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Sub-barrier quasifission in heavy element formation reactions with deformed actinide target nuclei

D.J. Hinde,” D. Y. Jeung, E. Prasad, A. Wakhle,! M. Dasgupta, M. Evers,® D. H. Luong,! R. du Rietz,! C. Simenel,
E. C. Simpson, and E. Williams
Department of Nuclear Physics, Research School of Physics and Engineering, The Australian National University,

Canberra, ACT 2601, Australia

® (Received 15 November 2017; published 23 February 2018)

Background: The formation of superheavy elements (SHEs) by fusion of two massive nuclei is severely
inhibited by the competing quasifission process. Low excitation energies favor SHE survival against fusion-fission
competition. In “cold” fusion with spherical target nuclei near °Pb, SHE yields are largest at beam energies
significantly below the average capture barrier. In “hot” fusion with statically deformed actinide nuclei, this is not
the case. Here the elongated deformation-aligned configurations in sub-barrier capture reactions inhibits fusion
(formation of a compact compound nucleus), instead favoring rapid reseparation through quasifission.

Purpose: To determine the probabilities of fast and slow quasifission in reactions with prolate statically deformed
actinide nuclei, through measurement and quantitative analysis of the dependence of quasifission characteristics
at beam energies spanning the average capture barrier energy.

Methods: The Australian National University Heavy lon Accelerator Facility and CUBE fission spectrometer
have been used to measure fission and quasifission mass and angle distributions for reactions with projectiles
from C to S, bombarding Th and U target nuclei.

Results: Mass-asymmetric quasifission occurring on a fast time scale, associated with collisions with the tips of
the prolate actinide nuclei, shows a rapid increase in probability with increasing projectile charge, the transition
being centered around projectile atomic number Zp = 14. For mass-symmetric fission events, deviations of
angular anisotropies from expectations for fusion fission, indicating a component of slower quasifission, suggest
a similar transition, but centered around Zp ~ 8.

Conclusions: Collisions with the tips of statically deformed prolate actinide nuclei show evidence for two distinct
quasifission processes of different time scales. Their probabilities both increase rapidly with the projectile charge.
The probability of fusion can be severely suppressed by these two quasifission processes, since the sub-barrier
heavy element yield is likely to be determined by the product of the probabilities of surviving each quasifission

process.

DOI: 10.1103/PhysRevC.97.024616

I. INTRODUCTION

Superheavy nuclei—isotopes of elements with atomic num-
ber Z > 104—are created in the laboratory by fusion of two
heavy nuclei. There are three sequential processes involved
in superheavy element (SHE) synthesis by fusion followed
by neutron evaporation. The fastest is capture, where the two
nuclear surfaces “stick” together. This is followed by shape

“Corresponding author: david.hinde @anu.edu.au

Present address: Department of Physics, School of Mathematical
and Physical Sciences, Central University of Kerala, Kasaragod
671314, India.

!Present address: Cyclotron Institute, Texas A&M University, Col-
lege Station, Texas 77843, USA.

SPresent address: ACRF Department of Cancer Biology and Thera-
peutics, The John Curtin School of Medical Research, The Australian
National University, Canberra, ACT 2601, Australia.

IPresent address: Scandinavian Health Limited, Taiwan Branch, 136
Guosheng 2nd Street, Taoyuan District, Taoyuan City 330, Taiwan.

TPresent address: Malmé University, Faculty of Technology and
Society, Malmé 205 06, Sweden.

2469-9985/2018/97(2)/024616(17)

024616-1

evolution to form a compact compound nucleus, and finally
survival as an evaporation residue (ER) against statistical
fission decay. Because of the different typical time scales of
each process, the cross section for heavy element formation is
written as the product of factors related to the three stages of
formation:

oer = ) 04 (Ecm, J)Pox(Ex, Y War(Ex,J). (1)
J=0

Here o,(E;,.,J) is the capture cross section as a function
of center-of-mass energy E.,. and angular momentum J7.
It is the fastest process, occurring in ~1072' s. Pen(E,,J) is
the probability that the system reaches the compact compound
nucleus equilibrium configuration, expressed as a function of
the excitation energy E, and J. Pcn can reduce SHE cross
sections by several orders of magnitude, through the separa-
tion of the system formed after capture into two fissionlike
fragments (quasifission) on a time scale of ~10720 s [1-4].
For fusion reactions forming much lighter nuclei, Pcy = 1, and
thus capture and fusion need not be distinguished. W (E,,J)
is the probability that the system survives statistical fission
decay through sequential particle evaporation, thus eventually
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forming the desired (super)heavy evaporation residue. In near-
barrier superheavy element formation reactions, this time scale
is typically 3>>107%° s, and according to the Bohr independence
hypothesis, Wq,(Ex,J) should be independent of the two
nuclei that have fused. Crucially, low excitation energies are
expected to maximize W, (E,,J) through reducing the prob-
ability of multichance statistical fission following formation of
a compact compound nucleus.

The successful formation of superheavy nuclei is a delicate
balance. On the one hand, fission competition is minimized by
low E,, which can be achieved by using heavy projectiles.
On the other hand, quasifission should be minimized (and
thus Pcy maximized) by minimizing the charge product of the
two colliding nuclei [5]. This can be achieved by using light
projectiles, but results in higher E . This situation has resulted
in two rather different methods that have been successful
in SHE synthesis, namely “cold fusion” and “hot fusion”
reactions, which are described below.

A. Cold fusion

Cold fusion [6-9] uses target nuclei close to the doubly-
magic nucleus 2%®Pb. It has been successful in forming ele-
ments up to Z = 113 through fusion reactions with projectiles
from Ti (Z = 22) to Zn (Z = 30). The large binding energy
associated with the magic proton number Z = 82 and neutron
number N = 126 can result in the formation of superheavy
nuclei with extremely low E,, which is the reason that this
fusion pathway is called cold fusion.

For survival against fusion-fission competition, expressed
through Wy, (E,,J), cold fusion reactions should be favorable
for superheavy element formation. However, the probability
Pcn of reaching a compact, fully equilibrated compound
nucleus can be severely reduced by quasifission. The rapid
reseparation of the system, before reaching the compact fused
configurations, can result in very small Pcn(E,,J) values,
suppressing fusion by many orders of magnitude [10].

The quasifission probability increases strongly with the
charge product of the projectile and target nuclei. In forming
SHE heavier than Cn (Z = 112), this is the major disadvantage
of using target nuclei close to 2*®Pb. Here it is advantageous
to use lighter projectile nuclei bombarding heavier (actinide)
target nuclei, in the “hot fusion” process described below.

