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Fragment spin generation and scission mechanism in rapidly rotating fission
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The generation of fission fragment spin as a probe of scission mechanism remains a question of considerable
interests. We present here microscopic calculations of rapidly rotating fission of the compound nucleus 240Pu
under varying initial conditions within the time-dependent density functional theory framework. The obtained
spin ratio of light to heavy nascent fragments is unchanged up to high spins but diminished as excitation energies
increase, indicating sawtooth structures in fragment spins would fade away at high excitations rather than high
angular momentum. Results also show elongated neck configurations and nonaxially symmetric deformations of
fragments owing to rapid rotations. These findings offer insights into the scission mechanism of rapidly rotating
compound nuclei with strong fragment spin polarizations.
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Introduction. Nuclear scission in the final stages of fission
is not a trivial splitting along the fission axis, as indicated
by considerable fragment spins about 7h̄ generated even in
spontaneous fission [1]. This is distinctly different from the
controllable separation between clouds of atoms [2]. In 2021,
an accurate measurement of fission fragment (FF) intrinsic
spins shows surprising sawtooth structures of fragment spin
distributions as a function of fragment masses [3]. The similar
sawtooth structures have been observed in distributions of
neutron multiplicities, which is related to the energy partition
between binary fragments [4–6]. Furthermore, the experi-
ment found no spin correlations between fragments and FF
spins are likely to be generated after scission. Subsequently,
strong interests have been motivated, however, the genera-
tion of FF spin and the scission mechanism are still under
debates [7–16].

The deeper understanding of nuclear scission is crucial
for the application needs of high quality multiple post-fission
data. The intuitive modeling of nuclear scission as a random
rupture in the neck has been widely adopted in descriptions
of FF yields [17,18]. The microscopic time-dependent den-
sity functional theory (TDDFT) reveals that the scission is
a fast nonadiabatic process so that quantum entanglement
between two separated fragments is persistent, impacting the
partition of particles and energies between fragments [19,20].
The FF spin can be generated by specific fragment rotational
modes at scission [21], mainly the bending and wriggling
modes in which FF spins are perpendicular to the fission-
ing axis [22,23]. In this respect, TDDFT calculations claim
the bending mode is predominated [12], in contrast to the
wriggling mode by FREYA as a Monte Carlo modeling [24].
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However, a latest TDDFT calculation adopting the full angu-
lar momentum projection reveals that the twisting mode along
the fissioning axis is also frequently activated [14].

The FF spins inherited from initial angular momentum
of compound nuclei (CN) have usually not been taken into
account in existing models, as they focus on fissioning nuclei
with low angular momentum [9,12,14,25]. FF spins with low
initial excitation energies and low angular momentum are
determined by fluctuation spins at scission [26]. However,
it is of interests to know the scission mechanism of rapidly
rotating nuclei, and consequently the partition of angular mo-
mentum between fragments, with both the inherited and the
rest spins. The fission dynamics is much related to excitation
energies, leading to enhanced viscosity [27] and the fade away
of sawtooth structures [6,19,28]. Both TDDFT and FREYA
results show that the dependence of FF spin on the angular
momentum of CN is weak and is more related to excitation
energies [11,26]. However, a recent measurement of isomeric
yield ratios pointed out that FF spin comes from the fission
process and also CN angular momentum [29,30]. Therefore,
it is vital for theoretical studies to disentangle the influences
of angular momentum and excitation energies on FF spin and
scission by systematical variations of initial conditions.

The fission under rapid rotation is a very violent nonequi-
librium nonadiabatic process [31], inducing strong spin
alignment or polarizations between fragments and CN. In
this respect, the microscopic real-time dynamical approach is
suitable. TDDFT has been demonstrated to be a promising
framework for descriptions of the later phase of fission after
the saddle point [27,32–36]. Even far from the equilibrium,
the partition of energies, angular and linear momentum, and
particles between nascent fragments can be self-consistently
determined by importing the random fluctuation mechanism
and combining the projection technique based on the TDDFT
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framework. [19,37–40]. Currently, within the TDDFT frame-
work, the FF intrinsic spins are obtained by applying angular
momentum projections (AMP) on each fragment in the partial
space. However, only very low or zero angular momentum
has been considered in earlier theoretical studies [11,12,14].
Experimentally, the rapidly rotating fission can be studied
by the fusion reactions induced by light projectiles such as
α [30], 16O and 32S [57]. Besides, the high angular momentum
is also relevant for heavy-ion reactions such as quasi-fission
and multi-nucleon transfer reactions [41,42]. The aim of this
Letter is to study the generation of FF spins and the scission
mechanism across a wide range of initial angular momentum
and excitation energies based on TDDFT, which has been a
missing piece for a long time.

