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Abstract: The scission point model is improved by considering the excitation-dependent liquid drop model to cal-

culate mass distributions for neutron-induced actinide nuclei fission. Excitation energy effects influence the deform-
ations of light and heavy fragments. The improved scission point model shows a significant advance with regard to
accuracy for calculating pre-neutron-emission mass distributions of neutron-induced typical actinide fission with in-
cident-neutron-energies up to 99.5 MeV. The theoretical frame assures that the improved scission point model is
suitable for evaluating the fission fragment mass distributions, which will provide guidance for studying fission

physics and designing nuclear fission engineering and nuclear transmutation systems.
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I. INTRODUCTION

Fission is one of the most complex processes in nuc-
lear physics, involving a strong interplay between the
nuclear structure and dynamics. In neutron-induced actin-
ide nuclei fission, the parent nucleus transforms into a
variety of daughter pairs characterized by different charge
and mass yields and kinetic energies. The highly excited
primary fission fragments are deexcited by the emissions
of prompt neutrons and prompt y-rays to form the
primary fission products. The primary fission products
are usually highly neutron rich and unstable and gradu-
ally evolve to secondary fission products through fS-de-
cay. Each primary fission fragment retains its individual-
ity. Calculating fission fragment mass yields has a wide
range of applications in various fields, ranging from un-
derstanding of the cosmos in astrophysical explosions to
reactor operations [1-9].

It was interpreted in analogy by the fission of a
charged liquid drop shortly after the discovery of nuclear
fission. Fission occurs as a result of competition between
the disrupting effect of Coulomb repulsion and the stabil-
izing effect of surface tension [10-12]. In recent years,

many theoretical methods have been developed to calcu-
late and reproduce the fission fragment mass distribution,
which is one of the most important tests in the theoretical
model describing the nuclear fission process. Macroscop-
ic models [13-20] are used to explain the mechanism of
nuclear fission by a numerical solution of the Langevin
equations [21-23] or quantum-mechanical tools [24-25].
Microscopic models [26-31] describe the nuclear fission
based upon the consideration of an effective energy dens-
ity functional theory [32-33] and the time-dependent
Hartree-Fock method [34-37], which is minimized in a
chosen trial subspace of the full many-body Fock space
while subject to external constraints on the density distri-
bution. The macroscopic-microscopic approaches [38-42]
are developed to calculate the nuclear potential-energy
surface by uniting a macroscopic liquid-drop like energy
functional and a microscopic contribution expressing the
shell and pairing corrections, which can calculate the po-
tential energy of any nuclear system with Z protons and N
neutrons as a function of the nuclear shape. Macroscopic
models, microscopic models, and macroscopic-micro-
scopic approaches have been widely used in calculating
potential energy surface distributions and nuclear masses
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at the ground state. Moreover, the developed statistical
approaches [43-48] and phenomenological approaches
[49-57] can calculate and predict the manifold fission ob-
servables with reasonable accuracy, which provide reli-
able fission yields required for applications in nuclear
technology.

The scission point model, as a typical statistical ap-
proach, can calculate and reproduce yield distributions
where the nuclear structure of the fragments is con-
sidered. With high excitation energy, the shape of the fis-
sioning nucleus tends to be spherical. At the scission-
point, both daughter nuclei are gradually deformed ow-
ing to the nuclear and Coulomb interactions (polarization
effect). The potential energy surfaces are determined by
all possible configurations at the scission-point. [43] This
is well described in Refs. [43-48] from symmetric to
asymmetric charge distributions for neutron-induced ac-
tinide nuclei fission with increasing incident neutron en-
ergy.

The problem of the dependence of the fission frag-
ment mass distributions on the excitation energy is highly
relevant at the present time. The symmetric components
of the mass and charge yields are enhanced with increas-
ing excitation energy. In this work, the scission point
model is improved by considering the excitation-depend-
ent liquid drop energy model to calculate and evaluate the
mass distributions of neutron-induced typical actinide fis-
sion, including 235’238U, 237Np, 239Pu, and “’Th. The im-
proved scission point model can calculate the pre-neut-
ron-emission mass distributions for incident-neutron-en-
ergies up to 99.5 MeV with reasonable accuracy.

