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Background: The fusion-evaporation reaction at energies around the Coulomb barrier is presently the only way
to produce the heaviest elements. However, formation of evaporation residues is strongly hindered due to the
competing fusion-fission and quasifission processes. Presently, a full understanding of these processes and their
relationships has not been reached.

Purpose: This work aims to use new fission measurements and existing evaporation residue and fission excitation
function data for reactions forming Cf isotopes to investigate the dependence of the quasifission probability and
characteristics on the identities of the two colliding nuclei in heavy element formation reactions.

Method: Using the Australian National University’s 14UD electrostatic accelerator and CUBE detector array,
fission fragments from the '2C + 233U, 34S + 208Pb, 36S + 206pp, 36S + 208Ph, and *“Ca + '8Pt reactions were
measured. Mass and angle distributions of fission fragments were extracted and compared to investigate the
presence and characteristics of quasifission.

Results: Mass-angle-correlated fission fragments were observed for the **Ca + '8Pt reaction; no correlation
was observed in the other reactions measured. Flat-topped fission-fragment mass distributions were observed
for 2C +2U at compound-nucleus excitation energies from 28 to 52 MeV. Less pronounced flat-topped
distributions were observed, with very similar shapes, for all three sulfur-induced reactions at excitation energies
lower than 45 MeV.

Conclusions: A high probability of long-time-scale quasifission seems necessary to explain both the fission and
evaporation residue data for the 3*S 4 28Pb and 3°S + 2°°Pb reactions. Flat-topped mass distributions observed
for '2C- and 3*36S-induced reactions are suggested to originate both from late-chance fusion-fission at low

excitation energies and the persistence of shell effects at the higher energies associated with quasifission.

DOI: 10.1103/PhysRevC.91.054608

I. INTRODUCTION

The complete fusion of two colliding nuclei forming a
compact excited compound nucleus (CN) is a topic of wide
interest in nuclear physics. In particular, the de-excitation of
this CN largely through the evaporation of neutrons is vital
since it gives access to nuclei that do not exist in nature. To date,
the heaviest elements (with proton numbers Z = 104-118)
have been exclusively synthesized in such reactions, known
as fusion-evaporation [1-4], with the heavy fusion products
called evaporation residues (ERs).

A significant difficulty in producing the heaviest elements in
fusion-evaporation reactions is their low cross sections, which
generally decrease drastically with increases in the proton
number of the CN. Thus, often multiday, weeks-long, and
months-long experiments are needed for the observation of
a single atom of a superheavy element [1-5]. Furthermore
in fusion reactions, the excitation energy and the angular
momentum introduced reduce the fission barrier height [6,7]
relative to the already low ground-state fission barrier. Thus
fission becomes the main de-excitation mode of the CN.
Therefore, the formation of heavy evaporation residues is
strongly suppressed relative to CN production.
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ER formation is also suppressed by the process of
quasifission (QF). This occurs when the two colliding nuclei
initially forming a dinuclear system fail to reach equilibration
in all degrees of freedom. Thus they may never form the
compact CN required for the subsequent survival of ER.
Quasifission competition can depend strongly on the identities
and characteristics of the two colliding nuclei [8-19]. As a
result, ER cross sections for different projectile and target
combinations, even when leading to the formation of the
same CN, can vary drastically [15,18]. Therefore, choosing
a suitable projectile-target combination and optimum beam
energy for a reaction are the most important factors for
maximizing the yield of heavy nuclei.

The ER cross section following a fusion reaction leading to
a CN at excitation energy E* and angular momentum J can
be written as

Oer(E™,J) = Ocap(E*, J)Pon(E*, )Wen(E™, ), (1)

where o, is the cross section characterizing the formation
of the dinuclear system (capture), Pcy is the probability to
form a compound nucleus with a compact shape, and Wy
is the survival probability of the CN against fission through
particle evaporation. The first and last terms are characteristic
of the reaction entrance channel and the de-excitation of
the CN, respectively, which are independent processes and
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thus, in principle, may be investigated independently, both
experimentally and theoretically. The probability Pcy reflects
the quasifission probability Por, because the processes are
complementary, in other words Pcy 4+ Pgr = 1. Knowledge
of Pcn allows estimation of the true fusion cross section
(0cap Pen). Pen defines the intermediate step between capture
and the de-excitation process leading to ER formation.

For decades, the choice of the reactions used for the
production of the heaviest nuclei has been based on our
understanding of the nuclear reaction mechanisms achieved
from comparative studies of fission fragments from fusion-
fission and quasifission [8—13]. It has been found that fission
fragments originating from quasifission are often characterized
by their broad mass distribution, mass and angle correlation,
total kinetic energy, angular distributions, etc., which indicate
anonequilibrium origin and short sticking time of the decaying
system compared to those originating from fusion-fission
[8,9,12,13]. The presence of quasifission (Pcy < 1) has
been predicted theoretically for reactions with projectile-
target charge products Z,Z, > 1600 [8] and supported by
the accumulated experimental data, where quasifission was
mostly qualitatively assigned based on the abovementioned
experimental observables connected with the short sticking
time [9,12,13]. Estimation of the fractions of quasifission and
fusion-fission from a single reaction is difficult due to overlaps
in their experimental observables. Nevertheless, this has been
attempted [16].

Various theoretical models for the prediction of fusion-
evaporation cross sections have been developed [20-22].
Although they have been able to calculate experimental ER
cross sections in satisfactory agreement with experiment, their
predictive power, particularly of Pcy and Wey, still remains
to be improved [23].

