated molecules are interpreted to indicate 
that the molecule is "bent" if a frequency is 
observed that can be assigned to the v 1 vibra
tion. 2 In experiments in which a molecular 
beam is deflected in an inhomogeneous elec
tric field, "bent" molecules have states with 
positive Stark energies; these states can be 
refocused along the axis of a quadrupole elec
tric field. In these experiments failure to ob
serve a refocused beam is interpreted to indi
cate a "linear" molecule. 1 In some cases the 
two experimental methods do not agree-i.e., .:?. 

MgF2 is reported "bent" by the matrix methoa 
and "linear" by the deflection method. 1 The 
validity of the deflection results depends, crit
ically, on the sensitivity for detecting a small 
refocused beam, while the effects of the matrix 
itself may influence the absorption results. 

We have constructed a high- sensitivity elec
tric deflection apparatus by modification of an 
existing molecular beam mass spectrometer.3 
The spectrometer consists of three sections: 
an oven chamber, a buffer chamber, and a 
detection chamber. It is used for determining 
the composition of molecular beams, and de
tection is by means of electron bombardment 
ionization and mass analysis with an Electronic 
Associates, Inc. quadrupole mass filter as
sembly. This apparatus was converted for de
flection experiments by inserting an electric 
quadrupole assembly in the oven chamber. 
High sensitivity is achieved by placing the 
quadrupole deflecting field close to the oven 

source to give a large acceptance aperture. 
In addition, the high voltage to the quadrupole 
is repeatedly pulsed so that the output of the 
detector can be fed to a multichannel analyzer 
with a synchronous time base for signal av
eraging. 

The performance of·the apparatus was 
checked by studying molecules on which all 
previous experimental evidence agreed. BaF2 
is bent and ZnF2 is linear as determined by 
both the matrix isolation method4, 5 and the 
electric deflection method. 1, 6 Our exper
iments give the same results. 

We have also run SrCl21nd Sr Br2. Previ
ous deflection experiments indicate that SrC12 
is bent and SrBrz linear. However, a polar
izable ion modelS predicts very similar bend
ing potential curves for the two compounds, 
hence very similar structures. Our exper
iments give refocused beams for both mol
ecules, indicating they are both bent. 

Further experiments are planned for other 
metal di- and trihalide s. 

Footnote and References 

*Abstract of LBL- 600. 

1. A. Buchler, J. L. Stauffer, and W. 
Klemperer, J. Am. Chern. Soc. 86, 4544 
(1964). 

2. D. E. Mann, G. V. Calder, K. E. 
Seshadri, D. White, and M. J. Linevsky, 
J. Chern. Phys. 46, 1138 (1967). 

3. C. Melendres, UCRL-18344. 

4. V. Calder, D. E. Mann, K. E. Seshadri, 
M. Allavena, and D. White, J. Chern. Phys. 
2_!, 2093 (1967). 

5. A. Loewenschuss, A. Ron, and 0. Schnepp, 
J. Chern. Phys. 49, 272 ( 1968). 

6. A. Buchler, J. L. Stauffer, and W. 



Klemperer, J. Chem. Phys. 40, 3471 (1964). 

7. L. Wharton, R. A. Berg, and W. 
Klemp~rer, J. Chem. Phys. 39, 2023 (1963). 

354 

8. P. Yarnell and K. Street, Jr., Polarizable 
Ion Model, unpublished results. 

ELECTRON CYCLOTRON RESONANCE IN A PENNING ION SOURCE* 

G. Fuchs,t J. Steyaert,* and D. J. Clark 

Introduction 

Calculations of charge state distributions 
1 

show that the output of highly charged ions 
from Penning sources is limited mainly by 
the low electron temperature (50· · · 300 eV) 
if the source is run in the negative resistance 
mode (mode 2 ). For mode 1 we will show in 
this paper that the electron temperature can be 
increased considerably if the source is oper
ated under cyclotron resonance conditions. 

Recently electrons with higher energies 
than the corresponding applied arc voltage 
were detected in a Penning source by mea
suring_ the emitted Bremsstrahlung x-ray spec
trum.-c. It was not clear from the measure
ments whether the highly energetic electrons 
were produced by energy spread due to colli
sion of the primary electrons with the back
ground plasma, 3 by heating due to two- stream 
instability, or by heating due to an interaction 
between two- stream instability and electron 
cyclotron resonance modes. 4, 5 As will be 
shown in this paper, electron cyclotron modes 
can be excited if the cathodes are flat. 

Experimental Device 

The experimental setup, similar to that of 
Ref. 2, is shown in Fig. 1. The Penning 
source was the external heavy-ion source from 
the Berkeley 88-in. cyclotron, 6 run on nitro
gen gas. The x-ray spectra were detected 
with a 3-mm thick Li-drifed silicon counter 
cooled with liquid nitrogen (resolution 150 eV 
at 6 keV). The pulses were amplified with a 
high resolution preamplifier and amplifier, 7 
analyzed by a 400-channel analyzer (MCA) and 

Fig. 1. Experimental setup. 

(XBL 723-495) 
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Fig. 2. Measured spectrum using flat 
cathodes (N = countslmin). 

(XBL 723-493) 

read out on an x-y plotter. The experiment 
was arranged so that only the x rays emitted 
from the plasma (and not those produced by 
electrons striking the anode) were seen by the 
detector. The counting rate was so low that 
pile-up in the detector could be neglected. 
The background was negligible for energies 
E > 1 keV. A correction was made for the 
absorption of low-energy x rays in the 0.0125-
mm-thick Be window. Because of the uncer
tainty in the window thickness, only x rays 
with energies E > 1 keV were taken for the 
evaluation. 

0 4 6 

<1-..v 

Fig. 3. Measured spectrum using cathodes 
with hemi-spherical holes. 

