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Background: All elements above atomic number 113 have been synthesized using hot fusion reactions with
calcium beams on statically deformed actinide target nuclei. Quasifission and fusion-fission are the two major
mechanisms responsible for the very low production cross sections of superheavy elements.

Purpose: To achieve a quantitative measurement of capture and quasifission characteristics as a function of beam
energy in reactions forming heavy compound systems using calcium beams as projectiles.

Methods: Fission fragment mass-angle distributions were measured for the two reactions *°Ca+'%W and
90C+1920s, populating 2°Pu and 2*2Cm compound nuclei, respectively, using the Heavy Ion Accelerator Facility
and CUBE spectrometer at the Australian National University. Mass ratio distributions, angular distributions,
and total fission cross sections were obtained from the experimental data. Simulations to match the features of
the experimental mass-angle distributions were performed using a classical phenomenological approach.
Results: Both “°Ca+!%W and *°C+!°2Os reactions show strong mass-angle correlations at all energies measured.
A maximum fusion probability of 60—70% is estimated for the two reactions in the energy range of the present
study. Coupled-channels calculations assuming standard Woods-Saxon potential parameters overpredict the
capture cross sections. Large nuclear potential diffuseness parameters ~1.5 fm are required to fit the total capture
cross sections. The presence of a weak mass-asymmetric quasifission component attributed to the higher angular
momentum events can be reproduced with a shorter average sticking time but longer mass-equilibration time
constant.

Conclusions: The deduced above-barrier capture cross sections suggest that the dissipative processes are already
occurring outside the capture barrier. The mass-angle correlations indicate that a compact shape is not achieved
for deformation aligned collisions with lower capture barriers. The average sticking time of fast quasifission

events is 1072 s.
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I. INTRODUCTION

Superheavy elements (SHEs) exist solely due to the
microscopic stabilization resulting from nuclear shell effects;
as a result, they offer an extreme test of our understanding of
nuclear physics. The synthesis of SHEs and investigation of
their properties are among the most challenging research topics
in science, owing to the very low production cross sections of
the SHES, often of the order of a pico barn or less.

The production of a SHE is generally considered to follow
a sequence of three processes: the capture of the projectile and
target, formation of the completely equilibrated compound
nucleus (CN), and the survival of the CN against fission
decay resulting in an evaporation residue (ER). Hence, the
ER formation cross section may be treated as the product
of the capture cross section (0cap), CN formation probability
(Pcn), and survival probability (W) of the CN against fission.
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The outcome of the first stage—capture—has two competing
components: fusion and quasifission [1-4]. Quasifission is
partly responsible for the very low production cross sections
of SHEs because in quasifission, the system reseparates soon
after capture, before reaching the CN configuration. It thus
suppresses fusion and the ER cross sections.

Quasifission is a dynamical nonequilibrium process which
is heavily influenced by entrance channel properties such as
beam energy [5-7] and entrance channel mass asymmetry
[8—10], and nuclear structure effects such as static deformation
[7,11,12], shell closure [13,14], and isospin [13]. Even though
quasifission has very high cross sections in reactions involving
heavy nuclei, a complete understanding of this process is
marred by both the significant overlap of quasifission and
fusion-fission observables and the complex dependence of
quasifission on various entrance channel variables. Knowing
that quasifission and fusion-fission are the most significant
processes determining Pcy and Wy, understanding the com-
petition between these processes is essential for making reli-
able predictions of the best reactions to form new superheavy
elements and isotopes.

Both cold [15,16] and hot [17-19] fusion reactions have
been employed for the synthesis of SHEs. Elements between
Z = 107—113 have been produced using cold fusion reactions
where target nuclei of ®Pb or 2*Bi were collided with
massive projectiles [16]. Elements beyond Z = 113 were
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produced through hot fusion reactions with actinide nuclei
as targets. The lower Coulomb product (Zp Z7, where Zp and
Zp are the atomic numbers of the projectile and target nuclei,
respectively) and the more neutron-rich CN produced in hot
fusion reactions compared with cold fusion favor a higher
fusion probability in the former case. The most neutron-rich
isotope of calcium (**Ca) has been used as the projectile in
most of these measurements [19]. In this context, a series of
measurements is being carried out at the Australian National
University (ANU) to study fusion-fission and quasifission
processes in reactions using different isotopes of Ca (*°Ca
and *8Ca) as the projectiles with targets ranging from '“*Nd
[20] to 2**Cf. The results from the measurements of *°Ca
with deformed %W and '°?Os target nuclei are presented and
discussed in this paper.

The paper is organized as follows: The experimental details
are presented in Sec. II; the data analysis and results on
mass ratio distributions and angular distributions are given
in Sec. III; Sec. IV presents a detailed description of classical
simulations performed to reproduce the experimental mass-
angle distributions and calculated average time scales of fast
quasifission; and finally, the work is summarized in Sec. V.

II. EXPERIMENTAL DETAILS

The measurements were performed at the Heavy Ion
Accelerator Facility of the ANU. Pulsed “°Ca beams with
a pulse separation of 107 ns and FWHM of 0.7-1.5 ns from
the 14UD Pelletron accelerator were boosted in energy using
the superconducting linear accelerator. Isotopically enriched
186W (94 pg/cm? on 40 pg/cm? carbon) and '°?Os (100
ug/cm? on 20 pg/cm? carbon) targets were used in the
experiments, with carbon backings facing downstream in both
cases. The experiments were performed at laboratory energies
(after correcting for energy loss in the target assuming that
the interactions occurred at the center of the target) of 199.3,
204.3,214.3, and 225.4 MeV for the *’Ca+'8W reaction and
199.3, 204.3, 214.3, 225.3, 239.8, and 262.6 MeV for the
#0Ca+'"20s reaction. The target normal was oriented 60° to
the beam axis in both cases, which reduced the energy loss of
the fission fragments in the target and avoided shadowing of
the detectors by the target ladder. The reaction products were
detected using the CUBE spectrometer [11].

