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We investigate the angular momentum removal from fission fragments (FFs) through neutron and γ-ray
emission, finding that about half the neutrons are emitted with angular momenta ≥ 1.5ℏ and that the change
in angular momentum after the emission of neutrons and statistical γ rays is significant, contradicting usual
assumptions. Per fission event, in our simulations, the neutron and statistical γ-ray emissions change the
spin of the fragment by 3.5 − 5ℏ, with a large standard deviation comparable to the average value. Such
wide angular momentum removal distributions can hide any underlying correlations in the fission fragment
initial spin values. Within our model, we reproduce data on spin measurements from discrete transitions
after neutron emissions, especially in the case of light FFs. The agreement further improves for the heavy
fragments if one removes from the analysis the events that would produce isomeric states. Finally, we show
that while in our model the initial FF spins do not follow a sawtoothlike behavior observed in recent
measurements, the average FF spin computed after neutron and statistical γ emissions exhibits a shape that
resembles a sawtooth. This suggests that the average FF spin measured after statistical emissions is not
necessarily connected with the scission mechanism as previously implied.
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The angular momenta of fission fragments (FFs) have
been the object of old and renewed experimental and
theoretical investigations [1–20]. Complete theoretical
modeling of the fission reaction from the formation of
the compound nucleus to its splitting into two fragments
and the emission of prompt neutrons and γ rays is
complicated given the timescales involved in the process
and the staggering number of degrees of freedom. In
practice, we usually use one type of model for the initial
dynamics from compound nucleus to scission and shortly
after, and another type to simulate the decay of FFs, with
the goal of combining the information in order to provide a
unified description of the reaction products that can later be
used in various applications.
Experimentally, the information about the FF spins is

usually inferred from measurements of properties of γ rays
emitted as the FF decays towards the ground or an isomeric
state [7,17]. As the timescales (∼10−18 s) for the prompt
neutron emission are governed by the nuclear interactions,
the measurement of the FF properties before neutron
emission is not possible. Hence, in order to extract such
information, one needs to correct for the neutron emission,
and for the emission of statistical γ rays, which is always a
very difficult task and possibly model dependent. Thus, a
more accurate characterization of such experimental mea-
surements of FF spins is that they provide on average only a
lower bound of spin values. However, it is worth noting that
while on average we find that the spin decreases with

neutron and γ-ray emissions, in some rare fission events the
FF spin can also increase because of angular momentum
coupling.
The common lore among theorists and experimentalists

alike is that the statistical neutron emission, on average,
does not significantly change the FF spin. Hence, up to a
small correction, the FF average spin inferred from meas-
uring the properties of the emitted γ rays is a good
approximation of the initial FF spin. By drawing conclu-
sions about the spin correlations at scission via measure-
ments of the FF spin after neutron emissions, without
proper simulations of angular momentum removal, the
same indirect assumption is made, that the neutron evapo-
ration from FFs does not affect such correlations. In the
following, we show that this is not the case.
In this Letter, we investigate the angular momentum

removal by the neutrons and statistical γ rays emitted from
FFs using the Los Alamos developed codes CGMF [21] and
BeoH, both based on the Hauser-Feshbach fission fragment
decay (HF3D) model [22,23], and compare the results
against recent experimental data. In these codes, the FFs
are treated as compound nuclei that deexcite via neutron
and γ-ray emission. The full competition between neutron
and γ emissions is taken into account in a Hauser-Feshbach
statistical framework [24]. We find that we can reproduce
the trends observed in recent angular momentum data by
Wilson et al. [17] for quite a few FFs. Where the agreement
is less satisfactory, we investigate possible issues. We note
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that while we have used the published version of the
Monte Carlo code CGMF [21] for the analysis presented in
this Letter, we have updated the discrete-level file to
include additional rotational levels that are essential to
the current analysis. Thus, even though we have tried to
better inform the calculations, our results can be impacted
to some degree by the incomplete knowledge of the nuclear
structure included in the RIPL [25] database. In a recent
publication, it was shown that including such high-spin
states improves the description of the prompt fission
neutron spectrum [26].
We first direct our attention to the change in spin of the

