PRL 113, 182502 (2014)

PHYSICAL REVIEW LETTERS

week ending
31 OCTOBER 2014

Interplay between Quantum Shells and Orientation in Quasifission

A. Wakhle, C. Simenel,* D.J. Hinde, M. Dasgupta, M. Evers, D. H. Luong, R. du Rietz, and E. Williams
Department of Nuclear Physics, Research School of Physics and Engineering, Australian National University,
Canberra, Australian Capital Territory 2601, Australia
(Received 22 June 2014; revised manuscript received 21 August 2014; published 28 October 2014)

The quasifission mechanism hinders fusion in heavy systems through breakup within zeptoseconds into
two fragments with partial mass equilibration. Its dependence on the structure of both the collision partners
and the final fragments is a key question. Our original approach is to combine an experimental
measurement of the fragments’ mass-angle correlations in “°Ca + 2®U with microscopic quantum
calculations. We demonstrate an unexpected interplay between the orientation of the prolate deformed
238U with quantum shell effects in the fragments. In particular, calculations show that only collisions with
the tip of 23U produce quasifission fragments in the magic Z = 82 region, while collisions with the side are

the only ones that may result in fusion.
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In the late 1970s, Heusch and collaborators measured
fission characteristics in heavy-ion collisions that could not
be reconciled with the statistical decay of a compound
nucleus [1]. Later, the angular anisotropy of the fission
fragments was found to be much larger than that predicted
by the statistical model in some reactions [2,3], which was
taken as a clear signature for an out-of-equilibrium process.

The origin of these characteristics is understood to be a
process known as quasifission. Here the dinuclear system
fissions before reaching the stage of an equilibrated
compound nucleus [3]. Quasifission thus results in fusion
hindrance in reactions forming heavy nuclei [4-6]. In fact,
this is by far the dominant mechanism suppressing the
formation of superheavy elements. The understanding of
this process is thus crucial in order to optimize the
formation of new heavy and superheavy nuclei.

Since the discovery of quasifission, important progress
has been made thanks to extensive experimental studies
[7-24]. Correlations between the mass and the angles of the
fragments show that quasifission often takes place before a
full rotation of the dinuclear system, that is, with typical
contact times between the fragments of 5 to 10 zs [7,8,17].
The characteristics of the entrance channel—in particular,
the deformation [10,11,13—15] and shell structure [21] of the
collision partners as well as the fissility of the system [19,22]
and its energy [15,20]—were shown to play an important
role. Shell effects could also favor the production of frag-
ments in the vicinity of magic nuclei [12,15,16,24-26].

The complex interplay of all these variables that have
been identified by experiments dictates quasifission char-
acteristics and probability, and hence the suppression of
fusion. To understand the dynamics at play, in particular the
interdependency of these variables, it is necessary to
perform theoretical calculations. Classical dynamical mod-
els have been developed where the system is described as a
viscous fluid evolving through a family of parametrized
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shapes [27-32]. Despite their ability to reproduce some
experimental observables, these approaches require param-
eters, such as the viscosity, which must be provided
externally. One possibility is to extract these parameters
directly from microscopic approaches [33,34], for which the
only parameters are those describing the interaction between
nucleons. Here, we take another approach using a quantum
microscopic model to directly investigate quasifission
dynamics. Although computationally more demanding,
microscopic calculations have the advantage of not con-
straining the shape of the system during its evolution. The
quantum aspect of the model is also crucial for investigating
the role of shell effects in the dynamics. The theoretical
analysis of the experimental data presented in this Letter is
performed with modern microscopic calculations based on
the time-dependent Hartree-Fock (TDHF) theory. The latter
has recently been successful in describing dynamical proc-
esses such as vibration [35-38], fusion [39-45], transfer
reactions [46—48], deep-inelastic collisions [49], and quasi-
fission in actinide collisions [50,51] (see Ref. [52] for a
review), as well as the dynamics of fission fragments [53].

