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We present the first fully unrestricted microscopic calculations of the primary fission fragment in-
trinsic spins and of the fission fragments’ relative orbital angular momentum for 236U∗, 240Pu∗, and
252Cf using the time-dependent density functional theory framework. Within this microscopic ap-
proach, free of restrictions and unchecked assumptions and which incorporates the relevant physical
observables for describing fission, we evaluate the triple distribution of the fission fragment intrinsic
spins and of their fission fragments’ relative orbital angular momentum and show that their dynam-
ics is dominated by their bending collective modes, in contradistinction to the predictions of the
existing phenomenological models and some interpretations of experimental data.

While nuclear fission has been studied for more than
eight decades [1], a complete microscopic description
based on quantum many-body theory is still lacking.
Typical microscopic approaches rely on unverified as-
sumptions and/or strong restrictions, thus rendering the
treatment incomplete. Phenomenological models are
based on the imagination of their creators, rather than
rigorous quantum mechanics or direct experimental in-
formation. Meitner and Frisch [2] correctly identified the
main driver of nuclear fission: namely, the competition
between the Coulomb energy and the surface potential
energy. The formation of the compound nucleus and its
extremely slow shape evolution toward the outer fission
barrier is correctly encapsulated by Bohr’s compound nu-
cleus concept [3, 4]. The saturation properties of nuclei
along with the symmetry energy constrain the flow of the
nuclear fluid from the moment the compound nucleus is
formed until scission, which evolves like an incompress-
ible liquid drop of almost constant local proton-neutron
mixture. The spin-orbit interaction and pairing correla-
tions control the finer details on how the emerging fission
fragments (FFs) are formed, favoring asymmetric fission
yields at low excitation energies [5–8]. The critical theo-
retical ingredients are thus well-known: the incompress-
ibility of nuclear matter, the symmetry energy strength,
the surface tension and the proton charge, the spin-orbit
and the pairing correlations strengths. Only recently, a
well-founded formalism free of restrictions that incorpo-
rates all of these features has been implemented and the
nonequilibrium character of the nuclear large amplitude
collective motion, particularly from the outer saddle to
the scission configuration and the excitation energy shar-
ing mechanism between FFs have been unambiguously
proven microscopically [9–11].

The FFs’ intrinsic spins have been the subject of old
and renewed experimental and theoretical investigations
[12–19]. In the 1960s, it was conjectured that the emerg-
ing FFs acquire intrinsic spins due to the existence of
several collective FF spin modes: the double-degenerate
transversal modes, wriggling and bending, and the longi-

tudinal modes, twisting and tilting. The origin of the rel-
ative orbital angular momentum between fragments has
never been elucidated within a fully microscopic frame-
work. Consider the clean case of spontaneous fission of
252Cf from its ground state with Sπ0 = 0+. The final
three angular momenta satisfy the conservation law

S0 = SL + SH + Λ = 0 in case of 252Cf, (1)

where SL,H are the FF intrinsic spins and Λ is the FFs’
relative orbital angular momentum, which is an inte-
ger. Classically, these three vectors lie in a plane and
Λ = R × P , is perpendicular to the fission direction,
where R,P are the FFs’ relative separation and momen-
tum. On its way to scission this nucleus elongates along a
spontaneously broken symmetry direction and the fledg-
ing FFs emerge. The longer the nuclear elongation the
larger the moment of inertia of the entire nuclear system
is and the overall rotational frequency controlled by Λ
is slower. As FFs emerge, being by nature nonspherical,
they rotate with intrinsic spins SL and SH, while at the
same time they also rotate as a dumbbell around their
common center of mass with the angular momentum Λ.
Until scission, these three angular momenta can vary,
subject to restriction Eq. (1). After scission, when the
mass and energy exchange between emerging FFs stops,
these angular momenta cease to evolve in time (apart
from small effects of the Coulomb interaction between
FFs [12, 20]). Before scission the FF identities are not
well-defined, because matter, momentum, and energy are
flowing between them. The FF intrinsic spins and Λ
are well-defined only at a sufficiently relative large sep-
aration. Even though the initial nuclear system 252Cf
has a vanishing initial spin Sπ0 = 0+, the FFs emerge
as wave packets of deformed nuclei, characterized by ro-
tation and vibrational bands. Similar to the well-known
bicycle wheel classroom physics demos [21], the dynamics
of a spontaneously fissioning 252Cf resembles the dynam-
ics of an instructor on a freely rotating stand (Λ) holding
two bicycle wheels (SL,H), and is nothing like a “snapping
rubber band” [16], which does not rotate.
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We use the time-dependent density functional the-
ory (TDDFT) extended to superfluid systems (see re-
cent reviews [22, 23] and Refs. [9–11, 17]) to deter-
mine the triple probability distribution P (SL, SH,Λ),∑
SL,H,Λ P (Λ, SL, SH) = 1, by performing a triple angu-

