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Motivation
• Fission was discovered in 1938, and its main 

mechanism explained a few months later by Lise Meitner 
and Otto Frisch.

• It is a highly complicated quantum many-body process, 
with various distinct stages, occurring at vastly different 
timescales.

• Surprisingly, the idea of scission neutrons (SNs) is 
almost as old as the discovery of fission itself, first being 
considered by Bohr and Wheeler in 1939.

• Ever since, the existence of SNs and their potential 
properties have been hotly debated over the years, and 
their experimental confirmation is still an open question.

• This work represents a small contribution towards the 
overarching goal in fission theory: to develop a 
consistent microscopic framework that describes all 
stages of fission and can accurately predict all relevant 
fission observables for all nuclei across the nuclear 
chart.  
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Figure 1. Schematic illustration of the features most relevant to the !ssion phenomenon.
The red curve depicts (in a one-dimensional projection) the potential energy as a function
of the elongation; the ground state is at the lowest minimum, and the shape-isomeric
state is at the second minimum. From these states it is possible to tunnel through the
potential barrier. Tunnelling is also relevant for neutron or photon induced !ssion when
the resulting initial state lies below the !ssion barrier. If the initial state is excited above
the !ssion barrier, it may undergo a complicated shape evolution crossing the barrier
from above. Once the system !nds itself beyond the barrier, it relatively quickly descends
towards scission. There it divides into two nascent fragments, which subsequently move
apart under the in"uence of their mutual Coulomb repulsion while gradually attaining
their equilibrium shapes and become primary fragments. Primary fragments then de-
excite by evaporating neutrons, radiating photons, and undergoing β decay.

In addition to an SF, !ssion can be induced by a variety of nuclear reactions. The !ssion-
induced processes include: neutron capture (responsible for energy production in !ssion reac-
tors), electron capture and beta decay, photo!ssion, and reactions involving charged particles
and heavy ions. In all these processes, the !ssioning nucleus is created in an excited state,
which may lie above or below the !ssion barrier.

Theoretical descriptions of !ssion induced by fast probes often assume the creation of
a compound nucleus at a given thermal excitation energy. However, as discussed later, that
assumption might be ill-founded for fast probes because the nuclear system may not have
suf!cient time to thermalise before undergoing !ssion. This becomes increasingly important
at higher energies where pre-equilibrium processes play an increasingly signi!cant role and
may lead to the emission of one or more nucleons before equilibrium is reached. Moreover, as
the excitation energy of the compound nucleus is increased, neutron evaporation competes ever
more favourably with !ssion and as a result, one or more neutrons may be evaporated before !s-
sion occurs (multi-chance !ssion). In addition, for non-thermalised systems one should develop
approaches using !xed energy rather than !xed temperature.

2.2. Important observables

When talking about !ssion observables, it is important to remember that what is often
considered ‘experimental’ is often the result of an indirect process, in which a quantity of
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Figure 2. Schematic representation of the different stages of a !ssion process, starting
from the initial nucleus (on the left), approaching the scission point as pre-fragments,
dividing into two excited nascent fragments, which after getting fully Coulomb acceler-
ated become primary fragments, then promptly emit neutrons and photons and undergo
β decays, and !nally become !ssion fragments in the exit channel. The associated time
scales are indicated on the axis underneath.

interest is extracted from measurements with the help of some model or model-dependent
assumptions.

Nuclear !ssion is a very complex transformation and there are many quantities of interest
that are directly measurable and subject to theoretical modelling. [A set of key !ssion observ-
ables suitable for validation of theoretical models was proposed in Bertsch et al (2015).] We
list here some of the most important ones, with their common designations:

Spontaneous-!ssion half-lives (TSF). Measured SF lifetimes (or half-lives) span a range from
microseconds or smaller to billions of years. To describe such a range is a signi!cant
challenge to theory.

Total and differential !ssion cross sections. For instance, the neutron induced !ssion cross
section σ(n, f ) and its energy and angular dependence or the threshold energy for !ssion
observed in a photo-!ssion cross section that is closely related to the height of a !ssion
barrier.

