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Systematic Study of Quasifission in **Ca-induced reactions
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Abstract. The production of superheavy elements through the fusion of two heavy nuclei is severely hindered
by the quasifission process, which results in the fission of heavy systems before an equilibrated compound nu-
cleus (CN) can be formed. The heaviest elements have been synthesised using “*Ca as the projectile nucleus.
However, the use of **Ca in the formation of new superheavy elements has been exhausted, thus a detailed
understanding of the properties that made **Ca so successful is required. Measurements of mass-angle distribu-
tions allow fission fragment mass distribution widths to be determined. The effect of the orientation of prolate
deformed target nuclei is presented. Closed shells in the entrance channel are also shown to be more important
than the stability of the formed CN in reducing the quasifission component, with reduced mass widths for reac-
tions with the closed shell target nuclei '**Sm and 2Pb. Comparison to mass widths for *Ti-induced reactions
show a significant increase in the mass width compared to “®Ca-induced reactions, highlighting the difficulty
faced in forming new superheavy elements using projectiles with higher atomic number than **Ca.

1 Introduction

Superheavy elements (SHEs) mark the upper boundary
of the existence of atomic nuclei. Their production of-
fers an insight into exotic nuclear structure, and provides
thorough tests of established nuclear models. Oganes-
son (3730g) represents the heaviest element synthesised to
date, produced in the “8Ca + *Cf reaction [1I [2]. For
a SHE to be produced, two heavy nuclei must come into
contact and form an equilibrated compound nucleus (CN),
by evolving from the di-nuclear shape at contact, to that
of a compact system [3l 4]. Due to the large repulsive
Coulomb force, the system often instead breaks apart be-
fore this equilibrated system is reached. This process is
known as quasifission (QF) [5H7]. This significantly sup-
presses the yield of desired products, and can be the most
significant hindrance to SHE formation.

The difficulty in forming SHE:s is further compounded
by the need for heavier projectile nuclei than “*Ca, as pro-
duction of targets of elements heavier than Cf is currently
not achievable. *3Ca has been successfully used in SHE
formation reactions, due in part to its high N/Z ratio and
doubly magic shell structure [8, 9]. However, to form el-
ements 119 or larger, heavier projectiles must be used,
which should have similar properties to “*Ca. The most
favourable projectiles are expected to be *°Ti and **Cr,
however neither of these are doubly magic, nor as neutron-
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rich as *8Ca [9]. A recent study [10] highlighted that the
lack of these key characteristics of **Ca in both *°Ti and
3Cr leads to a significant reduction in the probability of
forming an equilibrated CN.

There has been a surge in experimental and theoretical
investigations of quasifission in recent years. The complex
dynamics has many different dependencies, with experi-
ments highlighting the influence of entrance channel prop-
erties such as nuclear deformation and orientation [[11-16],
mass asymmetry [3\ (5,17, 18], magicity [19}20] and shell
structure [21H24]]. The multiple parameters that have sig-
nificant effects on fusion cross sections serve to highlight
the complexity of the dynamics, and the challenge that is
posed to produce a model that can account for all of these
effects.

A systematic study of “Ca-induced reactions with a
variety of target nuclei at energies close to the Coulomb
barrier is presented. Mass-angle distributions (MADs)
were measured, and fission fragment mass distribution
widths were determined. The targets used in this work
range from the spherical '**Sm, to strongly deformed nu-
clei, such as '"°Er and '86W, through to the spherical
208pb. These targets allow the investigation of the role of
deformation in this work. Moreover, the role of closed
shells is demonstrated due to the fact that the “8Ca pro-
jectile and 2°®Pb target both have full proton and neutron
shells, whilst **Sm has a closed neutron shell.

