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Background: The information about the pre-scission emitted neutrons is crucial for the fission dynamics study
such as fission time scale and dissipation mechanism.
Purpose: The aim is to investigate the influence of the pre-scission neutron emission on the fragments mass,
total kinetic energy, and the deformation distribution at the scission point in 238U(n, f ) fissions at 110, 325, and
500 MeV.
Method: A three-dimensional Langevin approach considering nucleus elongation, deformation, and mass
asymmetry is applied to simulate fission dynamics. The Hauser-Feshbach statistical decay model is coupled
to simulate the pre-scission neutron emission.
Results: The properties of the pre-scission emitted neutron are first investigated. It is found that the multiplicity
and the average kinetic energy increase with increasing excitation energy. The energy carried away by neutron
emission is not negligible and it leads to the multichance fission, especially for the 110 MeV case. The fragments
mass, total kinetic energy, and the deformation distribution at the scission point are then calculated with and
without coupling the Hauser-Feshbach statistical decay model. It is found that the calculations partially reproduce
the leftward shift of the experimental fragment mass distribution at high excitation energy. The pre-scission
neutron emission also causes a reduction of the average total kinetic energy by about 2 MeV and a leftward
shift of the distribution. The deformation distribution shows that about 75% of the fragments are produced in
spherical and prolate ellipsoid shapes. No significant influence on deformation at the scission point was found.
Conclusions: For high-energy fission, the energy reduction by pre-scission neutron emission should be consid-
ered, which will lead to the multichance fission. The pre-scission neutron emission is one of the reasons for
the decrease of the average mass and the leftward shift of the fission fragments mass and total kinetic energy
distribution.
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I. INTRODUCTION

Nuclear fission has been extensively studied since its dis-
covery in 1938, but the comprehensive explanation of the
fission mechanism is still not available. The mechanism about
pre-scission neutron emission is one aspect that is not fully
understood. It is one of the most effective probe to study
the nuclear dissipation [1–7], fission time scale [8–11], nu-
clear level density [12,13], and nuclear temperature [14,15],
because of the good distinguishability in experiment. Experi-
mentally, a strong excitation energy dependence is found in
fission fragment mass distribution. This property is mainly
shown as the change of the fission mode and the average
mass reduction of the fragments [16]. For the latter, one has
suggested that the mechanism is related to the pre-scission
neutron emission [17]. On the other hand, the multiplicity
of prompt and delayed neutrons are two key data in reactor
physics that correlate with the fission fragment excitation
energy. However, the energy of the compound nucleus is car-
ried away by pre-scission emitted neutrons, thus the nascent
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fragment excitation energy reduces. This will affect the pre-
diction of prompt and delayed neutrons multiplicity in reactor
design.

As a common theoretical method, the Langevin approach
has been widely used in the study of the nuclear fission
dynamics. Considering the nuclear collective motion, the
Langevin model regards the fission process as a Brownian mo-
tion in the fission potential energy space. The dissipative and
fluctuating phenomena in fission can be successfully repro-
duced. Establishing more connections to the micro-framework
and other theoretical approach is the developing direction of
Langevin approach [18], for example, the microscopic effects
in the calculation of mass and friction tensors [19–21] and the
neutron multiplicity mechanism [2,22–26].

In this work, the three-dimensional Langevin approach is
developed by coupling the Hauser-Feshbach statistical decay
model, and then applied to study the pre-scission neutron
emission and its influence on the fragment mass, total kinetic
energy and deformation in high energy induced 238U(n, f ).
This paper is organized as follows. In Sec. II, we present the
detail of theoretical model. In Sec. III, the simulation results
as well as some discussions are given. In Sec. IV, a summary
of our work are presented.
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FIG. 1. The nuclear shape description in the two-center shell
model (top) and the corresponding actual potential (bottom).