lar momenta projection of the overlap [24]

〈Φ|Φ(β0, βL, βH)〉 = 〈Φ|eiβ0(JL
x +JH

x )eiβ
LJL

x eiβ
HJH

x |Φ〉. (2)

where Oz the fission axis and the magnitudes of the an-
gular momenta satisfy the triangle restriction

|SL − SH| ≤ Λ ≤ SL + SH (3)

and |Φ〉 is the fissioning nucleus intrinsic wave function.
In case of 236U∗ and 240Pu∗ the initial spin S0 6= 0 and
then |Λ − S0| = |SL + SH| and since S0 � 〈Λ〉 then
Λ ≈ |SL + SH| with good accuracy. We determined the
probability distribution p(cosφLH), where φLH is the an-
gle between SL and SH by constructing a histogram of
the expectation of the cosine between

cosφLH =
Λ(Λ + 1)− SL(SL + 1)− SH(SH + 1)

2(SL + 1/2)(SH + 1/2)
, (4)

where we used the Langer correction [25] in the denom-
inator. Note that the relative angle φLH does not de-
pend on a lab or body reference frame. Optimally, one
should consider also an additional projection to enforce
the value of total angular momentum S0, with the ro-
tation operator P0 = eiγ(JL

x +JH
x +Λx), where Λx rotates

the entire system around its center of mass, a procedure
that is expected to lead only to minor corrections [17].
We replaced this projection with the equivalent triangle
restriction

4 = Θ(Λ ≥ |SL − SH|)Θ(Λ ≤ SL + SH). (5)

We performed TDDFT fission calculations of 236U,
240Pu, and 252Cf using two different nuclear energy den-
sity functionals (NEDFs), SkM∗ [26] and SeaLL1 [27],
in simulation boxes 302 × 60 with a lattice constant
and l = 1 fm and a corresponding momentum cutoff
pcut = π~/l ≈ 600 MeV/c, and using the LISE pack-
age as described in Refs. [9, 11, 28]. The excitation en-
ergies for 236U and 240Pu were chosen close to the neu-
tron threshold, thus emulating the reactions 235U(nth,f)
and 239Pu(nth,f). The initial nuclear wave function |Φ〉
was evolved in time from various initial deformations Q20

and Q30 of the mother nucleus near the outer saddle un-
til the FFs were separated by more than 30 fm as in
Refs [10, 11, 17] and their shapes relaxed. In the case
of 252Cf(sf) we started the simulation outside the barrier
for energies close to the ground state energy. The current
implementation of the TDDFT framework [22, 23] has
proven capable of providing answers to a wide number
of problems in cold atom physics, quantum turbulence
in fermionic superfluids, vortex dynamics in neutron star
crust, nuclear fission, and reactions. Density Functional
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FIG. 1. The orbital angular momentum distribution for
three actinides. For each nucleus the average and the corre-
sponding standard deviations are shown in the legend. The
“uncertainties” are the standard deviations characterize the
range of the variations due to the spread of the initial values
of the multipole moments Q20 and Q30 and the energies of
the fissioning nucleus [9–11, 17] and thus these distributions
are characteristics for average FF splittings.

