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Background: Precise understanding of nuclear fission is crucial for experimental and theoretical nuclear physics,
astrophysics, and industrial applications; however, the complete physical mechanism is unresolved due to the
complexities.

Purpose: In this study, we present a new method to describe the dynamical-fission process and following prompt-
neutron emission, where we combine the dynamical fission calculation based on the Langevin method and the
Hauser-Feshbach statistical model.

Methods: Two methods are connected smoothly within the universal charge distribution and the energy conser-
vation, allowing us to calculate a sequence of fission dynamics and postfission phase, including prompt neutron
emission.

Results: Using a certain set of model parameters, we successfully reproduce the experimental primary-fission
yields, total kinetic energy, independent-fission yields, and prompt neutron emissions for the neutron-induced
fission of 2**U, a compound nucleus of n + 2**U. We elucidate the physical mechanism of the characteristic
features observed in previous experiments, such as shell properties. Additionally, we apply our calculation to two
very neutron-rich uranium isotopes, i.e., 2°U and >»U, which are not experimentally confirmed but are important
for r-process nucleosynthesis. Theoretical results indicate that 2°U exhibits an asymmetric multiple-peak fission
yield distribution, while the neutron-rich 2>*U has a single peak due to symmetric fission. Our method predicts
postneutron emission fragments, where 2>°U shows a stronger neutron emissivity than °U.

Conclusions: Our framework is highly reproducible in the experiments and shows that the number of emitted
neutrons after fission differs significantly in neutron-rich uranium fission depending on distributions of fission
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I. INTRODUCTION

Nuclear fission is a decay process in which a heavier nu-
cleus is split into two or lighter nuclei, usually occurring in
actinide elements (e.g., uranium) and further heavy nuclei
[1,2]. Fission can also be interpreted as the production process
of unstable nuclei and nuclear-excited states, which may be
accompanied by additional radioactive decay such as y-ray
decay and particle emission (e.g., neutrons and « particles).
It is thus essential to understand the entire process, including
the nuclear states of fission fragments involved in fission and
subsequent particle emissions. A quantitative understanding
of nuclear fission is. crucial for nuclear engineering, but it
is also an interesting subject in fundamental physics, such
as nuclear physics and astrophysics. The fission of neutron-
rich nuclei is of particular importance in understanding the

*shoya.tanaka @riken.jp
Tnobuya.nishimura @riken.jp
¥minato.futoshi @phys.kyushu-u.ac.jp
Saritomo @ele kindai.ac.jp

2469-9985/2023/108(5)/054607(11)

054607-1

physics of unstable nuclei and its application to r-process
nucleosynthesis, which occurs in neutron-rich astrophysical
environments, e.g., in compact-object-binary mergers [3—0]
(and see recent reviews, e.g., Refs. [7-9]).

The fission process begins with the dynamical behavior
of unstable or excited nuclei, which is more challenging to
describe within a theoretical model than a single nucleus in
a stable state. Its study requires us to track the entire time
evolution of a nucleus until it splits into multiple nuclei.
Therefore, a full understanding of fission dynamics within ab
initio approaches is still quite a difficult task. Many micro-
scopic approaches based on energy density functionals have
been examined [10-19], providing us plenty of knowledge
to improve descriptions of fission dynamics. However, they
are still not capable of reproducing experimental data of
total kinetic energies (TKEs) and fragment yields simultane-
ously. Another approach to describe the fission process is the
phenomenological method based on a fluctuation-dissipation
method by Langevin equations [20-25], in which the dy-
namics are described by the motion of classical droplets,
including quantum effects (such as nuclear-shell structure) as
the nuclear potential. The method has successfully reproduced

©2023 American Physical Society
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experimental values, including fission fragments and TKEs
with appropriate physical parameters, and has been used not
only in the field of applied nuclear physics but also in the
research of the fundamental physics of unstable nuclei as a
robust way to describe fission properties.

