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Effects of multichance fission on mass yields at high energies
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The mass distributions of fragment for neutron-induced ****(J, 2*'Np, and »*°Pu fission were studied using
the improved scission point model by considering the octupole deformation of the fragments over a wide
range of incident neutron energies (£, = 10—50 MeV). The multichance fission mechanism ensures that the
mass distributions remain highly asymmetric even at high energy. We also investigated the role of octupole
deformation of fragments in the multichance fission mechanism. The results obtained using the improved scission
point model accurately replicated the experimental data. This model is expected to further our understanding of
the fission process of actinides in the high excitation energy region.
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I. INTRODUCTION

Since the discovery of the phenomenon of neutron-induced
fission of uranium in 1938 [1,2], nuclear energy has been ex-
tensively studied for its application in power generation. One
of the most crucial issues associated with the use of nuclear
energy is the management of nuclear waste. Accelerator-
driven systems (ADSs) are recognized by the international
nuclear community as a powerful tool for transmutation minor
actinides and long-lived fission products using high-energy
spallation neutrons [3,4]. Therefore, it is crucial to under-
stand the mechanism of fission at high excitation energies
to evaluate neutron-induced fission data associated with the
transmutation system.

The scission point model, as a typical statistical method,
can calculate and reproduce mass distributions [5—12]. The
potential at the scission point is determined by the liquid-drop
(LD) energy and shell correction of the proton and neutron
subsystems of the two nascent fragments and their interaction.
As the excitation increases, the impact of the shell effect di-
minishes, and the symmetric distribution type becomes more
dominant. It is possible to fit the experimental data with a sin-
gle Gaussian provided if the excitation energy is sufficiently
high to eliminate the shell effect. However, the asymmetric fis-
sion phenomenon was still observed in the high-energy region
[13-16]. The key phenomenon in high-energy fission is the
evaporation of neutrons before fission, resulting multichance
fission (MCF), also known as fission after successive evapora-
tion of neutrons. Neutron evaporation results in a considerable
decrease in excitation energy, thus restoring the shell effect
at low excitation energy. Asymmetric fission is the dominant
mechanism for higher-order fission. The MCF mechanism is
the only plausible explanation for asymmetry in mass distri-
bution at high excitation energies. The Japanese group [13]
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compared their fission product yields with theoretical results
based on the three-dimensional Langevin model, clearly men-
tioning the effect of the MCF.

In the current experimental conditions, it is not possible to
determine the number of neutron emissions before fission on
an event-by-event basis. As a result, the observed fragments
mass distribution is typically a combination of various fission
chances. Therefore, the above conclusion cannot be experi-
mentally verified with certainly at present. We have to develop
theoretical approaches in order to study the effects of MCF on
the basis of available experimental data.

The fission fragments will deform under strong interactions
at the scission point. The scission point model [5—11] assumed
that the shapes of most heavy nuclei are characterized by
spherical and quadrupole deformation. In previous research
[12], we improved the scission point model by considering
the octupole deformations of the fission fragments. This ad-
vancement enables more accurate calculations of yields for
neutron-induced fission of typical actinides. And we will in-
vestigate the effect of MCF on the mass distribution based on
the improved scission point model.

This paper aims to demonstrate the current understanding
of the fission process of actinides at higher excitation energy
regions, where MCF effects are essential, by incorporating
the MCF mechanism into the improved scission point model.
The paper is organized as follows. Section II provides a brief
overview of our model. The discussion is given on the results
obtained by considering the MCF mechanism in Sec. III.
Finally, Sec. IV presents a summary.

II. METHODS

The basic assumption of the scission point model is that
statistical equilibrium is established at the scission where the
observable characteristics of the fission process are formed.
When the deformation is large enough, the parent nucleus
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undergoing fission splits into a pair of nearly touching coaxial
daughter nuclei. For simplicity, we have adopted axial sym-
metry deformations (B,;, B3;), where the index i (i =L, H)
designates the light or heavy fragment.