B. Hot fusion

Hot fusion [7,11-13] uses actinide target nuclei, generally
uranium (Z = 92) and heavier, thus reducing the charge prod-
uct in the entrance channel. The disadvantage of this pathway
is that for reactions at the capture barrier energy, the excitation
energy of the compound nucleus is considerably greater than in
cold fusion. This will result in a higher probability of fission of
the compact compound nucleus than in cold fusion. However,
the more neutron-rich target nuclei, combined with the use of
the very neutron-rich projectile **Ca, allows the formation of
more neutron-rich compound nuclei than in cold fusion. This
should counteract to some extent the effect of higher excitation
energy on the fission probability. It has been found that hot
fusion with “*Ca results in a quasifission probability that is

small enough (and thus Pcy is large enough) to more than
compensate for the expected lower fission survival probability
Wy, Hot fusion reactions in which “8Ca has bombarded
target nuclei of elements up to Cf have allowed creation and
identification [11-14] of elements up to Z = 118 (Oganesson)
[15]. There is currently insufficient material of any element
heavier than Cf to make targets to allow the synthesis of
still heavier elements using “*Ca beams. Thus using beams
of heavier elements is currently the only option.

To understand and predict the formation cross sections for
superheavy elements covering a wide range of projectile-target
combinations, the dependence of Pen(E,,J) and Wy (E,J)
on all the variables associated with different projectile-target
combinations and beam energies should be explicitly mod-
elled. These include not only macroscopic quantities such as
entrance channel charge product, compound nucleus fissility,
and excitation energy, but also the influence of the nuclear
structure of the projectile and target nuclei, and the compound
nucleus.

In the case of the latter, it is proposed [15] that the
unexpectedly large cross sections for elements in the range
114-118 is evidence for shell effects increasing the fission
barrier heights, and thus for the proximity of these nuclides
to the island of stability. How these shell effects vary with
neutron number for a given element will affect the values of
War(Ey,J), and thus influence the possibilities for success
with different reactions populating less or more neutron-rich
isotopes. However, shell structures of the two colliding nuclei
can also have very important effects, through their influence
on Pcy, as discussed below.

C. Nuclear structure and the competition between quasifission
and fusion

Experimental studies of quasifission characteristics [16,17]
have clearly shown that effects of shell structure of the colliding
nuclei affects the competition between fusion and quasifission
(and thus on Pcy). This is discussed below, first for spherical
magic nuclei, and then for heavy statically deformed nuclei.

1. Spherical magic numbers

As well as neutron richness and a relatively low atomic
number, the doubly magic nature of the “*Ca nuclei used in
hot fusion appears to help during the fusion process. The
competition between fusion and quasifission at near- and
below-barrier energies is expected to be affected by spherical
shells, which results in so-called “cold valleys” in the potential
energy surface, which provides a pathway to a compact com-
pound nucleus [18,19]. Another possible mechanism resulting
in an increased Pcy comes from the reduced kinetic energy
dissipation expected in these valleys [7,19,20]. Measurements
[17] of quasifission characteristics at sub-barrier energies have
been reported in collisions of nuclei close to **Ca with nuclei
close to 2%Pb. The results showed strong evidence that the
presence of several magic numbers, together with matching of
the N/Z values of the two colliding nuclei, can be important
at near-barrier energies in assisting two heavy nuclei to fuse to
form a compact compound nucleus.
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In contrast, an analysis [20] of fusion-evaporation residue
yields at higher E, (above the average capture barrier) demon-
strated that a single magic number (whether in the projectile
or the target nucleus) has little effect on heavy element yields.
Thus the quantitative effect of the doubly magic nature of “*Ca
in hot fusion reactions with (nonmagic) actinide nuclei is not
yet clear. However, it is clear that the static deformation of
these actinide nuclei does play an important role.

2. Static deformation alignment

The nuclear structure (dominantly the static prolate shape)
of the actinide collision partners in hot fusion is understood
to play a significant role in capture. This is associated with
the orientation of the deformation axis with respect to the
contact point of the lighter projectile nucleus [21]. This effect
has been demonstrated in reactions with rare-earth deformed
nuclei from as long ago as 1978 [22-28].

It is expected, and has been shown in time-dependent
Hartree-Fock (TDHF) calculations [29-32] of heavy element
formation reactions, that radial motion is rapidly damped after
the nuclear surfaces make contact. This means that when
contact occurs close to the tip of the prolate target nucleus, the
configuration of the dinuclear system that is initially formed
is very elongated. In contrast, the configuration is much more
compact where contact occurs close to the short axis (equator)
of the deformed actinide nucleus.

In hot fusion reactions, the capture barrier energy depends
on the angle between the prolate target nucleus deformation
axis with the line joining the centers of the two nuclei at
the distance where capture is decided [21]. The large static
prolate deformation of actinide nuclei [33] means that in the
deformation-aligned configuration (also known as axial or tip
collisions), capture can occur at collision energies significantly
below the average barrier energy, resulting in much lower
excitation energies and larger Wy, (E,, J) than collisions at the
barrier. This effect by itself would favor sub-barrier collisions
to synthesize SHEs. However, the effect on Pcy must also be
considered, in view of the compactness or elongation of the
contact configuration.

The importance of the concept of compactness on the fusion
dynamics was first expressed in theoretical consideration of
collisions of two deformed tungsten nuclei with different rel-
ative orientations, resulting in the term “hugging fusion” [34].
The first experimental phenomenon attributed to the effects
of deformation alignment was the increase in fission angular
anisotropies found with decreasing beam energy through the
average fusion barrier energy for the reaction '°0 4 2¥U
[35,36]. It was suggested then (more than 20 years ago)
that these results should mean that quasifission would be
more likely for the elongated deformation aligned configu-
ration (with suppression of fusion shown experimentally in
Refs. [37,38]), and conversely inhibited for reactions in the
equatorial configuration, favoring heavy element formation
[36]. As far as we know, the suggestion of enhancement of
compound nucleus formation in equatorial configurations [35]
has not yet been proven experimentally, but seems reasonable,
and is supported by TDHF calculations [31,39]. The quantita-
tive determination of Pcn(Ey,J) for different projectiles and

alignment angles of the deformation axis is of general impor-
tance to predict optimum reactions to form new superheavy
elements and isotopes, and is the subject of this work.

3. New prospects

It has recently been suggested [40] based on Langevin
dynamics calculations of mass distributions matched to experi-
mental data, that production of SHEs in collisions at sub-barrier
energies might yet be a feasible approach to SHE production.
It would be desirable to investigate experimentally in more
detail the dynamics of sub-barrier reactions, to provide more
quantitative experimental data to test models, and allow more
reliable predictions.