10 

(XBL 723-492) 
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Measured Spectra 

In Fig. 2 and 3, two typical x-ray spectra 
for two different cathode shapes are given. 
Figure 2 shows a spectrum for a flat cathode. 
This spectrum was taken at B = 0. 53 T at the 
observed resonance (Fig. 4). The electron 
distribution function is in the observed part 
close to a Maxwellian one [compare Ref. 4]. 
In Fig. 3 a spectrum for cathodes with hemi
spherical holes is shown. The shape of the 
spectrum is different here in the ranges below 
and above the applied voltage (3. 5 kV ). 

Electron Cyclotron Resonance 

It is known from the experiments in 
ELM08 and BURNOUT9 that plasma electrons 
can be heated to high temperatures by electron 
cyclotron resonance. To see if the conditions 
for electron cyclotron resonance can be met 
in a Penning source, we plotted the electron 
temperature versus magnetic field for a low 
value of gas flow and arc current. The elec
tron temperature and electron density were ob
tained from the measured x-ray sbectra mul
tiplied by hv, using the equation:1 • 11,12 

L; c 
z 

n 
e 

X G exp (-hv/kT ). 
e 

(1) 

(This formula holds for a Maxwellian distribu
tion of the electrons.) jE is the x-ray energy 
flux emitted per unit volume, hv is energy, 
C = 1. 7 X 1o-40 erg/ cm3, ne and &+ are the 
densities of the electrons and the Z times 

charged ions respectively, R is the Rydber_E 
energy, Te the electron temperature, and G 
the free-free Gaunt factor which in our case 
is close to unity. 12, 13 We take G = 1. 

The electron temperature as obtained from 
the measured spectra and Eq. (1) is plotted 
in Fig. 4 versus magnetic field. T e shows a 
maximum at B "" 0. 53 T. 

For a resonance between the two-stream 
instability and electron cyclotron modes, the 
cyclotron and the plasma frequencies have to 
be approximately equal:4 

(2) 

At the maximum of the electron temperature 
we find from Fig. 4 we = 9X 1010 Hz. 
wp"" 9X 1010Hz was calculated from the mea
sured density ne"" 2.5X1o12 cm-3. This 
good agreement suggests that we have indeed 
a resonance between two-stream instability 
and cyclotron modes. 

Discussion and Conclusions 

The plasma conditions we had in our ex
periment are not the same as those typically 
used for the Penning discharge as an ion 
source. The degree of ionization ne/no "" 1 is 
too low so that no high ion currents, e speci
ally in high charge states, 1 can be expected. 

In order to improve the output of the highly 
charged ions it would be necessary to increase 
the degree of ionization, which requires an in
crease in ne. The source has then to be oper
ated in the negative resistance mode. 6 An 
increase of ne by a factor of 100 requires, be
cause of Eq. (2), an increase of the applied 
magnetic field by a factor of 10, which is still 
feasible. 
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IMPROVEMENTS ON VAPOR PRESSURE OSMOMETER 

M. Nakamura 

A commercial vapor pressure osmometer 
has been available for several years. The os
mometer has a special thermostated chamber 
in which two carefully matched heat- sensing 
thermistors are placed. The thermistors are 
part of a resistive bridge network, and mole c
ular weight determinations as osmatic coeffi
cients can be made indirectly by measuring the 
variation of resistance in one of the thermis
tors by changing a "Dekastat" to keep the bridge 
in balance. The drawback of this commercial 
unit was that its usable sensitivity was good 
only to ~o.o 1M. In addition the "Dekastat" had 
to be manipufated by hand which meant that 
constant attention was required and it was diffi
cult to get information on time-dependent phe
nomena. 

It was decided that we should automate the 
"Dekastat" control function and get the resist
ance variation information directly onto a chart 
recorder. This we have done by modifying 
most of the electronics which originally came 
with the instrument. Figure 1 shows a simpli
fied diagram of the electronics system which 
evolved. We replaced the battery source for 
the bridge with a 1-kHz square wave generator 
to minimize problems of 60 Hz pickup. We 
also reduced the voltage supplied to the bridge 
to minimize self-heating in the thermistors. 
A switch was added to the bridge so that we 
could select either the original "Dekastat" or 
the relay-driven resistor chain for maintaining 
balance in the bridge. We replaced the orig-

inal vacuum tube amplifier system since it was 
too slow and insensitive. The differential am
plifier detects very small resistance variations 
(O.OH1) in the sample thermistor. The lock-in 
amplifier further amplifies the difference sig
nal and demodulates the signal with the syn
chronizing signal from the 1-kHz square wave 
generator. The voltage comparator signal is 
sampled 150 times a second and its output de
livers either an add or subtract command to 
the reversible scaler. The scaler simultan
eously drives relays which add or subtract 
resistance to the bridge thermistor leg and 

Fig. 1. Simplified diagram of electronics for 
Vapor Pressure Osmometer. 

(XBL 715-3459 ) 
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Measured Spectra 

In Fig. 2 and 3, two typical x-ray spectra 
for two different cathode shapes are given. 
Figure 2 shows a spectrum for a flat cathode. 
This spectrum was taken at B = 0. 53 T at the 
observed resonance (Fig. 4). The electron 
distribution function is in the observed part 
close to a Maxwellian one [compare Ref. 4]. 
In Fig. 3 a spectrum for cathodes with hemi
spherical holes is shown. The shape of the 
spectrum is different here in the ranges below 
and above the applied voltage (3. 5 kV ). 