Rigorous evidence for competition between quasifission
and ER production can only be obtained through measure-
ments of ER cross sections for reactions forming the same CN
at the same E* with different projectile-target combinations
[24]. Thus neglecting angular momentum differences (reason-
able for reactions forming highly fissile CN), survival proba-
bilities Wcn should be the same, and the probability of quasifis-
sion can be directly probed by comparing ogr /ocap 0f different
reactions. However, the relatively low production rates of ER,
restricted numbers of possible projectile-target combinations,
and experimental problems strongly limit such studies in reac-
tions forming heavy nuclei. Nevertheless, a few experimental
studies searching for the presence of quasifission have been
performed through measurements of both ER and fission
[24,25] for different reactions leading to the same CN. The
results in Refs. [24,25] straightforwardly demonstrate the pres-
ence of quasifission in colliding systems with Z,Z, much less
than 1600, a finding which was corroborated in a recent anal-
ysis of mass and angle correlations of fission fragments [17].
This is consistent with experimental studies involving the mea-
surements of ER and/or fission fragments from reactions with
widely different Z, Z,, which had previously implied the pres-
ence of quasifission for Z,Z, < 1600 [10,11,16,18,26-35].

Among these, a most intriguing result has been found in a
series of systematic studies of the 3°S + 2°Pb and 3*S + 2%8Pb
reactions (which of course share the same Z,Z, value of
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FIG. 1. (Color online) Experimental (symbols) capture and ER
cross sections following neutron evaporation as a function of
excitation energy for the reactions 3°S + 2°°Pb and S + 2%*Pb, both
forming the same CN 2#2Cf* [25]. The downward arrow marks the
upper cross-section limit. Theoretical ER cross sections indicated by
solid lines were calculated assuming that no quasifission is present in
either reaction (Pcy = 1). The dotted line represents calculations for
38 4 208ph assuming that Pey is 10 times smaller (Pcy = 0.1).

1312) leading to formation of the same CN 242Cf* [25]. The
cross sections for ER following neutron evaporations (xn ER)
[36] and capture cross sections [25], together with theoretical
calculations [25], are shown in Fig. 1. The sum of only two-
and three-neutron evaporation cross sections are representative
of the total ER cross sections since other neutron and/or
light particle evaporation channels are typically small in such
reactions.

The calculations reproduce the measured capture cross
sections for both reactions. Assuming no quasifission (Pen =
1), the statistical model calculations of the fission survival
probability Wy are able to reproduce the measured xn ER
cross sections for the 3°S + 29Pb reaction. However, using
the same parameters the experimental xn ER cross sections
for the 3*S + 28Pb reaction are overpredicted. They can be
described by introducing a strong fusion hindrance relative
to the *°S +2%Pb reaction (with an angular momentum
averaged hindrance Pcy = 0.1), which must be associated
with a greater quasifission probability for 3*S 4 2%8pPb.
Given that both reactions share the same Z,Z, value, this
observation gives new insight into the multidimensionality
of the quasifission dynamics [16,37] and cannot be explained
with existing models of heavy element formation.

Decades ago, measured fission angular distributions in
the similar reaction 32S +2%Pb [10,11,38] suggested the
presence of quasifission. However, this was never confirmed
by ER measurements until the abovementioned **S + 2%8Pb
and 3°S + 206Pp reactions were studied [36].

The present work aims to investigate the mass-angle and
mass distributions of fission fragments for 3*S + 2%®Pb and
363 4 206Ph to search for observable differences that might be
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expected due to the different quasifission competition implied
from the measurements of xn ER and capture cross sections.

II. EXPERIMENTAL SETUP

The experiment was carried out at the Heavy Ion Acceler-
ator Facility at the Australian National University, Canberra.
Heavy ion beams were accelerated using the 14UD electro-
static accelerator. In addition to 3*S 4 2Pb and 3¢S + 2%Pb
forming 2*>Cf, two reference reactions (**Ca + '"®Pt and
12C 4+ 23%U) were also measured. The '2C 4 233U reaction
leads to a different CN (2*7 Cf*) than the other reactions studied.
However, neither the 2C 4+ 23°U nor the ’C + 23U reaction
(which lead to 2#>Cf*) were experimentally accessible. quasi-
fission is expected to be dominant in the **Ca + '*®Pt reaction
and fusion-fission is expected to be dominant in the '>C 4 233U
reaction. Measurement for 3¢S + 2%8Pb was also carried out to
help with interpretation in case large differences in fission
characteristics were seen for the other two S 4 Pb reactions.

The '2C, 38, and 3°S beams were used in a short pulsed
mode with &~ 1 ns full width at half maximum beam pulses
separated by 107 ns. The “*Ca beam (from natural calcium
material) was used in the DC mode. Isotopically enriched
198pg 206ppCl,, 208PbS, and 23U0,(NO3), targets were used.
Their thicknesses were approximately 145, 60, 180, and
14 pg/cm?, respectively. Supporting thin carbon foils with
typical thicknesses of 15-30 pg/cm? were used. The targets
were placed at an angle of 60° relative to the beam axis, with the
C-backing material downstream. Beam energies were chosen
to form CN with similar excitation energies. Entrance channel
quantities for all reactions are given in Table I.