II. EVALUATION METHODOLOGY

At the scission point, it is assumed that the parent fis-
sioning nucleus separates into a pair of daughter nuclei
when the deformation is large enough, (A,Z) — (AL, Zy)+
(AL,Zy). As shown in the dinuclear system (DNS) model,
the scission configurations can be described using two
nearly touching fragments with (A;,Z;) and (Ay,Zy). The
deformation parameter is B;, where i = L,H denotes the
light and heavy fragments of the DNS, respectively [58].

The statistical scission-point model relies on the as-
sumption that statistical equilibrium is established at the
scission point. The fission fragment distribution is de-
termined by the probability of given fragmentation com-
binations. The potential energy surface U in Eq. (1) of
the DNS system at the scission-point as a function of the
deformations and the internuclear distance R between
fragments is described as

U(Ai,Zi,Bi,R) =B(AL,Z1,Br,E})
+ BH(AH’ZH’ﬁH,E}k{) - B(A,Z,ﬂ, E*)
+Ve(AinZipi, R) + V(AL Zifis B) (1)

where B; in Eq. (2) is the binding energy, V¢ is the Cou-
lomb potential, and Vy is the nuclear potential. The bind-
ing energies B;(A;,Z;.B;,E;) (i=L,H) as a function of the
quadrupole deformations B; are calculated using the mac-
roscopic microscopic method [59]. The values of B;
change from 0.0 to 0.6 with a step of 0.05, which repres-
ents the quadrupole of two fragments. The scission con-
figuration is imagined as two axially deformed and uni-
formly charged ellipsoids.

The binding energy of each fragment is composed of
the excitation-dependent liquid drop energy U}® and the
shell correction energy U™ [59-60]. The shell correc-
tion is obtained by the traditional Strutinsky procedure,
which is the sum of the shell energies of protons and
neutrons. The binding energy can be expressed as

Bi(Ai, Zi,Bi  E}) = UP(A1, Z:,Bi, E) + SUSMN(A, Z,, 81, ED).
2)

It is assumed that the fissioning nucleus is in thermal
equilibrium at the scission point. E7 is the excitation en-
ergy of the fission fragment.

The influence of excitation energy on mass distribu-
tions results from the tricky competition between the
macroscopic liquid-drop energies and the microscopic
shell corrections at scission. Particularly, it is necessary
to consider the influence of the excitation energy effects
on the deformations of light and heavy fragments in the
scission point model, considering the excitation-depend-
ent liquid drop energy model.

The liquid-drop surface energy U? in Eq. (3) is highly
sensitive and increases with increasing excitation energy
to nuclear excitation energy; it is calculated as

Us = a,(1+0.15E; JADAT". 3)

The Coulomb energy US in Eq. (4) is reduced with
increasing excitation energy and is described as

Zi(Z;—1)
C_ i\
U; _aC—A.m

l

(1-ZP)x(1-107E; /A). ()

The volume energy U} in Eq. (5) per particle £/4 de-
creases with excitation energy, and is expressed as

UY = a,(1+0.0034E; /A)A;. (5)

sym

The symmetry energy U;”" in Eq. (6) is nearly inde-
pendent of excitation energy, calculated as

UP™ = agmI*(1+2 % 107 E} JAD(N; = Z)* JA; (6)
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with isospin asymmetry I = (N;-Z;)/A;. as, a,, a., and
asym are taken from Ref. [60].
The shell damping correction with excitation energy

E? in Eq. (7) is introduced as

Uxhell(Al’Zl,ﬂl,E ) 6U\hell(Al’Z”ﬁl’ O)exp( E;{(/ED)v

(7

where Ep =18.5MeV is the damping constant, meaning
the speed of washing out the shell correction against the
excitation energy.

The interaction potential consists of the Coulomb in-
teraction potential V¢(A;,Z;,B:;,R) of the two uniformly
charged ellipsoids and nuclear interaction potential
Vn(Ai, Zi,Bi,R) in Eq. (8). The Coulomb interaction can be
calculated by using Wong’s formula [61]. For the nucle-
ar potential, Skyrme-type interaction without considering
the momentum and spin dependence is adopted [62].

