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Background: Quasifission is the main reaction channel hindering the formation of superheavy nuclei (SHN).
Its understanding will help to optimize entrance channels for SHN studies. Quasifission also provides a probe
to understand the influence of shell effects in the formation of the fragments.

Purpose: Investigate the role of shell effects in quasifission and their interplay with the orientation of the
deformed target in the entrance channel.

Methods: “8Ca+2*Bk collisions are studied with the time-dependent Hartree-Fock approach for a range of
angular momenta and orientations.

Results: Unlike similar reactions with a 238U target, no significant shell effects which could be attributed to
208pp “doubly-magic” nucleus are found. However, the octupole deformed shell gap at N = 56 seems to strongly
influence quasifission in the most central collisions.

Conclusions: Shell effects similar to those observed in fission affect the formation of quasifission fragments.
Mass-angle correlations could be used to experimentally isolate the fragments influenced by N = 56 octupole

shell gaps.

I. INTRODUCTION

Quasifission occurs when the collision of two heavy nuclei
produces two fragments with similar characteristics to fusion-
fission fragments, but without the intermediate formation of
a fully equilibrated compound nucleus [1-4]. It is the main
mechanism that hinders fusion of heavy nuclei and conse-
quently the formation of superheavy elements [5-10]. It is
thus crucial to achieve a deeper insight of quasifission in order
to minimize its impact and maximize the formation of com-
pound nuclei for heavy and superheavy nuclei searches.

Quasifission also provides a unique probe to quantum
many-body dynamics of out-of-equilibrium nuclear systems.
For instance, quasifission studies bring information on mass
equilibration time-scales [11-13], on shell effects in the exit
channels [14-18], as well as on the nuclear equation of
state [19,20]. In fusion-fission, the exit channel is essen-
tially determined by the properties of the compound nucleus,
and does not depend a priori on the specificity of the en-
trance channel. This is not the case in quasifission which is
known to preserve a strong memory of the entrance chan-
nel properties. As a result, understanding the interplay be-
tween the entrance and exit channels requires a significant
amount of experimental systematic studies. These include in-
vestigations of the role of beam energy [15,21,22], dissipa-
tion [23], fissility of the compound nucleus [24,25], deforma-
tion of the target [15,26-29], spherical shells of the collision
partners [30,31], and the neutron-to-proton ratio N/Z of the
compound nucleus [32,33].
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On the theory side, quasifission has been studied with var-
ious approaches. This includes classical methods such as a
transport model [34], the dinuclear system model [35-38],
and models based on the Langevin equation [39-43]. Mi-
croscopic approaches such as quantum molecular dynam-
ics [44-46] and the time-dependent Hartree-Fock (TDHF)
theory [17,18,32,43,47-57] have also been used. See [58—61]
for recent reviews on TDHF.

An advantage of microscopic calculations is that their only
inputs are the parameters of the energy density functional de-
scribing the interaction between the nucleons. Since these pa-
rameters are usually fitted on nuclear structure properties only,
such calculations do not require additional parameters deter-
mined from reaction mechanisms, such as nucleus-nucleus
potentials. In addition, TDHF calculations treat both reac-
tion mechanisms and structure properties on the same footing.
This is important for reactions with actinide targets which ex-
hibit a strong quadrupole deformation.

Indeed, the outcome of the calculations strongly depend
on the orientation of the nuclei. For instance, TDHF cal-
culations of 4°Ca+23U reaction showed that only collisions
with the side of the 23U could lead to configurations which
are compact enough to enable fusion [17]. This is contrary
to the collisions with the tip of 233U which seem to always
lead to a fast quasifission (after ~ 5 — 10 zeptoseconds (zs)
of contact time) as long as contact between collision partners
is achieved. A remarkable observation of this work was the
systematic production of lead nuclei (Z = 82), known to pos-
sess a strong spherical proton shell gap, in tip collisions only,
showing a strong influence of orientation dependent shell ef-
fects in the production of the fragments. Such influence of
shell effects was proposed to explain peaks in fragment mass
distributions [14,15,17], but experimental confirmation came
only recently with the observation of a peak of quasifission
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fragments at Z = 82 protons from x-ray measurements [18].

