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elastic scattering by Elton, Swift, and Towner. "
Calculations of the equivalent radii R of the
calcium isotopes with this model, by Percy
and Schiffer, '4 show even a decrease in R from
Ca to Ca . A basic assumption for such cal-
culations is, of course, the isotopic variation
of the potential itself. Exploration of isotopic
variations in elastic scattering of protons or
alpha particles on Ca will yield information
on this point, to the extent that the effect of
the separate parameters in the optical poten-
tial can be disentangled. In this regard, we

tentatively suggest an approach like ours, in

which one focuses attention, experimentally
and theoretically, on the difference in scatter-
ing. It may be, as with our work, that some
of the possible ambiguities (in our case the
actual choice made for the Ca4o parameters)
turn out to be unimportant.

%e wish to thank Dr. G. L. Rogosa of the U. S.
Atomic Energy Commission and Mr. T. H. Ko-
bisk of Oak Ridge National Laboratory for their
kind help in obtaining the target materials for
this experiment. The High-Energy Physics
Laboratory accelerator crew has been helpful,
as always, in providing running time and we
are very grateful to them.
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SCATTERING MEASUREMENTS ON NEUTRON RESONANCES IN Pu
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(Received 16 September 1965)

Epithermal neutron resonance scattering
measurements on Pu'3 have recently been
made, using the Livermore electron linear
accelerator as a pulsed neutron source for
a time-of-flight experiment. The goal of this
experiment was to obtain total spin values J
for as many resonances of Pu"' as possible,
and to confirm the prediction of Bohr' and
%heeler' that the total spin and average fis-
sion width are correlated. Our method, a pre-
viously reported variation of the "bright line"
technique, 4 eliminates the fission neutrons

and capture ga.mrna rays which complicate
the analysis of an earlier scattering experi-
ment on Pu'" by Fraser and Schwartz. ' From
these measurements, we have assigned J val-
ues to 15 levels of Pu'~ up to 75.2 eV. These
include seven levels (14.3, 15.5, 32.3, 35.3,
47.6, 52.6, and 75.2 eV) not determined by
Fraser and Schwartz and values for three lev-
els (14.7, 22.2, and 44.5 eV) which are in dis-
agreement with their reported values. In ad-
dition, we have determined values of gl'„'/I'
for two other resonances (50.0 and 85.6 eV),
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FIG. 1. The experimental arrangement. The flight path length is 17.8 m. The detector shielding is not shown.
The drawing is not to scale.

but have made no total spin assignments for
them.

The experimental arrangement is shown in
Fig. 1. The salient feature is a spherical car-
bon shell, 20 cm in outer diameter with a 4.4-
cm thick wall and an 0.6-cm thick hydroge-
nous inner liner. Bursts of fast neutrons are
produced when the pulsed electron beam strikes
the oil-cooled tungsten target embedded in the
shell. As each neutron pulse is moderated
by the carbon shell, the neutrons "forget"
their point of origin and rapidly assume a
spatially uniform distribution around the shell.
The hydrogenous liner then serves to moder-
ate the neutrons as quickly as possible. A
Pu"' sample in the center of the sphere scat-
ters neutrons to a, detector at the end of the
17.8-m flight tube. Monte-Carlo calculations
indicate that, for neutron energies below 10
keV, the inner surface of the shell is effective-
ly a uniform, isotropic 4~ neutron source.
The width of the neutron pulse at half-maxi-
mum intensity is given by A, t (psec) = 3/F. '"
(eV).

The detector used in this experiment was
a, 5-cm-diameter by 2.5-cm-thick 8'0-loaded
liquid scintillator used with a pulse-shape
discrimination circuit based on the design of

Daehnick and Sherr. ' It was shielded by 1.25
cm of lead, which in turn was shielded by about
60 cm of borated paraffin and paraffin slabs.

The collimation of the flight path was arranged
so that the detector "saw" a 3.75-cm-diame-
ter area at the center of the spherical cavity.
The details of the various scattering samples
used a.re listed in Table I. The plutonium sam-
ples were metallic foils 4.38 cm in diameter.
Each was sandwiched between two 0.00075-
cm aluminum foils to prevent oxidation of the
plutonium. Sample 4 was a carbon disc sand-
wiched in aluminum foil used to measure the
flux spectrum incident on the scattering sam-
ples. An 0.00063-cm gold foil was included
in each sandwich, and the 60.3-eV gold reso-
nance was used to normalize the measurements.
Sample 5, consisted of only the aluminum and
gold foils, was used to measure the sample-
out background. The "get lost" tube with a
2.5-cm-thick I i' disc at the end insures that
the wall behind the sphere does not act as a
direct neutron source seen by the detector.