Yields (Y(A), Y(Z), Y(Z, A)). They describe probabilities for producing !ssion fragments of
given mass and/or charge. Such data are particularly important in nuclear astrophysics.
Yields refer to primary, independent or cumulative distributions (see !gure 2).

Fission spectrum. This includes the average number of neutrons per fragment, their energies,
the average number of photons per fragment and their energies, multiplicity distributions,
angular correlations, etc.

Total kinetic energy (TKE). The post-acceleration kinetic energy of the !ssion fragments, its
distribution, and its dependence on fragment mass.

Beta-decay spectrum of !ssion products. This is particularly important for the fundamental
theory of beta decay and includes the neutrino spectrum.
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We focus here!

Source: Bender, Michael, et al. "Future of nuclear 
fission theory." Journal of Physics G: Nuclear and 
Particle Physics 47, 113002 (2020).



311/18/24

Theoretical Framework
• We used the time-dependent superfluid local density 

approximation (TDSLDA), or, equivalently, time-
dependent density functional theory (TDDFT) extended 
to superfluid systems, to simulate fission.

• This allows for the treatment of dynamics from saddle to 
scission, the most non-equilibrium part of fission, under 
realistic initial conditions.  

• Two key points are required for any theory to model this 
stage of fission correctly:
− The evolution from saddle to scission should be dissipative.  
− A correct description of pairing is essential. 

• To allow for SNs to separate from fission fragments, runs 
became very computationally expensive.
− We used either 48x48x120 or 48x48x100 point lattices.
− Required all of Summit and Sierra to run.
− Larger boxes are still required.  

Source: Ibrahim Abdurrahman, Matthew Kafker, Aurel 
Bulgac, and Ionel Stetcu, “ Neck Rupture and Scission 
Neutrons in Nuclear Fission,” Phys. Rev. Lett. 132, 242501 
(2024). 
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Run # Nucleus Q20 [b] Q30 [b3�2] �2 �3

1 236U 184.33 19.66 1.88 0.86
2 236U 159.64 17.80 1.63 0.77
3 236U 135.25 12.74 1.38 0.55
1 240Pu 157.20 20.18 1.56 0.85
2 240Pu 153.11 18.34 1.52 0.77
3 240Pu 140.08 10.6 1.39 0.45
4 240Pu 141.85 8.56 1.40 0.36
5 240Pu 144.71 6.63 1.43 0.28
6 240Pu 145.64 6.63 1.44 0.28
1 252Cf 240.80 36.53 2.20 1.39
2 252Cf 227.19 32.50 2.07 1.24
3 252Cf 199.17 23.52 1.82 0.90
4 252Cf 168.29 13.44 1.54 0.51

TABLE I. Initial deformation parameters of fission trajectories. For 240Pu initial conditions were chosen both above and below
the saddle point (for more details see [70, 71]).

smaller calculations in boxes 482 ×90 were performed us-
ing roughly 4,150 nodes, corresponding to 16,600 Nvidia
Tesla V100 GPUs, on the Sierra supercomputer, each
taking about 6 hours wall time. Despite using all of Sum-
mit and Sierra, we cannot track the SNs for too long be-
fore they hit the boundary. To avoid this issue, we will
need to increase the lattice by at least a factor of 2 in
all spatial dimensions, corresponding to a total memory
increase of a factor of 64. Even Frontier, the leading su-
percomputer as of 2024, does not offer the capability to
perform such a simulation.

In addition, a number of approaches were considered
to compute the number of SNs. Even though we consid-
ered various radii of these spheres, we settled on conser-
vatively wrapping the two FFs with spheres with radii
R = 14 fm centered around the FFs center of masses, and
integrating nuclear density outside of the spheres. One
can make the case however that radii r = 10 fm are also
acceptable, in which case the number of scission neutrons
increases by about 25%. We also considered a stadium,
changing the radii of the bounding surface, and com-
puting the flux passing through the surface. We found
minimal differences between the varying approaching, as
shown in Fig. 6. The number of SNs was estimated in
two ways, either by integrating their density outside the
spheres/stadium or by evaluating the flux through these
surfaces. The small differences between the two meth-
ods illustrate the small relevance of re-absorption of the
nucleons.