Electron Cyclotron Resonance 

It is known from the experiments in 
ELM08 and BURNOUT9 that plasma electrons 
can be heated to high temperatures by electron 
cyclotron resonance. To see if the conditions 
for electron cyclotron resonance can be met 
in a Penning source, we plotted the electron 
temperature versus magnetic field for a low 
value of gas flow and arc current. The elec
tron temperature and electron density were ob
tained from the measured x-ray sgectra mul-
ti plied by h v, using the equation: 1 • 11, 12 

X G exp (-hv/kT ). 
e 

(1) 

(This formula holds for a Maxwellian distribu
tion of the electrons.) jE: is the x-ray energy 
flux emitted per unit volume, h v is energy, 
C = 1. 7X1o-40 erg/cm3, ne and r&+ are the 
densities of the electrons and the Z times 

charged ions respectively, R is the Rydber__g 
energy, Te the electron temperature, and G 
the free -free Gaunt factor which in our case 
is close to unity. 12., 13 We take G = 1. 

The electron temperature as obtained from 
the measured spectra and Eq. (1) is plotted 
in Fig. 4 versus magnetic field. T e shows a 
maximum at B z 0. 53 T. 

For a resonance between the two-stream 
instability and electron cyclotron modes, the 
cyclotron and the plasma frequencies have to 
be approximately equal:4 

w =(e2ne)1/2=w =Be, (2) 
p meE:O c me 

At the maximum of the electron temperature 
we find from Fig. 4 we = 9X 1010 Hz. 
wp z 9X 1010 Hz was calculated from the mea
sured density ne z 2.5X1o12 cm-3. This 
good agreement suggests that we have indeed 
a resonance between two-stream instability 
and cyclotron modes. 

Discussion and Conclusions 

The plasma conditions we had in our ex
periment are not the same as those typically 
used for the Penning discharge as an ion 
source. The degree of ionization ne/no z 1 is 
too low so that no high ion currents, e speci
ally in high charge states, 1 can be expected. 

In order to improve the output of the highly 
charged ions it would be necessary to increase 
the degree of ionization, which requires an in
crease in ne. The source has then to be oper
ated in the negative resistance mode. 6 An 
increase of ne by a factor of 100 requires, be
cause of Eq. (2), an increase of the applied 
magnetic field by a factor of 10, which is still 
feasible. 
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IMPROVEMENTS ON VAPOR PRESSURE OSMOMETER 

M. Nakamura 

A commercial vapor pressure osmometer 
has been available for several years. The os
mometer has a special thermostated chamber 
in which two carefully matched heat- sensing 
thermistors are placed. The thermistors are 
part of a resistive bridge network, and mole c
ular weight determinations as osmatic coeffi
cients can be made indirectly by measuring the 
variation of resistance in one of the thermis
tors by changing a "Dekastat" to keep the bridge 
in balance. The drawback of this commercial 
unit was that its usable sensitivity was good 
only to -o .0 1M. In addition the "Dekastat" had 
to be manipufited by hand which meant that 
constant attention was required and it was diffi
cult to get information on time-dependent phe
nomena. 

It was decided that we should automate the 
"Dekastat" control function and get the resist
ance variation information directly onto a chart 
recorder. This we have done by modifying 
most of the electronics which originally came 
with the instrument. Figure 1 shows a simpli
fied diagram of the electronics system which 
evolved. We replaced the battery source for 
the bridge with a 1-kHz square wave generator 
to minimize problems of 60 Hz pickup. We 
also reduced the voltage supplied to the bridge 
to minimize self-heating in the thermistors. 
A switch was added to the bridge so that we 
could select either the original "Dekastat" or 
the relay-driven resistor chain for maintaining 
balance in the bridge. We replaced the orig-

inal vacuum tube amplifier system since it was 
too slow and insensitive. The differential am
plifier detects very small resistance variations 
(O.OH"l) in the sample thermistor. The lock-in 
amplifier further amplifies the difference sig
nal and demodulates the signal with the syn
chronizing signal from the 1-kHz square wave 
generator. The voltage comparator signal is 
sampled 150 times a second and its output de
livers either an add or subtract command to 
the reversible scaler. The scaler simultan
eously drives relays which add or subtract 
resistance to the bridge thermistor leg and 

Fig. 1. Simplified diagram of electronics for 
Vapor Pressure Osmometer. 
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drives a digital-to-analog converter whose out
put is fed to a chart recorder. 
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Osmometric determinations upon as low as 
0.001 M organic solutions (at 25° C) can now be 
made. With the higher sensitivity and the con
tinuous record kept by the chart recorder, we 
are able to observe phenomena which may have 
good and bad effects on the outcome of an ex
periment. Osmometer-chamber temperature 
variations due to the chamber heater turning 

on and off can be distinctly observed as well 
as room temperature and room and building 
pressure changes. The optimum voltage across 
the bridge was calculated and experimentally 
verified to have minimal self-heating effects 
and yet have sufficient error signal available 
to detect 0.01-'2 differences in the sample 
thermistor. Experimental procedures and 
techniques have been worked on and improved 
to minimize experimental errors. 

A VOLTAGE-CONTROLLED MOTOR SPEED CONTROL 

M. Nakamura 

A motor-speed control was required for 
velocity selection in experiments to determine 
the chemical composition (monomer, dimer, 
etc.) of NaCN by recording the velocity distri
butions of NaCN on a multichannel analyzer. 
The experiment is described in detail else
where in thi.~ annual report. 

The range of motor speeds is controllable 
from a few revolutions per second to 400 rev
olutions per second--the top speed of the two
phase hysteresis motor used in the experiment. 
The motor speed is controlled by using an an
alog signal which corresponds to the channel 

.number of a multichannel analyzer. By using 
this technique, the motor speed and its corre
sponding channel number can be calibrated and 
reproduced to a few parts in ten thousand. 

The motor- speed control is made up of a 
voltage-to-frequency converter, a flip-flop, a 

MOTOR 

Fig. 1. Simplified block diagram of voltage
controlled motor speed control. 

