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Background: A quantitative microscopic understanding of the fission-fragment yield distributions represents
a major challenge for nuclear theory as it involves the intricate competition between large-amplitude nuclear
collective motion and single-particle nucleonic motion.

Purpose: A recently proposed approach to global modeling of fission fragment distributions is extended to
account for odd-even staggering in charge yields and for neutron evaporation.

Method: Fission trajectories are obtained within the density functional theory framework, allowing for a micro-
scopic determination of the most probable fission prefragment configurations. Mass and charge yields distributions
are constructed by means of a statistical approach rooted in a microcanonical ensemble.

Result: We show that the proposed hybrid model can reproduce experimental mass and charge fragment yields,
including the odd-even staggering, for a wide range of fissioning nuclei. Experimental isotopic yields can be
described within a simple neutron evaporation scheme. We also explore fission fragment distributions of exotic
neutron-rich and superheavy systems, and compare our predictions with other state-of-the art global calculations.

Conclusion: Our study suggests that the microscopic rearrangement of nucleons into fission fragments occurs
well before the scission, and that the subsequent dynamics is mainly driven by the thermal excitations and bulk
features of the nuclear binding. The proposed simple hybrid approach is well suited for large-scale calculations
involving hundreds of fissioning nuclei.

I. INTRODUCTION

Fission is a fundamental nuclear decay that plays a cru-
cial role in many areas of science, ranging from the design
of nuclear reactors to studies devoted to physics beyond
the standard model of particle physics [1], and the syn-
thesis of heavy elements [2, 3]. This process is driven by
both the nuclear large-amplitude collective motion and
the quantum mechanical shell effects rooted in the single-
particle motion of individual nucleons. The yield pat-
terns of fission fragments involve an intricate interplay
between shell structure and pairing correlations associ-
ated with nuclear superfluidity, and stochastic effects.
Therefore, a predictive microscopic description of this
complex process constitutes a great challenge for nuclear
theory [4]. In particular, current global models applied
to systematic studies of fission fragments distributions
cannot consistently explain the observed enhanced pro-
duction of fragments [5] together with other fission-yield
characteristics such as distribution peaks and widths.

Within the fission realm, odd-even staggering (OES)
in charge distributions has been traditionally attributed
to the dissipative coupling between the collective and in-
dividual (or intrinsic) degrees of freedom. During the
descent towards scission, nucleonic Cooper pairs can be
broken by absorbing the intrinsic excitation energy pro-
duced via the dissipation of the collective kinetic energy.
Signature of this pair-breaking mechanism has been ob-

served in the experimental data on average kinetic en-
ergy of fragments in low energy fission [6, 7]. However,
this picture has been challenged by measurements show-
ing a correlation between the OES in charge yields and
the mass asymmetry of the fission fragments [8], a phe-
nomenon unrelated to energy dissipation.

From a microscopic point of view, OES in charge yields
can be related to the dynamical breaking of Cooper
pairs in avoided-level-crossing regions, where the Landau-
Zener effect results in low-lying time dependent excita-
tions [9, 10]. In an apparently uncorrelated manner, peak
positions in fragment distributions are mainly governed
by the shell effects determining the most probable fis-
sion configuration, which, within certain models, may be
manifested through the topology of the collective poten-
tial energy surface (PES). In contrast, the distribution
width is primarily driven by stochastic effects that allow
the population of highly mass-asymmetric fission config-
urations [11, 12].

Although the underlying mechanisms are established
qualitatively, current state-of-the-art theoretical models
struggle to obtain a coherent quantitative description of
the gross characteristics of fragment distributions and
the OES in charge yields [4]. For example, scission-point
models (SPM) [13–15] take into account the statistical
distributions [16, 17] required to reproduce OES, but
the resulting mass distributions lack dynamical correla-
tions. The latter are considered by models employing
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the Brownian shape-motion approach (BSM) in a mul-
tidimensional configuration space [18–21] that can take
into account the dynamical effects such as dissipation
and configuration changes during the descent towards
scission. However, the interplay between the dynamics
and the thermalization process is yet to be explored in a
comprehensive manner [4, 22].

