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Abstract A notable issue, the proper description of mass
and charge distributions of fission fragments within non-
adiabatic descriptions of fission dynamics, is investigated by
performing double particle number projection on the out-
comes of time-dependent Hartree–Fock (TDHF) simulation.
The induced fission process of the benchmark nucleus 240Pu
is studied. In the three-dimensional Cartesian coordinate
without any symmetry restrictions, we get the static fission
pathway from the two-dimensional potential energy surface,
and then the fission dynamics from saddle to scission point
are obtained using TDHF. We show that the charge numbers
of primary heavy fragments from TDHF simulation strongly
depend on the deformations of initial configurations via the
two asymmetric fission channels, which can be distinguished
according to the dynamical fission trajectories. The charge
distribution of fission fragments is well reproduced using the
double particle number projection technique. After applying
the Gaussian kernel estimation based on the distribution from
the double particle number projection technique, the mass
distribution is also consistent with the experimental results.
Besides, the results of the total kinetic energy of fission frag-
ments are reasonably consistent with the experiments.

1 Introduction

Nuclear fission is the process of a heavy atomic nucleus
splitting into two or three fragments with releasing a large
amount of energy. Describing the entirety of the fission pro-
cess within a unified framework is challenging due to its
time-dependent nature and the presence of multiple distinct
phases. [1–5]. Among these phases, the transition between
the mother nucleus and the fragments is the most striking
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because many effects, including rapid shape change, neck
formation, energy dissipation, and quantum shells, interplay
and determine its complex mechanism. The characteristics
of fission fragments (FFs) and the correlations between them
are interesting both experimentally and theoretically since
they are essential to reveal the puzzles of fission mechanism.
Besides, fission is also relevant to other important issues, such
as the r -process of nucleosynthesis [6] and the existence of
superheavy elements [7].

Fission occurs when the system overcomes the fission bar-
rier(s), and to date, the microscopic theories describe this
process usually in an adiabatic way, i.e., building a static
potential energy surface (PES) in the collective space. The
next phase is a process from saddle to scission point with
dissipative motion and nowadays can be described micro-
scopically by using the time-dependent generator coordinate
method (TDGCM) [2,8] and time-dependent density func-
tional theory (TDDFT) [3,9–12]. The former, as an adiabatic
time-dependent theory, describes the fission dynamics based
on a static multi-dimensional PES and computes the realis-
tic fission-fragment distributions under the Gaussian overlap
approximation (GOA), which is powerful for describing the
distributions of FFs [2,13–15]. The latter includes all col-
lective degrees of freedom and can simulate the average fis-
sion trajectory as a non-adiabatic dynamics; meanwhile, the
role of shell and pairing effects on fission dynamics can be
explored [9,11,12,16–19]. Recently, the excitation energy
sharing mechanism between FFs [9,20,21] and their intrin-
sic spins [22,23] are also investigated by TDDFT. However,
the lack of particle number fluctuations leads to TDDFT not
giving a good description of distributions of fission yields
[11,20,24]. To resolve this problem, the particle number pro-
jection (PNP) technique [25] has been applied to get the dis-
tributions of FFs [18,26,27]. As a result, the proton and neu-
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tron distributions for each fission trajectory can be calculated,
but a quantitative description of the measurements, particu-
larly for the width, is not achieved. Even the combination of
TDDFT and TDGCM is also not valid for a proper descrip-
tion of fission-fragment distributions [28]. This means that
based on a non-adiabatic description of fission dynamics, the
fission-fragment properties are still not well understood.

240Pu is a benchmark nucleus whose fission barriers, half-
life, and fission-fragments are well known [29–35] such that
it has been studied by many different approaches [9,11,13,
15–17,19,20,22,23,28,36–41] in recent years. Among these
works, the TDDFT theory provides a good description of the
induced fission dynamics of 240Pu and can study many prop-
erties of FFs such as the total kinetic energy (TKE), collective
excitation modes and intrinsic spin. However, an accurate
prediction of the fragments distribution remains a challenge.
In this work, aiming to study the fission mechanism within
the framework of TDDFT and explore the mass and charge
distributions of FFs, we have implemented the double PNP
technique [14,18,42] based on the time-dependent Hartree–
Fock theory (TDHF). Consequently, our calculations show
a nice agreement with the measured mass and charge distri-
butions of 240Pu, thus proposing a treatment for predicting
the FFs’ distribution within the framework of TDDFT. This
paper is organized as follows. The theoretical formulas are
introduced in Sect. 2. The numerical details, static fission
pathway in two-dimensional (2D) PES, the shape evolution,
the mass and charge distributions, and the TKE of FFs are pre-
sented in Sect. 3. Finally, we summarize this work in Sect. 4.

