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Figure 2: Occupation numbers gn,p
i (non-transparent part of vertical lines) of

nucleon states with energy ei near the Fermi energy are shown for a deformed
state of 180Hg (corresponding to the star in Figs. 1a, 1d and 1g). The resulting
values hn,p of the level densities near Fermi energy are indicated for neutrons
and protons, respectively.

The density of energy levels in the system determines impor-
tant quantities that affect fission mechanisms, including energy
dissipation [26], fragment excitation [27], and shell effects [10].
In the case of shell effects, however, only the level density near
the Fermi level is relevant. To investigate the evolution of shell
effects along the fission path, we introduce an energy level den-
sity hn,p = Âi f (ei � en,p

0 ) that counts the number of neutron or
proton single-particle states in an energy window DE centred
in en,p

0 that are defined as halfway between the two levels sur-
rounding the neutron and proton Fermi energy, respectively. DE
should be of the order of typical shell energy gaps so that hn,p

produces small values in the presence of such a gap. As the nu-
cleon energy spectra are less compressed in lighter nuclei, we
use DE = 3 MeV in 180Hg and 2.5 MeV in the other nuclei. To
avoid rapid changes in hn,p when a nucleon energy level enters
or leaves the energy window, we also weight the contribution of
the levels by a function f of the nucleon energy ei that is equal
to 1 at en,p

0 and linearly decreases to 0 at the edges of the en-
ergy window. The effect of DE and of the smoothing function
are studied in Figs. 1 and 2 of the Supplemental Material.

Figure 2 shows how hn and h p are computed for a state of
180Hg on its fission path [represented by a star in Figs 1(a,d,g)].
In particular, we see in figure 2 that large energy gaps near the
neutron Fermi level lead to a small value of hn. The level densi-
ties hn and h p can then be used as an indication of the presence
of neutron and proton shell effects, respectively. In turn, these
shell effects are expected to produce a shell correction energy
(as computed in macroscopic-microscopic methods [10]) and
also affect the inertia (and thus the dynamics) of the systems as
it evolves on the PES [28]. Indeed, level crossings at the Fermi
surface are known to produce peaks in the mass parameters.
Naturally, the level density near the Fermi level is lowered by
such crossing, while in regions of the PES affected by strong
shell effects, no such crossing is expected, leading to correla-
tions between mass parameters and level density at the Fermi
surface.

Figure 1 shows the neutron (Figs. 1d-f) and proton (Figs. 1g-
i) level densities hn,p for the same three nuclei and ranges of
deformations as in the PES. In each system, when mass sym-

metry is broken the fission path always follows successive re-
gions associated with small neutron or proton level densities,
and sometimes with both. From this we conclude that several
shell effects are at play along the fission path and that both pro-
ton and neutron shells may take turn in driving the system to-
wards mass asymmetric fission.

Note also that pairing interaction, which occurs essentially
near the Fermi level, is attractive and increases with single-
particle energy level density. It is then in competition with shell
effects that favour low level densities. The fact that the fission
paths follow regions of low level density shows that the domi-
nant effect comes from shell effects rather than pairing energy.

In 180Hg, both proton and neutron shells are present when
the system first acquires a non-zero octupole moment Q30
[Fig. 1(b,g)]. In 236U, the first asymmetry is induced by neu-
trons [Fig. 1(e)], while in 256Fm it is due to protons [Fig. 1(i)].
Indeed, in the latter, the low h p at Q20 ' 60� 90 b lowers the
energy ridge between the symmetric path and a nascent asym-
metric one. Near scission, the final asymmetry between the
fragments of 180Hg is determined by neutron shells [Fig. 1(d)],
while in 236U and 256Fm, it is dominated by proton ones
[Fig. 1(h,i)]. Strong shell effects are also observed at intermedi-
ate configurations along the fission path, such as neutron shells
at Q20 ⇠ 120 b in 236U [Fig. 1(e)] and 100 b in 256Fm [Fig. 1(f)].

In the case of 236U, this confirms that, in one hand, neutron
shell effects allow the nucleus to leave the symmetric path to
find a lower (asymmetric) second barrier [8, 10], and, in the
other hand, proton shell effects are present near scission [6].
We also see that these two mechanisms do not provide a com-
plete picture. Indeed, in 236U, we observe several additional
proton and neutron shell effects on the asymmetric fission path
[Fig. 1(e,h)], showing that the connection between the first and
last shell effects is not trivial. This observation is in contradic-
tion with an earlier interpretation (in the case of 232Th) that a
single shell effect due to a partially formed spherical Sn-like
fragment is responsible for lowering the level density from the
asymmetric saddle to scission [29].