Fission is, however, a complex process where various
phases are involved even after separations into multiple frag-
ments. The primary-fission-product nuclei, usually in excited
states, immediately undertake several decay processes, e.g.,
neutron emissions and radiative decays. The decay proper-
ties of actinides were measured precisely because of their
critical importance in applications such as nuclear reactors.
However, such a postfission process has not been considered
in previous dynamical calculations and has yet to be compared
with experimental data. Recently, the accuracy of TKEs and
fission fragment yields calculated within the Langevin equa-
tion significantly improved, opening a new possibility to study
radiative decays and fission dynamics comprehensively.

It is necessary to follow the postfission process precisely to
explain experimental data on various fission. The postfission
stage involves different physics from dynamical fission, so we
must adopt other physical descriptions and models in addition
to the Langevin approaches. To deal with particle evaporation
from the postfission stage, the Hauser-Feshbach statistical
model (HFSM) is one of the appropriate methods in which
fission fragments are assumed to reach a thermal equilibrium
immediately [26]. The HFSM has already been applied to
prompt neutron emissions for neutron- and photo-induced
fission of actinide nuclei [27-31] as well as 8-delayed neutron
emissions [32,33]. Comparison of theoretical calculations to
various experiments enables the constrain and refinement of
the adopted parameters in the Langevin model and HFSM.

In this study, we quantitatively investigate nuclear decay
processes that occur subsequently to dynamical fission. The
primary objective is establishing a calculation method that
exhibits higher experimental reproducibility, particularly for
significant physical phenomena such as neutron emissions. To
this end, we incorporate the Langevin calculation [the Kindai
University Langevin model (KiLM)] for fission dynamics and
the HFSM for postneutron emission (implemented in CCONE
[34]). We successfully reproduce experimental fission data
by utilizing the hybrid method that connects the dynamical
Langevin model and HFSM calculations. To study the per-
formance of our framework, a neutron-induced reaction on
236U is chosen. We also extend the framework to neutron-rich
uranium isotopes of 2°U and U, which have yet to be
experimentally evaluated.

The paper is structured as follows. Section II describes
nuclear models and numerical methods for fission calculations
and the postfission process. The results of 2*°U and neutron-
rich isotopes are shown in Sec. III. Section IV is devoted to
summary and conclusions.

II. METHODS

To calculate the fission dynamics and the subsequent decay
process of daughter nuclei, we employ a hybrid approach that
combines the dynamical Langevin scheme and the HFSM.
Our calculation scheme involves modeling a sequence of

dynamical fission phases followed by postfission neutron
emissions. Figure 1 shows a schematic picture of the fission
process and prompt neutron emission that we investigate in
this study. The following sections describe the calculation
methods used in individual phases, including the physical
parameter setups.

A. The dynamical fission calculation

To calculate nuclear-shape time evolution, we use the
fluctuation-dissipation model with the Langevin equation, the
KiLLM [35-37]. The nuclear shape is defined by the two-center
parametrization [38,39], which has three deformation parame-
ters, z, 8, and « to serve as collective coordinates, abbreviated
as g = {z, 6, «}. The symbol z is the distance between two
potential centers, the symbol § denotes the deformation of the
fragments, and o = (A} — A2)/(A| + Ay) is the mass asym-
metry of the two fragments [35], where A; and A, denote the
mass numbers of heavy and light fragments. Each fragment
has the same degree of deformation (§; = 6, = §).

For a given value of the temperature of a system 7', which
is related to the excitation energy of the composite system
as E* = aT? (a is the level density parameter [20,40]), the
potential energy is defined as a sum of the liquid-drop (LD)
part and a microscopic (SH) part:

V(g,T)=Vip(q) + Vsulq, T),
Vip(q) = Es(q) + Ec(q),
Vsu(q, T) = [AEsen(q) + AEpir ()19 (T), (1)

aT?
@(T) = exp(—E—d>.