Deformed shell effects in the region of 1°°Zr have also
been invoked to interpret the outcome of TDHF simulations
of 4048Ca+238U, 249Bk collisions [49,51]. It is then natural
to wonder if other shell effects, spherical or deformed, could
be driving the dinuclear system out of its compact shape, into
quasifission. Potential candidates are shell effects known to
influence the outcome of fission reactions. It has recently
been proposed that octupole deformed shell effects, in partic-
ular with Z or N = 52 — 56, are the main driver to asymmet-
ric fission [62,63]. The fact that 2°8Pb can easily acquire an
octupole deformation (its first excited state is a 3~ octupole
vibration) is compatible with this interpretation. Note also
that some superheavy nuclei like >*Og are expected to en-
counter super-asymmetric fission and produce a heavy frag-
ment around 2%8Pb [64—67], confronting the idea that quasi-
fission valleys could match fission ones.

In this work we study the **Ca+**’Bk reaction with the
TDHF approach. The choice of this reaction is motivated by
its success in forming the element Z = 117 [68-72]. Previ-
ous TDHF studies of quasifission with actinide targets were
restricted to one or two orientations of the target to limit com-
putational time. However, to allow possible comparison with
experimental data, it is important to simulate a range of orien-
tations in addition to the usual tip and side configurations. We
therefore performed systematic simulations, spanning both a
range of orientations and a range of angular momenta. This
allow us to study correlations between, e.g., mass, angle, ki-
netic energy, as well as to predict distributions of neutron and
proton numbers at the mean-field level. These distributions
are used to identify potential shell gaps driving quasifission.
The method is described in Sec. II. The results are discussed
in Sec. III. We then conclude in Sec. IV.

II. METHOD

The TDHF theory provides a microscopic approach to in-
vestigate a large selection of phenomena observed in low en-
ergy nuclear physics [58,59,73]. In particular, TDHF pro-
vides a dynamic quantum many-body description of nuclear
reactions in the vicinity of the Coulomb barrier, such as fu-
sion [74-89], deep-inelastic reactions and transfer [60,77,90—
97], and dynamics of (quasi)fission fragments [17,49-52,80,
98-102]. The classification of various reaction types in TDHF
is done by calculating the time evolution of expectation val-
ues of one-body observables: fragments’ centers of masses,
mass and charges on each side of the neck, kinetic energy, or-
bital angular momentum, among others. Quasifission is char-
acterized by two final state fragments that emerge after a long
lived composite system (typically longer than 5 zs) and final
fragment masses Ay = Acn /2420 or more. In addition, fi-
nal TKEs distinguish quasifission from highly damped deep-
inelastic collisions, which have a smaller mass and charge dif-
ference between initial and final fragments. In TDHF the mass
and charge difference between the initial nuclei and the final
fragments measure the number of nucleons transferred. As
discussed above fusion corresponds to the case where the fi-

nal product remains as a single composite for a reasonably
long time, chosen here to be 35 zs.
The TDHF equations for the single-particle wave functions
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can be derived from a variational principle. The main ap-
proximation in TDHF is that the many-body wave function
d(t) is assumed to be a single time-dependent Slater determi-
nant at all times. It describes the time-evolution of the single-
particle wave functions in a mean-field corresponding to the
dominant reaction channel. During the past decade it has be-
come numerically feasible to perform TDHF calculations on a
3D Cartesian grid without any symmetry restrictions and with
much more accurate numerical methods [93,103—-105].

FIG. 1. (Color online) Schematic representation of the initial config-
uration for an impact parameter b and a velocity vector V., defining
the collision plane and the collision axis. The orientation of the tar-
get is defined by the angles 3 (rotation around the axis perpendicular
to the reaction plane) and ¢ (rotation around the collision axis).

In this paper, we focus on fusion and quasifission in the re-
action “8Ca +2* Bk. In our TDHF calculations we use the
Skyrme SLy4d energy density functionals [106] including all
of the relevant time-odd terms in the mean-field Hamiltonian.
Static Hartree-Fock (HF) calculations without pairing predict
a spherical density distribution for 8Ca while 4Bk shows
prolate quadrupole and hexadecupole deformation, in agree-
ment with experimental observations. Numerically, we pro-
ceed as follows: First we generate very well-converged static
HF wave functions for the two nuclei on the 3D grid. Three-
dimensional TDHF initialization of the deformed **Bk nu-
cleus, with a particular alignment of its symmetry axis with re-
spect to the collision axis, can be most easily achieved by eval-
uvating the initial guess for HF calculations on mesh values ro-
tated with respect to the code axes. Subsequent HF iterations
do not change this orientation thus resulting in the desired HF
solution. This procedure involves no interpolation procedure
and is the most straightforward method to implement in TDHF
codes [107]. Otherwise, static solutions obtained for extreme
angles (0° or 90° with respect to collision axis) can be very
accurately interpolated to arbitrary angles [107] followed by a
few additional static iterations for extra accuracy.
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FIG. 2. (Color online) Isodensity surfaces at p = 0.145, 0.1, and
0.02 fm—3 in blue, green, and pink, respectively, shown at times ¢ ~ 0
(a), 2.1 (b), 5.8 (¢), and 6.4 zs (d) for an initial orientation 8 = 135°
and an angular momentum L = 607. For visualization purposes, the
reaction plane is 37° off the plane of the page.

