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A key role of multi-chance fission for the description of fission-fragment mass

distributions at high energies
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Fission-fragment mass distributions were measured for 237-2407, 239-242Np and 2*1=244Py pop-
ulated in the excitation-energy range from 10 to 60 MeV by multi-nucleon transfer channels in the
reaction 10+22¥U at the JAEA tandem facility. Among them, the data for 24°U and 240:24L242Np
were observed for the first time. It was found that the mass distributions for all the studied nuclides
maintain a double-humped shape up to the highest measured energy in contrast to expectations of
predominantly symmetric fission due to the washing out of nuclear shell effects. From a comparison
with the dynamical calculation based on the fluctuation-dissipation model, this behavior of the mass

distributions was unambiguously attributed to the effect of multi-chance fission.

PACS numbers: 25.70.Hi, 25.85.Ge, 27.90.+b

At present, about 11% of the world’s electricity is
produced by thermal-neutron-induced fission in nuclear
power reactors. Management of nuclear waste, and in
particular, of long-lived minor actinides produced in
these reactors, is one of the most important issues in
the use of nuclear power. For further public acceptance
of nuclear power, it is essential to reduce the already-
existing and newly-produced nuclear waste. The use of
accelerator-driven systems (ADS), for example [1], is con-
sidered as one of the viable options for the incineration
and/or transmutation of the long-lived minor actinides
into shorter-lived fission products. In the ADS approach,
energetic spallation neutrons, produced via high-energy
proton impact on a heavy target material such as lead
and/or bismuth, could be used to irradiate the fissionable
minor actinides. This leads to fission with higher, and
more broadly distributed, excitation energies in compar-
ison to those in the thermal-neutron-induced fission in a
traditional power reactor. Thus, understanding of fission
at high excitation energy is important for nuclear-data
evaluations related to ADS developments.

The fission process is usually described as an evolution
of a nuclear shape on a potential-energy surface, resulting
from the interplay of macroscopic nuclear properties and
microscopic shell effects. The shape of fission-fragment
mass distributions (FFMDs) is directly influenced by
nuclear shell effects, a well-known example being the
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asymmetric FFMD in the thermal-neutron-induced fis-
sion of 23U, whereby the compound nucleus, 230U, fis-
sions at the excitation energy of 6.55 MeV. The asymmet-
ric FFMD, in this case, is attributed to the influence of
strong shell effects in the fission fragments in the vicinity
of doubly-magic '32Sn.

With increasing excitation energy, two competing pro-
cesses are expected to occur. First of all, due to a reduced
importance of shell effects, the transition to predomi-
nantly symmetric (liquid-drop) type fission should occur,
which is indeed demonstrated by many experiments [2].
The other process is multi-chance fission (MCF), or fis-
sion after consecutive neutron evaporations, where the
fissioning nuclei with less neutrons will have lower exci-
tation energy, thus showing stronger shell effects than in
the initial compound nucleus. The latter effect is then
supposed to favor the asymmetric fission of typical ac-
tinides after neutron evaporation. The MCF concept it-
self is well-known from studies of the fission probability
in high-energy neutron-induced reactions, whereby step-
like behavior is observed in the fission cross-sections at
the energies corresponding to 1n, 2n, ... neutron emis-
sion (see for example Fig. 17 in [3]). It was also reported
that the effects of MCF can be seen in the average to-
tal kinetic energy [4, 5], and in the average energy of the
prompt fission neutrons [6], as a function of the excita-
tion energy of the compound nuclei. In contrast to these



ss fission observables, to our knowledge, no experimental
study of the effects of MCF on mass distributions has
been reported to date. It was only recently that the effect
of MCF on mass distributions was introduced in theoreti-
cal studies [7-10]. However, the validity of the calculated
FFMDs for each fission chance was not shown because of
the lack of experimental data. Thus, an elaborated and
well justified interpretation of experimental FFMDs at
high excitation energies has not been yet established.

60

In this Letter, we present our investigation of the ef-
fects of MCF on FFMDs, by measuring the mass distri-
butions in a wide range of nuclides and excitation ener-
gies, using the novel experimental method recently devel-
oped at JAEA [11]. By exploiting multi-nucleon transfer
(MNT) channels in the reaction 80+238U, FFMDs of
twelve isotopes of U, Np and Pu were obtained in the ex-
citation energy range of F*=10-60 MeV, some of which
cannot be populated by other experimental methods. A
persistence of predominantly asymmetric FFMDs was
observed up to the highest measured excitation energy
for all the studied nuclides. To understand this behavior,
the fluctuation-dissipation model was used. It was shown
that a reliable understanding of the observed FFMDs can
be obtained only by invoking MCF.

