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Abstract: In this study, the scission point model is employed to characterize the configuration of the dinuclear sys-
tem at the scission point, thereby enabling determination of the intrinsic excitation energy at which the system separ-
ates during fission. Following the full acceleration of the fragments and the relaxation of their shapes to equilibrium,
a sustained neutron evaporation process was calculated using the statistical evaporation model. This allowed for the
derivation of the average neutron multiplicity as a function of fission fragment mass, including its dependence on the
initial excitation energy of the compound nucleus. The extent of agreement between theoretical predictions and ex-
perimental measurements provides insight into the excitation energy partition among the fragments at the scission
point.
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I. INTRODUCTION

Although 80 years have elapsed since its discovery
[1-2], nuclear fission continues to be a subject of signi-
ficant interest in theoretical research [3—5]. In particular,
actinides are important nuclear fuels for fission devices.
Data on their prompt fission observables, such as inde-
pendent fission yields, multiplicities, and energy spectra
of prompt neutrons and y rays, are the key inputs for de-
termining burnup and transmutation system [6]. In recent
years, research on prompt fission observables has ad-
vanced significantly, including the development of the
Monte Carlo codes FIFRELIN [7] and CGMF [8] based
on the Hauser-Feshbach model, as well as the phenomen-
ological GEF model [9] and the Los Alamos model [10].

The total energy released during low-energy nuclear
fission is predominantly manifested as the kinetic energy
of the fission fragments. A more critical aspect lies in the
transient deformation energy and intrinsic excitation en-
ergy within these fragments. These energy components
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not only determine the nuclear state of the fragments at
the moment of scission but also profoundly influence
subsequent processes of neutron evaporation, gamma de-
cay, and the overall evolutionary trajectory of the fission
products.

The degree of excitation of the fission fragments has
long been puzzling because it appears to differ from
simple statistical expectations. Prompt neutrons are emit-
ted on an extremely short timescale and carry away most
of the fissioning system's excitation energy. Con-
sequently, the prompt neutron multiplicity serves as a dir-
ect indicator of the fragment excitation energy. Given that
the probability of neutron emission is highly sensitive to
nuclear temperature, even small differences in excitation
energy can lead to substantial variations in neutron multi-
plicity [11-12]. As a result, the dependence of prompt
neutron yield on the fragment mass number emerges as a
key observable for probing the mechanisms underlying
fission energy partition.

The prompt neutron multiplicity is very sensitive to
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the characteristics of the primary fragment configura-
tions. Fortunately, in the last decade, substantial progress
has been made in the scission point model [13—20] of
nuclear fission, which can now calculate and reproduce
primary fragment distributions. In our previous studies,
we improved the scission point model [21—23] by consid-
ering the octupole deformations of the fission fragments.
This advancement enables more accurate calculations of
fragment yields and descriptions of fragment deforma-
tion in neutron-induced fission of typical actinides.

In this paper, we aim to integrate the statistical evap-
oration model with the scission point model to describe
the prompt neutron multiplicity. The paper is organized
as follows. In Sec. II, we first describe the scission point
model and the statistical evaporation model adopted in
this study. The calculated prompt neutron observables, to-
gether with a discussion of the results, are given in Sec.
III. A summary of this study is presented in Sec. V.

II. METHOD

We assume that all prompt neutrons are evaporated
from fully accelerated, excited fission fragments. The
evaporation is treated within the Weisskopf formula, con-
sidering each fragment as a thermalized liquid drop [10,
24-25]. After neutron absorption and subsequent fission
of the compound nucleus, the primary fragments de-ex-
cite through successive neutron evaporation processes un-
til their excitation energies are exhausted. The maximum
energy &, available to an evaporated neutron equals the
initial excitation energy of the emitting fragment E*.
Consequently, the neutron spectrum extends from zero to
this kinematic limit. Let n(¢) denote the energy spectrum
of the outgoing neutrons as a function of energy . Then
the number of outgoing neutrons in the energy range of
£ — e+de is dN(g) — n(e)de.