Here, the potential energy Vip is calculated with the finite-
range liquid drop model [41], given as a sum of the surface
energy Es and the Coulomb energy Ec. The microscopic
energy Vsg at T = 0 is calculated as the sum of the shell
correction energy AEjg,, evaluated by the Strutinsky method
[42,43], and the pairing correlation correction energy AEp
[42,44]. The shell correction energy has a temperature depen-
dence expressed by a factor (7)) in which the shell damping
energy E; is chosen as 20 MeV [45]. We assume that the
angular momentum of the fissioning nucleus is not large at the
low excitation energy, so the orientation degree of freedom (K
coordinate) [46], and the rotational energy is not included in
Egs. (1).

To define the potential of the two-center shell model
[38,39], a neck parameter of ¢ = 0.35 (0 < ¢ < 1) [47] has
been routinely used [20,36,48-51]. However, this value is
inappropriate for heavier actinide nuclides, as pointed out in
Refs. [50,52]. We adopt the ¢ values following an empirical
formula [52],

e(A:) = 0.01007A, — 1.94, 2)

where A, is the mass of the fissioning nucleus. This relation
is adjusted to the overall trend of available experimental data
of fission distributions for Z &~ 92-98 isotopes including A >
250 (see the supplemental material in Ref. [52]); we adopt ¢ =
0.35, 0.58, and 0.63 for 2°°U, 250U, and U, respectively.

054607-2



POSTFISSION PROPERTIES OF URANIUM ISOTOPES: ...

PHYSICAL REVIEW C 108, 054607 (2023)

Dynamical (KiLM)

>

excited state
(induced)

deformation

scission

2B
(@)
prompt emission

1072t s 107205

10018—-10" 145

FIG. 1. Schematic representation of fission dynamics and the following prompt-neutron emission process (followed by delayed emission
and decay). The change of nuclear shape splitting into two nuclei are described with typical time scales. See texts for details of the dynamical
model by KiLM (Sec. Il A) and the statistical model by CCONE (Sec. 11 C).

The multidimensional Langevin equations (see, e.g.,
Ref. [35]) are given as

dgq;
dt
dp; aV 1 0

—_— e — — —— _l . .
dr 9 2aqi(m )jkPj Pk

— yij(m™ ) jepk + gijR; (1), 3)

=m )jp;s

where ¢; = {z, §, @} and p; = m;;dq;/dt is a momentum con-
jugate to coordinate g;. In the Langevin equation, m;; and y;;
are the shape-dependent collective inertia and the friction ten-
sors, respectively. The wall-and-window one-body dissipation
[53-55] is adopted for the friction tensor. A hydrodynamical
inertia tensor is calculated with the Werner-Wheeler approxi-
mation for the velocity field [56].

The normalized random force R;(¢) is assumed to be that
of white noise, i.e.,

(Ri(1)) =0,
(Ri(ti)Rj(12)) = 25;;8(r1 — 12). “

The strength of the random force g;; is related to the friction
tensor y;; by the classical Einstein relation [57],

Zgikgjk =y T,
k

ho ho
T* = — coth <—>, 5)

where T* is the effective temperature [22]. The parameter w
is the local frequency of collective motion [57]. The minimum
of T* is given by /iw/2, which corresponds to the zero-point
energy of oscillators forming the heat bath. We estimated the
zero-point energy as 3.05 MeV to be consistent with experi-
mental data, which is higher than the previous study.

The random properties introduced in Eqgs. (3)-(5) give
different trajectories on the potential energy space event-
by-event, creating the fission fragment mass distribution by
accumulating enough number of different trajectories, which

can be directly compared to the experimental data. In each tra-
jectory, fission is defined as the case that nucleus reaches the
scission point on the potential energy surface. The calculation
result for fission fragment mass distribution of U (E* =9
MeV) is shown in Fig. 2 with several experimental data, where
the mass distribution is reasonably reproduced. This excitation
energy is adopted for numerical efficiency, which may be rel-
atively higher than experiments. However, it is a lower value
than ones adopted in previous Langevin calculations [20,36]
and the threshold of second-chance fission [21,50].