For all measurements, the electron pulse
width was 0.6 psec, with a repetition rate of
360 pulses per sec. The data were collected
on a 4096-channel analyzer, having a channel
width of 0.25 p.sec. Runs of about 45 hours

Table I. Composition of scattering samples.

Sample
number P 240 Pu'4'

Sample compos itiona
(Vo)

Other
Thickness

(atoms/cm2)

1
2

3
4b
5c

96.94
96.94
93.71

0
0

2.90
2.90
5.81

0
0

0.14
0.14
0.48

0
0

0.02 (Pu242)

O. O2 (Pu'4')

carbon
0

9.O3X1O"
3.84X102'
9.50x 1020

],34X]0
0

aAll samples contained 9.2xlo 9 and 3.84x10 atoms/cm of Al and Au, respectively.
Sample 4 is a carbon sample used to measure the neutron Aux spectrum.
Sample 5 is a blank sample used to measure sample-out background.
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FIG. 2. A portion of the raw data from sample 1.
The solid curve is included to guide the eye. The in-
dividual points represent three-channel averages.

duration were made with each of the plutonium
samples. Shorter neutron spectrum and sam-
ple-out background runs were taken. The ra, w

data for portions of the two thinnest plutonium
samples are shown in Figs. 2 and 3. The curves
through the data are included to guide the eye.
Our measurements show a significantly better
signal-to-background ratio than the earlier
measurements of Fraser and Schwartz, ' this
ratio being about 1 to 1 for the 44.5-eV reso-
nance in the thinnest sample.

The Breit-%'igner formula gives the area
due to scattering from an isolated resonance
as 7100m/2 =4.088 X10s(gr„'/E~r)b eV, where

E~, the partial level width I „, and the total
level width I" are expressed in eV, and where
the statistical factor g is (28+I)/2(2I+ I), with
J=I+ ~. Since I= ~ for Pu ~9, the two possible
g values are —,', corresponding to J=O, and
—,', corresponding to 4=1. If values of gr„'/r
are obtained from scattering areas, previous-
ly determined values for gl+ and I' can be
used to find g (and hence J) for each resonance
fr om

)2

I (gr '/r)'

The results of our measurements are sum-
marized in Table II. The quoted values of
gI'„'/I' were obtained, with two exceptions,

FIG. 3. A portion of the raw data from sample 2.
The solid curve is included to guide the eye.

by extrapolating the results from samples
1 and 2 to zero thickness, using the condition
that gr»'/r becomes independent of sample
thickness for samples which are thin enough.
By this means, effects of multiple scattering
and resonance self-protection were removed
from the measured values. Those effects were
10@or less of the values measured for sam-
ple 1. The quoted value of gI'„'/I' for the 14.7-
eV resonance is that measured for sample 1,
while the value quoted for the 47.6-eV reso-
nance is that measured for sample 2. The
quoted uncertainties in the values of gr„'/r
are the estimated uncertainties in measuring
the scattering areas for sample 1. We esti-
mate the uncertainties in normalization of the
various runs to be 5% or less.

The g values listed in Table II were obtained
from Eq. (1) by using our measured values
for gl „ /I and two sets of gf'„and I" values
reported by Schmidt' and by Blons et al.' Un-
certainties in the values of gI „and 1 for the
50.0- a.nd 85.6-eV resonances precluded any
spin assignments for them. In addition, we
have made J value assignments for four reso-
nances (14.3, 15.5, 32.3, and 35.3 eV) where
no quantitative evaluation of gl „'/I' was made.
The reasons for these assignments are brief-
ly outlined below.

In the interval between 13.3 and 16.5 eV,
there are three resonances (14.3, 14.7, and
15.5 eV). From reported resonance parame-
ter, '~ B it is apparent that the 15.5-eV resonance
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Table II. Measured gl „/I values and spin assignments.

jV

IeV)
Assigned Assigned

J

7.9
10.9
11.9
14.3
14.7
15.5
17.6
22.2
32.3
35.3
41.4
44.5
47.6
50.0
52.6
75.2
85.6

0.0067 + 0.0019
0.0120 + 0.0024
0.0160+ 0.0031

&0.0045d
0.0408 + 0.0084

0.0300 + 0.0066
0.0510+ 0.0135

0.352 + 0.034
0.598 +0.043
0.043 + 0.014
0.073 + 0.015
1.48 + 0.096
2.51 + 0.25
1.11 + 0.29

0.79
0.86
0.63

0.86

0.55
0.49

0.77
0.74
0.12

0.67
0.52

0.63
0.84
0.56

0.70

0.82
1.00

0.52
0.72
0.16

0.78
0.68

Quoted uncertainties are estimates of uncertainties in measuring scattering areas only.
bg determined using values of gI'„and I' from reference 7.
g determined using values of gI z and I' from reference 8.
We could have seen some indication of the 14.3-eV resonance had gI'„been 0.0045 mV or larger.