II. THEORETICAL FRAMEWORK

A. Nuclear shape parametrization

Fission is a large scale deformation motion of the nucleus.
How to describe the shape of the nucleus during the reaction is
a key part in the fission study. In this work, the nuclear shape
description in the two center shell model (TCSM) [27] is used.
The shape expression in the cylindrical coordinate is

ρ2
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As shown in Fig. 1, z′

i = z − zi, ai and bi are the short
and long axes, the subscripts i = 1, 2 represent the two fis-
sion fragments. zi is the fragment centers. One should note
that zi does not represent the position of mass center. The
shape continuity conditions restrict the 12 variables in Eq. (1)
to five, namely, the elongation of nucleus z0 = z2 − z1, the
mass asymmetry η = (A1 − A2)/(A1 + A2), the deformation
δi = (3βi − 3)/(1 + 2βi ) with βi = ai/bi, and the neck pa-
rameter ε. The neck parameter is defined as the ratio of the
actual potential to the deformed oscillator potential along
symmetry axis at z = 0, i.e., ε′ = E/E ′ as shown in Fig. 1. For
fission, ε′ is suggested to be fixed at 0.35 [28], but it should
not be considered that the neck radius is fixed. With additional
constraint on deformation parameters δ1 = δ2 = δ, nucleus
deformation finally has three degrees of freedom {z0/R0, δ, η}.
R0 = r0A1/3

CN denotes the radius of spherical compound nu-
cleus and then the three parameters are all dimensionless.

In the TCSM nucleus shape description, the neck will be
discontinuous when η �= 0 and z0 = 0. One solution proposed
by Usang is to modify βi as [19]{

β ′
1(δ, η) = β1(1 + η) f (z0) + [1 − f (z0)]β1 ,

β ′
2(δ, η) = β2(1 − η) f (z0) + [1 − f (z0)]β2 ,

(2)

where f (z0) is a transition function

f (z0) = (1 + exp[(z0 − z00)/�z0])−1 (3)

with z00 = R0 and �z0 = 0.2R0 two adjustable parameters.

B. The Langevin approach

The multidimensional Langevin equations are written as

dqi

dt
= (m−1)i j p j, (4)

d pi

dt
= − ∂V

∂qi
− 1

2

∂ (m−1) jk

∂qi
p j pk − γi j (m

−1) jk pk + gi j
 j (t ),

(5)

where q = {z0/R0, δ, η}, m−1, γ , and g correspond to the
generalized coordinates, the inverse of the inertia tensor,
the friction tensor, and the random force strength, respec-
tively. � is the normalized Gaussian random force with
average value 0. In Eqs. (4) and (5) and the following equa-
tions, the Einstein summation convention over equal pair
indices is used. According to the fluctuation-dissipation the-
orem, the random force strength is related to the friction
tensor, i.e.,

gikg jk = γi jT
∗, (6)

where T ∗ is the effective nuclear temperature, which is related
to the general nuclear temperature as follows [29]:

T ∗ = h̄ω̄

2
coth

h̄ω̄

2T
(7)

with h̄ω̄ = 2 MeV [30]. According to the Fermi gas model,
the nuclear temperature can be calculated by Eint = anT 2 with
an = ACN/12 is the level density parameter. Eint is the intrinsic
excitation energy of compound nucleus related to total excita-
tion energy E∗,

Eint (q, t ) = E∗ −
∑

ε(t ) −
∑

Bpre(t ) − 1

2
(m−1)i j pi p j

−V (q, T = 0), (8)

where ε and Bpre are the kinetic energy and the separation
energy of pre-scission emitted particle, respectively. During
the fission evolution, high excitation energy nucleus emits
randomly light particles. And a part of E∗ transfers into ε and
Bpre when the emission happens. The first three terms at the
right side of Eq. (8) show this permanent reduction of E∗ by
emitting pre-scission particles.

C. Potential energy

In the present work, the macro-microscopic model is con-
sidered in the calculation of fission potential energy. The total
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potential energy is the sum of the macroscopic energy and
the microscopic correction energy. For high-energy fission,
quantal effects are washed out. It implies that the micro-
scopic effects have disappeared, such as the shell correction
energy and the pairing correction. Under the assumption of
nucleus volume conservation, for macroscopic energy, only
the nuclear surface energy En and Coulomb energy EC change
during fission. By setting the potential origin to the spherical

nuclear potential, the potential energy can be calculated as

V = En − En0 + EC − EC0. (9)

The macroscopic potentials are calculated with the finite
range liquid drop model (FRLDM). The nuclear surface and
Coulomb energy can be written in triple integral form as
[31,32]

En = aS(1 − kSI2)
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The integration domain is the full space. Using the conver-
sion relation between Cartesian and cylindrical coordinate
systems, we can derive the expression of σ ,

σ = [ρ2
s (z) + ρ2

s (z′) − 2ρs(z)ρs(z
′) cos φ

+ z2 + z′2 − 2zz′]1/2. (12)

The calculation results of potential energy surface for
four deformation parameters η = 0.2, η = 0.0, δ = 0.2, and
δ = 0.0 in 238U(n, f ) are shown in Fig. 2. The position of
fission saddle point is also shown on the potential surface.

