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Quantification of spin alignment in fission by simultaneous treatment of γ

and conversion electron angular distributions
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The study of the angular momentum properties of fission fragments can shed light on the complex mechanisms
that characterize the fission process. One quantity that is of significant interest, and has not yet been studied
adequately, is the alignment of the fragments, which is the cause of anisotropy of the γ rays along the fission axis
and has been observed in various past and recent experiments. In this work, we have performed calculations using
the FIFRELIN code, in an attempt to quantify the alignment of the nuclear spins after neutron emission. Under the
statistical tensor formalism of angular distributions, the conversion electron and γ -ray angular distributions can
be treated simultaneously in an event-by-event calculation. This enables a first prediction of the conversion
electron angular distribution with respect to the fission axis. An average value for the alignment of fission
fragments is deduced for 252Cf, with the use of recent experimental data. The method used for the present
work can serve as a starting point for future theoretical and experimental studies in terms of γ and conversion
electron spectroscopy in view of studying the spin alignment of individual fission fragments, which could further
improve our understanding on the process of fission.
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I. INTRODUCTION

From its discovery during the late 1930s [1,2] up to to-
day, nuclear fission has been continuously and extensively
studied, for both its significance in nuclear physics and as-
trophysics [3,4] and its role in various applications such as
in energy production. Despite the continued efforts, not all
aspects of this particular phenomenon are fully understood.
Experimental observables from the fission fragment deexci-
tation, by neutron, γ , or conversion electron emission can
shed light on the underlying mechanisms of the fission pro-
cess and lead to a better understanding of the phenomenon.
Besides the need to pursue a complete theoretical understand-
ing of the fission process, exact predictions of the γ ray
yields are essential for technological applications in nuclear
reactors [5,6].

Experimentally, a plethora of observables can contribute to
the understanding of fission. Average numbers and energies
of the emitted γ rays have been deduced in Ref. [7] for the
thermal-neutron-induced fission of 235U. Precise product mass
yields for 235U have been recently measured [8] using the
LOHENGRIN spectometer [9] at the Institute Laue-Langevin,
Grenoble. Spontaneous fission (SF) of 252Cf has been studied
in Ref. [10], measuring the average and total γ -ray energy
released per fission. Distributions of energies and multiplici-
ties have also been measured in Ref. [11] using the DANCE
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array [12], indicating the stochastic nature of the emitted γ

rays. These observables were measured again in Ref. [13] with
higher precision using an artificial diamond detector [14].

A cumulative interest in recent years has been focused on
angular momentum studies of the fission process. The first
study that focused on observables related to angular momenta
was Ref. [15], which used measurements of angular corre-
lations between the fission fragments and the subsequent γ

rays. Measurements of the intensities of the low-lying ground-
state band transitions 2+ → 0+ were forward-peaked with
respect to the fission axis, which is evidence that angular
momentum is aligned perpendicularly to the direction of the
fragment (perpendicular alignment). This is also supported
in various different studies [16–19]. The initial alignment is
gradually destroyed by the deexcitation of the fragment by
n/γ /e− emission. After neutron emission, the distribution of
m substates can be approximated by a Gaussian distribution
centered on zero as in Ref. [19]. Furthermore, in Ref. [20],
measurements of angular directional correlations between the
γ rays emitted from one fragment with the γ rays emitted
from the complementary fragment, for decays from low-lying
excited states, were presented for the first time for the SF of
252Cf. A recent study [21] confirmed no dependence between
the spin and the mass or charge of the fission fragments. In the
same study, no correlation between the spin values between
the light fragment and the heavy fragment was found, suggest-
ing that angular momentum is generated via two independent
torques during scission. These conclusions are discussed in
Ref. [22], where it is shown using the nucleon-exchange
mechanism that uncorrelated spins are not necessarily gener-
ated after scission.
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FIG. 1. Schematic illustration for various ways of alignment of the spins along a quantization axis. See text for details.

In Ref. [23], a detailed study of the effects of the nu-
clear deformation on the angular momentum distribution of
the fission fragments has been presented by modeling the
angular distribution of γ rays the fission fragments from a
fully vertically aligned initial spin population of the frag-
ments. Branching ratios in induced fission were investigated
in Ref. [24] by using a schematic model and in Ref. [25] by
using a configuration-interaction model.

Furthermore, a new method of probing correlated fis-
sion fragment spins from helicity measurements has been
discussed in Ref. [26]. The first unrestricted microscopic
calculations of the primary fission fragments’ spins and
their orbital angular momentum have also been realized in
Ref. [27].