2 Mass-Angle Distributions and Mass
Widths

MADs show the distribution of fission fragment masses as
a function of centre-of-mass scattering angle, 6., . This
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Figure 1. MAD scatter plots (top row) and projections onto
the My axis (bottom row) for the “*Ca + '3¢W reaction at two
different energies. The centre-of-mass energies with respect to
the Coulomb barrier, E/Vg, and the excitation energies, Ey, are
shown at the top of each plot. The intensity scale represents the
double differential cross section, do?/d0. m dMg in mbjrad, per
pixel. The multiplicative factor scales the y-axis that is shown
for the My distributions for each plot. The blue lines highlight
the strong mass-angle correlation present in this reaction.

offers an additional method to characterise QF in a model-
independent way [3, 6, 25]. MADs offer the most direct
evidence of QF, which appears as a correlation between
the fission fragment mass with scattering angle. MADs not
only allow QF to be measured, but also the fusion-fission
(FF) process, whereby the formed CN undergoes fission.
FF primarily results in mass-symmetric fission fragments.

Importantly, as all degrees of freedom must be equi-
librated, FF results in a narrow fission mass distribution.
QF, however, will have a much broader mass distribu-
tion than FF. This arises due to the mass degree of free-
dom failing to achieve complete relaxation as the system
re-separates before the formation of an equilibrated CN.
Therefore, by comparing the determined mass distribu-
tion widths, given by the standard deviation of a Gaus-
sian fit to the mass distributions, the amount of QF in a
given reaction can be estimated, and has been used exten-
sively [21} 26-28]].

At the Australian National University, a wide ranging
program measuring MADs is taking place. To measure
experimental MADs for the reactions of interest, pulsed
beams of **Ca with ~1 ns width and 106.9 ns separation
were produced at the Heavy Ion Accelerator Facility at
the Australian National University using the 14UD tan-
dem accelerator. Beams were bombarded onto isotopi-
cally enriched targets of 144gm, 170Ey, 176y, I8OHF, 186y
19205, 198pt, 2%Hg, and 2%8Pb. The subsequent fission
fragments were detected using the ANU CUBE detector
system [[12} 29], which is composed of two large-area, po-
sition sensitive Multi-Wire Proportional Counters (MW-
PCs) and one MWPC approximately half the size, which
was situated at extreme backward angles to provide a
wider angular coverage. The position and timing informa-
tion from the MWPCs were used to obtain fragment ve-
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Figure 2. The measured mass widths, oy, presented as a func-
tion of the centre-of-mass energy with respect to the capture bar-
rier for all reactions measured in this work. The error bars are
determined from the calculated uncertainty in the standard devi-
ations of the Gaussian fits for each reaction. The lines are used
to guide the eye between each data point to highlight the general
trends for each reaction. The two spherical targets, '**Sm and
208pb, show a significantly different trend to the all other targets,
with an increase in o, with increasing energy being observed.

locities and centre-of-mass angles. The velocities are then
used to determine the binary mass-splits, characterised by
the mass ratio, Mg = M,/(M, + M;), where M,, are
the masses of the two measured fragments. Thus, MADs
for all reactions studied could be produced, with example
MAD:s and mass distributions for the 43Ca + '86W reaction
shown in Fig.[T] The strong correlation of fragment mass
with angle is a clear indication of a strong QF component
in this reaction. This correlation also presents itself as a
wide mass distribution width, seen in the bottom panels of

Fig.[T]

3 Orientation and Deformation Effects

The measured mass widths, represented by the standard
deviations of the Gaussian fits to the mass distributions, for
all reactions studied as a function of the centre-of-mass en-
ergy with respect to the capture barrier, E/Vp, are plotted
in Fig.[2] The error bars represent the calculated uncer-
tainty in the mass widths, determined from the uncertainty
in the standard deviations of the Gaussian fits to the mass
distributions. Lines connecting each point guide the eye.
Firstly, the spherical target nuclei, '**Sm and 2*®Pb, show
a markedly different trend to the deformed target nuclei.
There is a slight increase in the mass width with E/Vg
for the spherical nuclei, whilst the mass widths for the de-
formed nuclei decrease as E/Vp increases. These trends
can be attributed to the dependence on the orientations of
the deformed target nuclei with reaction energy.