The CUBE detector setup consists of two large-area
position-sensitive multiwire proportional counters (MWPCs),
each having an illuminated area of 279 x 357 mm?. These
detectors were mounted at 45° (front detector) and 90° (back
detector) scattering angles with respect to the beam direction.
The normal to the detector central foils were 180 mm from the
target center at azimuthal angles of 180° and 0° for the back
and front detectors, respectively. In this configuration, both
these detectors had a large angular acceptance of 75° ranging
from 5° to 80° (front detector at 6, = 45°) and 50° to 125°
(back detector at §; = 90°). The gas detectors provided X and
Y position information for detected particles through delay line
readouts, with a typical resolution of about 1 mm. In addition to
the position information, these detectors also provided timing
and energy-loss signals for each particle reaching the detectors.
The fast timing information was obtained from the cathode
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foil of each detector, and was measured with respect to the
beam pulse. Two silicon detectors were mounted at = 23° at
azimuthal angles of 90° and 270° to measure the Rutherford
scattered events. These Rutherford events were used for the
absolute cross section normalization.

Using the same CUBE configuration, we also measured the
elastic scattering for the *°Cr+'8W reaction at a laboratory
beam energy of 185.3 MeV. For this measurement, a pulsed
0Cr beam from the accelerator was used to bombard a 64
ug/cm? thick *W target on a 40 pg/cm? thick carbon
backing. This elastic scattering data was used for the solid
angle normalization of the fission and monitor detectors, which
is crucial for extracting the angular distributions of the binary
fragments and the total fission cross sections.

A coincidence trigger between the front and back detectors
was used for the *°Ca+'82W,1°20s reactions, while a singles
trigger from the back detector was used for the elastic run. The
monitor signals were also counted using scalers which were
used for the monitor dead-time corrections. A pulser signal
fed through the scaler and the data acquisition was used for
dead-time correction in the fission data.

III. DATA ANALYSIS AND RESULTS

The delay line signals from each end of the position
wire planes of the detectors were converted first into X
and Y Cartesian coordinates in the detector reference frame.
The detector coordinates were then transformed to spherical
polar coordinates (6 and ¢) using the information on the
detector positions relative to the target. The calibrated position
information, together with the time of flight information,
was used to obtain the fragment velocities and center-of-
mass angles assuming two-body kinematics [11,21-23]. This
method allows us to obtain the mass ratio (Mg) of the
fragments. Energy loss corrections were applied for the beam
as well as for the fission fragments produced in the reaction,
assuming that the interactions occurred at the center of the

target. The fragment My distribution is then obtained by
ni 1%)
Mg = = , 1
R m; + my v + vy M

where m| and m, are the fragment masses at scission and v
and v, are the velocities of the fragments (in the center-of-mass
frame) detected in the back and front detectors, respectively
[22].

A. Mass-angle distributions

The mass-angle distributions (MADs) of the fragments
from the “°Ca+'*W and **C+'°2Os reactions are shown in
Figs. 1(a)-1(d) and in Figs. 2(a)-2(f), respectively. The E/Vp
and CN excitation energy (E*) values are given at the top
of each plot, where E is the beam energy in center-of-mass
and Vp is the capture barrier from a model [24] optimized for
heavy systems.

MADs generally include all types of reaction products
produced in the collision process with My values ranging
from the entrance channel to mass symmetry. These products
include groups from elastic, quasielastic, quasifission, and
fusion-fission events. In reactions using fissile targets (ac-
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FIG. 1. Experimental MAD scatter plots for the **Ca+'3W reaction at different beam energies. The E/Vp values and CN excitation
energies E* are given at the top of each plot. The corresponding projections of MADs [shown in panels (a)—(d)] onto the My axis are shown in
the lower panels (e)—(h). These projections represent the experimental My distributions. The Gaussian distribution (red line) are the results of

GEF calculations (see text).

tinides), in addition to these binary reaction products, there
will also be a significant contribution from transfer-fission
products in the experimental MADs [12,25]. This is not the
case in the reactions studied here.

Since the fusion-fission products result from the decay of
completely equilibrated CN, which retain no memory of how
they were formed, the events are distributed in center-of-mass
angle, often within a narrow band of My values between 0.4
and 0.6. For these events there is no correlation between mean
mass and emission angle. Unlike fusion-fission, quasifission
products result from a faster reseparation of the dinuclear
system, well before reaching a fully shape equilibrated system.
Hence, depending upon the sticking time (or time before

E/Vg, E'= 0.98, 47.8 1.00, 51.9 1.05, 60.2

180

reseparation occurs), the products from this process may be
seen with My values anywhere between the entrance channel
My value and mass symmetry [1]. Reactions with very small
sticking times result in mass-asymmetric quasifission. In this
case, the system reseparates soon after capture (very small
rotation angles) and the products are seen very close to the
deep-inelastic events in terms of their My and angle values.
The reactions with longer sticking times result in mass-
symmetric quasifission and an overlap with fusion-fission
events. The presence of quasifission could be inferred from the
broader My widths [21,26,27] and larger angular anisotropies
[23,28,29] than those expected for fusion-fission. Reactions
with intermediate sticking times between these two extreme
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FIG. 2. Same as Fig. 1, but for the “*Ca+'°>Os reaction at different beam energies. The mass-asymmetric quasifission components present
in the MADs are shown inside the black ellipses in panels (a)—(f). The Gaussian distributions (red line) are the results of GEF calculations (see

text).
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cases result in an anisotropic My distribution that shows a
correlation between the mass and emission angle in the MADs.
This correlation indicates that complete equilibration has not
been achieved.