In this work, an estimation on the degree of the spin
alignment of the fission fragments on the fission axis after
neutron emission is presented for the case of SF of 252Cf.
For this estimation, a Monte Carlo approach with the aide of
the FIFRELIN code [28] has been used. In order to constrain
the alignment, experimental data on the angular distribution
of γ rays [29] have been used. We demonstrate the ability
of the FIFRELIN code to tune the initial alignment in order to
describe the experimental data, which can be coupled with
other variables, such as ratios of the multipolarities of the
transitions, such as the E2/M1 ratio studied in Ref. [29].

The spin alignment after neutron emission can have various
forms, depending on the orientation of the spin vectors along
the quantization axis [30,31]. For the case of fission, this
quantization axis corresponds to the fission axis. In Fig. 1,
a schematic illustration of some cases of spin orientations
are shown. For the case of a randomly oriented spin distribu-
tion, all magnetic substates are equiprobable. For a Gaussian
distribution, the magnetic substates tend to be oriented per-
pendicularly on the fission axis depending on the standard
deviation of the Gaussian. For the case of a fully parallel
alignment, all spins of the fragments are aligned parallel to
the fission axis, meaning that only the magnetic substates with
the maximum absolute value are populated. The opposite is a
fully perpendicular alignment where all the spins are perpen-
dicular to the fission axis and only the magnetic substates with
the minimum absolute value of m are populated. The verti-
cal orientation of spins corresponds to the wriggling/bending
modes, while the parallel orientation corresponds to the tilt-
ing/twisting modes, which are described in Ref. [26].

For the case of fission and after neutron emission, a par-
tially perpendicular alignment can be approximated with the
Gaussian distribution centered at m = 0. The Gaussian distri-
bution has also been used to describe the alignment of product
nuclei in fusion-evaporation reaction after neutron emission
[32,33].

The statistical tensor formalism [34,35], which has been
implemented for the description of the γ γ angular correla-
tions in FIFRELIN [36], has been used for the present study.
For the present calculations, the initial distribution of the m
substates of each fragment was assumed to follow a Gaus-
sian distribution centered at m = 0. The standard deviation
of the Gaussian distribution was varied in order to match
the experimental data from Ref. [29]. In addition, it was
possible to implement the directional correlations for con-
version electrons, in an attempt to obtain the first prediction
of the fission-fragment conversion electron angular distribu-
tion. Both distributions are treated simultaneously in a single
calculation.

The deduced degree of alignment is directly related to the
population of the magnetic substates of the fragments along
the fission axis and can provide useful input on theoretical
models and constrain their parameters. The details of the
method are described in the following section.

II. METHODS

The code FIFRELIN, developed at CEA Cadarache in or-
der to accurately model the fission process is used for the
present study. Recently, FIFRELIN was capable of reproducing
the experimental neutron and γ multiplicities by using an
energy-dependent spin cutoff model to account for the initial,
pre-neutron emission, total angular momentum distribution
Jin, in combination with microscopic level density models:

P(Jin ) = 2Jin + 1

2σ 2
EDS

exp

(−(Jin + 1/2)2

2σ 2
EDS

)
, (1)

where σEDS is an energy-dependent spin cutoff parameter,
described in detail in Ref. [37].

In addition, the ability to simulate the effect of γ -
directional correlations has been also recently implemented
in the FIFRELIN code [36]. The method used the statistical
tensor formalisms [34,35,38,39], which are quantities directly
related to the populations of the magnetic substates of the
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initial spin state. This method opens the way for studies using
different kinds of spin alignment on the fission axis for each
fragment. An unequal population of these states along a quan-
tization axis results in an anisotropic emission of radiation. In
Ref. [36], the method was applied by assuming that the initial
state is unoriented, which corresponds to an initial condition
for the statistical tensor:

ρλ
q (J0) = δλ0δq0, (2)

where λ is the rank of the statistical tensor, q is an integer
within −λ � q � λ, and δ is the Kronecker delta. In most
cases however, the initial state is not unoriented. Examples
of such initial unoriented states can be formed after a reaction
where the ejectile has enough energy to form waves higher
than the s wave, or after the detection of a previously emitted
particle [35]. The detection of the fission fragment will gen-
erally result in an anisotropic emission of the prompt γ rays
emitted in the fission process. The statistical tensor is directly
related to the population of the m substates along an axis of
quantization, which in our case is the fragment axis, by the
following relation [35]:

ρλ
0 (J0) =

∑
m

(−1)m+J0 (2λ + 1)1/2

(
J0 J0 λ

−m m 0

)
P(m),

(3)
where J0 is the spin of the initial state, m’s are the magnetic
substates, ( J0 J0 λ

−m m 0) is a Wigner-3 j symbol, and P(m)
is the probability distribution function of the populations of
these substates.