The experiment was performed at the JAEA tandem
accelerator facility using a 157.5MeV 80 beam with
an intensity of 0.5pnA. The target was prepared by
electrodeposition of an 80 ug/cm? layer of 238U on a
90 pug/cm? nickel backing. The experimental setup, con-
sisting of a multi-detector AE-E silicon telescope and
four multi-wire proportional counters (MWPCs) for ejec-
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FIG. 1. (Color online) AE-Etot spectrum for ejectiles mea-

sured in the reaction 042U for one combination of the
AE-E detectors (AE segment No.3 and E annular strip
No.2). The curves corresponding to different ejectiles are
labeled with the respective isotopes.
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tile and fission-fragment measurements, respectively, is
described in [11], thus only a brief description is given
here.

Specific particle-transfer channels were determined by
identifying the ejectiles using the array of AE-E silicon
detectors. An ejectile passing through one of the twelve
AE detectors (75 pum thick) is stopped in the E detec-
tor (300 um thick) to measure the residual energy (Fies,
Eit=AFE+E,e). The angle of the ejectile was deter-
mined by the combination of a AE segment and one of
the 16 annular strips in the E detector where the ejectile
was detected. The unique feature of the JAEA setup is
the good energy resolution of the AE detectors which was
achieved by using silicon wafers of highly uniform thick-
ness (<1.3% variation). This feature allowed us to dis-
tinguish not only the ejectiles of different elements (e.g.
O, N, C...), but also different isotopes of each element, as
shown in Fig.1. This figure shows the detected ejectiles
plotted on the Ei.;-AFE plane, where a clear separation
of neighboring isotopes of the same element is seen. A
possible contamination from neighboring isotopes was es-
timated for each excitation-energy range with a 10-MeV
interval from 10 to 60 MeV, and found to be on the level
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FIG. 2. (Color online) (a) FFMDs for 27U populated by

(—1n) channel in the present study (yellow histograms) and
by (4+2p3n) channel in the reaction "*0+2*2Th (closed cir-
cles[11]). (b) The same for ?**U from the present study
(yellow histogram) in comparison to those from n+2%U [12]
(closed circles). The red curves are the FFMDs from [12]
which are broadened according to the mass resolution, see
text.
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FIG. 3. (Color online) Experimental FFMDs (points with error bars) of the U, Np and Pu isotopes and their dependence on
excitation energy in the range of E*=10-60 MeV. The FFMD for ?**Pu at the lowest excitation-energy bin is not shown due
to statistical reasons. The experimental FFMDs are compared with Langevin calculations respectively without (blue curves)
and with (red curves) the inclusion of multi-chance fission (see text).

of 6%, 3% and 2% on average, for 610, 14~17N and
12-15C respectively. There were two cases with a less
evident separation, i.e., ?O (237U) and O (?38U) at
E*=50-60 MeV, where the admixture of neighboring iso-
topes was as high as ~25%. To obtain the correct FFMD
of 238U, the FFMD of the major contaminant 23°U (23%)
was subtracted from the initially derived FFMD for 238U.
The data for 237U was obtained in the same manner, by
subtracting the contribution of 238U (25%) which is the
only background source. In the analysis, it was found
that the change in the FFMDs by the background cor-
rection remained within the statistical errors and did not
alter the shapes of the FFMDs. Hence, the background
subtraction was not applied to the rest of the data.

The momentum of the recoiling compound-nucleus,
which should be shared by both fragments in fission, was
determined from the energy Ei, and the direction of
the ejectile. The excitation energy of the compound nu-
cleus was then deduced from the recoil momentum, FEi.,
and the reaction Q-value[13]. Tt is assumed that no ex-
citation energy is given to the ejectile, thus the excita-
tion energies quoted in this study should be considered
as the upper limit. The measured resolution for E}q is
~1.0 MeV (FWHM), which determines the uncertainty of
the excitation energy of a compound nucleus. Coincident
fission fragments produced in MNT fission were detected
by using position-sensitive MWPCs, which allow deter-
mination of the directions of the fission fragments. The
time of flight difference between two fragments was mea-
sured to determine the pre-neutron-emission masses.
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As an example of benchmarking of the method and new