Mass and angle distributions (MADs) of fission fragments
formed in *°Ca + 23U collisions have been measured and
calculated at different energies to investigate the role of
quantum shell effects on the final characteristics of the
fragments. In particular, we answer key questions, such as
the interplay between the orientation of a deformed collision
partner and the quantum shells affecting the outcome of the
quasifission reaction. The findings are relevant to under-
standing the dynamics for forming the next superheavy
elements since all the available targets that are planned to be
used are deformed.

Pulsed beams of *°Ca were produced using a 14UD
electrostatic accelerator followed by a LINAC postaccel-
erator at the Australian National University. Isotopically
enriched targets of 28UF, (250 ug/cm?), evaporated onto
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~15 pg/cm? "*C backings, were mounted on a target
ladder whose normal was at 60° to the beam. Binary
reaction products were detected in coincidence using two
28 x 36 cm? position-sensitive multiwire proportional
counters on opposite sides of the beam, covering laboratory
scattering angles of 5° < 8 < 80° and 50° < 6 < 125°. The
measured positions and times of flight allowed direct
reconstruction of the fragment velocities [11]. The latter
were converted into mass ratio Mz = m,/(m, + m,) and
center-of-mass (c.m.) scattering angle 6., . for events
where only two primary fragments with masses m; and
m, are formed. The selection of full momentum transfer
(binary) events is described in details in Ref. [22]. Since
both fragments are detected, the MAD is populated twice
[54]’ at (MR7ec.rn4) and (1 - MR’ = ec.m.)'

The MAD measured at three energies are shown in
Figs. 1(a)—(c). The azimuthal coincidence coverage of the
detector system was 90° for all 6_, ; thus, the number of
events in each MAD bin is proportional to the angular
differential cross section do/dO., . No events were
detected at the most forward and backward angles due
to detector angular acceptance. The intense bands at
extreme My values correspond to (quasi)elastic scattering.
Events associated with quasifission and fusion fission are
located between these two bands.
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FIG. 1 (color online). (a)-(c) Measured mass-angle distribu-
tions at center-of-mass energies E near the capture barrier B [55].
The logarithmic color scale is shown in the top right. The
horizontal and vertical ellipsoids show the TDHF results for
the axial and equatorial configurations, respectively. The values
of L are indicated near the points associated to the light (heavy)
fragments for the axial (equatorial) orientation. (d)—(f) Projected
mass ratio My in the range 0.2 < M, < 0.8. The scale factor in
panels (e) and (f) multiplies the counts scale on the left. The mass
ratio distributions estimated from the TDHF results are shown
with shaded areas for quasifission in the axial (ax.) and equatorial
(eq.) configurations, and for fusion-fission (f.) events. The ranges
of L used to calculate the mass ratio distributions are given in
panels (d)—(f) and correspond to events falling into the angular
acceptance of the detector. The sum of these distributions is
shown (solid line).

Each MAD shows very mass-asymmetric groups of
fission events, with the light fragment in the range My =
0.2-0.3 and a corresponding heavy fragment. These groups
move toward forward and backward angles, respectively,
with increasing energy. This correlation of mass with angle
is a clear signature for quasifission events. In addition, the
fraction of events around My = 0.5 (indicating mass
equilibration of the fragments) increases with energy.
These mass symmetric events are compatible with long
lifetime quasifission (i.e., with contact times greater than
half a rotation), or fusion followed by statistical fission.

The projections of the MADs onto the My axis are
shown with filled squares in Figs. 1(d)—(e). Peaks at M =
0.25 and 0.75, associated with asymmetric quasifission, are
clearly visible at the two lowest energies. At the highest
energy, less asymmetric events dominate and a wide
plateau is observed between My = 0.3 and 0.7, in excellent
agreement with mass distributions presented in [20].