B. The unchanged-charge distribution and total kinetic energy

Since the dynamical fission calculations with the KiLM
consider the mass of each nucleus but do not the atomic
number (Z), we assume the unchanged-charge distribution
(UCD) hypothesis to estimate fission fragment charge distri-
butions. The UCD assumption is a simple treatment; the most
probable charge of a fission fragment Z is determined from
the ratio of an atomic number to mass of parent nuclei, i.e.,
Z; = AgZcn/Acn, where Acy and Zey are mass and atomic
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FIG. 2. The normalized fission yields of 2*U, which is the com-
pound nucleus of 2**U + n. The numerical results by KiLM are
compared with several experimental data [58-63].
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FIG. 3. The normalized fission yield distribution of 2*°U against
the atomic number (the charge distribution), based on the UCD. The
results of the KiLM are compared with the evaluated data of JENDL-
5[69].

number of compound nucleus, and Ay is the fragment mass,
respectively.

Experimental data show that the charge distribution of
fission fragments slightly deviates from the UCD [64,65];
however, it is not easy to estimate the deviations for neutron-
rich nuclei where no experimental data are available. We,
therefore, use the UCD assumption mentioned above to es-
timate charge distributions in our calculations. Fortunately,
the deviations from UCD do not significantly affect prompt
neutron yields. However, as pointed out in Refs. [29,66], we
need consider to the charge distribution more seriously if
delayed neutron yields are discussed. We want to mention one
theoretical approach that has calculated charge fragmentation
of 2°Pu within a Hartree-Fock-Bogoliubov + particle num-
ber projection [67], which has the potential to predict charge
distributions of unmeasured fissioning nuclei.

To consider the charge polarization, the fragment charge
number Z; is randomly determined by following a Gaussian
distribution based on the UCD assumption in KiLM, where
the mean value juz, is set to

hy = 2NA,—05 (©)

AcN

with the standard deviation of o = 0.493, a typical value of
the charge distribution [65,68]. The Z, is automatically deter-
mined by Z, = Zcn — Z;. The calculated charge distribution
of 2°U (E* = 9 MeV) is shown in Fig. 3. Although an odd-
even staggering is observed in the evaluated data of charge
distribution of n,;, + 2°U [69], our calculation reasonably re-
produces the distribution.

The TKE of fission fragments is assumed to be given by

TKE = VCoul + Epre’ (7)

where Veou = Z1 2,62 /D and E. are the Coulomb repulsion
energy of point changes of fragments and the pre-scission
kinetic energy. The distance between the centers of mass of
the left and right parts of the nucleus at the scission point
is represented by D. The pre-scission kinetic energy Ep is

T
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FIG. 4. The mean value of the TKE for 2*°U. The results by
KiLLM are compared with experimental data [58—61].

given by
Epe = m™Yiipip;, ®)

which is calculated at the scission point. The statistical av-
erage of Epe of 2°U (E* =9 MeV) in the KiLM is equal
to 5.93 MeV. Therefore, the main contribution to the TKE
comes from the Coulomb repulsion of fission fragments. The
mean value of the TKE ((TKE)) as a function of the fission
fragment mass is shown in Fig. 4 for the fission of 2*°U at
E* =9 MeV. Averaging over fission mass yields, we obtain
(TKE) = 170.16 MeV. The KiLM overestimates the (TKE)
around A = 120 and underestimates around A = 130. On the
other hand, it reproduces well for A > 136. We expect the
deviations of (TKE) from A = 120 to 136 does not affect too
much prompt-neutron emissions because the fragment mass
yields are much smaller than A > 136 as seen in Fig. 2.