The initial separation is chosen to be 30 fm with nuclei in
their ground states. The nuclei are assumed to arrive to this
separation on a Coulomb trajectory for the purpose of initial-
izing the proper boosts. In the second step, we apply a boost
operator to the single-particle wave functions. The calcula-
tions end when the fragments are well separated (or after 35 zs
if they are still in contact). Outgoing Coulomb trajectories are
then assumed to determine the scattering angle.

The time-propagation is carried out using a Taylor series
expansion (up to orders 10 — 12) of the unitary mean-field
propagator, with a time step Az = 0.4 fm/c. For reactions lead-
ing to superheavy dinuclear systems, the TDHF calculations
require very long CPU times: a single TDHF run at fixed E.
energy for a fixed impact parameter b and orientation angle 8
takes about 2-3 days of CPU time on a 16-processor LINUX
workstation.

Assuming the **Bk nucleus to be axially symmetric with
no octupole deformation, the cross-section or yield for a spe-
cific reaction channel & is proportional to
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Here, PISE) (B, ) is the probability for the reaction channel &
and an orientation of the target defined by the rotation angles
B and « (see Fig. 1). The orientation of the deformation axis is
obtained by applying first a rotation of an angle 8 around the
axis perpendicular to the reaction plane, and then a rotation of
an angle o around the collision axis.

The TDHEF calculations are performed for a range of orbital
angular momenta L;% with {L;} = {0,10,20---N.} and N, =
12 or 13, depending on the orientation (some orientations lead

to quasi-elastic collisions at L = 120, in which case L = 130
is not computed). The first term is then replaced by

Np, Li+A*
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L i=1 L=L;—A;

where AT =5, A7 =0and Az =4.

The double integral in Eq. (2) is computationally too de-
manding. The integral over « is then replaced by a sum over
probabilities for o = 0 and 7. Equivalently, we can ignore o
and extend the integral over 8 up to . We then define the
probability
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The remaining integral over 8 is discretized with Ng = 12
angles {f,} = {0°,15°,30°,--- ,165°}. We can finally write
the approximate cross-section as

N

N,
B
or =Y K Y CP (B, 3)
i=1 n=1
where we have defined
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with 8 = 7.5°. Note that, because of its semi-classical behav-
ior, the TDHF theory leads to probabilities PL(S’:) (B)=0o0rl

for the reaction channel & for a given orientation and angular
momentum.

III. RESULTS

The *8Ca+2*Bk at E,.,,, = 234 MeV has been studied as a
function of the orientation 3 of the target (see Fig. 1) and as a
function of orbital angular momentum L, given in units of 7,
totaling 148 collisions.

A. Quasifission characteristics

Figure 2 shows a typical example of density evolution for
a non-central collision. Different isodensity surfaces are rep-
resented. The rings observed at highest density in panels (a)
and (b) are coming from shell structure effects [58]. After
contact, the nuclei are trapped in a potential pocket, forming a
dinuclear system (panel (b)) which, unlike in fusion, does not
reach an equilibrated compound nucleus. When the dinuclear
system fissions (panel (c)), it forms two fragments (panel (d))
which preserve a memory of the entrance channel.