While some attempts have been made to include OES
within the BSM formalism [23, 24], the Brownian dynam-
ics on macroscopic-microscopic PESs overestimates [18]
the widths of fission yields for very heavy systems. Pre-
dictions of fission-fragment yields [25, 26] and character-
istics of fission pathways [27, 28] in selected nuclei have
been also obtained using self-consistent time-dependent
approaches such as the time-dependent density func-
tional theory (DFT) or the time-dependent generator
coordinate method (TDGCM) [29–31]. Such calcula-
tions properly account for shell effects but have limita-
tions when it comes to the treatment of dissipative dy-
namics and associated fluctuations. Even though within
these models the OES could be obtained by means of
the particle-number projection [32–34], recent TDGCM
calculations illustrate the difficulties in reproducing the
experimental OES in charge yields [35].

In this study, we predict nuclear fission-fragment yield
distributions using an extension of a recently developed
framework [36] that combines microscopic input obtained
with nuclear DFT with a simple statistical model rooted
in a microcanonical ensemble. We demonstrate that such
a hybrid approach, well-suited for large-scale calculations
involving hundreds of nuclei, can consistently explain the
experimental data for a wide range of fissioning nuclei
and make predictions for unknown systems.

II. FORMALISM

Fission fragment distributions are obtained in this
study by extending the methodology described in
Ref. [36], which we briefly summarize in the following.
We recall that contrary to most of the approaches to
fission-fragment yields, which rely on the choice of near-
scission configurations, the predictions of our model are
based on pre-scission configurations, which are less sen-
sitive to the dimension of the collective space. More-
over, as nucleonic localizations suggest [11, 37], apart
from the neck region, microscopic arrangement of nucle-
ons in prefragments quickly stabilizes after reaching the
pre-scission configuration. Therefore, the subsequent dy-
namics in the configuration space may become less crit-
ical for deciding the population of different fragments,
and a redistribution of neck nucleons based on statistical
phase-space arguments seems to be sufficient to deter-
mine the final fragment distribution [36]. The complete
energy evolution of a fissioning system along the primary
fission degree of freedom is shown schematically in Fig. 1.

The first step in the estimation of the fission yields
is the calculation of the PES, which in our study is ob-
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FIG. 1. Schematic representation of energy sharing and their
evolution along the fission pathway for spontaneous fission
(adapted from Ref. [38]). In thermal fission, the excess en-
ergy (∼ 6 MeV) is shared among the pre-scission collective ki-
netic energy of the fragments Epresc and the residual thermal
energy Er. EC and Edef are the Coulomb and deformation
energies, respectively, and TKE is the total kinetic energy of
the fragments. See text for details.

tained by constraining the mass quadrupole moment Q20

and the mass octupole moment Q30. These two collective
coordinates are sufficient for the fission-yield identifica-
tion [39]. For spontaneous fission (SF), the PES is com-
puted at zero temperature while for induced fission it is
obtained by constraining the temperature to the excita-
tion energy of the compound system. To this end, we use
the finite-temperature approach of Ref. [40] and solve the
temperature-dependent Hartree-Fock-Bogoliubov equa-
tions by employing the DFT solver HFODD [41]. The
weak sensitivity of yields distributions to the choice of en-
ergy density functionals has been established in our previ-
ous work [36]. Here we consider the Skyrme parametriza-
tion SkM∗ [42] in the particle-hole channel. In the pairing
channel, we take the mixed-type density-dependent delta
interaction [43].