V. ON THE USE OF A POTENTIAL ENERGY
SURFACE FOR FISSION CALCULATIONS

In molecular physics, the concept of the poten-
tial energy surface (PES) was developed in the Born-
Oppenheimer approximation in 1927 and the role of non-

adiabatic transitions plays a crucial role in many chemi-
cal reactions, see [75–77]. During the shape evolution of
molecular systems the energy levels for fixed shapes cross
and the system jumps from one PES to another.

The concept of a PES for a nucleus undergoing defor-
mation was first introduced by Bohr and Wheeler [3]. It
is a natural evolution of Bohr’s semi-classical hydrogen
atom model of 1911, where the 1s orbital (and all other
orbitals) are treated as quantized circles. The model pre-
dicted the correct ground state energy, but contained the
wrong physics, as the real ground state of the hydrogen
atom is a fuzzy sphere of about the same radius. This
highlights the importance of a having a fully quantum
description. In analogous fashion, it is now widely rec-
ognized that the validity of the concept of a PES outside
the outer saddle is highly questionable [78]. In the re-
gion outside the outer fission barrier the emerging fission
fragments are getting hotter and hotter on the way to
scission. The force between them depends on their in-
stantaneous temperature, and is not determined by the
gradient of the lowest PES with respect to the change in
shape. Outside of the outer saddle, fission dynamics is
controlled mostly by the gradient of the local entropy of
the system, see [70, 71, 79]. As shown in [70], the gradi-
ent of the intrinsic energy (which can be interpreted as
the intrinsic free energy) is significantly smaller than the
gradient of the lowest PES, indicative of strongly damped
dynamics.

The damped dynamics were first demonstrated theo-
retically within a microscopic framework in [69] and sub-
sequent papers [70, 71]. In [69], for the first time in the
literature, real-time fission dynamics were studied start-
ing from the top of the outer saddle until the FF fully
separate. The Langevin/Fokker-Plank treatment of fis-
sion is only valid in the case of weak dissipation, where
the use of a (standard) PES à la Bohr and Wheeler is
reasonable. This is not the case here, as the nuclear level

Considered Runs
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What do We See? 
• At the neck rupture neutron clouds 

are emitted perpendicular and 
parallel to the axis of fission.  

• Some charged particle emission as 
well. 
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FIG. 1. Left/right panels show time series of the neutron/proton number densities in fm−3 for a typical fission trajectory.

some models) perpendicular to the scission axis. Second,
fragments formed as satellite droplets [27], which could
comprise both neutrons and protons, in cases of fission
where the neck is highly elongated [28]. This mechanism
would have a similar signal to the first case, except the
kinetic energies of the SNs would be significantly lower.
Last, SNs emitted in front the FFs via the so called cata-
pult mechanism: as the neck ruptures the tails of the
densities of FFs are "snatched" inside, travel through
the nucleus with high energy, and emerge on the other-
side as SNs [29]. Here, the majority of the SN signal
would be seen as polar emission (in the direction of the
FFs) with high kinetic energy, all with respect to the lab
frame. All of the above proposed mechanisms have dis-
tinct features, and hence unique signals for determining
which is primarily responsible for SNs. In addition, re-

cent hybrid approaches, based on the Time-Dependent
Schrödinger Equation in polar coordinates (TDSE2D),
have been used to model SNs [30–34]. In some micro-
scopic studies, pairing correlations were treated in the
BCS approximation in two different limits, using frozen
occupation numbers or allowing them to change via the
BCS equations [30, 33, 34]. Frozen occupation numbers
are unrealistic, as we have shown the population of levels
change in time for nuclear systems [35]. Allowing states
to change their occupation numbers in TDHF+TDBCS
theory, see e.g. Ref. [36, 37], leads to the violation of
the continuity equation [38], which is a crucial ingredi-
ent in describing matter transport at both the classical
and quantum level. In the most recent study of the neck
formation [37], which has no mention of SNs however,
the authors relied on the use of the nucleon localization