Note that shell effects are not limited to the fission path
(which is only the most probable one) and may affect other
regions of the PES which could influence fragment mass and
charge distributions. For instance, by comparing Figs. 1(b),
1(e) and 1(h) we see that in 236U, proton shell effects produce
another fission valley which is symmetric (Q30 ' 0), while the
extension of the PES around Q20 ⇠ 200 � 220 b and Q30 ⇠
30� 50 b3/2 is clearly due to neutron shell effects. A shallow
symmetric valley in 256Fm [Fig. 1(c)], produced by spherical
shell effects in the fragments leading to low proton level den-
sity [Fig. 1(i)], is also observed (see Fig. 3).

Strutinski shell energy correction from the HFB single par-
ticle energy spectra are also shown in Fig. 1(j-o) for compari-
son. The variations of the energy correction display structures
over the 2D surfaces that are sometimes similar to the ones in
the near Fermi level density surfaces but also differ in some
cases. Focussing on the 1D fission paths, both methods pre-
dict a dominance of proton shell effects at Q20 > 70 b in 236U
[Fig. 1(h,n)] and at Q20 > 110 b in 256Fm [Fig. 1(i,o)]. The level
density method, however, is able to explain the early asymme-

3

Shell correction energy (Strutinski)
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level along the entire potential energy surface, we will identify the microscopic origins for the creation of the different 

fission valleys. In particular, we will be able to tell if a given valley is created by proton or neutron shell effects.   

This new technique will be employed to investigate timely problems: 

• What is the origin for the symmetric to asymmetric transition in fission of 
neutron deficient actinides [Schmidt 2000] (see Fig. 4)? 

• What is the origin of the recently observed asymmetric fission modes in sub-
lead nuclei [Andreyev 2010]? 

• What are the shell effects driving fission of neutron rich heavy nuclei formed 
at the end of the r-process and responsible for fission recycling? 

• What shell effects can we anticipate in fission of superheavy nuclei? 

Answering each of these questions is expected to lead to at least one publication in a 

top journal (e.g., Nature, PRL, PLB and PRC).  

Task 2: Investigating fission modes with quasifission reactions 

Fission and quasifission paths on a potential energy surface are a priori very different 
(see Fig. 3) as the systems are initially in very different configurations (compact 

compound nucleus in fission, versus incoming heavy ions in quasifission). 
Nevertheless, both processes could lead the system into the same fission valley (Fig. 

3), and thus sensitive to the same quantum shell effects. This is the idea we propose 
to investigate in task 2. To do this, 3-dimensional time-dependent Hartree-Fock 
(TDHF) simulations of quasifission will be performed using solvers developed by the 
CI and his collaborators (see our recent review [Simenel 2018] and the “theoretical 

framework and method” section in D2). An example quasifission calculation is shown 

in Fig. 5.  

The microscopic properties of the fragments produced in both quasifission and fission 
reactions will be studied and compared. In particular, deformed shell effects will be 

searched for by reconstructing the fragments and analysing their single-particle 
spectra as in Fig. 6. Neutron deficient thorium isotopes (90 protons) will be first 

investigated as their fission modes are experimentally well known (see Fig. 4), while 
40-56Ca+176Yb→216-232Th can be used to experimentally study quasifission modes in 
these systems. (40-48Ca beams are available at the ANU accelerator, while 49-56Ca beams are under development at the 
FRIB radioactive beam facility in the US.) A comparison of shell effects in fission fragments (using methods of task 

1), with those in quasifission fragments, will adress the following questions: 

• Are the shell effects driving the formation of the final fragments the same in fission and quasifission? 
• Can we use quasifission reactions to extract properties of the fission modes of the compound nucleus? 

Once the method has been tested on the known actinide region, applications to the superheavy region will be considered. 
For example, strong spherical shell effects due to the Z=82 (lead) magic number were predicted in 40Ca+238U 

quasifission by our TDHF calculations and confirmed later on experimentally. (Both studies were published in PRL 
[Wakhle 2014, Morjean 2017].) The compound system in this reaction is the 278Cn (112 protons) superheavy nucleus 

whose fission modes (as in the entire SHE region) are unknown experimentally, though heavier SHE are theoretically 
predicted to have a superasymmetric fission mode driven by the same Z=82 spherical shell effects. Connecting shell 

effects driving fragment formation in fission and quasifission would then provide strong support to the existence of 
such superasymmetric fission mode in SHE. To make this connection, systematic TDHF studies of quasifission 

reactions will be performed and compared with predictions from SHE fission studies in task 1. Our theoretical 
investigations is expected to have a strong impact on future experimental programs, including of the nuclear reaction 

group at the ANU. The availability of heavy-ion beams at ANU/HIAF, such as 48Ca, 50Ti, 54Cr, 58Fe and 64Ni, and of 
actinide targets (232Th, 238U, 244Pu, 248Cm and 249Cf) allow for many future experimental studies of SHE (quasi)fission 

modes which will be guided by our theoretical predictions. Systematic TDHF studies of quasifission will be performed 

as part of task 2 of this project.     