Theory and Schrödinger descriptions are mathematically
identical quantum many-body frameworks for one-body
densities [29–31], with the proviso that in nuclear physics
neither NEDF nor the internucleon forces are known with
sufficient accuracy [32].

The distributions of the FFs’ orbital angular momenta,
see Fig. 1, are the first unrestricted microscopic extrac-
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FIG. 2. The light and heavy FF intrinsic spins and the
orbital angular momentum distributions in case of sponta-
neous fission of 252Cf using the triple projection distributions
from Eqs. (6-7) [24] and from the single projection of the FF
intrinsic spins [17] and of the orbital angular momentum Λ
and the corresponding average values for the intrinsic spin or
the orbital angular momentum (standard deviation). (T) and
(S) stand for the triple and single projections of the angular
momenta.

tions of these quantities. As the masses of 236U, 240Pu,
and 252Cf are close to one another, the Λ distributions ob-
tained by performing a single angular projection of the
overlap 〈Φ|Φ(β0)〉 = 〈Φ|eiβ0(JL

x +JH
x )|Φ〉, as in Ref. [17],

are very similar. Such individual intrinsic spin distri-
butions can be recovered independently from our triple
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FIG. 3. The 252Cf triple probability distribution
P (Λ, SL, SH) for SeaLL1 (upper panel) and SkM∗ (lower
panel) NEDFs for odd values of Λ. The FF parities are corre-
lated with the orbital angular momentum πLπH = (−1)Λ.
This triple distribution vanishes outside the region |SL −
SH| ≤ Λ ≤ SL + SH, shown with white in these plots. The
distributions for 236U∗ and 240Pu∗ are very similar.

projection results from P (Λ, SL, SH) as follows

P (SL,H) =
∑

SH orSL,Λ

P (Λ, SL, SH),
∑
SL,H

P (SL,H) = 1, (6)

P (Λ) =
∑
SL,H

,
∑
Λ

P (Λ) = 1, (7)

and a comparison between results using the single and the
triple projections in case of induced fission of 252Cf are
shown in Fig. 2. The more precise triple projection leads
to larger FF intrinsic spins by about 2 . . . 3 ~, while the
average orbital angular momentum Λ decreases by about
1 ~. (Similar corrections to the FF intrinsic spins would
be required for the estimates presented in Ref. [18].) As
demonstrated in Ref. [33], the emission of neutrons and
statistical gammas reduces the FF spins by ≈ 3.5 − 5 ~
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FIG. 4. The circles and bullets represent the his-
togram (bin size = 0.22 radian) of the angle between the
FF intrinsic spins SL and SH, extracted using the triple
distribution P (Λ, SL, SH) and Eq. (4) to evaluate p(φLH),∫ π

0
dφLHp(φLH) = 1. The triangles represent the histogram

obtained with P (Λ)P (SL)P (SH)∆, see text and Eqs. (6-5).
The blue line and diamonds are the prediction of the FREYA
model [19]. The distributions p(φLH) for 236U∗ and 240Pu∗

are very similar.

by the time the FF decay reaches the yrast bandhead,
corresponding to the FF spin values measured by Wilson
et al. [16]. The sum of the yrast bandhead spins [16]
for 252Cf, 6.85 ~ for the heavy FF and 6.44 ~ for the
light FF respectively (averaged over all measured FFs)
with the angular momentum loss to decay ≈ 3.5 − 5 ~
estimated in Ref. [33], using standard phenomenological
inputs however, agree reasonably well with our estimates
of the average intrinsic FF spins in Fig. 2.

In Fig. 3 we show the triple distribution P (Λ, SL, SH)
for odd values of Λ. The even values of Λ fixes both FF
parities to be identical, πL = πH, while in case of odd
Λ these parities are opposite, πL = −πH, since for 252Cf
Sπ0 = 0+. The distribution P (Λ, SL, SH) is nonvanishing
only in the region defined by Eq. (3).