Source: Ibrahim Abdurrahman, 
Matthew Kafker, Aurel Bulgac, and 
Ionel Stetcu, “ Neck Rupture and 
Scission Neutrons in Nuclear Fission,” 
Phys. Rev. Lett. 132, 242501 (2024). 
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Consistency Checks
• Regardless of the specific selection criteria, we always 

see scission neutrons, with the amount varying by 20 %
at most. 

• Neutrons are free and remain free:
− The interaction energy of the cloud is 1 % of its kinetic energy.

− After fully accelerating, the nucleons in LFF have an average of 
~1/3rd the kinetic energy as nucleons  in the cloud.  

Source: Ibrahim 
Abdurrahman, Matthew 
Kafker, Aurel Bulgac, and 
Ionel Stetcu, “ Neck Rupture 
and Scission Neutrons in 
Nuclear Fission,” Phys. Rev. 
Lett. 132, 242501 (2024). 
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FIG. 5. Time series of scission neutron/proton (blue/red)
collective flow energy distributions for a typical fission trajec-
tory. The distributions are normalized in time to the number
of scission neutrons/protons: ∑P (t, �✏⌧ �)�✏ = N(t)⌧,sci, with
⌧ = n, p. The distribution was obtained by computing the
collective kinetic energy per nucleon at each cell on the lat-
tice, �✏⌧ � = 1

2
mv2

⌧ , and placing the point in the appropriate
bin. The contribution of each point is weighted by the num-
ber density within the same cell.

In the main manuscript we focused on the kinetic en-
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d3r, (4)

as opposed to the collective flow energy, since the former
is less sensitive to the size of the lattice. The kinetic
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FIG. 6. (Top panel) the number of scission neutrons ob-
tained by integrating the volume outside of bounding sta-
diums with different radii (see inset). The maximum rela-
tive percent difference between the stadiums with R = 10 fm
and R = 15 fm is ∼25%. (Middle panel) comparison between
computing the scission neutrons via Nsci = ∫Vol drnn(r) and
Nsci = ∫Surf dS∇ ⋅ j(r), where the volume refers to the region
of space outside of the stadium. The maximum relative per-
cent difference these two methods is given by ∼5%. (Bottom
panel) comparison between two bounding containers (see in-
set of top panel) with R = 14 fm. The maximum relative
percent difference is given by ∼ 20%. The bounding spheres
are what was used for all other results in this study.
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set of top panel) with R = 14 fm. The maximum relative
percent difference is given by ∼ 20%. The bounding spheres
are what was used for all other results in this study.

punctured balloon, which would rapidly escape the enclo-
sure, due to the presence of the nuclear “skin” and strong
surface tension, the nucleus behaves as a fluid. The surface
tension quickly “heals” the “wound,” however, a small
fraction of matter manages to escape like a gas, with no
droplet formation, see Fig. 1. The potential condensation of
this emitted gas into light charged particles cannot be
described within the present framework, which includes at
most two particle correlations. This is not to be confused
with ternary fission of a preformed fragment, where further
discussion is provided in Ref. [44]. In Fig. 1, and more in
Ref. [44], we show several representative frames for
neutrons and protons of the neck formation and emission
of nucleons.
The most remarkable features of this process are the

following. As visible in Fig. 2, the proton neck completes
its rupture before the neutron neck, however, in two stages.
Immediately at scission, which in Fig. 1 is identified with
the rupture of the proton neck, a number of nucleons are
emitted in the plane perpendicular to the fission axis (see
second time frame). After a sufficient time for nucleons to
propagate from the neck to the nose of each FF, scission
nucleons also appear propagating in front of each FF. In
1984, it was suggested by Mädler [93], that the reabsorp-
tion of the neck stumps by the FFs, being a relatively rapid
process, could act as a “catapult,” which is more appro-
priately described as a slingshot, and “push” nucleons out
of the front of the FFs. It is also important to note, the
formation of three neutron clouds, two in front of the FFs
and one transverse ring perpendicular to the fission axis,
appears across all considered trajectories and nuclei
thus far.
Remembering that the TKE is roughly 171–186 MeV, at