Methods. The dynamical fission process after the sad-
dle point of 240Pu is studied within the TDDFT framework,
specifically, the time-dependent Hartree-Fock + BCS (TD-
BCS) approach [36,43]. With a finite-temperature HF +
BCS solution as an initial start for TD-BCS evolutions, the
dynamical pairing effect and the thermal excitation are self-
consistently included [27,28]. The initial wave functions are
obtained by deformation constrained HF + BCS calculations
at finite temperature [44,45]. The initial deformation (β2 =
2.3, β3 = 1.0) is adopted at zero temperature. At finite temper-
atures with high viscosity, a slightly larger initial deformation
of (2.6, 1.2) is chosen to reach the scission. Then the TD-
BCS equation is solved as in Ref. [46] using the modified
SKY3D code [47]. In this work, the Skyrme force SkM* has
been adopted [48], which has widely been used in fission
studies. Although other forces like UNEDF1 and SLy4 are
also suitable, they only result in minor changes in dynamical
evolutions [34]. Besides, the mixing-type density dependent
pairing interaction is adopted in our approach [49]. The pair-
ing strengths are Vp = 480 and Vn = 450 Mev fm−3 for protons
and neutrons, respectively.

Next the angular momentum of CN is obtained by an initial
rotation of the system at the beginning of the evolution. The
system is rotated along the y axis which is perpendicular
to the splitting direction. The driven rotation of the single-
particle Hamiltonian is applied continuously for 30 fm/c at
the beginning. After the initial boost, the system is evolved
to the splitting with the conservation of energies and angular
momentum. The Hamiltonian is written as

ĥq = Uq(�r) − ∇ · [Bq(�r)∇] + i �Wq · (�σ × ∇) + �Sq × �σ

− i

2
[(∇ × �Aq) + 2 �Aq · ∇], (1)

where the mean-field potential Uq(�r), effective mass Bq(�r),
spin-orbit potential �Wq(�r), and the time-odd terms �Sq, �Aq are
all set to rotate in a constant speed, and q denotes the isospin
of neutron and proton. For each time step ti, the coordinate �r
of [Uq, Bq, �Wq, �Sq, �Aq] rotates as

�r(ti ) = (xi, yi, zi ) → (xi + zi cos(ω�t ), yi, zi − xi sin(ω�t )).

(2)

The angular momentum can be adjusted by the rotating speed
ω. Such an initial rotation method is similar to the cranking
Hartree-Fock method, which has been applied previously in

FIG. 1. (a) Illustration of FF spin SL/H of a rotating CN with
angular momentum LCN along the y axis, in which inherited spins are
denoted as SrL and SrH for light and heavy fragments, respectively.
(b) Calculated expectation values of spins of light and heavy FF as a
function of LCN of 240Pu, with initial temperatures T = 0.0, 1.0, and
1.2 MeV. Note that calculated spins at low LCN are not shown, see
the text.

TDHF studies [50,51]. However, the cranking TDHF calcula-
tion is difficult to incorporate pairing effects and particulary
the initial thermal excitations. Both the total energy and an-
gular momentum of the CN system increase rapidly by the
initial boost and then become stable. To our knowledge, this
work presents the first microscopic self-consistent study of
CN fission dynamics at rapid rotations and high excitations.

Results. The fission evolutions of 240Pu based on TD-BCS
with varying initial excitation energies and angular momen-
tum have been studied in a controllable way. In our approach,
the energy boosted by the initial rotation is almost collective
rotation energy. To study CN fission with energy dependen-
cies, initial configurations with temperatures at T = 0.0, 1.0,
1.2 MeV are adopted for TD-BCS evolutions.

The orientations of FF spins and the CN rotation are
illustrated in Fig. 1(a). The FF spin along the y axis can be cal-
culated by 〈Jy〉, when two fragments are well separated [52].
The obtained 〈Jx〉 and 〈Jz〉 are basically zero in all cases.
Note that AMP should be applied to obtain FF spin when
CN has a low angular momentum. Under rapid rotations, the
obtained expectation value of FF spin in a given direction
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is close to the peak of angular momentum distributions, as
confirmed by cranking HF plus AMP calculations [53,54]. As
demonstrated in studies of quasifission fragment spins [41],
the expectation value of the angular momentum perpendicular
to the reaction plane encapsulates most of the system’s spin at
high spins. The application of AMP at thermal excitations is
too complicated. Thus the present study focuses on the fission
of CN at rapid rotations, and our method is not applicable at
low initial angular momentum.