The distribution of the angles between the intrinsic
spins SL and SH is particularly instructive and qualita-
tively different from previous predictions. It was assumed
a number of times in the literature, see Refs. [19, 34]
and references therein, that the two intrinsic spins are
very weakly correlated at most. In particular, this was
one of the main interpretations of the experimental re-
sults recently published by Wilson et al. [16]. If that
were case, the distribution p(φLH) would basically be
flat, similar to the predictions in Refs. [19, 34], with
those results reproduced in this figure. In Fig. 4, the
distribution p(φLH) evaluated by us is clearly not a uni-
form distribution, with a prominent maximum at an an-
gle φLH ≈ 2π/3 [35]. The probability of having an-
gles φLH ≥ π/2 is ≈ 0.71/0.72 (SeaLL1/SkM∗), which
means that the two FF intrinsic spins are predominantly

pointing in opposite directions and that the the bend-
ing modes are predominantly favored over the wriggling
modes. In Fig. 4, we used instead of the correlated eval-
uated distribution P (Λ, SL, SH) the uncorrelated distri-
bution P (Λ)P (SL)P (SH)4 obtained using Eqs. (6-7),
shown with triangles. The results appear very similar,
even though P (Λ, SL, SH) is drastically different from
P (Λ)P (SL)P (SH)4, where P (Λ)P (SL)P (SH) is non-
vanishing outside the region (3), the white regions in
Fig. 3 and in evaluating the distribution p(θLH) we have
imposed the (3) restriction and renormalized the dis-
tribution P (Λ)P (SL)P (SH)4 by a (not shown) factor
≈ 0.74. Fig. 4 unfortunately does not reveal the large
amount of FF intrinsic spin correlations, which are not
merely geometrical in nature, since∑
SL,H,Λ

|P (Λ)P (SL)P (SH)4− P (Λ, SL, SH)| = 0.35, (8)

when the geometrical constraint Eq. (5) is taken into ac-
count.

In Fig. 4 we plot the recent published results obtained
with the phenomenological model FREYA, where Ran-
drup and Vogt [19] discussed the generation of the frag-
ment angular momentum in fission. In Ref. [19] the claim
is made that, unlike the conclusion reached by [16], i.e.,
that the FF intrinsic spins were formed after scission and
are uncorrelated, the primordial intrinsic spins emerge
uncorrelated before scission. This argument is based on
the assumptions that the FF spins dynamics is governed
by the rotational energy

Erot =
SL · SL

2IL +
SH · SH

2IH +
Λ ·Λ
2IR , (9)

where IL,H,R are the FFs and orbital moments of inertia,
satisfying the relation IR ≈ 10 IL,H. The only correlation
between SL,H is due to the third term, which is quantita-
tively small and which one can hardly quantify as highly
correlated, is in stark contradistinction with our micro-
scopic results in the same figure. While at first glance this
assumption appears valid, see also Refs. [15, 34], upon
closer analysis it becomes clear that the most general
form allowed by symmetry is

Erot = (SL,SH,Λ)T ⊗ I
↔
⊗ (SL,SH,Λ), (10)

with a nondiagonal 3 × 3 effective inertia tensor I
↔

in
general.

The impact of the emission of neutrons and γ rays on
the spin of the FFs was discussed in Ref. [33] within the
Houser-Feshbach framework [36], where it was demon-
strated that the intrinsic FF spins can be changed on
average by 3.5 - 5 ~, a process that leads to a strong
decorrelation of the observed FF spins, a process strongly
underestimated by the model of Ref. [16]. The experi-
mental data [16] characterizes only the yrast bandhead
FF spins after a large amount of the internal FF excita-
tion energy, ≈ 20 MeV per FF [9–11, 37–39], was carried
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away by emitted particles. The work presented here can
better guide phenomenological models [19, 34, 38, 40] and
further extend the analysis in Ref. [33], which all rely on
a quite large number of fitting parameters.