FFs caused by each neutron emission. However, before
getting to our results, we take a brief detour to discuss
neutron emission at low energies. One of the assumptions
made in a recent experimental study [17] is that neutrons
are emitted overwhelmingly as s waves. Based on the
known shape of the prompt fission neutrons spectrum in the
center of mass (c.m.), it is reasonable to assume that most of
the neutrons are emitted with energies around 1 MeV.
Hence, one might expect that indeed that higher partial
waves are suppressed. In the Supplemental Material [27],
we illustrate for two representative FFs at different initial
excitation energies how the competition between different
relative angular momenta evolves as a function of outgoing
neutron energy, finding that in a significant number of
events it is more likely to emit p-wave and higher neutrons.
One should also note that even for low-energy reactions,
several partial waves can compete with swaves at relatively
low energies, well below 1 MeV incoming neutron ener-
gies. In the Supplemental Material [27] we illustrate this
fact by plotting the transmission coefficients for neutrons
incoming on 95Sr and 139Xe targets, forming 96Sr and 140Xe
compound nuclei. The p-wave strength function peaks in
the mass 90–100 region [28], often called illustratively as
the nuclear Ramsauer effect [29], which implies the
importance of higher partial waves for the light FF even
at low neutron energies as a consequence of quantum
effects. The optical potential model incorporates such
effects automatically.
Defining the spin removed by the neutron jrm as the

difference between initial and final spins of the states
involved in the emission of a single neutron, we find that
the average spin removed is greater than 1ℏ, as shown in the
summary Table I for all reactions investigated in this Letter.
A smaller but significant fraction of the neutrons is emitted
with at least 3.5ℏ angular momentum. In addition, about
25% of the neutron emissions cause an increase of the
angular momentum after emission (see Sec. II in the
Supplemental Material [27]), in contrast with assumptions
of equiprobable decrease and increase of spin by single
neutron emission [17]. These results are further illustrated
in Fig. 3 in the Supplemental Material [27], where we show
the probability to change the angular momentum in the
light and heavy FFs as a function of the c.m. energy of the

emitted neutron. The f-wave neutrons do not appear to
have such a high probability in Fig. 3 of the Supplemental
Material [27] because of the centrifugal barrier at those
energies. The overall tendency to decrease rather than
increase the angular momentum by neutron (and γ)
emission is a consequence of the level densities in the
residual compound nucleus, which increase with the
decrease in the spin of the final state as the energy is
released. We found that the average of the angular
momentum removed by the first neutron is slightly smaller
than the following ones, consequence again of the behavior
of level densities with the excitation energies in the residual
nucleus. Details are presented in Table I of the
Supplemental Material [27].
The analysis is incomplete if we just consider the change

in angular momentum after one neutron emission. It is
possible that after a second neutron is emitted from the
same fragment during the same fission event, the overall
change in the angular momentum becomes very small.
However, this is not the case in our model, as illustrated in
the upper half of Table II, where we present the average
change in the FF spin and the change in the absolute value
of the FF spin after all neutrons have been emitted for the
four reactions considered in this Letter. The wide proba-
bility distribution for removing angular momenta in fission
events by neutron emissions only is shown in Fig. 1. The
change in spin is about 1.8ℏ and higher with a significant
standard deviation of 2ℏ and higher, depending on the
reaction. This is at odds with modeling in FREYA [20] and
the assumptions in Ref. [17].
For a complete analysis, we also need to consider the γ-

ray emission. The lower part of Table II shows the average
and standard deviation of the change in spin and absolute
value of the spin after both neutrons and statistical γ rays
have been emitted, i.e., until the decay reaches the first
discrete transition in the FF. Overall, the average angular
momentum removed is rather large, between 3.5ℏ and 5ℏ,

TABLE I. The average angular momentum hjrmi ¼ jini − jfin
(in ℏ units) removed by each prompt neutron, and its standard
deviation, Δjrm, for 235Uðnth; fÞ and 239Puðnth; fÞ,
238Uðn1.9 MeV; fÞ, and 252CfðsfÞ reactions, and the percentage
of neutrons that remove an angular momentum larger or equal to 3

2

and 7
2
, respectively. Only about 25% of the neutrons remove 1

2
.

“Removed” angular momentum smaller than zero means that the
neutron emission increases the FF angular momentum, using the
Koning-Delaroche optical potential [30].

jrm

Reaction hjrmi Δjrm < 0 (%) ≥ 1.5 (%) ≥ 3.5 (%)

