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Pre-neutron-emission mass distributions for reaction
238U(n, f) up to 60 MeV "
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Abstract: The pre-neutron-emission mass distributions for reaction 2**U(n, f) up to 60 MeV are systematically

studied with an empirical fission potential model. The energy dependence of the peaks and valleys of the pre-neutron-

emission mass distributions is described by an exponential form based on the newly measured data. The energy

dependence of evaporation neutrons before scission is also considered, which plays a crucial role in the reasonable

description of the mass distributions. The measured data of the pre-neutron-emission mass distributions for reaction

238U(n, f) are reasonably well reproduced up to 60 MeV. The mass distributions at unmeasured energies are also

predicted using this approach.
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1 Introduction

Since the discovery of neutron-induced fission of ura-
nium in 1938 [1], the neutron-induced fission has become
the subject of both theoretical and experimental stud-
ies. In the past, tremendous efforts have been focused
on the low-energy actinide fission because of the partic-
ular importance for nuclear energy applications. Nowa-
days, there is an increasing interest in studying neutron-
induced fission of actinides at intermediate energies. It
is motivated by nuclear data needs for new applications
such as accelerator-driven systems, thorium-based fuel
cycles, and the next generation of exotic beam facilities.
The pre-neutron-emission mass distribution is one of the
most important quantities for neutron-induced fission.
Its precise description is of great importance in both un-
derstanding the fission mechanism and the practical ap-
plication. In addition, 2*®U is one of the most important
actinides, and its disposal in spent fuel (***U is up to
95%) is an important feature of the utilization in the
nuclear power field.

Although one can qualitatively describe the nuclear
fission process as a deformation of a single nucleus, the
exact understanding of the fission process or quanti-
tative prediction of the pre-neutron-emission fragment
mass distributions or product yields are still very elu-
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sive for the existing theories and models [2]. An inter-
national working group has studied the overall problem
and recommended the assembly of the required nuclear
data (including fission products) at intermediate incident
neutron energies up to 150 MeV [3]. Compared with low-
energy fission, the modeling of neutron-induced fission at
intermediate energies is severely complicated by the fact
that fission follows pre-equilibrium particle emission and
competes with neutron evaporation [4].

Several important theories and models [2, 5-17] have
been developed for understanding the fission mechanism
or quantitatively calculating the fragment mass distribu-
tions or fission product yields. These models are mainly
focused on the dynamical processes. The systematic ap-
proaches, which consist of three to seven Gaussian func-
tions, have been developed for quantitatively predicting
the fragment mass distributions or product yields [18-
21].

A combination method based on the driving poten-
tial from the Skyrme energy-density functional [22, 23]
and the phenomenological fission potential was proposed
in our previous work [24], and the experimental pre-
neutron-emission mass distributions of neutron-induced
actinide fission at low energies have been reasonably well
reproduced. The present study is an extension of this
combination method for reaction 23¥U(n, f) at incident
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energies up to 60 MeV. This paper is organized as follows.
In Section 2, the combination method and the potential
parameters are introduced in detail. In Section 3, the
comparisons of the calculated results and the measured
data for reaction *®*U(n, f) are presented and analyzed.
A simple summary is also given in the this section.

2 The combination method and the po-
tential parameters

The sequential products of neutron-induced binary
fission are elaborated in Refs. [24, 25]. A combination
method for calculating the pre-neutron-emission mass
distributions of neutron-induced actinide fission at low
energies was proposed in our previous work [24]. In this
model, the pre-neutron-emission mass distributions are
described as

P(A)=Cexp[-U(A4)], (1)

where C' is the normalization constant, and the variable
A denotes the mass number of the primary fragment.
The phenomenological fission potential U (A) is described
by three harmonic-oscillator functions, i.e.