The distribution of fission fragment is determined by the
relative potential energy of a given fragmentation combination
at the scission point. The potential energy includes the binding
energy of the light (L) and heavy (H) fragments with the mass
numbers Ap (Ag) and charge numbers Zp (Zy), as well as
the Coulomb potential and nuclear potential between the two
fragments. The potential energy U at the scission point as a
function of the deformations and the internuclear distance R
between fragments is described as

U(A;, Z;, Bi.R) = B(AL, Z1, Bov, BsL, ET)
+ B(An, Zu, Pon, B3u» Efy)
—B(A, Z, 2, B3, EY)
+Ve(Ai, Zi, Bais B3is R)
+ W (Ai, Zi, Bai, B3is R), (H

where A = AL + Ay (Z = Zi + Zy) is the mass (charge)
number of the compound nucleus. The deformation param-
eters are denoted by S,;, where (A = 2, 3;i = L, H) represent
quadrupole and octupole deformations of the light and heavy
fragments, respectively. The R corresponds to the R, = Ry +
Ry + 0.5 fm at which the potential pocket takes the minimum
value of interaction potential [17].

The binding energies B(A;, Z;, Bai, B3i, E;) as a function of
quadrupole B; and octupole B3; deformations are calculated
by using the macroscopic microscopic method [18,19]. The
binding energy of each fragment consists of the liquid drop
energy U'P, the shell correction energy 8U ™!

The impact of excitation energy on mass distributions
arises from the complex interplay between the macroscopic
liquid-drop energies and microscopic shell corrections at scis-
sion. The shell correction is calculated using the traditional
Strutinsky procedure, which involves summing the shell ener-
gies of protons and neutrons [20]. The damping of the shell
correction with excitation energy is introduced as

SUShe"(Ai’ Zi, Boi, Bi, Ei*)
=8UMN A, Z;, Boi, Bai EF = 0)x S(E]),  (2)

S(E) = exp(—E;'/Ep), 3

where Ep = 20 MeV [13] is the damping constant, mean-
ing the speed of washing out the shell correction against the
excitation energy.

The interaction potential consists of the Coulomb potential
Ve and nuclear potential V. The Coulomb interaction can
be calculated by using Wong’s formula [21] and the nuclear
potential [17] is expressed as the double-folding form.

The relative formation probability w with fragments of
certain charge numbers, mass numbers, and deformations can
be described as

UAi7Zi7 is iaRm
w(Ai,zi,ﬁz,»,ﬁ_gi,E*):exp<_< Boi Bs ))‘

T
“

The temperature is calculated as T = /E*/a, where a =
A/12 MeV~! [17] is the level density parameter in the Fermi-
gas model. The excitation energy at scission is the initial
excitation Efy (Efy = E, + Q) minus the potential energy
U(A;, Zi, Bai, B3i, Rin), which is expressed as

E*(Ais Ziv ,821'1 1331'1 Rm) = EéN - U(Ais Zi9 1321'7 ,831" Rm)
(%)

Here, the E, is the neutron kinetic energy and Q is the
reaction energy. Following neutron evaporation, the excitation
energy E* decreases due to the emission of neutrons. The
initial compound nucleus Acy can decay through first chance
or single neutron emission, resulting in a decrease in the initial
excitation energy. The subsequent nucleus can decay through
second fission or again neutron evaporation to Acy—2. The
energy removed from the initial excitation energy E* due
to neutron evaporation is the sum of the kinetic energy and
the binding energy of the neutrons. The excitation energy is
recalculated for each neutron that is evaporated, which can be
expressed as

E} gy = Eén — x(BUD + %), (6)

where ¢ is the mean neutron kinetic energy, which is cal-

culated using the GEF code [22,23]. The B{"*"/ is the binding

energy of the neutrons [24] and the x is the number of evapo-
rating neutrons.