The neutron spectrum is jointly governed by three in-
dependent factors: the probability that the fission frag-
ment decays into a specific neutron-emission channel T,
the level density p(e), and the residual excitation energy
& — g+de for this level density. Consequently,

n(e)de o« I'p(e)de. )

Within the Hauser—Feshbach statistical formalism
[26]

' eo(e), ()

where o(¢) denotes the cross section for compound-nuc-
leus formation. In this study, this is replaced by the cap-
ture cross section extracted from the inverse (neutron-
emission) reaction. The level density is parameterized by
the conventional Fermi-gas expression p(g) o« e V¢, where

a is the level-density parameter. Consequently,
n(e)de « eo(e)e " de, 3)

E
where T = \/; represents the nuclear temperature and a

is the level-density parameter in the Fermi-gas model.
The prompt-neutron spectrum is

n(e) « eo(e)e™'". “4)

After normalization, the neutron energy spectrum in
the center-of-mass (CM) frame according to the Weisskopf—
Ewing evaporation model [27] is

P(e) = k(T)eo(e) exp(—¢/T), (%)
with the temperature-dependent normalization constant

-1

(6)

k(T) = {/ o(e)eexp(—¢/T)de
0
Therefore, the average energy of an evaporated neutron is
(&)= / ep(e)de. (7
0

In this paper, the sequential neutron emission is as-
sumed to continue until the excitation energy of the frag-
ment falls below its neutron separation energy S, [28].
The y ray emission at lower excitation energies is not
taken into account in the present work. The prompt neut-
ron multiplicity v refers to the mean total number of
prompt neutrons evaporated from a fully accelerated fis-
sion fragment. Each neutron carries away, on average, the
sum of the neutron separation energy S, and its kinetic
energy (&). Hence,

E
VTS ®
where E* denotes the excitation energy of the fission
fragment.

The intrinsic excitation energy distribution of the fis-
sion fragments is calculated using the scission point mod-
el [20—22], and the mean excitation energy is obtained by
averaging over the deformation of the fission fragments

S E*(Ai,Bais Bsi)W(A;. Bris B3)dB21. B dB31.dBs

S WA B2 B3:)dBardBondBs 1 dB3w (’
9)

(E"(A)) =

where the intrinsic excitation energy at the scission point
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is the initial excitation Ejy(E¢y = E, + Q) minus the po-
tential energy U

E*(Ai’ﬁZi,ﬁSi) = EZ‘N - U(Ai’ﬁ2i3ﬁ3i)' (10)

The deformation parameters are f3,;, where (4 = 2, 3;
i =L, H) denote quadrupole and octupole deformations of
the light and heavy fragments. The relative formation
probability w(A;,B.;,85:) for fragments with certain charge
numbers, mass numbers and deformations can be de-
scribed as [21-23]

U(Ai’ﬁ2i7ﬁ3i)]

w(A;, B2, B3) = exp[— T

(1)

Because the fragments are still excited at the scission
point, their total excitation energy also incorporates the
deformation energy E’ released when the nascent frag-

ments relax from the scission-point configuration to their
respective ground-state shapes

E“I(A;,BoiB31) = B(A;,Bais B3i) — B(Ai,Byy), (12)

where B(A;) represents the binding energy of the fission
fragments [20—22]. The mean value is also calculated by
averaging over the fragment deformations

(E*(A))

_ fEdef(Ai’,321"ﬁ3i)W(Ai’BZi’ﬂSI)dHZLdﬂ2Hdﬂ3Ld183H
fW(Aia:82i’ﬂ3i)dﬂ2Ld782Hdﬁ3Ld783H ’

(13)

After scission, the fragments are accelerated by their
Coulomb repulsion, and their shapes relax towards the
ground-state shapes. It is assumed that the relaxation of
the shapes occurs on a shorter timescale than the sub-
sequent neutron evaporation. Once the fragments have
separated, the deformation potential energy associated
with the stretched configuration is rapidly released as the
fragments relax to their ground states. This irreversible
process almost completely converts the energy originally
frozen in the shape degree of freedom into the intrinsic
excitation energy of each fragment. Since the fracture
cuts off the nuclear force connection, this part of the en-
ergy cannot be converted back into collective motion or
redistributed among the fragments. It can only be re-
leased internally through particle evaporation, thereby be-
coming an additional and non-shareable energy source for
prompt neutrons [29]. The intrinsic excitation energy is
shared between the light and heavy fragments E;*, and
the prompt neutron multiplicity is expressed as

B E'*+<Edef> 14
VETS 1) (14)