ACKNOWLEDGMENTS

We want to thank G. Scamps for numerous comments.
AB wants also to thank L. Sobotka for quite a number of
discussions related to the role of FF intrinsic spin dynam-
ics and older results in literature and reading an earlier
version of the manuscript. AB was supported by U.S.
Department of Energy, Office of Science, Grant No. DE-
FG02-97ER41014. The work of AB (partially) and IA
was supported by the Department of Energy, National
Nuclear Security Administration, under Award Number
DE-NA0003841. KG was supported by NNSA Coopera-
tive Agreement DE-NA0003885. The work of IS was sup-
ported by the US Department of Energy through the Los
Alamos National Laboratory. Los Alamos National Lab-

oratory is operated by Triad National Security, LLC, for
the National Nuclear Security Administration of U.S. De-
partment of Energy Contract No. 89233218CNA000001.
IS gratefully acknowledges partial support by the Lab-
oratory Directed Research and Development program
of Los Alamos National Laboratory under project No.
20200384ER and partial support and computational re-
sources provided by the Advanced Simulation and Com-
puting (ASC) Program. This research used resources of
the Oak Ridge Leadership Computing Facility, which is
a U.S. DOE Office of Science User Facility supported
under Contract No. DE-AC05-00OR22725 and of the
National Energy Research Scientific Computing Center,
which is supported by the Office of Science of the U.S.
Department of Energy under Contract No. DE-AC02-
05CH11231. This research also used resources provided
by the Los Alamos National Laboratory Institutional
Computing Program. AB devised the theoretical frame-
work. IA, KG, and IS performed TDDFT calculations,
implemented, and performed the extraction of the spin
distributions. All authors participated in the discussion
of the results and the writing of the manuscript.

[1] O. Hahn and F. Strassmann, “Über den Nachweis und
das Verhalten der bei der Bestrahlung des Urans mit-
tels Neutronen entstehenden Erdalkalimetalle,” Natur-
wissenschaften 27, 11 (1939).

[2] L. Meitner and O. R. Frisch, “Disintegration of Uranium
by Neutrons: a New Type of Nuclear Reaction,” Nature
143, 239 (1939).

[3] N. Bohr, “Neutron Capture and Nuclear Constitution,”
Nature 137, 344 (1936).

[4] N. Bohr and J. A. Wheeler, “The Mechanism of Nuclear
Fission,” Phys. Rev. 56, 426 (1939).

[5] V.M. Strutinsky, “Shell effects in nuclear masses and de-
formation energies,” Nucl. Phys. A 95, 420 (1967).

[6] M. Brack, J. Damgaard, A. S. Jensen, H. C. Pauli, V. M.
Strutinsky, and C. Y. Wong, “Funny Hills: The Shell-
Correction Approach to Nuclear Shell Effects and Its Ap-
plications to the Fission Process,” Rev. Mod. Phys. 44,
320 (1972).

[7] G. Bertsch, “The nuclear density of states in the space of
nuclear shapes,” Phys. Lett. B 95, 157 (1980).

[8] G. F. Bertsch and A. Bulgac, “Comment on “Spontaneous
Fission: A Kinetic Approach”,” Phys. Rev. Lett. 79, 3539
(1997).

[9] A. Bulgac, P. Magierski, K. J. Roche, and I. Stetcu, “In-
duced Fission of 240Pu within a Real-Time Microscopic
Framework,” Phys. Rev. Lett. 116, 122504 (2016).

[10] A. Bulgac, S. Jin, K. J. Roche, N. Schunck, and I. Stetcu,
“Fission dynamics of 240Pu from saddle to scission and
beyond,” Phys. Rev. C 100, 034615 (2019).