Coincident fission fragments were measured using two
position-sensitive multiwire proportional counters (MWPCs)
with dimensions of 28 x 36 cm?. They were mounted so that
the centers of the MWPCs were located at laboratory scattering
angles of 90° and 45° relative to the beam axis and separated by
180° in azimuthal angle. The distance from the center of each
MWPC to the center of the target was 180 mm. Each MWPC
covered scattering angle ranges of 55°-130° and 5°-80°. Two
small Si surface-barrier detectors mounted symmetrically at a
scattering angle of 30° on opposite sides of the beam axis were
used to monitor the beam energy and flux.

For the pulsed beam experiments, the velocities of fission
fragments were individually determined by measuring the
time-of-flight for each fragment [17,41]. Only the difference in

TABLE 1. Reaction Q values [39], charge products of the
projectile and target (Z,Z,), excitation energies at the Bass fusion
barrier (E}) [40], and entrance channel mass asymmetries o =
(A, —A,)/(A, + A,) are given.

Reaction CN 0 E} Z,Z, a
(MeV) (MeV)

2Cc+ 25y 247 Cf —252 39.5 552 0.90

g 4 208p 2420 —111.0 35.0 1312 0.72

368 4 206pp 2420f* —113.8 31.3 1312 0.70

368 4 208pp 24 p —113.9 30.9 1312 0.70

“Ca+ 1%pr 22Cf —131.2 39.9 1560 0.64
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time-of-flight for each pair of coincident fission fragments was
measured in the case of the DC beam [32]; this quantity was
then used to calculate fragment velocities [17]. The measured
positions and velocities of the fission fragments were then used
to reconstruct the center-of-mass angle (6..,.) and mass ratio
Mg = m;/(m| + m;), where m; and m, are the two fragment
masses at scission. A detailed description of the experimental
setup and data analysis can be found in Refs. [17,31,32].

It is important to note that for '2C 4 23U, only fission
events originating from fusion (forming the 4’Cf* CN) were
selected. The small fraction of fission events originating from
fission of targetlike nuclei [28,41] was removed from the
data by requiring full momentum transfer conditions for the
measured fissionlike events [28,41].

III. EXPERIMENTAL RESULTS

A selection of the experimental data are presented in Fig. 2
as mass-angle distributions (MADs), where mass ratio Mg
is plotted as a function of the center-of-mass angle 6., for
reactions 12C + 25U, 36S 4 206pp 348 4 208ph  and “Ca +
198pt. MAD:s for the 3°S + 28Pb reaction were similar to those

12C+235U"247Cf* 36S+206Pb2ich* 34S+208Pb ﬁZCf* 44Ca+198Pt£;12Cf*
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FIG. 2. (Color online) Measured mass and angle distributions of
fission fragments from the reactions '2C + 233U, 36S + 200pp, 34§ +
208pb, and **Ca + '°*Pt are shown in the My and 6, plane. Below
each MAD plot the projection of the MAD onto the My, axis is shown
(see text). Excitation energies of the corresponding CN (**>Cf and
247Cf) are given.
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for 3°S + 205Pb and 3*S + 28Pb, and hence are not shown.
MADs of fission fragments for **Ca are mirrored about 6, ;, =
90° and My = 0.5 [17], where mirroring highlights the mass-
angle correlation trend. Fission fragments with mass ratios
ranging from My = 0.25 (0.26 for **Ca) to 0.75 (0.74) were
selected to exclude events from elastic and inelastic scattering.
In Fig. 2, projections onto the My axis are also shown
for fission events within the angular range 90° < 6., < 132°
for the '2C 4 25U reaction, and 88° < 6., < 138° for the
S-induced reactions, to exclude artificial asymmetry due to
the angular acceptance of the detectors. In the My spectra for
44(a, shoulders at the extreme Mg values (most noticeable at
the lower energies) are due to elastic and/or inelastic scattering,
which were not clearly separated in data using the DC beam.

A. Mass-angle correlation
1. Reference reactions

The mass-angle distributions of fission fragments from the
reaction **Ca + '8Pt show a noticeable correlation between
the mass ratio and the center-of-mass angle (hereafter, mass
and angle) at all measured energies. This originates from
the reseparation of the dinuclear system typically before
completing one full rotation during evolution towards mass
symmetry [9,12,13,31,32,42]. This evidence is the strongest
indication of the dominance of quasifission, because a mass-
angle correlation reflects directly the dynamical evolution of
two captured nuclei that fail to fuse. A characteristic median
time scale of <10~2Y s has been found [42] to describe such
experimental MADs, which agrees well with results obtained
in Refs. [9,12,13] and reasonably well with the neutron-clock
method [43]. “*Ca + 98Pt is an example of a typical reaction
where quasifission is fast. The high Z,Z, (1560) results in
strong Coulomb repulsion and together with the effect of
angular momentum causes rapid breaking of the dinuclear
system. Recently, it has been shown that the Z, Z; threshold for
the appearance of fast quasifission resulting in such MAD can
be lower than 1600, dependent on the fissility of the CN [17].

For the second reference reaction, '2C + 23U, no cor-
relation between the mass and angle was observed. This
indicates the absence of fast quasifission, consistent with
fission originating from a system that has made more than
one full rotation. Because of the low Z,Z; of only 552, it
would be expected (at least at above-barrier energies [28])
that fission fragments from the '2C 4 23U reaction should
overwhelmingly originate from fusion-fission.