These theoretical investigations will make use of the National Computational Infrastructure (NCI) Gadi supercomputer. 
These are very CPU intensive and time consuming numerical studies requiring full optimisation of our codes in terms 

of grid size and geometric setup configuration. For instance, based on previous studies, we estimate the 40-

56Ca+176Yb→216-232Th systematics study of quasifission to require ~500k CPU hours on Gadi. One reason for the 
relatively high computational cost of these studies is that nuclei are often deformed and we need to consider a set of 
initial relative orientations between the collision partners. This is crucial as the outcome of the reaction often depends 

strongly on this initial orientation [Wakhle 2014; Simenel 2020, 2021].  

Figure 6: The density of 236U just 
before scission can be 
reproduced with two deformed 
fragments. Analysis of their shell 
structure around the Fermi 
energy (set to 0 as a reference) 
enables identification of shell 
gaps responsible for the final 
asymmetry.  
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Figure 2: Occupation numbers gn,p
i (non-transparent part of vertical lines) of

nucleon states with energy ei near the Fermi energy are shown for a deformed
state of 180Hg (corresponding to the star in Figs. 1a, 1d and 1g). The resulting
values hn,p of the level densities near Fermi energy are indicated for neutrons
and protons, respectively.

The density of energy levels in the system determines impor-
tant quantities that affect fission mechanisms, including energy
dissipation [26], fragment excitation [27], and shell effects [10].
In the case of shell effects, however, only the level density near
the Fermi level is relevant. To investigate the evolution of shell
effects along the fission path, we introduce an energy level den-
sity hn,p = Âi f (ei � en,p

0 ) that counts the number of neutron or
proton single-particle states in an energy window DE centred
in en,p

0 that are defined as halfway between the two levels sur-
rounding the neutron and proton Fermi energy, respectively. DE
should be of the order of typical shell energy gaps so that hn,p

produces small values in the presence of such a gap. As the nu-
cleon energy spectra are less compressed in lighter nuclei, we
use DE = 3 MeV in 180Hg and 2.5 MeV in the other nuclei. To
avoid rapid changes in hn,p when a nucleon energy level enters
or leaves the energy window, we also weight the contribution of
the levels by a function f of the nucleon energy ei that is equal
to 1 at en,p

0 and linearly decreases to 0 at the edges of the en-
ergy window. The effect of DE and of the smoothing function
are studied in Figs. 1 and 2 of the Supplemental Material.

Figure 2 shows how hn and h p are computed for a state of
180Hg on its fission path [represented by a star in Figs 1(a,d,g)].
In particular, we see in figure 2 that large energy gaps near the
neutron Fermi level lead to a small value of hn. The level densi-
ties hn and h p can then be used as an indication of the presence
of neutron and proton shell effects, respectively. In turn, these
shell effects are expected to produce a shell correction energy
(as computed in macroscopic-microscopic methods [10]) and
also affect the inertia (and thus the dynamics) of the systems as
it evolves on the PES [28]. Indeed, level crossings at the Fermi
surface are known to produce peaks in the mass parameters.
Naturally, the level density near the Fermi level is lowered by
such crossing, while in regions of the PES affected by strong
shell effects, no such crossing is expected, leading to correla-
tions between mass parameters and level density at the Fermi
surface.

Figure 1 shows the neutron (Figs. 1d-f) and proton (Figs. 1g-
i) level densities hn,p for the same three nuclei and ranges of
deformations as in the PES. In each system, when mass sym-

metry is broken the fission path always follows successive re-
gions associated with small neutron or proton level densities,
and sometimes with both. From this we conclude that several
shell effects are at play along the fission path and that both pro-
ton and neutron shells may take turn in driving the system to-
wards mass asymmetric fission.

Note also that pairing interaction, which occurs essentially
near the Fermi level, is attractive and increases with single-
particle energy level density. It is then in competition with shell
effects that favour low level densities. The fact that the fission
paths follow regions of low level density shows that the domi-
nant effect comes from shell effects rather than pairing energy.

In 180Hg, both proton and neutron shells are present when
the system first acquires a non-zero octupole moment Q30
[Fig. 1(b,g)]. In 236U, the first asymmetry is induced by neu-
trons [Fig. 1(e)], while in 256Fm it is due to protons [Fig. 1(i)].
Indeed, in the latter, the low h p at Q20 ' 60� 90 b lowers the
energy ridge between the symmetric path and a nascent asym-
metric one. Near scission, the final asymmetry between the
fragments of 180Hg is determined by neutron shells [Fig. 1(d)],
while in 236U and 256Fm, it is dominated by proton ones
[Fig. 1(h,i)]. Strong shell effects are also observed at intermedi-
ate configurations along the fission path, such as neutron shells
at Q20 ⇠ 120 b in 236U [Fig. 1(e)] and 100 b in 256Fm [Fig. 1(f)].