the end of the full Coulomb acceleration the light and heavy

FFs will have an average kinetic energy per nucleon of
about 1 MeV and 0.5 MeV, respectively, which is signifi-
cantly lower than the average kinetic energy of the SNs, see
Fig. 3, given by 3.51! 0.25 MeV, 3.42! 0.27 MeV, and
2.67! 0.24 MeV for 236U, 240Pu, and 252Cf, respectively.
As noted by R. Capote [94], our results, which are
consistent with high-energy neutrons observed via dosim-
etry measurements [95], point to an unmistakable need to
include SNs in the analysis of prompt neutron spectra [96].
As a result, the FFs will never have a chance to catch up
with them. Additionally, the SNs are essentially free, since
their total interaction energy, estimated using the neutron
equation of state [89],

Eint
n ¼

Z
dV

!
ann

5=3
n þ bnn2n þ cnn

7=3
n

"
≪ Ekin

n ; ð2Þ

comprises less than 1% percent of their kinetic energy. The
total number of emitted neutrons, shown in Fig. 4, is about
0.30! 0.05, 0.26! 0.05, and 0.55! 0.02 per fission event
for 236U, 240Pu, and 252Cf, respectively, which is a consid-
erable portion (roughly 9%–14%) of the total emitted
prompt neutrons, see Refs. [41,43]. These are somewhat
conservative estimates, see the discussion in Ref. [44],
and these numbers can be likely enhanced by at least a
factor of 1.25. This is clear in Fig. 4 where neither the
emission of neutrons or protons has flattened. In compari-
son, Carjan et al. [52,97–100] estimated an upper bound of
25%–50% of prompt fission neutrons are emitted during
scission. At the same time the number of emitted protons is
about 2 orders of magnitude lower, see Fig. 4. The nucleons
are emitted in roughly equal numbers both transverse to the
scission axis and in front of the FFs.
In summary, we have clarified several aspects of the most

nonequilibrium and fastest stage of nuclear fission dynam-
ics. Within TDDFT, the neck rupture is not a random
process, as previously argued in various phenomenological

FIG. 3. The scission neutron kinetic energy distribution with
uncertainties corresponding to different trajectories. The distri-
butions are normalized to the total number of SNs, i.e.,P

PðhϵniÞ × ðΔE=MeVÞ ¼ Nsci, with ΔE ¼ 2 MeV. The inset
shows the total kinetic energy of the SNs vs time. The shaded
regions represent the standard deviation from considering various
trajectories.

FIG. 4. The solid (dashed) regions show the number of SNs
(protons), respectively; τ ¼ n, p. The shaded regions represent
the standard deviation from considering various trajectories.
Np;sci was enhanced by a factor of 10.

PHYSICAL REVIEW LETTERS 132, 242501 (2024)
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Amounts and Kinetic Properties
• Numbers:

− The total number of emitted neutrons is about 0.30 
± 0.05, 0.26 ± 0.05, and 0.55 ± 0.02 per fission 
event for 236U, 240Pu, and 252Cf, respectively.

− This corresponds to roughly 9%–14% of the total 
emitted prompt neutrons.

− Estimates are conservative. 
− In comparison, Carjan and collaborators estimated 

an upper bound of 25%–50% of prompt fission 
neutrons are emitted during scission. 

− Roughly equal number of perpendicular and 
longitudinal neutrons.  

• Kinetic Properties:
− The average kinetic energies of the SNs are given 

by 3.51 ± 0.25 MeV, 3.42 ± 0.27 MeV, and 2.67 ±
0.24 MeV for 236U, 240Pu, and 252Cf, respectively. 