The reduction of mass width with increasing energy
for the deformed nuclei is expected, as there is an increas-
ing probability of reactions where the deformation axes
of the deformed targets are anti-aligned with the projec-
tile nucleus [12]. For the anti-aligned orientation the di-
nuclear shape is far more compact than the aligned case,
which is the only accessible orientation at below barrier
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Figure 3. The measured mass widths, o, presented as a func-
tion of the compound nucleus fissility, Xcn, for reactions at
E/Vp = 1.0 £ 0.1. The error bars are determined from the calcu-
lated errors in the standard distributions of the Gaussian fits for
each reaction. The decrease in o) between the '°>Os and 2°Pb
reactions highlights that the entrance channel magicity domi-
nates the effect of an increased fissility of the CN.

energies. Thus, the anti-aligned orientation has a signifi-
cantly reduced inertial force acting upon it which signifi-
cantly increases the probability of forming a CN. For the
spherical nuclei, there is only one available orientation.
An increased beam energy will produce a CN with a higher
excitation energy, therefore resulting in an increased mass
width. This is due to the increased thermal fluctuations
in the mass-splits introduced with a higher excitation en-
ergy, which broadens the mass distribution. An increased
beam energy also results in an increased angular momen-
tum, further increasing the probability of QF, which may
contribute to a broader mass width.

Overall, the general trends in the determined mass
widths as a function of E/Vp highlight the importance
of the available reaction outcomes on the alignment of
the statically deformed target nuclei with increasing en-
ergy. This orientation dependence is also crucial in
new SHE formation reactions, as the heaviest elements
(Z = 113) have been produced through hot fusion reac-
tions with actinide targets which all have substantial de-
formations [18} 30].

4 Effect of Magicity and Fissility

The influence of closed shells in the exit channel can also
be investigated using the determined mass widths of all
reactions at a particular reaction energy. By plotting the
mass widths as a function of the CN fissility parameter,
Xcn, as in Fig. E], the balance between the entrance and
exit channel nuclear structure can be investigated.

The CN fissility is a measure of the inherent instability
of the formed CN, which represents the balance between
the repulsive Coulomb force and the strong attractive nu-
clear force. From the formalism of Ref. [31]], the fissility
is given by:

(Z*14)

= 1
(ZZ/A)cril ( )

XCN

Firstly, one would expect a monotonic increase of o,
with fissility in the absence of nuclear structure effects.
However, what is observed in Fig. [3|is instead a signif-
icant increase in oy with fissility up to 1°2Os, followed
by a rapid decrease. This immediately indicates that the
shell effects in the entrance channel are far more signifi-
cant than the fissility of the CN. The decrease strongly cor-
relates with the decrease in static deformation from '%2Os
to 208Pb. Furthermore, the presence of closed shells in the
entrance channel may also contribute to the decrease in
mass width [32]. The two targets that have magic shells,
144Sm and 298Pb, have the smallest oy values. The largest
oy values correspond to the targets that lie the furthest
from shell closures, !3°Hf, 186W, and 1920s.

5 Comparison to “*Ti-induced reactions

The importance of magicity in the entrance channel is also
apparent when comparing the mass widths for the doubly
magic **Ca-induced reactions measured here with those
measured for **Ti-induced reactions by Lin et al. [13].
The “3Ti-induced reactions were measured for targets ei-
ther identical or very similar to those measured in this
study, at similar E/Vp values, allowing for direct compar-
ison between a doubly magic projectile and a non-magic
projectile.

By comparing the mass widths from the **Ti-induced
and “8Ca-induced reactions on the same target nucleus at
E/Vp =1.00 £ 0.01, the amount of QF present in both re-
actions can be directly compared. Overall, the mass widths
range from ~ 20% to ~ 110% larger for the **Ti-induced
reactions. This highlights that there is considerably more
QF in reactions with the non-magic **Ti compared with
the doubly magic “*Ca projectile. The increase in QF can
also be attributed to the increased proton number of Ti
compared to Ca [29].

6 Conclusions

Overall, the general trends in the mass distributions across
all reactions indicate that there are many different vari-
ables that severely affect the QF process. The role of a
variety of nuclear structure effects, for reactions close to
the Coulomb barrier, have a considerable effect on the ob-
served reaction dynamics. Deformation has been shown
to determine the possible reactions that can take place,
whilst magicity in the entrance channel suppresses the
presence of QF. The comparisons between the measured
mass widths of *3Ti and “8Ca highlight that the use of a
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heavier projectile, with no magicity, severely reduces the
likelihood of forming a CN. This emphasises the difficulty
faced in synthesising element 119 and beyond.
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