2 Theoretical framework

The ground state properties of 240Pu are calculated using the
Skyrme Hartree–Fock (HF) theory with the BCS approxima-
tion (HF+BCS) [43]. For calculating the PES, the augmented
Lagrangian method (ALM) [44] has been implemented based
on the HF+BCS in three-dimensional coordinate space and
the Routhian reads

E ′ = EHF +
∑

i

[
λi

(
〈Q̂i0〉 − Qi0

)

+1

2
Ci

(
〈Q̂i0〉 − Qi0

)2
]
, (1)

where i = 2, 3 denotes the order of mass multipole moment,
λi is Lagrangian multiplier, and Ci is the penalty parameter.
The definitions of mass quadrupole and octupole moment
operators are

Q̂20 =
√

5

16π
(2ẑ2 − x̂2 − ŷ2),

Q̂30 =
√

7

16π
ẑ(2ẑ2 − 3x̂2 − 3ŷ2).

(2)

The constraints on Q̂20 and Q̂30 are performed simultane-
ously to get the static PES.

The fission dynamics is described using the TDHF
method, in which the many-body wave function is approx-
imated as a single time-dependent Slater determinant com-
posed of single particle states ψα(rsτ, t) with spatial coor-
dinate r , spin s and isospin τ . The TDHF equations read

i h̄
∂

∂t
ψα(rsτ, t) = ĥψα(rsτ, t), (3)

where ĥ is the single-particle Hamiltonian. The pairing cor-
relations in the dynamical evolution are considered with the
frozen occupation approximation (FOA) [42]. Although the
FOA is undoubtedly the most straightforward way to consider
dynamic pairing correlations which are crucial to investigat-
ing fission dynamics [9,18], it is still promising for providing
theoretical guidance [3,16,17,45]. In the TDHF+FOA simu-
lation of the fission process, the shape of the mother nucleus
rapidly changes and the scission configuration can automati-
cally occur. Most importantly, the properties of FFs, such as
charge, mass, and TKE, are natural outputs of TDHF+FOA
calculations.

The TDHF+FOA approach describes the trajectories of
FFs in a classical way and the quantum fluctuations are not
included, thus it only gives the mean values and cannot give
the distributions of FFs properly. The PNP technique based
on TDHF [25] can treat the particle number fluctuations and
its application on fission [42] can be used to study the FFs
distributions. In PNP technique, the projection operator for
N particles with isospin τ in the subspace V is

P̂τ
V(N ) ≡ 1

2π

∫ 2π

0
dθ eiθ(N̂ τ

V−N ), (4)

where N̂ τ
V is the particle number operator and θ is the gauge

angle. In Eq. (4), only the particle number fluctuation of the
fragment in the subspace is considered, without accounting
for the influence attributed to the superfluidity of the mother
nucleus. To consider this point, the double PNP technique is
utilized to get the probability of N protons or neutrons in the
subspace for a given mother nucleus in the whole space. The
probability is defined as

Pτ, Double
V (N ) = 〈Ψ |P̂τ

V(N )P̂τ (Ntot)|Ψ 〉
〈Ψ |P̂τ (Ntot)|Ψ 〉 , (5)

where Ntot is the number of neutrons (τ = −1) or protons
(τ = 1) of the mother nucleus and |Ψ 〉 is the final state in
the TDHF calculation. The overlap in Eq. (5) is calculated
by using the Pfaffian method [46,47], which can efficiently
solve the sign ambiguity problem of the Onishi formula [48].
Then, we use the Fomenko’s method [49] with 31 mesh points
for the integral over the guage angles.

For comparison with experimental data, we should fold the
mass and charge distributions of all selected fission events.
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The charge and mass yields are given by

YV(Z) =
∑

S

w(S) × Pτ=1, Double
S,V (Z),

YV(A) =
∑

S

w(S) × PDouble
S,V (A),

(6)

where w(S) denotes the weight of a given fission trajectory
S. The YV(Z) and YV(A) are normalized to 2.

