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Shell effects in quasifission in reactions forming the *Th compound nucleus
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Background: Quasifission reactions occur in fully damped heavy-ion collisions without the formation of an
equilibrated compound nucleus, leading to the formation of fragments with properties similar to those in
fission reactions. In particular, similar shell effects are expected to affect fragment formation in both fission
and quasifission. Experimentally, the role of shell effects in quasifission is still debated, and further theoretical
predictions are needed.

Purpose: We aim to investigate quasifission dynamics in different reactions forming the same compound nucleus
and to search for possible signatures of shell effects in fragment formation.

Methods: *°Ca + '7Yb and *Zr 4 '3°Sn quasifission reactions are simulated with the time-dependent Hartree-
Fock code SKY3D near the Coulomb barrier. Evolutions of the quadrupole (Q,) and octupole (Q3p) moments are
interpreted in terms of features of the potential energy surface (PES) of the >°Th compound nucleus.

Results: Both reactions encounter quasifission. In *°Ca 4 '"®Yb, it only occurs at finite angular momenta. In
the more symmetric **Zr 4 '*°Sn reaction with stronger Coulomb repulsion in the entrance channel, quasifission
also occurs in central collisions. In agreement with earlier predictions, °Ca + "®Yb encounters partial mass
equilibration that is stopped when the heavy fragment reaches Z ~ 54 protons, as in the asymmetric fission
mode of 22°Th. Interestingly, *°Zr 4 '*°Sn encounters an “inverse quasifission” (multinucleon transfer increasing
the mass asymmetry between the fragments) also leading to fragments similar to those in asymmetric fission. In
both systems, quasifission trajectories in the (Q20-Q30) plane are found close to the asymmetric fission valley of
the Th PES.

Conclusions: The observation of an inverse quasifission that goes against expectations from a simple liquid
drop picture suggests that shell effects have an influence in quasifission. In addition, the similarity between
fragments formed in asymmetric fission and quasifission supports the idea that the same shell effects are at
play in both mechanisms. In particular, these were recently attributed to octupole deformed shell effects in
Z = 52-56 fragments. Interpreting quasifission dynamics with PESs used in fission is naturally limited by the
fact that these PESs are usually computed with axial symmetry, no angular momentum, and no excitation energy,

thus motivating future developments of PESs for quasifission.

DOI: 10.1103/PhysRevC.110.024606

I. INTRODUCTION

Nuclear fission is one of the most complex nuclear
processes, thus challenging theoretical many-body model-
ing [1,2]. In particular, accounting for quantum shell effects in
the fissioning system [3—6] as well as in the fragments [6—11]
is necessary to explain fission properties such as fragment
mass asymmetries observed in experiments [12—18]. Shell
effects may also influence the role of dissipation in fission as
well as fission time [19].

Shell effects are largely responsible for the topography
of potential energy surfaces (PESs) that represent the mini-
mum energy of the system under a set of constraints on its
shape, such as quadrupole and octupole moments that are
traditionally used to constrain the elongation and asymmetry
of the system. In particular, shell effects are able to induce
fission valleys driving the system towards asymmetric fission.
In fact, shell correction energy [20,21] and single-particle
level density near the Fermi level [6] show that several shell
effects are at play until scission. Then, the final asymmetry
is influenced by shell effects in the prefragments, such as
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octupole deformed shell effects in the heavy fragment of ac-
tinide fission [10].

Shell effects are also expected to play a role in quasifis-
sion reactions. The latter occur in fully damped heavy-ion
collisions with mass transfer between the fragments, usually
producing outgoing fragments that are more symmetric than
in the entrance channel [22] (see [23] for a recent review on
experimental studies of quasifission). Typical contact times
between the fragments in quasifission are of the order of few
10720 5 [22,24], i.e., similar to mass equilibration timescale
but much slower than other equilibration and dissipation pro-
cesses [25,26]. Although similar fragments can be produced
in quasifission and in fusion followed by fission, there is no
formation of an equilibrated compound nucleus in quasifis-
sion, and its outgoing fragments could keep a “memory” of the
entrance channel. In fact, quasifission is the main mechanism
that hinders the formation of superheavy compound nuclei in
fusion reactions.