[11] A. Bulgac, S. Jin, and I. Stetcu, “Nuclear Fission Dy-
namics: Past, Present, Needs, and Future,” Frontiers in
Physics 8, 63 (2020).

[12] V. M. Strutinsky, “Angular Anisotropy of Gamma
Quanta that Accompany Fission,” Sov. Phys. JETP 10,
613 (1960).

[13] T. Ericson, “The statistical model and nuclear level den-
sities,” Advances in Physics 9, 425–511 (1960).

[14] J. R. Nix and W. J. Swiatecki, “Studies in the liquid-drop
theory of nuclear fission,” Nucl. Phys. 71, 1 (1965).

[15] L. G. Moretto and R. P. Schmitt, “Equilibrium statistical
treatment of angular momenta associated with collective
modes in fission and heavy-ion reactions,” Phys. Rev. C
21, 204 (1980).

[16] J. N. Wilson, D. Thisse, M. Lebois, N. Jovancevic,
D. Gjestvang, R. Canavan, M. Rudigier, D. Etasse, R-
B. Gerst, L. Gaudefroy, E. Adamska, P. Adsley, A. Al-
gora, M. Babo, K. Belvedere, J. Benito, G. Benzoni,
A. Blazhev, A. Boso, S. Bottoni, M. Bunce, R. Chakma,
N. Cieplicka-Orynczak, S. Courtin, M. L. Cortes,
P. Davies, C. Delafosse, M. Fallot, B. Fornal, L. Fraile,
A. Gottardo, V. Guadilla, G. Hafner, K. Hauschild,
M. Heine, C. Henrich, I. Homm, F. Ibrahim, Ł. W.
Iskra, P. Ivanov, S. Jazrawi, A. Korgul, P. Koseoglou,
T. Kroll, T. Kurtukian-Nieto, L. Le Meur, S. Leoni,
J. Ljungvall, A. Lopez-Martens, R. Lozeva, I. Matea,
K. Miernik, J. Nemer, S. Oberstedt, W. Paulsen,
M. Piersa, Y. Popovitch, C. Porzio, L. Qi, D. Ralet, P. H.
Regan, K. Rezynkina, V. Sanchez-Tembleque, S. Siem,
C. Schmitt, P. A. Soderstrom, C. Surder, G. Tocabens,
V. Vedia, D. Verney, N. Warr, B. Wasilewska, J. Wieder-
hold, M. Yavahchova, F. Zeiser, and S. Ziliani, “Angular
momentum generation in nuclear fission,” Nature 590,
566 (2021).

[17] A. Bulgac, I. Abdurrahman, S. Jin, K. Godbey,
N. Schunck, and I. Stetcu, “Fission fragment intrin-
sic spins and their correlations,” Phys. Rev. Lett. 126,
142502 (2021).

[18] P. Marević, N. Schunck, J. Randrup, and R. Vogt, “An-
gular momentum of fission fragments from microscopic
theory,” Phys. Rev. C 104, L021601 (2021).

http://dx.doi.org/ 10.1007/BF01488241
http://dx.doi.org/ 10.1007/BF01488241
http://dx.doi.org/10.1038/143239a0
http://dx.doi.org/10.1038/143239a0
http://dx.doi.org/10.1038/137344a0
http://dx.doi.org/10.1103/PhysRev.56.426
http://dx.doi.org/ https://doi.org/10.1016/0375-9474(67)90510-6
http://dx.doi.org/10.1103/RevModPhys.44.320
http://dx.doi.org/10.1103/RevModPhys.44.320
http://dx.doi.org/ 10.1016/0370-2693(80)90458-X
http://dx.doi.org/ 10.1103/PhysRevLett.79.3539
http://dx.doi.org/ 10.1103/PhysRevLett.79.3539
http://dx.doi.org/ 10.1103/PhysRevLett.116.122504
http://dx.doi.org/ 10.1103/PhysRevC.100.034615
http://dx.doi.org/10.3389/fphy.2020.00063
http://dx.doi.org/10.3389/fphy.2020.00063
http://www.jetp.ras.ru/cgi-bin/e/index/e/10/3/p613?a=list
http://www.jetp.ras.ru/cgi-bin/e/index/e/10/3/p613?a=list
http://dx.doi.org/ 10.1080/00018736000101239
http://dx.doi.org/ https://doi.org/10.1016/0029-5582(65)90038-6
http://dx.doi.org/10.1103/PhysRevC.21.204
http://dx.doi.org/10.1103/PhysRevC.21.204
http://dx.doi.org/10.1038/s41586-021-03304-w
http://dx.doi.org/10.1038/s41586-021-03304-w
http://dx.doi.org/ 10.1103/PhysRevLett.126.142502
http://dx.doi.org/ 10.1103/PhysRevLett.126.142502
http://dx.doi.org/10.1103/PhysRevC.104.L021601


