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Investigation of y-Ray Emission Preceding Isomeric Fission of 6 Ut
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Measurements were made to detect ¥ rays preceding isomeric fission in 2%y induced
by eV-range neutrons captured in 2°°U, A limit of <6Xx10"° was placed on the ratio of
the rate of isomeric fission events with prefission ¥ rays to the rate for prompt fission
events, This experiment provides direct evidence that the penetration of the outer bar-
rier is much greater than that for the inner barrier for 3~ and 4~ states in 2*®U,

About thirty fission isomers have been identi-
fied in transuranium nuclei to date. These iso-
mers can be considered as shape isomers asso-
ciated by Strutinsky' with a double-humped fis-
sion barrier. This model has provided a satis-
factory explanation for many aspects of fission
isomerism such as the isomeric half-life, exci-
tation energy of the isomer, and the height of the
fission barrier. With the hypothesis of a double-
humped fission barrier, the formation of the iso-
meric state is assumed to proceed in many reac-
tions by penetration of the first barrier from an
excited state near the static equilibrium deforma-
tion followed by ¥ decay to the isomeric state in
the second minimum. The detection of the pre-
fission y rays is a vital test of the Strutinsky
model. However, these y rays have not yet been
observed. The purpose of this experiment, there-
fore, was to detect the y decay to an isomeric
state followed by the subsequent fission of this
state.

Several experiments®® have identified a fission
isomer in 2**U with a half-life approximately 100
nsec. Elwyn and Ferguson® populated this fission
isomer by bombarding #*°U with 0.5- and 2.2-MeV
neutrons. In the present experiment, a 90-mg
235 sample was bombarded with neutrons from
the pulsed neutron source of the Livermore linac
in an attempt to detect y-ray emission prior to
fission events corresponding to the 100-nsec
#36m{J isomer. The neutron energy was deter-
mined by the time of flight of the neutrons to the
235 sample located at 14.5 m from the neutron
source. Measurements were made for the neu-
tron energy range between 1 and 100 eV. Fission
fragments were detected using an ionization
chamber. The y rays were detected by a pair of
deuterated-benzene (C¢D;) scintillators which
subtended a fractional solid angle (§2/4w) of ap-
proximately 0.8. The outputs of the C,Dy scintil-
lators were summed resulting in an efficiency of
approximately 15% (including solid angle) with a
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FIG. 1. Coincidence spectrum between vy rays and fission fragments for incident neutron energies between 1 and
100 eV, The inset on the upper right shows the data averaged in 20-nsec intervals. The horizontal line represents
the average of the counts between ¢ =25 and 1025 nsec. The two dashed nearly parallel curves represent +1 stan-
dard deviation from the curve that is expected under the assumption that 0j56/0p ompr=6 X 1074 (E*=6.5 MeV) and

B is0=2.

flat response® for ¥ rays above the bias level of
0.5 MeV. Both the y-ray and fission-fragment
signals were processed by fast-timing logic units
whose outputs were sent to a time digitizer to
determine the time relationship between the sig-
nals. Precautions were taken to reduce back-
ground events which make a half-life determina-
tion more difficult. For example, the fission
chamber was constructed of beryllium to reduce
the effects of neutron capture in the chamber,
and the y-ray detectors contained deuterated ben-
zene rather than ordinary benzene to reduce
background from neutron capture on hydrogen.
Figure 1 presents the time relationship of the
v rays and fission fragments for incident neutron
energies between 1 and 100 eV. The main peak
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consists of coincidences between fission frag-
ments and prompt fission y rays. The slope on
the left of the peak corresponds to delayed y rays
from the fission fragments. Prefission y rays
would occur to the right of the peak. The full
width at half-maximum of the peak is 9 nsec. Al-
though only about 0.5 usec of data are shown in
the plot, the data extend out to approximately 2
usec to the right of the prompt peak. To improve
the statistical accuracy, the data beyond the peak
were averaged in 20-nsec intervals; the inset in
Fig. 1. shows the results of this averaging. A
simple measure of the sensitivity of the experi-
ment was obtained by calculating the average num-
ber of counts/channel in the time range 25 to 525
nsec (corresponding approximately to the first
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five half-lives) and comparing it with the average
in the time range 525 to 1025 nsec. The average
number of counts-channel are 10.79+0.15 and
10.52+0.15, respectively. This simple analysis,
therefore, shows no evidence of the 100-nsec fis-
sion isomer half-life.

The efficiency for detecting a coincidence for
a prompt fission event and for an isomeric fis-
sion event depends on the average number of ¥
rays that are emitted in each process. Several
experiments’ ® have shown that there are approxi-
mately an average of five y rays per prompt fis-
sion (;Tp,(,r,,pt =5) whose energies are above 0.5
MeV. Since the corresponding value for isomeric
fission is not known, we have assumed an aver-
age of two y rays per isomeric fission (j,=2)
above 0.5 MeV. This is a reasonable assumption
if the isomeric level is the ground state of the
second minimum (excitation energy'® E*~2-3
MeV) since there would be at least 3.5 MeV of
energy to be emitted in reaching this level. Al-
though the y decay in the second minimum will
probably have a somewhat lower-energy y-ray
spectrum than the usual (n,y) process, one might
still expect an average of two y rays above 0.5
MeV because the difference in level density be-
tween the two wells will result in more widely
spaced transitions in the second minimum. Then
on the basis of a Poisson distribution we calcu-
late that the efficiency per prompt fission for de-
tecting prompt y rays is twice that for the pre-
fission y rays.