For SF, the most probable fission path is obtained
by minimizing the collective action integral in a two-
dimensional collective space. The action integral can be
written as

S(L) =
1

~2

∫ sout

sin

√
2Meff(s) [V (s)− E0] ds , (1)

where Meff(s) is the collective inertia, V (s) the poten-
tial energy, and E0 represents the collective ground-state
energy. Here, ds is the element of length along the collec-
tive path L(s) with sin and sout being the inner and outer
turning points, respectively. Although the SF half-life is
very sensitive to the choice of Meff and E0, a constant
Meff given by its ground-state value works reasonably
well for the present purpose (see Fig. 3(d) in [36]) and
any value of E0 in the range of 0–1 MeV hardly affects the
configuration at sout, which is selected as the pre-scission
configuration for subsequent calculations.
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Induced fission can be viewed as a diffusive process tak-
ing place above the collective potential barrier. In this
case, we extract the minimum-potential path by joining
the local minima starting from the lowest-energy config-
uration. On this path, we identify the pre-scission con-
figuration by matching the potential energy outside the
barrier region with that of the lowest-energy configura-
tion.

Once the pre-scission configuration has been found,
the proton and neutron numbers of the fission prefrag-
ments and their deformations for this configuration are
identified by means of the nucleon localization function
(NLF) [11, 37]. The remaining nucleons, which belong
to the neck connecting the prefragments, are then dis-
tributed among the two prefragments according to the
microcanonical probability describing the population of
the final fragments [44, 45]:

P (A1, A2) ∝

√√√√( (A1A2)8(
A

5/3
1 +A

5/3
2

)3
(A1+A2)3

)
a1a2

(a1+a2)5

×
(

1− 1

2
√

(a1+a2)Er

)
E

9/4
r exp

{
2
√

(a1 + a2)Er

}
,(2)

where ai = Ai/10 MeV−1 is the level density parame-
ter of fragment (Ai, Zi), with i = 1 or 2, or L(ight) or
H(eavy). Modified forms of Eq. (2) have also been pro-
posed [46], but the resulting fragment distributions are
found to be practically indistinguishable from the results
presented in this work. As shown in Fig. 1, the residual
thermal energy of each fragment combination is

Er = Et −
{
EL
b + EH

b + EC + Epresc

}
. (3)

In the above expression, Et is the energy of the fission-
ing nucleus extracted from the pre-scission configura-
tion, EC(βL, βH) is the electrostatic repulsion between
the fragments characterized by deformations βL, βH, and
Eib(β

i) is the binding energy of the fragment i, having
deformation βi, estimated from the deformed liquid drop
model (LDM) [47] that properly describes the bulk prop-
erties of a nucleus. We shall point out that we explicitly
avoid the microscopic calculations of Eib(βi) in order to
preserve the most favored configurations predicted by the
microscopically-defined prefragments which are driven by
combined effort of deformed shell effects and collective
dynamics. The importance of this choice is discussed in
Sec. III. In this respect, we emphasize that our model
is distinct from SPM where accurate binding energies of
the fragments at their ground states are used to estimate
Er. In our approach, we employ Eq. (2) to get the dis-
tribution of neck nucleons comprising of only ∼10% [36]
of the total nuclear mass. The configuration space of our
model is thus given by all the possible combination of the
neck nucleons complementing the two prefragments.

As shown in Fig. 1, fragment deformations at scis-
sion are assumed to be the same as prefragment defor-
mations, since prefragments contain the majority of nu-
cleons that are stabilized by shell effects. Further, ac-

cording to the construction of prefragments, axially sym-
metric quadrupole deformation (β ≡ β2) is most impor-
tant. Consequently, we incorporated quadrupole defor-
mations of light and heavy fragments in EC(βL

2 , β
H
2 ) as

given in [48], Eq. (13). The Coulomb and surface terms
in Eib(β

i
2) are also corrected for shape deformations βi2.

We found that βH,L
2 . 0.1 for all the prefragments consid-

ered in the present work and in [36]. Further, as demon-
strated in Sec. III, yield distributions are insensitive to

prefragment deformations for such small values of βH,L
2

and, therefore, one can safely assume βL
2 = βH

2 = 0. Nev-

ertheless, our model can take care of non-zero βH,L
2 .

