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Nuclear split in fission
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Abstract )

Nuclear fission is the splitting of a heavy nucleus
into two lighter nuclei. The energy released during
this process is the source of atomic power; this
makes nuclear fission one of the most interesting
and important nuclear reactions. In this study, we
report for the first time as to how a nucleus with high
excitation energy deforms and splits during the fission
process.

This study was performed in collaboration with
Tokyo Institute of Technology (Prof. S. Chiba) and
Kindai University (Mr. S. Tanaka), and others.(*) This

work was published in Physical Review Letters [1].

1. Background )

In nuclear fission, two lighter nuclei are produced
due to the splitting of a heavier nucleus. Because the
mass ratio between these two fission fragments, ie.,
fission fragment mass distribution (FFMD), depends
strongly on how the nucleus deforms and splits,
it is essential to observe the fragment masses for
elucidating the fission mechanism. Furthermore, mass

splits in fission alter important fission parameters,



WLTHU LRy, BHHELTVET, BHET2 U
DIANF =L 65 AHTEFHRIVE (MeV) &K<, —
RS o L9 a1, b ERFIEEICHROn
TWEY, 2, BFFORTIIHGRZTTIEZ L.
P ERSER )R L TR LICLsTY T >
LVEVETHEEOL ONTBY . TS IIIREBESE
PELTERLTWEET, 20L& ZEFYOREK
WD HEE LT, BV AV F—ofET % v

DEENPT L TEND) T3, LpLAaDS, Rk

=

58912 BORTDEFEIHENTANF -2 5T
WARHBEIZIE, TOLENTIEbhoTELT, I
THEGROANZ AL ETRDLIENTEFHATL

BWIANVF—DEFHIIBIRTHZEDH Y T
A T2 L CEERDS O & o/ S RGO T
Wb 2lddET, ZORERTRETFEHETFEREB L
Gy TANVF=DPERLEDET, ENTHaBtoET
ANF—% b o TCVELEEIRIEARET 520, PlETF%
BOBHB L TELNOFEFEIZRY £, ZoMTRE
HFHEF R OB EIZETFEZO AN F =515 2 %
TTHEET,

LAaL, 2oL IR Sns T % 100% DR
THEBIICHIET 52 Z LI TE R0, BoEs 5H
WL oomEF R L7z 2MbsZ L3 TSI
Ao DFEN . —REDEFHEIRDHLIZOD 2B

EMTELRVDTY, ZOEIIHHRIIBWTEER

AN

BIETHLLENT SRR D Z LN TE o727
O, BIANF-TOMGROFEmITEO SN TE T

ATL7,

such as total-kinetic-energy release and multiplicity of
prompt-fission neutrons, which need to be observed.
Therefore, FFMD is an important parameter to be
observed in fission.

In a nuclear reactor, uranium-235 (*U) absorbs
a thermal neutron and gets decayed due to fission;
the fissioning **U has a low excitation energy of
approximately 6.5 MeV. FFMDs have been measured
for such cases. In a reactor, by contrast, heavier
nuclides are also produced by successive neutron-
captures starting from U and accumulating as
radioactive wastes. The fission induced by high-energy
neutrons is considered as one of the most viable
options to reduce the amount of toxic radioactive
wastes generated by means of transmutation into
shorter-lived fission products. However, so far, FEFMDs
during the fission of highly-excited nuclei have not been
investigated because of the experimental difficulties
mentioned below.

A highly-excited nucleus can decay either via fission
or via single neutron emission, leading to the formation
of a different nucleus with a lighter mass and lower
excitation energy. The latter nucleus can disintegrate
again either by fission or by neutron evaporation. This
competition between fission and neutron emission
continues until the excitation energy of the descendant
nucleus drops below its fission barrier.

It is impossible to find out how many neutrons are
emitted from the initial highly-excited nucleus before
fission because the emitted neutrons cannot be detected
with 1009 probability. This means that it is extremely
difficult to identify which nucleus came from the mother
nucleus decay due to fission. Therefore, the progress in

high-energy fission research has been slow so far.
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Many nuclides with different energies contribute to
the observed fission events owing to neutron emission
before fission, as mentioned above. In this study, we
measured the FFMDs of a multitude of nuclides over
a wide energy range using a novel experimental
equipment [2] that we developed for multi-nucleon-
transfer-induced fission. In the experiment, a **U
target was irradiated with O beams. By identifying
the ejectiles after nucleon-transfer from *0 to ®*U, the
compound nucleus was identified. For example, when
%0 was detected as the ejectile, two neutrons were
transferred to the target, and thus, *°U was produced.
The excitation energy of the compound nucleus was
determined from the kinetic energy and scattered
angle of the ejectile. Because the compound nucleus
decays instantly, we cannot detect it directly. Fission
events were thus observed by detecting two fission
fragments.