(XBL 723-491) 

90° phase shift, and an external power ampli
fier for driving the motor. The 90° phase 
shift is necessary for producing the proper 
signal for the second winding of the two- phase 
hysteresis motor. See Fig. 1. The motor~ 
speed control is capable of controlling speeds 
far in excess of 400 revolutions per second, 
but we designed the upper limit to meet the 
top speed of the motor used in the experiment. 

RELATIVE INTENSITY CALIBRATION OF A Ge(Li) GAMMA-RAY SPECTROMETER" 

L. J. Jardine 

The relative gamma-ray intensities of the 
eleven most inte_nse transitions of 182 Ta in 
the energy range of 100-1300 keV were remea
s'ured on a 10-cm3 Ge(Li) detector. These 
results, together with other measure-
ments), 1, 2, 3 are shown in Table I. The rel
ative intensities are believed accurate. to ±3% 
over the entire energy range and to ±1.5-2% 
over the smaller energy range of 1000-1300 
keV. 

182T . dd' . 180mHf d 24N a, 1n a 1hon to an a, 
were suggested as supplements to the IAEA 
standard intensity source set which is com
monly used in the determination of the rela-

tive gamma-ray photopeak efficiency of 
Ge(Li) spectrometers. Relative and absolute 
gamma-ray intensities for 182Ta, 180mHL 
24Na, and the IAEA isotopes were included in 
tables in order to collect the best sets of data 
necessary to calibrate spectrometers over 
the energy range of 100-2750 keV to± 4%. As 
an example, these intensities were used to 
define the relative efficiency curve to ±4% 
of the Ge(Li) detector shown in Fig. 1. 

It is of interest to note here that a recent 
compilationS (which is being currently up
dated) of the best energy values for many com
mon gamma-ray energy standards in the range 
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Table I. Energies and relative intensities of 
182

Ta in energy range 100-1300 keV. 

Ea 
'{ 

100.104±0.002 

152.435±0.003 

156.387±0.003 

179.393±0.004 

222.109±0.005 

229.322±0.005 

264.072±0.009 

Ed 
'{ 

1121.298± 0.013 

1189.046±0.013 

1221.399±0.013 

1231.010±0.013 

Edwards 

et al. 
1 

Ib 
'{ 

40.2 

20.5±0.8 

8.04 ± 0.4 

9.2±0.4 

22.5±0.9 

11.1±0.5 

10.8±0.5 

White 

et al. 
2 

I c 
'{ 

21.3±1.0 

8.07±0.4 

9.57±0.5 

22.6±1.2 

10.9±0.5 

10.6±0.4 

100. 

47.4±0.7 

79.3±1.2 

33.4±0.5 

Sapyta 

et al. 
3 

I c 
'{ 

40.7±4.1 

19.5 ± 2. 0 

7.5±0.75 

8. 7 ± 0. 9 

21.2±2.1 

10.5±1.1 

10.3±1.0 

100. 

46.3±3.2 

77.3± 5.4 

32.7±2.3 

Present 
work 

I c 
'{ 

40.2±1.0 

20.5±0.5 

7.6±0.2 

8.8±0.3 

21.3±0.55 

10.3±0.3 

10.1±0.3 

100. 

46.5±0.7 

77.3±1.2 

32.8±0.5 

aEnergies listed in keV are those reported by Edwards et al. 
1 

bintensities
1 

are renormalized to the 100-keV transition of present work. 

cintensitie s are normalized to 1121-keV transition. 

dThe energies listed in keV are those reported by White and Birkett. 
4 

50 100 

Ge (Li) detector efficiency 

(9 cm2 x 4.5 em true coaxial) 

300 

I IAEA 

+ 180mHf (relative) 

+ 182To (relative) 

• 24No (relative) 

1000 
y- Roy energy (keY) 

3000 

of 25-3452 keV was given in UCRL-20476. 6 
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CYCLING ZONE ADSORPTION: SEPARATION OF GAS MIXTURES 

Dwain E. Blum 

(LBL-247) 

A theoretical explanation is pre sen ted for 
cycling zone adsorption, a wave-propagating 
separation process utilized to effect separa
tions of gaseous mixtures. Experimental re
sults confirming the theoretical predictions 
are also included. The minor effect of finite 
mass transfer rates on the separative power 
was also investigated. 

The addition of an isothermal adsorbent 

bed to a cycling zone adsorption process being 
fed a dilute mixture of adsorbing components 
is suggested to enhance the separation further. 
Elimination of the carrier gas was found not 
to alter the separative power of the process 
significantly. 

A frequency response method was used for 
determination of equilibrium distribution co
efficients for the fluid-solid adsorbing systems 
investigated. 

ABSORPTION OF N203 INTO WATER 

Clarenc·e E. Corriveau, Jr. 

(UCRL-20479) 

The rates of the simultaneous absorption 
of N02 and NO into water were measured ex
perimentally, using a five-sphere, laminar 
film, laboratory absorber. The data indicate 
that the two compounds enter the liquid film 
as N204 and N203 respectively, the rates of 
solution per unit interfacial area in each in
stance being governed by the solubility of the 
unreacted oxide and by its chemical rate of 

reaction with water. The data indicate that 
the half-lives of dissolved N 2 04 and N 203 are 
approximately 34 and 0.59 X1o-4 sec, respec
tively, and that N204 is much more soluble 
than is N203. The result is that the rate of 
absorption per unit interfacial partial pres
sure is about the same for the two oxides. 

Industrial applications of the new data are 
discussed. 