2. S + Pb reactions

MADs of the **S +2%Pp and 3°S + 2°Pb reactions,
and also of the S 4 28Pb reaction, show no mass-angle
correlations. MADs from the first two reactions can be
directly compared to those for the **Ca + %8Pt reaction,
because all lead to the same composite nucleus at the same
excitation energies (see Fig. 2). Obviously, fast quasifission
is negligible in these S-induced reactions, which is consistent
with expectations from a systematic analysis of the presence
of fast quasifission [17].

The observed significantly higher fusion hindrance for
343 4 208ph compared to S + 2°Pb [25] (as shown in Fig. 1)
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is expected to be due to quasifission. However, the MADs of the
343 4 208Pb and 3°S + 2°°Pb reactions do not show any signif-
icant difference. We suggest an increased probability of quasi-
fission that occurs on a long time scale (slow quasifission) as
the explanation for the suppression of ER cross sections for the
343 4 208Pp reaction. The presence of slow quasifission cannot
be proven from the MADs, but neither can it be excluded. Slow
quasifission (also called deep quasifission) has been discussed
in Refs. [33,44-46] by combining experimental data and/or
theoretical approaches. Despite being slower than fast quasifis-
sion, it is expected to occur on a faster time scale than a typical
fusion-fission event, where there is usually time for one or
more neutrons to be evaporated before fission occurs [47,48].

The next question we address is whether detailed compar-
ison of the mass distribution spectra for the S + Pb reactions
and the '>C + 23U reference reaction can provide information
on the presence and characteristics of long-time-scale quasi-
fission for the different S + Pb reactions.

B. Fission mass distributions

The unmirrored mass spectra (presented in Fig. 2) do not
in general show a pure Gaussian shape, usually having a
distinctly flat-topped shape. This complicates the comparison
of experimental data, because the spectra cannot be fully
characterized by a single parameter (e.g., Gaussian width).
Because no correlation of mass with angle was observed in
the experiments, and the spectra in Fig. 2 show no systematic
asymmetry about Mz = 0.5, any deviation from a Gaussian
form should be identical on either side of the symmetric mass-
split. For this reason, the mass spectra have been mirrored
(averaged on either side of the line of symmetric mass-splits)
and are shown in Fig. 3 for '2C 4+ 2%U and each of the
S + Pb reactions, as a function of the excitation energy E*.
The best-fitting Gaussians are shown by smooth lines, which
make the deviations from a Gaussian shape very clear.

1. Analysis of mass widths

Because the mass distributions deviate from a Gaussian
shape, we have first chosen to evaluate the mean square
deviation (oﬁMS) from the average (Mg = 0.5) for each
measured mass distribution to provide a quantitative measure
of the mass width. These values are plotted in Fig. 4(a) for the
four reactions as a function of E*. We see that overall the mass
distributions are broader for the S + Pb reactions than for the
12C 4 235U reaction at the same E*. The widths for the three
S + Pb reactions are not very different. Because of the non-
Gaussian nature of the mass spectra, the detailed dependence of
the variance of the mass distributions as a function of reaction
and bombarding energy may well have a complex behavior. A
number of physical effects can be expected to affect the width
and shape of the distributions. If the mass-asymmetric compo-
nent is attributed to quantum shell effects, then as the temper-
ature increases, this contribution to the width should become
attenuated, decreasing the variance. However, the thermal fluc-
tuations will increase with temperature, which will counteract
this decrease. The effect of increasing angular momentum
with increasing bombarding energy should also be taken
into account. However, how this affects the mass-asymmetric
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FIG. 3. (Color online) Experimental My distributions of fission
fragments originating from the 12C + 233U, S 4 2%8pp, 3¢S + 206pp,
and S 4+ 2%8Pb reactions leading to 24’Cf*, 2**Cf*, and *>Cf* are
shown by histograms. Excitation energies of the corresponding
CN are given. The smooth lines in red show best-fitting Gaussian
functions.

component is not well known. If quasifission is present, it
might be expected that the probability will increase with
angular momentum, but this cannot be quantitatively predicted,
nor can the mass width for slow quasifission. It may reasonably
be expected that the quasifission component should have a
mass width larger than that of the fusion-fission component.

Given that the mass widths of either component cannot
yet be predicted reliably, we have used a general relationship
[14,30,49] to fit the measured fission mass widths. A depen-
dence of the variance on temperature 7 and mean square
angular momentum (J2) is related through two empirical
coefficients, Cr and Cy:

opr = CrT + C;(J?%). )

To apply this equation, the temperature was calculated at
the saddle point using the relation

T =[(E* — By(J) — Est(J) — (Vpre 10 MeV)/al'?,  (3)

where By and E are the fission barrier and the rotational
energy of the excited CN with angular momentum J and were
taken from rotating liquid drop model (RLDM) calculations
[50]. The number of prefission neutrons v, was estimated
using the empirical expression given in Ref. [14]. The level
density parameter, a, was taken to be Acx/10 MeV ™!,

The mean square angular momentum as a function of
energy was calculated for each reaction using the coupled-
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(b), and (0rmS/Ogaus)norm. () values. The dotted line in panel (c)
indicates the value 1 for the ratio.

channels code CCFULL [51]. Taking into account the couplings
of low-lying excited states [25,52,53] and deformations as
appropriate, the experimental capture cross sections were
reproduced where known.