− Faster than typically considered prompt neutrons. 
− Some neutrons are emitted with much higher kinetic 

energies.  
Source: Ibrahim Abdurrahman, Matthew Kafker, Aurel 
Bulgac, and Ionel Stetcu, “ Neck Rupture and 
Scission Neutrons in Nuclear Fission,” Phys. Rev. 
Lett. 132, 242501 (2024). 
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Immediately at scission, which in Fig. 1 is identified with
the rupture of the proton neck, a number of nucleons are
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As noted by R. Capote [94], our results, which are
consistent with high-energy neutrons observed via dosim-
etry measurements [95], point to an unmistakable need to
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As a result, the FFs will never have a chance to catch up
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comprises less than 1% percent of their kinetic energy. The
total number of emitted neutrons, shown in Fig. 4, is about
0.30! 0.05, 0.26! 0.05, and 0.55! 0.02 per fission event
for 236U, 240Pu, and 252Cf, respectively, which is a consid-
erable portion (roughly 9%–14%) of the total emitted
prompt neutrons, see Refs. [41,43]. These are somewhat
conservative estimates, see the discussion in Ref. [44],
and these numbers can be likely enhanced by at least a
factor of 1.25. This is clear in Fig. 4 where neither the
emission of neutrons or protons has flattened. In compari-
son, Carjan et al. [52,97–100] estimated an upper bound of
25%–50% of prompt fission neutrons are emitted during
scission. At the same time the number of emitted protons is
about 2 orders of magnitude lower, see Fig. 4. The nucleons
are emitted in roughly equal numbers both transverse to the
scission axis and in front of the FFs.
In summary, we have clarified several aspects of the most

nonequilibrium and fastest stage of nuclear fission dynam-
ics. Within TDDFT, the neck rupture is not a random
process, as previously argued in various phenomenological

FIG. 3. The scission neutron kinetic energy distribution with
uncertainties corresponding to different trajectories. The distri-
butions are normalized to the total number of SNs, i.e.,P

PðhϵniÞ × ðΔE=MeVÞ ¼ Nsci, with ΔE ¼ 2 MeV. The inset
shows the total kinetic energy of the SNs vs time. The shaded
regions represent the standard deviation from considering various
trajectories.

FIG. 4. The solid (dashed) regions show the number of SNs
(protons), respectively; τ ¼ n, p. The shaded regions represent
the standard deviation from considering various trajectories.
Np;sci was enhanced by a factor of 10.
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FIG. 2. The number of scission protons (dashed lines) and
scission neutrons (solid lines) are shown as functions of time
for various nuclei up to when the longitudinal clouds hit the
boundaries of the box. The perpendicular and longitudinal
components (with respect to the fission axis) are shown sep-
arately. The scission proton component has been scaled by a
factor of 10. The number of scission neutrons in the perpen-
dicular and longitudinal directions are roughly equal, mean-
while scission protons favor being emitted in front of the FFs.

function (NLF), a concept we find highly debatable [39].
The authors make the claim that the neck ruptures be-
cause of the Coulomb repulsion of the two proton pairs,
identified in the neck region using the NLF. One can eas-
ily evaluate the Coulomb force between such two proton
pairs to be about 0.35 MeV/fm, which is almost two or-
ders of magnitude smaller than the Coulomb repulsion
between two touching FFs of O(10) MeV/fm, which is
the real cause of the separation of the two FFs. As is
well known, the Coulomb repulsion between two touch-
ing uniformly charged spheres is equal to the Coulomb

repulsion of two point charges with charge equal to the
FFs’ charges separated by the same distance.

The Brosa model, in which SNs were never discussed,
[28] introduced concepts in fission such as standard, su-
perlong, supershort, and superasymmetric pre-scission
shapes, which some practitioners find useful. Some of
these modes have not been observed in microscopic mod-
els. This suggests such shapes have a very low probability
to occur.