B2 and Bs; should be integrated over to acquire the mass-
charge distribution of the fragment yields of each chance,
which is express as

Yoronf)(Ais Zis Ey ynp) = /dﬁZLdﬂ2Hdﬂ3Ld,33Hw

x (A, Zi, Bais Bais EGyynpy)- (1)

The total yields are the sum of the weights of each fission
chance,

YolAi, Zis E*) = Y wi¥inanp)(Ais Zis By ). (8)

x=1

The weight (probability) w, of each fission chance is deter-
mined using the statistical model code GEF [23]. Eventually,
the mass distributions of the fission fragments should be nor-
malized to 200% by definition, with N, as the normalization
constant. The mass distributions can be evolved into

Yoi(Ai, E¥) = No Y Yia(As, Zi, EY). ©

Z;

III. RESULTS AND DISCUSSION

Figure 1 shows the minimum potential energy and cor-
responding mass yields for neutron-induced fission of 2%y
as a function of mass number. At the low excitation (E, =
10 MeV), the minimum potential energy exhibits a clear
double-humped shape. At the high-energy fission (E, =
45 MeV), the minimum potential energy takes on an almost
single-Gaussian-like shape, which leads to an increase in the
probability of symmetric fission and a decrease of the peak to
valley as the excitation energy increases in neutron-induced
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FIG. 1. The minimum potential energy for neutron-induced fis-
sion of 28U at E, = 10 MeV and E, = 45 MeV as a function of the
mass number.

fission of 23¥U. The result demonstrates a transition to sym-
metric type fission.

As the excitation energy increases, two competing pro-
cesses are expected: an increase in symmetric fission prob-
ability, as previously demonstrated, and the occurrence of
multichance fission. The effect of MCF on the mass dis-
tributions is exemplified in Fig. 2, which shows the case
of neutron-induced 2*®U fission with an incident energy of
32.5 MeV. By ignoring MCEF, it is assumed that the calcu-
lated mass distribution is solely due to the direct fission of
initial excitation energy, without any neutron evaporation in
the compound nucleus. The resulting distribution is shown
as the black line in Fig. 2. However, this assumption leads
to a significantly smaller peak-valley ratio compared to the
experimental data (black symbols with error bars). Addition-
ally, the peak position A, & 106 (Ag =~ 133) deviates from the
measured value A &~ 100 (Ag ~ 139). Then MCF has been
taken into account in the model. The initial compound nucleus
2390 is highly excited and can either decay through first fission
or neutron emission, resulting in the production of 2%y at

PU(E,=32.5MeV)
6r « 1. V.Ryzhov 7
Sum

with multichance fission
—— without multichance fission

1 mcr steps

.......... 29U (1st 6.3%)

—-— 38U (1st 14.7%)

— = 7Y (15 22.9%)

..... 6 (1st 30.1%)
— 23U (15t 26.0%)
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A

FIG. 2. The calculated mass distributions without (black curve)
and with (red curve) MCF for neutron-induced 2**U fission with
incident neutron energies of 32.5 MeV are compared with the ex-
perimental data (black symbols with error bars) from Ref. [25].
The calculated mass distributions for all the fission chances (dashed
curves with different colors) are shown.
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FIG. 3. The calculated mass distributions without (black curve)
and with (red curve) MCF for fission of >**U by neutron induced
in the range of incident neutron energies £* = 10 — 45 MeV are
compared with the experimental data (black symbols with error bars)
from Ref. [25].

a lower excitation state. The 2**U nucleus can then undergo
further decay through second fission or neutron evaporation.
The multichance fission will not occur until the excitation
falls below the fission barrier. The excitation energy of the
residual nucleus after each neutron emission can be calculated
based on the neutron binding energy and average energy of the
emitted neutron. The potential energy surface of the residual
nucleus was also recalculated at each step using the scission
point model. The probability of each fission chance and the
average energy of the emitted neutron were determined using
the GEF code. The dashed curves in different colors show the
calculated mass distributions for all the fission chances, while
the red curve represents the sum of all mass distributions.
The results reproduce the peak position of the experimental
data [25], but with a slightly larger peak-valley ratio. The
MCF mechanism ensures that the compound nucleus remains
highly characterized by an asymmetric distribution even at
high energy. This asymmetry mainly arises from third, fourth,
and fifth chance fissions (**7- 236 235)) at lower energy.