Fin _Fex
Vn(R)=Cy {—(fp%(r)pz(r—R)dr
P00

+fplpg(”—R)dr)'l‘Fexfpl(”)Pz(’”—R)d”} (8

. , NL—ZLNH_ZH
with Fm ex ﬁn ex f;n ex

The Ny (Ny) is the neutron fllumber of the light
(heavy) nucleus of the DNS system. Currently, some
parameters are defined as Cp =300 MeV-fm?, f;, = 0.09,
fox=-2.59, f; =042, f/.=0.54. The nuclear density
distribution functions, p; and p,, are of two-parameter
Woods-Saxon form with a nuclear radius parameter of
ro=102-1.16fm and a diffuseness parameter of
a=0.51-0.56 fm, depending on the charge and mass
numbers of the nucleus [62]. R corresponds to
R..(A;,Z;,B8;), at which point the potential pocket takes the
minimum value of interaction potential.

The relative formation probability w in Eq. (9) of the
DNS with fragments of certain charge numbers, mass
numbers, and deformations can be described as

UA-,Z', i»R +B AI.’Zl’ i
w(A;,Z,Bi, E*) = exp |~ i Zip ’")T s (Ain Zi Bi) ’
©
T is the temperature, which is calculated by T = VE*/a,

where a =A/12MeV~! is the level density parameter in
the Fermi-gas model. The quasifission barrier B, de-
notes the depth of the potential pocket, which is calcu-
lated as the difference of the potential energy at the bot-
tom of the potential pocket (R = R,, = Ri[1+ V5/(@m)B; ]+
Ry[1+ /5/(4n)B,]+0.5 fm) and at the top of the outer

barrier (R =R, =Ri[1+ V5/(dm)B1]1+Ra[1+ 5/(4m)B]+
1.5 fm) with R; = roAil/ 3. Notably, the dynamical process
is not explicitly performed in this work, with the influ-
ence of dynamical effects on the charge distribution be-
ing restricted by the minimum value of the quasifission
barrier B, [62]. B,s must be larger than 0.9 MeV to per-
form the dynamical process.

Br and By should be integrated over to acquire the
mass-charge distribution of the fission fragments Y in Eq.

(10).
Y(A;,Z,E") = fdﬂLdﬁHW(AiaZinBi’E*)~ (10)

Eventually, the total mass distributions of the fission
fragments should be normalized to 200% by definition.
The normalization constant N, is calculated with the fol-
lowing equation: Ny =200%/Yz 4 Y(A;,Zi,E*). In the
scission-point model, the pre-neutron-emission mass dis-
tributions Y in Eq. (11) can be expressed as

Y(ALET) = No ) Y(AnZi E). (11)

III. RESULTS AND DISCUSSION

To verify the applicability of the improved scission
point model, we calculate the pre- neutron em1ss10n mass
d1str1but1ons for neutron-induced ~°U, >*U, Np *Py

and “Th fission. Fi igure 1 shows the calculated results of
pre-neutron-emission mass distributions of 2 U(n,f),
which are compared with experimental data [63-65]. One
can see that the calculated results are in good agreement
with experimental data at the neutron energy range from
0.50 MeV to 15.50 MeV; the peak-to-valley ratio de-
creases with increasing energy. In a word, the improved
scission point model can calculate the pre-neutron-emis-
sion mass distributions of the ’ U(nJ) reaction with reas-
onable accuracy.

The calculated pre- neutron -emission mass distribu-
tions for neutron-induced ~**U fission are shown in Figs.
2-3, which agree quite well with the experimental data
[66-68] with incident-neutron-energy up to 99.5 MeV. In
Fig. 2, the incident-neutron-energies range from 1.6 MeV
to 5.8 MeV, and the improved scission point model can
precisely calculate the pre-neutron-emission mass distri-
butions of the U(nJ) reaction. As shown in Fig. 3, the
peak-to-valley ratio decreases with increasing energy.
With increasing neutron energy, the mass yields clearly
show an increase in the symmetric region and a decrease
in the asymmetric regmn The mass distributions of the
fission fragments of *U nuclei still have a pronounced
asymmetric shape even at a high excitation energy of
99.5 MeV. The shell correction energy is decreased with
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Fig. 2. Calculated and experimental results of pre-neutron-emission mass distributions for the 238U(n,f) reaction.
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increasing excitation energy. We consider the excitation-
dependent liquid drop energy model so that the peak-to-
valley ratio increases with the neutron energy up to 99.5
MeV with reasonable accuracy. The effect of excitation
energy on the peak-valley ratio of the mass yield is well
described by our model.