The MADs of both *°Ca+'**W and *°Ca+'"’Os reac-
tions show a significant correlation in the fragment mass
and emission angle, indicating a strong contribution from
quasifission. The features of the MADs do not show any
significant change with increasing beam energy in both cases.
A close inspection of the MADs indicates the presence of
mass-asymmetric events between the quasielastic and the
central band (which shows a mass-angle correlation) at all
energies. These events are shown inside the ellipses (black
color) in Figs. 2(a)-2(f). It may be noticed that the intensity of
these events increases and their positions move toward forward
angles with increasing beam energy. These are believed to
be a mass-asymmetric quasifission component predominantly
originating from the higher angular momentum collisions in
the reaction, as discussed later.

B. My distributions

The My distributions of the fragments from the
two reactions “°Ca+'3*W and “°Ca+'°?0Os are shown in
Figs. 1(e)-1(h) and in Figs. 2(g)-2(1), respectively. An angular
window (Af) of width 90° has been selected for both the
reactions [45° < A6 < 135° as indicated by the rectangular
box in Fig. 1(c)] before projecting the MADs onto My axis.
This is to avoid biasing results due to the geometric limitations
of the experimental setup. The counts at different E/Vp are
scaled and the scaling factors are shown in each My plot.

By construction, the My distributions are peaked at mass
symmetry for both reactions studied, at all energies. Within the
experimental statistics, the distributions are consistent with a
Gaussian form. The My distributions were thus fitted with
a Gaussian function and the width of the My distribution
is quantified by the standard deviation (o g). These oyg
values have contributions from fusion-fission and quasifission
events. They are plotted against E/Vp in Fig. 3(a). The CN
populated, CN excitation energy (E*), and the oy values at
each E* for the two reactions studied are given in Table I. The
larger values of o), r at near-barrier energies suggest a stronger
quasifission contribution and could be qualitatively explained
by the deformation alignment [7,11] of the deformed targets
used in this study. The value of o) increases with beam
energy above E/Vp ~ 1.1.

C. Minimum quasifission probability

The fission fragments produced from the fusion-fission
process are peaked at mass symmetry and are expected to be
distributed in a narrow range of My values, typically between
0.4 and 0.6. The width of this fusion-fission mass distribution
may be calculated theoretically using the saddle-point [30,31]
or the scission-point [32,33] models. This calculated oy, 5 for
the fusion-fission process and the experimental o),z obtained
from the Gaussian fit can be used to estimate the minimum
probability for the quasifission process in a given reaction
[34]. However, since it is possible that the experimental o
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FIG. 3. (a) The solid points represent the experimental oy g
values and the lines represent the o),z values calculated using GEF
model. (b) The minimum quasifission probability as a function of
E/ Vp for the two reactions studied.

can have contributions from mass-symmetric quasifission, the
estimated quasifission probability represents its lower limit
(QFin) at a given energy. The quantity (1 — QF,;,) hence
represents the maximum probability for CN formation for that
reaction at that energy.

The variance of the fragment mass distribution from CN
fission depends strongly on the temperature of the fissioning
system. As the decision configuration is different in the saddle-
and scission-point models, the calculation of nuclear temper-
ature and hence the oy values are very model sensitive.

TABLE I. Single Gaussian width obtained from fitting the Mg
distributions for different systems studied in this work.

Reaction CN E* (MeV) OMR
50.7 0.126040.0027
54.9 0.125240.0012
0 Ca4180W 26pg 63.1 0.114140.0009
72.1 0.112640.0008
47.8 0.126840.0028
51.9 0.126740.0017
“Ca+120s 232Cm 60.2 0.1174+0.001
69.3 0.115040.0009
81.3 0.120140.001
100.2 0.132340.0014
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This model dependency is less significant in lighter fissioning
systems where saddle and scission points are not far apart
[35,36], which is not the case for the reactions studied in this
work. Hence, we used a semi-empirical GEneral description
of Fission observables (GEF) model [37] to calculate oy g
for the CN fission. GEF uses a large body of experimental
information to develop an empirical, global description of
fission quantities. The calculations have been performed by
providing the excitation energy above the fission barrier (E}),
which is calculated as E} = E+ Q — By(l) — Erot — Epre,
where By(l) and Ey are the angular-momentum-dependent
fission barrier and rotation energy, calculated using the
rotating finite-range model (RFRM) [38]. The average angular
momentum values were obtained using coupled-channels
calculations [39] by fitting the total capture cross sections
calculated from the fragment angular distributions. Fragment
angular distribution and total cross-section calculations are
discussed in detail in Sec. II D. The energy carried away by the
presaddle neutron emission is denoted by Ep.. The presaddle
neutron multiplicity is assumed to be half of the prescission
neutron multiplicity (NSfei)'in this work. Hence Ep.= N;fg /2 X
10 MeV, where the Nj values are calculated following
Ref. [31].

The calculated My distributions using the GEF model for
the “*Ca+'3*W and *°Ca+'°?Os reactions at different E/ Vg
values are shown (solid red curves) along with the experimental
My distributions in Figs. 1(e)-1(h) and in Figs. 2(g)-2(1),
respectively. The oy g obtained from the Gaussian fits were
used to calculate the QF,,;, and are plotted against E/Vp
in Fig. 3(b). The dashed (red) and dot-dashed (black) lines
in Fig. 3(a) correspond to the oy values predicted by the
GEF code for the *°Ca+'">0Os and *°Ca+'8'W reactions,
respectively. The quantity QF,;, ranges between 30 and
40% in the energy range of the present study, translating
to a maximum compound nucleus formation probability of
~60—70% in these reactions. It is likely that the true value
is significantly smaller as analysis of the MADs shows in
Sec. IVD.

