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Abstract. It is known that the kinetic energy of individual fragments for fission of actinides is constant at about
100 MeV for light fragments and that for heavy fragments decreases with mass number. The kinetic energy
is, for example, important for evaluating the prompt-neutron spectrum in the laboratory system. However, its
theoretical study has not been attempted in detail so far. We have calculated them in thermal-neutron induced
fission of 235U using the dynamical model, considering the Coulomb energy at the scission point and the pre-
scission kinetic energy. The calculated results reproduce the experimental data. It is found that the pre-scission
kinetic energy has about 5% contribution in the kinetic energy.

1 Introduction

There are several fission observables such as fission
fragment mass distribution (FFMD), total kinetic energy
(TKE), and number of emitted neutrons for each frag-
ment. In the framework of the classical liquid drop model,
the saddle point and fission valley are located at mass-
symmetry, thus the FFMD is predicted to have a mass-
symmetric shape. By introducing the shell correction en-
ergy [1, 2], the actinide nucleus splits into mass asymme-
try, explaining the experimental data. For a wide range of
actinide nuclides, the average mass number of the heavy
fragments is known to be constant at about A = 140 [3, 4].
Proton shell of Z = 54 is argued to have an important role
to determine the degree of mass-asymmetry [5], which is
theoretically explained in [6]. The total kinetic energy
mostly originates from the Coulomb energy at the scission
point. Neutron multiplicity, which reflects the deforma-
tion of the fragment at the scission point, is known to have
a sawtooth structure as a function of the fission fragment
mass.

Here, we focused on the kinetic energy of individ-
ual fission fragments. In actinide nuclides from thorium
to californium, the average kinetic energy of light frag-
ments is known to be constant with values from 99 MeV
to 107 MeV, depending on the nuclide, whereas for heavy
fragments it tends to decrease nearly linearly with mass
number [7–19]. These trends have not been theoretically
studied so far. Although Coulomb energy at the scis-
sion point is the dominant origin for kinetic energy, the
pre-scission kinetic energy (PKE) may also contribute.
Among the various theoretical models, the scission point
model, for example, cannot introduce PKE because the
calculation is performed to configure the shape at the
scission point [20, 21]. On the other hand, the dynam-
ical models such as the Langevin approach can evaluate
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the time evolution of nuclear shape, thus can define PKE
for each fragment [22, 23]. We calculated the individ-
ual kinetic energy by taking into account the PKE for
thermal-neutron induced fission of 235U, 235U(nth, f ), in
the Langevin framework. The calculation results show that
the kinetic energy of the individual fragments reproduces
the experimental trend as well as FFMD and TKE.

2 Model
We use the three-dimensional Langevin equation to cal-
culate the time evolution of nuclear shape. The nuclear
shape is defined by the two-center parametrization [24],
with three shape parameters, z, δ, and α.

z =
z0

BR
, δ =

3(a − b)
2a + b

, α =
A1 − A2

ACN
,

B =
3 + δ

3 − 2δ
, R = r0ACN

1/3, r0 = 1.2 [fm].
(1)

The symbol z corresponds to the distance between the cen-
ter of two potentials, δ denotes the deformation parameter
of each fragment (δ = δ1 = δ2), and α is the mass asym-
metry of fragments. These three collective coordinates are
abbreviated as q, with q = {z, δ, α}. a and b represent the
half-length of the ellipse axes in the z0 and ρ (z0 and ρ are
the cylinder coordinates of the model). ACN is the mass
number of the compound nucleus ACN = A1 + A2, repre-
sented by the fragment mass A1 and A2. R indicates the
radius of the spherical compound nucleus.

The potential energy is a sum of the liquid drop (LDM)
and microscopic (SH) parts.

V(q,T ) = VLDM(q) + VSH(q,T ),

VSH(q,T ) = E0
SH(q)Φ(T ),

E0
SH(q) = ∆Eshell(q) + ∆Epair(q),

Φ(T ) = exp
(
−

aT 2

Ed

)
.

(2)
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In Eq. (2), the VLDM is the potential from the finite-range
liquid drop model [25]. The microscopic potential VSH at
T = 0 is calculated as a sum of the shell correction energy
∆Eshell(q), evaluated by the Strutinsky method [1, 2], and
the pairing correction energy ∆Epair(q) [26]. T is the tem-
perature of nucleus and a is the level density parameter.
The shell damping energy Ed is chosen as 20 MeV given
by Ignatyuk et al. [27].

The Langevin equation [28] is given as

dqi

dt
=

(
m−1

)
i j

p j,

dpi

dt
= −
∂V
∂qi
−

1
2
∂

∂qi
(m−1) jk p j pk

− γi j(m−1) jk pk + gi jR j(t),

(3)

where qi = {z, δ, α} and pi = mi j
dq j

dt denotes the mo-
mentum conjugated to qi. In Eq. (3), mi j and γi j are
the shape-dependent collective inertia and friction tensors.
We adopted the hydrodynamical inertia tensor mi j in the
Werner-Wheeler approximation [29]. The one-body fric-
tion tensor γi j is calculated in the wall-and-window for-
mula [30].

The total kinetic energy of the fission fragments can
be expressed as a sum of the total Coulomb energy at the
scission point VCoul (TCE) and pre-scission total kinetic
energy of both fragments Epre (PKE).