In this work, we consider as the initial state J0 the first state
that the fragment has after neutron emission and a Gaussian
distribution, centered at zero, of the form

P(m) = 1

2σ
√

2π
exp

(
− m2

2σ 2

)
, (4)

where we choose the simple form for σ = aJ0. This form has
also been used in Ref. [19], in order to determine the degree
of alignment for fission fragments after the fission of 233,235U
and 239Pu, using analytical methods. The determination of the
factor a is directly connected with the alignment averaged in
all fission fragments, as the fission fragments have various
spins described from spin distribution functions.

During fission and after neutron emission, the fragments
emit γ rays but also conversion electrons. The directional
correlation of conversion electrons during the deexcitation
process was not considered in Ref. [36]. Although most of
the conversion electrons are usually emitted at the end of
the cascades, which could impact weakly the distribution
of the γ rays, it is necessary to implement the directional
correlations of the conversion electrons using the statistical
tensor formalism, as is done with the γ rays. This will enable
a first prediction of the conversion e− angular distribution
which can be a significant observable for angular momentum
studies. In order to achieve this, when a conversion electron
is emitted, the angular distribution coefficient [35] has to be
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FIG. 2. Simulated conversion e−-γ angular correlation from the
decay of 75As. The curve represents the distribution from the experi-
mentally determined angular distribution coefficients in Ref. [43].

modified as

A
λiλ f

λ (Jf , Ji, L, L′) = 1

1 + δ2

[
bλ(L, L)Fλiλ f

λ (L, L, Jf , Ji )

+ 2δbλ(L, L′)Fλiλ f

λ (L, L′Jf , Ji )

+ δ2bλ(L′, L′)Fλiλ f

λ (L′, L′, Jf , Ji )
]
,

(5)

where F is the generalized angular distribution coefficient
[35,40]. The difference between the treatment of γ rays and
conversion electrons within the angular distribution coeffi-
cient is the inclusion of the factor bλ. This factor is called
the particle parameter and its calculation can be quite com-
plicated, as it depends also on nuclear structure effects [41].
Fortunately, for conversion electrons, these parameters have
been calculated to an extensive range of elements in Ref. [42],
which were the values used for this work in order to imple-
ment the directional correlation of the conversion electrons.
The range of these calculations, within Z = 30–103, includes
the fragments emitted during fission of 252Cf.

In order to demonstrate the correct implementation, a con-
version electron–γ -ray angular correlation from the decay
of 75As is compared with the experimental result in Fig. 2.
The experimental curve is corrected for solid angle effects
in Ref. [43]. The result for the 121 (e−) → 280 (γ ) keV
cascade show that FIFRELIN is able to simulate precisely the
correlations involving conversion electrons.

The next step is to determine the emission angles of the
γ rays and conversion electrons using the same method as
in Ref. [36] but with the initial condition of Eq. (3) and the
modified angular distribution coefficient of Eq. (5) when a
conversion electron is emitted during the deexcitation of the
fission fragments of 252Cf.

III. RESULTS AND DISCUSSION

One million spontaneous fission processes of 252Cf were
generated using the FIFRELIN code. Typically a fragment will
emit two or three neutrons and after that will deexcite by
γ or conversion e− emission. For this work, the direction
of neutrons along the fission axis was considered isotropic.
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FIG. 3. (a) Minimization of the parameter a between data from Ref. [29] and the FIFRELIN calculation. (b) FIFRELIN calculation of the
fission fragment-γ ray angular correlation using the optimal value of a (blue curve). Two more cases for a = 0.25 (purple curve) and a = 2
(green curve) are also shown. Experimental data are shown in black. See text for details.

After the emission of the last neutron, the initial condition of
Eq. (3) was applied to the first state of the heavy and light
fragments.