D. Fragment angular distributions and capture cross sections

The large solid angle acceptance of the CUBE detectors
provides an efficient way to collect the data with good statistics
over a wide angular range in a single run. This was used to
extract the angular distributions of the fragments and total
fission cross sections for the two reactions in question. The
data collected in the back detector were divided into angular
bins each of width A6 = 5° with a constant angular cut in
¢. The yields of the binary fragments from each of these bins
were used for calculating the differential cross sections, using
the elastic yields recorded in the monitor detectors.

If Yr and Y, represent the yields in the fission and monitor
detectors,

dor(O1ab, Elap)

Yr(Brab, Erap) = |: TR
F

}deFbexN,

@
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and

dorun(Om, Erap)

Yy (Oum, Erap) = |: 15
M

]deMbexN,,

3

where 0, and 6), are the mean angle of the fission bins (for
example 6y,, = 92.5° for the angular range of 90—95°) and
the monitor detector angle (6, = 23° in the present case),
respectively. dQ2r and dS2j; represent the solid angle of the
fission and monitor detectors, respectively. E,, is the beam
energy in the laboratory frame after correcting the energy loss
in the target. N, and N, represent the numbers of beam and
target nuclei available for the reaction.
From Egs. (2) and (3),
Yr(Ohabs Erab)  dS2p dop(Onan, Eran)/d2p
Yu(Ou.Exws)  d2 dogun(Oy. Era)/d Q2
dUF YF dQM doRuth

=_F . 5
dQr Yy d2r dSy ©)

“

The solid angle normalization for individual bins in the
fission detector (back) was performed using elastic scattering
data. The °Cr+'3*W reaction at 185.3 MeV beam energy
was used as the calibration run for this experiment and the
data collected in singles. The normalization was done in the
laboratory frame. The dead-time corrections of the monitor
and fission detector yields, efficiency loss due to the supporting
wires, and the effects of beam pulsing system were taken into
account in the analysis to calculate the fission differential cross
sections.

The angular distributions of the binary fragments (0.25 <
My < 0.75) from the two reactions at different beam energies
are shown in Fig. 4 as a function of the center-of-mass
angle. The total cross section is obtained by integrating
the differential cross sections over the entire angular range.
For this, an extrapolation of the distribution to the regions
uncovered by the detector is necessary, which is done by fitting
the distribution using the transition state model as described
in Refs. [28,29]. These fits are represented by the dashed lines
in Figs. 4(a) and 4(b).

The transition-state model calculations used here to fit the
measured differential cross sections and extrapolate beyond
the experimental acceptance of the detector assumes that
the final direction of the binary fragments is given by the
orientation of the nuclear symmetry axis when the compound
system passes the saddle point. Also, the Coriolis force is
assumed to be of insufficient strength to change the K value
during the transition of the fissioning nucleus from the saddle
point to scission point, where K is the projection of the
total spin onto the nuclear symmetry axis. These conditions
may not be satisfied if quasifission is present in a reaction.
The experimental angular distribution thus deviates from the
TSM predictions in such cases and yields larger angular
anisotropies [23,29] over the TSM predictions. A signature of
an obvious deviation may be noticed in the angular distribution
at backward angles for the *°Ca+'8W and “’Ca+'°’0Os
reactions in Fig. 4 at higher energies, further confirming the
nonequlibrium nature of the reaction outcomes.
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FIG. 4. The angular distributions (center-of-mass) of the binary
fragments from the (a) 40Ca+13W and (b) 40Ca+"20s reactions at
different beam energies. The broken lines are the fits obtained using
the TSM (see text).

Since we lack the differential cross section data at the
extreme backward angles where the angular distribution
deviates from 1/sinf behavior, we do not attempt to quantify
the angular anisotropies in this work. However, the integrated
cross section is less sensitive to the angular anisotropies
and does not vary significantly (less than 10%) with the fits
assuming reasonable values of angular anisotropies. The total
integrated cross sections thus obtained for the two reactions
are shown in Fig. 5. These cross sections may be treated as the
total capture cross sections, as the evaporation residue cross
sections are expected to be negligibly small for these reactions.

IV. QUASIFISSION TIME SCALES

Now that we have the experimental MADs, angular distri-
butions, and total capture cross sections for the two reactions
studied in this work, we next attempt to estimate the time
scales of the fast quasifission events present in these reactions
by simulating the MADs, following a phenomenological
approach [22,25]. This phenomenological model assumes
classical trajectories for the incoming and outgoing particles.
The angular displacements of the reaction products are related
to the sticking time through calculated angular momentum
distributions and moment of inertia. The details of the model
can be obtained from Refs. [22,25].
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FIG. 5. Total fission cross sections for the **Ca+'**W and
0Ca+'20s reactions at different center-of-mass energies. The
uncertainties are smaller than the symbols used.

A. Angular momentum distributions—coupled-channels
calculations

The capture angular momentum (£) distributions were gen-
erated using the coupled-channels code cCMOD [39], which is
a modified version of CCDEF [40]. It is assumed that collisions
up to a critical angle (25° [25]) between the projectile direction
and target deformation axis were assumed as axial collisions.
These axial collisions offer lower barriers to capture in the case
of reactions using prolately deformed targets and are shown
to result predominantly in fast quasifission events [7,11]. All
other collisions were treated as equatorial collisions, which
offer higher barriers to capture and are assumed to end
up in fusion-fission or slow quasifission events. For each
beam energy, ¢ distributions were generated separately for
the axial and equatorial events and the simulations were
separately performed for these events using different sticking
time distributions [25].