The mean energy of prompt neutrons is given by

(&) = / ) ep(e)de
0

I Tm
=7z go(e)de / K(T)T exp(=&/T)dT. (15)
m J0 0

The normalization constant is calculated as

-1

k(T) = [/w U'(S)sexp(—e/T)ds} . (16)
0

T, denotes the maximum nuclear temperature of the re-
sidual nucleus, which is related to its excitation energy

E*=S,
T, =\ —". (17)
a

The mechanism of intrinsic excitation energy sharing
among the fragments is a heavily debated topic. To study
the mechanism of excitation energy distribution from a
macroscopic perspective, we neglect the initial excitation
energy by setting the incident neutron energy to £,=0. Let
Ry = T; /Ty denote the ratio of the nuclear temperature of
the light fragment to that of the heavy fragment. Under
the assumption that thermal equilibrium is established
among the intrinsic degrees of freedom of each fragment,
the partition of the intrinsic excitation energy can be de-
rived. The first assumption postulates that the two frag-
ments have equal nuclear temperatures (Fermi-gas),
Rr=1,

==L -"H (18)

dacn ar ap

Under this condition, the intrinsic excitation energy is
partitioned in proportion to their mass ratio, and the excit-
ation energy of each fission fragment is given by
Efy="2p,

The other assumption uses the non-isothermal model
proposed by Ohsawa [30], in which R; scales linearly
with fragment mass number and governs the partition
between the two complementary fragments, as in Refs.
[31-35]. The fragment excitation energy is then ex-
pressed as

E = —ay (19)

j—
aLR%
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, E*
E; = — (20)
4+ L27

ap

where the ratio Ry is theoretically motivated by the de-
formation of the fission fragments. This phenomenon was
also explained by K-H Schmidt et al. [36]. The shell cor-
rection varies drastically with deformation. The more
negative the shell correction, the more severely the level
density is compressed; consequently, the total excitation
energy is shifted to the companion fragments. For n+2°U,
the doubly magic fragment (***Sn) has a shell correction
of —9.8 MeV, and almost all the intrinsic energy goes in-
to the light fragment. Similarly, the "*Ni (Z=28, N=50
shell closure) fragment is close to the magic number.
Therefore, the excitation energy is strongly biased to-
ward the heavy fragment '**Gd. This distribution method
forms a sharp contrast with the uniform splitting given by
the Fermi gas model.

Accordingly, the maximum of R;{A) occurs for heavy
fragments with 4=132, where both deformation and tem-
perature are minimal. Conversely, the minimum of Ry oc-
curs for light fragments near 4~78, which are again char-
acterized by minimal deformation and temperature. Addi-
tionally, the ratio Ry equals 1.0 for the fragments around
the symmetric fission region. Figure 1 shows RH{A) for
the case of neutron-induced **U fission at £,=0. For the
mass number dependence of Ry, we take Ry around 4 =
132 to be 1.6 and Ry around 4 = 154 to be 0.6.

1. RESULTS

In this section, the prompt neutron observables such
as the mean energy of prompt neutrons (¢) and the
prompt neutron multiplicity v were calculated for neut-

Fig. 1.
at £,=0.

(color online) Ry (4) for neutron induced **>U fission

ron-induced fission of **°U, *'Np, and **Pu using the
scission point model coupled with the statistical evapora-
tion model.

Figures 2 and 3 compare the calculated average kinet-
ic energies of prompt neutrons with experimental data
[37—40]. The results are underestimated in the fission
fragment mass range of A;=125—135 with the level dens-
ity parameter a = A/11. The average kinetic energy of a
prompt neutron is related to the nuclear temperature. The
shell effect of the fragments is significantly influenced by
the nuclear temperature. We calculate the average kinetic
energy of prompt neutrons using the Ignatyuk [40] level
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Fig. 2. (color online) Mean energy of prompt neutrons as a

function of the fragment mass of »°U fission for different
level density parameters.
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Fig. 3.
function of the fragment mass of *°Pu fission for different
level density parameters.

(color online) Mean energy of prompt neutrons as a

094106-4



Study of the excitation energy partition based on the prompt neutron multiplicity

Chin. Phys. C 50, 094106 (2026)

density formula
A shell / o+ *
a= ﬁ[] +o0U™" /E" (1 —exp(—0.05E%))], (21)

which mainly accounts for the shell effect of the fission
fragments. Figures 2 and 3 show the average kinetic ener-
gies of prompt neutrons obtained using different level
density parameter models. Compared with the Fermi gas
model, the Ignatyuk model results are significantly high-
er for fission fragment masses in the range of 125—135
and agree better with the experimental data.
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Fig. 4.  (color online) Prompt neutron multiplicity as a func-
tion of the fragment mass of **°U fission, compared with the
experimental data [38—41].
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Fig. 5. (color online) Prompt neutron multiplicity as a func-

tion of the fragment mass of **’Pu fission, compared with the

experimental data [42—43].