Here we present experimental measurements of mass and
angular distributions, and a phenomenological analysis that
throws light on sub-barrier quasifission probabilities in reac-
tions with prolate deformed actinide nuclei.

II. EXPERIMENTAL DETAILS

Measurements of mass-angle distributions and of angular
anisotropies were carried out in separate experiments at the
Australian National University Heavy lon Accelerator Facility,
using the 14UD electrostatic tandem accelerator.

Beams ranging in mass from '>C to **S bombarded targets of
232Th and 2*®U. Beam energies typically ranged from 8% below
to 10% above the fusion barrier energies for each reaction.

Reaction products were detected using the CUBE spectrom-
eter [5,36,41], consisting of two large area (279 mm x 357
mm active area) position sensitive multiwire proportional
counters (MWPCs). The detectors were placed with their
normal 180 mm from the target. A schematic view of the
experimental configurations used is given in Fig. 1 of Ref. [41],
and full experimental details are also given there.

Target thicknesses ranged from a few tens to a few
hundred pg/cm?. The "‘UF, targets were evaporated onto
~25 jug/cm? carbon backings, while the "™'Th targets were
supported by similar carbon backings or ~50 ug/cm? alu-
minium. The target normal was oriented at 60° to the beam
axis for mass-angle distribution measurements (detector con-
figuration A of Ref. [5]), and at 45° for angular anisotropy
measurements (configuration B of Ref. [5]). The target back-
ings faced downstream, and together with the chosen target
orientations, minimized the effects of energy loss of fission
fragments in the targets. In the analysis, energy loss corrections
were applied iteratively, event by event, to the energy of the
beam particles and the detected fission fragments assuming
interactions occurred at the center of the actinide layer.

Pulsed beams were used, with a pulse full width at half
maximum (FWHM) of 0.7-1.5 ns, and a pulse separation of
107 ns. The pulsed beams allowed event-by-event determi-
nation of the components of the fissioning nucleus velocity
vector, both parallel to the beam (v)) and perpendicular to it
(v ) as described in Ref. [36]. This allowed optimal separation
of fission following capture of the full projectile mass, known
as full momentum transfer (FMT) fission—the process of
interest—from fission of excited targetlike nuclei. These can
result from transfer of a few or many nucleons, leaving the
targetlike nucleus excited above the energy of its fission barrier.
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FIG. 1. The upper panels show the measured mass-angle distributions of FMT events for the reaction **S + 2**Th, forming 2¢Sg, at the
indicated center-of-mass bombarding energy E. ,, . The ratio £/ V (independent of the reference frame) is also given, where the average barrier
energy Vg is 153.5 MeV in the c.m. frame. The intensity scale is counts, proportional to d’c/d0d M. The lower panels show the projected
mass-ratio (Mg) spectra for the angular range 45° < 6..,,. < 135°. The counts have been multiplied by the indicated scale factors. A transition
occurs from predominantly mass-asymmetric quasifission at sub-barrier energies to apparently mass-symmetric fission at £ > V. The MADs
show that the mass-asymmetric component has a very fast time scale, while the component peaked at symmetry shows a significant mass-angle

correlation, inconsistent with fusion fission.

III. EXPERIMENTAL RESULTS AND ANALYSIS

First the experimental trends will be presented, with a
qualitative interpretation. An evaluation of the detection ef-
ficiency as a function of mass ratio is then given, which
allows a quantitative analysis of the experimental results. This
permits quantitative information on quasifission probabilities
to be determined directly from experimental data, carrying
important information on fusion and quasifission dynamics.

A. Mass-angle distributions

Mass-angle distributions (MADs) with complete coverage
in 6., from 45° to 135° were measured for four reactions.
The compound nucleus °Sg was formed using the reactions
288i 4+ 28U and S + 22Th. Similarly, two reactions were
used to form the lighter nuclide 2°*Rf, namely **Mg + 233U
and °Si + 2%2Th. As described in Refs. [5,36], mass-angle
distributions for FMT fission (including both fusion fission
and quasifission) were determined. Except at the detector
edges, the azimuthal angle coverage of the detector system was
independent of scattering angle. Thus the number of counts at
a given point on the MAD is directly proportional to the double
differential cross section d?c/d6d M.

1. The **S + >*Th reaction

MADs measured for the 3*S 4 2*>Th reaction have already
been presented and extensively discussed in Ref. [42]. There,
the clear separation of FMT fission and fission following
transfer reactions was demonstrated (using v and v [5,36])
for each beam energy. That work focused on extraction of

the time scales of quasifission from the angular information
in the MADs. We focus here on the different yields and
characteristics of the mass-asymmetric and mass-symmetric
components, to obtain information on absolute quasifission
probabilities.

Mass-angle distributions at six beam energies spanning the
respective capture barrier energies are shown for **S + 2*>Th
in Fig. 1. The lower panels show the projected mass-ratio
spectra from 45° to 135°. The beam energy with respect to the
average capture barrier energy (E/Vp) is indicated for each
measurement.

The intense mass-asymmetric quasifission component, seen
most clearly at the lowest energies, results from fast re-
separation after capture, giving rise to a memory of the
entrance channel masses and angles. As the beam energy
increases, a component peaked at mass-symmetry becomes
more significant. The evolution of the relative yields of the
mass-asymmetric and mass-symmetric components with beam
energy is clearly seen from their respective My projections. In
similar reactions, this changing pattern of the MADs with beam
energy was seen for >2S + 2*>Th [16] (with lower statistics than
the present data) and also in mass distributions measured over
a narrower angular range for the °S + 2%U [43,44] reaction.
This behavior has also been seen in the mass distributions
for reactions of other projectiles bombarding actinide targets
[39,40,44-46].

The beam energy dependence from below to above the
capture barrier is explained qualitatively in terms of the defor-
mation alignment [36,43,47] of the prolate target nuclei used
in these reactions. At energies below the capture barrier, axial
collisions (with the tips of the deformed target nucleus) are
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dominant, since the capture barrier is lowest in this deformation
aligned configuration [21]. As the elongation is far outside
the unconditional saddle point [48], the system reseparates
soon after capture, without much mass equilibration, leading
to mass-asymmetric quasifission.

For equatorial collisions, which make the predominant
contribution at £/ Vg > 1, the contact configuration is more
compact, resulting in a longer sticking time, and more complete
mass equilibration [16,36]. TDHF calculations for the 0Ca 4+
238U reaction [30,39] have provided theoretical support for
these scenarios.

