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A search for spontaneous fission isomerism in uranium and neptunium isotopes has resulted
in the identification of a new isomer in 233U with a half-life of 195+ 30 nsec. A measurement
of the half-life of previously reported 2% gives a value of 105+20 nsec. Excitation func-
tions have been determined for the production of the spontaneous fission isomers of 23U and
238y by deuteron bombardment of *¥U and 23% targets. Isomer ratios have also been estimat-
ed. The low values of the isomer ratios and the failure to observe delayed fission in lighter
uranium isotopes and in neptunium isotopes suggest that ¥ decay may be the dominant mode of

decay of shape isomers in this mass region.

I. INTRODUCTION

Spontaneous fission isomerism is now known to
exist in a large number of americium® and pluto-
nium?~® isotopes, but only one example of isomer-
ism in the uranium isotopes has been established,?®
and less conclusive evidence for isomerism in one
neptunium isotope has been reported.® The pur-
pose of this investigation was to search for, iden-
tify, and characterize spontaneous fission isomers
in uranium and neptunium isotopes which could be
produced by 13- to 21-MeV deuteron bombardment
of uranium isotopes.

II. EXPERIMENTAL PROCEDURES

200-500- pg/cm? targets of 234U, 23°U, 2%°U, and
2387 were bombarded with 13-21-MeV deuterons
from the University of Washington 60-in. cyclotron
and the University of Washington two-stage Tan-
dem Van de Graaff accelerator. The energy of the
cyclotron deuteron beam was varied by use of de-
grader foils. Detection of delayed fission and half-
life determinations were made by a direct electron-
ic measurement of the elapsed time between arriv-
al of a burst of particles at the target and the time
of fission decay. The time distribution of fission
events is determined by using fast signals from a
semiconductor fission detector, and a signal from
the cyclotron oscillator or Van de Graaff beam
chopper to start and stop, respectively — a time-
to-amplitude converter. The timing of complemen-
tary fragments in a fission event was measured in-
dependently in order to eliminate effects due to
pileup in the detectors and electronics. The exper-
imental details are discussed elsewhere.*®

Initial experiments were performed with time in-
tervals which were dictated by the oscillator of the
cyclotron which produces beam packets of approx-
imately 2-nsec duration at 87-nsec intervals. The
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delayed fissions that were observed with 233U, 238y,
and 2%V targets were so long-lived that half-life
determinations were not possible. Excitation func-
tions were taken with the 87-nsec intervals, but
half-life determinations were made by use of an
electrically driven beam chopper’ which deflects
two out of each three beam bursts, and thus in-
creases the time between bursts to approximately
262 nsec. This time interval was satisfactory for
110-nsec 2%y, but marginal for 200-nsec 237y,
A longer time interval between beam bursts was
desirable in order to make a more precise deter-
mination of the half-life and to check for longer-
lived contributions from other isomers. There-
fore, the Tandem Van de Graaff accelerator was
used by chopping and bunching® the deuteron beam
from the ion source into packets of 50-nsec width
at 760-nsec intervals. The bombarding energy
was chosen to be the maximum obtainable from
this accelerator, which was between 17.8 and 18.0
MeV. A small background of prompt fission be-
tween the beam bursts was present in the Van de
Graaff experiments owing to the presence of very
weak components in the ion source beam of slight-
ly different energies from that of the primary beam.
These arise from the variety of positive atomic
and molecular ions extracted prior to charge ex-
change to produce the H™ ions eventually acceler-
ated. The 20° magnet between the ion source and
the accelerator eliminates most, but not all, of
these components. The energy differences result-
ed in the weak components having different flight
times from that of the primary beam between the
chopper and the target. The magnitude of the
background between two successive beam pulses
was determined using a ?**Th target, as ?**Th bom-
barded with 13—-21-MeV deuterons at the cyclotron
produced no isomers. The background was approx-
imately 15% at early times and appreciably larger
after several half-lives.
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III. RESULTS

Excitation functions for the delayed fission re-
sulting from 2*°U and %*®*U bombardments at the cy-
clotron were taken in approximately 2-MeV steps,
and are illustrated in Fig. 1. Half-life determina-
tions were made for 2%¢U and 2*®*U at 21 MeV using
the cyclotron, and at 18 MeV using the Van de
Graaff. The two determinations were consistent
within their uncertainties, yielding final values of
105+ 20 nsec for the 23°U target, and 195+ 30 nsec
for the 23%y target. The decay curves are shown
in Fig. 2, No delayed fissions were observed for
the 23U target at 21 MeV. The results are sum-
marized in the table. The evidence for the mass
assignments are discussed below.