Figure 1 shows the FFMDs measured in this study.
We successfully obtained the FFMDs of 12 nuclides of
=201y BN and #**Pu over a wide energy range
of 10-60 MeV in a single experiment. Among them, the
data of *U and ******Np have been observed for the
first time.

The blue curves in Fig.l show the result of the
calculation performed using the dynamical model based
on the fluctuation-dissipation theorem. In this model, the
shape of a nucleus is described by three parameters:
distance between two nascent fission fragments, mass
asymmetry, and their deformations (a common value
was used for simplifying the calculation). The potential

energy due to the shape of the fissional nucleus was
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Fig.1

FFMDs of various nuclides obtained in this experiment. Blue (red) curves are the results of calculations performed

using dynamic model without (with) considering neutron emission before fission.
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Fig.2
Fig.2 The measured FFMD ( @ ) contains contributions of various nuclides. The sum of these
contributions calculated using dynamic model correlates well with the experimental data.
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calculated using these parameters. By solving Langevin
equations, the evolution of the system on this potential
energy surface was traced to the scission point, ie., the
manner in which deformation of the fissionable nucleus
proceeds; finally, the FFMD was computed.

As shown in Fig. 1, while the calculation correlated
well the experimental data at lower energies (10-20
MeV), discrepancies between the experimental data
and the calculated results increased with increasing
excitation energy. This is because neutron emission
before fission is not considered in the calculation shown
by the blue curve.

The probabilities of neutron emission from a highly-
excited nucleus were estimated using a statistical
model code (GEF [3]). The emission probabilities of 0,
1, and 2 neutrons from “°U with 40-50 MeV excitation
energy were calculated to be 12.6%, 13.6%, and 16.8%,
respectively. This means that fission events observed
for *°U populated at 40-50 MeV include those from
six nuclides, ie. a mixture of fission events of “***U.
Furthermore, the excitation energies of these nuclei
are different from each other.

Considering this, the calculated FFMDs of six
nuclides should be summed up for comparison with the
experimental data. The plots depicted by filled circles
( @) in Fig. 2 shows the FFMD of *°U populated at
40-50 MeV, which includes the contribution of ***“U.
The dotted curves are the calculated results of the
respective nuclides. A sum of the contributions of
these nuclides is shown by the thin solid curve, which
transitions into a thick, red curve after broadening
by the experimental mass-resolution. The calculation
correlates well with the experimental FFMD data

obtained by considering the neutron emission before
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fission. The red curves in Fig. 1 are the result of this
calculation that uses all experimental data obtained in
this study. There was a good correlation over in a wide
range of nuclide and excitation energies, which implies
that the calculation procedure developed herein is
reliable.

From the comparison in Fig. 2, it is clear that the
FFMD of highly-excited *°U (black-dotted line) has a
single-humped shape, ie. it is split into similar masses,
and the observed double-humped shape results from
the large contributions of “**'U via neutron emission.
Thus, in this study, we demonstrated, for the first time,

the FFMDs of highly-excited nuclei.

3.Importance of the result and its impact )

The double-humped shape that appears in FFMDs
is caused by nuclear shell effects. This study
unambiguously showed that the influence of shell
effects on FFMDs decreases with increasing excitation
energy of a fissionable nucleus. By considering the
neutron emission before fission, we have established a
reasonable interpretation of the experimental FFMDs
and developed a reliable theoretical model. Using
the novel methodologies, it is now possible to obtain
FFMDs, an important parameter to be observed in
nuclear fission, even at high energies. This opens a door
in the high-energy fission research and contributes to
the development of nuclear transmutation technology,

which involves the use of high-energy fission.
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The results of this study indicate the importance of
the neutron emission before fission from the viewpoint
of interpretation of other fission observables. For
example, the multiplicity of prompt neutrons emitted
from the fission fragments needs to be investigated.
As the initial excitation energy increases, the neutron
multiplicity is enhanced only for heavy fragments.
This is an important phenomenon, but it is not well
understood yet. For understanding such interesting
questions, in the future, by installing a neutron-detector
array in addition to the present setup, we will further
perform measurements of prompt neutrons correlated

with fission fragments.
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