The outgoing fragments for this reaction are ®*Sr and
203 Au. Such a significant mass transfer towards a more mass
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FIG. 3. (Color online) Total kinetic energy of the fragments as a
function of their mass ratio. The curve corresponds to the Viola sys-
tematics [108,109].
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FIG. 4. (Color online). Mass ratio My as a function of orientation
angle f3 for central collisions. Fusion is indicated by the shaded area.

symmetric configuration is one of the characteristics of quasi-
fission. A second characteristic is the rotation of the dinu-
clear system before scission. This rotation is due to the ini-
tial angular momentum for non-central collisions. For contact
times T < 20 zs, the dinuclear system usually does not un-
dergo a full rotation before scission, resulting in so-called fast
quasifission [25,110]. Such times are also too short for the
system to achieve full mass equilibration and form two frag-
ments with similar masses. Fast quasifission then results in
correlations between masses and angles which can be used to
infer the time scale of the reaction [11,13]. The density evo-
lution represented in Fig. 2 is an example of fast quasifission
reaction as the fragments are in contact for ~ 6 zs and the
dinuclear system rotates by only ~ 90 degrees. In fact, all
quasifissions observed in our calculations for this system cor-
respond to fast quasifission, producing fragment mass-angle
correlations which will be studied in Section III C.

Another characteristic of quasifission is that the reaction is
fully damped. In quasifission, the outgoing fragments have
a total kinetic energy (TKE) essentially determined by their
Coulomb repulsion at scission. As a first approximation, this
TKE does not depend on the beam energy. Figure 3 shows the
mass-energy distribution (MED), i.e., the distribution of TKE
as a function of the number of nucleons A in the fragments.
Except for quasi-elastic reactions in which the masses of the
fragments are very close to the projectile and target masses,
the TKE are generally distributed around the Viola systemat-
ics [108,109] (dashed line) which gives an empirical estimate
of fully damped fission fragments.

Each color in Fig. 3 shows the location in the MED that
is expected for a given range of orbital angular momenta. In
each case, two or three values of L and thirteen angles 3 are
included. The more central collisions (L < 80%) all lead to
quasifission, while more peripheral collisions (L > 807) lead
to both quasi-elastic and quasifission reactions. This indicates
a strong influence of orientation on the reaction outcome.

B. Effect of target orientation in central collisions

Different orientations of the target lead to different com-
pactness of the dinuclear system. A clear relation between
orientation and compactness is obtained in the case of central
collisions (L = 0) in which case less compact configurations
are obtained for B = 0 and 180 degrees, leading to collisions
with the tips of the target, while the most compact configu-
rations are obtained for § = 90 degrees, leading to collisions
with the side. For non-central collisions, the relationship be-
tween orientation and compactness is less straightforward and
can be estimated assuming Coulomb trajectories until the dis-
tance of closest approach [17].

Figure 4 shows the mass ratio of the fragments, defined as
the ratio between the mass of the fragment and the total mass
of the system, as a function of the orientation for central col-
lisions. A slight asymmetry between 3 and 7w — f3 is observed
due to a small violation of symmetry under reflection across
the plane orthogonal to the main deformation axis of 2*Bk
HF ground-state.

Fusion is only observed for side collisions, in agreement
with previous TDHF studies [17,49,51]. Overall, a small in-
crease of the mass ratio from Mg =~ 0.28 to 0.35 is observed
when going from tip orientations to more compact configura-
tions. There is, however, no clear transition associated with an
eventual critical angle B.,;; when going from tip to side orien-
tation in this system (except for when fusion is achieved). This
shows the importance of considering a full range of interme-
diate orientations in order to realize quantitative predictions.

C. Correlations between fragment masses and scattering
angles

Experimental studies of correlations between fragment
masses and scattering angles have led to considerable insights
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FIG. 5. (Color online). (a) Distribution of scattering angle 6, ,,. ver-
sus mass ratio Mg (MAD). The colors correspond to different ranges
of angular momenta. (b) Fragment mass yield (histogram). The solid
line gives a smooth representation of the histogram using the kernel
density estimation with bandwidth 0.012. (c) Mass yields obtained
for different ranges of angular momenta.

into quasifission mechanisms in the past [11,12,17,18,25,29—
32,110]. TDHF calculations have been used recently to help
interpret qualitatively these correlations [17,32,51,52]. How-
ever, these theoretical studies were somewhat limited by the
restriction of initial orientations.

The mass-angle distribution (MAD) of the fragments is
shown in Fig. 5(a). The horizontal axis gives the mass ratio
Mg = m]’ilmz where m; and my are the masses of the frag-
ments. These masses are for primary fragments, i.e., before
nucleon emission takes place. This is also what is measured
experimentally using 2-body kinematics techniques [11,27].
The colors represent different angular momentum ranges, as
in Fig. 3.