Lark et al.® have searched for fissioning iso-
mers in several uranium and neptunium isotopes
by bombarding uranium targets with 13-MeV pro-
tons and 11-13-MeV deuterons. The only fission-
ing isomer that was identified in this region was
(130 + 30)-nsec 2%¢”U which was produced by the
235U(d, p) reaction. This assignment was con-
firmed by observing coincidences between protons
and delayed fissions. An isomer with a half-life
of 300+ 100 nsec produced in deuteron bombard-
ment of 2%®U was tentatively identified as 23°*”Np.
Metag et al.® have also observed 2*¢™U, deducing a
half-life of 70 nsec. We have observed delayed
fission in deuteron bombardments of 23°U, 236(,
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FIG. 1. Excitation functions for production of delayed
fission for deuteron bombardment of 23U and 238y, The
points at 18 MeV were determined in a different experi-
ment using the Van de Graaff rather than the cyclotron.
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FIG. 2. Decay curves for 237U and 287y, The
squares correspond to time bins of width equal to the
distance between points, and were taken at 18 MeV using
the Van de Graaff. The circles were obtained for deuter-
on energies between 19 and 21 MeV using the cyclotron,
and have been normalized to the Van de Graaff data.

and 238U targets. Bombardment of a *°U target
produced nearly equal isomer yields at deuteron
energies of 16 and 21 MeV, as expected in a (d, p)
reaction. Therefore, the delayed fission that was
observed with a 23°U target is probably 237y,
which is consistent with the identification of Lark
et al. The excitation functions for 2*°U and 2**U
targets are quite different from the 3%y case. The
delayed fission yields for 23°U and 2*®U increase
rapidly with deuteron bombarding energy above
16—17 MeV as shown in Fig. 1. The half-life of
the isomer that was produced with 236U target deu-
teron energies of 18 and 21 MeV was found to be
105+ 20 nsec. This half-life is in agreement with
the (130+ 30)-nsec half-life of 236U reported by
Lark et al.® This suggests that we have observed
the decay of 2*¢U which was produced by a (d,d’)
or (d, pn) reaction. The spallation cross section
for a (d,d’) or (d, pn) reaction cannot be measured,
because the final nucleus is the same as the target.
Measurements® of the proton energy spectrum for
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TABLE I. Summary of results.

Delayed fission
cross section

Half-life at 21 MeV
Isomer Reaction (nsec) (ud) Isomer ratio
28y 28y(d, pn) 195+ 30 7 5x107°
286y 28U(d, pn) 105+ 20 13 9% 1075
By Biy+d if £4>30, 0<2
(not observed)
BiTh+a if£,=20, 0<0.1

ifty=2, 0=0.9

21-MeV deuteron bombardment of Au and Th show
high yields of protons of low enough energy for the
residual nucleus to emit a neutron and provide the
estimated 2—-3-MeV excitation energy of the iso-
meric state. Figure 3(a) shows the energy spec-
trum of protons at 90° for a 23Th target. This
spectrum is expected to be very similar to that
for 2*°U and 2*®U, in view of the qualitative simi-
larity® of the proton spectra for Au and Th targets.
The vertical line indicates the proton energy be-
low which there is sufficient energy to populate an
isomeric state 2.5 MeV above the target-nucleus
ground state. Some of these protons, however,
are associated with Coulomb or nuclear dissocia-
tion of the deuteron rather than (d, p) stripping.®!
That stripping does occur, leaving considerable
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FIG. 3. (a) Proton energy spectrum for 22-MeV deu-
teron bombardment of 22Th. Energy resolution of detec~
tor was approximately 0.5 MeV. (b) Relative coinci-

dence rate for 235U(d, pf) reaction with 21-MeV deuterons.