CALORIMETRIC DETERMINATION OF THE TRANSITION 

ENERGY OF URANIUM- 235m 

Barbara Ellen Bailey Culler 

(LBL-221) 

The isomeric state of uranium-235 decays 
by internal conversion, emitting electrons of 
extremely low energy. Hence, the transition 
energy is difficult to measure by conventional 
means. A microcalorimeter was designed 
and constructed to measure directly the heat 
produced by the decay. The value obtained 
for the transition energy was 572 ± 33 eV. 

The half life for alpha decay of the isomer 
was calculated to be 5. 9X 108 years. In addi
tion the probability of Coulomb excitation of 
the isomeric state by interstellar protons was 
estimated and found to be negligible. These 
two results eliminate a possible uranium-235 
removal mechanism in space, and substantiate 
the use of the ratio 235uj238u to determine 
the age of the galaxy. 
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ISOSPIN PURITY AND VIOLATIONS OF MIRROR SYMMETRY: THE BETA-DELAYED 

PROTON DECAY OF 9c, 13o, 17Ne, AND 33Ar 

John Edward Esterl 

(UCRL-20480) 

Beta-delayed proton studies of some light 
A = 4n+1, T z =- 3/2 nuclei have been made. 
Supplementary y-ray measurements were 
made where necessary. A fast gas -transport 
system and particle -identification techniques 
combined to produce proton spectra in which 
the resolution was limited by the momentum 
spread of the precedin_g beta-ray. The half
lives measured are: 9c, 126.5 ± 1.0 ms; 
i3o, 8.95±0.20 ms; 17Ne, 109.0±1.0 ms; 
and 33Ar, 173.0 ± 2.0 ms. Precise level en
ergies in 17F and 33cl have been measured 

and a discrepancy concerning levels in 17F 
has been resolved. Absolute log ft-values 
for the 13-decay branches of 13Q, T7Ne, and 
33Ar have been obtained; these measurements 
indicate violations of mirror symmetry in 
beta-decay. They also indicate that the 
lowest T = 3/2 state in 17F has an isospin 
purity of 2: 95o/o, in contrast to the lowest 
·T = 3/2 state in 33cL for which an impurity 
of - 10o/o is suggested. Circumstantial evi
dence indicates that four T = 1/2 states within 
350 keV of the analo~ue state cause the im
purity observed in 3 Cl. 

DECAY OF THE 50cr* COMPOUND NUCLEUS FORMED BY THE NUCLEAR 
REACTIONS 3He + 47Ti, 4He + 46Ti 16o + 34s, 18o + 32s, AND 22Ne + 28si 

Man K. Go 

(UCRL-20483) 

Experimental excitation functions have been 
measured for nuclear reactions 3He + 4 7Ti, 
a+46Ti, 16o+34s, 18o+32s, and 22Ne+28si. 
The observed products are 48cr and 48y, and 
for the 3He- and a -induced reactions, the 
49cr production cross sections are also mea
sured. The excitation function 46Ti(a, p)49v 
is also obtained. Simple theoretical calcula
tion based on the compound-statistical model 
is performed to calculate the excitation func
tions from 3He and a .reactions and found to 
agree reasonably with experiment. 

The observed cross sections from the 
18o_ and 22Ne-induced reactions have been 
strongly suppressed by the Coulomb barrier. 
The 47Ti(3He, n)49cr excitation function is 
similarly found to be an order of magnitude 
smaller than that for the corresponding a-in
duced reaction. 

A displacement of the experimental excita
tion functions relative to one another along the 
excitation energy axis is observed and ex
plained by the effect of angular momentum 
upon the de- excitation of the compound nu
cleus. The shapes and magnitudes of the 
ratios of the various experimental excitation 
functions indicate the compound-nucleus model 
can be applied to these reactions. Bohr's in
dependence postulate is valid, if corrections 
are made for the difference in angular mo
mentum of the different entrance channels. 

. 49 48 
Reco1l ranges for Cr and Cr from 

a+ 46Ti reaction are obtained by measuring 
the recoil distribution of these nuclei from a 
thick target. These recoil ranges are found. 
to be consistent with the calculation based on 
the theory of Lindhard, Scharff. and Schiptt 
for a compound-nucleus reaction. 
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THE DECAY OFT= 2 STATES IN Tz = 0 NUCLEI 

George William Goth 

(LBL-224) 

The particle decays of the lowest T = 2 
states of 20Ne, 24Mg, 28si, 32s, 40ca and 
56Ni have been measured. The states were 
populated through the (p, t) reaction on T = 1 
targets and their isospin forbidden particle 
decays were measured by observing coinci
dences· between tritons and protons 

[ Ep(max) = 2.6- 3. 7 MeV] and/or alpha-parti
cles [Ea(max) = 1.8-12.0 MeV]. These ex
periments established that particle decay ac
counts for almost all of the total widths of the 
states (r~artiG.le./r = 0.99±0.11). The major 
decay motles of the states were found to be: 

20Ne(a1 +a2, a3+a~)· 24Mg(po); 28si(ao); 
32S(p0 ); 40ca(ao); 6Ni(p0 ). Comparison of 
these·experiments with results from resonance 
reaction studies shows qualitative agreement. 
Simple Coulomb calculations were ]Jerformed 
for the decay of the T = 2 state in 40ca; these 
assumed pure shell model configurations and 
considered isospin mixing in only the (ld, lf) 
shells. They failed to predict the relatively 
large T = 2 isospin admixtures necessary to 
explain the observed alpha-decay of this state. 

KINETICS OF THE REACTION OF CARBON DIOXIDE WITH HYDROXYL ION 

Shirley Hsu 

(UCRL-20461) 

The kinetics of the combination of carbon 
dioxide and hydroxyl ion is of considerable 
industrial interest. The reaction is second
order in the forward direction 

K 

and the rate is given by: 

d(C0
2

) 
Rate (g mole/£ s) =- dt = K(C0

2
)(0H-) 

where K is the second-order rate constant 
for OH-, (£/g moles), (C02 ) and (OH-) are 
the concentrations of C02 and OH- at any 
stage of the reaction respectively, g mole/£. 