235Uðnth; fÞ 1.33 1.97 22.2 51.7 14.5
238Uðn1.9 MeV; fÞ 1.34 1.93 21.5 52.5 14.5
239Puðnth; fÞ 1.23 1.91 23.5 49.9 12.8
252CfðsfÞ 1.13 1.71 23.7 49.2 11.1
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depending on the reaction, with the standard deviations
comparable with the average. We expect the characteristics
of these distributions to be robust and survive a more
thorough sensitivity analysis [22].
In order to make a one-to-one comparison between

experiment and theory, we need to cast the main procedure
of extracting the spin within the language of our
Monte Carlo implementation. The side feeding used in
the measurements is defined as the difference between the
intensity of transitions going into a level and the intensity of
transitions going out of the level. In an event-by-event
theoretical framework, the side feeding is nonzero only at a
long-lived isomer, at the ground state, and at the highest
energy levels where the discrete-to-discrete transitions start
in a decay event. According to Ref. [17] one can neglect the
isomeric states as their contribution is small, even though
we found otherwise as shown below. The simulations are
complete as long as the information about the discrete level

properties including spin assignment and branching ratios
are complete. If we denote by J̃D the spin of the (highly
excited) discrete level where the first discrete-to-discrete γ-
ray transition occurs, the average FF angular momentum
after neutron and statistical γ-ray emissions is

hJi ¼ C̃
X

i

ÑiJ̃Di ; ð1Þ

where the sum runs over the all events producing the
chosen FF after neutron emission and Ñi is the number of
times the particular state i, with spin J̃Di , is reached first
during the simulation (C̃ ¼ 1=

P
i Ñi). Because our aver-

age spins are calculated at the first discrete state, to better
compare with the data of Wilson et al. [17], we add 1ℏ to
the values given by Eq. (1), which is the value they claim is
reasonable to correct for statistical neutron and γ-ray
emission. In Ref. [7], a statistical model has been employed
to account for both neutron and statistical γ-ray angular
momentum removal, but no details on the size of the
corrections are given. With this definition, we find that our
results, based on Eq. (1) and marked by green circles in
Fig. 2, are in reasonable agreement with the experimental
data, especially for the light fragments.
We have also calculated the average spin of the FFs by

considering properties before neutron emission. Given that
the spin measurement is made after neutron emission, a
targeted mass AF will be produced by events with FF mass
A0 ¼ AF þ n, with n ≥ 0. Hence, the initial average spin
for measured FF with mass AF, marked in Fig. 2 by red
squares, is obtained by selecting all the events with A0 that
produce AF after neutron emission. This average is sig-
nificantly higher than the one based on Eq. (1), marked by
green circles in Fig. 2, and the main reason is that the
angular momentum removal by statistical emissions is
underestimated if a constant 1ℏ correction is applied, as
also noted in Ref. [19]. In Table II we report much higher
average values for the removed spin. However, as illus-
trated with green circles, the simulated average spin values
do show similar trends (except for nuclei in the neighbor-
hood of closed shell) as in the experimental data [17]. We
note that because 130;132Sn and 134Te have long-lived
isomeric states, some Monte Carlo cascades do not end
in a 2þ → 0þ transition as these very high-spin states do not
have time to decay in the time coincidence window of 10 ns
that we impose and is usual in these types of experiments.
Because experimentally one looks for the rotational band
transitions, we have eliminated all the events that do not
end in a 2þ → 0þ γ-ray transition. This leaves most of the
results in Fig. 2 unchanged, with the exception of 130;132Sn
and 134Te which now better reproduce the data. This result
also shows that while our initial FF average spin distribu-
tion that should be produced at scission exhibits no
sawtooth behavior, the resulting spins after statistical
neutron and γ emission can have that behavior as a

FIG. 1. Distribution of the total angular momentum removed
for light (filled circles), heavy (filled triangles) and all (filled
squares) FFs after all prompt neutrons have been emitted. The
properties of this wide distribution are listed in Table II.

TABLE II. The angular momentum removed (in ℏ units), δJ,
and it absolute value, δjJj, as well as their standard deviations,
after all neutrons have been emitted and after all neutrons and
statistical γ rays have been emitted.

Reaction δJ ΔδJ δjJj ΔδjJj

Neutron emission only
235Uðnth; fÞ 1.84 2.35 2.19 2.04
238Uðn1.9 MeV; fÞ 1.98 2.41 2.30 2.10
239Puðnth; fÞ 1.93 2.44 2.29 2.11
252CfðsfÞ 2.20 2.51 2.56 2.15

Neutron and statistical γ-ray emission
235Uðnth; fÞ 3.54 3.78 3.82 3.50
238Uðn1.9 MeV; fÞ 4.34 4.42 4.58 4.17
239Puðnth; fÞ 3.92 4.13 4.20 3.84
252CfðsfÞ 4.98 4.93 5.23 4.66

PHYSICAL REVIEW LETTERS 127, 222502 (2021)