Mass equilibration is expected to stop when shell effects
are present in the fragments that prevent further transfer of

©2024 American Physical Society
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FIG. 1. PES of **Th obtained using SKYAX with quadrupole and
octupole steps Agy = 1.44 b and Agsy = 1 b2, respectively. The
dashed line shows the minimum energy fission path. The solid red
line is the scission line.

nucleons. For instance, the formation of fragments in the
vicinity of °8Pb in reactions with actinide targets is expected
to be favored by its spherical shell effects. Experimental
signatures have been discussed in the literature [27-32]. How-
ever, it was recently proposed that sequential fission of the
target-like fragment could be responsible for the peak at A ~
208 nucleons obtained after rejecting events with three nuclei
in the exit channel [33]. Reactions with targets below lead
should be free of sequential fission and thus avoid this diffi-
culty. In addition, reactions forming actinide compound nuclei
can be used to compare quasifission products with fission
modes that are usually known in this region. Nevertheless,
even for such lighter systems the influence of shell effects in
quasifission is debated, with some experiments finding that
“shell effects are clearly seen” [34], while others only con-
clude “weak evidences” [35].

Several theoretical approaches have been used to in-
vestigate quasifission mechanisms, including the dinuclear
system model [36-38], models based on the Langevin equa-
tion [39—41], molecular dynamics [42—45], the Boltzmann-
Uehling-Uhlenbeck model [46], and the time-dependent
Hartree-Fock (TDHF) theory and its extensions [30,31,47-57]
(see [58-62] for reviews on TDHF).

Recent TDHF simulations of quasifission in *°Ca 4+ '7°Yb
collisions predicted that the mass equilibration process stops
when the heavy fragment reaches Z ~ 54 protons [55]. The
corresponding mass and charge asymmetries as well as the
total kinetic energy (TKE) of the fragments were shown to
match those of the fragments produced in the asymmetric
fission mode of the 2?°Th compound nucleus. These obser-
vations support the fact that similar shell effects affect both
fission and quasifission. The reason for choosing this system
was that ?°Th exhibits both symmetric and asymmetric fis-
sion modes. However, the symmetric mode was not observed
in°Ca+'70Yb quasifission, which led to the conclusion that
not all fission modes are expected to be necessarily produced
in quasifission. Several systems leading to the same 2**Og
compound nucleus were also studied with TDHF in a more
recent work [57]. It was shown that at least some quasifission
reactions could be interpreted in terms of the topography of

the PES despite the simplifications used to compute the lat-
ter (no excitation energy, zero angular momentum, and axial
symmetry). A similar approach is adopted in the present work,
where the topography of the 22°Th PES is used to interpret
quasifission dynamics in *°Ca + 7°Yb and *°Zr 4 13°Sn reac-
tions. The second reaction, being more symmetric than the
asymmetric fission mode of 226Th, was chosen with the antic-
ipation that more symmetric quasifission fragments could be
produced if they were driven by the symmetric fission valley.

The details of PES and TDHF calculations are described
in Sec. II. The quasifission simulations with TDHF are ana-
lyzed in Sec. III. The quasifission dynamics is interpreted in
terms of the °Th PES in Sec. IV. Conclusions are drawn in
Sec. V. Tables summarizing TDHF results are provided in the
Appendix.

II. METHOD
A. PES and fission modes

The PES is a landscape of nuclear potential energies as-
sociated with mean-field states of various nuclear shapes. It
is commonly computed in terms of multipole moments. In
particular the quadrupole moment

5
0 =/ Tom / Erpom)2z2 —x2 —y?), ()

provides a proxy for the elongation of the system, while the
octupole moment
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is a measure of its asymmetry.

Here, the PES is computed from the constrained Hartree-
Fock (HF) theory with axial symmetry on nuclear shapes.
The states used to build the PES have no internal excitation
and their average angular momentum is zero. The PES of
226Th shown in Fig. 1 was calculated with constraints on Qyg
and Q3o with the SLy4d Skyrme functional [63] and BCS
pairing interaction with density dependent delta interaction
using the SKYAX code [64]. The minimum energy fission path
from the ground-state to scission corresponds to the dashed
line in Fig. 1. This is the path taken by increasing Qo and
choosing Qsp to give the minimal energy. The valley which
the dashed line follows corresponds to the asymmetric fission
valley, whereas the symmetric fission valley leads to scission
configurations at Q3p =~ 0. The scission line is determined as
a set of points in the PES where the neck density falls below
p =0.08 fm~>.