excitation energy in the residual nucleus, can be
demonstrated by observing fission from the resid-
ual nucleus in coincidence with protons. Meas-
surements performed at this laboratory and re-
ported elsewhere'? indicate that the (d, pn) reac-
tion, leaving the residual nucleus highly excited,
has a sizable cross section. Figure 3(b) is a plot
of the proton fission fragment coincidence rate
versus proton energy for 23°U bombarded with 21-
MeV deuterons, The vanishing of the coincidence
rate for proton energies above 20 MeV is a result
of insufficient excitation energy for the residual
nucleus to fission. The rise in the coincidence
rate at low proton energies (E, ~12.5 MeV) is as-
sociated with the onset of the (d, pnf) reaction, al-
lowing an additional contribution from fission fol-
lowing evaporation of a neutron. We therefore
conclude that the (d, pn) reaction provides a rea-
sonable mechanism for depositing sufficient exci-
tation to produce fission isomers of the target nu-
cleus.

The excitation function for isomer production
can also be understood in terms of the (d, pn) re-
action mechanism. The amount of excitation ener-
gy which can be deposited in the residual nucleus
by the (d, p) reaction is limited by the low-energy
proton cutoff due to the Coulomb barrier. At deu-
teron energies below 15-16 MeV, relatively few
protons are emitted'® at low enough energies to de-
posit the required 8-9-MeV (neutron binding ener-
gy plus isomer excitation energy) in the residual
nucleus following the (d, p) reaction. As the deu-
teron energy is increased, the probability for pop-
ulating highly excited states increases rapidly;
thus there is a rapid increase in the isomer cross
section as the deuteron energy is raised from 16
to 21 MeV.

The relative amounts of 23U produced by the
(d, pn) and the (d,d’) reaction is not known. The
(d, pn) reaction is probably the principal contribu-
tion to isomer formation. It has been observed'*:®
that direct reactions such as («, a’), (d,p), or
(d,t) produce fissioning isomers in low yield com-
pared to compound nuclear reactions such as
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(a, xn) and (d,xn) reactions. Thus we expect that
inelastic deuteron scattering produces low fission
isomer yields. Neutron evaporation following the
d, p stripping reaction probably populates energy
levels that are similar to the levels populated in
pure compound nuclear reactions, leading to large
isomer yields. Evidence for this differentiation
can be obtained by comparing the yield of 234U in
the 23°U(d, p) reaction at 13 MeV, 1.3 ub,® with the
yield of 23U in the 23°U(d, pn) reaction at 21 MeV,
13 pb. This point is pursued more quantitatively
in a later section where estimates of isomer ra-
tios are made,

The assignment of the 195-nsec activity to 237U
is based primarily on the similarity of the two ex-
citation functions in Fig. 1, and also on the nega-
tive results of Lark et al.? for producing an isomer
in 2*"Np by the 23%U(p, 2n) reaction. A 23%U(d, 3n)
237MNp excitation function might be expected to be
similar to that observed for 237U,

Small delayed-fission cross sections have been
observed at a deuteron energy of 13 MeV for both
2387 and #**U. We have not made half-life measure-
ments at this low deuteron energy, so some of the
observed activity may be due to other reactions.
However, Lark et al.® report that 11- and 13-MeV
deuteron bombardment of 23®U results in an isomer
with a half-life of 300+ 100 nsec. Since this half-
life value is, within its uncertainty, the same as
the half-life determined for 2%™U, the tentative
assignment of the activity to 2**”Np by Lark et al.
may be incorrect.’® It is not understood, however,
why 237U was not observed by Lark et al. with
bombardment of a 2%U target with 13-MeV deuter-
ons.