Most calculations lead to quasifission with fragment mass
ratios 0.28 < Mg < 0.72, while projectile and target mass ra-
tios are at Mg ~ 0.16 and 0.84, respectively. This indicates
significant mass transfer towards more symmetric mass repar-
titions. However, full symmetry is never achieved in these
TDHF calculations, unlike in °Ca+2%3U [17]. Most periph-
eral collisions with L > 707 lead to larger mass asymmetries
and a transition from quasifission to deep-inelastic and quasi-
elastic reactions. Note that fragments from elastic scattering
are not shown.

We also see that quasifission fragments are distributed
among the full range of scattering angles, from 6, ,, = 0 (for-
ward angles) to 180 degrees (backward angles). This wide
angular distribution motivates the development of larger an-
gular acceptance detectors [9,10]. Note that each angular mo-
mentum range leads itself to a broad distribution of angles.
For instance, results from L < 207 are found all the way from
backward angles to 6, ,, ~ 70 degrees, while L < 407 spans
all angles. This is a manifestation of the impact of orientation
on the angular distribution: for a given angular momentum,
the scattering angle strongly depends on the orientation of the
target. However, there is much less dependence of the mass
on the orientation, as each orientation leads to approximately
similar mass ratio for quasifission outcomes in this system.

Interestingly, the correlation between quasifission fragment
masses and angles shows a narrow mass distribution for the
light fragment around Mg ~ 0.3 at more backward angles with
6..m. > 70 degrees. At more forward angles (6., < 70 de-
grees), the light fragment mass distribution broadens and
slightly shifts towards larger masses (Mg ~ 0.34). For sym-
metry reasons, a similar narrow (respectively broad) mass dis-
tribution is found in the heavy fragment at Mg ~ 0.7 (resp.
Mg ~ 0.60) for 6,,, < 110 (resp. O.,, > 110) degrees. The
origin of these features will be discussed using neutron and
proton distributions in Sec. IITE.

D. Fragment mass distributions

The theoretical MAD in Fig. 5(a) is useful to investigate
correlations between mass and angle. However it is not di-
rectly related to yields and cross-sections as it does not ac-
count for the 2L+ 1 and sin 8 terms in Eq. (2). Yields are bet-
ter represented in one-dimensional spectra. Figure 5(b) shows
a histogram of the mass ratio yield obtained from Eq. (2).
The solid line curve gives a smooth representation of the his-
togram. As these are more illustrative, we will only use these
smooth representations of yields in later figures.

The quasifission mass yields in Fig. 5(b) are strongly
peaked at Mg ~ 0.33 and 0.67, with a full width half max-



imum FWHM =~ 0.1 corresponding to a standard deviation
Oum, =~ 0.042. Note that the present TDHF calculations neglect
mass distributions associated with each single TDHF calcu-
lation outcome. The latter can be computed using particle-
number projection techniques [91,93,94,111]. However, the
width of the resulting distributions are known to be under-
estimated in dissipative collisions [112]. Beyond mean-field
calculations incorporating one-body fluctuations could also be
used [23,55,92,113—-117]. However, these approaches are not
used here as they would significantly increase computing time
and would become prohibitive with large ranges of orienta-
tions and angular momenta.

We can nevertheless attempt a comparison with typical ex-
perimental mass width for quasifission distributions, keeping
in mind that our theoretical prediction is a lower bound. Ex-

perimental spread oy, can roughly be parameterized as a lin-

ear function from GlleIC) ~ 0.025 typical for deep-inelastic

collisions (DIC) at the mass ratio of the projectile and target,
7 = 0.07 in fusion-fission at Mg = 0.5 [13]. We then

to oy,
get an estimate of G]fiF) ~ (0.047 at Mg = 0.33, which is only
~ 10% higher than the TDHF prediction. The present calcu-
lations, to a large extent, account for the expected fluctuations
of the mass of the quasifission fragments. These fluctuations
are essentially coming from the various orientations of the de-
formed target nucleus.

Figure 5(c) shows the expected mass ratio yield distribu-
tions for various ranges of angular momenta L. The purpose
of this figure is to compare quantitatively the relative contri-
butions to the yields when going from central to peripheral
collisions. For instance, we see that, because of the 2L+ 1
weighting factor in Eq. (2), the most central collisions with
L < 20h, which are found at backward angles in Fig. 5(a),
have also the smallest contribution to the total yield. In order
to understand the transition from My ~ 0.30 to 0.34 discussed
at the end of Sec. III C, it will then be necessary to fully exploit
the correlations between masses and angles of the quasifission
fragments.