B. TDHF simulations

The TDHF mean-field theory can be obtained from a varia-
tional principle on Dirac action, leading to an equation on the
one-body density matrix p,

dp
dt

where h[p] is the Hartree-Fock single-particle Hamiltonian.
Here, it is obtained from a Skyrme energy density functional

ih— =[h[p], pl, (3)
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E[p] according to h[plys = %. The HF Hamiltonian is
self-consistent as it depends on the one-body density matrix
p of the system.

The ground states of the collision partners are first obtained
from a static mean-field calculation on a Cartesian grid of
28 x 28 x 28 fm> with mesh size Ax =1 fm. As in PES
calculations, the SLy4d Skyrme functional [63] was used with
the same pairing functional to account for pairing correlations
at the BCS level. The resulting ground-state wave functions
of collision partners are then placed in a larger Cartesian grid
with the same mesh size, with an initial distance of 56 fm
between the centers of mass. The collision axis between the
fragments was aligned with the z axis of the simulation, with
the midpoint between the centers of mass of two fragments
placed at the origin. Shape coexistence is expected in *°Zr
with B, ~ 0.13 prolate (8, >~ —0.14 oblate) energy minimum
only 0.25 MeV (0.13 MeV) below the spherical configuration.
It was then constrained to be spherical to probe the average be-
havior between prolate and oblate deformations. Furthermore,
the spherical *°Zr was time evolved alone in a simulation
box to ensure that fluctuations in shape would be minimal
over the timescale of the collision. Negligible changes in
the quadrupole and octupole moments were found during the
time evolution, indicating stability of the spherical mean-field
configuration. The '7Yb nucleus is found to have a significant
prolate deformation, so, to consider effects of orientation of
the target nucleus with respect to the collision axis, the '7°Yb
nucleus was prepared in two configurations in a grid, rotated
by 7 radians. For noncentral collisions of 0Ca+170Yb, the
side and tip orientations refer to the initial orientation of '"°Yb
with respect to the z axis of the simulation.

A Galilean boost is applied on each nucleus according to
the required center-of-mass energy E. . and the initial orbital
angular momentum L, assuming that prior to this initial con-
dition, the nuclei followed a Rutherford trajectory. The TDHF
equation is then solved iteratively in time with a time step
At = 0.2 fm/c. The single particle occupation numbers are
kept constant in the time evolution according to the frozen
occupation approximation (FOA). The FOA allows one to
account for static pairing correlations in the initial state, thus
providing reasonable deformation of the collision partners.
However, it neglects dissipative effects from pairing dynamics
as well as effects coming from the difference between gauge
angles of collision partners [65—67]. Though it is beyond the
scope of this work, it would be interesting to investigate the
effect of pairing dynamics on quasifission in the future.

The grid size of the TDHF simulations was set to be
28 x 28 x 84 fm? for central collisions and 84 x 28 x 84 fm?
for noncentral collisions. The simulations were stopped when
the system reseparated or when the contact time (defined
in Sec. IIIA 1) exceeded 35 zs. Both static initial condi-
tions and dynamical evolutions are computed with the SKY3D
solver [68,69]. The central (noncentral) collisions were run
for up to 6 (16) days on eight CPU cores per system. Multiple
systems were simulated in parallel on the Australian National
Computational Infrastructure’s (NCI) Gadi supercomputer.

To search for quasifission, central collisions between pairs
of nuclei at energies ranging from 0.9V to 1.3Vp were

simulated in 20 equal steps in energy, where Vp is the
Coulomb barrier of the system. A finer energy search was
run until the fusion threshold could be determined within 0.1
MeV. The barriers were determined according to Swiatecki
et al. [70], and found to be V3 = 151.8 MeV and 215.4 MeV
for 3°Ca + '70Yb and *°Zr 4+ '*°Sn, respectively. Noncentral
collisions were simulated at fixed energies of 10% above
their Coulomb barriers (167 and 237 MeV, respectively) to
investigate the effect of angular momentum. The results are
summarized in the Appendix.