Since the 2**”U and 23*”U were made in high
yield by deuteron bombardment of 2°U and 23U
targets, respectively, a ?**U target was bombard-
ed with 21-MeV deuterons in an attempt to pro-
duce #*"U, No delayed fission was observed,
however, and an upper limit of about 2 pb can be
set if the half-life of 2**™U is greater than 30 nsec.
This negative result is in agreement with the re-
sults obtained for the ?**Th(a, 21)?**U reaction.®*!’
No delayed activity was observed with 26- and 27-
MeV helium-ion bombardment of 23*Th. The upper
limit'” on the cross section of 23*”U is approxi-
mately 0.1 pb for a half-life greater than 20 nsec.
From spallation cross-section systematics,® the
232Th(a, 2n) cross section is estimated to be about
100 mb. Thus, the isomer ratio of 2%*”U is less
than 107° for a half-life greater than 20 nsec if
there are no competing modes of decay.

An indirect estimate of the isomer ratio for 23U
and 23U at 21 MeV can be made. The isomer ra-
tio is defined as the ratio of the delayed-fission
cross section to the ground-state cross section,

where the latter is usually determined from the
appropriate spallation cross section. The latter
can be estimated by integrating the proton spectra®
over angle and over the energy region, which
would correspond to emission of one, but not two,
neutrons from the residual nucleus following (d, p)
stripping. It is assumed that the Th results are
valid for U, and that half of the observed protons
are due to Coulomb breakup and cannot contribute
to the excitation of the target nucleus. This latter
estimate is believed to be good to about a factor of
two. Isomer ratios at E;=21 MeV of 9x1075 for
236m(J and 5x107° for 23¥™U are obtained. For com-
parison, we have also estimated an isomer ratio
of 1.3 x107% for producing 23U by the #°U(d, p)
reaction at 13 MeV, using the 1.3-ub isomer
cross section of Lark et al.® and a (d, p) stripping
cross section of 100 mb interpolated from results
on neighboring targets.'®:2°

IV. DISCUSSION

Fission isomerism is a common occurrence in
the plutonium and americium isotopes, and can be
successfully interpreted in terms of double-
humped fission barriers.®:*2!+22 It has been
known for a long time that nuclei in their ground
state with unpaired nucleons exhibit longer life-
times than neighboring even-even nuclei. This ef-
fect has also been observed for fission isomers.*
This odd-nucleon effect can be qualitatively ex-
plained in terms of a “specialization energy” 8:23:2¢
which increases the height of the fission barrier
due to conservation of spin and parity of the nu-
cleus,

In contrast to the plutonium and americium iso-
topes, 237U and #*®*™( are the only isomers that
have been identified in the uranium and neptunium
isotopes (with the possible exception of **”Np as
discussed in the last section). But the two even-
even uranium isomers have half-lives that are
longer than any even-even plutonium isomers that
have been studied at this time. With this apparent
higher stability of uranium isomers compared to
plutonium isomers, it is surprising that fission
isomerism is so rare in the uranium and neptun-
ium isotopes. Due to the specialization energy ef-
fect, one would expect that many uranium and nep-
tunium isomers with unpaired nucleons would have
half-lives that are greater than the even-even ura-
nium isomers. The lack of known cases of fission
isomerism may, in part, be because of the detec-
tion techniques that have been used, such as the
recoil technique,® which is most sensitive in the
10-500-nsec half-life range. Thus a more careful
study in the microsecond to millisecond half-life
range is necessary. Present studies,3'*® including
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this work, are sufficient to establish that long-
lived isomers are not produced in high yield.
Some other mode of decay may be responsible for
deexcitation of the isomers, making the fission
branch so small that it has escaped detection. A
particularly likely mode of decay is y emission,
which occurs when the isomeric nucleus tunnels
through the inner (first) barrier and decays by y
emission to the stable ground state. Because of
the slow nature of y emission, the penetrability of
the inner barrier must be many orders of magni-
tude higher than the penetrability of the outer (se-
cond) barrier for y emission to compete with fis-
sion, If the principal mode of decay for shape iso-
mers in the uranium is y emission, the delayed
fission observed from 27U and ***”U may be
small fission branches of the isomers, with y de-
cay controlling the half-lives, The isomer ratios
for producing 23U and 2*®™U via the (d, pn) reac-
tion, although considerably higher than for the

(d, p) reaction, are still much smaller than ob-
served for plutonium isomers.? Thus the observed
fission branch may not represent the total produc-
tion of the isomer.