Ul(A—A1)2 Aéa7
U(A)={ —ug(A—Ap)>+R a<A<D, (2)
UQ(A_Az)z A>b7

where A; and A, are the positions of the light and heavy
fragment peaks of the pre-neutron-emission mass distri-
butions, respectively. Ay denotes the corresponding po-
sition for symmetric fission. The fission potential param-
eters u;, ug, U, a, b and R, which are the functions of
Ag, Ay and A,, were uniquely derived as Eq. (6)-Eq. (9)
in our previous paper [24].

Particular attention should be paid to these param-
eters which are closely related to the evaporation neu-
trons before scission at different incident energies. For
reaction #**U(n, f) at low incident energies (F, < 6.5
MeV), the positions A; and A, are obtained from the
nucleus-nucleus driving potential of the fissile nucleus
239U [22, 23]. With the incident neutron energy increas-
ing, the excitation energy of the compound nucleus will
become higher, and a few neutrons will be evaporated be-
fore scission. The number of evaporation neutrons can
be derived from the corresponding multi-chance fission
cross sections. Therefore, the fission cross sections of
reaction 2*¥U(n, f) have been investigated as shown in
Fig. 1. The scattering dots denote the experimental data
derived from Refs. [26-28], and the solid curve denotes
the evaluated results of ENDF/B-VI.1, which are recom-
mended as the standard cross sections. The dash, dot
and dash dot curves denote the (n, nf), (n, 2nf) and
(n, 3nf) fission cross sections evaluated by ENDF/B-
VI.1, respectively. The perpendicular dash lines label

the incident energy regions corresponding to the differ-
ent multi-chance fission channels such as (n, f), (n, nf),
(n, 2nf) and (n, 3nf) in this paper, respectively. From
Fig. 1, one establishes that the number n( E,) of evapora-
tion neutrons before scission can be roughly expressed as
follows

. By <E,<6.5 MeV,

. 6.5 MeV<E,<14.5 MeV,
, 14.5 MeV< E,<21.5 MeV,
3 21.5 MeV< E, <60 MeV.

N = O

(3)

where Ey, is the threshold energy for >**U(n, f) reaction.
Eq. (3) is consistent with the result at low incident en-
ergies as shown in Ref. [24]. Tt is worth mentioning that
the neutron number over 3 is not observed by both ex-
periments and certified by theories before scission with
increasing incident energies (even up to 100 MeV) for re-
action 2**U(n, f). The small insert in Fig. 1 shows that
the total fission cross sections attain a maximum of about
40 MeV, and are smaller with increasing incident ener-
gies. It implies that the reaction channels, such as (n,
4nf) and (n, 5nf), will not contribute to the total fission
probability. This phenomenon is caused by the competi-
tion involving all reaction channels for neutron-induced
2387 reaction. Thus in this paper, it is established that
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Fig. 1. The fission cross section of reaction **¥U(n,

f) for incident neutron energies from threshold en-
ergy to 60 MeV. The experimental data are ob-
tained from Refs. [26] (squares), [27] (circles) and
[28] (triangles), respectively. The solid, dash, dot
and dash dot curves denote the total, (n, nf), (n,
2nf) and (n, 3nf) fission cross sections evaluated
by ENDF/B-VI.1, respectively. The perpendic-
ular dash lines label the incident energy regions
corresponding to the different multi-chance fission
channels such as (n, f), (n, nf), (n, 2nf) and (n,
3nf) in this paper, respectively. The insert shows
the experimental and evaluated data from 30 to
100 MeV.
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there are no other channels, such as (n, 4nf), (n, 5nf), et
al.