The data of the kinetic constant K in various 
temperatures and salt solutions are very use
ful in the calculations for designing the proc
ess of using hydroxide solutions to remove 

carbon dioxide from gas mixtures. The cal
culation of the actual rate of the reaction be
tween carbon dioxide and hydroxyl ion in 
salt solutions is very complicated because of 
the effect of ionic strength and the nature of 
salts. A discussion on the theoretical ap
proach to the calculation will be given in the 
next section. 

The value of K has been measured by 
some workers. Except the data reported by 
Pinsent and Nijsing, few data are useful for 
industrial applications. The kinetic constant 
K is strongly affected by the ionic strength 
and the nature of the ions present and, 
therefore, its value cannot be accurately pre
dieted for the salt solutions in which it has 
not been measured. A review of the methods 
which have been used for measuring the kinet
ic constant will be given in a later section. 
The results obtained by various methods will 
be compared and the best method for mea
suring Kin the salt solutions will be discussed. 
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EXPERIMENTAL INVESTIGATION OF THE ELECTRON CAPTURE DECAY 

OF 210At AND 209At: THE LEVEL SCHEMES OF 210po AND 209po 

Leslie James Jardine 

(LBL-246) 

The nuclear levels of 210 Po and 20 9Po 
populated by: the electron-capture decay of 
210At and 209At have been studied. Experi
mental level schemes have been constructed 
by using data obtained from gamma-ray sin
gles, internal conversion electron, and gamma
gamma coincidence measurements with high 
resolution Ge (Li) and Si(Li) spectrometers. 

210 
For the case of Po, pre sent data have 

been used to define twenty-three levels. The 
multipolarity of thirty-six transitions in 210po 
have been determined and combined with data 
from recent reaction studies to assign spins 
and parities to the levels. All levels arising 
from the t:,vo -proton configuration (h 9j2)2 and 
from the multiplets due to the configurations 
(h9/2 f7 /2) and (h9j2 i13j2), except for the 
lowest spin members, have been identified. 
The level structure is compared with two-pro
ton shell model calculations and experimental 
transition probabilities for gamma decay of the 
(h9/2 f? /2) and (h9/2 )2 proton multiplets are 
compared with predictions using several sets 
of shell model wave -functions. Evidence is 

presented which locates the 3- collective level 
in 210Po at 2400 keV above the ground state. 
The electron-capture transition rates to odd 
parity levels above 2. 9 MeV are discussed in 
terms of neutron-neutron and proton-proton 
particle-hole excitations of the 208pb core. 
A weak-coupling calculation using experimen
tal data of neighboring isotopes in the lead 
region is made for the energies of the 3- and 
s- core states of 210Po. 

209 For the case of Po, twenty-levels have 
been defined by the present data. Multipolari
ties of thirty-one transitions in 209po have 
been determined and used to as sign spins and 
parities to the levels. Five states arising 
from the odd neutron in 209po have been 
assigned by a comparison of the experimental 
level spectrum and the decay characteristics 
of levels with a shell model calculation and the 
levels in 207Pb. A weak coupling calculation 
using experimental data from isotopes in the 
lead region to approximate residual interac
tions was found to explain the level structure 
of 209Po below 2 MeV. 

ASYMMETRIC INTERACTIONS AND THE SEPARATION OF OPTICAL 

ISOMERS BY OPTICALLY ACTIVE SORBENTS 

John M. Krochta 

(UCRL-204 71) 

The stereospecific molecular structure of 
living things has important consequences in 
the synthesis of biochemicals for food supple
mentation, pharmaceutical purposes and other 
biological uses. The optical isomers obtained 
must usually be separated, because man and 
other organisms can most often utilize only 
one of them. In this work, stereospecific 
sorption has been studied as an alternate 
method to better known procedures for separ
ating optical isomers. 

In an exploratory study, pure optical iso
mers of aspartic acid were found to dissolve 
in measurably different amounts into aqueous 
solutions of other amino acids, used as opti
cally active solvents. The largest observed 
effect was a 1.1 o/o difference for the aspartic 

acid isomers in O.OSM glutamic acid. Such 
diffe renee s in opticar=:-isomer solubilities are 
explained by differences in binary association 
between solute and solvent, caused by struc
tural effects which alter the bonding strength 
at the third of three points of intermolecular 
contact. Analysis of solubility and activity 
data yields a value close to 0.20 
(moles/liter)-1 for the dimerization constant 
describing quadrupole formation between two 
different amino acids. Minimum-value equi
librium constants (neglecting sel£-dimeriza
tion) calculated for several other cases of 
inter-dimer formation are significantly 
greater. 

The solubility results indicated that amino 
acids attached to a polymer matrix would be 
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effective in resolving other amino acid optical 
isomers. The synthesis of such a material 
consisted of three steps: imine formation by 
reacting previously formulated polystyrene 
beads with an amino acid ester, reduction of 
the imine with NaBH4, and hydrolysis of the 
attached ester. In separate chromatographic 
experiments using short columns containing 
L-tyrosine, L-glutamic acid and L-aspartic 
acid resins, respectively, the optical iso
mers of DL-mandelic acid have been parti
ally separated in methanol. Samples with 
isomer ratios up to 1.10 have been obtained 
with the L-tyrosine resin. All attempts to 
separate amino acid optical isomers on the 
amino acid resins, in both methanol and water, 
have failed. The bound amino acid appears 
less accessible for complex formation, and 
shows effectively zero retention of most dis
solved amino acids. 