In the case of 236U, this confirms that, in one hand, neutron
shell effects allow the nucleus to leave the symmetric path to
find a lower (asymmetric) second barrier [8, 10], and, in the
other hand, proton shell effects are present near scission [6].
We also see that these two mechanisms do not provide a com-
plete picture. Indeed, in 236U, we observe several additional
proton and neutron shell effects on the asymmetric fission path
[Fig. 1(e,h)], showing that the connection between the first and
last shell effects is not trivial. This observation is in contradic-
tion with an earlier interpretation (in the case of 232Th) that a
single shell effect due to a partially formed spherical Sn-like
fragment is responsible for lowering the level density from the
asymmetric saddle to scission [29].

Note that shell effects are not limited to the fission path
(which is only the most probable one) and may affect other
regions of the PES which could influence fragment mass and
charge distributions. For instance, by comparing Figs. 1(b),
1(e) and 1(h) we see that in 236U, proton shell effects produce
another fission valley which is symmetric (Q30 ' 0), while the
extension of the PES around Q20 ⇠ 200 � 220 b and Q30 ⇠
30� 50 b3/2 is clearly due to neutron shell effects. A shallow
symmetric valley in 256Fm [Fig. 1(c)], produced by spherical
shell effects in the fragments leading to low proton level den-
sity [Fig. 1(i)], is also observed (see Fig. 3).

Strutinski shell energy correction from the HFB single par-
ticle energy spectra are also shown in Fig. 1(j-o) for compari-
son. The variations of the energy correction display structures
over the 2D surfaces that are sometimes similar to the ones in
the near Fermi level density surfaces but also differ in some
cases. Focussing on the 1D fission paths, both methods pre-
dict a dominance of proton shell effects at Q20 > 70 b in 236U
[Fig. 1(h,n)] and at Q20 > 110 b in 256Fm [Fig. 1(i,o)]. The level
density method, however, is able to explain the early asymme-
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level along the entire potential energy surface, we will identify the microscopic origins for the creation of the different 

fission valleys. In particular, we will be able to tell if a given valley is created by proton or neutron shell effects.   

This new technique will be employed to investigate timely problems: 

• What is the origin for the symmetric to asymmetric transition in fission of 
neutron deficient actinides [Schmidt 2000] (see Fig. 4)? 

• What is the origin of the recently observed asymmetric fission modes in sub-
lead nuclei [Andreyev 2010]? 

• What are the shell effects driving fission of neutron rich heavy nuclei formed 
at the end of the r-process and responsible for fission recycling? 

• What shell effects can we anticipate in fission of superheavy nuclei? 

Answering each of these questions is expected to lead to at least one publication in a 

top journal (e.g., Nature, PRL, PLB and PRC).  

Task 2: Investigating fission modes with quasifission reactions 

Fission and quasifission paths on a potential energy surface are a priori very different 
(see Fig. 3) as the systems are initially in very different configurations (compact 

compound nucleus in fission, versus incoming heavy ions in quasifission). 
Nevertheless, both processes could lead the system into the same fission valley (Fig. 

3), and thus sensitive to the same quantum shell effects. This is the idea we propose 
to investigate in task 2. To do this, 3-dimensional time-dependent Hartree-Fock 
(TDHF) simulations of quasifission will be performed using solvers developed by the 
CI and his collaborators (see our recent review [Simenel 2018] and the “theoretical 

framework and method” section in D2). An example quasifission calculation is shown 

in Fig. 5.  

The microscopic properties of the fragments produced in both quasifission and fission 
reactions will be studied and compared. In particular, deformed shell effects will be 

searched for by reconstructing the fragments and analysing their single-particle 
spectra as in Fig. 6. Neutron deficient thorium isotopes (90 protons) will be first 

investigated as their fission modes are experimentally well known (see Fig. 4), while 
40-56Ca+176Yb→216-232Th can be used to experimentally study quasifission modes in 
these systems. (40-48Ca beams are available at the ANU accelerator, while 49-56Ca beams are under development at the 
FRIB radioactive beam facility in the US.) A comparison of shell effects in fission fragments (using methods of task 

1), with those in quasifission fragments, will adress the following questions: 

• Are the shell effects driving the formation of the final fragments the same in fission and quasifission? 
• Can we use quasifission reactions to extract properties of the fission modes of the compound nucleus? 