3 Results and discussions

The constrained HF with the BCS approximation for pair-
ing correlations (CHF+BCS) and TDHF calculations with
FOA are performed using a modified version of the code
Sky3D [50–52], in which the time-even, time-odd, and ten-
sor terms in Hamiltonian have been incorporated [53–56] and
the techniques introduced in Sect. 2 have also been imple-
mented. More details of our code and its applications can be
found in Refs. [54,57–69]. In this work, we use the density
functional SLy5, which has been widely used in the study of
nuclear dynamics [54,55,59,60,63,65–67]. Unlike the com-
monly used SkMs and SLy4d, this set of interactions is a
new attempt in fission. Besides, the comparison of results in
the present work with SLy5 with subsequent investigations
with SLy5t will reveal the influence of tensor forces on fis-
sion. In CHF+BCS calculations, the three-dimensional grid
36×32×36 fm3 with the grid spacing of 1 fm in each direc-
tion is adopted and the grid 40 × 40 × 40 fm3 is used when
Q20 ≥ 73 b to keep the accuracy. In static calculations, we
adopt the volume delta pairing force with pairing strengths
V n

0 = 288.523 MeV fm3 and V p
0 = 298.760 MeV fm3 for

neutrons and protons [52], respectively. The TDHF calcula-
tions are performed in a box with the size of 48 × 48 × 160
fm3. The time step is 0.25 fm/c and the time propagator is
evaluated by the Taylor series expansion with the order up to
8. The center-of-mass correction is not taken into account in
both static and dynamic calculations. These numerical con-
ditions have been checked for achieving good convergence
for all computations.

By carrying out CHF+BCS calculations, we have con-
structed the PES of 240Pu in (Q20, Q30) plane on a three-
dimensional coordinate space without any symmetry restric-
tions and other shape degrees of freedom are incorpo-
rated automatically in the self-consistent calculations. The
obtained 2D PES is presented in Fig. 1, where the energies
are given relative to the ground state energy. The ground and
isomeric states are labeled by the red and black triangles,
respectively. As shown in Fig. 1, the static fission pathway
(red dotted line) has a double-humped structure, and the inner
and outer barriers are located at Q20 ≈ 21 b and Q20 ≈ 43 b.
In our calculation, the height of the primary barrier is about

10 MeV, which is larger than the HF calculation with SkM*
parametrization [16] and the empirical values given in Ref.
[34,70]. In fact, for most Skyrme forces, the calculated bar-
rier heights are higher than the empirical values, perhaps
as a result of the adiabatic calculation lacking dynamical
effects. In comparison to the SkM* force, the fitting pro-
cedure of SLy5 does not constrain any surface properties,
despite the barrier height lowers with the decrease of the
surface energy coefficient [71]. Moreover, the study of the
deformation-induced fission dynamics with TDHF usually
starts beyond the outer barrier, meaning that the dynamical
process is not as sensitive to the barrier height as the sponta-
neous fission. Therefore, the fission barrier height of 240Pu
with SLy5 is acceptable. Additionally, other shape degrees of
freedom also affect the fission barrier height [72,73] and the
insight into the PES requires huge computational cost, which
are beyond the scope of present work. Generally speaking,
the main features of PES with SLy5 are similar to the results
given by other theoretical calculations [19,20,73,74]. For
the asymmetric fission pathway, the shape of outer barrier is
sharp, reflecting rapid changes of the single particle levels.
The fission valley gradually appears beyond the outer barrier
and contains the starting configurations for the TDHF+FOA
simulation.

A 2D PES in the (Q20, Q30) plane not only contains more
details about the static fission pathway, but also naturally has
more complex configurations due to the availability of dif-
ferent Q30. In TDHF description of fission process [16], fis-
sion occurs when the deformations of initial states are larger
than a dynamical fission threshold (Q20 ≈ 80 b of 240Pu in