E. Identification of shell effects in quasifission fragments

Experimental indications of the role of shell effects in
the production of quasifission fragments initially came from
mass-yield measurements [14,15,17]. Theoretical predic-
tions from TDHF calculations then supported these views
[17,49,51]. However, to unambiguously confirm the role of
shell effects, proton or neutron numbers distributions have to
be measured. Only recently this was done for quasifission for
the ®Ti+2*8U reaction using x-ray detectors to identify pro-
ton numbers in the fragments [18], thus confirming the role of
Z = 82 “magic” shell in this reaction.

To investigate the role of potential shell effects in
48 Ca+2%Bk quasifission, the correlations between proton and
neutron numbers with scattering angles have been plotted in
Figs. 6(a) and 7(a), respectively. Proton and neutron num-
bers yields are also shown in Figs. 6(b) and 7(b), respectively.
In addition to the total yields obtained without restriction on

180 e.l I b d ()
160 |- 3 'ﬁ .
g -
140 F o $ % .
120 - ; o' ¢ .
/c'\n [ Y ‘El :
©100 [ ¢ T .
3. § ® ol
E 80 8 g. % 7]
@ e ) 3
60 ‘ a .

3
T
P L
®
Sone

Yield (arb. units)

0 20 40 60 80 100 120

FIG. 6. (Color online). (a) Distribution of scattering angle 6, ,,. ver-
sus proton number Z (ZAD). (b) Fragment proton number yield with-
out (lighter shade) and with angular cut 6. ,, > 70 degrees (darker
shade). The vertical line represents potential proton shell gap.

scattering angles and nucleon numbers (orange spectra), gates
on quasifission fragments have also been used (rectangles in
Figs. 6(a) and 7(a)) with 8., > 70 degrees for the light frag-
ments and 0., < 110 degrees for the heavy ones. The result-
ing gated spectra are shown in purple in Figs. 6(b) and 7(b).
The vertical dotted line in Fig. 6 shows the expected posi-
tion of fragments affected by Z = 82 shell effects. The heavy
fragments seem to be systematically lighter, indicating that
Z = 82 may not play a significant role in this reaction. This
is surprising as TDHF studies have shown the importance of
this shell gap in quasifission for 4%48Ca, ¥ Ti+23U [17,18,49].
A similar comparison is made with the “magic” number
N = 126 in Fig. 7. Here, we see that some fragments are
indeed formed with N = 126. However, both the centroids of
the ungated and gated distributions are shifted towards smaller
neutron numbers. For the gated spectrum, the shift is rela-
tively small as the peak is centered at Ngmed ~ 124. Neverthe-
less, spherical shell effects are known to be quite localized in
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the nuclear chart and this “proximity” may as well be coinci-
dental. Other spherical shell effects are also excluded for both
protons and neutrons. In particular, the quasifission peaks are
far from Z = 50 or N = 50.

This leaves us with potential deformed shell effects. For
instance, the importance of octupole deformed shell gaps at
Z =52 —56 [62] and N = 52 — 56 [63] have recently been
shown to have an important role in driving heavy systems to-
wards asymmetric fission. As a results of these gaps, the nu-
clei can easily acquire octupole deformations for a small cost
(and sometimes even a gain) in energy. This is why their pro-
duction as fission fragments is naturally favored, as the fis-
sioning system has no choice but to go through a shape with
a neck just before scission, imposing strong octupole defor-
mations in the fragments. Despite its strong spherical shell
effects which are expected to energetically favor its produc-
tion, the formation of '32Sn as a fission fragment is hindered

by its strong resistance to octupole deformations. This is not
the case, however, of 2°Pb which can easily acquire octupole
deformations thanks to its low-lying octupole 3~ state.

The orange vertical dotted line in Figure 7 indicates the ex-
pected location of fragments affected by the N = 56 octupole
deformed shell gap. It matches very well the position of the
gated peak, providing a plausible explanation for the origin of
this narrow distribution of quasifission fragments at backward
angles, corresponding to more central collisions.

As discussed in Sec. III C, however, more peripheral col-
lisions (6, ,. < 70 degrees for the light fragment) lead to the
production of slightly more symmetric quasifission fragments.
For the light fragment, the Z and N distributions of these more
peripheral quasifission events [see Figs. 6(a) and 7(b)] seem
to be centered around N pe,ipn A~ 60 and Zeripy = 40, respec-
tively, indicating the production of fragments in the '%°Zr re-
gion. Similar observations were already made in 4*48Ca+233U
systems [49].