During the event generation, the emission angles of the
γ rays and conversion electrons were treated simultaneously,
allowing us to obtain both distributions within a single calcu-
lation. In order to tune the alignment, a χ2 minimization was
necessary in order to find the value of a that describes best the
data published in Ref. [29]. The χ2 function was formed:

χ2 =
∑

i

[
Wi(θ i ) − W i

FIF(a, θ i )

σWexp

]2

, (6)

where Wi(θ i ) are the experimental data, σWexp is the error of
the data, and W i

FIF(a, θ i ) are the theoretical values generated
with FIFRELIN. The parameter a in Eq. (4) was varied in a
small step until a minimum was reached. The results of the
minimization are shown in Fig. 3. In Fig. 3(a), the value of
Eq. (6) is shown as a function of the parameter a. The optimal
value of a is found to be equal to 0.54(5). The error on this
value was assigned using the relation [44]

χ2
lim = χ2

min + 1. (7)

It is important to note that the assigned uncertainty is only the
statistical uncertainty and does not include any uncertainties
arising from the unknown multipolarities and spins of the
sampled states. The minimization was performed in the whole
angle range as systematic errors are included for small and
very large angles as the authors discuss in Ref. [29].

Two more cases of FIFRELIN calculations are shown in
Fig. 3(b). For a = 0.25, the shape of the Gaussian is more
sharp, leading to significant population of the low values of
m distribution close to m = 0. This results in higher vertical
alignment, leading to a higher slope of the angular distribu-
tion. Contrariwise, for a = 2, the σ of the Gaussian is larger,
leading to more m substates being populated significantly. The
slope of the distribution is significantly decreased, approxi-
mating a uniform distribution. This agrees with the principle
that equal population of m substates will result in isotropic

emission of the radiation [34,35]. This effect is nicely demon-
strated with the present results.

The fit of the alignment on the γ -ray experimental data
enables the present calculation to simultaneously predict the
total conversion e− angular distribution. In Fig. 4, the angular
distribution of K , L1, and L2 conversion electrons emitted af-
ter 1 × 106 fissions of 252Cf is shown, as calculated using the
statistical tensor formalism within the FIFRELIN code. These
electrons account for almost 90% of the emitted conversion
electrons in FIFRELIN. It is to be noted that the addition of
L1 and L2 results in a 2% difference in the value of the
parameter a. The electrons emitted from other atomic shells
are considered negligible in the present analysis.

In order to compare the slopes of each of the distributions,
the angular correlation function

W (cos θ ) = A0[a2P2(cos θ ) + a4P4(cos θ )] (8)

can be fitted to the FIFRELIN calculations for the γ and the K ,
L1, and L2 conversion electrons. The coefficients a2 and a4

are tabulated in Table I.
It is important to note that this new method of deter-

mining the alignment depends heavily on multipolarities of
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FIG. 4. The predicted angular distribution of K , L1, and L2
conversion electrons with respect to the fission axis, derived for
a = 0.54, which corresponds to the best description of angular dis-
tribution of the γ rays, using the FIFRELIN code.
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TABLE I. Coefficients a2 and a4 obtained from fitting the angular
correlation function of Eq. (8) to the FIFRELIN calculations for γ

rays and conversion electrons. Errors are statistical, corresponding to
1 million fission events.

Particle a2 a4

γ 0.126(2) −0.005(4)
e−

K 0.158(3) 0.002(4)
e−

L1 0.160(8) −0.006(11)
e−

L2 0.272(12) 0.015(16)

transitions during the deexcitation of the fragments. In the
present work, the multipolarities of RIPL-3 have been used
within FIFRELIN, as well as the multipolarity mixing ratios for
ENSDF. In Fig. 5, a histogram displaying the order of multi-
poles for 1 million fission events is shown, for both the light
and the heavy fragments. The ratio of the quadrupole (L = 2)
to dipole (L = 1) transition is found to be 0.89. Since most of
these transitions are of an electric nature (E1, E2), this could
explain the larger a2 values for the conversion-electron distri-
butions compared to the value of the γ -ray distributions. The
particle parameter b2 is larger than one for these types of tran-
sitions, leading to a higher slope of the electron distribution
compared to the γ -ray one. The higher a2 for L2 electrons can
be explained by the higher E2/M1 ratio of the emitted elec-
trons for each shell, where it was found that δ(E2/M1; L2) =
2.00 compared to δ(E2/M1; L1) = 0.97 and δ(E2/M1; K ) =
1.15. It is important to note, however, that since the present
calculations predict the total angular distribution of electrons
and γ rays, other factors can significantly influence the slope
of the distributions, such as the different combinations of mul-
tipolarities and spins together with the number of the electron
shell from where the electron is emitted.