A greater tendency for the uranium isomers to
decay by y emission than by fission is also indica~
ted by the trends in the relative heights of the first
and second barriers in recent theoretical calcula-
tions® of the potential energy curves for U and Pu
isotopes. The calculations predict that the first
barrier height relative to the second barrier
height is 1 MeV less for U isotopes than for pluto-
nium isotopes. This result has only qualitative
significance, as these calculations are expected
to underestimate this difference owing to the in-
creasingly inadequate parameterization of the nu-
clear shape for deformations appropriate to the
second barrier as Z2/A decreases. The predicted
decrease in the absolute magnitude of the height
of the inner barrier for uranium compared to plu-
tonium is not expected to be much affected by this
difficulty.

V. SUMMARY

The delayed fission that has been observed in
deuteron bombardments of 23°U, 23%U, and 2%%U
targets has been attributed to two isomers, 27U
and 2387y, Identification of the fissioning isomers
has been made with several pieces of indirect evi-
dence, including half-life measurements, excita-
tion functions, proton energy spectra, and (d, pf)
coincidence measurements. The isomer which
was produced by bombardment of 23U with 18 and
21-MeV deuterons has a half-life that is in agree-
ment with the previously measured half-life of
236myy, This half-life agreement, along with the
absence of ?*"”U and neptunium isomers that
could be produced by 2%U(d, xn) reactions, as de-
termined by Lark et al.,® lead to the conclusion
that 2%"( is being produced by the 2*°U(d, pn) re-
action. The similarity of the excitation functions
for both 23U and 23®U lead to the identification of
238Myy with a half-life of 195+ 30 nsec. The only
other assignment [?3"Np produced by a (d, 3n) re-
action] which might be compatible with this excita-
tion function is excluded by the absence of delayed
fission in the 2%®U(p, 2n) reaction.® The failure to
produce delayed fission by reactions resulting
from deuteron bombardment of 23*U is in agree-
ment with the results of Lark. The cross-section
limits that have been set for the ?*Th(a, 2r) reac-
tion indicate that if 2**”’U has a half-life of the or-
der of 20 nsec or longer, the isomer ratio is less
than typically observed, It is suggested that the
infrequent occurrence of fission isomerism in
this mass region may be due to ¥ competition as
well as due to the detection techniques, which are
not sensitive enough in the psec—-msec half-life
range.

Nole added in proof: We have learned that
R. Repnow et al.?” have observed 2%*”U, reporting
a half-life of 110 nsec. They have also come to
similar conclusions concerning the mechanism of
its production.
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The energy spectra and yields of particles of 3 <Z <8 emitted in the spontaneous fission of
Cf?? were measured. The experiment was carried out using a particle telescope consisting
of two dE /dx gas-filled proportional counters and a solid-state E counter. The cutoff ener-
gies were relatively low since essentially no absorber foil was placed between source and de-
tector. The yields per 102 fission « particles are: Li, 2.9+0.5; Be, 6.5+0.7; B, 0.35+0,10;
C, 4.3+0.,9; N, =0.66+0.,15; O, =0.05+0,01, Trajectory calculations were carried out for
Li, Be, and C, and the initial conditions which give best agreement with the experimental re-

sults were obtained.

I. INTRODUCTION

Most of the recent studies dealing with the pro-
cess of a-particle-accompanied fission have been
carried out with the main intention of obtaining in-
formation on the initial conditions of the fission-
ing nucleus at the point of scission.® The study
of light-particle emission in fission, in general,
contains other features of interest in addition to
the one cited above. Particle emission in fission
can, for example, furnish information on the dy-
namics of saddle-point-to-scission-point motion,

and perhaps also on the clustering probabilities of
the various light nuclei within the fissioning nu-
cleus. We should also note that trajectory calcu-
lations performed for the H and He isotopes emit-
ted in fission show that the initial conditions at
scission vary somewhat from particle to particle.?
This result might be of physical significance with
regard to the light-particle emission mechanism.
Further studies on light-particle fission are
essential in obtaining a more complete descrip-
tion of this process, and for this reason the study
of the heavier particles, i.e., of Z>2, was under-