C. The Hauser-Feshbach statistical model

We use the HFSM with width-fluctuation correction imple-
mented in CCONE code [34] to estimate particle evaporation
from excited fission fragments at the postfission evolution,
including the prompt neutron emission. CCONE is one of
the widely used codes that comprehensively covers various
nuclear reactions. It has been applied to produce proton-,
neutron-, deuteron-, and photo-nuclear reactions in JENDL-
5 [69] and particle evaporation following S-decay [32] and
muon captures [70], giving a good agreement with experi-
mental data. To carry out the HFSM calculation, excitation
energy and spin-parity distributions of fragments defined as
p(JT,E*) = p(J")p(E*) are needed. The energy partition
between light and heavy fragments is determined by an
anisothermal parameter Ry defined by [71]

T; an(Up)U,
Rr=—= |———, 9
"T 5\ an, ©

where a;; is the energy-dependent level density parameter
and U, is the energy corrected by the pairing energy A,
Uy = E;p — Ay . The excitation energy Ej j, are determined
in an iterative way from Eq. (9). Here, we define the total
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excitation energy (TXE) as
TXE = E/ + E, = Mc — (M; + M) — TKE+ E*, (10)

where M¢, M;, and M; are the mass of the compound system,
light fragment, and heavy fragment, respectively. We set in
this work Ry = 1.2 that is determined from the n + 233U reac-
tion [28]. The excitation energy distribution is then calculated

by [27-29]
E}, — Eip)*
exp [_M} (11)

282 i

. 1
P(E], h) =

/2787,
where the width parameter 4, j, is estimated by

OTXE

VE! +E}

The width parameter dtxg = dtxg is calculated from KiLM
and UCD described in Secs. IT A and II B.

For the spin-parity distribution of fragments, a widely-
applied expression:

1 J+1/2 J+1/2)?
p(J") = = +1/ eXp( (+/)),

T 22(foU)2 C2(fo(U))?

is used where o (U) is the spin cutoff parameter, and we use
the same value of f = 2.756 as determined from the n + U
reaction [28].

Transmission coefficients of nucleons are calculated by the
optical potentials of Koning-Delaroche [72]. For nuclear level
densities, the Gilbert-Cameron method [73] with Mengoni-
Nakajima parameter [74] is adopted. For y strength functions,
the enhanced generalized Lorentzian function [75] is used.
Mass data are taken from the AME2020 [76].

S = E; . (12)

13)

III. RESULTS

A. Fission properties of 2°U

As described in Sec. II, we calculate the prompt neutron
emission process within the HFSM implemented in CCONE,
following the dynamical calculation with the KiLM for the
induced fission of *°U, i.e., a compound nucleus of n + 23U
in the present study. The outputs calculated by KiLM for 230U,
e.g., the mass distribution of fission yields (Fig. 2), the charge
distribution with the UCD assumption (Fig. 3), and the TKE
distributions (Fig. 4) are collected to carry out the calculation
of CCONE.

The numerical results of the number of prompt neutrons as
a function of the mass number are shown in Fig. 5. The global
trend of experiments, the so-called sawtooth structure that
yields the increase from A = 70 (130) to around 110 (160)
and the decrease from A = 110 (160) to 120 (170), are re-
produced feasibly although the position of the peaks deviates
from the experimental data. Although the physical origin of
the sawtooth structure is not clarified well, we can qualita-
tively understand that suppression around A = 120 is due to
the shell effect of Sn isotopes with Z = 50, where its decay
and particle emission are weakened. The broad framework
is thus characterized by the strong influence of dynamics
and shell potentials. Our calculated results are close to the
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FIG. 5. The number of prompt neutrons for 23°U. The calculated
values with a solid line (KiLM+CCONE) as a function of the mass
number are compared with evaluated data [77-79]. The calculated
average neutron emission number is (n) = 2.413.

experimental data by Nishio (1998) [78] among available
experimental data but have discrepancies with the other two
experiments near the lower boundary (A < 80) and higher
boundary (A > 150), as well as a steep drop in the range of
A =~ 110 to 120. Because experimental results of those re-
gions still exhibit significant dispersion, further investigation
in terms of both experiment and theoretical models must be
necessary.