6

[19] J. Randrup and R. Vogt, “Generation of Fragment Angu-
lar Momentum in Fission,” Phys. Rev. Lett. 127, 062502
(2021).

[20] A. Bulgac, “Fission-fragment excitation energy sharing
beyond scission,” Phys. Rev. C 102, 044609 (2020).

[21] “Physics demo, youtube.com/watch?v=ISImuPcmiC4 ,”.
[22] A. Bulgac, “Time-Dependent Density Functional Theory

and the Real-Time Dynamics of Fermi Superfluids,” Ann.
Rev. Nucl. and Part. Sci. 63, 97 (2013).

[23] A. Bulgac, “Time-Dependent Density Functional Theory
for Fermionic Superfluids: from Cold Atomic gases, to
Nuclei and Neutron Star Crust,” Physica Status Solidi B
256, 1800592 (2019).

[24] A. Bulgac, “Restoring Broken Symmetries for Nuclei and
Reaction Fragments,” Phys. Rev. C 104, 054601 (2021).

[25] R. E. Langer, “On the Connetion Formulas and the Solu-
tions of the Wave Equation,” Phys. Rev. 51, 669 (1937).

[26] J. Bartel, P. Quentin, M. Brack, C. Guet, and H.-
B. Håkansson, “Towards a better parametrisation of
Skyrme-like effective forces: A critical study of the SkM
force,” Nucl. Phys. A 386, 79 (1982).

[27] A. Bulgac, M. M. Forbes, S. Jin, R. N. Perez, and
N. Schunck, “Minimal nuclear energy density functional,”
Phys. Rev. C 97, 044313 (2018).

[28] S. Jin, K. J. Roche, I. Stetcu, I. Abdurrahman, and
A. Bulgac, “The LISE package: solvers for static and
time-dependent superfluid local density approximation
equations in three dimensions, accepted in Comp. Phys.
Comm.” Comput. Phys. Commun. (in press) 269, 108130
(2021).

[29] R. M. Dreizler and E. K. U. Gross, Density Functional
Theory: An Approach to the Quantum Many–Body Prob-
lem (Springer-Verlag, Berlin, 1990).

[30] M. A. L. Marques, C. A. Ullrich, F. Nogueira, A. Rubio,

K. Burke, and E. K. U. Gross, eds., Time-Dependent
Density Functional Theory , Lecture Notes in Physics,
Vol. 706 (Springer-Verlag, Berlin, 2006).

[31] M. A. L. Marques, N. T. Maitra, F. M. S. Nogueira,
E. K. U. Gross, and A. Rubio, eds., Fundamentals
of Time-Dependent Density Functional Theory , Lecture
Notes in Physics, Vol. 837 (Springer, Heidelberg, 2012).

[32] G. Salvioni, J. Dobaczewski, C. Barbieri, G. Carlsson,
A. Idini, and A. Pastore, “Model nuclear energy density
functionals derived from ab initio calculations,” J. Phys.
G: Nucl. Part. Phys. 47, 085107 (2020).