The calculated FF spin at different initial excitation ener-
gies and angular momentum are shown in Fig. 1(b). Because
our method is not suitable at low initial angular momentum,
the calculated FF spins are displayed only for LCN � 20h̄. It
can be seen that both heavy and light fragment’s average spins
increase almost linearly with the increasing angular momen-
tum of CN. The spin of light fragment SL is larger than that
of the heavy fragment SH , being consistent with the sawtooth
structures [3]. The spin ratio of light to heavy fragments is
unchanged up to high spins but reduced as the temperature
increases. Finally the spins of two fragments become close
at high temperatures. This implies the fade away of sawtooth
structures of FF spin at high excitations rather than at high
angular momentum of CN.

It has been pointed out [22] that FF spins can be decom-
posed into two parts: the rigid rotation inherited from CN and
the rest motion, referred to as spin-depolarizing modes, in-
cluding bending, wriggling, tilting, and twisting modes. This
intriguing semiclassical picture has stimulated strong interests
in the generation of FF spin. The depolarizing spin is also
called fluctuation spin in other studies [8,26]. To be consistent
with this picture, the rigid rotation of fragments inherited from
CN can be estimated according to the moments of inertia,

LCN

ICN
= SrH

IH
= SrL

IL
, (3)

where ICN, IH , and IL denote the moments of inertia of CN,
the heavy and light fragments, respectively. The rotation iner-
tia can be calculated with the rigid-body inertia assumption,
since nuclear superfluidity disappears quickly as CN angular
momentum and excitation energies increase [45,55]. It was
known that the momentum of inertia is close to the rigid-body
value at high spins [56]. Furthermore, while the moments of
inertia are approximate, their ratios are more accurate. Note
that FF spin inherits only a very small portion of the CN
angular momentum, since each FF inertia is much smaller
than the CN inertia, as displayed in Table I. Generally the
heavy fragment has a larger rigid inertia and a higher inherited
spin than the light fragment. The SrH is even higher than the
SH . This is different from the final partition of FF spin in
Fig. 1. In contrast to spontaneous fission, where the intrinsic
FF spin is governed by the depolarizing spin, the scenario
at high angular momentum is characterized by a combined
contribution from inherited spin and depolarizing spin. From
this decomposition, our results are consistent with the bending
mode at low excitation energies.

The scission configuration can be significantly altered by
the rapid rotation of CN, impacting multiple post-scission

TABLE I. Calculated rigid rotation spins inherited from CN for
the heavy SrH and light SrL fragments of 240Pu. Results for CN at
different temperatures T (MeV) and angular momentum LCN (h̄)
are displayed. E∗ (MeV) denotes associated total excitation energies
including rotational energies.

E∗(T ) LCN SrH SrL

1.8(0.0) 27.6 2.52 2.05
10.9(0.0) 68.6 6.08 5.13
21.0(0.0) 95.2 8.26 6.90
20.9(1.0) 28.8 2.69 1.96
30.7(1.0) 68.7 6.32 4.65
41.1(1.0) 99.3 8.94 6.58
34.4(1.2) 28.8 2.76 1.91
40.6(1.2) 63.0 5.94 4.13
52.6(1.2) 99.3 9.13 6.43

observables. In Fig. 2, it is shown that TKE of fragments
increase with the increasing LCN , explaining the trend ob-
served in the heavy-ion induced fission [57]. We also see
that TKE decreases significantly with increasing initial E∗,
owing to enhanced dissipation and elongated neck at high
excitations [27]. As a probe of the distance between frag-
ments at scission, the Coulomb energies pre-scission are also
shown in Fig. 2. However, it shows that the Coulomb energies
decreases significantly as LCN increases. This indicates the
rapid CN rotation leads to elongated neck configurations. In
non-rotating fission, the Coulomb energy is the major part
of TKE. Therefore, the increasing TKE as a function of LCN

is attributed to relative rotational energies between fragments
instead of the Coulomb energy. Or say that a large portion of
the collective rotational motion of CN is converted into the
relative motion between fragments or TKE after the scission.