Figure 6 shows the independent fission yields after
prompt-neutron emission. The evaluated data by JENDL-5 is
compared with our numerical results by the KiLM+CCONE
calculation. The distribution represents the independent fis-
sion yields after neutron emission from the primary fission
shown in Fig. 2. The corresponding fission yield reduces by
a few mass units due to few neutron emissions. We can see
that heavier fission yields in the range of A = 130 to 150,
in particular, exhibit excellent agreement with evaluated data.
This indicates the high reproducibility of our fission + neutron
emission calculations. On the other hand, while the overall

0.14 T T T T T T T T T T

JENDL-5 +—=—
012 F KiLM+CCONE —
0.10 ]
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Fission yield
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FIG. 6. The normalized fission yields of 23U (the compound
nucleus of 2*U + ) calculated by KiLM-+CCONE after the prompt
neutron emission is compared with evaluated data (JENDL-5 [69]).
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distribution of lighter peaks is well reproduced, there are
some discrepancies in areas that exhibit complex structures.
Based on the calculation, the average number of the prompt
neutrons per one fission event is (n) = 2.574, which is in
good agreement with the evaluated value of (n) = 2.413 [69].
Although there are some minor discrepancies in the fission
yield distribution, the overall features are well reproduced.

Figure 7 presents the isotopic distributions of fission prod-
ucts, compared with the experimental data [80]. As expected
by the high reproducibility of fission yields, our results repro-
duce experiments well, except for nuclei with large experi-
mental errors or limited statistics in fission yields. This high-
lights the robustness of our calculations across multiple data
sets, including charge distributions. We should note, however,
that our dynamics calculations still utilize a simplified charge
distribution with the UCD assumption, which may cause some
discrepancies. Further investigations with advanced treatment
of the charge distribution (e.g., Refs. [67,81]) are still ex-
pected to make our framework more sophisticated.

B. Neutron-rich U isotopes: 2°U and U

Using the KiLM+CCONE method, we calculate nuclear
fission and prompt-neutron emissions for two additional
neutron-rich U isotopes, 2°U and >»U with the same exci-
tation energy as 2*°U (E* = 9 MeV). The calculated primary
fission yields before prompt neutron emission and indepen-
dent fission yields after prompt neutron emission are shown
in Fig. 8. The yields of »°U show four peaks (two strong
and moderate double peaks) due to two different mass-
asymmetric fission modes, while those of °U have a single
peak by mass-symmetric fission. Our previous dynamical fis-
sion calculations also show the transition from asymmetric
to symmetric fission in neutron-rich U isotopes, the prelim-
inary results of which were reported in Refs. [82,83]. A
similar transition has also been experimentally suggested in
Fm isotopes with mass numbers close to the present study
(34256.258Fm) [84-86] and a wide range of other elements
(see, e.g., Ref. [87] for a review).

Here we focus on how the postfission behavior changes
when the nucleus becomes neutron-rich, and fission yield

distributions become symmetric from asymmetric. The fission
theory of neutron-rich nuclei remains unresolved and must
continue to be investigated theoretically and experimentally.
Figure 8 shows that the independent fission yields distribute
in smaller mass regions than the primary fission due to the
prompt neutron emissions. The characteristic point of the in-
dependent fission yields is a more detailed distribution than
the primary fission yields, which originates from the shell

0.16 T T T T
0.14 |
012 F ]
0.10 | ]
0.08 |
0.06
0.04 |
0.02 |
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XPrima‘lry yiéld —
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150 160 170
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Fission yield

80 90 100 110 120 130 140 150 160 170
Mass number

FIG. 8. The normalized distribution of fission yields for 2°U
(top) and °U (bottom). The primary yield distribution and the
independent fission yields are compared.
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FIG. 9. The number of prompt neutrons as a function of fragment

mass for 2°U (black line) and *°U (red line). The solid line corre-

sponds the statistically significant range, while the dotted indicate

lower statistics influenced by one or few fission events. The average

neutron emission numbers are (n) = 4.185 for 2°U and (n) = 3.434
for 2°U.

structure of fission fragments. For example, staggering around
A ~ 96, 130 become prominent for 2°U and the independent
yields show two peaks at A = 124 and 126 for 23U that is not
present in the primary yields.