The (J?) values are shown in Fig. 4(b). The larger angular
momentum for the S-induced reactions compared with the
12C 423U reaction at the same E* does correlate with
the mass variances observed. To attempt to quantify the
relationship, we have determined the coefficients C7 and C;
for the 3*S + 298Pp reaction, for E* > 35 MeV, for which the
data are the most extensive. The extracted values of Cy =
4.54(16)1073 MeV~! and C,; = 1.91(14)107° /2 were then
used to make predictions for all reactions. These are shown in
Fig. 4(a). Although the calculations reproduce well the limited
range of data that were fitted, they fail at low excitation energies
and for the '2C + 2*U reaction. In view of the complexity of
the situation described above, itis hard to know how to interpret
this comparison or the values of the empirical coefficients Cr
and C,, except that the changes in the measured variance
between the different S + Pb reactions are very small, and the
increase from the results for the '>C + 2*°U reaction is also
quite small. Thus the characteristics of the slow quasifission
mass distributions appear similar to those from fusion-fission.

2. Energy dependence of the shape of the mass distributions

The deviation of the mass distributions from a Gaussian
shape has been quantified in this work by evaluating the
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ratio between the RMS deviation and the width of the
best-fitting Gaussian (0gays). To ensure no bias, this ratio
was normalized to the equivalent ratio built from randomly
generated Gaussian events with a width of og,ys. This was done
to exclude an artificial reduction of RMS values within the
experimentally accessible range of Mg = 0.25-0.75, which
cuts the extreme tails of the distributions. The normalized
variable (OrMS /O gaus )norm. €an then be used for a quantitative
representation of the agreement between the experimental
and the Gaussian shapes. A good description of the ex-
perimental My distribution by a single Gaussian implies
(orMs/ Ggaus)norm. ~ 1. The obtained (orms/ Ggaus)norm. values
are shown in Fig. 4(c) as a function of E*.

For the S-induced reactions, (0rms/CgausJnorm. are equal to
1 within error bars at E* > 40 MeV [see Fig. 4 (c)]. This
indicates that the My distributions are well described by a
single Gaussian and are thus consistent with the RLDM, which
predicts a symmetric-peaked fission mass-split. However,
at lower E*, (0rMS/Ogaus)nom. Values differ from 1, which
demonstrate that the My distributions are not describable by
single Gaussians (as seen in Figs. 3 and 4). The deviations for
the three S + Pb reactions are very similar. Large deviations
of (ORMS /O gaus)norm. from the value of 1 were found for '*C +
25U at all measured E*, consistent with visual inspection of
Figs. 3 and 4.

3. Role of sequential neutron emission

The flat-topped mass distributions signal the importance of
shell effects in the fission mass spectra. In this mass region
shell effects are expected to wash out quite quickly with
increasing excitation energy. Thus the excitation energy at
which fission occurs is important, and multichance fission must
be considered as discussed below.

The competition between neutron evaporation and fission
determines multichance fission distributions and the survival
probability of xn ER. This competition is quantified through
the ratio I',/T" ¢, where I', and Iy are the widths for neutron
evaporation and fission, respectively [6,7], at a given excitation
energy. Accurate theoretical estimation of these quantities for
heavy CN is complicated due to both the scarcely known
height of the fission barrier and the level density of the
CN [7,14,20-22]. The fission barrier of the excited CN is
often presented as the sum of the liquid drop and shell
correction terms. With increasing E* the shell effects wash
out, and the barrier becomes smaller, thereby lowering the
survivability of the CN through the evaporation of neutrons.
Therefore, for a long time it was believed that forming a CN
at the lowest E* possible would result in the highest survival
probability.

Indeed, superheavy elements with Z up to 113 have been
synthesized in so-called cold fusion reactions leading to low
CN E* of about 15 MeV resulting in formation of ER by the
evaporation of a single neutron [1,4]. However, surprisingly,
superheavy elements with Z = 108 and 112-118 have been
synthesized in *®Ca-induced fusion reactions with actinide
targets at CN E* of about 40 MeV with non-negligible survival
probabilities [2,3]. Furthermore, sequential evaporation of
three to eight neutrons from Cf CN produced in '>C +
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FIG. 5. (Color online) Schematic representation of multichance
fission in 2¥’Cf*. Mass distributions calculated using the the general
fission model code GEF are shown in gray (see text).

233-236.2381J reactions at E* up to 80 MeV is experimentally
known from ER excitation function measurements [54,55].
Maxima of ER excitation functions for all three S-induced
reactions (3*S + 208Pb, 36S + 206Pp [25,36], and 3°S + 298Pb
[56]) and for '2C 4 235U [54] have been observed at CN E* of
20-40 MeV (see Fig. 1) and 32-55 MeV, respectively, where
flat-topped mass distributions were observed in this work.
These provide experimental support for the sequential neutron
evaporation from the CN leading to multichance fission that
has been accepted to exist for a long time. Recently, it has been
experimentally demonstrated that I', is dominant over Iy in
the first chance fission of 2’#Hs produced in the 2Mg + 2*Cm
reaction at E* = 63 MeV [57].

4. Multichance fission

Multichance fission following formation of the 2*’Cf* CN
produced at E* = 50 MeV in a heavy-ion fusion reaction is
illustrated schematically in Fig. 5. The experimental observa-
tions discussed above point to non-negligible neutron emission
probabilities at high excitation energy even for such heavy CN.

That fraction of the CN which survive first chance fission
will populate the daughter product *Cf* at an excitation
energy reduced by the neutron binding B, (**’Cf) and kinetic
K, (¥ Cf*) energies of the emitted neutron. A fraction of these
secondary CN again will survive against (second chance)
fission. Such a cascade process will continue, leading to a
population with excitation energies comparable to the neutron
binding energy and fission barrier.