A second type of asymmetric sorbent was 

synthesized by hydrolyzing chitin, poly(N
acetyl-D-glucoseamine) to chitosan, poly(D
glucoseamine), a weak base. This was fol
lowed by eros slinking with epichlorohydrin 
to preserve the structure of chitosan in acidic 
solutions. Chitosan has been used success
fully to obtain partial separations of the opti
cal isomers of DL-mandelic acid; samples 
with isomer ratios up to 1. 98 have been 
achieved in methanol. Of the amino acids, 
only aspartic acid and glutamic acid show a 
tendency to sorb onto chitosan, but no opti
cal isomer separation was detected in these 
cases. However, chitosan displays a 
striking ability to separate the optical iso
mers of N-acylated amino acids. Samples 
with isomer ratios up to 2. 9 were obtained in 
a partial separation of the optical isomers of 
N -acetyl-DL-phenylalanine in methanol. The 
conditions under which a complete separation 
should occur have been predicted, and are 
quite accessible. 

SYSTEMATICS OF THE DIRECT (p, o:) REACTION 

Creve Cowen Maples, Jr. 

(LBL-253) 

The (p,a) reaction was investigated on 
16o, 15N, 14N, 13c, and 12c targets 
at proton energies between 43.7 and 54.1 MeV. 
Levels were examined in the residual nuclei 
up to a maximum of from 15 to 22 MeV in ex
citation and angular distributions were ob
tained to approximately 90° c. m. The reac
tion was found to proceed predominantly via 
a direct pickup mechanism and to strongly 
populate only levels consistent with this mech
anism. The angular distributions exhibited a 
strong dependence on the value (s) of J, the 
total angular momentum transfer. For a 
given J, the shapes of the distributions were 
relatively uniform and reasonably independent 
of kinematic effects. The (p, a) reaction was 
also observed to preferentially populate 
higher spin levels. As a consequence of these 
properties a number of p-shell levels were 

identified, some of which were previously un
reported, and spin and parity assignments 
were made. 

The experimental results were found to be 
in excellent agreement with the general ex
pectations of theory. The DWBA calculations, 
assuming a triton transfer, were able to pre
diet a pronounced J -dependence in the (p, a) 
reaction which, at forward angles ( ec. m. < 70°) 
was both consistent and uniform. The results 
of these calculations reproduced the qualitative 
features of the angular distributions although, 
in general, the predictions displayed a more 
rapid decrease in the cross section with angle 
than was observed. The effect of non-local 
and finite-range corrections to the calculations 
were examined but were found to be unimpor
tant. 

UTILIZATION OF ALGAE FOR WATER PURIFICATION AND PROTEIN PRODUCTION 

Steven Frank Miller 

(LBL-289) 

This thesis contains a broad ecological 
sketch as well as specific design information 

for solving problems of water purification 
and food production. A plant is designed 
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utilizing algae as living ion exchange beads 
for removal of Sr from low level radioactive 
waste streams. Preference of Sr over Ca by 
Pandor ina morum Borey is found to be 1. 2 to 
1 with a higher than expected value of 1.4 
milliequivalents of cation exchange sites 
available per gram dry weight of algae. Plant 
economics based on utilization of conventional 
separators are found to be unpromising. 

A 11 Phototactic" separation device is de
signed and data presented for this novel means 
of harvesting algae at a possible reduced cost. 
Cheap algal harvesting also has implications 
for algal agriculture. Pandorina was analyzed 
for protein content and found promising. Meth
ods of Pandorina culture are discussed briefly. 

A novel laboratory algal growth reactor with 
an externally falling cooling film is also pre
sented .. 

MASS TRANSFER COEFFICIENTS AND INTERFACIAL AREA FOR GAS 

ABSORPTION BY AGITATED AQUEOUS ELECTROLYTE SOLUTIONS 

Campbell w.· Robinson 

(UCRL-20472) 

In order to design or optimize the operation 
of stirred-tank gas absorbers, such as are 
used for the submerged cultivation of aerobic 
microorganisms wherein oxygen is supplied by 
mass transfer from dispersed air bubbles, 
it is necessary to be able to characterize the 
oxygen mass transfer capabilities in terms 
of the physicochemical properties of the 
aqueous phase, the agitation power input, and 
the aeration rate. The oxygen mass transfer 
capability of a particular tank can be de scribed 
in terms of the overall volumetric mass trans
fer coefficient, KL4a. 

KL4a measurements were made in several 
aqueous electrolyte solutions of varying ionic 
strength over a wide range of agitation-aera
tion intensity in a 2. 5 litre fully-baffled 
stirred tank having standard geometric ratios 
and equipped with a turbine-type impeller. 
Both steady-state and unsteady-state experi
mental methods were applied, utilizing a dis
solved oxygen probe to measure the aqueous
phase oxygen tension or its rate of change. 
Unsteady-state oxygen probe response meth
ods are described which permit measurement 
of KL4a with a minimum of experimental com
plexity. Mathematical analysis of and com
puter solutions for probe response are given. 

KL4a values are reported as a function of 
the agitation power input per unit volume 

(Pc/V L), superficial gas velocity (vs), and 
solution ionic strength. The results indicate 
that the ionic strength has a pronounced ef
fect on the value of KL4 a at constant Pc/V L 
and vs; the effect of ionic strength heretofore 
has not been explicitly described in the litera
ture. A generalized correlation for the pre
diction of KL4a for electrolyte solutions or 
for water is given for the particular type of 
stirred tank used. Physical absorption re
sults are compared to oxygen absorption
with-reaction results obtained from the cop
per-catalysed sulphite oxidation method. 