Once the method has been tested on the known actinide region, applications to the superheavy region will be considered. 
For example, strong spherical shell effects due to the Z=82 (lead) magic number were predicted in 40Ca+238U 

quasifission by our TDHF calculations and confirmed later on experimentally. (Both studies were published in PRL 
[Wakhle 2014, Morjean 2017].) The compound system in this reaction is the 278Cn (112 protons) superheavy nucleus 

whose fission modes (as in the entire SHE region) are unknown experimentally, though heavier SHE are theoretically 
predicted to have a superasymmetric fission mode driven by the same Z=82 spherical shell effects. Connecting shell 

effects driving fragment formation in fission and quasifission would then provide strong support to the existence of 
such superasymmetric fission mode in SHE. To make this connection, systematic TDHF studies of quasifission 

reactions will be performed and compared with predictions from SHE fission studies in task 1. Our theoretical 
investigations is expected to have a strong impact on future experimental programs, including of the nuclear reaction 

group at the ANU. The availability of heavy-ion beams at ANU/HIAF, such as 48Ca, 50Ti, 54Cr, 58Fe and 64Ni, and of 
actinide targets (232Th, 238U, 244Pu, 248Cm and 249Cf) allow for many future experimental studies of SHE (quasi)fission 

modes which will be guided by our theoretical predictions. Systematic TDHF studies of quasifission will be performed 

as part of task 2 of this project.     

These theoretical investigations will make use of the National Computational Infrastructure (NCI) Gadi supercomputer. 
These are very CPU intensive and time consuming numerical studies requiring full optimisation of our codes in terms 

of grid size and geometric setup configuration. For instance, based on previous studies, we estimate the 40-

56Ca+176Yb→216-232Th systematics study of quasifission to require ~500k CPU hours on Gadi. One reason for the 
relatively high computational cost of these studies is that nuclei are often deformed and we need to consider a set of 
initial relative orientations between the collision partners. This is crucial as the outcome of the reaction often depends 

strongly on this initial orientation [Wakhle 2014; Simenel 2020, 2021].  

Figure 6: The density of 236U just 
before scission can be 
reproduced with two deformed 
fragments. Analysis of their shell 
structure around the Fermi 
energy (set to 0 as a reference) 
enables identification of shell 
gaps responsible for the final 
asymmetry.  
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Octupole (pear) deformed 
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i (non-transparent part of vertical lines) of

nucleon states with energy ei near the Fermi energy are shown for a deformed
state of 180Hg (corresponding to the star in Figs. 1a, 1d and 1g). The resulting
values hn,p of the level densities near Fermi energy are indicated for neutrons
and protons, respectively.

The density of energy levels in the system determines impor-
tant quantities that affect fission mechanisms, including energy
dissipation [26], fragment excitation [27], and shell effects [10].
In the case of shell effects, however, only the level density near
the Fermi level is relevant. To investigate the evolution of shell
effects along the fission path, we introduce an energy level den-
sity hn,p = Âi f (ei � en,p

0 ) that counts the number of neutron or
proton single-particle states in an energy window DE centred
in en,p

0 that are defined as halfway between the two levels sur-
rounding the neutron and proton Fermi energy, respectively. DE
should be of the order of typical shell energy gaps so that hn,p

produces small values in the presence of such a gap. As the nu-
cleon energy spectra are less compressed in lighter nuclei, we
use DE = 3 MeV in 180Hg and 2.5 MeV in the other nuclei. To
avoid rapid changes in hn,p when a nucleon energy level enters
or leaves the energy window, we also weight the contribution of
the levels by a function f of the nucleon energy ei that is equal
to 1 at en,p

0 and linearly decreases to 0 at the edges of the en-
ergy window. The effect of DE and of the smoothing function
are studied in Figs. 1 and 2 of the Supplemental Material.

Figure 2 shows how hn and h p are computed for a state of
180Hg on its fission path [represented by a star in Figs 1(a,d,g)].
In particular, we see in figure 2 that large energy gaps near the
neutron Fermi level lead to a small value of hn. The level densi-
ties hn and h p can then be used as an indication of the presence
of neutron and proton shell effects, respectively. In turn, these
shell effects are expected to produce a shell correction energy
(as computed in macroscopic-microscopic methods [10]) and
also affect the inertia (and thus the dynamics) of the systems as
it evolves on the PES [28]. Indeed, level crossings at the Fermi
surface are known to produce peaks in the mass parameters.
Naturally, the level density near the Fermi level is lowered by
such crossing, while in regions of the PES affected by strong
shell effects, no such crossing is expected, leading to correla-
tions between mass parameters and level density at the Fermi
surface.

Figure 1 shows the neutron (Figs. 1d-f) and proton (Figs. 1g-
i) level densities hn,p for the same three nuclei and ranges of
deformations as in the PES. In each system, when mass sym-

metry is broken the fission path always follows successive re-
gions associated with small neutron or proton level densities,
and sometimes with both. From this we conclude that several
shell effects are at play along the fission path and that both pro-
ton and neutron shells may take turn in driving the system to-
wards mass asymmetric fission.