100_ T T T T T T T T T T T T . T ’. ]
90r & ]
80} / ]
70+ /&, h
60 e ]
N ST TTTTTT T T LBEY ]
] / dofm - oo & -
F o il B
20+ & By & | : 3
L ,// 34 }/I’T I I 1 |__-
10-_ -7 50 52 54 56 58 60 62 64
0 - | L | 1 | L | L 1 , NI ) | )
0 20 40 60 5’3\? 100 120 140 160

FIG. 8. (Color online). Distribution of proton number Z versus neu-
tron number N of the fragments. The dashed line represents the N/Z
ratio of the compound nucleus. The inset is a zoom around the light
fragment. Thin dashed lines indicate the positions of **Sr (Z = 38,
N = 56) and '%Zr (Z = 40, N = 60).

Figure 8 shows the distribution of fragments in the N and Z
plane. We see that, due to a strong symmetry energy, the frag-
ments have N /Z ratios very close to the one of the compound
nucleus. Nevertheless, the light fragments are slightly more
proton rich, and the heavy fragments more proton deficient,
due to the stronger Coulomb repulsion in the latter. The pro-
duction of fragments in the '%Zr region is confirmed in the
inset of Fig. 8. We also see that the fragments with N = 56
neutrons correspond essentially to **Sr, as also illustrated in
Fig. 2

Shell effects are known to evolve with the deformation of
the nucleus. To confirm the presence of shell effects, it is then
necessary to verify that the deformation is the one expected to
exhibit a shell gap. Typical isosurface densities for reactions
just after scission leading to the production of a '%0Zr (top)
and of a **Sr (bottom) fragment are shown in Fig. 9. In partic-
ular, the **Sr fragment is quite compact with a strong octupole
shape, similar to what is observed in fission of mercury iso-



FIG. 9. (Color online). Isodensity surfaces at p = 0.1 fm—3 for
L =90k and B = 120° (top), and L = 60k and § = 135° (bottom),
just after the breaking of the neck. The light fragment (right) in the
top is a 2*Sr (Z = 38, N = 56) and a '997Zr (Z = 40, N = 60) in the
bottom. The contour line in the bottom represents the same density
as in the top.

topes producing N = 56 fragments with to octupole shell gaps
[63]. The '%7Zr fragment is also octupole deformed (as the
density is shown just after breaking of the neck) but with a
much more elongated shape. Neutron rich zirconium isotopes
are indeed expected to exhibit strong quadrupole deformations
[118-120].

IV. CONCLUSIONS

The “8Ca+24°Bk reaction, used experimentally to produce
Tennessine (Z = 117), has been studied at a center of mass
energy of 234 MeV with time-dependent Hartree-Fock sim-
ulations. Properties of quasifission fragments, such as mass,
numbers of protons and neutrons, kinetic energy, and scatter-

ing angles have been studied systematically.

Unlike previous TDHF studies of quasifission, a broad dis-
tribution of orientations of the target has been considered for
the first time, allowing for the prediction of, e.g., mass yield
characteristics that can be directly compared with experiment.
Except for a few collisions compatible with fusion or long-
time quasifission, the largely dominant outcome is fast quasi-
fission. It is shown that the orientation has also a strong influ-
ence on the scattering angle.

Fast quasifission produces peaks in the mass yield distri-
bution for the projectile-like and target-like fragments with
a width in good agreement with empirical estimates, despite
the fact that the TDHF approach does not account for beyond
mean-field fluctuations. Here, the observed fluctuations come
mainly from the various orientations of the target in the en-
trance channel.

The influence of shell effects on the formation of the frag-
ments has been investigated. Unlike similar reactions with
238U targets, no influence of 28Pb is observed unambigu-
ously. However, elongated fragments in the '%°Zr region are
produced in the more peripheral quasifission reactions. More
central collisions consistently produce fragments with N = 56
nucleons for all orientations. This is interpreted as an effect
of octupole deformed shells favoring the production of frag-
ments with pear shapes at scission. A similar effect has re-
cently been discussed in the case of fission.

This is the first indication of a potential influence of oc-
tupole shell gaps in quasifission. Its experimental confirma-
tion would be particularly interesting as it would point towards
strong similarities in how shell effects affect both fission and
quasifission. These shell effects in the light fragments will be
more easily investigated experimentally at backward angles.
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