It is assumed that a compound nucleus Acy after
evaporating neutrons n(E, ) separates into a pair of frag-
ments in the fission process, so the mass number of the
fissile nucleus is Apy = Aon—n(E,) in different incident
energy regions. For reaction 2**U(n, f), the fissile nuclei
are 29U, 228U, 257U and 236U, respectively, in different
incident energy regions as listed in Eq. (3) and shown in
Fig. 1. Based on the nucleus-nucleus potential with the
Skyrme energy-density functional [22, 23], the driving
potentials of these fissile systems are studied considering
the deformations of fragments. One sees that these driv-
ing potentials generally show a valley at A~140 for the
mass distributions of heavy fragments, as elaborated in
Fig. 1 in Ref. [24]. Tt should be noted that the driving
potentials are only derived from the ground state or low
excited energies of the fragments. However, the fissile
nuclei still hold highly excited energies after evaporat-
ing neutrons in different incident energy regions. So the
position A, of the heavy fragment peaks, as well as A,
of the light fragment peaks and Ay of the symmetrical
fission, should be modified as

A= A5 —a(E,),
A1 :AFN_AZ; (4)
AO:AFN/27

where A5* 2140 denotes the lowest position of the driv-
ing potential derived from the ground state of the frag-
ments. The results of Egs. (3) and (4) agree exactly with
the positions of the maximal mass distributions of the
heavy fragments measured by the quasi-monoenergetic
neutrons beam from 10 MeV up to 60 MeV [4, 29] as
listed in Table 1. For comparison, the results of TALYS
code [17] are also listed in this table.

Table 1. The positions (A1,A2) for the mass num-
ber of the light and heavy fragment mass distribu-
tions for reaction 2**U(n, f) in different incident
energy regions.

En/MeV Exp. [31] TALYS [17] this work
9-11 (99, 138) (99, 139) (99, 139)
16-18 (99, 138) (99, 138) (99, 138)
2426 (98, 138) (99, 138) (99, 137)

33 (99, 137) (98, 137) (99, 137)
45 (99, 137) (98, 137) (99, 137)
60 (99, 136) (98, 136) (99, 137)

Based on the monoenergetic experimental data [30]
and the quasi-monoenergetic experimental data [4, 29],
the heights P(Ay) and P(A;) of the valleys and peaks of
the pre-neutron-emission mass distributions have been
fitted as the functions of incident neutron energies. For
reaction 2*¥U(n, ) up to 60 MeV, the energy dependence

of P(A,) and P(A,) is written as
P(A;)=3.850+2.600e -040Fn

5
P(Ay)=0.044+4.581¢ 32465/ Fn, (5)

The results of the measurement, including the white
neutron beam [31], monoenergetic neutron [30] and the
quasi-monoenergetic neutron [4, 29], and the calculation
are shown in Fig. 2. So the parameter R in Eq. (2) can
be derived easily through Eq. (6) as shown below

P(A

P(4o)

Furthermore, Eq. (5) approximatively equals the results
of Ref. [24] at low incident energy (F,<6.5 MeV). One
can see that the values of P(A;) and P(A,) exponentially

change with the incident energies in general, which could
provide some useful information at unmeasured energies.

R=In

7 I T T T T T T T T T T T T
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Fig. 2. Peak P(A:) and valley P(Ao) of the pre-
neutron-emission mass distributions for reaction
287 (n, f) as a function of incident neutron en-
ergy. The experimental data are derived from
the white neutron beam (circles) [31], monoen-
ergetic neutron (triangles) [30] and the quasi-
monoenergetic neutron (squares) [4, 29]. The
solid lines denote the results of this work.

3 Results and analysis

In this work, the evaporation neutrons n(E,) in dif-
ferent incident energy regions are derived from the fission
cross sections in multi-chance fission channels as shown
in Fig. 1. In terms of the evaporation neutrons n(E,),
the positions A, of the heavy fragment peaks of the pre-
neutron-emission mass distributions are determined. So
the positions A; of the light fragment peaks can be also
obtained easily. Combining the heights P(A,) and P(A;)
of the valleys and peaks of the pre-neutron-emission mass
distributions as shown in Fig. 2, the parameter R is also
obtained in terms of Eq. (6). So the pre-neutron-emission
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mass distributions can be calculated using Egs. (1) and
(2) up to 60 MeV, as shown in Fig. 3 and Fig. 4. Fig. 3
shows the pre-neutron-emission mass distributions of re-
action #**U(n, f) at low incident energies from 1.3 MeV
to 5.5 MeV, and one can see that these results agree
with the previous results of Ref. [24]. Fig. 4 shows the
calculated results up to 60 MeV. In this figure, the scat-
tered symbols denote the experimental data, which are
taken from Refs. [4, 29] (squares, measured by the quasi-
monoenergetic neutron) and from Ref. [31] (circles, mea-
sured by the white neutron beam), respectively. The
solid curves denote the calculated results in this work.
The dash curves denote the results calculated by TALY'S
code [17]. One can see that the experimental data of re-
action 2**U(n, f) can be reproduced well from the thresh-
old energy up to 60 MeV. It indicates that the method
combining the driving potential with the phenomenolog-
ical fission potential is reasonable to describe the pre-