Note also that pairing interaction, which occurs essentially
near the Fermi level, is attractive and increases with single-
particle energy level density. It is then in competition with shell
effects that favour low level densities. The fact that the fission
paths follow regions of low level density shows that the domi-
nant effect comes from shell effects rather than pairing energy.

In 180Hg, both proton and neutron shells are present when
the system first acquires a non-zero octupole moment Q30
[Fig. 1(b,g)]. In 236U, the first asymmetry is induced by neu-
trons [Fig. 1(e)], while in 256Fm it is due to protons [Fig. 1(i)].
Indeed, in the latter, the low h p at Q20 ' 60� 90 b lowers the
energy ridge between the symmetric path and a nascent asym-
metric one. Near scission, the final asymmetry between the
fragments of 180Hg is determined by neutron shells [Fig. 1(d)],
while in 236U and 256Fm, it is dominated by proton ones
[Fig. 1(h,i)]. Strong shell effects are also observed at intermedi-
ate configurations along the fission path, such as neutron shells
at Q20 ⇠ 120 b in 236U [Fig. 1(e)] and 100 b in 256Fm [Fig. 1(f)].

In the case of 236U, this confirms that, in one hand, neutron
shell effects allow the nucleus to leave the symmetric path to
find a lower (asymmetric) second barrier [8, 10], and, in the
other hand, proton shell effects are present near scission [6].
We also see that these two mechanisms do not provide a com-
plete picture. Indeed, in 236U, we observe several additional
proton and neutron shell effects on the asymmetric fission path
[Fig. 1(e,h)], showing that the connection between the first and
last shell effects is not trivial. This observation is in contradic-
tion with an earlier interpretation (in the case of 232Th) that a
single shell effect due to a partially formed spherical Sn-like
fragment is responsible for lowering the level density from the
asymmetric saddle to scission [29].

Note that shell effects are not limited to the fission path
(which is only the most probable one) and may affect other
regions of the PES which could influence fragment mass and
charge distributions. For instance, by comparing Figs. 1(b),
1(e) and 1(h) we see that in 236U, proton shell effects produce
another fission valley which is symmetric (Q30 ' 0), while the
extension of the PES around Q20 ⇠ 200 � 220 b and Q30 ⇠
30� 50 b3/2 is clearly due to neutron shell effects. A shallow
symmetric valley in 256Fm [Fig. 1(c)], produced by spherical
shell effects in the fragments leading to low proton level den-
sity [Fig. 1(i)], is also observed (see Fig. 3).

Strutinski shell energy correction from the HFB single par-
ticle energy spectra are also shown in Fig. 1(j-o) for compari-
son. The variations of the energy correction display structures
over the 2D surfaces that are sometimes similar to the ones in
the near Fermi level density surfaces but also differ in some
cases. Focussing on the 1D fission paths, both methods pre-
dict a dominance of proton shell effects at Q20 > 70 b in 236U
[Fig. 1(h,n)] and at Q20 > 110 b in 256Fm [Fig. 1(i,o)]. The level
density method, however, is able to explain the early asymme-
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Figure 1: Shell effects in 180Hg, 236U and 256Fm fission.
a-c, The potential energy is plotted as a function of the quadrupole Q20 (cigar shape) and octupole Q30 (pear shape) deforma-
tions for each nucleus (see Method). Each fission path, represented by thick green lines, follows the path of local minimum
energy in the potential energy surface, until it reaches scission, producing the most probable fragments indicated by an arrow
(see Method). The dotted segment in (c,f,i) indicates a discontinuity between the symmetric and asymmetric valleys when
both valleys have the same energy (in this case, the ridge between both valleys is only ⇠ 0.5 MeV; see Methods and Ext. Data
Fig. 6c). Density contours along the fission path are also shown. In each case the fission is mass asymmetric as indicated by
the non-zero values of Q30 along the fission path. The d-i panels show the neutron (hn; d-f) and proton (h p; g-i) level densi-
ties near the Fermi energy, respectively. Shell effects are stronger for darker colours. The fission path follows and connects
regions of strong proton and neutron shell effects. The last shell effect before scission indicates the pre-formation of the final
fragments, showing that the final asymmetry is driven by neutron shells in 180Hg, and dominantly by proton shells in 236U and
256Fm. The star (a, d, g) indicates the configuration used to produce the single particle level scheme in figure 2.
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tions for each nucleus (see Method). Each fission path, represented by thick green lines, follows the path of local minimum
energy in the potential energy surface, until it reaches scission, producing the most probable fragments indicated by an arrow
(see Method). The dotted segment in (c,f,i) indicates a discontinuity between the symmetric and asymmetric valleys when
both valleys have the same energy (in this case, the ridge between both valleys is only ⇠ 0.5 MeV; see Methods and Ext. Data
Fig. 6c). Density contours along the fission path are also shown. In each case the fission is mass asymmetric as indicated by
the non-zero values of Q30 along the fission path. The d-i panels show the neutron (hn; d-f) and proton (h p; g-i) level densi-
ties near the Fermi energy, respectively. Shell effects are stronger for darker colours. The fission path follows and connects
regions of strong proton and neutron shell effects. The last shell effect before scission indicates the pre-formation of the final
fragments, showing that the final asymmetry is driven by neutron shells in 180Hg, and dominantly by proton shells in 236U and
256Fm. The star (a, d, g) indicates the configuration used to produce the single particle level scheme in figure 2.
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Same shell effects in fission and quasi-fission?
40-56Ca + 176Yb (1.1VB) → 216-232Th 
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gives the necessary guideline for the interpretation of the new results acquired in the
present experiment in comparison with previously measured data.