To study the influence of excitation energy on the
shape of the mass distribution, we calculate = U(n,f) at
incident-neutron-energies of 10.0, 32.8, 59.9, and 99.5
MeV as shown in Fig. 4. With increasing incident-neut-
ron-energy, there are obvious changes such as the in-
crease in valley height as well as the decrease in peak
height (including 4; = 96-106 and 4, = 133-143) in the
pre-neutron-emission mass distributions [69]. At large ex-
citation energies, the mass distribution is mainly ex-
plained by the liquid-drop model with the disappearance
of the shell-correction energy. The improved scission
point model also accurately describes these behaviors.

Figure 5 and 6 show the calculated pre-neutron-emis-
sion mass distributions for 237Np(n,f) and 239Pu(n,f) reac-
tions at different incident energies, respectively, which
are compared with experimental data [70-71]. The com-

- - - 32.8MeV
— 10MeV

yield(%)
B

ATTRET INTRTETET INTERTRETE FRTETI,
80 100 120 140
A

Fig. 4. Calculated pre-neutron-emission mass distributions
for the 238U(n,}‘) reaction at different incident-neutron-ener-
gies.

=}

o [
=}

parisons show an overall good consistency. The calcu-
lated results show a good agreement with the experiment-
al data, which indicates that the improved scission point
model can reproduce the experimental results reasonably
well for neutron-induced 237Np and *’Pu fission.

Figure 7 shows the calculated pre-neutron-emission
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mass distributions for neutron-induced > Th fission,
which are compared with experimental data [67] with in-
cident energies from 22.5 to 59.9 MeV. With increasing
incident-neutron-energy, the double-humped mass distri-
butions gradually change to a triple-humped shape, and
the third-peak height even catches up with the peak of the
asymmetric fission component for experimental data on
pre-neutron-emission mass distributions. The results cal-
culated by the improved scission point model agree with
the experimental data on the asymmetric fission compon-

ents. However, the calculated pre-neutron-emission mass
distributions are opposite to the experimental data in the
symmetric fission component. Particularly, the level
density parameter ¢ and damping constant £, should be
further adjusted to be suitable for calculating the triple-
humped shagg: of the pre-neutron-emission mass distribu-
tion for the = "Th(n,f) reaction.

The improved scission point model can precisely cal-
culate pre-neutron-emission mass distributions for neut-
ron-induced actinide nuclei fission with incident-neutron-
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Fig. 7.
neutron-energies of 22.5, 32.8, 45.3, and 59.9 MeV.

energies up to 99.5 MeV. Particularly, considering the ex-
citation-dependent liquid drop energy, all calculated res-
ults are in good agreement with the experimental data,
and the improved scission point model best describes the
experimental results, especially in the yields and distribu-
tion tendency. The improved scission point model shows
a significant advance with regard to accuracy.

IV. CONCLUSIONS

In this work, based upon the consideration of the ex-
citation-dependent liquid drop energy model and two dis-
crete variables for deformations, the scission point model
is improved to evaluate the pre-neutron-emission mass
distributions of neutron-induced typical actinide fission
with incident-neutron-energies up to 99.5 MeV. Given
the good agreement with existing experimental data, the
improved scission point model shows a significant ad-
vance with regard to accuracy for calculating pre-neut-
ron-emission mass distributions of neutron-induced typic-
al actinide fission.

As for low energy neutron-induced fission (lower

Calculated and experimental results of pre-neutron-emission mass distributions for the 232Th(n,xﬁ f) reaction with incident-

than 5.5 MeV), the calculated pre-neutron-emission mass
distributions are in good agreement with experimental

data for the U, U, 237Np, and 239Pu(nj) reactions.

With increasing incident-neutron-energy, the improved
scission point model performs very well for reproduction
of pre-neutron-emission mass distributions for neutron-
induced actinide nuclei fission for U with incident-
neutron-energies up to 99.5 MeV, owing to the considera-
tion of the excitation-dependent liquid drop energy mod-
el. Particularly, the effect of excitation energy on the
peak-valley ratio of the mass yield is well described by
the improved scission point model; the mass yields show
an increase in the symmetric region and a decrease in the
asymmetric region with increasing neutron energy.

The theoretical frame ensures that the improved scis-
sion point model is able to provide quantitative calcula-
tions of the pre-neutron-emission mass distributions with
reasonable accuracy for a wide range of fissioning sys-
tems, which can be used to evaluate the fission fragment
mass distributions for understanding the cosmos in astro-
physical explosions and designing novel nuclear reactors
and nuclear transmutation systems.
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