Initially, the momentum pi is set to zero, the conserva-
tion forces (potential gradient) and random forces will drive
the motion. For low energy fission, the Langevin trajectory
often starts from the first potential saddle point or the first
local minima, in order to increase the probability of getting
available trajectory within a reasonable time and consume
less computational resources to obtain statistical properties.
However, at the excitation energy E∗ > 100 MeV, considered
in the present paper, the mean time from ground state to saddle
point for heavy compound nuclei is about 10–100 zs [33], and
there is only one saddle point on the potential surface. It is
unreasonable to start from the first potential saddle point or
the first local minima. Otherwise, the trajectory would lose
the information of saddle point [34]. The problem of starting
at the ground state (z0/R0 = 0.0) is that it sometimes leads
to numerical calculation error because the ground state is
at the boundary of potential space. Therefore, the starting
point is chosen near the ground state (z0/R0 = 0.5) in the
present work. The simulation result is not significantly sen-
sitive to the choice of starting point [17,19,35]. Since the
starting point of the trajectory is near the ground state and
the ground state has a local minimum of potential energy, the
trajectory is often trapped in this potential valley for long time
or even moves out of the potential space during the Langevin
calculation. For this reason, some artificial measures need
to be applied to restrict the trajectory because we assume

that the nucleus has decided to fission [36]. In order to re-
duce the trapped cases and keep the information of saddle
point, the random force is restricted to be sign invariant in
z0/R0 direction until a set value. In this work, the boundary
of restriction is set as z0/R0 = 1.7, which is determined by
comparing the data and the calculation. The value of starting
point and restriction will be kept invariant for all cases shown
in the present article.

The scission point is the end of one fission reaction, but
the nucleus scission configuration is not fully understood. In
the Langevin approach, the scission point is defined by the
nucleus neck radius, and the neck radius setting value was
found to have no significant effect on yield distribution [17].
So the criterion of the fission end is artificially set as the neck
radius less than 0.5 fm.

D. Inertia and friction tensor

The inertia and friction tensors are calculated by the macro-
scopic model. By using the Werner-Wheeler approximation
[37], the inertia tensor can be derived from the total kinetic
energy and expressed as

mi j (q) = πρm

∫ zmax

zmin

ρ2
s (z, q)

[
AiAj + 1

8
ρ2

s (z, q)A′
iA

′
j

]
dz,

(13)

Ai = 1

ρ2
s (z, q)

∂

∂qi

∫ zmax

z
ρ2

s (z′, q)dz′, (14)

where ρm = 1.668 × 10−45 MeV s2 fm−5 is the nucleus den-
sity, A′

i is the derivative of Ai with respect to z.
The friction tensor is calculated by the macroscopic one-

body wall-and-window model. By considering the nucleus
surface as a wall, the energy dissipation of the collective
motion comes from the collision between nucleons and the
surface. For neckless nuclei, the wall dissipation is given as
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FIG. 2. Potential energy surface for four important deformation parameters in 238U(n, f ). Black dot represents the saddle point.

[38,39]
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where v̄ = 3v f /4 ≈ 6.4 × 1022 fm/s is the average veloc-
ity of nucleons based on Fermi velocity. When the nucleus
deforms and a neck has appeared, the nucleons in two pre-
fragments exchange momentum with each other, showing the
energy dissipation due to the neck. In this case, the friction
tensor is calculated as [40]

γ W+W
i j (q) = γ Wall2

i j + γ Window
i j (16)

with
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where v = L, R represents the pre-fragments on the left and
right sides of the neck, zN is the position of the smallest neck
radius, which equals 0 in the present work, Dv is the mass
center position of two pre-fragments. The window dissipation
is calculated as [41]