The number of emitted neutrons as a function of fragment
mass for 2°U and 2°U is plotted in Fig. 9. The solid line
represents the statistically significant range, while the dotted
line may overestimate the average emitted neutrons with tiny
fission products, which have negligible impact on the over-
all discussion. The results of those neutron-rich nuclei are
different from 23U in Fig. 5. A significant difference is the
disappearance of the sawtooth structure observed for 2*°U. In-
stead, a peak is found in A ~ 125 for U, and a large number
of neutrons is emitted from light fragments and A ~ 144 for
233U. Analyzing the calculated results, the peak for 2°U and
many neutron emissions for 23U resulted from the contribu-
tions from many fission fragments rather than those from one
or a few specific nuclei. In other words, as discussed in the
following paragraph, this is relevant to the excitation energy of
fission fragments. Those outstanding peaks do not contribute
significantly to the average number of prompt neutrons be-
cause the corresponding fission yields are relatively small.

Figure 10 is the case of 2°U, two distinct peaks are seen at
TKE ~ 150 MeV and ~180 MeV. In contrast, 2°U exhibits
only a single peak around TKE = 175 MeV. The single peak
structure is a natural consequence because >*U does mass-
symmetric fission, while two peak structure found in 2>°U
originates from the fact that 2°U does asymmetric fission
having four peak structure in the mass distributions as seen
in Fig. 8. Considering the energy conservation, fragment pairs
with a small TKE have a large TXE, while those with a high
TKE have a small TXE. Namely, most fission fragments with
A =~ 115 (135) for the induced-fission of U have a rather
larger TXE than those for 2>U. To explain this, we also plot
in Fig. 11 the fission yield distribution of 2°U on the TKE~
mass number plane. We can identify that TKE = 150 MeV

0.07 . . . .

U-250 ——
U-255 —— |

0.06
0.05
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0.03 1

Fission yield

0.02
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Total kinetic energy (MeV)

FIG. 10. The fission yield distribution in the TKE for 2*°U (black
line) and *U (red line). The average TKE values are (TKE) =
162.50 MeV for 2°U and (TKE) = 175.85 MeV for >°U.

and 180 MeV peaks of U correspond to the peak-pairs
of A~ 115 (and 135) and A ~ 95 (and 150), respectively.
Since the Coulomb energies at the scission point (Vgou), the
major contributor to TKE, are different for fragment pairs,
two peaks of TKE can be explained by four peak structures in
the mass distributions. We can also see that the distribution of
TKE around A & 124 relatively concentrates on smaller TKE
around 130-140 MeV, resulting in fission fragments with high
excitation energies. As a consequence, we have a sharp peak
around A & 124 for the number of prompt neutrons of >°U in
Fig. 9.

For 2°U, the emission of prompt neutrons is dominated by
nuclei with A & 100 and 150 in the moderate double peaks.
This is because the TKE is relatively low, and the TXE is
high. In the case of >>>U, which exhibits only the single peak
in the mass distribution, neutrons are mainly emitted from
nuclei with A &~ 128, which have a relatively small number
of prompt neutron emissions (Fig. 9) because the TKE is
high and the corresponding TXE is expected to be relatively
small. The calculated average number of prompt neutrons
is (n) = 4.185 for »°U, which is larger than the case of
236U with (n) = 2.413 mainly due to lower neutron binding
energy. However, the average number of prompt neutrons is
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2150 5
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£ j k%
3130 0.2k
2 120 £ 0.1
110 ¢ 0.0
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Mass number

FIG. 11. The fission yield distribution of 2*°U on the TKE-mass
number plane. The color scale indicates fission yields.
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(n) = 3.434 for >U, which is smaller than >>°U. From our
calculations, neutron-rich U isotopes, which have not been
experimentally identified, may exhibit a higher number of
prompt neutrons than fission of nuclei along S-stability line;
however, depending on fission modes and TKE distributions,
as in the case of neutron-rich >>U, the number of prompt neu-
trons would not monotonically increase with neutron number.