The term Epresc in Eq. (3) represents the pre-scission
collective kinetic energy of the fragments. In low-
energy fission, this quantity can vary in a range of 0–
20 MeV [38] resulting an uncertainty in Er. Further-
more, within an ensemble, Er for different events fluctu-
ate by ∼ 10 MeV [38] due to dissipative energy trans-
fer from Epresc. Finally, since Et and Eib in Eq. (3)
are obtained from two different prescriptions, Er is re-
quired to be scaled such as the upper limit matches the
typical maximum excitation energy of fission fragments
Emax
r = 40 MeV [38], measured in low-energy fission. As

shown in Sec. III, we find that fission and charge yields
predicted by our model are virtually insensitive to Er
within a large range of values.

In order to account for odd-even effects, we augmented
the LDM expression by the smooth pairing term of
Ref. [49]:

∆̃ =
c

Aαi
, (4)

with α = 0.31 and c = 4.66 (4.31) for neutron (protons).
This term increases the binding energy of even-even nu-
clei with respect to their odd-A neighbors.

Subsequently, we consider the neutron evaporation
from primary fragments. A microscopic handling of the
neutron multiplicity of fission fragments is a daunting
task [4]. First, it is unclear whether the excitation en-
ergy partitioning occurs in a condition of thermal equi-
librium. Second, the deexcitation of the nascent frag-
ments is driven by the competition between different de-
cay channels including neutron emission, electromagnetic
radiation, and beta decay. In the present work, we simply
assume that the neutron emission is statistical in nature,
and that the total excitation energy of the fragments is
distributed uniformly among all degrees of freedom. In
our simulations, each excited fragment is allowed to emit
neutrons until its excitation energy falls below the neu-
tron emission threshold given by the neutron separation
energy Sn. After each neutron emission, the excitation
energy is adjusted to E′r = Er − Sn − En, where En is
the average kinetic energy of the emitted neutron.

Following the standard procedure [21, 50], the mass
distributions are convoluted using a Gaussian smoothing
function with a width σ = 3. For charge distributions,
odd and even atomic numbers are first convoluted sepa-
rately with a Gaussian function (σ = 2), and then the full
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TABLE I. Comparison between global models of fission-
fragment distributions.

Feature This work BSM SPM

Odd-even staggering 3 3 3

Dynamics 3 3 7

Microscopic PES 3 7 3

Total kinetic energy 7 3 3

Spontaneous fission 3 7 3

Induced fission 3 3 3

Scission config. essential 7 3 3

distribution is convoluted with another Gaussian func-
tion (σ = 0.5). This procedure preserves the OES while
reproducing the width of experimental charge distribu-
tions. We wish to emphasize that all parameters of our
model are fixed globally, i.e., no adjustments are needed
when making predictions for individual nuclei.

In Table I we briefly compare the basic features of our
model with those of SPM and BSM approaches that have
been employed in large-scale systematic calculations of
fission-fragment distributions. While several implemen-
tations of these frameworks exist, the benchmark results
presented in this paper correspond to the recent state-
of-the-art global calculations: a modified version of the
Scission-Point Yield 2 (SPY2) model [51] and the BSM
model of Ref. [18]. (The BSM predictions for the OES
and the total kinetic energy are not included in the sur-
vey of Ref. [18].)

III. RESULTS

A. Model validation and sensitivity tests

We first justify our proposition on the use of LDM in
estimating the fragment binding energies Eib. Fragment
yields of two well-known fission reactions are shown in
Fig. 2, where ground-state binding energies of the frag-
ments are used in Eq. (3) instead of the LDM values.
Calculations are performed for two different mass tables:
the SkM∗ mass table [52] and the experimental AME2020
atomic mass evaluation [54]. Both mass tables result in
an OES in charge yields but both variants underestimate
the measured mass asymmetries and widths of the mass
distributions. This is due to the presence of ground-state
shell effects in the mass tables, which gives rise to the
overestimation of the shell effects. As already mentioned,
the shell structure of the fragments is decided dynami-
cally in the prefragments, restricting the configuration
space in the statistical treatment. Therefore, ground-
state shell corrections counteract the deformed shell ef-
fects driving the prefragment localization and shift the
peak’s location towards more symmetric configurations.
From this observation, we conclude that our prescription
can be viewed as a phenomenological ansatz that has