To verify the model description, Figs. 3-5 show the
calculated mass distributions for neutron-induced fission of
2352387, 2%Np, and >*’Pu with MCF mechanism (red curves).
The peak-valley ratio of all elements (>*>23%(, 2’Np, and
239Pu) decreases as the excitation energy increases. The cal-
culation with MCF reproduces experimental data [26-30] well
in the range of incident neutron energies E* = 10 — 50 MeV,
in contrast to the results without MCF (black curves). The
MCF mechanism introduces higher shell-damping energy,
which leads to a still highly asymmetric distribution even at
high energy. These results suggest that the asymmetry in the
high-energy region should not be interpreted as a function of
shell effects in the initial compound nucleus.
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FIG. 4. The calculated mass distributions without (black curve)
and with (red curve) MCF for fission of >**U by neutron induced
in the range of incident neutron energies E* = 15.5 — 50 MeV are
compared with the experimental data (black symbols with error bars)
from Refs. [26-28].

In order to illustrate the contribution of octupole deforma-
tion in the MCF mechanism, we have calculated the mass
distributions of 2¥U(n, f) at B3 = 0 (blue dashes line) and
without deformation restriction (8,; and Bs; change from 0.0
to 0.5 in steps of 0.05) (red solid line), which are compared
with experimental data at the incident neutron energy of
10 MeV [25] in Fig. 6. The calculated mass distributions with-
out deformation restriction exhibit a peak position in good
agreement with experimental data. The octupole deformation
of fission fragments exerts a significant influence, especially
in peak position and wide distribution, on the mass distribu-
tion of 23U at low excitation energies, which is produced
by the evaporation of neutrons of compound nucleus *U.
Since the light fragments also have octupole deformation
and this can reduce corresponding potential-energy surface,
which results in a larger yields and wider distribution of the
corresponding light fragments not underestimates the mass
yields for A, < 94 [12]. The MCF mechanism ensures that
the compound nucleus remains highly characterized by an
asymmetric distribution even at high energy. This asymmetry
is primarily attributable to the lower-energy fission of the

S
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FIG. 5. The calculated mass distributions without (black curve)
and with (red curve) MCF for fission of »*’Np and *’Pu are com-
pared with the experimental data (black symbols with error bars)
from Refs. [29,30].
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FIG. 6. The calculated mass distributions of sum (c) and the first
(a) and second (b) chance fission at 83 = 0 (blue dashed line) and
without deformation restriction (red solid line) for neutron-induced
28 fission with incident neutron energy of 10 MeV are compared
with the experimental data [25] (black symbols with error bars).

compound nucleus subsequent to the evaporation of neutrons.
The consideration of octupole deformation of fission frag-
ments ensures the precision of low-energy fission calculations.

IV. CONCLUSION

Under the current experimental conditions, it is not possi-
ble to distinguish between mass yields originating from the
initial compound nucleus and those resulting from other iso-
topes with lower excitation via a chain of multichance fission.
The observed mass distributions are typically a combination
of various fission chances. Unfortunately, there is no suitable
model to calculate mass distribution with sufficient accuracy.
As a result, the impact of MCF on the mass distribution is
limited.

This work presents the mass distributions of actinides fis-
sion in the high-energy region, calculating using the improved
scission point model considering the MCF mechanism. Con-
currently, the introduction of octupole deformation of the
fission fragments ensures the accuracy of the yields for each
fission chance. The model offers a better explanation of the
experimental data and the relative contributions of symmetric
and asymmetric modes at different excitation energies. The
results exhibit significant asymmetry, which is attributed to
the fission of less excited lighter isotopes produced through
a chain of MCF. The present study confirms the existence of
MCEF as the mechanism responsible for the asymmetry of the
mass distributions at high excitation energies.

The scission point model is improved by considering MCEF,
which shows a significant advancement in calculating yields
of neutron-induced typical actinides fission in the high-energy
region. The role of MCF is expected to further our understand-
ing of the fission process.
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