II1. TDHF RESULTS

A. Quasifission properties
1. Contact times

TDHF simulations of heavy-ion collisions do not enforce
quasifission to occur, so simulation outcomes that have led to
quasifission must be searched for. Characteristics of quasifis-
sion include full damping of kinetic energy of the collision
partners, significant mass transfer, and contact times exceed-
ing few zeptoseconds. In the following, contact times are used
to define criteria for characterisation of the main reaction
mechanisms. Here, two nuclei are considered to be in contact
when the neck density exceeds 0.08 fm 3, i.e., half of the
nuclear saturation density.

The timescale for kinetic energy dissipation being of the or-
der of 2 zs [55], we consider that reactions with contact times
T < 2 zs are not fully damped and are thus not associated with
quasifission. Such reactions are generically called hereafter
“quasielastic” scattering (QS), though they also include deep-
inelastic scattering. Systems with contact times greater than
30 zs were usually associated' with “fusion,” although, strictly
speaking, these include potential slow quasifission as well.

9Ca + YD central collisions are characterised by a rapid
transition from quasielastic scattering to fusion (see L =0
entries in Tables II and III in the Appendix). For each orienta-
tion, only one reseparation occurred at T > 2 zs contact time:
T =2.751zs at E.,, = 145.6 MeV (tip) and t = 2.09 zs at
E.n. = 156.8 MeV (side). In each case, less than one nucleon
is transferred in average. The relatively short contact times
and small mass transfer indicate that these reactions could still
be considered as QS. With only 0.1 MeV increase in energy,
these systems fuse with contact times exceeding 35 zs. We
conclude that no quasifission occurs in TDHF simulations
of *°Ca+'7°Yb central collisions. This is in contrast with
heavier systems [47,57].

The simulation results for *°Ca + 7°Yb collisions with
the side orientation at various angular momenta and center-
of-mass energies are presented in Fig. 2(a). Interestingly,
quasifission is observed at finite orbital angular momentum
in the transition between fusion and QS. A similar behavior
was also seen with the tip oriented collisions in Fig. 2(b).

In contrast with °Ca+!70Yb, quasifission occurs in
%7r +139Sn central collisions as indicated by contact times

'In some cases where the system’s elongation was increasing at
T ~~ 35 zs, simulations were run for a longer time.
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FIG. 2. Simulated results for side-oriented (a) and tip-oriented
(b) °Ca + Yb. Each point corresponds to a TDHF simulation. The
blue, green, and red shaded regions correspond to regions assigned to
“quasielastic” scattering (QS), “quasifission” (QF), and “fusion” (F),
respectively. The region boundaries are only approximate guidelines,
obtained by fitting a quadratic polynomial in inverse energy.

exceeding 2 zs between E., & 221 MeV and E., =~
232 MeV as shown in Fig. 3. These contact times keep
increasing in central collisions up to 7 ~9 zs at E.p, ~
231 MeV. These energies are above the Coulomb barrier
Vg = 215.4 MeV for this system, indicating a fusion hin-
drance mechanism. However, no reseparation with contact
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FIG. 3. Simulated results for °°Zr 4 '*°Sn. Each point corre-
sponds to a TDHF simulation. The blue, green, and red shaded
regions correspond to regions assigned to “quasielastic scattering”
(QS), “quasifission” (QF), and “fusion” (F), respectively. The region
boundaries are only approximate guidelines, obtained by fitting a
quadratic polynomial in inverse energy.

(a) A Current work
w70 et | Simenel 2021 |
= Z=52-56
260 A
] A %NAI_AA )y A
= = =
%5 50
)

S 40
§ Ly A B A & AD A
Z 30 A AAL ] ' CE
[I5j}
20 smit i
(b)
“r\‘
% 100 &
g A A M
«‘g A ‘F&m“‘m‘ q B ‘
g 80 o8 Al A A
G
)
=
_'é 60
0.8 /' AS A =&
A L
é’ A‘ A‘K‘ELKA ™" 9N
40 A A4
&
st i
0 5 10 15 20 25 30

Contact time (zs)

FIG. 4. Numbers of (a) protons and (b) neutrons in the outgoing
fragments of 7*Yb 4 3Ca collisions against contact time, for both
side and tip orientations. The blue and the green symbols correspond
to the heavy and light fragments, respectively. Present results are
shown as triangles while those of Ref. [55] (Simenel 2021) are shown
as squares. The shaded regions at (a) Z = 52-56 and (b) N = 52-56
indicate expected octupole deformed shell effects. The line in (b) in-
dicates the spherical shell effect at N = 82.

times longer than 10 zs was observed in this system, even in
noncentral collisions.