The above-barrier My distributions show that the fission
component centered on mass symmetry is wider than expected
for fusion fission, and at above-barrier energies the MADs
clearly exhibit a mass-angle correlation. Together with angular
distributions (see Sec. III C), these observables all signal that
the fission component centered at symmetry has a significant
quasifission contribution. Langevin calculations for similar
reactions also show quasifission events contributing to the
mass-symmetric component [49].

2. The ®'Si and Mg induced reactions

Having established the qualitative features of the MAD and
mass distributions for the 3*S + 232Th reaction, the results
for the second reaction forming 2°Sg (*Si 4 2*%U, shown
in Fig. 2) are now compared. These show qualitatively the
same features, also displaying clear mass-angle correlations.
At the lowest energies the angle at which the mass-asymmetric
group is centered is very similar, indicating that the time scale
of these fast quasifission events is very similar to those for
the 3*S + 23>Th reaction [42]. However, the relative yield of
mass-asymmetric quasifission is lower, and the overall width
of the mass distribution at the highest energies is clearly
reduced.

Turning to the two reactions forming the lighter nuclide
262Rf, the results for *°Si + 23> Th are presented in Fig. 3. The
overall features are very similar to the 288i 4+ 238U reaction,
despite the reduction in the total charge of the system by 2.
This indicates that the reduction in the projectile charge from
16to 14 is the main reason for the observed differences between
the 3*S and 28Si reactions forming 2%°Sg.

This conclusion is supported by the results for Mg + 238U,
also forming 2%?Rf, which are shown in Fig. 4. Here the lower Z
of 12 results in mass spectra more strongly peaked at symmetry
(see also Fig. 5). The fission component centered at mass sym-
metry is dominant from below to above-barrier energies, and
the MAD shows areduced correlation with angle. Nevertheless
at the highest energies shown (E/ Vg = 1.06,1.08) there is
clear evidence of a correlation. This indicates that despite the
equatorial collisions having a longer time scale than the axial
collisions discussed above, some fraction of events have a time
scale less than half a rotation, leading to a “memory” of the
projectile mass and direction.

At lower beam energies, and thus angular momenta, the
correlation with angle of the mass of the peak centered at sym-
metry is less clear, suggesting longer time-scale quasifission,
and/or a higher probability of fusion fission. The presence of
both mass-symmetric quasifission and fusion fission can be
investigated using experimental angular anisotropies [41]. This
will be addressed later in this paper.

At the two lowest energies, a weak mass-asymmetric com-
ponent is seen at extreme backward and forward angles, in
the same location as the group of fast quasifission events seen
for the 23Si and (with increased probability) 3*S-induced
reactions. This result confirms the previous indication that
Mg-induced reactions on actinide target nuclei do show a small
component of mass-asymmetric quasifission [44].

Having made a qualitative survey of the experimental
MADs as a function of beam energy, projectile charge, and
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FIG. 2. As in Fig. 1 for the reaction 28Si 4 **®U, also forming 2*Sg. The average barrier energy Vi was taken as 139.5 MeV. The mass-

asymmetric quasifission component is weaker in this reaction.
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FIG. 3. As in Fig. 1 for the reaction *°Si 4+ *>Th, forming 2°’Rf. The average barrier energy Vg was taken as 135.7 MeV. The mass-angle

correlation of the mass-symmetric component is weaker in the reactions forming °Rf

mass-symmetric and mass-asymmetric components. However,
as a function of all these variables. We will now make a the root-mean-square (RMS) deviation of the fissionlike events
quantitative determination of fast quasifission probabilities for ~ can sensibly be evaluated independent of the shape of the mass-
each reaction, based on the observed energy dependence of the  split distribution. The RMS deviation of the (symmetrized)
mass-ratio distributions. distributions from 45° to 135° (for Mg from 0.17 to 0.83) are

shown in Fig. 5 as a function of beam energy with respect
to the capture barrier energy for each reaction. For this cut
in Mg, the maximum possible RMS value is 0.33, and the
experimental results lie between this value and the typical
values for fusion fission of 0.07 [17,36,50]. The results for
each reaction show a smooth dependence on E/ Vg, giving
confidence in the reliability of the measurements.

compound nucleus, it is clear that there is a systematic behavior

B. Energy dependence of mass distributions
1. RMS of mass distributions

Symmetric-peaked fission mass distributions are often char-
acterized by the standard deviation o of a Gaussian fit. This is
not appropriate for these mass distributions, which consist of
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FIG. 4. As in Fig. 1 for the reaction >*Mg 4 U, forming **Rf. The average barrier energy Vg was taken as 119.7 MeV. The mass-

asymmetric quasifission component is weaker than in the *°Si 4+ > Th reaction forming 2’Rf
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FIG. 5. The root-mean-square (RMS) value of the My spectra for
all four reactions evaluated over the range 0.17 < Mr < 0.83. They
are plotted as a function of £/ V. The expectation for fusion fission is
approximately 0.07. The results show a smooth energy dependence,
and are correlated strongly with the atomic number of the projectile
Zp and with E/ V.

The RMS values are consistent with the overall conclusions
from the MAD and mass-ratio spectra already discussed, with
the *Mg + 2*8U reaction having the smallest widths at all ener-
gies, the two Si-induced reactions having intermediate widths,
and the S-induced reaction showing the largest RMS widths
at all energies. Before making a quantitative interpretation of
the ratios of mass-asymmetric to mass-symmetric fission from
these measurements, the effect of the finite detector angular
coverage must be accounted for.

2. Correction for detector angular coverage

The measured mass-ratio spectra represent only the center-
of-mass frame angular region that the experiment covered fully,
namely 45° to 135°. With a much narrower angular range,
the results could change significantly, especially at the lowest
energies, where the MADs show that the mass-asymmetric
yields for angles close to 90° would be severely reduced.
Equally, the results could change with a wider angular coverage
(though to a lesser extent where the angular coverage is already
large).

Because the current measurements cover a wide angular
range, it is possible to estimate the yield in the missing
angular region by using a model of quasifission mass-angle
distributions fitted to the experimental results. This model
was described and used in Refs. [4,5,42]. In the latter work,
sets of sticking time and mass-evolution parameters were
established that describe the mass and angular dependence of
the quasifission yields for 3*S + 23>Th. These were applied to
all the reactions presented in this work (using the “mass-halt”
scenario [42]), to estimate the mass yield in those angular
regions not covered by the measurements. The relevant an-
gular momentum distributions for capture were obtained from
coupled-channels calculations including channel couplings as
described in Ref. [42].