FIG. 2. Calculated mass (left panels) and charge (right pan-
els) distributions of fission fragments using the model de-
scribed in this study (dark bands), the SkM∗ mass table (light
band), and AME2020 experimental masses (blue pattern).
Experimental yields are marked by circles [6, 53]. Widths in
the calculated results come from two-particle uncertainty [36].
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FIG. 3. 239Pu(nth, f) mass (left panels) and charge (right
panels) fission fragment distributions calculated using the
model described in this study for different values of heavy
fragment (βH

2 ) and light fragment (βL
2 ) deformations. These

are obtained without two-particle uncertainties.

been justified a posteriori.
As mentioned in Sec. II, we found that βi2 for all the

prefragments calculated in this work are small. Never-
theless, to test the robustness of our model, we plot the
yield distributions in Fig. 3 for a wide variation of βL

2 .
Here we consider lower values for βH

2 as the heavy pre-
fragment is usually close to the doubly-magic 132Sn for
the chosen nucleus [11]. Evidently, corrections to yields
due to shape deformations are small compared to the
two-particle uncertainty defined in [36] and also shown
in Fig. 2 for the same system.

The sensitivity of our results to Emax
r is presented in
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FIG. 4. Calculated mass (left panels) and charge (right
panels) fission fragment distributions using our model for
Emax

r = 20 MeV (solid blue band), 30 MeV (horizontal pat-
tern), and 40 MeV (vertical pattern). Experimental yields
are marked by circles [6, 53].

Fig. 4, where yield distributions are calculated for three
different values of Emax

r covering a broad range of pos-
sible residual energy. The charge yield distributions are
found to be indistinguishable for this range of Emax

r , and
mass yields shift marginally toward lower masses due to
neutron evaporation (see also discussion below). This
demonstrates that, within a reasonable range, our results
are insensitive to Emax

r .

We should mention here that the microscopic and dy-
namical effects are accounted for during the process of se-
lecting the pre-scission configuration and in defining the
prefragments using NLFs. Our methodology can thus be
viewed as a hybrid method where a microscopic technique
is applied in conjunction with a statistical ansatz in two
different domains of the configuration space. This tech-
nique is quite robust even for systems where a prominent
neck does not appear. Such a scenario may be at play for
a highly fissile system such as 264Fm, as it is shown by
the neutron and proton localization functions shown in
Figs. 5(a) and 5(b), respectively. Although in this case
a neck is not developed at the pre-scission configuration,
we find that the prefragments have well-defined centers
at N/Z = 49/78, which allows for a proper identifica-
tion of the proton and neutron number of fission pre-
fragments [37]. Interestingly, the calculated charge dis-
tribution for 264Fm shown in Fig. 5(d) is strongly peaked
around Z = 50 and exhibits no OES. This is because the
prefragments strongly favor the symmetric fission into
two doubly-magic 132Sn fragments; hence the number of
neck nucleons available for redistribution (2 protons and
8 neutrons) is limited.

In order to asses the robustness of the neutron evapo-
ration scheme adopted here, Fig. 6 shows the calculated
total neutron multiplicities (νtot) for different fissioning
systems as a function of Emax

r . As expected, νtot in-
creases with Emax

r , in agreement with experimental find-
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FIG. 5. Fission properties of 264Fm. Nucleon localization
functions for neutrons (a) and protons (b) calculated at the
pre-scission configuration. Dashed lines mark the prefragment
centers. The predicted mass and charge fragment distribu-
tions are shown in panels (c) and (d), respectively.

ings. However, as demonstrated in Fig. 4, yield distri-
butions are not sensitive to Emax

r within the range sug-
gested by experimental νtot. For neutron-induced fission,
we compare our predicted νtot values with the results ob-
tained from two different prescriptions: the TALYS 1.95
code [55] that employs the traditional Hauser-Feshbach
formalism and the GEF fission yields model [56]. As
shown in Fig. 6, we find that our model and TALYS
agree within the Emax

r range suggested by experimental
νtot.