Finally last-chance fission may occur, at around E* =
10 MeV, this energy being based on both the neutron binding
energy and the fission barrier in neutron-deficient Cf isotopes,
which are below 9 MeV [39,58]. If, instead of fission, a further
final neutron evaporation occurs, this results in the formation
of an ER [Wcy in Eq. (1)].

Thus, the mass distribution of fission fragments originating
from the primary *’Cf* CN produced at E* = 50 MeV should
contain fission fragments originating from different 24’~VCf*
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nuclei excited at different E* = 50 MeV — Y [B,(**~"Cf) +
K,(**~"Cf*)], where v varies from zero to the maximum
possible number of chances of fission. The distribution of
CN E* from which fission occurs can be characterized by its
mean, referred to henceforth as the mean excitation energy for
fission.

5. Multichance fission mass distributions

As discussed in the preceding section, the cumulative mass
distribution of fission fragments produced in the de-excitation
cascades of highly excited CN contains the different mass
distributions originating from multichance fission. Presently,
the most reliable predictions of the mass distribution from
excited nuclei in this mass region should be obtainable
from the semiempirical GEF code [59]. The GEF code has
mostly been adjusted to describe the spontaneous and light-
particle-induced fission of heavy nuclei. The results of the
GEF code for the mass distribution of fission fragments
originating from first-, second-,..., and last-chance fission are
shown in Fig. 5 by the gray shaded distributions. The mass
distributions of the fission fragments originating from early
chances of fission are peaked at mass symmetry, in accordance
with expectations from the RLDM. The asymmetric mass
distribution for low-energy fission arises because at low E*
the fission path is strongly affected by shell structures of
the decaying nucleus and nascent fragments. Fission of a
particular nucleus may exhibit complicated shapes of the mass
distribution in low-energy fission, through the superposition
of different fission pathways (modes) populating different
symmetric and asymmetric mass-splits [58,60,61].

To test the predictive power of the GEF code for fission
at low and high E*, the mass distributions for fission of
neutron-deficient Cf nuclei have been calculated and compared
with experimental data in Fig. 6. The experimental mass
distributions of low-energy fissions of 2#>Cf* and ***Cf* have
been reported in Refs. [62,63] by populating them via electron
capture decay of **’Es and >**Es, respectively. The maximum
value for E* populated in both Cf nuclei can be estimated
to be 5.6 MeV taking only mass considerations into account
[39]. These experimental data are well described by mass
distributions calculated with GEF for neutron-induced fission,
in this case calculated at £* = 10 MeV.

For completeness, the high excitation energy GEF calcula-
tions (corresponding to the RLDM) were compared with mass
distributions for the S-induced reactions, for which the shape
could be fitted well by a single Gaussian. An example is shown
in Fig. 6(c) for the mass distribution of >**Cf* produced in the
348 + 298pb reaction at 52.2 MeV. No evidence of shell effects
is seen in the calculation, but it is somewhat narrower than that
measured. For this reason, the high E* GEF calculations were
not used in fitting the current data.

‘We now attempt to quantitatively reproduce the flat-topped
mass distributions of the current data using a triple Gaussian fit.
The centers of the two Gaussians (corresponding to the mass
distribution from low-energy fission) were taken from GEF
calculations performed in each case for the evaporation residue
preceding the final neutron evaporation step. The Gaussian
widths were kept fixed at o,jg = 0.03. This value was extracted
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FIG. 6. (Color online) (a) Mass distribution of fission fragments
of 2#Cf* [63] and (b) 2*2Cf* [62] following electron capture decay of
244Es and **Es (see text) and of **>Cf* produced via 3*S + 28Pb at
E* = 52.2 MeV (c). (a, b) Experimental data are marked by circles;
blue shaded distributions correspond to results of GEF calculations
(see text) at 10 MeV. Gaussian fits with og = 0.03 are shown by red
lines. (c) The experimental distribution (black histogram) and GEF
results (blue shaded spectrum) at 52 MeV are shown.

from the Gaussian fits to the GEF results shown by red lines in
Fig. 6, which reproduce well the cumulative experimental mass
distributions from >*>Cf* and >**Cf*. The mass number of the
nucleus undergoing fission (required for the GEF calculation)
was estimated from the most probable number of evaporated
neutrons, taking into account the primary excitation energies,
binding [58], and mean kinetic energies (2 MeV) of each
neutron. A single Gaussian with variable width, centered
at Mg = 0.5, was used for the description of the fission
component with a symmetric-peaked mass distribution. The
results of the fits are presented in Fig. 7. The description
of the experimental data is much better than when single
Gaussian fits were used (compare Figs. 3 and 7) except
for the highest energies where triple Gaussian fits were not
required.

Having shown that this procedure can fit the flat-topped
mass distributions, the quantitative proportions of the su-
perposed fission components (having different mass-split
characteristics) are investigated.