C
ou
l

FIG. 2. Total kinetic energy (TKE) and extracted Coulomb en-
ergy ECoul between fission fragments as a function of LCN at initial
temperatures of 0.0, 1.0, 1.2 MeV. The Coulomb energy is deter-
mined when the neck reaches the same number of particles in neck
Nc = 2.0 for comparison. The Nc refers to the particles contained in a
region of 1 fm at the location of the thinnest scission neck. The solid
lines denote TKE (the left vertical coordinate) and the dash-dotted
lines denote the Coulomb energy (the right vertical coordinate). All
energies are given in MeV.
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FIG. 3. Calculated current density distributions �j(r) at scission
for different initial temperatures T (in MeV) and angular momenta
LCN (a) for T = 1.0, LCN = 0; (b) for T = 0.0, LCN = 0; (d) for
T = 1.0, LCN = 95h̄; and (e) for T = 0.0, LCN = 95h̄. Neck currents
show scission nucleons emitted perpendicular to the fission axis.
Density contours are shown with quadrupole deformation β2 = 4.0
for comparison. The density differences (units in fm−3) in neutrons
(c) and protons (f) between LCN = 95h̄ and 0 are also shown.

To illustrate the scission configurations with varying initial
angular momentum and excitation energies, Fig. 3 shows the
evolution of pre-scission current density �j(r). The currents,
related to velocity fields, exhibit violent fission dynamics
at rapid rotation. Without initial rotations, the scission neck
becomes thicker at higher excitation energies due to en-
hanced viscosity [58]. As shown in density contours, it can
be seen that neck sizes become thicker under rapid rotations
irrespective of initial temperatures. The neck is particulary
thicker under highly excited rapid rotations. These neck
sizes are determined at the same quadrupole deformation
β2 = 4.0 for comparison. The thicker neck size allows an
elongated scission configuration and consequently the de-
creased Coulomb energy, being consistent with Fig. 2. This
can be understood that the strong centrifugal effect leads
to a violent nonadiabatic splitting that stretches the neck.

Experimentally, the widths of fragment mass distributions
increase at high excitation energies and high angular mo-
mentum [57], demonstrating the influences of thicker and
elongated neck configurations. Furthermore, we see clearly
that there are scission currents with a polarized direction being
perpendicular to the fission axis at high spins. This indicates
possible subsequent scission neutrons emitted in the direc-
tion perpendicular to the fission axis at high LCN . An earlier
study shows that at low excitations, scission neutrons emitted
in roughly equal numbers in the equatorial plane and along
the fission axis [59,60]. Thus scission neutron emissions in
rapidly rotating fission can be verified by light projectile nu-
clei induced fission. Besides, as evidenced by density contours
at LCN = 95h̄, the fragments show pronounced non-axially
symmetric deformations [61]. Figures 3(c) and 3(f) displays
the density differences between rapid rotation and zero rota-
tion by aligning their fission axis, which also demonstrates
clearly the breaking of axially symmetric shapes owing to
rapid rotations. Note that the fragment shapes are related to the
distortion energies, and also the sharing of excitation energies
and intrinsic spins [62,63].

Conclusion. We have self-consistently incorporated initial
rotation and thermal excitations into microscopic real-time
descriptions of nuclear fission process, offering insights into
the scission mechanism and the generation of FF spin. For
fission of 240Pu under rapid rotation, the light FF spin is larger
than the heavy FF spin, and the spin ratio is unchanged with
increasing CN angular momentum. However, the partition of
FF spin is dependent on excitation energies and the spins of
two fragments become close at high excitation energies, in-
dicating the disappearance of sawtooth structures in FF spins
at high excitations rather than high angular momentum. The
FF spin is a combined contribution from inherited spin and
depolarizing spin. Actually the heavy fragment inherits more
angular momentum with a larger moment of inertia.

The obtained TKE and the inherited angular momentum
also shows that most of the CN angular momentum is con-
verted into relative motion between fragments, explaining
the increasing TKE as CN angular momentum increases in
experiments. However, the Coulomb energies before scis-
sion decrease with increasing angular momentum. This is
consistent with elongated scission deformations under rapid
rotations, explaining experimental observations of increased
widths of fragment mass distributions and TKE distribu-
tions in heavy-ion induced fission. In addition, the fragments
exhibit considerable nonaxially symmetric shapes owing to
rapid rotations. This work demonstrates that the violent
nonequilibrium nonadiabatic scission under rapid rotations
can significantly impact post-fission observables.
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