The ratio of the number of isomeric fission
events to the number of prompt fission events
(0350/Oprompt) Was determined by Elwyn and Fer-
guson® to be 3.1X107* for 2.2-MeV neutrons
[E*(**U)~8.7 MeV]. Britt and Erkkila® have
shown in a recent (d,pf) study on **°U that this
ratio increases by approximately a factor of 2
as the excitation energy in *°U is decreased from
7.5 to 6.5 MeV (neutron binding energy). There-
fore, if we assume a ratio 0,/ 0p o =6X 107
for our excitation energy (6.5 MeV), and use the
number of prompt coincidences (4.2X10°), the
relative y-ray efficiency discussed above and a
half-life of 100 nsec, we obtain an exponential
curve which represents the expected decay of the
23%myJ isomer. The two dashed nearly parallel
curves in the inset of Fig. 1 represent the stand-
ard deviation (N+VN) of the expected decay curve
added to the average background. From this plot
it is apparent that the isomer half-life should be
visible under the above assumptions.

To estimate the sensitivity of our experiment

we concentrated on the region of the first half-
life (=25 to 125 nsec). The average number of
background counts in this interval is 1066 + 32,
We will assume that 2 standard deviations is
the lower limit for the number of counts in this
interval that we require to see the effect of an
isomer added to the average background. In a
normal distribution, 2.3% of the area lies above
2 standard deviations from the mean. From
this we calculate a limit on the isomer ratio of
Oiso/ Oprompe < 86X 107° for ¥ rays followed by de-
layed fissions.!' This value is approximately an
order of magnitude lower than the value deduced
from Elwyn and Férguson’s neutron capture ex-
periment.*

The experiment also can be compared with (d,
pf) experiments. Britt and Erkkila® in a 2°U(d,
pf) measurement obtain an isomer ratio of o;,/
Oprompt =2X 107* which is an integral value for all
excitation energies less than 6.5 MeV., Pedersen
and Rasmussen,'? also using the 2*°U(d, pf) reac-
tion, measured the proton spectra associated
with both the prompt fission of ***U and the de-
layed fission of the 100-nsec isomer in 2*°U,
Their measurements show that the isomer-pro-
duction cross section peaks for excitation ener-
gies near the fission threshold (~ 5.3 MeV) while
the prompt-fission cross section peaks near the
neutron binding energy (6.5 MeV). Combining the
integral measurements of Britt and Erkkila® with
the relative data of Pedersen and Rasmussen,'?
we estimate that the isomer ratio for the 100-
nsec ?**U fission isomer is approximately 3x10°%
for production in the (d,pf) reaction at our exci-
tation energy of 6.5 MeV.

However, spin plays a significant role in the
comparison of experiments. The present experi-
ment was conducted with low-energy neutrons so
that the only initial states formed were 3™ and 4°.
These spin states and others would be excited in
a (d,p) reaction as a result of the larger amount
of orbital angular momentum which may be trans-
ferred. If the total width for y decay in the sec-
ond minimum is essentially constant and inde-
pendent of spin as it is for y decay inthe first
minimum, then the spin of the initial state should
not affect the width for y decay to the isomeric
state. However, if the width for prompt fission
through the outer barrier is not the same for all
spins, then our experiment and the (d,pf) experi-
ment are not strictly comparable.

Our limit on the isomer ratio allows us to per-
form a simple calculation of the relative penetra-
bility of the inner and outer barriers for the 3~
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and 4~ states of U, The ratio of isomeric-to-
prompt fission is proportional to I"VZ/I‘BZ, where
Ty, is the total y-decay width for the class-II
state in the second minimum and I'g, is the decay
width for fission of the excited state through the
outer barrier. (We assume that there is no tun-
neling of the isomer back to the ground-state de-
formation.) Our results show that Fyz/l“ﬂzs 6

X 1075, Following Lynn’s prescription,'* we cal-
culate a value of T',, equal to about 8 meV as-
suming the isomer excitation energy is approxi-
mately 2.5 MeV. This value of Ty, is about 20%
of the average y-decay width of class-I states in
the first minimum. With this value of I",, we
find that I's,> 130 eV. Since this value of I'p, is
several orders of magnitude larger than the ob-
served average fission width of the 3™ and 4~
class-I states (=40 meV), it is clear that the fis-
sion width of the 3™ and 4~ class-I states is deter-
mined solely by the width for penetration of the
inner barrier.

Since the above analysis indicates that the width
of the 3™ and 4~ class-II states are of the order
of 100 eV or greater, from the magnitude of I,
above, it follows that any intermediate structure
in the low-energy neutron-induced ?**U fission
cross section will be characterized by fluctua-
tions with an average width at least as large.

For the intermediate structure to be evident in
the fission cross section, the level spacings of
the 3™ and 4~ class-II states, Dy;, must be equal
to or greater than the width of the class-II states
(i.e., D;; =100 eV). Since the level spacing of the
37 and 4~ class-I states (D;) is approximately 0.8
eV, the ratio D;;/D; must therefore be on the or-
der of 100 if there is to be any possibility of the
existence of intermediate structure in the neu-
tron-induced fission of 2°*U. The factor of 100 is
close to the experimental results of this ratio for
the Pu isotopes,’®*!* so that intermediate struc-
ture is not definitely ruled out.

In summary, the existence of y rays preceding
isomeric fission events has not been confirmed
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experimentally. However, this experiment does
show that the penetrability of the outer barrier

is much larger than the inner barrier for the 3~
and 4~ states of #*®U, which yields the result that
any intermediate structure in the low-energy
neutron-induced **U fission cross section will be
characterized by widths on the order of 100 eV or
greater. However, the detection of the prefission
v rays still remains as an important test for con-
firming and extending the present model for iso-
meric fission.
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