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Evidence for Nuclear Superfluidity in 236U Isomeric- and Prompt-Fission Modes
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Isomer fission in U, tl/2=-125 nsec from U(d pf) was compared with prompt fis-
sion U(n, h, f), in twin experiments. Fine structure in the total kinetic energy, average
total kinetic energy as a function of mass, and mass yield were observed in isomer fis-
sion of ~'U. This observation is compatible with a superfluid descent from saddle to
scission points. Two peaks in the total-kinetic-energy distribution from isomer fission
are observed near fragment mass 132, and this is interpreted as due to the proton-pair-
ing effect at Z =50.

PACS numbers: 28.85.Ge, 27.90.+b

Isomer fission tunneling from the ground state
of the second well, in a double-humped fission
barrier, proceeds with several megaelectron-
volts less in initial excitation energy E* (around
4 MeV less for '" U, Ref. 1) than thermal-neu-
tron-induced fission of the same nucleus. Isomer
fission studies therefore provide a unique oppor-
tunity to test, in nuclei of low fissility parameter
2'/A, the behavior attributed to shell and pairing
effects over a wide range of fission fragment
masses. How this behavior changes with E* has
been studied at energies at and above the fission
barrier. Study of isomer fission extends the
range of energies E* below the fission barrier
where the relative importance of shell and pair-
ing effects can change. In particular, if super-

fluidity plays a, role in fission, these effects
should arise or be enhanced with decreasing E*.

In the present work fine structure has been ob-
served for isomer fission of" U in the total ki-
netic energy F~ and in the mass yield spectra
as well as in the average total kinetic energy
(E~"(p)) as a function of fragment mass p,. The
same quantities obtained in a twin experiment for
prompt thermal-neutron-induced fission of '"U
do not show this structure. When only those
events are selected which correspond to a heavy
fragment mass near p, =132 amu, then the E~
isomer spectrum has the striking feature of be-
ing split in two resolved peaks. This is an effect
not previously observed in fission which may
have significant implications.
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Isomeric fission of "U was studied with the
'"U(d, p)'" U reaction at the Brookhaven National
Laboratory (BNL) tandem Van de Graaff facility.
The data presented here were obtained mostly at
E„=11MeV with some runs at E„=12MeV. The
average deuteron current on the target was 1.5 pA.

The recoil technique was used to separate iso-
meric-fission events from prompt-fission events
at the target. Isomeric "' U leaves the target
with the momentum transferred in the (d,p) re-
action and fissions in flight with T,i, = 125 nsec
half-life. In flight, isomeric fission fragments
were detected in coincidence by two 4-cm' Si sur-
face-barrier detectors positioned at 15' relative
to the beam and carefully collimated so that they
could not see the target directly. A third detec-
tor looking directly at the target was used as a
deuteron-induced prompt-fission monitor.

The prompt neutron-induced fission MU(n&, f )
experiment was carried out in a collimated ther-
mal beam at the BNL high-flux-beam reactor.
The same geometry, collimators, detectors,
"'Cf calibration source, and electronic equip-
ment were used as for isomer fission.

Two inherent differences that still remain were
minimized and considered in the comparison:
First, in-flight isomer fission fragments do not
have target material (U) or backing (C foils) to
go through as prompt-fission fragments do. This
effect was minimized in prompt fission with use
of very thin targets and backings. A 5-pg/cm'
C+ 1-pg/cm~ 23'U (99.75% enriched) two-foil sand-
wich target was used and the proper correction
for energy absorption was applied. Second, in
the isomer-fission experiment, there is a low-en-
ergy background produced by fast neutrons (due
to deuteron stripping) reaching the solid-state de-
tectors. The background was minimized by re-
stricting the counting geometry and also decreas-
ing the beam energy. The probability of pulse
pileup with fission fragment pulses was measured
by superimposing the signal from a precision
pulse1 during a period of counting time' less than
0.5% was obtained.

From the directly measured kinetic energies in
a double energy experiment, the so-called pro-
visional masses p, are obtained. ' Figure l(b)
shows the prompt and isomer provisional mass
yield distributions. The average value of the iso-
mer peak is shifted 0.7 amu to higher asymmetry
than the prompt peak and a pronounced fine struc-
ture appears. The fine-structure peaks, espe-
cially the more asymmetric one at p, = 143 are
near the shoulders in the prompt mass distribu-
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FIQ. 1. Hesults for 6 U isomer fission and 6U

prompt fission. (a) Average post-neutron-evaporation
total kinetic energy as a function of provisional mass

(b) Normalized provisional mass yield distribution.
For clarity the upper or lower part of some error bars
has been omitted.