Fig. 1 Potential energy surface of 240Pu in the (Q20, Q30) plane cal-
culated with SLy5 and the TDHF fission trajectories for various initial
configurations. The red dotted line shows the static fission pathway.
The ground state, inner barrier, isomeric state, and outer barrier are
denoted by red triangle, red star, black triangle and black star, respec-
tively. Selected initial states of TDHF calculations are marked by the
white diamonds. The dynamical fission trajectories are presented by the
yellow and green solid lines corresponding to two asymmetric fission
channels, respectively, and their representative density distribution pro-
files at the scission points are also shown. The mass and charge numbers
of heavy fragments are shown on the right
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this work). Additionally, the threshold anomaly also occur in
the Q30 direction, thus leading to more non-fission events.
In this work we select 15 deformation configurations from
the 2D PES, labeled by white diamonds in Fig. 1 as the ini-
tial states of TDHF+FOA simulations. Specifically, along the
static asymmetric fission pathway (red dotted line), 5 points
in the Q20 direction and three in the Q30 direction with almost
equal spacing, i.e., 15 points are chosen. This set of initial
configurations corresponds to a mean excitation energy of
2.1 MeV with a variance of 3 MeV for 240Pu. Such a broad
excitation energy range and variance may cover various ini-
tial configurations such that the fission dynamics occur in
different fission channels.

In our TDHF calculations, fission happens for all of these
15 configurations and the dynamical fission trajectories are
represented by solid lines ending at the scission point in
Fig. 1, which is defined as the point when the minimum
density between the fragments along the z axis is less than
0.03 fm−3. It is found that during the dynamical evolution,
the reflection-asymmetric shape increases with the elonga-
tion of the fissioning nucleus. The dynamical pathways can
be divided into two groups characterized by the size of
(Q20, Q30) deformations at the scission points, denoted by
yellow and green solid lines in Fig. 1, respectively.

When the separation distance between the centers of
mass of two primary fragments is larger than 30 fm, the
TDHF+FOA calculation ends and the mass of primary frag-
ments can be directly obtained by integrating one-body local
densities in the subspace. We also give the mass and charge
numbers of heavy fragments for selected trajectories in Fig. 1.
The mass and charge numbers of heavy fragments are around
AH = 134 – 143 and ZH = 52 – 56. Our calculations
show that the mass and charge numbers of heavy frag-
ments increase with the deformations (Q20, Q30) at scis-
sion points. This can be understood as that bigger defor-
mation means larger mass asymmetry, i.e., a more heavy
fragment. More interestingly, the mass and charge numbers
of heavy fragments of those trajectories with Q30 of initial
states smaller than 40 b3/2 (yellow lines) are centered around
135 and 52 and those with Q30 of initial states larger than
40 b3/2 (green lines) are around 143 and 55, clearly indicat-
ing the dependence of primary FFs on initial configurations
in TDHF+FOA simulations. It has been shown in Ref. [11]
that the shell effects caused by the pear-shaped fragments
lead to most of the heavy fragments formed with Z = 52
and 56. Additionally, the properties of fragments correspond-
ing to trajectories represented by yellow and green lines are
close to the standard I (SI) channel with AH ≈ 135 and
TKE ≈ 190 MeV and the standard II (SII) channel with
AH ≈ 142 and TKE ≈ 175 MeV, respectively. Both two
channels are proposed in the Brosa model [78]. Here, the
mass number of heavy fragments of SI channel has a mean
value of 135.2 with the standard deviation of 0.90 and 142.4

(0.94) for SII channel. The representative density distribu-
tion profiles of the two asymmetric channels are shown in
Fig. 1. The one in the lower right with a nearly spherical
heavy fragment corresponds to the SI channel, and the other
in the upper left shows an evident octupole deformation for
the heavy fragment corresponding to the SII channel. Thus
one can deduce that the onset of two channels is related to the
initial deformations and quantum shell effects in the dynamic
process, thus providing a microscopic interpretation of this
phenomenological model. Similar conclusions and the influ-
ence of thermal fluctuations can be found in Ref. [19].

After exploring the insights of fission dynamics, we focus
on the mass and charge distributions, which is well-known
experimentally but a proper description based on the TDDFT
calculations is still not achieved. To describe the distributions
of fragments, we applied the double PNP [cf. Eq. (5)] to the
fission outcomes of the TDHF+FOA calculations. As men-
tioned above, the initial states selected from the PES follow
a nearly equidistant pattern in both Q20 and Q30 directions,
thus the dominant fission events that occurred in the fission
valley could be involved. Considering that each fission tra-
jectory is treated as an independent event in TDHF+FOA
simulations [11,16], all the initial configurations are con-
sidered to be equally important. In addition, the probability
distribution from the evolution of an initial Gaussian wave
packet by TDGCM under a mean-field PES [28] shows that
the trajectories with initial deformations close to the static fis-
sion pathway play a dominant role while the remaining ones
are less significant. Therefore, in this work, the probability
contributions of mass (or charge) from all 15 dynamical cal-
culations are directly summed together with equal weights.