Figure 6 shows MAD:s for the **S + 232Th reaction at three
energies spanning the capture barrier. The measured MADs

events
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FIG. 6. Representative measured mass-angle distributions for the
38 4 22Th reaction at below-, near- and above-barrier energies in
panels (a)—(c) respectively. Simulations including separate compo-
nents for axial (tip) collisions and equatorial collisions are shown in
panels (d)—(f). Simulation parameters were adjusted to give a good
representation of the measurements over the experimentally measured
coverage (see text). Panels (g)—(i) show the ratio of the simulated
events in the experimental angular range to the total, thus providing the
detection efficiency for a given mass ratio. At the near-barrier energy
the fast mass-asymmetric quasifission events are peaked within the
detector coverage, giving a high efficiency.

are shown in panels (a)—(c), and the corresponding Monte
Carlo simulations in (d)—(f). The simulations give a good
representation of the experimental data, and show how the
quasifission yields may be extrapolated to 0° and 180° with
a physically based model of quasifission.

To correct the experimental My spectra alone, itis sufficient
to evaluate from the simulations the ratio at each value of M
of the yield within the (experimental) range 45—-135° to the
total yield. These ratios (denoted efficiencies) are shown in
Figs. 6(g)-6(i). At the middle energy, the efficiency for mass-
asymmetric fast quasifission is high, since the typical rotation
angle places most quasifission events within the experimental
angular coverage. Dividing the observed counts for each mass
split by the efficiency determined through the simulation gives
the total yield for each mass split. As would be expected,
the efficiencies for each reaction showed a similar trend
with E/Vp.

3. Fitting mass-ratio spectra

With the efficiency-corrected mass-ratio yields determined
at each bombarding energy for each reaction, the ratio of
mass-asymmetric to mass-symmetric fission events can be
investigated quantitatively for the first time. Figure 7 shows
representative efficiency-corrected mass-ratio spectra (blue
circles). These range from predominantly mass-asymmetric
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FIG. 7. Representative mass-ratio spectra (blue circles) for the
reactions and energies indicated, corrected for detection efficiency as
determined in Fig. 6. With the goal of extracting relative yields of
the symmetric-peaked and mass-asymmetric components, the mass-
symmetric yield was matched to a Gaussian (red curve). Subtracting
this gives the residuals (magenta squares). These in turn were fitted
with Gaussians (black curves). The ratio of asymmetric to symmetric
fission yields were then determined for all measurements (see text).

fission in Fig. 7(a) for the low energy **S 4 2**Th measurement
to almost exclusively mass-symmetric for the high energy
2Mg + *®U measurement, shown in Fig. 7(i). The high
energy data for each reaction suggest that the mass-symmetric
component can be well represented by a Gaussian, and indicate
the appropriate width for this component. Since the mass-

symmetric component corresponds to fissionlike events with
the longest time scales, it is closer to equilibrium than the
mass-asymmetric events, so the assumption of a Gaussian
distribution for this component seems justifiable.

For the reactions forming 2°Sg, an average symmetric
component mass-ratio width oyg of 0.117 was needed, ranging
from 0.115 at the lowest energies, to a highest value of 0.119.
For 262Rf, a smaller average oyr was needed, typically 0.103,
with a small variation of £0.001. The mass-symmetric Gaus-
sians (shown by the red lines) were fitted to the experimental
yield around mass symmetry, and the residuals are shown by
the magenta square points.

The residuals closely match a Gaussian shape (black
lines). Gaussian fits were used to estimate the yield of mass-
asymmetric quasifission in the region at large asymmetry,
which is masked by the elastic scattering events. The total
mass-asymmetric yield was taken from the Gaussian yield from
the largest mass asymmetries up to the peak, and from the sum
of the residuals from the peak to mass symmetry. If it were
to be shown that the asymmetric component should have a
contribution reaching to mass symmetry, this would simply
shift the asymmetric yield upwards by a similar small fraction
at each energy, and would not have a significant effect on the
final conclusions. This procedure allowed the ratio of mass-
asymmetric to mass-symmetric events to be evaluated for all re-
actions and energies, integrated over all center-of-mass angles.

4. Energy dependence of mass-asymmetric to
mass-symmetric yields

First the experimental results and analysis for the S +
232Th reaction will be discussed fully, followed by the results
and conclusions from the other reactions.

Figure 8(a) shows the beam energy dependence of the
ratio of the mass-asymmetric to symmetric fission yields.
The yellow points show the ratios before correcting for the
mass-asymmetry dependent efficiency (see Fig. 6), and the
red points the ratios after correction. As expected, where the
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FIG. 8. Ratio of the mass-asymmetric to symmetric-peaked fission yields for the **S + 2**Th reaction as a function of E/ Vy. Experimental
results with efficiency correction are shown by the red diamonds, and without by yellow diamonds in panel (a). To illustrate the sensitivity of the
energy dependence to model parameters, panels (a)—(c) show calculations for different values of the assumed probability of fast mass-asymmetric
quasifission (Prqr) in axial (tip) collisions. In each panel calculations for a range of angles Orqr dividing axial from equatorial collisions are
shown. Chi-squared analysis gave the best fitting model parameters (see text).
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FIG. 9. At the top is a sketch of the simple ansatz used to model
the ratio between fast mass-asymmetric quasifission and symmetric-
peaked fission. Axial collisions up to a limiting angle fgqr are assumed
to result in fast quasifission with probability Prqr. Other collisions are
taken to result in symmetric-peaked fissionlike events. The schematic
illustration below shows Pgqr as a function of 8, with the sharp cutoff
of Prqr shown by the red dotted line. A more realistic smooth cutoff
(green dashed line) can be approximated by a stepped function, but
use of this makes little change to the results (see text).

efficiency for mass asymmetric events is high, around Vj [see
Fig. 6(h)], the ratio falls after efficiency correction.

The asymmetric to symmetric yield ratio drops by a factor
of 10 as the beam energy increases through the capture barrier
energy. Qualitatively, this was recognized [43,47,49] to be
due to the predominance of deformation-aligned (elongated)
capture events at sub-barrier energies, resulting in fast mass-
asymmetric quasifission. This contrasts with the predominance
of compact equatorial collisions at energies well above barrier.
These lead to longer sticking times (and also fusion), allowing
greater mass equilibration resulting in fission with mass splits
closer to symmetry. Having been able to determine the ratio
of fast to slow events over the complete angular range for the
first time, quantitative interpretation is now possible.