[33] I. Stetcu, A. E. Lovell, P. Talou, T. Kawano, S. Marin,
S. A. Pozzi, and A. Bulgac, “Angular momentum re-
moval by neutron and γ-ray emissions during fission frag-
ment decays,” Phys. Rev. Lett. 127, 222502 (2021).

[34] R. Vogt and J. Randrup, “Angular momentum effects in
fission,” Phys. Rev. C 103, 014610 (2021).

[35] A. Bulgac, “The angular correlation between the fission
fragment intrinsic spins,” arXiv:2108.07268.

[36] W. Hauser and H. Feshbach, “The inelastic scattering of
neutrons,” Phys. Rev. 87, 366 (1952).

[37] K.-H. Schmidt and B. Jurado, “Review on the progress
in nuclear fission - experimental methods and theoretical
descriptions,” Rep. Prog. Phys. 81, 106301 (2018).

[38] P. Talou, I. Stetcu, P. Jaffke, M.E. Rising, A.E. Lovell,
and T. Kawano, “Fission Fragment Decay Simulations
with the CGMF Code,” Comput. Phys. Commun. 269,
108087 (2021).

[39] J. Randrup and R. Vogt, “Calculation of fission observ-
ables through event-by-event simulation,” Phys. Rev. C
80, 024601 (2009).

[40] B. Becker, P. Talou, T. Kawano, Y. Danon, and I. Stetcu,
“Monte Carlo Hauser-Feshbach predictions of prompt fis-
sion γ rays: Application to nth+235U, nth+239Pu, and
252Cf (sf),” Phys. Rev. C 87, 014617 (2013).

http://dx.doi.org/ 10.1103/PhysRevLett.127.062502
http://dx.doi.org/ 10.1103/PhysRevLett.127.062502
http://dx.doi.org/ 10.1103/PhysRevC.102.044609
http://dx.doi.org/10.1146/annurev-nucl-102212-170631
http://dx.doi.org/10.1146/annurev-nucl-102212-170631
http://dx.doi.org/ 10.1002/pssb.201800592
http://dx.doi.org/ 10.1002/pssb.201800592
http://dx.doi.org/ 10.1103/PhysRevC.104.054601
http://dx.doi.org/10.1103/physrev.51.669
http://dx.doi.org/ https://doi.org/10.1016/0375-9474(82)90403-1
http://dx.doi.org/10.1103/PhysRevC.97.044313
http://dx.doi.org/ 10.1016/j.cpc.2021.108130
http://dx.doi.org/ 10.1016/j.cpc.2021.108130
http://dx.doi.org/10.1007/978-3-642-86105-5
http://dx.doi.org/10.1007/978-3-642-86105-5
http://dx.doi.org/10.1007/978-3-642-86105-5
http://dx.doi.org/ 10.1007/b11767107
http://dx.doi.org/ 10.1007/b11767107
http://dx.doi.org/ 10.1007/978-3-642-23518-4
http://dx.doi.org/ 10.1007/978-3-642-23518-4
http://dx.doi.org/10.1088/1361-6471/ab8d8e
http://dx.doi.org/10.1088/1361-6471/ab8d8e
http://dx.doi.org/ 10.1103/PhysRevLett.127.222502
http://dx.doi.org/10.1103/PhysRevC.103.014610
http://arxiv.org/abs/2108.07268
http://dx.doi.org/10.1103/PhysRev.87.366
http://dx.doi.org/10.1088/1361-6633/aacfa7
http://dx.doi.org/10.1016/j.cpc.2021.108087
http://dx.doi.org/10.1016/j.cpc.2021.108087
http://dx.doi.org/ 10.1103/PhysRevC.80.024601
http://dx.doi.org/ 10.1103/PhysRevC.80.024601
http://dx.doi.org/ 10.1103/PhysRevC.87.014617

	Fragment Intrinsic Spins and Fragments' Relative Orbital Angular Momentum in Nuclear Fission
	Abstract
	 Acknowledgments
	 References