2. Mass transfer

Figure 4 shows the evolution of the number of protons
in the fragments with contact time for both side and tip ori-
entations of *°Ca 4 '7°Yb collisions. The results agree well
with those of Ref. [55] that were obtained with the TDHF3D
code [63]. An increase in the mass transfer is observed with
increase in the contact time. However, this mass equilibration
process stops for contact times greater than ~13 zs, where the
numbers of protons (neutrons) converge to Z; ~ 36 (N, ~ 52)
and Zy ~ 54 (Ny = 82) in the light and heavy fragments,
respectively, as in 2*Th asymmetric fission. This could be
attributed to several shell effects in the fragments, includ-
ing octupole deformed shell effects at Z = 52, 56 [55] that
were proposed to explain the final asymmetry in fission of
actinides [10].

The numbers of protons and neutrons in the outgoing
fragments produced in *°Zr + *°Sn collisions are plotted in
Figs. 5(a) and 5(b), respectively, as a function of contact
time. While the numbers of neutrons in the fragments remain
close to those of the collision partners, some protons are
transferred from *°Zr to *°Sn, moving the latter away from
magicity associated with spherical shell gap at Z = 50. This
transfer occurs within ~2 zs, a timescale characteristic to
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FIG. 5. Numbers of (a) protons and (b) neutrons in the outgoing
fragments of *°Zr + '*°Sn collisions against contact time. The blue
and the green symbols correspond to the heavy and light fragments,
respectively. The shaded regions at Z, N = 52-56 indicate expected
octupole deformed shell effects. The lines at Z =50 and N = 82
indicate nuclear magic numbers.

neutron-to-proton equilibration [26,71,72]. Indeed, the colli-
sion partners have N/Z = 1.4 (°°Zr) and 1.6 (***Sn), while
the fragments exiting the reaction after T & 2 zs contact time
have N/Z ~ 1.5. The net effect is a larger mass asymmetry
in the exit channel than in the entrance one. This asymmetry
is slightly increased for longer contact times. This unusual
drift away from mass symmetry is referred to as “inverse
quasifission.” Inverse quasifission was also observed in other
systems [73—75] and attributed to orientation or shell effects.
As aresult, the outgoing fragments formed in *°Zr + *°Sn are
similar to those produced both in 70Yb +%°Ca collisions and
in 2?°Th asymmetric fission, indicating, once again, a possible
influence of octupole deformed shell effects in the fragments
fixing their final asymmetry.

3. Total kinetic energy

Figure 6 shows the TKE of the outgoing fragments as a
function of the mass ratio Mg = Afag /Aror. Where Agryg s
the fragment mass number and Ay, = 226 is the total one.
The quasifission events have TKE close to Viola systemat-
ics [76,77], confirming that these are fully damped events.
However, the inverse quasifission events occurring in the
%7r +13Sn reaction have TKE higher than Viola system-
atics. This could be attributed to the proximity of Z = 50
spherical shell gap that is expected to produce more com-
pact fragments. In particular, the Z = 52 octupole deformed
shell gap is less deformed (thus leading to more compact

190 i
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FIG. 6. Total kinetic energy of fragments from collisions of
76Yb4+°Ca at E., =167 MeV and *°Zr+'*Sn at E., =
237 MeV as a function of mass ratio My. Quasielastic scatter-
ing (QS), quasifission (QF), and inverse quasifission (IQF) events
are indicated for the light fragments. The blue and green vertical
dashed lines show the initial mass ratio for the reacting systems of
176yD + 3Ca and *Zr + *°Sn, respectively. The total kinetic energy
from Viola systematics [76,77] is shown as the black solid line. The
color scale gives the contact time 7 of each reaction.

configurations at scission and therefore to higher TKE) than
the Z = 56 one. Interestingly, the most symmetric events pro-
duced in '7®Yb+%Ca collisions seem to converge towards
the same region of the TKE-Mpy plot as the most asymmetric
outgoing fragments formed in *°Zr + '*°Sn inverse quasifis-
sion, indicating that the fragments are likely to be produced
with similar shapes.