The mass and charge distributions from TDHF+FOA with
double PNP calculations are presented and compared with
experimental data for thermal neutron induced fission of
239Pu in Fig. 2. The distributions are calculated by directly
summing up the projected probabilities for all fission tra-
jectories. The experimental data specific for primary fission
fragments and the excitation energy within the range of calcu-
lated mean excitation energy of initial configurations are cho-
sen for a direct comparison with our calculations. In Fig. 2,
we find that for the charge distributions, the width in our
calculation is consistent with the data, and the position of
the peak only slightly shifts towards the symmetric side. For
the mass distribution, there are two peaks at AH = 135 and
AH = 142, corresponding to the SI and SII fission channels,
respectively. Between the two peaks, there is a clear drop,
indicating a rapid transition from SI to SII. Although the
mass distribution is not well reproduced, a maximum yield
for heavy fragments at AH = 135 is consistent with the peak
given by the experiments. Additionally, a notable discrepancy
in the distribution width indicates that the TDHF+FOA+PNP
for fragment distributions still underestimates the quantum
fluctuations on mass numbers during the fission process.
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Fig. 2 The distribution of charge (upper panel) and mass (bottom
panel) for the deformation-induced fission of 240Pu. The black dashed
lines represent the results from TDHF+FOA with double PNP calcula-
tions. The experimental data taken from Wagemans 1984 [29], Schille-
beeckx 1992 [30], Nishio 1995 [31], Reisdorf 1971 [75], ENDF/B-
VIII.0 library [76] and JEFF-3.3 library [77] are shown for comparison

This discrepancy might be understood in two aspects. On the
one hand, due to the threshold anomaly in TDHF+FOA, the
initial configurations with larger mass asymmetry are non-
fission. This might lead to a narrow mass distribution. On the
other hand, a proper weight reflecting the quantum fluctua-
tion for adiabatic treatment of collective degrees of freedom
for each fission trajectory of TDHF+FOA is still missing. The
probability distributions can be obtained by using semiphe-
nomenological approaches, solving the dissipative Langevin
equations, or TDGCM based on PES. Along this line, within
the framework of TDDFT, it is promising to get a proper
description of FFs distributions based on the combination of
TDBCS, double PNP, and a reasonable probability for fission
trajectories, which would be a long-term project. In recent
TDDFT stuides in Refs. [28,79], although the probabilites
of TDDFT fission tracjectores are considered with TDGCM,
their results on charge distributions are still not very differ-
ent from those obtained from standard. In conclusion, the
TDHF+FOA+PNP can give a good results for charge distri-
butions but not for mass distrobutions.

Since the quantum fluctuations in the adiabatic process are
not adequately included in present study as discussed above,
leading to the charge and especially mass distributions are not
well reproduced simultaneously, we hope that the Gaussian

Fig. 3 The distribution of charge (upper panel) and mass (bottom
panel) for the deformation-induced fission of 240Pu. The black lines
show the results using the combination of double PNP and Gaussian
kernel estimation with σ = 5.1 and 1.6 for mass and charge distri-
butions, respectively. The gray area, delineated by gray dotted lines,
represents the sensitivity of the results with respect to different values
of σ in the Gaussian function. The same experimental data as Fig. 2 are
shown

kernel estimation (GKE) [13,38] can partially make up these
effects and improve the distributions. Therefore, in the fol-
lowing, we investigate how GKE influences the distributions
from TDHF+FOA+PNP calculations and discuss the choice
of the Gaussian width σ in GKE. Figure 3 shows the calcu-
lated mass and charge distributions using GKE based on the
distribution from TDHF+FOA+PNP, along with the com-
parison with experiments. The results with σ ∈ [0.8, 2.4]
for charge distribution and σ ∈ [2, 6] for mass distribution
are displayed in the gray area. For both distributions, we
observe that different σ could change the yields of the peaks,
but almost do not change their locations. As σ increases, the
yield near the peaks decreases in both cases. The results of
the charge distribution, compared to the mass distribution,
are less affected by the σ parameter, due to the relative con-
sistency of charge distribution with the experiment as shown
in Fig. 2. By fitting GKE function with all selected experi-
mental data, we obtain the σ of mass and charge distributions
to be 5.1 and 1.6, respectively. In Fig. 3, taking σ = 5.1 for
the mass distribution, it is clear that the corresponding yield
(denoted by the black line) well reproduces both the posi-
tions of asymmetric peaks and the widths of experiments.