6. Results

In the present experiment, the elemental yields and the total kinetic energies for a
series of neutron-deficient pre-actinides and actinides from 205At to 234U have been
determined. An overview on these results is given in Fig. 20 and Fig. 21. The elemental
yields after electromagnetic-induced fission, covering the transition from symmetric

Fig. 20. Measured fission-fragment nuclear-charge distributions in the range Zs24 to Zs65 from 221Ac to
234 Ž . 205 221 Ž .U upper part and from At to Th lower part in electromagnetic-induced fission are shown on a chart
of the nuclides. The dashed line in the upper part indicates the transition from symmetric to asymmetric fission

w xas predicted by Moller 103 who calculated the stability of the saddle-point configuration against mass-asym-¨
metric deformations. Nuclei on the right-hand side of this line were expected to predominantly show
asymmetric fission, while nuclei on the left-hand side were expected to show symmetric fission with higher
probability.
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proximations include, e.g., axial symmetry, zero an-
gular momentum, and zero temperature (although
PES at finite temperatures are sometimes considered
[35, 36]). It is not clear, then, if the evolution of a
system undergoing quasifission can be interpreted in
terms of the topography (barriers, valleys...) of PES
used in fission studies.

Here, theoretical predictions of fission and quasi-
fission modes in reactions forming 294Og as a com-
pound nucleus are presented. 294Og is the heaviest
synthesised even-even nucleus so far and its fission
modes have been studied theoretically by several
groups (see, e.g., [5, 8, 10]). In particular, it is pre-
dicted to exhibit a super-asymmetric mode driven
by the Z = 82 magic shell gap. Quasifission reac-
tions are also often studied in reactions that would
form a SHN as compound nucleus (if they were to
fuse) [30].

The properties of the PES of 294Og are investi-
gated in section IIA. Static and time-dependent
calculations were performed in the framework of
Skyrme-Hartree-Fock theory with BCS pairing, as
discussed in section II B. In section III the fission
potential energy surface is analyzed. Simulations of
48Ca+246Cf, 86Kr+208Pb and 126Sn+168Er heavy-
ion collisions leading to quasifission are presented
in section IV. Fission and quasi-fission properties
are further discussed in section V. Conclusions are
drawn in section VI.

II. METHODS & NUMERICAL DETAILS

A. Potential energy surface

The potential energy surface (PES) was calculated
using the static Hartree-Fock+BCS code SkyAx [37].
The code solves the Hartree-Fock equations with
BCS pairing correlations and constraints on multi-
pole moments. Axial symmetry is imposed to in-
crease computational e�ciency. The spatial grid
used in these calculations has a 1 fm spacing in both
the radial and the axial coordinates r and z, and
spans �64.5 fm  z  64.5 fm, r  40 fm.

All calculations were performed with the SLy4d
parametrisation of the Skyrme energy-density func-
tional [38] with density-dependent BCS pairing.
Each point in the PES was computed by applying
constraints on quadrupole moment

Q20 =

r
5

16⇡

Z
d
3
r ⇢(r)(2z2 � x

2 � y
2)

and octupole moment

Q30 =

r
7

16⇡

Z
d
3
r ⇢(r)[2z3 � 3z(x2 + y

2)]

294Og

FIG. 1: Zero-temperature potential energy surface
of 294Og. Energy E is relative to the ground-state

energy of -2071.4 MeV. The dashed line
corresponds to the asymmetric adiabatic path to

scission.

and solving to find the minimal energy configuration
satisfying those constraints.

The adiabatic fission path is determined from the
minimum energy path to scission. It is obtained by
imposing a constraint on Q20 only while leaving Q30

free to vary. The constraints themselves were ap-
plied via a damped Lagrange multiplier approach
which forces the converged state to have a specific
expectation value for each constrained multipole mo-
ment.