222502-3



consequence of spin removal from the compound nuclei.
Thus, this explanation is in contrast with the geometrical
interpretation based on an ad hoc parametrization I 0ðAfÞ ¼
0.2I rigðAf; 0Þ þ 2½I rigðAf; ϵscÞ − I rigðAf; 0Þ� [20], the dis-
crepancy probably lies in the different modeling of neutron
and statistical γ emissions, including the treatment of the
angular emission by neutrons (classical in Ref. [20] vs fully
quantum mechanical in this work).
Even before the data in Ref. [17] were published, there

was evidence that in our statistical model the spins of the
heavy FFs are somewhat overestimated, especially for FFs
around closed shells. Microscopic calculations predict that
the average light FF has a larger angular momentum than its
heavy counterpart [18,19], especially in the neighborhood
of closed-shell configurations. However, even though the
authors of Ref. [17] expressed confidence about their

uncertainties, their method is also based heavily off of
yrast transitions. In the Sn region, the nuclei are either
spherical or weakly deformed, and hence the rotational
band is not very well defined. We have obtained average
spins results for the other reactions studied in this Letter,
but we present the results in the Supplemental Material
[27], since no experimental data are available in these
cases.
With the large change in angular momentum that occurs

during the neutron and statistical γ-ray emissions, it could
be difficult to extract correlations between nascent FFs
from measurement of spins after neutrons emission. As
noted in Ref. [20], even if the mechanism generates
fragments with strongly aligned spins, the resulting angular
momenta appear largely uncorrelated. In the HF3D model,
the average angular momenta are highly correlated, since
the cutoff parameter, which determines the spin distribu-
tion, depends on the excitation energy in each fragment
[14,31], and the excitation energies in turn are correlated
via energy conservation. However, because of the signifi-
cant width in excitation energy distribution in each FF, the
correlations in spin values are significantly diluted (corre-
lation coefficients∼� 0.01). Hence, in the HF3Dmodel the
spin fragments appear uncorrelated even though the mecha-
nism that generates the spins should produce highly
correlated average angular momenta. Even when looking
at the initial spin of the FFs, we see no correlation between
the heavy and the light spins.
Finally, there are other types of correlations that would

not be accessible by only measuring properties of FFs after
neutron (and part of γ) emission, in particular, the bending
and twisting modes theoretically conjectured in the 1960s
[1,5] and recently in microscopic calculations [18]. It is
also likely that the geometrical correlations found in
Refs. [18,32], namely, the FF spins are generated prior
to any emission at angles slightly higher than π=2, may also
translate into angular correlations between emitted par-
ticles. Since the equilibrated FFs emerge typically elon-
gated along the fission axis [33,34], in a simplified model
the neutron emission will be from the FF tips, where
the suppression due to the centrifugal barrier is minimal.
Thus, one might expect an enhancement of such angular
correlations.
We have investigated the angular momentum change

caused by the neutron and γ-ray emission from equilibrated
FFs during the evolution toward stable states, before
any β decay. We have shown that in the framework of
the HF3D model, the neutrons and statistical γ rays remove
a significant amount of angular momentum. Inevitably, in
any model that simulates such a complex phenomenon,
which involves several nuclei far from stability, some of the
systematics extracted from data involving stable or long-
lived isotopes will turn out to be less reliable. Microscopic
calculations can help, but currently they are neither precise
nor detailed enough to be directly used in calculations

FIG. 2. The average angular momentum of the primary FFs
producing select residuals with mass AF for (a) 252CfðsfÞ and
(b) 238Uðn1.9 MeV; fÞ. We compare the data by Wilson et al. [17]
with CGMF simulations. Three sets of results are presented for
CGMF: one obtained by averaging the initial spin of all the FFs
producing a targeted residual (squares), the second one by
applying Eq. (1) (circles), and the third one similar to the second
one, with an additional gate to allow only events with 2þ → 0þ as
the last γ transition in the cascade. For a more meaningful
comparison, we have added 1ℏ to the latter two CGMF results,
which is the correction applied in the experiment [17] to account
for the change in angular momentum during the statistical
neutron and γ emissions.
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without calibrations. Experimental data can help in cali-
brating the phenomenological models, and we found that
trends in recent [17] data agree reasonably well with our
approach based on the HF3D model. However, because the
FF spins immediately after scission cannot be directly
inferred from measurements before neutron emission, some
of the interpretations could be subject to model depend-
ence, if neutron emission corrections are treated in a
particular approach. This statement is not only valid for
angular momentum measurements, but also for other
physical observables that need to be corrected for neutron
and γ emissions. In particular we have shown that details in
computing the angular momentum removed by statistical
decays can produce a sawtoothlike behavior that does not
come from the mechanism of generating the angular
momentum at scission, and some aspects can be enhanced
by the presence of isomeric states.
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