u data, in Fig. 2 FFMDs for (a) 27U (—1n transfer) and

(b) 239U (+1n transfer) from our experiment are com-
pared with the existing data[l11, 12]. The closed cir-
cles in Fig.2(a) show FFMDs for 237U observed in our
previous measurement of the +2p3n-transfer channel in
the reaction *80+232Th [11] using the same experimental
setup. A fairly good agreement, both for mass asymme-
try and for peak-to-valley (P/V) ratio, at all measured
excitation energies may imply the independency of the
FFMDs from the transfer channel. In Fig.2(b), FFMDs
for 239U are compared to those deduced in the neutron-
induced fission of 238U [12] (closed circles) at the simi-
lar excitation energy ranges of £*=13.8-15.8 MeV, 18.8—
23.8MeV and 30.8-44.8 MeV. They have a mass resolu-
tion of 3.5 u in average, estimated from their spectra [14].
To allow for comparison with the present data (mass res-
olution 0=6.5u), their FFMDs were broadened and the
results are shown by the red curves in Fig.2(b). For
the two lowest energy regions, the P/V ratios obtained
from their broadened FFMDs showed a good agreement
with those from the present data within the statistical
errors. Their P/V ratio at E*=20-30MeV was found
to be about 20% larger than our value of 2.3 + 0.2, but
still agrees within two sigma. As shown in Fig. 2, the
MNT reaction provides the opportunity to study poorly-
understood spin dependence in fission. Although detailed
studies are needed to find the conditions for which the
present MNT approach could be used as a surrogate for
neutron-induced fission, the reached agreements with the
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other experimental methods indicate that a set of FFMDs

170 shown later have enough quality to discuss the effect of

MCF.

As a summary of all the experimental results, Fig.3
shows the FFMDs for the twelve compound nuclides
2372407y 239-242Np and 2417244Py obtained by gating
on the different ejectiles (i.e., different MNT channels)
in Fig. 1. A 10-MeV interval of the excitation energy was
chosen as a compromise between the available statistics
and a reasonable increment of E*. It should be noted
that the FEMDs for 249U and 249:241:242Np were observed
for the first time. It is evident that the FFMDs for all
nuclides in Fig. 3 have predominantly asymmetric shape
at the lowest excitation energy. A growing contribution
of symmetric fission can be observed with increasing ex-
citation energy, however the double-humped shapes are
still clearly preserved.

To understand these trends, the experimental FFMDs
are compared with a calculation based on the fluctuation-
dissipation fission model developed in [15, 16]. In this
model, the evolution of a nuclear shape, defined by three
parameters (charge-center distance, mass-asymmetry
and fragment deformation), is traced from the compound
state to the scission point by solving the Langevin equa-
tions, and FFMDs are calculated with the Monte Carlo
method. The potential energy is defined as the sum of the
liquid-drop part and excitation-energy (FE*)-dependent
shell-correction energy given by : 6W(0)xexp(—E*/Ey),
where 6W(0) is the zero-excitation shell-correction en-
ergy. The shell-damping energy was chosen to be
E;=20MeV, as in [11, 16]. The calculation reproduces
well the global shape the FFMDs, both for the peak-to-
valley ratio of the double-humped shape and the position
of the light and heavy-fragment peaks, for n+233235U,
239Pu [16] as well as our recent MNT fission data for
2812347 232-230py and 23472380 [11] within the limit
of low excitation energies E* <20MeV, for which the
effects of MCF should be small.

As a first step in the present calculations, MCF was
not taken into account, which means that calculated
FFMDs are due only to fission of the initial compound
nucleus at each specific excitation energy. The results
are shown by the thin blue curves in Fig.3. Under this
assumption, the mass asymmetry, i.e., the peak posi-
tions of the double-humped FFMD, for all isotopes are
reproduced below E*~20 MeV, with clear deviations seen
for higher energies. At the highest energy, the calcula-
tion shows structure-less symmetric fission in contrast
to the measurement. With regard to the P/V ratios of
the FFMDs at E*=10-20MeV, the calculation which re-
produced those for 231=234Th, 232-236py gnd 234-237Q
from the MNT fission of *¥0+232Th [11] agrees well also
with the present data for the heavier uranium isotopes
238=2407J, On the contrary, the calculation gives a smaller
P/V ratio for heavier neptunium (*4*242Np) and pluto-
nium (?41=244Pu) isotopes. One of the possible reasons
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25 for this deviation could be in the treatment of the neck

parameter ¢ (0 < e < 1)[17], which defines the depth
of the potential at the neck of the dumbbell-shaped nu-
cleus, used in our two-center shell calculation. In this
work, we adopted €=0.35 derived as an optimal value in
[16] to explain the FFMDs of compound nuclei with mass
of 234-240. For heavier nuclei, this value could thus be
slightly different. This deviation, however, does not influ-
ence our conclusion which was drawn from the discussion
on the excitation-energy dependence of the FFMDs. The
evolution of the € parameter in heavier nuclei will be the
topic of a future investigation.