4. Total excitation energy

The total excitation energy (TXE) in the exit channel can
be evaluated from TXE = Q + E.,. — TKE, where Q is the Q
value for the specific reaction channel. Q values were derived
using Ref. [78]. Figure 7 shows a rapid increase of TXE with
contact time, followed by a plateau at TXE ~ 70 + 10 MeV
at T 2 5 zs. The results are obtained for various energies and
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FIG. 7. Total excitation energy (TXE) of the simulated systems
as function of contact times. The red and green symbols correspond
to collisions between **Ca and '"°Yb in side and tip orientations,
respectively. The blue symbols correspond to *°Zr 4+ '*°Sn collisions.
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Trajectories leading to “fusion” are denoted by (F). The entrance
channel trajectories are shown by the black dashed lines and the
entry (contact) point are represented by stars. The colored solid lines
represent trajectories after contact. The orange dashed line shows the
minimum energy fission path.

impact parameters, indicating little dependence of quasifis-
sion outcome with energy and angular momentum.

This TXE is shared by the outgoing fragments (see
Ref. [50] for an evaluation of this repartition in other systems
from the density-constrained TDHF method). The resulting
excitation energy at scission could, in principle, be large
enough to wash out shell effects. It should be noted, however,
that the systems are not thermalized at scission and a signifi-
cant fraction of the excitation energy is expected to be stored
into deformation energy and collective modes. Evaluating the
repartition between different types of excitation energy is an
interesting prospect for future studies.

IV. QUASIFISSION TRAJECTORIES

Let us know compare TDHF trajectories in the Qy-Q3o
plane with the PES, as in Ref. [57]. This is done in Figs. 8
and 9 for *°Ca + YD central and noncentral collisions, re-
spectively, and in Fig. 11 for *Zr 4- '*Sn central collisions.
Each trajectory can be divided into two parts: the entrance
channel trajectory where the two colliding nuclei have yet to
touch (dashed line) and the following trajectory where the
nuclei are in contact (solid line). The entry point where the
two nuclei first make contact is represented by a star.

A. °Ca +1"%Yp

As discussed earlier, >°Ca + '7°YDb central collisions do not
lead to quasifission. The 0»9-Q39 TDHF trajectories that lead
to a reseparation in Fig. 8 then follow closely the entrance
channel trajectory, which is compatible with quasielastic scat-
tering. Above the fusion threshold, the system then drifts
toward the formation of a more compact system. In particu-
lar, the side orientation, which is more compact at the entry
point, evolves toward a shape with Q3 & 0 and an elongation
comparable to that of the first fission barrier. Note that central
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FIG. 9. Same as

Fig. 8 for quasifission
OCa+'"Yb at E,,,, = 167 MeV and various angular momenta for
tip (a) and side (b) orientations.

trajectories of

collisions with side orientations lead to nonaxial shapes. Thus
using features of the axial PES to interpret TDHF trajecto-
ries for side orientations should be done with care. Central
collisions with the tip orientation, however, should preserve
their entrance channel axial symmetry. In this case, the PES
is relevant to interpret the TDHF trajectories, assuming that
excitation energy does not affect the PES topography. We see
in Fig. 8 that the tip orientation leading to fusion evolves
toward a shape with elongation and asymmetry compatible
with the second barrier (or saddle point). It is interesting to see
that both “fusion” trajectories in Fig. 8 lead to configurations
close to the minimum energy fission path. The tip orientation,
in particular, might also follow this path to scission, leading
to a so-called “slow” quasifission.

Figures 9(a) and 9(b) show the TDHF trajectories for
N0Ca+17°Yb at E.,, = 167 MeV at finite L with the tip
and side orientations, respectively. The underlying PES, being
computed at L = 0 and assuming axial symmetry, provides
only a qualitative tool for comparing with TDHF trajectories,
which, for noncentral collisions, all break axial symmetry.

Nevertheless, it is interesting to see that the few peripheral
collisions that still lead to quasifission do it by following the
asymmetric fission valley. Moreover, the trajectories that are
associated with “fusion,” seem in fact to get trapped into a
local minimum along the minimum energy fission path. This
could be an indication that some features of the PES remain
relevant at finite L and for nonaxial shapes, or that the sys-
tem evolves towards approximately axial shapes during the
reaction.
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FIG. 10. Time evolution of (y'?)/(x"?) (see text for definition) for
0Ca +'7°Yb (side orientation) at E,,, = 167 MeV and L = 50/.