B. OES in fission fragment yields

After validating our model with respect to possible
variations in the model inputs, we now focus on the OES
effect incorporated according to Eq. (4). Figure 7 shows
the mass and charge yields for selected nuclei. Both the
mass and charge yields are measured for these nuclei at
low excitation energies (thermal and spontaneous fission)
where OES is expected to be most prominent. Modifica-
tions due the variations of the pairing term (4) and the
effect of the neutron evaporation are discussed in Sec-
tion III C. Broadening in the distributions of Fig. 7 is
associated with the two-particle uncertainty [36]. In gen-
eral, the agreement of our mass and charge distributions
with experiment is quite satisfactory: the experimental
peak locations and distribution widths are reproduced,
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FIG. 6. Total neutron multiplicities νtot for different fis-
sioning systems as a function of Emax

r . Dashed and dash-
dotted lines are νtot obtained from the TALYS code [55] for
Enth = 1 eV using the Hauser-Feshbach formalism and the
GEF fission yields model [56], respectively. The values of
Emax

r corresponding to measured values of νtot [57] are indi-
cated by arrows.

and so is the OES in charge yields in most of the nu-
clei considered. We recall that in our model the physical
mechanisms responsible for these three observables are
very different. Namely, the peak position is mainly af-
fected by microscopic shell effects [27, 64]; the width of
the distribution is driven by stochastic dynamics [21];
and the OES in charge distributions can be understood
in terms of the statistical formation of fragments with an
odd number of protons being hindered by pairing corre-
lations. We notice that somehow larger discrepancies are
found for systems that exhibit asymmetries between light
and heavy charge distributions, with the light fragment
charge being overestimated. This result may suggest the
occurrence of beta decay in light fragments that has not
been accounted for by our model. However, more de-
tailed and accurate experimental data are needed in or-
der to draw firm conclusions since in some cases, such as
254Fm, different experimental results are not consistent.

Left panels of Fig. 7 show that the OES is absent in
experimental mass distributions. This quenching can be
related to two distinct effects. First, averaging over con-
tributions from different isotopes and isobars suppresses
OES. We verified this in the mass distributions of pri-
mary fragments. The secondary mass distributions are
further smoothed out due to neutron evaporation from
excited fission fragments (see discussion in Section III C).
For completeness, Fig. 7 shows comparison with the
BSM [18] and SPM [51] predictions. As mentioned above,
the BSM method accounts for the dissipative effects re-
quired to properly describe widths of the fission fragment
distributions. The absence of OES in charge-yield distri-
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FIG. 7. Calculated secondary (post-neutron emission) mass
(left panels) and charge (right panels) fission fragment dis-
tributions using our model (blue bands), the BSM [18] (gray
dashed lines), and the SPM [51] (black dashed lines) models.
Red (circle) and blue (triangle) symbols show experimental
data: (a)-(b) [6]; (c)-(d) [53]; (e) [58], (f) [59]; (g)-(h) [60];
(i)-(j) [61, 62]; (k)-(l) [63]; (m)-(n) [60] (Only light-fragment
data are available for (a)-(f)).

butions predicted by BSM is not surprising. Indeed, this
model lacks the pair-braking mechanism and the charge
yields are obtained by simply rescaling the mass yields.
While this limitation can be circumvented by either intro-
ducing charge asymmetry as an additional degree of free-
dom [23] or by means of particle number projection [24],
such extensions have not yet been used in large-scale cal-
culations. The SPM calculations reproduce the experi-
mental OES in the charge yields of lighter actinides, but
the agreement gets worse for fermium isotopes.