γ Window
i j (q) = 1

2
ρmv̄

(
∂R12

∂qi

∂R12

∂q j
�σ + 32

9�σ

∂VR

∂qi

∂VR

∂q j

)
,

(19)
where R12 denotes the distance between the mass center of
pre-fragments, �σ represents the window area, and VR is
the volume of right pre-fragment. Nix and Sierk proposed
a phenomenological formula to smoothly transition this two
friction [42]

γi j = τ
(
γ W+W

i j

) + (1 − τ )γ Wall
i j . (20)

The choice of τ is subjective [43,44] and the present work
used the expression in Ref. [42]

τ = cos2

(
π

2

r2
N

b2
min

)
, bmin = min (b1, b2), (21)

where rN is the neck radius.
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FIG. 3. Langevin trajectory for 238U(n, f ) projected on z0/R0 − δ plane. The change of potential energy space due to the pre-scission
neutron emission during fission is also shown in the figure.

E. Pre-scission neutrons emission

The pre-scission neutron emission behavior is regarded as
a nucleus decay process. According to the exponential decay
law, the number of decayed particles N ′ in a initial N0 particles
system can be expressed as

N ′ = N0(1 − exp(−
t )). (22)

Within time step �t , the variation of particles number �N ′
can be approximately derived from the differential of N ′,

�N ′ = �tN0
 exp(−
t ). (23)

Then the probability P of a nucleus decay within one
Langevin time step �t is expressed as

P = �N ′/N0 = �t
e−
t . (24)

During the simulation, one emission event is allowed by
checking at each time step whether P is larger than a random
number ranging from 0 to 1 [36]. Once a neutron emission
has occurred, the Langevin trajectory will be converted to the
potential energy space (PES) of the corresponding compound
nucleus, as shown in Fig. 3. In Eq. (24), 
 is the decay width
calculated by the Hauser-Feshbach statistical decay model.
For a fissile system (Z0, A0) with excitation energy E∗ and
spin SCN , if a light particle (Zi, Ai ) with spin Si is emitted and
leaves a residual system (Ad , Zd ) with spin Sd , then the decay
width can be expressed as [45]


HF = 1

2πρ0

∫
dε

∞∑
Sd =0

SCN +Sd∑
J=|SCN −Sd |

J+Si∑
l=|J−Si|

Tl (ε)ρ(U, Sd ),

(25)
where ε, J , and l are the kinetic energy, spin, and orbit
angular momentum of the emitted particle, ρ0 and ρ(U, Sd )
are the level densities of the initial and residual systems,
respectively, Tl is the transmission coefficient. The thermal
excitation energy U is written as U = E∗ − Bpre − ε with
the excitation energy E∗ and the separation energy Bpre. The
transmission coefficients are calculated from the inverse reac-
tion using the optical model parameters obtained from global
optical-model fits to elastic scattering data. The level density
of residual spherical nucleus are calculated by Fermi gas

model [46]

ρ(E∗, J ) ∝ (2J + 1) exp[2
√

a(E∗ − E1)]

a1/4[1 + (E∗ − E1)5/4]
. (26)

In the level density calculations, the nucleus deformation dur-
ing fission is not considered. Reference [2] has discussed the
effect of deformation on the pre-scission neutron emission
based on a one-dimensional Langevin approach.

III. RESULTS AND DISCUSSION

A. Excitation energy dependence of pre-scission
neutron emission

This section investigates the energy dependence of the
emitted neutron multiplicity and the neutron kinetic energy
spectrum before the scission point. Neutron-induced 238U fis-
sion reactions are simulated at three energies: 110, 325, and
500 MeV. Figure 4 shows the occurrence probability of the fis-
sion event with different pre-scission neutron multiplicity. It is
shown that the percentages of the fission events without neu-
tron emission are 36%, 31%, and 28%. In other words, about
70% fission events in the studied energy region incur neutron
emission before the scission point. The percentages of the fis-
sion events decrease with increasing neutron multiplicity, and
are less than 5% for emitting five neutrons. Emission numbers
over 5 are not shown in the figure, but their percentages are
considerable, about 8%. The average multiplicities of the neu-
trons are 1.43, 1.88, 2.16 in 238U(n, f ) fission at 110, 325, and
500 MeV, respectively. As the incident energy increases, the
average multiplicity also increases. In a single fission event,
the probability of multiple neutrons emission increases and
the probability of no or one emitted neutron event decreases.
It corresponds to the fact that the higher excitation energy
system has the larger decay width and then greater probability
of decay.