C. Interpretation of the mass-asymmetric fission component

The GEF calculations predict that only low-excitation-
energy late-chance (mainly last-chance) fission contributes to
the mass-asymmetric fission component, higher excitation en-
ergies giving symmetric-peaked Gaussian shapes. The fraction
of events originating from the mass-asymmetric component
(Fasym.) can be estimated from the areas of the fitted Gaussians.
These fractions are given in Fig. 8 (top panel) as a function of
E*. The fraction of the mass-asymmetric component increases
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FIG. 7. (Color online) The experimental data as presented in
Fig. 3, now fitted by three Gaussians. The smooth lines in red show
the sum of the three Gaussian functions and the smooth lines in blue
show the two Gaussians corresponding to the mass-asymmetric split.
Expected numbers of neutrons emitted before formation of the ER
are also shown on the right.

as E* decreases, for all reactions. This is consistent with the
fraction of late-chance fission increasing with reducing E*,
as would be expected. The fraction of the mass-asymmetric
component is almost identical for the three S + Pb reactions.
The more pronounced mass-asymmetric yields for 'C + 23°U
relative to 3363 at similar E* are consistent with late-chance
fission probabilities being smaller in the latter reactions. This
could result from different angular momentum distributions
and different quasifission probabilities.

1. Comparison of the S + Pb reactions

On the basis of this logic, the similar fractions of asym-
metric fission extracted for 3*S + 2%8Pb and 3°S + 2°Pb at the
same E* would be attributed to similar late-chance fission
probabilities, because the reactions form the same 22¢f* CON,
and the capture angular momentum distributions are similar,
as shown in Fig. 4(b). To explain the relationship between
the fraction of asymmetric fission and the xn ER yield, a
simplified expression for the fraction of asymmetric fission,
Fisym., can be written (as explained next) assuming that only
last-chance fission contributes to the mass-asymmetric fission
yield. For a reaction leading to “x”” neutrons emitted before the
xn ER is formed, let us consider the preceding nucleus after
“x — 1”7 neutrons have been emitted by the CN. Quantities
related to this nucleus will be given the subscript (x — 1).
Because only this nucleus is assumed to give mass-asymmetric
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FIG. 8. (Color online) Top panel: Extracted fractions of the mass-
asymmetric fission component of the My distributions for 2*2Cf*,
244Cf*, and >’ Cf*. Bottom panel: Survival probabilities, Wy, of the
22Cf* CN formed in **S + 2%8Pb and 3¢S + 2%Pb reactions. These
values were extracted using the data shown in Fig. 1, which was
taken from Refs. [25,36].

fission, the fraction of asymmetric fission in the total (Fysym.) is
proportional to the total capture cross section o, and several
angular momentum averaged probabilities: that of forming
(after capture) a compact CN Pcy, the probability W, _ ) of
the nucleus “x — 1” being produced (i.e., surv1v1ng previous
stages of CN fission), and finally the probability P(x_l) that it
undergoes fission:

Ocap PeNWi—1) P,
F. asym. — (x ) (4)
of

Here o7 is the total fission cross section. For these reactions,
0 > Ocqp, because the ER cross section is many orders of
magnitude smaller than the total fission, allowing the following
simplification:

Fasym. = PCNW(Xfl)P(x 1* ®)

The probability with respect to total capture of forming an
xn ER can be written in a similar way:

Pxn = PCNW(x—l)P(’,lC_ly (6)

where P}, is complementary to P, (x )» being the probability
of emitting the last neutron, leading to an xn ER, rather than
undergoing fission. The last two terms in Egs. (5) and (6) are
properties of the relevant nuclei themselves and independent of
the method of formation. Thus in comparing the 34S + 28Pb
and %S 4 29Pb reactions, under the assumption that mass-
asymmetric fission only results from last-chance fission, the
very similar experimental values of Fygyp,, for the two reactions
require that the values of Pcy (and thus P,,,) should be similar.
However, this is in conflict with the analysis of the capture
and xn ER cross sections shown in Fig. 1, which indicate
that the Pcn values differ by a factor of 10. This factor is
illustrated clearly in Fig. 8(b), where Wcy is extracted using
Eq. (1), assuming Pcy = 1 for %S 4 2°Pb and Pcy = 0.1
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for 34S + 298Pb. With these assumptions the experimental data
overlap.

2. Persistence of shell effects in quasifission

We propose that the discrepancy for these two reactions
between the similar fractions of the mass-asymmetric fission
component and the very different values of Pcy can be resolved
by attributing a large part of the mass-asymmetric (as well
as mass-symmetric) fission component to slow quasifission,
rather than exclusively to last-chance (or late-chance) fission
of the CN. The mass-asymmetric component must also contain
a component of late-chance fusion-fission, because the finite
measured ER cross sections for these two S + Pb reactions
show that there must be last-chance fusion-fission. However,
as argued above, the similarity of the mass spectra indicates
that this fraction must be rather small.

To quantify the above discussion, we can place numbers in
the above equations, using two extreme scenarios.

The first is that the average true fusion probability ( Pcy) for
368 4 205Pb is 1, whilst that for 3*S + 28Pb is Poy = 0.1, giv-
ing a factor of 10 difference in expected ER yields as observed
experimentally, as seen in Fig. 8(b). The mass-asymmetric
late-chance fusion-fission contribution for the latter reaction
would be only 10% of that for the former. However the current
fission measurements show the mass-asymmetric components
have almost identical weights. This scenario is not consistent
with the fission data.

The second scenario is that Por is 0.90 (or any value close
to unity, e.g., 0.99) for 3¢S + 2%Pb and 0.99 (or, e.g., 0.999)
for 348 + 208Pb, giving the same factor 10 reduction in the xn
ER cross section as seen experimentally for the 34S + 208Pb
reaction. In this case, the contributions of late-chance fission
are so small that their difference will make a negligible
difference to the total mass distribution. This is consistent
with the measurements. However, the considerable fraction
of mass-asymmetric fission observed experimentally must
in this scenario be attributed largely to quasifission. This
means that shell effects must still affect the quasifission
dynamics and thus mass distributions in these reactions up
to equivalent CN excitation energies of ~ 45 MeV. This is
inconsistent with the excitation energy dependence of the
washing out of shell effects in the GEF calculations. If shell
effects persisted to higher excitation energies than predicted
by GEF, they might well affect fusion-fission mass distributions
at similar excitation energies. This suggestion needs further
experimental investigation.