IV. SUMMARY AND CONCLUSIONS

In this study, we calculated the fission properties of ura-
nium isotopes with a newly developed method based on a
dynamical fission method (KiLM) and a HFSM (CCONE).
Using an adjusted set of model parameters, we successfully
reproduce experimental fission-fragment distributions, TKE,
and prompt neutron emissions for the induced fission of 2*6U,
which is a compound nucleus of n + 23U, and two very
neutron-rich uranium isotopes, i.e., 2500 and 2%°U, which are
not experimentally confirmed, but are relevant to r-process
nucleosynthesis. Our results are summarised as follows:

(1) We accurately calculated the fission yields and TKE
of 23U using the KiLM with appropriate physical
parameters, successfully reproducing the experimental
values. We applied the same method to the induced fis-
sion of 2°U and > U. These results were consistently
and smoothly connected to the subsequent HFSM cal-
culations.

(2) The postneutron emission properties of 2*°U were
explained from the physical point of view, and the
experimental data were well reproduced. The average
number of prompt neutrons, with (n) = 2.574, was in
excellent agreement with the experimental value.

(3) We performed neutron emission calculations of very
neutron-rich uranium isotopes where experimental
data are unavailable. In the case of asymmetric fission,
20U, we obtained (n) =4.185, while the mass-
symmetric fission of 2>°U we had (n) = 3.434. From
these results, we concluded that the number of prompt
neutrons does not necessarily increase with neutron
number, and it is important to understand fission mode
and TKE distributions.

Our novel calculation method, combining the Langevin
and HFSM approaches, has successfully reproduced exper-
imental data for 2*°U, including fission products and TKE.
The remaining discrepancies can potentially be resolved by
refining the model used in dynamical calculations, particularly

in cases where experimental evaluations have lower accuracy.
We can improve reproducibility by reducing symmetry in
the nuclear shape parameters. Future advancements, building
upon the findings of this study, hold the potential for enhanc-
ing our understanding of the underlying physics. Since there
are other nuclei besides 2*U for which neutron emission has
been measured, it will be intriguing to extend the application
to other nuclei for future research.

Even in the absence of experimental data for neutron-
rich nuclei, i.e., 29U and #°U, various quantities related to
fission and neutron emission can be predicted with funda-
mental physical validity. This region represents the transition
from mass-asymmetric fission to symmetric fission as the
mass number increases with neutron excess. In the range of
asymmetric fission, where there is an excess of neutrons, the
number of emitted neutrons tends to increase. Conversely, in
the range of symmetric fission, the neutron excess tends to
decrease, resulting in a decrease in the number of emitted
neutrons. This behavior can be understood by examining the
distribution of TKE.

In future, improving the reproducibility of experimental
data will be crucial, along with the systematic development
of highly accurate theoretical predictions. Understanding the
nature of fission, especially in neutron-rich nuclei, is vital for
applications in r-process nucleosynthesis occurring in space.
The study of fission effects in neutron-rich nuclei heavily
relies on theoretical approaches, which have primarily focused
on half-life and fission distribution systematics. However, the
results obtained from dynamical models have yet to be fully
utilized in practical applications. It is important to continue
investigating the effects of symmetric fission in neutron-rich
nuclei and their associated neutron emission numbers, as sug-
gested in this study, to advance our understanding of r-process
nucleosynthesis.
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