To get a deeper insight into the shape evolution of the sys-
tem, the principal axis 7’ was determined from diagonalization
of the Cartesian quadrupole tensor. The '7°Yb deformation
axis is initially in the collision plane (x, z), thus the 7' axis
also remains in the collision plane (so does, by definition, the
x' axis). Thus, for an axially symmetric system, one would ex-
pect (x’?) = (y?). Figure 10 shows the evolution of (y?)/(x"?)
for the *°Ca+ '7Yb reaction with the side orientation at
E.n. = 167 MeV and L = 50/ that seems to get “trapped”
into a pocket of the PES in Fig. 9(b) (solid brown line).
We see that this ratio is initially smaller than 1, indicating a
nonaxial shape. However, it rapidly increases and become ap-
proximatively constant with (y'?)/(x"?) ~ 1, compatible with
a quasiaxial shape. In this case, the comparison between the
trajectory and the PES topography is meaningful despite the
initial nonaxiality. Note that not all systems are guaranteed
to evolve towards an axial shape (see, e.g., Ref. [57]). Thus
the shape of the system should be studied (e.g., through the
ratio (y?)/(x?) as in the example of Fig. 10) whenever a
comparison with the PES is relevant.
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FIG. 11. Same as Fig. 8 for *Zr +"3%Sn central collisions at
E.m =217-235 MeV.

TABLE 1. Exit channel properties of *Zr+ !*°Sn. Energies
(E.m. and TKE) are in MeV, angular momenta (L) in units of 7, and
contact times (7) in zeptoseconds (zs). Subscripts H and L refer to
heavy and light fragments, respectively.

Ec.m. L T AH AL ZH ZL TKE
203 0 0.00 12999 9598 50.08 39.92 201.76
207 043 130.07 9587 5033 39.67 200.81
212 1.27  129.68 96.07 51.02 3896 177.02
217 1.92 131.04 9473 5156 3843 177.74
221 248 13406 91.71 5288 37.11 17191
226 316 13229 9347 5254 3745 172.39
230 6.06 13349 9225 5282 37.17 17475
231 824 13462 91.17 5338 36.61 167.63
231.5 893 136.64 89.21 5444 3555 167.82
231.6 >35
237 40  >30
45 720 13426 91.09 5322 36775 173.24
53  4.68 13220 9328 52.13 37.85 172.69
60 330 13211 9338 5242 3756 171.64
62 3.08 132.14 9340 5243 3755 173.27
64 290 132.02 93,55 5239 37.60 17448
66 2.79 131.79 9376 5224 3774 175.01
68 270 131.75 9381 5216 37.82 175.16
70 2,58 131.88 93.68 52.15 37.83 175.64
72 248 13198 9358 5217 37.81 176.07
75 233 13193 93.63 52.18 37.80 177.08
78 218 131.66 9391 52.13 37.85 17842
80 2.08 13142 94.17 52.06 3793 179.41
83 1.97 131.11 9449 5191 38.07 180.60
86 1.85 130.85 9474 51.75 3823 181.77
243 60 >30
65 534 133.02 9244 5280 37.18 172.63
70 417 13244 93.11 5238 37.60 173.15
75 3.06 13226 9342 5251 3748 174.03
80 2.67 131.52 94.02 52.07 3791 176.56
8 243 13158 94.14 52.01 3798 177.54
90 2.18 131.23 9438 52.00 37.99 179.04
95 1.95 13078 9485 51.83 38.16 181.51
100 1.76 130.85 9499 51.72 3828 182.62

B. *°Zr + 3'Sn

Figure 11 shows the TDHF trajectories in *°Zr + *°Sn
central collisions?. After contact, the trajectories follow more
asymmetric exit channels leading to inverse quasifission. Ax-
ial symmetry should be preserved in these reactions and thus
a comparison with the underlying PES is meaningful. Inter-
estingly, the trajectories all seem to “hit” the second barrier,
preventing all but the highest energy to fuse. As discussed
earlier, proton-to-neutron equilibration may explain the ini-
tial increase in asymmetry. However, the presence of the
asymmetric fission valley seems to further drive the systems
towards inverse quasifission.