1. Selection of bare potential

In coupled-channels calculations, an energy-independent
Woods-Saxon potential of the following form is generally
used:

—V

Vn(r) = T T
1 +exp [(r —rp X (A;, + A;))/a]

(6)

where V) is the depth of the potential in MeV, a is the
diffuseness parameter, and r is the radius parameter [41,42].
Ap and Ar are the masses of the projectile and target
nuclei, respectively. The choice of the potential parameters
is very important and should be done with utmost care in
coupled-channels calculations as these parameters have a
strong influence on the calculation results. It is reported that
larger values of a ranging between 0.75 and 1.5 fm [43]
were required to reproduce the fusion-capture cross sections
at above-barrier energies compared with the a ~ 0.65 fm
[44—46] obtained from the analysis of sub-barrier elastic
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tions with different potential parameters.

scattering data. The effect of different diffuseness parameters
in reproducing the total capture cross sections is explored in
detail for the reactions studied and is discussed below.

In this work, the potential parameters were selected in
the following manner: V, is chosen to be sufficiently deep
to contain all partial waves. The values of a and ry were
adjusted until the Swiatecki [24] capture barrier is reproduced
without coupling any of the internal degrees of freedom. The
couplings were then added to include the static deformation
of the target and the parameters were once again adjusted to
match the Swiatecki capture barrier [24]. In both reactions,
40Ca+13%W and *°Ca+"2%0s, it is observed that the potential
parameters assuming a ~ 0.7 fm overpredict the capture
cross sections, particularly at higher energies. Predictions for
different diffuseness parameters for the “*Ca+'°20s reaction
are shown in Fig. 6, for example, consistent with earlier
studies of fusion of heavy nuclei [43]. It is clear that a
large value of diffuseness parameter ~ 1.5 fm is required
to fit the cross sections, possibly indicating fusion hindrance
at higher energies due to dissipative effects or a failure of
the coupled-channels code to deal with dynamical aspects of
fusion. The final values of the potential parameters used in the
coupled-channels calculations are shown in Table II.

2. Coupling of nuclear structure effects

The nuclear structure effects play a significant role in fusion
cross section and ¢ distributions, particularly at the near- and

TABLE II. The Swiatecki model capture barrier (V in MeV)
in center-of-mass frame and the Woods-Saxon potential parameters
(Vo,a and ry) used to reproduce capture cross sections for the
reactions studied in this work.

Reaction CN Ve MeV) Vo(MeV) a(fm) ry(fm)
VCg418W  226pg 164.5 381 1.3 0.85
NCa+'20s  *’Cm 168.2 393 1.55 0.78
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sub-barrier energies. At above-barrier energies, the calculated
£ distribution is not very different with or without couplings
as long as the capture cross sections are reproduced [47,48].
As we do not have experimental barrier distribution available
for the reactions studied in this work, a rigorous calculation
has not been attempted for the reactions reported. Also, the
gross features in the MADs are less sensitive to such effects.
The static deformation of the target nucleus and the inelastic
couplings of the projectile-target nucleus were included in
the present calculations for reproducing the cross sections
and generating the ¢ distributions for the axial and equatorial
events. The effect of deformation alignment of the target used
in the reaction is found to be more significant at near-barrier
energies and decreases with increasing beam energy. This
effect is expected to reflect the varying relative yields of axial
and equatorial collisions with beam energy [11]. Care was
taken in the MAD simulations to make sure that the relative
yield of the axial and equatorial collisions show this expected
trend with beam energy.

The effect of deformation is more important than other
(vibrational) couplings, as it produces a wide range of barriers
which dictate the orientations that lead to the capture at
a given energy. The details of other couplings are not so
important for extracting the ¢ distribution, as long as the
capture cross sections are reproduced. However, for the sake
of completeness, details of all the couplings used in the
calculations are described in the appendix.

In reactions using prolate deformed targets, axial collisions
offer lower barriers to capture due to larger radial separation.
This is observed to be true for the *°Ca+'3¢W reaction.
Hence, collisions up to 25° between the projectile direction
and target deformation angle were treated as axial collisions
for the *°Ca+'8W reaction and the ¢ distributions were
generated accordingly. Such collisions are likely to end up in
a fast quasifission process [11,12,49] at near-barrier energies.
Howeyver, it is observed that the same definition does not hold
for the *°Ca+'20s reaction. The Coloumb barriers for the two
reactions at different orientation angles of the W and '*>Os
target nuclei relative to the beam direction are shown in Fig. 7.
Though the lowest barriers for capture are associated with the
lower angle collisions in the case of *°Ca+'*W reaction as
seen in Fig. 7(a), the scenario is different for the 0Ca+1920s
reaction as shown in Fig. 7(b), where the lowest barriers to
capture are not associated with the lower angle collisions. This
is due to the comparatively small 8, and large B4 values of the
19205 nucleus compared with that of '*®W or of actinide nuclei.
Hence the £ distributions generated for the events with collision
angles between 25° and 50° were used for simulating the fast
quasifision events in the case of the **Ca+'°?Os reaction. As
a result, instead of the terms axial and equatorial collisions
used so far, we use the terms “lower barrier collisions” for
the collisions leading to fast quasifission and “higher barrier
collisions” for all other collisions.

B. Moment of inertia

In a previous work on the 34854 232Th reaction [25], we
used the average moment of inertia calculated using the
time-dependent Hartree-Fock (TDHF) theory for simulating
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direction, for the reactions studied.

the MADs. In the absence of TDHF calculations for these
reactions, the average values of the moment of inertia used for
the current systems were obtained from that of the **S+2*>Th
reaction using a scaling procedure. The scaling factor is
determined from the ratio of the TDHF moment of inertia and
the rigid body moment of inertia calculated for the **S+2*>Th
reaction with projectile and target at touching configuration.
The projectile is assumed to be a sphere and the target is treated
as a prolate spheroid in this calculation.