neutron-emission mass distributions of reaction 2**U(n,
f) up to 60 MeV.

To extend this method, the pre-neutron-emission
mass distributions at unmeasured energies are also pre-
dicted up to 100 MeV shown in Fig. 5. One can see that
several distinct characters of the pre-neutron-emission
mass distributions can be reasonably reproduced: (1)
the double bump shape; (2) the increase of the valley
heights, as well as the decrease of the peak heights, with
the incident energy increasing; (3) the position A, of the
heavy fragment peak locates roughly 140 at low ener-
gies, and gradually decreases because of the evaporation
neutrons before scission at £, >6.5 MeV. Contrarily, the
position A; of the light fragment peak always locates
roughly 99 as mentioned in Ref. [8]. This implies that
the combination method in this paper can provide some
additionally useful information for the intermediate en-
ergies of neutron induced actinides fission.

#U(n, f)
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Fig. 3. Pre-neutron-emission mass distributions at incident energies from 1.3 to 5.5 MeV for reaction 2**U(n, f).

The scattered symbols denote the experimental data, which are taken from Ref. [30] (squares, measured by the
monoenergetic neutron) and from Ref. [31] (circles, measured by the white neutron beam), respectively.
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Fig. 4. Pre-neutron-emission mass distributions at incident energies from 10 to 60 MeV for reaction 238U(n, f). The
scattered symbols denote the experimental data, which are taken from Refs. [4, 29] (squares, measured by the
quasi-monoenergetic neutron) and from Ref. [31] (circles, measured by the white neutron beam), respectively. The
dash and solid curves denote the calculated results of TALYS code [17] and in this work, respectively.

=U(n, 1)

80 100 120 140 160
A
Fig. 5. (color online) The calculated pre-neutron-

emission mass distributions (%) at incident en-
ergies from the threshold energy up to 100 MeV
for reaction 2**U(n, f) involved the fragment mass
number A and the incident energy Fi.

4 Summary

In this paper, the pre-neutron-emission mass distri-
butions for reaction 2**U(n, f) from the threshold en-
ergy up to 60 MeV are well reproduced using an em-

pirical fission potential, whose potential parameters are
uniquely derived from the existing experimental data.
The energy dependence of evaporation neutrons before
scission is also considered, which plays a crucial role in
the reasonable description of the mass distributions. The
energy dependence of the peaks and valleys of the pre-
neutron-emission mass distributions is described by the
exponential expressions based on the newly measured
data. The double-humped shapes of the measured pre-
neutron-emission mass distributions are reasonably well
reproduced from low incident energies to intermediate
incident energies. The pre-neutron-emission mass distri-
butions at unmeasured energies are also predicted up to
100 MeV using this method.

In addition, we compare the calculated results using
the previous method and the parameters [24], and the
results of this work are slightly improved at low incident
energies. We have also compared the experimental data
at intermediate energies with the model calculations of
TALYS, and one can see that the results of this work
reproduce the experimental data better. Furthermore,
a more microscopic description of the potential parame-
ters should be further investigated. The study of these
aspects is underway.

We wish to thank our colleagues Ou L, Liu M and an
anonymous referee for some valuable suggestions.
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