Figure 5 shows the kinetic energy spectra of the neutrons
emitted before the scission point. The spectra are in the form
of a single peak with trailing in the high-energy region. The
peak position shows that most of the neutron kinetic energies
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FIG. 4. The calculated pre-scission neutron multiplicity per
fission in 238U(n, f ) at 110, 325, and 500 MeV induced energy.

are below 10 MeV for all cases. As the excitation energy
increases, the peak position moves to the high energy region
and the peak height decreases. The average kinetic energies of
the neutrons are 3.89, 7.77, 9.93 MeV for 238U(n, f ) fission
at 110, 325, and 500 MeV, respectively. The increase of the
kinetic energy of the emitted neutrons reduces more excitation
energy of the compound nucleus. The simulated value indi-
cates that the energy carried away by neutron emission cannot
be neglected. This leads to an excitation energy decrease of
the nascent fragments, which would affect the calculation
of prompt and delayed neutrons. In general, more energy
is carried away from the highly excited compound nucleus
by emitting higher kinetic energies and a larger number of
neutrons.

FIG. 5. The calculated pre-scission neutron kinetic energy in
238U(n, f ) at 110, 325, and 500 MeV induced energy.

FIG. 6. The calculated fragment mass distributions in 110, 325,
500 MeV 238U(n, f ) compared with the experimental data [16].

B. Pre-scission neutron emission influence on fragment mass
distribution, total kinetic energy distribution,

and scission-point deformation

This section investigates the influence of pre-scission neu-
tron emission on the fragments mass, total kinetic energy
(TKE), and deformation distribution. With and without ac-
count of the pre-scission neutron emission, the fragment mass
distribution at 110, 325, 500 MeV, the TKE distribution and
the deformation distribution at 325 MeV in the 238U(n, f )
reaction are shown in Figs. 6–8, respectively.
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FIG. 7. The calculated total kinetic energy of fission fragments
in 325 MeV 238U(n, f ).

Table I shows the comparison between the simulated and
experimental data of average fragment mass at three induced
neutron energies. The difference between experimental data
and column “Langevin” shows the contribution of the emis-
sion to the fragments average mass reduction phenomenon.
The higher excitation energy causes the higher decrease in the
average mass of the fragments. This similar excitation energy
dependence of fragment mass reduction and pre-scission neu-
tron multiplicity demonstrates a strong correlation between
the two. However, the calculations with the Hauser-Feshbach
decay model is still larger than experimental data. It is due
to the fact that for high-energy neutron-induced fission, a
certain number of neutrons emit during the pre-equilibrium

FIG. 8. The calculated fragment deformation distribution in 325
MeV 238U(n, f ) compared with the one without considering neutron
emission.

TABLE I. Experimental data and calculations of average frag-
ment mass in 238U(n, f ).

Induced Langevin
energy [MeV] Exp.a Langevin +Hauser-Feshbach

110 117.4 119.5 118.3
325 116.0 119.5 118.0
500 115.1 119.5 117.9

aExperimental data are taken from [16].

phase. The current Langevin method considers the compound
nucleus assumption, which does not take into account the
stage of neutron incidence to the statistical equilibrium of the
system, so the fragment mass reduction is underestimated. It is
also partly related to the restriction on the random force when
the nucleus is near the ground state. This restriction leads to
a smaller fission time prediction and then a smaller emitted
neutron number in a single fission event, but the tendency is
preserved.

Figure 6 shows the fragment mass distribution in
238U(n, f ) fission at 110, 325, 500 MeV. At 110 MeV, the
symmetric fission yield is overestimated. The possible expla-
nation of the discrepancy between theory and experimental
data could be the multichance fission mechanism [47,48].
Since the pre-scission neutron emission will cause the energy
reduction of the compound nucleus, the combination of the
single-peak distribution at higher excitation energy and the
double-peak distribution at lower excitation energy leads to
the wider maximum distribution. For the reason that the shell
effect is not involved in the present work, the experimental
wider maximum was not reproduced. For 325 MeV incident
energy, the simulation results has better agreement with the
experimental values. The yields of A > 150 fragments are
slightly overestimated and the yield around A = 100 is un-
derestimated. The comparison between the calculations with
and without an account of neutron emission shows that the
fragments mass reduction is represented as a leftward shift
of peak position, which is in agreement with the trends in
experimental data. For 500 MeV incident energy, the sim-
ulation results reproduce the symmetric fission yield well,
but overestimate the fission fragment yield for A < 80 and
A > 150. This overestimation indicates that higher excitation
energy leads to higher random force strength, and then to a
wider wandering area of Langevin motion near the scission
point.