To interpret these observations, TDHF calculations were
performed at the same energies using the TDHF3D code [56].
The system is described by an antisymmetrized independent
particle state at all time to ensure an exact treatment of the
Pauli principle, which is crucial at low energies. The TDHF
equation is if(d/dt)p = [h|p], p], where p is the one-body
density matrix [57]. The Hartree-Fock (HF) Hamiltonian
hp] is obtained from a Skyrme energy density functional
[58]. Unlike early calculations of similar reactions that used
simplified interactions [59], the SLy4d parametrization [56]
used here includes a spin-orbit interaction [60]. The latter is
crucial for reproducing the one-body dissipative mechanisms
[61] that strongly affect low-energy dynamics, as well as
magic numbers in heavy nuclei. More details can be found
in Ref. [52].

Examples of shape evolution for “°Ca+2¥U at
E =225.4 MeV are shown in Fig. 2 for two extreme
orientations of the prolate 23¥U nucleus. In the collision
with the tip of 2*8U (axial orientation) at an angular
momentum quantum number L = 100 (upper panels), the
system undergoes half a rotation in ~5 zs before it
separates into primary fragments with smaller mass
asymmetry. This relatively short contact time and the
partial mass equilibration are clear signatures of a

FIG. 2 (color online). Time evolution of the density in
40Ca+4 P8U collisions at a center-of-mass energy E =
225.4 MeV. The isodensity at half the saturation density p,/2 =
0.08 fm™3 is plotted every 1.5 zs for the axial orientation at
L =100 (top) and every 6 zs for the equatorial orientation at
L = 40 (bottom).
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quasifission process. The collision with the side of 238U
(equatorial orientation) at L = 40 (lower panels) exhibits
a much longer contact time (about 30 zs) and a full
rotation before separation, which is also compatible with a
quasifission process. However, this time is long enough to
induce a full mass equilibration, leading to symmetric
mass split. The total kinetic energy of the final fragments
is predicted to be ~243 MeV, in excellent agreement with
experimental data for Mz = 0.5 [20].

Systematic calculations have been performed by varying
L with steps AL = 10 or 5. See Supplemental Material [62]
for movies of the density evolution associated with these
calculations. The results are reported on the MADs in
Fig. 1. Axial (equatorial) orientations are represented by
purple horizontal (blue vertical) ellipsoids. At the lowest
energy [Fig. 1(a)], axial collisions lead to quasifission up to
L ~ 45, and above that to quasielastic scattering. Equatorial
orientations contribute only to the elastic peak. The light
quasifission fragments are essentially located at backward
angles with mass ratio in the range My ~ 0.22-0.27, in
good agreement with the data falling into the angular
acceptance of the detector. Similar conclusions can be
drawn at higher energies [Figs 1(b) and 1(c)] for the axial
collisions, with the angles of the light quasifission frag-
ments going toward more forward angles with increasing
energy. Fusion does not occur for the axial orientation.
In contrast, equatorial collisions form a compact system
that has not decayed into fission fragments at the end of the
calculations for L <10 at E = 205.9 MeV and L < 30 at
E = 225.4 MeV. These events, associated with long life-
time quasifission or with fusion fission, are expected to
produce fragments with isotropic angular distributions.
They are called “fusion-fission” hereafter. Quasifission
events are obtained at larger angular momenta and include
more symmetric events than found in axial collisions.
These comparisons between TDHF predictions and data
are meaningful only when fission of the heavy fragment is
negligible. Only fragments significantly heavier than Pb
could fission, affecting the My > 0.76 and My < 0.24
regions. However, the calculations predict negligible yields
of quasifission fragments in this My region.