5. Fast quasifission ansatz

To make a quantitative prediction of the asymmetric to
symmetric yield ratio, we follow the approach described
in Refs. [35,36,51], originally applied to fission angular
anisotropies rather than fast/slow quasifission yield ratios.
Figure 9 illustrates the concept. We assign the fast mass-
asymmetric quasifission (FQF) component to axial collisions.
These are defined as those collisions with angles up to a limiting
angle Orqr between the line joining the projectile-target centers
and the actinide nucleus deformation axis at the capture barrier
radius. This is illustrated in the upper sketch. The value of Ogqr
will be determined by reproducing the experimental data.

We also define a probability Prqr that axial collisions lead
to fast quasifission. Different options describing the variation
of Pror with the angle between the centers of the projectile and
target nuclei and the deformation axis are graphed below. In
the simplest approach, the probability falls from Prqr to zero at
the critical angle Orqr, shown by the dotted red line. In reality,
a smooth transition would be expected (green dashed line).
The effect of this has been investigated by approximating it by
a weighted sum of calculations with different values of Orqr
(blue stepped line). The separate cross sections for the axial and
equatorial components of the total capture cross section were
determined using coupled-channel calculations of capture as
described in Ref. [42], for different values of Orgr.

There is no guarantee that the quantities Pror and Orqr are
independent of beam energy. However, relevant energies for
heavy element formation reactions are close to the average
barrier energy, and the fit to the experimental data encompasses
an energy span 0.9 < E/Vp < 1.1, so this concern may not be
significant in this work.

6. Comparison with experiment

A comparison of the predicted energy dependence of the
asymmetric to symmetric fission yields is shown in Fig. 8(b),
for different values of Orgr, where Prgr for axial collisions
has been set to unity. In this case, at the lowest energies, the
calculated ratio rises to very large values. This is because the
change in capture barrier energy with angle is large compared
with the energy smearing due to quantum tunneling [21]." The
calculation for Orqr = 20° gives quite a good representation of
the data. Figure 8(c) shows similar calculations where Prgr =
0.5 for all 6ggp. Here all calculations by definition saturate
at a ratio 1.0, which is not consistent with experiment. These
comparisons illustrate the degree to which the data constrain
the model parameters.

A chi-squared analysis over Ogqr and Prgr Was performed,
and the optimal values and uncertainties of each parameter
were determined. The optimum Prgr was 0.76, and Grgr was
25°. This is very close to the red curve shown in Fig. 8(a).
The effect of applying a stepped variation of Prgr with angle
(similar to that illustrated in Fig. 9) is shown by the dotted
black line. This overlies the red line resulting from the sharp
cutoff assumption, showing that this smoothing would have a
negligible effect on the analysis and conclusions.

7. Systematic behavior

The fitting procedure using the sharp-cutoff assumption
was carried out for the three other reactions. The experi-
mental asymmetric to symmetric fission yield ratios for these
reactions, and representative calculations with Opgr = 20°,
are shown in Fig. 10. The 28Si 42U data, which extend
to the lowest E/ Vg, show saturation at the lowest energy,
providing the tightest constraint on the fit parameters. Any

!'Similar calculations carried out for an alpha-particle projectile,
where the width of the capture barrier distribution is similar to the
single barrier tunneling width [21], would show a much weaker
variation with energy.
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FIG. 10. Asin Fig. 8, for the other three reactions studied. Here a
fixed value of Orgr = 20° is used, and calculations for various values
of Prqr are shown. As for the 38 4+ 22Th data, a chi-squared fit gave
best values of Opqr and Prgp.

future measurements should be taken as low in energy as
possible, since even a 10% uncertainty in the ratio measured
at or below E/ Vg = 0.9 will provide an important constraint.

The best-fitting values of Ogqr and Prgr, with experimental
uncertainties, are shown in Figs. 11(a) and 11(b) respectively
by the red circles (***Th) and orange triangles (>**U), plotted
as a function of the projectile atomic number Zp. Prgr shows a
strong increase with Zp. This can be parametrized with a Fermi
function centered at Zp = 14, as shown by the magenta line.
With the target atomic number only changing by 2 from Th
to U, any dependence on this variable cannot be established,
except to say it is weaker than the dependence on Zp. This
is reasonable, in light of the results of the global survey of
quasifission presented in Ref. [5], where the charge product
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FIG. 11. Results of application of the fast quasifission anzatz
(illustrated again at the top) to the four reactions, as a function of
projectile atomic number Zp. Panel (a) shows the best-fitting values
of Orqr. Experimental uncertainties (from the chi-squared analysis)
prevent definitive determination of the dependence on Zp, though
the data are consistent with an increasing trend, which might be
expected. Panel (b) shows the dependence of Prgr on Zp (circles and
triangles for Th and U respectively). A rapid rise is seen, as expected
even from the raw My spectra. Also shown are the probabilities
for slow quasifission estimated from the angular distributions of the
symmetric-peaked fission (see Sec. 111 C).

in the entrance channel is globally the strongest driver of
quasifission characteristics.

The experimental uncertainties in 6Gggr, as shown in
Fig. 11(b), do not allow an unambiguous dependence on Zp to
be established, although an increasing trend with Zp might be
expected, and the data are consistent with this. More extensive
data for projectiles heavier than S, measured over an even
wider range of angles to reduce sensitivity to extrapolation of
the quasifission angular distribution, would allow extension of
the systematics to reactions planned to be used to synthesize the
next superheavy elements. However, where the probabilities
for symmetric mass splits become small, the decomposition of
the mass distribution becomes problematic, since the tails of the
fast mass-asymmetric quasifission may contribute significantly
even in the region close to mass symmetry [52]. In this
case measurements of mass-angular distributions over a wide
angular range, as well as TKE distributions (also extended to
a wider angular range), may allow the different components in
the mass-symmetric events to be decomposed.

Having made a quantitative analysis of fast quasifission
probabilities in axial collisions, it is natural to turn to char-
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acterization of the mass-symmetric events in axial collisions
(those that survive the fast quasifission process) to investigate
the competition between quasifission and fusion-fission com-
ponents as a function of the projectile charge.

C. Angular distribution of mass-symmetric fission events

The presence of a quasifission component in fission centered
on mass symmetry has been investigated through measurement
and analysis of fission fragment angular distributions [53-55].
These are usually characterized by the ratio of the (extrapo-
lated) yield at 0° or 180° to that at 90° in the c.m. frame, known
as the angular anisotropy A. The saddle-point transition state
model (TSM) has been widely used to predict fusion-fission
angular distributions and anisotropies [56,57]. For reactions
such as 1°0 + 2%8Pb, where quasifission is not expected, the
saddle-point TSM was able to describe quite well the measured
fission anisotropies [58,59].