tions. Both yields are normalized and the shift
of the average, to larger asymmetry in isomer
fission, seems to be due to different ratios among
the fine-structure peaks. The two at p. = 136 and

p, =139 appear with a reduced yield in favor of an
increase in the more asymmetric one (p= 143),
when compared with prompt fission. It can be
concluded that the isomer mass distribution of
"'U favors asymmetry when compared with

prompt thermal-neutron-induced fission.
The heights of the first and second barriers of

the "'U double-humped fission barrier, extract-
ed from model calculations, are 6.1 and 5.8 MeV,
respectively. ' If the properties of the mass dis-
tributions are defined at the saddle point, the
prompt-fission mass yield distribution will re-
flect mostly the properties of the first saddle
point. Isomeric fission arising from tunneling
from the ground state of the second well through
the second barrier will show only the properties
of the second saddle point. A second saddle un-
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stable to asymmetric distortions has been theo-
retically obtained'~' with a static potential-en-
ergy surface. A different theoretical approach
is used by Hooshyar and Malik' in which an iso-
mer mass distribution with some similarity to
Fig. 1(b) was predicted. Static scission-point
models" have obtained qualitative agreement
with the observed general trend of mass, charge,
and kinetic-energy distributions.

The influence of dynamics in the last stage of
fission with a superfluid' "nuclear-matter mo-
tion was proposed" as the explanation for the ob-
served" fine structure in the prompt-fission
mass yield and average total kinetic energy as a
function of mass of "'Th(n, &,f) and in the spon-
taneous-fission mass yield of Cm. Fine struc-
ture in the mass yield was interpreted" as a
preference for double-even mass division with
preservation of the pairing configuration in a su-
perfluid descent from saddle to scission points.
Fine structure in partial spectra of the mass
yield of '35U(n~, f) when high values of fragment
kinetic energy are selected has been observed. "'"
One revealing result here is that by reducing the
E* (comparing prompt and isomer fission in the
same nucleus) the effect is sufficiently enhanced
to be seen in the total mass spectrum. In Fig.
1(a) the average total kinetic energy (E~(p)) for
each mass division is plotted. It can be seen in
this figure that isomer fission presents a fine
structure not observed in prompt fission. Fine
structure in (Ez(p)) has been interpreted" as a
result of the energetically favored double-even
mass division.

From p= 155 to p= 134 the values of (E~(p)) in
Fig. 1(a) are essentially the same in both cases,
in spite of the fact that prompt fission starts the
descent toward scission from = 4 MeV higher than
isomer fission. This difference can be explained
by excitation of internal degrees, higher frag-
ment deformation, or different charge split.
About 0.4 MeV of this difference can be account-
ed for by the fact that the measured energies are
post neutron evaporation if prompt fission final-
ly releases the difference in F.* as a higher aver-
age number of evaporated neutrons. Excitation
of internal degrees can be associated with a vis-
cous descent, from saddle to scission points, in
prompt fission, compared with a superfluid de-
scent in isomer fission. If we approach the inter-
val around p = 132 (doubly magic N = 82, Z = 50),
in Fig. 1(a), part of the difference in E* now ap-
pears as kinetic energy, with prompt fission hav-
ing 2-3 MeV higher kinetic energy. This indi-

cates the onset of a region of comparable pairing
effect for prompt and isomer fission. The pair-
ing gap increases"" with decreasing E*. It is
known that for mass 132 the average number of
evaporated neutrons as a function of mass has a
deep minimum (almost no neutrons are evaporat-
ed) in prompt fission (and this can be expected to
be valid also in isomer fission). This implies for
mass 132 the lowest excitation of internal de-
grees (coldest fission fragment) and minimum de-
formation. The average total number of evapo-
rated neutrons is also minimum for the mass
split 132/104.

In Fig. 2 the total-kinetic-energy distribution
has been split in two mass intervals. The total
kinetic energy distribution for all masses has the
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FIG. 2. The normalized post-neutron-evaporation to-
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masses in 3 U isomer fission and 36U prompt fission,
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average total kinetic energy (Z„), 1.2 MeV high-
er for prompt fission. Isomer-fission fine-struc-
ture peaks in Fig. 2(b) can be associated with the
peaks in the mass distribution.

The behavior in Fig. 1(a) changes approaching
I1= 132, and it can be seen in Fig. 2(a) that the
total kinetic energy E~ for isomer fission is
split in two peaks for this region. Almost all the
counts in the peaks of Fig. 2(a) come from mass-
es 133 to 129. Both peak positions are maintained
through the interval and the spectra for each
mass were added to increase the statistics. The
relative height of the two peaks changes through
the interval, the low-energy one increasing from
133 to 129.

The high-energy peak in Fig. 2(a) can indicate
and be the consequence of the persistence through
the mass interval of the closed shell Z = 50 (with
Z =42 in the complementary fragment), due to
the proton pairing effect. For low E* fission the
following observations suggest a reluctance of
the charge Z = 50 to be split: (1) the persistence
of the peaks through several mass units observed
in this work; (2) the low yield" of x rays attribut-
ed to charge Z = 49 (and to the complementary
charge) for ",,'U, "~Pu, and ",',Cf fission; (3) the
increase"" in mass yield and kinetic energy at
symmetry for ",',Es and yopFm fission for which
Z = 50 does not need to be broken at mass sym-
metry; and (4) the very asymmetric charge dis-
tribution" for fission-fragment mass 104 with
suppression of the charge Z = 43 in '"U. This ef-
fect is expected to be enhanced for isomer fis-
sion, with the lower E* favoring superQuidity.