Such calculations were performed for a grid of Q20

and Q30 values ranging from 0 to 270 b and from 0
to 110 b3/2 with a spacing of 2 b and 2 b3/2, respec-
tively. In some regions of the PES the grid is denser
as multiple points were calculated to improve con-
vergence, this is done prescriptively in regions where
convergence is di�cult, such as near the scission line
[39]. The scission line itself is defined from the den-
sity of the neck between the fragments. Here, we
consider that scission occurs when the neck density
is below 0.08 nucleons/fm3, i.e., approximately half
the nuclear saturation density.

The resulting PES of 294Og is shown in Fig. 1.
It was generated by interpolation of all the con-
verged points with a radial basis function technique.
The asymmetric one-dimensional path (dashed line)
was determined by performing successive calcula-
tions with constraints in Q20 (leaving Q30 free) and
increasing the value of Q20 by step of 1 b.

B. Time-dependent Hartree-Fock simulations

Quasifission mechanisms in reactions forming
294Og compound nucleus were investigated with the
TDHF code Sky3D [40, 41]. A three-dimensional
Cartesian grid with 1 fm mesh spacing was used.
No spatial symmetries were assumed. The Skyrme

McGlynn, CS, PRC 2023
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with the larger contact times obtained for this sys-
tem (see Fig. 3). The lowest energy quasifissions
seem to favour the formation of heavy fragments
near the 208Pb doubly magic nucleus. At higher en-
ergy, however, the heavy fragment is found typically
with ZH ⇡ 86 protons and NH ⇡ 131 neutrons,
while the light one has ZL ⇡ 31 and NL ⇡ 44. Pos-
sible shell e↵ects that could be responsible for the
formation of these fragments are the octupole de-
formed shell e↵ects at Z = 84 and 88 (see, e.g., [72]),
and elongated shell e↵ects at N = 42� 46 [73, 74].

Finally, a relatively smooth transition is observed
in the 86Kr+208Pb system. At lower energies, lit-
tle transfer is observed, that could be interpreted
as an influence of the doubly magic 208Pb. With
increasing energies, however, the heavy fragment is
formed with ZH ⇡ 76 and NH ⇡ 117, correspond-
ing to a light fragment with ZL ⇡ 42 and NL ⇡ 60.
This repartition could be influenced by elongated
deformed shell e↵ects near Z = 42 (see, e.g., supple-
mental material of [75]). In both 86Kr+208Pb and
48Ca+246Cf, the shell e↵ects associated with 208Pb
seem to rapidly wash out with energy.

C. Quasifission trajectories in Q20 �Q30 plane

In the interest of comparison between fission and
quasifission modes, the quasifission “trajectories”
have been determined in the Q20 � Q30 plane and
overlaid with the PES of Fig. 1. Note that, as the
values of Q30 sometime become negative, the abso-
lute value |Q30| was used. The results are plotted
in Fig. 7 for each system. The primary goal of this
comparison is to see if these trajectories are a↵ected
by the PES topography, keeping in mind that the
PES has been determined at zero temperature while
finite excitation energies are expected in quasifission.
In addition, the axial symmetry that was assumed to
construct the PES is broken in the TDHF initial con-
ditions for 48Ca+246Cf and 126Sn+168Er with side
orientation.

Each trajectory can be separated into three parts:
(i) incoming trajectory determined by kinematics,
(ii) fragments in contact, and (iii) post scission out-
going trajectory (also determined by kinematics).
The separation between (i) and (ii) is expected to
occur near contact, defined here as the time when
the neck density reaches 0.08 fm�3 (approximatively
half the saturation density), and represented by stars
in Fig. 7. At this point the kinetic energy rapidly
dissipates within a time scale of ⇡ 1�2 zs [34], lead-
ing to the entry point where the system is expected
to be most sensitive to the PES topography.

However, energy dissipation is di�cult to quantify
in a manner that is agnostic of entrance channel.

FIG. 7: Overlay of Q20 �Q30 trajectories of (a)
48Ca+246Cf, (b) 86Kr+208Pb, and (c) 126Sn+168Er
calculations on the zero-temperature PES of 294Og.

The dotted lines correspond to the incident
kinematic trajectories, determined from TDHF,
which are (quasi)identical for all reactions of the
same entrance channel. Contact points (defined as
neck density reaching 0.08 fm�3) are represented
by stars. Solid lines show the trajectories from the
entry point to scission. The dashed line represents
the asymmetric fission path. The inset in (a) is a

zoom of the compact region of the PES.

In order to compare systems uniformly, the entry
point is simply defined here as the first time when
the neck density exceeds 0.14 fm�3. The choice of
0.14 fm�3 is arbitrary but motivated by inspection
of both trajectories and kinetic energy from the nu-
merical results. The resulting entry point densities
from TDHF are compared in Fig. 8 with static con-
figurations of similar deformation parameters �2 and

McGlynn, CS, PRC 2023
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