Shell effects might also be expected to affect the fast
quasifission mass spectrum measured for *Ca 4 '8Pt at
similar E*. Indeed, where there are flat-topped distributions
for the S-induced reactions, the **Ca + '?8Pt mass spectra (see
Fig. 2) also seem to show a consistent feature. Of course due
to the different path in deformation space for this reaction, the
detailed effects of shell structure may differ. Nevertheless, the
experimental data are all consistent with the hypothesis that
shell effects are still playing a role in determining the mass
distribution up to E* &~ 45 MeV.

The strongly hindered ER yield for the 3*S + 2%8Pb reaction
compared with the 3°S 4 2°Pb reaction indicates that the
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quasifission competition is weaker in the 3°S + 2%Pb reaction.
This must be attributed to the different nuclear structures of the
reaction partners in the two reactions and the closer matching
of N/Z ratios in the latter reaction, as found in Ca + Pb reac-
tions [37]. Through a reduced rate of energy dissipation [37],
this could lead to the formation of more compact composite
systems inside the unconditional fission saddle point.

As argued above, the characteristics of the fission mass and
angle spectra for the S 4 Pb reactions suggest that the quasifis-
sion component occurs on a time scale that is slow compared
to the rotation time (~ 1072° 5) and that the probability is large
in both reactions. It appears that the difference in dynamics is
only visible in the tail of the probability distribution, namely,
that part which results in true fusion and ER formation. This
seems to be a reasonable picture and consistent with a recent
systematic study of quasifission signatures [35].

IV. SUMMARY AND CONCLUSION

The present work was motivated by the previously reported
measurements of evaporation residue and capture cross sec-
tions for the reactions of 3*S + 2%Pb and 3°S + 2%°Pb, both
forming the compound nucleus 2*>Cf. The 3*S + 2%8Pb xn
evaporation residue cross sections were 10 times smaller than
expected based on the 3¢S + 2°°Pb yields, assuming both reac-
tions proceed by fusion followed by compound nucleus fission.
The difference could be explained by a smaller quasifission
probability, and a consequently larger probability of forming
a compact compound nucleus, in the 3¢S + 2°°Pb reaction.

To understand the difference between these two reactions,
an extensive series of fission measurements has been carried
out for these reactions. Measurements have also been made
for the reference reactions '?C + 2°U and **Ca + '"®Pt and
for 368 + 208pp,

Mass and mass-angle distributions have been measured
at beam energies corresponding to excitation energies of the
compound nucleus in the range of 27-56 MeV. A correlation
of the mass and the angle of the fission fragments was observed
for the “*Ca 4 '8Pt reaction, indicating the presence of fast
quasifission as expected. The S + Pb reactions, as well as the
12C + 23U reaction, showed no correlation of mass with angle.
Thus the quasifission in the S + Pb reactions must have a time
scale (> 1072%s) considerably longer than that seen in the
#Ca + '8Pt reaction.

Flat-topped (non-Gaussian) fission mass distributions were
observed for 12C + 233U at all measured E* of the compound
nucleus. This is attributed to shell effects, expected to be
most prominent at low E*. Similar but less pronounced
flat-topped distributions were also observed for all three
S-induced reactions at E* < 45 MeV. This could, in principle,
be attributed to late-chance fission and/or shell effects in the
quasifission dynamics and thus mass distributions.

A 10 times suppression of experimental evaporation
residue yields measured for the 3*S 4 2%8Pb reaction com-
pared to those calculated which describe the experimental
evaporation residue data for 3¢S + 2%°Pb suggests that late-
chance fission should differ by a similar factor. Assuming
the mass-asymmetric fission was from late-chance fusion-
fission, this should give very different contributions from
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mass-asymmetric fission for the two reactions. However, there
was little measurable difference between the mass distributions
and the deduced fraction of mass-asymmetric fission from
these reactions at the same E*. Thus the mass-asymmetric
component in the S-induced reactions should not arise mainly
from late-chance fission.

As argued in Sec. III C, these facts, when combined, suggest
to us the following conclusions.

(i) The probability of slow quasifission is large for the
365 + 296Pp reaction and larger still for the 34S + 2%8Pb
reaction.

(i) Shell effects are manifested in the slow quasifission
mass distributions up to equivalent compound nucleus
excitation energies of ~ 45 MeV.

(iii)) The evaporation residue excitation functions for both
365 4 296pp and 3*S + 298Pb reactions should be re-
measured over a wider range of excitation energies to
confirm the magnitude of the larger fusion inhibition
for the latter reaction.

These results should stimulate future measurements of
both fission fragments and evaporation residues in reactions
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forming heavy elements to understand fully the effects and
properties of the slow quasifission that appears to be very
important in these S + Pb reactions.

A broader message is that studies of fusion reactions like
these can reveal evidence of previously unobserved phenom-
ena. These arise from the complicated dynamical evolution
of the dinuclear system. The development of parameter-free
dynamical approaches to modeling heavy ion reactions is
therefore desirable for a full predictive capability of how best
to produce heavy and superheavy elements and their isotopes.
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