In one of the first studies of quasifission, experimental
(symmetric) fission angular distributions showed increased
anisotropies compared with TSM predictions in capture reac-
tions of a range of heavy projectiles with 2°Pb [54]. Deviations
increased with increasing Zp, attributed to an increasing
contribution from quasifission.

The relationship between quasifission identified through
angular anisotropies and other quasifission observables (fo-
cusing on reactions forming Cm isotopes) has been discussed
in Ref. [41]. As shown there, an angular range of 45°-135°, as
in the present work, is not sufficient to provide a good measure
of the angular anisotropy. Thus to investigate the nature
of the mass-symmetric fission events through anisotropies,
experimental data were sought in the literature.

1. Experimental anisotropies for reactions with Th,U targets

Inreactions with actinide target nuclei, angular distributions
for fission centered on mass symmetry have been measured for
projectile nuclei from Li to S, bombarding targets including
Th and U [60]. In analogy with the interpretation for reactions
on 2%Pb, it was proposed [35,36] that large anisotropies at
sub-barrier energies (exceeding TSM predictions for fusion
fission) are a signature of a slow quasifission process, which
retains a “memory” of the deformation-aligned configuration,
despite achieving an essentially symmetric peaked mass
distribution. This results in forward-backward peaked angular
distributions with large anisotropies A, in contrast with almost
isotropic TSM predictions (small A) for fusion fission at
sub-barrier energies.

An experimental difficulty is that fission events also arise
following transfer reactions: at sub-barrier energies, the trans-
fer yield can far exceed the yield of fission following capture
[61]. However, measurement of fragment velocities (for ex-
ample using a pulsed beam) allows separation by the v and
v, method [36] which has been shown to be effective for
projectiles as light as 'C [51].

Experimental measurements of A have been selected from
the literature [16,36,51,62—66] for reactions of projectiles from
B to S, bombarding targets of *>Th and *8U. Selection was
based on consistency between measurements by different au-
thors, the effectiveness of the method of separation of transfer-
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FIG. 12. Measured angular distributions from this work, for FMT
fission in the '°F + ***Th reaction, at the indicated c.m. energies.
Fits to the distributions using the transition state model formalism
are shown by the dashed lines, where K, was a free parameter. The
different colored symbols serve to correlate the data with the c.m.
energies. The anisotropies were determined from the ratio of the value
of the fit at 180° to that at 90°.

induced fission (and its likely influence on the anisotropies),
and the consistent variation of A as a function of beam energy
within a given experiment.

To complement the results from the literature, measure-
ments from the ANU for the reactions '*C + **¥U and "°F +
232Th have been added. These were measured and analyzed
using the experimental methods and techniques described in
detail for the similar reactions '°0 + 23U and >C + ***Th in
Refs. [36] and [51] respectively.

In all these measurements, it is necessary to extrapolate the
data to 0° or 180° in order to estimate an anisotropy. This is
generally achieved using TSM fits, using a single value of K|,
which as discussed later may well not be appropriate. However,
since the interpretation of the extracted A values described
below is as yet qualitative, and there is currently no predictive
model of slow quasifission angular distributions, this procedure
is also used for the new data presented here.

The measured angular distributions for FMT fission for the
F + 232Th reaction are shown in Fig. 12. The blue dashed
lines show the TSM fits used to extrapolate to 180° and 90° in
order to determine anisotropies. The FMT fission cross sections
determined from these TSM fits are shown in Fig. 13 as a
function of E/Vpg. Also shown are estimated transfer-fission
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FIG. 13. Cross sections for FMT fission (orange points) for the
9F 4+ 22Th reaction, as a function of E/Vg. The average barrier
energy Vg was determined to be 89.5 MeV. Also shown are estimated
cross sections for fission events where most of the mass of the
projectile was not absorbed, most likely following transfer reactions.
The cross section of transfer fission exceeds that of FMT fission at
around E/ Vg = 0.90, and at E/ Vg = 0.80, it is difficult to identify
reliably the FMT fission events.

cross sections. It is clear that the latter can be dominant at
energies well below the average capture barrier. The increasing
fraction of transfer-induced fission provides a limitation on
how low in energy FMT fission angular distributions can be
reliably determined [61].

2. Systematic behavior of anisotropies

The angular anisotropies for all the reactions considered
are shown in Fig. 14. For the lighter projectiles including '°F,
the fission mass distributions are peaked at mass symmetry,
and the anisotropies are those for all FMT fission events.
For the 32S + 2*Th reaction, as described in Ref. [16], the
anisotropies are those only for mass splits around symmetry,
namely 0.4 < Mg < 0.6, thus excluding most of the fast mass-
asymmetric quasifission events. TSM calculations for many of
the reactions are shown by the lines, whose colors match those
of the experimental data points for each reaction.

The energy dependence of the experimental values of A
compared with the TSM calculations is qualitatively similar for
all reactions with the heavier projectile nuclei. At the lowest
energies (E/Vp ~ 0.95) the measurements are significantly
higher than the TSM prediction, they then fall to a minimum
at 1.02 < E/Vg < 1.04 (though still well above the TSM
calculation), then rise again. As in the analysis of the ratio of
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FIG. 14. Symmetric-peaked fission angular anisotropies A as a
function of E/Vp for the indicated reactions. The curves represent
TSM calculations of fusion-fission anisotropies. They are color coded
to the reaction symbol.

mass-asymmetric to mass-symmetric yields, this behavior has
been associated with the transition from predominantly axial
collisions at sub-barrier energies to predominantly equatorial
collisions at high energies [36,65,67].

A key feature of the systematics in Fig. 14 is the strong
increase in the measured anisotropies at sub-barrier energies
as a function of projectile charge Zp. At E/Vp = 0.96, for
the lightest projectile ''B, A ~ 1.3-1.4. This increases to
~1.6 for 12C, 1.9 for !0, 2.2 for 'F, and finally ~3.0 for
328, In contrast, TSM predictions lie in the range 1.15-1.30.
It would seem reasonable to link these greatly increased
anisotropies to an increasing contribution from quasifission.
While it is currently not possible to accurately predict the
slow quasifission anisotropy, some limits can be set on the
probability of slow quasifission.