C. Mass drift and sticking-time distributions

We used the exponential form of the mass drift function [1]
to describe the mass evolution after contact. In this expression,
the mass evolves asymptotically toward mass symmetry. The
average My after a sticking time ¢, is given by

Mg(t) = [M(0) — 0.5]e /™ + 0.5, (7

where the initial mass ratio is given by Mz(0) = Ar/(Ar +
Ap). The parameter 7,, denotes the mass equilibration time
constant. The above mass drift function describes an asymp-
totic mass drift to Mg = 0.5 with a rapid mass flow in the
early stages of contact. The simulations have been performed
separately for the lower barrier and higher barrier collisions
with 7,, = 5.2 zs in the beginning, where 1 zs = 107! s.

As described in Ref. [25], the Mk values were calculated
using a randomly chosen sticking time #;, which follows a dis-
tribution assumed to be a half-Gaussian function followed by
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an exponential fall. Such a distribution is characterized by the
Gaussian peak (p), standard deviation (s), and the exponential
fall time (e). As collisions with different orientations of the
deformed target result in different reaction outcomes based
on their sticking times, different sticking-time distributions
were used for the lower barrier and higher barrier collisions.
It was previously demonstrated that lower barrier collisions
predominantly lead to fast quasifission [7,11,49-51] as the
elongation is far outside the saddle point and the system
reseparates soon after contact, while higher barrier collisions,
which result in more compact contact configurations, stay
together for a longer duration and evolve toward a more mass-
equilibrated configuration. Hence, a shorter ¢, distribution
was used for the collisions leading to fast quasifission. The
parameters (p, s, ande) were varied to reproduce Mp and
angular distributions, simultaneously. The mass-symmetric
component, which is assumed to originate from the higher
barrier collisions, are simulated using a long ¢, distribution
with the same parameters (p,s,e) = (24,8,20) zs as used in
our previous work [25]. Such a long #; distribution allows the
dinuclear system to remain intact for a longer duration and
hence achieve essentially complete mass equilibration.

D. MAD simulations

Using the basic ingredients discussed in the previous sec-
tions, first we attempted to reproduce the experimental MADs
using the simulation described above with the exponential
mass evolution function described by Eq. (7). The discussion
below of sticking times and mass evolution applies to the lower
barrier collisions (tip collisions for the OCa+130W reaction),
which are dominant at lower beam energies.

1. Ca+"8W reaction

The experimental and simulated MAD at the lowest energy
measured (E/Vp = 0.98) are shown in Figs. 8(a) and 8(c),
respectively. The simulations have been performed for a
larger angular range (10° to 170° in the center-of-mass)
excluding quasielastic events. The My distribution is obtained
by projecting the MADs on to the My axis. Only the events
with 6., between 45° and 135° and My values between 0.25
and 0.75 were used to generate the My distribution and are
shown in Fig. 8(b). While the angular limits are imposed to
avoid the effect of the geometrical acceptance of the detectors
used, limits on My values were used to exclude the quasielastic
events. The experimental angular distribution for the lighter
fragments (0.25 < Mz <0.5) is shown in Fig. 8(d).

The t, parameters (p, s, and e) required for reproducing
the major quasifission component in the reactions studied
at different E/Vp values and the average sticking times
are shown in Table III. Even though simulations using the
standard [1] mass-drift function and mass equilibration time
constant (t,, = 5.2 zs) can reproduce the gross features of
the experimental MAD reasonably well, slight disagreements
may be observed in the My distributions at larger mass
asymmetries and angles in the region roughly between 60°
and 90° in center-of-mass, as shown by the broken (black)
rectangles in Figs. 8(b) and 8(d). A similar observation was
also made for the “°Ca+'"20s reaction. A close inspection
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FIG. 8. (a) Experimental and (c) simulated MAD for the
0Ca+"%W reaction at E / Vs = 0.98. Simulations are performed
assuming the standard mass-drift function and mass-equilibration
time constant [1]. Quasielastic events are excluded in the MAD
simulations shown in panel (c). (b) Experimental and simulated
My, distributions for the “°Ca+'3W reaction at same beam energy.
(d) Experimental (black circle) and simulated (red square) angular
distributions of the fragments with My values between 0.25 and 0.5.
The color scale for the counts in the MADs are the same as Fig. 1.

of the experimental MAD shown in Fig. 8(a) indicates the
presence of a mass-asymmetric component that appears to
have evolved less in mass compared with other events between
the quasielastic band and the strongly correlated central band,
as shown inside the ellipse (broken, white color). These events
are absent in the simulated MAD shown in Fig. 8(c) assuming
an exponential mass evolution [Eq. (7)] with a constant
T, = 5.2 zs. This component possibly causes the observed
differences in the M and angular distributions highlighted by
the rectangles in Figs. 8(b) and 8(d).

To simulate these events, the ¢ distributions for the
lower barrier collisions were calculated. The higher angular

TABLE III. The parameters of the sticking-time distribution and
average sticking time for the quasifission components (which show
a strong mass-angle correlation) at different beam energies The slow
quasifission and fusion-fission events are simulated with a longer
sticking-time distribution (see text).