II. CHARGED PARTICLE EMISSION DURING
THE NECK RUPTURE

Unlike in the case of SNs, it has been well known
since the late 40s that alpha particles are emitted at scis-
sion [40–47]. Coined long range alphas (LRAs), the vast
majority emerge perpendicular to the fission axis, with a
much smaller fraction alphas with energies greater than
25 MeV are emitted in the direction of the FFs [48]. Be-
cause most LRAs are emitted perpendicular to fission
axis, the majority must originate from the neck during
rupture. Later, additional charged ternary particles were
detected, including Tritium [49–51], 6He [52–57], isotopes
of Li and Be [58], and heavier elements [59–61].

Our TDDFT simulations show proton clouds emitted
in front of the FFs, with significantly lower probability
than the neutron clouds, see Figs. 1, 2. Additionally,
scission protons favor emission in the direction of the
FFs instead of perpendicular to the FF axis, unlike scis-
sion neutrons, which will emit in both directions with
roughly equal probability. These estimates of scission
proton probabilities can act as a theoretical estimate for
the emission of light charged nuclei.

Current TDDFT simulations cannot describe the po-
tential condensation of light charged particles within this
cloud. As it is well known from condensation studies,
e.g. in the last three decades of cold atom studies [62–
64], the condensation, which determines the lifetimes of
these systems, is controlled by the very low rate of three-
body collisions, as only when three particles collide can
a two-body bound state form, which is the first step to-
wards condensation. Similar arguments are used in the
formation of hadrons from quarks in relativistic heavy-
ion collisions, or the formation of rain drops in the fog.
The probability to find three nucleons in close proxim-
ity to each other is extremely low in the case of scission
neutrons, and furthermore, only two-body collisions are
included in TDDFT so far. Even in quantum kinetic
models, far less computationally demanding theories, the
inclusion of three-body collisions is not a simple proce-
dure. For example, the most common collision integrals
only contain two body collisions [65–67].

An alternative and distinct mechanism to condensa-
tion for the formation of alphas, deuterium, tritium, and
other heavier light nuclei is ternary fission of preformed
fragments, which was observed since the 1960’s, see Van-
denbosch and Huizenga [59] and Rose and Jones [60].
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Emission Mechanism 
and the Neck Rupture
• Neck rupture behavior is universal for large class of 

asymmetric fission trajectories. 
− The number density decays exponentially, with a decay time of τ 

≈ 35.0 ± 2.2 fm/c for neutrons and 15.3 ± 0.3 fm/c for protons.
− It is not random, once a wrinkle forms at the outer saddle it does 

not move.  
− Still needs to be tested for symmetric or close to symmetric 

fission and more nuclear systems.  

• Catapult mechanism (more like a slingshot), suggested 
by Mädler in 1984, is responsible for longitudinal 
emission. 

Source: Ibrahim Abdurrahman, Matthew Kafker, Aurel Bulgac, 
and Ionel Stetcu, “ Neck Rupture and Scission Neutrons in 
Nuclear Fission,” Phys. Rev. Lett. 132, 242501 (2024). 

separately for neutrons and protons, where the zneck is the
position along the fission axis Oz where the neck has the
smallest radius. The neck decays relatively slowly at
scission, until its diameter reaches about 3 fm, after which
it undergoes a very rapid decay. Different curves illus-
trated in the lower panel correspond to trajectories started
at various initial conditions for the deformations Q20, Q30

close to the outer fission barrier [44]. The time to reach
scission can vary significantly, depending on the initial
values of the deformations Q20, Q30 and on the NEDF
used, typically ranging from 1,000 to 3; 000 fm=c.
These microscopic results illustrate several points, which