TKE = VCoul + Epre, (4)

=
Z1Z2e2

D
+

1
2

(m−1)i j pi p j (5)

Z1 and Z2 are the nuclear charge of fission fragments. D is
the center-of-mass distance between the fragments at the
scission point, defined by the shape that the neck-radius
becomes zero. Epre is calculated at the instance of nu-
clear rupture. Finally, the kinetic energy of each fragment
(FKE) is calculated as follows using the momentum con-
servation law.

FKEL =
AH

AL + AH
TKE, (6)

FKEH =
AL

AL + AH
TKE, (7)

where AL and AH are the mass of light and heavy frag-
ments, respectively.

3 Results

Figure 1 shows (a) FFMD and (b) TKE distribution,
Y(TKE), for 236U at the compound-nucleus excitation en-
ergy E∗ = 6.54 MeV in comparison with the experimental
data of 235U(nth, f ) [12, 18, 19]. The calculated result of
FFMD agrees well with the experimental data in terms of
the mass-asymmetry giving the largest yield and the width
of light- and heavy-fragment distribution. The calculated
Y(TKE) has a peak around 170 MeV as seen in the ex-
perimental data. Although the calculated Y(TKE) has a
narrower distribution than the measured data, the general
trend is demonstrated in the dynamical model.

Figure 2(a) shows the calculated fission events on the
fragment mass and TKE. The panel (b) of Fig. 2 is the
distribution on the mass vs FKE. The fission Q-value, rep-
resented by the mass [31] and the excitation-energy of the
compound nucleus is shown in Fig. 2(a). The mass-TKE
events distribute around 175 MeV, and the small yield at
the symmetric fission at ~ 165 MeV is obtained. The mass-
FKE distribution is centered around 103 MeV for the light
fragments and decreases with mass number for the heavy
fragments. The lower part of Fig. 2 shows the (c) av-
erage TKE and (d) average FKE as a function of frag-
ment mass, obtained from the calculation and compared
with the experimental data. The average TKE at symmet-
ric fission overestimates the experimental data, and TKE
around AH = 132 underestimates the data. Still the region
AH = 140 having the most dominant yield is explained in
the calculation. For the average FKE, the measured data
are reproduced in our calculation. Especially, the constant
behavior of the average FKE in the light-fragment region
is well reproduced. The correct estimation of D in Eq. (5)
is important to reproduce the experimental trend of the
FKE.

Figure 3 shows the (a) mass-TCE and (b) mass-PKE
plot. The black open circles indicate the average value for
each fragment. The mass-TCE distribution shows a sim-
ilar trend to the mass-TKE in Fig. 2(a). The mass-PKE
distribution in (b) is centered around 9 MeV, and no strong
dependence on the fragment mass asymmetry is found. It
is found that the PKE has a 5% contribution to the TKE
value. The lower part of Fig. 3 shows the (c) Coulomb
part of each-fragment kinetic energy (FCE) and the (d)
pre-scission kinetic energy for each fragment (FPKE). The
FCE for light fragments is distributed in the restricted re-
gion of 80 MeV to 105 MeV, whereas the heavy fragment
ranges widely from 80 MeV at AH = 125 u to 40 MeV at
165 u. The mean value of FPKE decreases linearly through
all the fragments with the mass from 6 MeV to 3 MeV.

4 Summary

Kinetic energy of individual fragments has been investi-
gated by the three-dimensional Langevin equation. We
studied thermal-neutron induced fission of 235U. The
calculated results reasonably reproduce the experimental
data, especially the constant values of average kinetic en-
ergy for light fragments as well as the linearly decreasing
trend with mass in the heavy-fragment region. The con-
tribution of the pre-scission kinetic energy is found to be
about 5% of the total kinetic energy.
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Figure 1: (a) FFMD and (b) TKE distribution for 236U at E∗ = 6.54 MeV. The calculation results are shown in black lines.
The experimental data of 235U(nth, f ) are shown by red, orange, and blue symbols [12, 18, 19].
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Figure 2: Fission fragment (a) mass-TKE, (b) mass-FKE distributions, (c) average TKE and (d) average FKE distributions
as a function of fragment mass for 236U. A purple symbol in (a) is the Q-value. The black lines in (c) and (d) are the
results of the present calculations, and the symbols are the experimental data of 235U(nth, f ).

3

EPJ Web of Conferences 306, 01048 (2024)   https://doi.org/10.1051/epjconf/202430601048
FUSION23



75 100 125 150 175
Fragment Mass [u]

120

140

160

180

200
To

ta
l C

ou
lo

m
b 

En
er

gy
 [M

eV
]

a) TCE

75 100 125 150 175
Fragment Mass [u]

0

5

10

15

20

25

30

Pr
e-

sc
is

si
on

 K
in

et
ic

 E
ne

rg
y 

[M
eV

] b) PKE

75 100 125 150 175
Fragment Mass [u]

40

60

80

100

120

Fr
ag

m
en

t C
ou

lo
m

b 
En

er
gy

 [M
eV

] c) FCE

75 100 125 150 175
Fragment Mass [u]

0

2

4

6

8

10

12

14
Fr

ag
m

en
t P

re
-s

ci
ss

io
n 

K
in

et
ic

 E
ne

rg
y 

[M
eV

]
d) FPKE

10 5

10 4

10 3

Yield

Figure 3: Fission fragment (a) mass-TCE, (b) mass-PKE, (c) mass-FCE, and (b) mass-FPKE distributions for 236U. The
averages of each distribution are shown as black open circles.
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