The odd-even differences in charge yield are sensitive to
the average pairing energy ∆̃. It can be characterized in
terms of the odd-even difference δY ≡ (Ye−Yo)/(Ye+Yo)
[65], where Ye (Yo) is the total yield of even-Z (odd-Z)
fragments. The quantity δY is very sensitive to the par-
ing strength and it is expected to decrease exponentially
with the Coulomb parameter Z2/A1/3 of the fissioning
system. We calculated δY for α = 0.31 in Eq. (4) and
two other values (0.41 and 0.51) as well. The correspond-
ing yields are compared with the experimental data in
Fig. 8. Evidently, δY is broad due to the two-particle
uncertainty. Although α = 0.41 seems to agree better
with the experimental δY , a larger data set with wide
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variations of Z2/A1/3 is needed to fine-tune the average
pairing energy. In the present work, we therefore stick to
the original value α = 0.31 [49]. We should also mention
here that δY does not uniquely determine the quality of
a model. For example, δY from the SPM are close to the
experimental δY for 251Cf(nth, f) and 255Fm(nth, f) even
though the corresponding charge-yield distributions are
quite distinct (see Fig. 7).

Besides mass and charge distributions, different char-
acterizations of the fragment yields can be found in the
literature. To further assess the precision and accuracy
of our model, we present some complementary results for
mass and charge yields. Figure 9 shows the predicted
239Pu(nth, f) fragment distribution in the N -Z plane,
where the OES in charge yields is clearly visible. We find
that the distribution predicted by our model is broader
along the N -axis compared to the recent macroscopic-
microscopic calculations [66]. Another useful quantity is
the charge polarization of fragments measured in terms
of 〈Z〉 − ZUCD, where ZUCD is the isospin-unchanged
charge distribution [67]. Calculated charge polarization
of 235U(nth, f) heavy fragments is compared with the ex-
perimental data in Fig. 10. Except for the most asym-
metric configurations with very small yields, we find good
overall agreement with experiment. Moreover, our pre-
dictions are closer to the measured data compared to the
SPM and BSM results. In case of BSM, the magnitude
of charge polarization is virtually zero since charge distri-
butions are obtained by rescaling the mass yields, which
is equivalent to the expression of charge yields given by
the unchanged charge density ZUCD.

FIG. 9. Distribution of heavy fragments in the N -Z plane
calculated in our model.
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FIG. 10. Predicted charge polarization of 235U(nth, f) heavy
fragment from our model (solid line), BSM model (dashed
line), and SPM (dash dotted line). Open circles show experi-
mental data [6].

C. Impact of neutron evaporation on OES

The absence of OES in experimental mass yields of
secondary fission fragments can be traced back to neu-
tron evaporation from the excited fission fragments [68]
in which nucleonic pairing is quenched because of ther-
mal excitations [69, 70]. To analyze this effect, we study
the impact of neutron evaporation on different isotopes
of fission fragments. Figure 11 shows the isotopic frag-
ment yields of 240Pu predicted by our model and com-
pares them to experiment [68]. Interestingly, OES sur-
vives in the secondary isotopic mass distributions when
the fluctuations due to dissipative effects are neglected,
i.e., when a fixed value of Er is assumed for a particular
mode of fragmentation (here we took Emax

r = 32 MeV re-
producing the experimental neutron multiplicity). How-
ever, as explained in Sec. II, Epresc and Er are expected
to fluctuate due to the presence of dissipative energy
transfer. This is supported by the experimental finding
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FIG. 11. Partial fragment yields for fission of 240Pu induced
by thermal neutrons, 239Pu(nth,f), for different fragment iso-
topes. Secondary (following neutron evaporation) yields cal-
culated for a single Emax

r = 32 MeV (light gray lines and
horizontal patterns), average 〈Emax

r 〉 = 32 MeV (gray lines
and vertical patterns), and subsequent Gaussian convolution
with σ = 1 (black lines and bands) are compared with exper-
imental data (symbols) [68].

that the TKE per fragment mass shows a 15 − 30 MeV
variation [68, 71], suggesting a spread in EC + Epresc

which in turn results in a fluctuation of Er (see also
Eq. (3) and Fig. 1). To take this effect into account,
we computed the fission fragments assuming a spread in
Emax
r of 8 MeV (in accordance with the energy fluctua-

tion caused by fluctuation-dissipation of collective kinetic
energy [38]). As illustrated in Fig. 11, in the average
secondary mass yields corresponding to Emax

r =28, 32,
and 36 MeV, the OES is reduced considerably, improv-
ing the agreement with experimental data. In general,
yield patterns should shift toward lower masses with in-
creasing Emax