makes a negligible contribution to the scatter-
ing area in this interval for any choice of spin
assignments to the three resonances. Also,
it is easily seen that the scattering a.rea of
the 14.3-eV resonance will be about 25% that
of the 14.7-eV resonance only if the total spins
are 0 and 1, respectively. For any other com-
bination of spins, the relative contribution of
the 14.3-eV resonance will be less than 10%.
Our experiment would detect a 10% contribu-
tion, but we observed no measureable 14.3-
eV resonance scattering. Hence, we assigned
all the scattering area in the interval between
13.3 and 16.5 eV to the 14.7-eV resonance,
and deduced for it the total spin J=1. The
above argument then also implies J=1 for the
14.3-eV resonance. On the basis of our scat-
tering measurements, we cannot assign a to-
tal spin to the 15.5-eV resonance. However,
we obtain a good fit to the recently published
Pu'" fission cross-section measurements at
Sac1.ay, ' using the multilevel formula of Reich
a,nd Moore, only if J= 0 for the 15.5-eV reso-
nance when J=1 for the 14.3 and 14.7-eV reso-
nances.

As can be seen from Fig. 3, the scattering
areas of the resonances at 32.3 and 35.3 eV
are very small, so that a small uncertainty
in the position of the base line in this region

causes large uncertainties in the two scatter-
ing areas. Therefore, we have not quoted
gl „'/I' values for these two resonances. How-

ever, we ean determine that the ratio of the
two values is unity to within 25%. The recent
fission measurements at Saclay' yield (gl" If/
I')32 3 =7(gI'„If/I')35 3 and (I'f)32 3 =21(1'f)35.3,
while reported'& ' gI'„values indicate (gl'„)32 3

(gf n)35 3 ~ From these results, it is easy
to show that the ratio of the two gl"„'/I' values
is one only if g32 3 —,

' and g35~ = -,'. Any other
choice of g values gives a ratio differing by
a factor of three from the measured ratio.
Consequently, we have assigned J=0 to the
32.3-eV resonance and J= 1 to the 35.3-eV
resonance.

For Pu ~, the Bohr-%wheeler theory predicts
that J= 0 resonances should have a larger av-
erage fission width and a more symmetric
fission product mass distribution than J=1
resonances. In earlier work, resonances in
fissionable nuclei have been divided into two
groups on the bases of fission width size, "
multilevel shape analysis, "and fission pro-
duct mass distribution. " However, there was
no direct evidence that these groups were cor-
related with the spin of the compound nucleus.
Using our spin assignments and the Pu'" fis-
sion widths recently reported by Saclay, ' the
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average fission width of the J=O resonances
is 403 mV, while for the J=1 resonances the

average fission width is 41.7 rnV. Thus our
experiment provides direct evidence that the
smaller spin is associated with the larger
average fission width in accordance with the
theoretical prediction for Pu

Of our 15 spin assignments, 12 are J = 1

and three are J=0. This ratio of four is con-
sistent with the ratio of three expected from
a 2J+1 dependence for the level density.
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Recently an experimental value of the static
quadrupole moment, Q„of the first excited
(2,+) state of "«Cd was reported by several
groups of authors. ' The reported values of
Q, vary somewhat but all seem to be included
in the range Q, =-(O.S+0.25) b. This striking-
ly large magnitude of Q, made the authors of
reference 1 infer that "4Cd is a rotational (per-
manently deformed) nucleus, rather than a vi-
brational nucleus as has so far been believed.

Indeed, Q, =0 for a vibrational model of pure
harmonic nature, 5 and this model is in contra-
diction with experiment. However, many known
experimental data (other than Q,), such as en-
ergy levels, B(E2) values, and so on, indicate
that ' ~Cd is a rather typical, though not pure-
ly harmonic, vibrational nucleus. These data
are very difficult to be understood if "~Cd is

in fact a rotational nucleus, but are fairly satis-
factorily explained by models'&~ which assume
it to be a vibrational nucleus with some anhar-
monicity being allowed.

The purpose of the present article is to show
that it is not impossible to predict a large Q,
value within the framework of the vibrational
model. Before showing this, however, we shall
list the theoretical values of Q, calculated by
using the models so far proposed by various
authors.

(i) Harmonic vibrational modeP: This model
gives Q, =0. See above.

(ii) Shell model8: The dominant proton con-
figuration will be (g», ) ~, which witho eeff = 0
gives' Q, = -0.10 b. The magnitude is too small.
Inclusion of other configurations, such as (g», )

x(g, I,)', will further decrease the magnitude.
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