In the next step, MCF was introduced into the calcu-
lation. Figure4(a) is a conceptual view of MCF for the
case of 240U as the initial compound nucleus. The highly
excited 240U can decay either via first-chance fission, or
via single neutron emission, leading to the less excited
2397, The latter nucleus can decay again either by fission
(thus, second-chance fission) or by neutron evaporation;
the competition between fission and neutron emission
continues until the excitation energy drops below the fis-
sion barrier of the corresponding daughter nucleus. The
shape of the FFMD at each fission chance is also shown
schematically in this panel, with predominantly symmet-
ric fission for the initial highly excited compound nucleus
2407, and dominant asymmetric fission for subsequent fis-
sion chances of daughter nuclides, in particular, for 237U
(4th-chance fission). The application of this procedure
to the calculated FFMDs for 240U* is demonstrated in
Fig. 4(b). The calculated FFMDs for respective fission
chances are shown by the dashed curves with different
colors, where the fraction (probability) of each fission
chance is determined using the GEF code [8]. The reduc-
tion of the excitation energy of the compound nucleus due
to neutron emission was calculated from neutron binding
energies [18] and a mean energy for the emitted neutron,
~1.9MeV, obtained by the PACE2 code [19]. For each
MCEF step, the potential energy surface of the respective
compound nucleus was also adopted. The sum of all the
FFMDs obtained from each fission chance (up to 6th-
chance fission) is shown by the thin black curve. It re-
produces the observed peak positions of the experimental
FFMD, but has narrower peaks than the measured ones.
However, after introducing the experimental mass resolu-
tion, the calculation well reproduces also the P/V ratio
as well as the mass asymmetry as shown by the thick
solid red curve. The key conclusion which can be drawn
from Fig.4(b) is that the apparent mass-asymmetric fis-
sion observed in the data even at high excitation ener-
gies originates from the lower-energy 4th-, 5th-, and 6th-
chance fissions (23%:236:237U), On the contrary, the 1st-
and 2nd-chance fissions lead to predominantly symmet-
ric mass splits, as they occur at high excitation energy.

The same calculation procedure was applied to all the
cases displayed in Fig. 3, where the results are shown by

260 thick red curves. In contrast to the results without MCF
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FIG. 4. (Color online) (a) A conceptual view of MCF for the case of 2*°U*, see details in the text. (b) Calculated FFMDs
for all the MCF steps up to 6th-chance fission (dashed curves) are shown for the initial compound nucleus **°U at excitation
energies of 40-50 MeV. Their sum is given by the thin solid line. For comparison with the experimental data (open symbols
with error bars), the calculated sum of the FFMDs was broadened by the experimental mass resolution, and the resulting

FFMD is shown by the red thick curve.

(thin blue curves), the calculation with MCF well ex-
plains the excitation-energy dependence of the FFMDs
characterized by mass-asymmetry and P/V ratio. With
increasing excitation energy, FFMDs contain greater con-
tributions from higher fission chances. Therefore, the
agreement in Fig.3 for all the excitation-energy ranges
validates the calculation of the FFMDs. The decreasing
P/V ratio of the measured FFMDs from uranium to plu-
tonium (for example, E*=30-40MeV) is also explained
by introducing MCF, whereas the analysis without MCF
predicts almost the same flat-top distributions through
all the isotopes.

To conclude, even though MCF is a well-established
concept in several fission observables (e.g. fission prob-
ability), so far its role for fission-fragment mass distri-
butions has not been experimentally investigated. This
is mainly due to the absence of systematic data on the
FFMDs in a large span of excitation energies. We over-
came this difficulty by exploiting the novel approach of
multi-nucleon transfer reactions. Fission of a multitude
of nuclides studied in a broad range of excitation ener-
gies has allowed us to show that the apparent asymmet-
ric shape of FFMDs for a given initial excitation energy
originates from fission of less excited lighter isotopes pro-
duced via a chain of MCF. In particular, this finding
means that asymmetric shapes in the FFMDs measured
at high excitation energies (E*>S,,) should no longer be
interpreted as signatures of survival of shell effects in
the initial compound nucleus, which would incite one to
reexamine existing experimental data measured at high
excitation energies. Ignoring multi-chance fission, the
asymmetric structure of FFMD observed at high exci-
tation energy would introduce an unexpectedly higher
shell-damping energy than the conventional E3=20MeV
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315 which was also used in this work. The shell-correction en-

ergy at high excitation energy is also important for other
fields, for example, heavy-ion fusion reaction for the syn-
thesis of super-heavy elements (SHEs). This is because
only the shell-correction energy forms the fission barrier
of a compound nucleus the height of which significantly
alters its survival probability in the competition between
neutron evaporation and fission.

Our results also suggest that the consideration of MCF
is essential to interpret and evaluate other fission observ-
ables. One of the examples is the neutron multiplicity
as a function of fragment mass A, 7(A). An important,
but not yet fully understood phenomenon, the increase
of the initial excitation energy leads to enhancement of
v(A) only for heavy fragments [8, 20]. For a quantitative
discussion, 7(A) should be also represented as a sum of
contributions from each fission chance. As a further de-
velopment of our MNT approach, we aim to undertake
measurements of prompt neutrons correlated with fission
fragments by installing a neutron-detector array around
the present fission setup.
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