Reaction E/Vg p,s,e (zs) Average t, (zs)
0.98 10.7,2.0, 1.6 10.3
1.03 9.6,22,2.5 9.9
0 Ca4180W 1.07 10.0,2.8,2.6 9.8
1.13 9.2,2.8,3.0 9.3
1.0 10.4,2.0,2.2 10.5
0Ca+20s 1.05 9.6,2.0,1.8 94
1.11 9.5,2.0,1.6 9.2
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FIG. 9. The (a) experimental and (c) simulated MAD including
the mass-asymmetric component for the *°Ca+'8W reaction at
E/Vg = 0.98. This mass-asymmetric component is generated from
the lower barrier € distribution with ¢ > 40/. (b) Experimental and
simulated My distributions. (d) Experimental (black circle) and
simulated (red square) angular distributions of the fragments with
M values betweem 0.25 and 0.5. The color scales for the counts in
the MADs are the same as in Fig. 1.

momentum (£ > 40%) collisions were given shorter average
sticking times and a t,,, value different from 5.2 zs, and the case
is investigated. Such a scenario with beam-energy-dependent
T,, was previously reported in the case of **S+%Th reaction
forming *°°Sg [25]. Simulations using a #, distribution with
average sticking time of 10.3 zs and 7,, = 5.2 zs for the lower
barrier collisions reproduce the major quasifission band in
the MAD. The higher angular momentum, mass-asymmetric
events required an average sticking time of ~ 6 zsand 7, ~ 14
zs at E/ Vg = 0.98. The resulting My and 6, ,,. distributions
at E/Vg = 0.98 are compared with experiment in Figs. 9(b)
and 9(d).

Though weaker in intensity compared with the events that
show a mass-angle correlation in the central band, the mass-
asymmetric quasifission component is also present at higher
bombarding energies. Such events in the “°Ca+'%W reaction
are shown inside the black ellipses in Figs. 10(a)-10(c), for
example. As demonstrated in the case of E/Vp = 0.98, these
events can be generated from the higher angular momentum
collisions—shown in the simulations in Figs. 10(c)-10(e)—
with an average sticking time of 5-6 zs and mass equilibration
constant between 14 and 18 zs. An interesting observation
is the average sticking time of the quasifission events which
show mass-angle correlations in the experimental MAD plots.
Sticking time distributions with average sticking time of
9-10 zs is required to simulate these correlated events in
the experimental MADs, in the entire range of energies
studied in this work. The simulation results are compared with
experimental results for different £/ Vg values in Fig. 10.
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FIG. 10. Plots (a)—(c): Experimental MADs for the NCa+'8W
reaction at different beam energies. Plots (d)—(f): Corresponding
simulated MADs for the same reaction. Plots (g)—(i): Experimental
(black circles) and simulated (red squares) My distributions. The
same gating conditions used in Fig. 8(d) are followed to generate
the My distributions. Plots (j)—(1): Experimental (black circles) and
simulated (red squares) angular distributions of the fragments with
My values between 0.25 and 0.5 with the same gating conditions
as in Fig. 8(c). The weak mass asymmetric quasifission component
present in the reaction are indicated inside the ellipse (black) in the
experimental and simulated MADs. The color scale for the counts in
the MADs are the same as Fig. 1.

The experimental MADs are shown in Figs. 10(a)-10(c) and
the simulation results are shown in Figs. 10(d)-10(f). The
experimental and simulated My, distributions of the fragments
with 0.25 < My < 0.75 are shown in Figs. 10(g)-10(f) and
angular distributions of the light fragments (0.25 < Mz <
0.5) are shown in Figs. 10(j)—10(l). Very good agreement
has been observed in the experimental and simulated My and
angular distributions in the entire range of My values and
angles considered, at all £/ Vg values.

2. ®Ca+'*0s reaction

MAD simulations have also been performed for the
40Ca+'220s reaction at three beam energies (E/Vp = 1.0,
1.05 and 1.11). An average sticking time of ~ 9—11 zs

PHYSICAL REVIEW C 96, 034608 (2017)

E/Vg=1.00 E/Vg=1.05 E/Vg=1.11
180- T | T | T I T I T 1L T | T N T N T | T 1L T ‘ T ‘ T I T ‘ T ]
[ @ ias | (b) e, [ (0) o
— 135 Jjj'ss Al -
o0 M
15} [
=l
= 90 % . —
= [ o 4
S a5k T ]
L AR
180 [ T J T | T | T i
o5 135_—
L
B -
. 90r
= [
]
S 451
I 7‘ I | I I R A 1 0 ;" 'Il' | |". I I
02 04 0.6 0.8 0.2 04 0.6 0.8 0.2 04 0.6 0.8
1500 T T —Er
(® S ® smo @ sl
1000~ fj&’!i}
é ; | ; 3)!
5] “ ¢ t ¥ L}
O 500 & !Jtﬁ 1 g‘j % T f! 5}(
A N, gt %
0 ‘ | 025<Mg<075 | ‘
02 04 0.6 0802 0.4 0.6 0802 0.4 0.6 0.8
Mass ratio Mass ratio Mass ratio
6007—%' . - - e : . - - ; -
0 B ® O 35
é 400 - ES )
S oty
45%0,,<135°
0.25<Mp<0.5
60 80 100 120 60 80 100 120 60 80 100 120
Oc.m. [deg] Oc.m. [deg] Oc.m. [deg]

FIG. 11. Same as Fig. 10, but for the 40Ca+'20s reaction at
different beam energies.

is required to reproduce the experimental MADs in the
energy range that was chosen for the simulations. As in
the case of the *°Ca+'3°W reaction, the simulations for all
bombarding energies use a shorter sticking time for the high
angular momentum (¢ > 40#) collisions with the lower energy
barriers. The results of the simulation are compared with
experimental results for different £/ Vp values in Fig. 11.

V. DISCUSSION AND CONCLUSION

In this paper, we report the fission fragment mass ratio
and angular distribution measurements and phenomenological
simulations to calculate the quasifission time scales for
the *°Ca+'%W and “°Ca+!*?0s reactions. MADs of both
reactions show a strong mass-angle correlation, indicating the
presence of quasifission. The width of the My distribution
shows an increasing trend with decreasing energy at near-
barrier energies, which is a clear indication of the effect of
deformation alignment of the targets used in the study.