2Noncentral collisions, not shown in Fig. 11, exhibit a similar
behavior. See also Table I in the Appendix.
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V. DISCUSSION AND CONCLUSIONS

The influence of shell effects in quasifission was studied
with TDHF simulations of 3*Ca 4 '7Yb and **Zr + '*°Sn re-
actions. The trajectories in the Q0-Q30 plane were compared
to the PES of the *?°Th compound nucleus. Mass equili-
bration in the *°Ca + 7°Yb reaction stops when the system
reaches the asymmetric fission valley of 2?°Th, leading to
heavy fragments with Z ~ 54 protons. This is an indication
that quasifission can be affected by the same shell effects as
in fission. In this case, the octupole deformed shell effects
at Z = 52 and 56 are invoked as a factor impacting the final
asymmetry of the system [10].

The exit trajectories of *°Zr 4 13°Sn are found to be more
mass asymmetric than the entrance channel ones, contrary
to the expectation based on a simple liquid drop model of
quasifission which usually drives the system towards fragment
mass symmetry. The rapid neutron-to-proton equilibration
may explain an initial drive towards asymmetry. Although the
TDHF trajectories do not follow closely the bottom of the
asymmetric fission fission valley, the latter seem to further
drive the systems towards inverse quasifission. No trajectories
were found to enter the symmetric fission valley in the 2?Th
PES for this reaction. As such, the observation of more mass-
asymmetric *°Zr + *°Sn trajectories, potentially affected by
the asymmetric fission valley, further suggests that quasifis-
sion is subject to shell effects.

In many situations, the comparison between TDHF trajec-
tories and PES remains qualitative as the PES is computed
assuming zero excitation energy, zero angular momentum,
and axial symmetry. Each of these assumptions is expected
to break down in heavy-ion collisions. It would therefore be
interesting to compute PESs without these assumptions in
order to investigate their effects on the PES topography, and
in particular, on the fission valleys induced by shell effects.
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APPENDIX: TDHF SIMULATION RESULTS

The TDHF
Tables I-III.

simulation results are summarized in

TABLE III. Same as Table I for *°Ca + '"0Yb(side).

Ec,m, L T AH AL ZH ZL TKE
153 0 0.00 17620 49.78 70.01 19.99 151.19
156 0.68 177.02 48.88 70.05 19.95 141.09
156.5 1.11  177.02 48.89 69.96 20.04 138.87
156.6 1.25 17699 4892 6998 20.02 138.75
156.7 1.47 177.00 4890 69.99 20.01 138.73
156.8 2.09 176.67 49.23 70.07 1993 137.05
156.9 >35
160 35 >35
40 16.08 145.55 79.86 57.57 3242 146.50
45  13.67 14526 80.23 57.25 3275 140.83
50 125 176.00 4994 69.52 2047 134.72
165 55 >35
60 17.03 14747 7778 5857 3142 148.15
65 14.14 14928 7622 5895 31.05 139.28
70 1.03  176.11 49.84 69.52 2048 13588
75 077 17640 4949 69.75 2025 144.16
167 50 >35
60 1492 13935 85.71 55.07 3491 158.12
62 3517 137.61 87.28 54.63 3535 157.67
64 1276 14322 8190 56.81 33.18 150.38
66 1582 145,56 79.62 57.49 3250 150.60
68 11.23 14647 7891 57.72 3227 143.13
70 320 17022 5526 67.13 22.84 128.36
72 1.93 17404 5143 68.56 2140 130.71
74 1.39 17561 4994 69.28 20.69 135.65
1715 60 >35
70 1256 139.83 8542 55.16 34.83 159.63
80 9.59 15552 6993 6144 2856 135.71
85 1.52 17496 5090 68.88 21.11 133.50
90 0.76 176.33 49.58 69.66 2033 144.02
175 75 2242 13693 88.05 5431 35.66 159.79
80 1079 14392 81.31 5691 33.08 153.15
85 870 154.62 70.83 60.95 29.04 139.61
90 1.96 17326 5255 68.18 21.81 133.75
95 1.01 17598 49.87 6942 20.57 139.86
180 80 1998 137.16 87.82 5426 3571 161.78
85 10.82 144.43 80.79 57.18 32.80 147.58
90 925 145.65 179.67 57.71 3228 15131
95 747 15648 69.11 61.64 2835 13549
100 1.79 17347 5242 6826 21.74 13525
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