were unknown until now, due to the absence of any detailed
fully microscopic quantum many-body simulations of
fission dynamics. First, the wrinkle in the nuclear density,
where the neck is eventually formed and where the nucleus
eventually scissions, is determined a long time before the
nucleus reaches scission. Within the time-dependent den-
sity functional theory (TDDFT) framework the position of
the neck rupture is not random, unlike in the Brosa model
[25,44]. At the time when the neck reaches a critical
diameter of ≈3 fm, the nuclear surface tension and the
shape of the compound around the neck region, can no
longer counteract the strong Coulomb repulsion between
the preformed FFs, causing the system to violently “snap.”
One should keep in mind that as the intrinsic temperature of
the compound nucleus increases, the surface tension also
decreases. The geometry of the nuclear shape changes
dramatically at this stage, from exhibiting a neck region
where the Gaussian curvature is negative, to two separated
FFs with surfaces characterized by predominantly positive
Gaussian curvatures.
Second, the proton neck completes its rupture earlier

than the neutron neck does, see lower panel in Fig. 2,
resulting in the neck being mostly sustained by the neutrons
just before the full rupture. This is similar to the neutron
density in the neutron skin of heavy nuclei. In this time
interval, the number of neutrons per unit area at the neck
varies by an order of magnitude. The protons in the
emerging FFs separate about 50–100 fm=c before the
neutron’s neck ruptures. Additionally, the integrated neu-
tron and proton densities at zneck asymptotically reach
almost equilibrium values, after the neck ruptures.
Third, the rupture is unarguably the fastest stage of the

fission dynamics, starting from the capture of the incident
neutron and formation of the compound nucleus, until all
fission products have been emitted. The decay times are
15 fm=c and 35 fm=c for proton and neutron necks,
respectively, which are significantly faster processes than
the time it takes the fastest nucleon to communicate any
information or facilitate any kind of equilibrium between
the two preformed FFs, which is at minimum ∼160 fm=c.
Fourth, the neck decay dynamics displays a clear

universality (for asymmetric fission) irrespective of the
initial conditions, as shown in the lower panel of Fig. 2,

with the proton neck rupturing well ahead of the neutron
neck, due to the presence of a well-defined neutron skin.
The proton and neutron neck ruptures are the same for all
trajectories, unlike any other outcomes of the fission
process [7,8].
Last, the scission mechanism emerging from a fully

microscopic treatment of the fission dynamics is totally at
odds with previous models, including the Brosa random
rupture model and the scission-point models. TDDFT
extended to superfluid systems is the only theoretical
microscopic framework so far in the literature in which
scission is treated without any unchecked assumptions or
fitting parameters, which produces results that are in
agreement with data [6–8,92].
The neck rupture is a very fast “healing” process of the

nuclear surface in the neck region. Unlike a gas in a

FIG. 2. In the upper panel we display the integrated nucleon
density along the fission axis nz;τðtÞ ¼

R
dxdy nτðx; y; z; tÞ at

several times; before scission at −258.53 fm=c (black lines),
when the neck is barely formed; after scission at 129.27 fm=c
(red lines); and after the FFs separated, respectively, at
517.06 fm=c (blue lines). Neutrons (protons) are represented
via solid (dashed) lines, respectively. In the bottom panel, the
nucleon number density integrated over the cross section of the
neck as a function of time. A fit around the scission time, shows
that integrated over the cross section of the neck, the neutron
number density decays exponentially, nneck;τðtÞ ∼ expð−t=τÞ,
with τ ≈ 35.0$ 2.2 fm=c for neutrons and 15.3$ 0.3 fm=c for
protons.
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Conclusions

This study represents the first fully microscopic evidence for the emission of scission neutrons in quantum many-body 
theory.  
Key takeaways:

• Neutrons make up reasonable portion of prompt neutron emission.
• They appear in three signals, two in front of each fragment, and one perpendicular to the fission axis.  

• The dispersion of these signals at later times is unclear.  
• Scission neutrons have higher average energies than prompt neutrons, with some carrying up to 17 MeV of kinetic 

energy.  

• Neck rupture is not a random, with the point of rupture defined at the outer saddle.  
• Universality of rupture needs to be tested for larger class of fission trajectories.  

• Larger lattice are still required to extract angular distributions and potentially see the termination of scission neutron 
emission.  
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Thank you!
Any questions?