r since larger excitation energy facilitates
neutron evaporation (see Fig. 6). However this mecha-
nism strongly depends on the relative difference between
Er and Sn, which must be positive in order to allow for
neutron emission. We shall mention that, even though
our simple procedure results in a reasonable description
of secondary isotopic fission fragments, more precise cal-
culations may be in order to obtain a better agreement
with experiment. For completeness, we show in Fig. 11
that a Gaussian smoothing of the averaged results with
σ = 1 reproduces the experimental yields, thus establish-
ing a more appropriate way to incorporate fluctuations.

Finally, Fig. 12 illustrates the interplay between pair-
ing and neutron evaporation. As expected, secondary
fragment-mass yields following neutron evaporation are
shifted towards lower masses. Also, no OES is observed
in the charge yields if the pairing term (4) is absent.
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dashed lines) the pairing term, and secondary yields (dash-
dotted lines) are obtained with the pairing term.

D. OES in exotic nuclei

We conclude this study by computing the fragment
charge distributions of three exotic systems: the r -
process nuclei 254

94Pu and 290
100Fm [72, 73], and the su-

perheavy system 294
118Og. Figure 13 shows the fragment

charge distributions predicted for these three nuclei com-
pared with our earlier results where OES effects have
been neglected [36], and with the results of BSM [18]
and SPM [51] models. While both our model and BSM
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294Og obtained in this work (blue bands) and predicted in
Ref. [36] by neglecting OES (red dashed bands). Predictions
of BSM [18] and SPM [51] models are shown by dashed and
dash-dotted lines, respectively.
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predict a broad asymmetric distribution for 254Pu, SPM
yields a rather narrow distribution with sharp maxima.
We notice that the emergence of OES in our model has
some impact on the charge distributions of 290Fm and
294Og. Namely, in the case of 290Fm, the probability of
a symmetric split into two tin isotopes is increased by
∼10%. This results in a narrowing of the width, thus
increasing the discrepancy between our prediction and
the broad distribution obtained with the BSM model.
Interestingly, SPM predicts asymmetric distribution for
290Fm.

For 294Og, microscopic models [39, 74] predict highly
asymmetric fission, or cluster emission, with a heavy
fragment near the doubly magic 208Pb. Such a mode
is clearly seen in our calculations. Again, the appearance
of the OES results in a shift towards more asymmetric
configurations resulting in a charge distribution centered
around Rn isotopes for the heavy fragments. The BSM
and SPM predictions are strikingly different. Clearly, ex-
perimental search for a cluster emission from 294Og would
be of great value.

IV. CONCLUSIONS

We have developed a microscopic-statistical model of
charge and mass fission-yield distributions. The pro-
posed hybrid approach contains no parameters adjusted
to fission-fragment data for individual nuclei. Our pre-
dictions of OES in charge yields explain measured values

for a wide range of fissioning nuclei, as well as experi-
mental data on widths and peak positions of the fission
fragment distributions. This encouraging result supports
our assumption that that microscopic rearrangements of
nucleons into prefragments occur well before scission, and
the subsequent dynamics is mainly driven by the thermal
excitations and bulk features of the nuclear binding.

We explored the impact of neutron evaporation on
quenching of the OES observed in mass distributions,
and found that experimental results can be reproduced
assuming a simple emission scheme. Finally, we studied
the fission fragment distributions of exotic nuclei, and
show that the OES can impact the charge yields of such
systems. The application of our model to large-scale sim-
ulations of r -process nucleosynthesis is in progress.
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[66] C. Schmitt and P. Möller, “On the isotopic composition
of fission fragments,” Phys. Lett. B 812, 136017 (2021).

[67] M. R. Iyer and A. K. Ganguly, “Nuclear charge distri-
bution in fission fragments,” Phys. Rev. C 3, 785–797
(1971).

[68] C. Schmitt, A. Guessous, J. Bocquet, H.-G. Clerc,
R. Brissot, D. Engelhardt, H. Faust, F. Gönnenwein,
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