123



100 Page 6 of 8 Eur. Phys. J. A (2024) 60 :100

Meanwhile, for the charge distribution with σ = 1.6, the
results from TDHF+FOA are further improved and agree
well with the data. Note that usually the GKE is used to take
the experimental resolution into account and there might be
some double counting between GKE and PNP. However, up
to date a proper description of fragment distributions using
microscopic approaches based on TDDFT is still unavailable.
Thus, TDHF+FOA+PNP with GKE might be an alternative
way.

Note that studies on fission-fragment mass and charge
distributions with the TDGCM+GOA method has repro-
duced the distributions [13,15,37,38], but in which the fis-
sion dynamics is assumed as an adiabatic process. Recently,
the combination of TDDFT and TDGCM has been used
to describe the charge distributions of 240Pu but only the
peaks are reproduced [28,79]. However, the way to prop-
erly account for the weight of initial states in TDDFT
is still an open question, which deserves further explo-
ration. Compared with previous works based on TDDFT
[9,11,16,17,20], our calculations select deformation config-
urations from both the static fission pathway and 2D PES
as initial states for TDHF simulations, consider the fluctua-
tions of particle number by using the double PNP, and use
GKE such that a good consistency between experimental
mass and charge fission-fragment distributions and predic-
tions is achieved.

The TKE is also an important quantity of fission frag-
ments because it directly relates to the occurrence of the
scission during the dynamical motion. Although it has been
discussed in many previous studies, here we briefly intro-
duce our results. In the TDHF theory, TKE is an asymptotic
value by summing the nuclear collective kinetic energy and
the Coulomb energy at a relatively large distance between
the fission fragments (≈ 30 fm in our calculations) [16].
In Fig. 4, we display the calculated TKE and the compari-
son with experimental data taken from Ref. [80]. It is found
that the higher TKE is related to a compact configuration

Fig. 4 The comparison of calculated TKE (red triangles) with experi-
mental data taken from Caamaño 2015 [80]

at the scission point (the configuration of SI channel shown
in Fig. 1) and more elongation, asymmetric shape leads to
a smaller TKE (the configuration of SII channel shown in
Fig. 1), which is similar to the results given in Ref. [11].
Predicted TKEs marginally overestimate the experimental
values when Z ≈ 52 and there is a slight underestimate of
the tail part of the distribution. In conclusion, the calculated
TKE values distribute around the experimental data and the
differences between them are very small (about 10 MeV),
indicating a good agreement between theory and experiment.

4 Summary

We have presented a microscopic study of the induced fission
of 240Pu by using the constrained HF+BCS, TDHF+FOA
with double particle number projection, and Gaussian ker-
nel estimation. The 2D PES in the (Q20, Q30) plane calcu-
lated by using CHF+BCS in a three-dimensional grid shows
a double-humped fission pathway and provides the initial
configurations beyond the static outer barrier for TDHF sim-
ulations. The primary fission fragments are obtained using
TDHF with the frozen particle occupation approximation and
then the double PNP is performed to get the mass and charge
distributions of fission fragments. The TDHF+FOA+PNP
method can well reproduce the charge distributions but not
for mass distributions. After introducing a GKE, the posi-
tion of peaks and the width of mass and charge distributions
agree rather well with the experiments. The calculated TKE
of fission fragments is also consistent with the experiments.
The present approach can be further improved by treating
the dynamical pairing using TDBCS, by which the thresh-
old anomaly can be avoided, and considering the weighted
probabilities of fission trajectories to take the adiabatic fluc-
tuations into account, which can be achieved by using the
WKB approximation or Markov chain Monte Carlo sampling
based on the PES. With these improvements, it is promising
to provide systematic studies on nuclear fission and to build
a global relationship between fission dynamics and fragment
distribution, which will be helpful in unveiling the mystery
of nuclear fission.
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