Figures 4 and 5 compare the calculated prompt neut-
ron multiplicities for different excitation energy partition-
ing schemes with experimental data [38—41]. Under the
assumptions of the two excitation energy allocation
mechanisms, all theoretical calculations exhibit a pro-
nounced saw-tooth structure. The total excitation energy
of the fission fragments consists of two parts: the intrins-
ic excitation energy determined by the allocation model
and the deformation energy related to the fragment's de-
formation state. Because magic nuclei have greater shell
closure stability, their degree of deformation is signific-
antly smaller than that of non-magic nuclei, resulting in a
smaller contribution of deformation energy. Con-
sequently, the total excitation energy reaches a local min-
imum, thereby minimizing number of neutrons emitted
by the fragments in this mass region. This saw-tooth
structure is a direct macroscopic signature of shell effects
in the fission fragments.

As the incident neutron energy increases, calcula-
tions of prompt neutron multiplicities typically use the
E, =0 MeV results as a reference, and systematically ana-
lyse how the excess excitation energy is distributed
between the fission fragments in order to determine the
resulting neutron emission characteristics [44]. The ma-
jor part of the energy released in low-energy fission is
contained in the kinetic energy of the fission fragments.
The rest is distributed between the deformation and in-
trinsic excitation energies of the nascent fragments. The
additional incident-neutron energy is almost entirely con-
verted into increased fragment excitation energy, while
the total kinetic energy (TKE) remains essentially un-
changed [44].

The enhanced neutron emission with increasing incid-
ent neutron energy is well known and has been observed
for many fissioning systems [44—45]. The conventional
approach assumes that the extra excitation is shared
equally between the complementary fragments and uni-
formly scales the prompt neutron multiplicity distribu-
tion observed in £,=0 neutron induced fission to higher
incident energies. However, the latest experimental meas-
urements [46] and theoretical methods [29, 36, 44] con-
sistently indicate that the excess neutrons originate
mainly from heavy fragments, whereas the instantaneous
neutron distribution of light fragments does not change
with the incident neutron energy.

In this study, the hypotheses of two correction
schemes are adopted to extract the prompt neutron multi-
plicity. The following denotations will be used to identi-
fy the neutron multiplicity distributions discussed below:

(i) Average method (AV). The increase in prompt
neutron multiplicity as a function of incident neutron en-
ergy is equally distributed among all fission fragments.

(i) Heavy method (HE). Starting from mass A=A4,/2,
the increase in prompt neutron multiplicity is distributed
only among the heavy fragments, whereas the neutron
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multiplicity remains fixed for the light fission fragments
as determined at £,=0 MeV.

Figures 6—9 present the prompt neutron multiplicity
distributions for neutron-induced fission of ***U and
Z'Np. The calculated curves exhibit optimal agreement
with the experimental data [46] under the assumption of
the HE method. With increasing incident neutron energy,
the excess excitation energy shows a clear tendency to be
preferentially channeled into the heavy fragments.

In this study, we assume that the two nascent frag-
ments do not share the same temperature at the scission
point. Instead, each fragment independently follows a
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Fig. 6. (color online) Prompt neutron multiplicity distribu-
tion as a function of the fragment mass of **°U fission on AV

method.
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Fig. 7.

tion as a function of the fragment mass of 2*’Np fission on AV

method.

(color online) Prompt neutron multiplicity distribu-

constant temperature level density formula, resulting in
distinct nuclear temperatures 7; and 7j. Energy naturally
flows from the higher-temperature fragment to the lower-
temperature one, such that the intrinsic excitation energy
ultimately accumulates entirely in the latter. Owing to its
larger mass and higher level-density, the heavy fragment
generally exhibits a lower temperature, 7y, compared to
the light fragment, thereby acting as an “energy sink” that
absorbs all the remaining excitation energy.

Calculations based on the two hypotheses proposed
by A. Al-Adili et al. indicate that, as the incident neutron
energy increases, fragments with lower nuclear temperat-
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Fig. 8.
tion as a function of the fragment mass of >*>U fission on HE
method.