In order to estimate the overall significance of the
orientation of the 23¥U nucleus, a representation of the
MAD of quasifission fragments is given in Figs. 3(a)—(d) at
the two highest energies. Since TDHF calculations under-
estimate the fluctuation of the fragment mass distributions
in damped collisions [63], Gaussian distributions centered
around each My and 6., obtained from TDHF calcula-
tions and weighted by 2L + 1 are assumed, with a standard
deviation in mass ratio varying linearly with My from 0.025
at the initial mass split to 0.07 at symmetry [17], and a
standard deviation in angle of 20°. The relative weight
between the two orientations is determined by assuming
that axial collisions are obtained when the angle between the
beam axis and the target nucleus symmetry axis is smaller
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FIG. 3 (color online). Mass-angle distributions of quasifission
fragments from TDHF calculations. The common vertical linear

scale corresponds to the angular differential cross section in
arbitrary units.

than 35° [11]. The projections on the mass-ratio axis (for
the angular acceptance of the detectors) are shown in
Figs. 1(d)—(f) by shaded areas, together with fusion-fission
events that are assumed to produce symmetric fragments
with isotropic angular distributions. The resulting total
distributions are normalized to the most mass-asymmetric
experimental events. Note that a quantitative reproduction
of the experimental MAD is beyond the scope of this work,
as it would require extensive calculations at intermediate
orientations. It is observed that the axial orientation is
mostly responsible for asymmetric quasifission at all
energies. The more symmetric events are populated by
the equatorial collisions, which are dominant at the highest
energy, giving rise to the observed plateau in Fig. 1(f).

To test the validity of this approach, we computed the
ratio of the fusion to capture cross sections 6;/6, = 0.09 +
0.07 at 205.9 MeV and 0.16 £ 0.06 at 225.4 MeV (no
fusion is observed at the lowest energy). The uncertainty is
due to the angular momentum mesh. These results are in
good agreement with Ref. [8] where aratio 0.11 ~ 0.06 was
obtained in this energy range. The TDHF capture cross
sections at these energies agree with those of Ref. [8] within
the ~20% experimental error bars.

We now investigate the role of shell effects in the
formation of the fragments. The extra binding energy from
shell effects is expected to favor the formation of fragments
with magic numbers. This is supported by the mass-
asymmetric quasifission observed in the experimental
MAD that has its heavy fragment in the 2°*Pb region.
The proton numbers of the heavy fragment from TDHF
calculations are plotted as a function L in Fig. 4(a).
Quasifission in axial collisions (filled symbols) always
forms a fragment close to the magic proton number Z = 82.
We observed a similar behavior for neutrons with N ~ 122,
indicating that the influence of the magic number N = 126
is not as strong as Z = 82. These observations do not depend
on beam energy. However, for equatorial collisions these
magic numbers have no visible effects on the outcomes.
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FIG. 4 (color online). (a) Mean number of protons Z in the
outgoing heavy fragment as a function of the angular momentum
quantum number L. Axial and equatorial orientations are repre-
sented by thick solid and thick dashed lines, respectively.
The horizontal thin solid, thin dashed, and thin dotted lines
show the values of Z of the initial >**U nucleus (quasielastic
scattering), of the doubly magic 2°Pb nucleus (mass-asymmetric
fission), and of the '*Ba fragment formed in mass-symmetric
fission, respectively. (b) Contact time between the fragments
defined as the time during which the density in the neck exceeds
half the saturation density py/2 = 0.08 fm™. The arrows indicate
lower limits of the contact time.

One possible reason is that, unlike the axial orientation,
equatorial collisions form systems that are more compact
than two touching 2%Pb and 7°Zn fragments. As shown in
Fig. 4(b), the difference in nucleon transfer between the
orientations translates into different quasifission times.
Indeed, the quasifission times are smaller than 10 zs and
are almost independent of E and L for the axial orientation,
while quasifission times over 30 zs (see also Fig. 2) are
observed for the equatorial orientation.

Experimental mass-angle distributions of quasifission
fragments formed in “°Ca + 23U have been measured and
interpreted using TDHF calculations. The angular focusing
of fragments with large mass asymmetry indicates that they
are produced by quasifission. This asymmetric quasifission
is related to shell effects in the Z = 82 region and occurs in
collisions with the tip of the 2*U, leading to short
quasifission times. No quantum shell effects were observed
in collisions with the side of 2*U. Long contact times
compatible with fusion are found only for this orientation.
This first evidence for the orientation dependence of shell
effects in quasifission requires further investigation.
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