The low-energy peak in Fig. 2 (a) can be a re-
sult of breaking the closed shell Z = 50 with an in-
creased softness toward deformation and a sub-
stantial total-kinetic-energy decrease as a con-
sequence. An alternative explanation is that the
low-energy peak is originated by neutron trans-
fer during the descent toward scission. An ini-
tially asymxQetr1c mass conf lgurat3. on with ho-
mogeneous charge density, will shift the mass
split toward mass symmetry (without change in
the charge asymmetry) if a large fluctuation in

neutrons transferred toward the light fragment
occurs. These events will have a large charge
deviation from the most probable events that
have approximately equal charge density in both
fragments. A large fluctuation in neutrons trans-
ferred toward the heavy fragment will produce
the opposite effect. A coherent neutron transfer
instead of diffusion can be expected in a super-
fluid state. "

If we compare, for the isomer-fission fine-
structure peaks, Fig. 2(a) with 2(b) we can see
similarity in their structure. The low-energy
peak at 174 MeV in Fig. 2(a) in the context of the
previous explanation results as an extension to
more symfnetric masses by neutron transfer (to-
ward the light fragment) of charge splits associat-
ed with the energy peaks noticed in Fig. 2(b)
around this energy value. Conversely, the high-
energy peak at 183 MeV in Fig. 2(a) extends by
neutron transfer (toward the heavy fragment) to
more asymmetric mass split and appears as a
modulation in the high-energy part of Fig. 2(b).
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Determination of Limiting Angular Momenta for Fusion from Statistical-Model Fits
to Mass Distributions of Evaporation Residues
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Improved statistical-model calculations allow a search for the lower and upper limit-
ing angular momenta of compound-nucleus formation that give best fits to evaporation-
residue mass distributions. For the 0+ 0 reaction in the energy range E~ ~

= 35—80
MeV, optimal fits are obtained for low-l cutoff 0, and maximum l equal to l~, , obtained
from total fusion cross sections.

PACS numbers: 25.70.Bc, 25.70.Hi

The decay of the compound nucleus is well un-
derstood in terms of a statistical evaporation
model. The fusion reaction leading to compound-
nucleus formation, on the other hand, is a highly
complex process whose theoretical description
always requires simplif ying assumptions. A ba-
sic question is which impact parameters (partial
waves l) lead to fusion. The maximum / value
(l„) determines the maximum possible so-called
critical angular momentum J„of the compound
nucleus. l„can be calculated' from the total fu-
sion cross section [o' f„„.„=~&'(l„+1)'] if we as-
sume that the probability of compound-nucleus
formation is unity for all incoming partial waves
between 0 and l„. A cutoff for low / values is
predicted, however, by recent time-dependent
Hartree-Foek calculations' and discussed in ex-

perimentall

publications. ' '
One way to gain information on limiting l values

is to perform statistical-model calculations for
J distributions and to choose the correct distribu-
tion by the best fit to the data. Unfortunately,
useful calculations are time consuming and re-
quire large amounts of computer storage. Most
calculations that are found in the literature are
therefore one-shot calculations that use a distri-
bution between J=0 and J =l„with l„as deter-
mined from total fusion cross sections. The in-
terpretation of differences between experiment
and theory remains rather speculative. We re-
port here on a method that permits the choice of

the best statistical-model fit from a large number
of calculations with different initial angular mo-
mentum distributions of the compound nucleus.

In this Letter we concentrate our investigation
on the compound system "0+"0, where exten-
sive data are reported' for energies E&,t, =35-80
MeV. Less intensive studies on other compound
systems with A ~ 32 where there are experimen-
tal data available' ' ' seem to confirm the results
reported here.

The statistical-model calculations were car-
ried out using the Monte Carlo computer code
LANCELOT. ' ' Relative probabilities for compet-
ing decay modes from a parent nucleus with ex-
citation energy E„and angular momentum JI are
calculated using the Hauser-Feshbach formula'
which, for emission of a particle b of spin j re-
moving orbital angular momentum l and kinetic
energy E, may be written

I' I' *(b,l, e)

~g+l g+g

=Ti(e) Q Z p(Ey, Zy). (1)
s= fzl- zf z&= fs-yf

Here T, (e) is a transmission coefficient obtained,
with the parabolic barrier approximation, ' from
optical-model potentials and p(E&, J&) is the den-
sity of states in the daughter nucleus which at low
energies is obtained from experimentally ob-
served levels, and at higher energies is the Lang'
Fermi-gas density with parameters obtained
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