In the investigation of the influence of pre-scission neutron
emission on the TKE distribution, the TKE of fragments is
calculated as [49]

TKE = VCoul + Ekin, (27)

where VCoul = Z1Z2e2/D and Ekin = 1\2(m−1)i j pi p j are the
Coulomb repulsion energy of point charge of fragments and
the kinetic energy at scission point. Coulomb repulsive energy
is the dominant one. Figure 7 shows a leftward shift of the
total kinetic energy distribution lead by pre-scission neutron
emission. It indicates that the emitted neutrons carry away
part of the fragments TKE. The average TKE also shows this
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reduction. Without and with considering the neutron emission,
〈TKE〉 equals to 200.57 MeV and 198.65 MeV, respectively.

Figure 8 shows the calculations of the fragment de-
formation yield with and without taking into account the
pre-scission neutron emission. About 75% of the fission frag-
ments have δ � 0, indicating that fragments tends to form
in spherical or prolate ellipsoid shape. The prolate ellipsoid
fragments will cause a higher kinetic energy. The comparison
shows that neutron emission has no significant influence on
the deformation distribution. The reason is that the change
of potential energy in δ direction is not significant between
different uranium isotope. And the gentler saddle point struc-
ture in Fig. 2 also reduces the influence of potential energy
gradient on the fission trajectory.

IV. SUMMARY

In this work, the Langevin approach is developed by
combining the three-dimensional Langevin fission dynamics
approach with the Hauser-Feshbach statistical decay model.
Three collective variables are used to describe the nucleus
shape, which are the nucleus elongation, fragment mass asym-
metry, and nucleus deformation. The decay width of neutron
emission is calculated by the Hauser-Feshbach model. Based
on this developed Langevin approach, the influence of the pre-
scission neutron emission on the high-energy neutron induced
238U fission is studied.

The multiplicity and the kinetic energy of the pre-scission
emitted neutrons are first investigated. It is shown that the
average multiplicities of the neutrons are 1.43, 1.88, 2.16, and
the average kinetic energies of the neutrons are 3.89, 7.77,
9.93 MeV for 238U(n, f ) fission at 110, 325, 500 MeV, respec-
tively. The pre-scission emitted neutrons result in substantial
reduction of the mass and excitation energy of the fission-
ing system. The influences of pre-scission neutron emission
on the mass distribution, total kinetic energy distribution,
and deformation distribution of fission fragments are then

investigated. For the fragments mass, it is shown that the ex-
perimentally observed average mass loss of fragments can be
partially reproduced after taking into account the pre-scission
neutron emission. The discrepancy between the simulated
and experimental values of average mass in this work
probably comes from the pre-equilibration stage before the
compound nucleus formation. For the independent and cumu-
lative yield, post scission particles emission also needs to be
considered. The effect of multichance fission on the shape of
mass yield is significant, especially for the 110 MeV case. By
the multichance fission mechanism, the mass distribution at
110 MeV is the combination of the symmetry fission mass dis-
tribution and the asymmetry one. For the total kinetic energy
of the fragments, the pre-scission neutron emission similarly
leads to a leftward shift of the distribution by about 2 MeV.
The calculations of the deformation yield show that about
75% of the fragments are produced in spherical and prolate el-
lipsoid shape. This distribution arises from the gentle potential
energy configuration at saddle point in the 238U(n, f ) reaction.
In addition, the influence of pre-scission neutron emission on
the deformation yield is weak.

Further improvements of the model are needed in future
work. First, proton and α particle emission will be considered.
It requires the use of a decay width database containing more
kinds of particles, and a potential energy surface database
containing more kinds of compound nuclei to cover all dif-
ferent combinations of particle emission. Second, the particle
emission in the pre-equilibrium stage will be considered. The
distribution of initial state mass number and excitation energy
should be considered instead of the single value. Third, the
effect of deformation on the level density in the decay width
calculation will be considered. The current calculations are
based on the spherical nucleus.
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