A source of uncertainty comes also from the transitions
starting from high-excitation energies, of which the multi-
polarities have not been determined experimentally. In the
present work, such transitions are treated as pure transitions
with zero mixing. Although transitions from the continuum
usually decay as pure dipole transitions, small mixings may
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FIG. 5. Order of multipoles emitted during 1 × 106 fission events
by the FIFRELIN code. The light- and heavy-fragment components are
also shown.

affect the final results. Furthermore, in the present work, all
γ rays and conversion e− which are predicted are treated in
order to extract the total angular distribution. Experimentally
the detection of a proportion of these radiations is not possible,
due to the detection limits of the various setups.

The result differs from previous values reported in
Ref. [19] for the fission of different nuclei: 233U, 235U, and
239Po, where the value of a lies close to 0.3. The authors,
however, state that their results apply only for those isotopes
with neutron multiplicities 1.23, 1.22, and 1.45, respectively.
They have also considered only dipole and quadrupole tran-
sitions and there is no treatment of conversion electrons. The
difference could be attributed to the higher neutron multiplic-
ity of 252Cf, which is calculated with FIFRELIN to 2.066 for
the light fragment and 1.61 for the heavy fragment. Higher
neutron multiplicity results in further deorientation of the
spins, which decreases the slope of the angular distribution.
Furthermore, in Refs. [15,17], measurements on individual
fragments’ rotational bands show a nearly vertical alignment.
While a number of individual fragments can be almost fully
vertically aligned, the present calculations treat all fragments
and a small dispersion is expected in general, due to the
removal of the angular momentum by neutron emission [45].
However, it is important to note that isomeric states may
also reduce the slope of the angular distributions, due to the
attenuation of the angular correlation coefficients. This could
result in a lower calculated value of the parameter a. It has to
be noted also that, in the analysis of Ref. [29], the data are fit
on multipolarities by obtaining a percentage of 72% and 28%
for quadrupole and dipole radiation, respectively, but there is
no discussion on the initial alignment, up to the writing of the
present work.

There is the possibility to constrain both the multipolar-
ities, such as the total quadrupole to dipole ratio and the
alignment using the present method. This requires experimen-
tal data for the angular distribution of conversion electrons
with respect to the fission axis, which are currently missing
in the literature. Using the experimental data on both electron
and γ -ray distributions would enable the minimization of both
the a parameter and the total E2/M1 mixing with stricter
constraints.

IV. CONCLUSIONS AND FUTURE DIRECTIONS

Overall, the present work presents a novel approach to
determining the mean alignment of the fission fragments after
neutron emission by accounting for both γ and conversion
electron emission, using the Monte Carlo code FIFRELIN. The
functionality implemented in FIFRELIN in order to calculate
angular distributions depending on the initial alignment of
spins along the fission axis and the multipolarities involved
can be useful for angular momentum studies in fission. A
possibility to implement the tensor formalism for neutron
angular distribution is a direction that would allow also a more
complete picture of the destruction of the initial alignment
during neutron emission, which could be significant due to
the large angular momentum removal [46].

The exact knowledge of multipolarities of the radia-
tions involved during fragment deexcitation is also of great

014605-5



CHALIL, LITAIZE, MATERNA, AND CHEBBOUBI PHYSICAL REVIEW C 109, 014605 (2024)

importance, as it can affect the shape of the angular distri-
bution. Experimental values of multipolarity mixing ratios
are largely missing from databases, and experimental studies
for their determination are necessary input for constraining
theoretical models.

The knowledge of the distribution of the m substates can
also set constraints on the amount of the wriggling/bending
and tilting/twisting modes of angular momentum generation
in fission. For a complete picture though, neutron emission
has to be treated also within the present formalism, in order
to treat the cascades immediately after fission. The statistical
tensor formalism can also be generalized to include polariza-
tion [35], which can separate the components of parallel and
antiparallel spins in a single calculation.

The angular distribution of conversion electrons with re-
spect to the fission axis is also a very important observable
that has not been studied thoroughly, possibly because of
the complicated determination of the particle parameters
used in Eq. (5). The tabulated values from Ref. [42] have
been used in this work in order to simulate the electron
distributions. This allowed a simultaneous calculation of

both electron and γ distributions depending on the initial
alignment.

A measurement of the fragment electron angular distri-
bution seems essential input for future studies, in order to
minimize the uncertainties arising from the unknown multi-
polarities of the transitions, especially those that depopulate
higher-energy states of the fragments. Potential experimental
campaigns are necessary and will give essential information
and input, in order to constrain both alignment and multi-
polarities, and allow for a more complete description of the
fission fragment deexcitation, while at the same time giving
useful information on the evolution of the angular momentum
properties.
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