The minimum quasifission probability is calculated from
the ratio of the experimental o, g and the o, g expected for the
fusion-fission events calculated using the semiempirical model
GEF. It has been observed that the minimum quasifission
probability ranges between 30% and 40% in the energy range

034608-10



FUSION AND QUASIFISSION STUDIES FOR THE ...

of the present work. This means that the maximum fusion
probability is 60—70% for these reactions in the energy
range of present study. Existing parametrizations [52,53]
predict Pcn values an order of magnitude less than the
maximum value obtained in this work. From fission fragment
angular distribution measurements, Yanez et al. [54] also
concluded that the current models [52,53] are not adequate
for quantitatively specifying the Pcy values in heavy-ion
fusion reactions. However, it should also be mentioned that
the deduced Py values for the Si+'"’Au and °S+'""Au
reactions [54] are much lower than the maximum values
obtained for the more mass-symmetric reactions studied in this
work. Hence, the experimental determination of Pcn values
for various reactions using heavy projectiles is important to
establish a more reliable parametrization for Pcy and thereby
model fusion in heavy systems.

The total fission cross sections are determined from the
fragment angular distributions. These cross sections represent
the total capture cross sections as the evaporation residue cross
sections are expected to be negligibly small in these reactions.
Since we lack differential cross section data at the extreme
backward angles, we did not attempt to quantify the angular
anisotropies in this work.

It is interesting to observe that the coupled-channels calcu-
lations, assuming the standard Woods-Saxon parametrization
of the nuclear potential with a diffuseness parameter a = 0.65
fm, overpredict the capture cross sections for both reactions.
It is well known that a ~ 0.65 fm is required to reproduce the
elastic and quasielastic data [44-46]. However, to reproduce
the experimental cross sections, larger values of a, around
1.5 fm, are required for the reactions studied in this work. A
systematic study by Newton et al. [43] previously reported
an increasing trend of a with increase in charge product
(ZpZr) by analyzing the fusion excitation function for a
number of reactions using coupled-channels calculations, and
the observed effect was attributed to the possibility of fusion
inhibition originating from the energy dissipative processes at
high excitations. It may be argued that the current observations
in the case of **Ca+'%W and “°Ca+'>Os reactions could be
an indication of fusion inhibition in these reactions at higher
energies. It may also be mentioned that such dynamical effects
are not included in standard coupled-channels models. Hence,
capture excitation functions for reactions with larger ZpZy
should be helpful for understanding more about the dynamical
aspects of fusion at higher excitation energies and thereby
refining the existing coupled-channels models.

The MAD simulations using the phenomenological model
reveal that quasifission components that show strong mass-
angle correlations have average time scales of ~ 10 zs in the
reactions studied. Similar sticking times were previously re-
ported for the T4+ 186W reaction [23,55], which also showed
similar features in the experimental MADs. Longer sticking
times were observed for the *’Ca+!8W and *°Ca+!°20s
reactions compared with that of 34S4232Th reaction (¢, ~
7 zs [25]); this is consistent with the fact that more mass
equilibration has been achieved in the former case in com-
parison with the latter one, as is evident from their respective
MADs. However, the presence of a mass-angle correlation in
the “°Ca+'8W and *°Ca+'°20Os reactions confirms that the
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dinuclear system should stay together for a longer duration
than 10 zs to achieve complete equilibration in mass and shape
degrees of freedom.

Finally, it should be mentioned that the small component
of mass-asymmetric quasifission present in both reactions
at all bombarding energies could be explained as resulting
from the high-angular-momentum low-barrier collisions. Such
collisions are associated with a shorter average sticking
time compared with the quasifission component present in
the central band in the MADs which show a mass-angle
correlation. These events could not be reproduced by assuming
an exponential mass-drift function with 7,, = 5.2 zs. Instead,
larger mass-equilibration constant (14-18 zs) is required
to reproduce such events. Though this observation may be
questioned with the limited statistics available and possible
the uncertainities in the simulation originating from the inputs
(angular momentum distribution and moment of inertia),
such a situation was shown to successfully account for
the mass-asymmetric quasifission component in the reaction
forming 2°Sg [25]. The exponential mass drift function with
T = 5.2 zs [1] predicts a very rapid mass drift toward mass
symmetry after contact. The failure of such a parametrization
to reproduce the mass-asymmetric component thus hints at
the possibility that mass evolution is not as monotonic as
described by the exponential function [1] with a constant mass
equilibration time constant.

The average position of this mass-asymmetric group is seen
to move toward forward angles with increasing beam energy,
which indicates a relationship with the angular momentum of
the heavy-ion collision. Successful reproduction of this mass-
asymmetric component using the higher angular momentum
and lower barrier ¢ distribution shows the potential of the
simple, classical simulation to explore the effects of higher
angular momentum collisions in heavy-ion reactions.
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APPENDIX

For the “°Ca+!'8°W reaction, the measured capture cross
sections could be reasonably well represented by the calcula-
tion incorporating the static deformation of the target nucleus
(B2 = 0.28, B4 = —0.07 [56]) and inelastic couplings to the
2+ and 3~ states of “°Ca and 3™ states of '3¢W. For the reaction
with the °2Os target, 8, = 0.155, B4 = —0.081 [57], inelastic
couplings to 2%, 3~ states of *°Ca and 3~ state of the 1*20s
nuclei were used in the calculations. The inelastic coupling
strengths were included using

Foey = B[ pdVa) | 371726 R AD)
inell’") = - ,
T A dr " Qh+ 1) ri
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where B, is the deformation parameter associated with the mul-
tipolarity A, R (taken to be 1.06 A3 fm, following Ref. [56])
is the radius of the excited nucleus, and V,,(r) is the nuclear
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potential. The deformation parameters for different A were
generally taken from the calculated or measured transition
probabilities [57-59].
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