(color online) Prompt neutron multiplicity distribu-
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Fig. 9. (color online) Prompt neutron multiplicity distribu-
tion as a function of the fragment mass of ’Np fission on HE

method.
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ures can absorb more excitation energy. However, the
nuclear temperature of every heavy fragment is not al-
ways lower than that of its light counterpart. Excitation
energy is assumed to flow from the higher-temperature
side to the lower-temperature side. The mechanism of en-
ergy partitioning considered here is the idealized “energy
sorting mechanism” proposed in Ref. [36], in which all
energy is transferred to one fragment, namely the one
with the lowest temperature. Experimental data reveal
that as the incident neutron energy increases to 5.5 and
5.55 MeV, the prompt neutron multiplicity distribution
becomes increasingly non-uniform compared with the
thermal-neutron case. The results in Figs. 10 and 11 ac-
curately reproduce this trend, particularly the rise in the
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Fig. 10. (color online) Prompt neutron multiplicity distribu-

tion as a function of the fragment mass of **°U fission.
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Fig. 11.
tion as a function of the fragment mass of *’Np fission.

(color online) Prompt neutron multiplicity distribu-

prompt-neutron multiplicity distribution for lighter frag-
ments: in this region (4;=80—-85), the intrinsic nuclear
temperature of the light fragment is lower than that of the
heavy fragment; therefore, the entire excess flows into the
light fragment, directly enhancing its neutron evapora-
tion.

These findings reveal that the partition of fission ex-
citation energy between the light and heavy fragments
does not conform to a simple constant-temperature mod-
el. Instead, it is sensitively governed by the instantaneous
difference between their nuclear temperatures.

Notably, this study did not analyze the nuclear tem-
peratures from a microscopic perspective. As the incid-
ent neutron energy was £,=0 MeV, the ratio of the frag-
ment nuclear temperature was assumed to take the value
after energy partition. This value was then used to infer
the direction of the excitation energy transfer at higher
energies.

IV. CONCLUSION

In this study, the scission point model is coupled with
the statistical evaporation model in order to consistently
describe the deexcitation process of primary fragments.
The characteristics of the prompt neutron observables are
well reproduced for neutron-induced *°U, *’Np, and
%Py fission using the present model.

First, the mean energies of prompt neutrons and the
prompt neutron multiplicity distributions for different ex-
citation energy partition schemes were calculated for 0
MeV n+7°U and **Pu fission. The calculations show
reasonable agreement with the experimental data. The
results demonstrate that the sawtooth pattern observed in
the prompt neutron multiplicity distribution, particularly
the periodic minima and maxima in neutron yield at cer-
tain mass numbers, arises from nuclear shell effects and
fragment deformation energies rather than from statistic-
al fluctuations. In regions corresponding to closed shells
(N=82, Z=50), nuclei exhibit enhanced structural stabil-
ity and reduced deformation, leading to less deformation
energy being released during fission. This results in a loc-
al reduction in total excitation energy, which in turn
manifests as a local minimum in the prompt neutron
yield.

Furthermore, the results of the prompt neutron multi-
plicities for the two hypotheses by A. Al-Adili et al. are
calculated for 0.8, 5.5 MeV n+*°U and 0.5, 5.55 MeV
n+>"Np fission. As the incident neutron energy increases,
the excess excitation energy shows a clear tendency to be
preferentially channeled into the heavy fragment. Finally,
the idealized “energy sorting mechanism” was con-
sidered, in which all energy is transferred to the fragment
with the lowest temperature. The results agree with the
experimental data. These findings demonstrate that the
mechanism for the energy partitioning involves the trans-
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fer of energy to one fragment, namely the one with the
lowest temperature. The energy sharing is therefore de-
termined by the fragments’ intrinsic level densities and
their transient temperatures, rather than by a uniform stat-
istical prescription.

In summary, the prompt neutron multiplicity serves
not only as a direct indicator of the excitation energy
stored in fission fragments but also as a critical observ-

able for elucidating the mechanisms underlying energy
partition in nuclear fission. Precise experimental meas-
urements and theoretical modeling of the prompt neutron
multiplicity distribution have significantly advanced the
understanding of fission dynamics, thereby providing a
robust physical basis for refining fission models, improv-
ing nuclear data evaluations, and enhancing neutron
transport in reactor physics applications.
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