A new simultaneous measuring technique 
involving concurrent chemical absorption of 
carbon dioxide and desorption of oxygen is 
developed for separately evaluating the liquid
phase oxygen mass transfer coefficient, 
kL4• and the specific interfacial area, a. 
Results from three different non-viscous 
aqueous electrolyte solutions show that at 
high agitation power input levels, such that 
the average gas bubble diameter is between 
0.02 and 0.25 em, kL4 decreases with in
creasing Pc/Vv This behavior is in con
trast with the results of others at lower agita
tion levels or in non-electrolytic liquids, but 
is in general agreement with previous results 
for the behavior of single bubbles or bubble 
swarms having the same range of average 
bubble diameter produced in viscous, non
electrolytic aqueous solutions. 
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THREE-COMPONENT ION-EXCHANGE IN FIXED BEDS APPLICATION 

TO PRE-TREATMENT OF SALINE-WATER EVAPORATOR FEED 

Angelo G. Sassi 

(LBL-299) 

The existing column-performance theory 
for multicomponent ion exchange utilizes the 
local-equilibrium conditions to determine the 
limiting concentration profiles ins ide the col
umn, and in the effluent. These profiles con
tain a series of constant-composition plateaus 
with intervening transitions; the total number 
of transitions between feed and presaturant is 
one less than the total number of components. 
The actual shapes of transitions can then be 
calculated from nonequilibrium theory. 

Sea-water softening by ion-exchange as a 
pretreatment before distillation removes 
scale-forming calcium compounds. Regenera
tion of the exhausted ion-exchange resin can 
be carried out using reject evaporation-brine, 
two or four ''mes as concentrated as sea 
water. In ti"1s report, sea-water softening is 
examined as a three-component system in
volving calcium, magnesium, and sodium ions. 

Equilibrium theory is applied to this sys
tem for a number of experimental saturation 
and regeneration runs at different operating 

conditions. Reported effluent- concentration
histories, involving stoichiometric values of 
throughput parameter for each transition and 
limiting concentration levels of each plateau, 
are compared with the predicted plateaus and 
transitions. 

The nonequilibrium or dynamic behavior 
is approximated by a binary system in which 
a sodium-magnesium gross-ion counterdif
fuse s against calcium. The experimental 
calcium-concentration histories are matched 
to the theoretical binary master curves with
in the plateau-zone limits identified by equi
librium theory. The resulting numbers of re
action units (or values of mass -transfer co
efficients) are used to identify internal dif
fusion as the mechanism controlling the rate 
of mass-transfer. The contribution of fluid
phase pore diffusion to the mechanism of in
ternal transport is found to be negligible com
pared to solid-phase diffusion. The results 
obtained for regeneration steps are found con
sistent with those for softening steps. 

OPTICAL STUDIES OF LANTHANIDE AND ACTINIDE IONS IN CALCIUM FLUORIDE 

James Joseph Stacy 

(LBL-281) 

Optical absorption and thermoluminescence 
measurements were used to study the effects 
of -y -irradiation on trivalent actinide ions in 
CaF2. Thermoluminescent glow curves for 
Np, Pu, Am and Cm (and, for comparison, 
the lanthanides Er, Ho and Tm) were mea
sured between 100° and 300°K. These were 
found to be remarkably similar, with glow 
peaks occuring at nearly the same tempera
tures for each of the ions. The activation en
ergies for each of the glow peaks were esti
mated. High resolution measurements of the 
spectra of the thermoluminescence showed 
that the emission is identical to the fluores
cence of the trivalent ions, and determines 
the site symmetry of the emitting ion. Evi
dence was presented that the glow emission 
below 300°K originates from trivalent actinide 
ions in cubic sites. In the model proposed to 
explain these data, irradiation at 77°K pro-

duces hole traps and electrons which are lo
calized near cubic Ac3+ ions. Heating allows 
a hole to diffuse to the site of a localized ele c
tron. The hole and extra electron recombine, 
leaving an excited trivalent actinide ion. De
cay of this ion to its ground state results in 
the observed thermoluminescence. 

When the Ac 3+ -CaF2 crystals were irradi
ated at 300°K, the actinide ion was oxidized 
to the tetravalent state. In the model pro
posed, heating allows electrons which had be
come trapped in the lattice to recombine with 

.the Ac4+ ions. The decay of the newly formed 
Ac3+ ion to its ground state results in the ob
served thermoluminescence. 

The optical Zeeman rotation spectra were 
taken of some selected transitions in Am3+, 
Cm3+, and Nd3+ embedded in CaF2. Only 



symmetry sites arising from tetragonal com
pensation could be positively identified, al
though there was evidence for the existence of 
lower symmetries,. This technique is of gen-
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eral applicability to problems of non-equiv
alent sites and provides a more positive iden-' 
tification than Zeeman studies restricted to 
a few crystallographic directions. 



VI. 1971 Publications 



-371-

1971 Publications 

Papers Published and UCRL Reports Issued, 1971 

ALBURGER, D. E., (See Cerny, J., LBL-240) 

ALEXANDER, E. C., Jr., R. S. Lewis, J. H. Reynolds, and M. C. Michel 
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UCRL-20482, May 1971 
Science 172,837 (1971) 

ALLRED, D., (See Esterl, J. E., UCRL-20400) 

ANDERBERG, D. H., (See Clem, R. G., UCRL-20457) 

ANDERBERG, D. H., (See Clem, R. G., UCRL-20457 -Rev.) 
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ASCUITTO, R. J. , and N. K. Glendenning 
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Nucl. Phys. 

ASCUITTO, R. J., N. K. Glendenning, and B. Sprensen 
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BACHER, A. D., E. A. McClatchie, M. S. Zisman, T. A. Weaver and T. A. Tombrello 
Observation of the 14 MeV resonance in 12c(p, p)12c with molecular ion beams 
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A temperature -independent spin-lattice relaxation time in metals at low temperatures 
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