3. Expectations for quasifission anisotropies

Before the measurements were made [16] showing very
large anisotropies for 32S + 2*>Th, in the original inter-
pretation of the '°0 + 233U results it had been assumed
that the axial (tip) collisions at sub-barrier energies re-
sulted solely from quasifission (i.e. Psor = 1), thus defin-
ing Asqr. Subsequent measurements of evaporation residues
at sub-barrier energies were interpreted [68,69] as show-
ing that Psop = 0. A value between these extremes (such
as 0.5) could explain both the large anisotropies and the
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observation of ERs. For a value of Psqr around 0.5, the
slow quasifission anisotropies would have to be consider-
ably larger than the experimental sub-barrier anisotropies
for 10 + 28U,

The more recent *>S + 2 Th measurements show that the
quasifission anisotropy can be very large, even at sub-barrier
energies where the orbital angular momenta are rather low.
But could this value be appropriate for reactions with lighter
projectiles? To address this consider the simplest expression
for the anisotropy, namely A = 1 4 (J?)/4K?2, where (J?) is
the mean square angular momentum of the nuclei undergoing
fission, and K, 3 is the variance of the projections of J onto the
fission axis.

For the same above-barrier value of E/ Vg, and for the same
channel couplings, the value of (J2) should scale with the
projectile reduced mass. For fusion fission, the equilibrium
value of Kg would be expected to take similar values for
each reaction, only differing due to changes in temperature
at the saddle point (excitation energy). Thus the fusion-fission
anisotropies (TSM anisotropies) should fall significantly for
lighter projectiles. This is reflected in the calculated TSM
values shown in Fig. 14.

However, we are here considering quasifission, where the
value of Kg is far below its equilibrium value. It was pointed
out in Ref. [70] that the tilting relaxation time, most closely
related to the K degree of freedom, is inversely proportional
to the square of the rotational frequency. To first order this
dependence cancels the (J?) term in the expression for the
anisotropy. Therefore it may not be unreasonable to expect that
the quasifission anisotropy at similar £/ Vg may be similar for
the different reactions.

4. Estimating the slow quasifission component

Defining the anisotropy for slow mass-symmetric quasifis-
sion to be that measured for 32S 4 2**Th, all the ingredients
are in place to estimate the fraction of the symmetric-peaked
fission events that result from slow quasifission. The measured
anisotropy A(Zp) for a given projectile (identified by Zp)
is the weighted sum of the fusion-fission and quasifission
anisotropies:

A(Zp) = Fsqr(Zp)Asqr(Zp)
+[1 = Fsqr(Zp)]Atsm(Zp), (2)

where the fraction of slow quasifission for each reaction is
Fsqr(Zp), and the anisotropy for fusion fission Atsm(Zp) is
taken to be that calculated with the transition state model. The
desired Fsqp(Zp) is then given by

A(Zp) — Arsm(Zp)
[Asqr(Zp) — Atsm(Zp)]

The main assumption lies in the values of Asqr(Zp), taken to
be 3.2 for all reactions. There is some uncertainty in the values
of Atsm, but this is likely to be small in comparison with the
uncertainty in Asqr(Zp).

The values of Fsqr extracted using Eq. (3) are shown
in Fig. 11(b) by the green symbols. These show a smooth
increase with projectile charge Zp. The behavior is similar
to that of the fast quasifission, displaced to lower Zp, with

Fsqr(Zp) = 3)

the SQF transition being being centered at Zp = 8 instead of
14. Uncertainties are not plotted, as they arise mainly from
the assumptions regarding Asqr(Zp) and Argym, rather than
experimental uncertainties. It must be emphasized that the
resemblance to the behavior of Prgr with Zp should not be
taken as evidence that the assumptions made are correct. The
effect of changing the assumed value or Z dependence of
Asqr(Zp) and Atsm(Zp) can readily be found through Eq. (3).

The qualitative results do provide encouragement to extend
experimental measurements of angular anisotropies for Th
and U targets to projectiles between F and S, and to extend
measurements for all projectiles to a larger range of actinide
target nuclei.

A complementary approach to determine the relative yields
of fusion-fission and quasifission has been proposed by Itkis
et al. [44], through measurement of structure in total kinetic
energy (TKE) distributions as a function of fission mass split.
This is complicated by bimodal fusion fission, also having
different TKE distributions [44].

For the low energy reaction 2*Mg + 2*Cm, the measured
symmetric fission TKE distribution (Fig. 7 of Ref. [44]) shows
a low energy and a high energy component. The latter was
proposed as resulting from “symmetric compact fission”—i.e.,
fusion fission. The present work would suggest that the low
energy component might be identified with slow quasifission
rather than another fusion-fission mode. With this assumption,
the fraction of slow quasifission can be determined from the
decomposition in Ref. [44] to be around 0.75. This is in
reasonable agreement with the trends of our qualitative analysis
of angular anisotropies presented in Fig. 11(b), suggesting that
this interpretation is not unreasonable.

In future, combining mass, TKE, and angular distributions
might offer the most promising approach to decomposing
fission yields centered on mass symmetry into both slow
quasifission and different fusion-fission modes. Such mea-
surements would be challenging, due to the requirements for
high statistics, and the low capture cross sections at sub-barrier
energies.

IV. DISCUSSION AND CONCLUSIONS

Following the first firm experimental evidence for quasi-
fission [71], the exhaustive pioneering work at GSI [1,2] in
the 1980s measuring mass-angle distributions for reactions
with 23U first defined key characteristics of the quasifission
process. In particular, systematics of mass distributions, total
kinetic energies, and quasifission time scales were established.
This set the scene for subsequent investigations of quasifission
dynamics, notably through investigation of time scales by
different techniques [3,72—77]. The mass-angle distribution
method, developed at GSI, has arguably proven to be the
best-suited technique to determine the average reaction time
scales up to 10 zs, or half of a full revolution of the system.

A major advance since the GSI work has been the develop-
ment of an understanding of the crucial role played by the static
deformation of actinide nuclei. Beyond its general importance
in capture [21-28], in heavy element synthesis reactions it is
also found to be crucial in determining the subsequent shape
evolution, resulting either in a compact compound nucleus
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(fusion) or in quasifission [16,35-39,42,43,45,47,78,79]. Fun-
damentally this is a result of the initial shape at capture ranging
from elongated to compact, depending on whether the lighter
nucleus makes contact with the tip or equator of the prolate
deformed actinide nuclei. This has been described in more
detail in Sec. IC2, and in the above references.

The current work explores quantitatively the competition
between fusion and quasifission in sub-barrier reactions with
actinide target nuclei. It has been argued [16] that in order to
form a compact compound nucleus (i.e., to fuse), the system
has to survive two faster competing quasifission processes. In
the current work, their distinct characteristics, which suggest
bifurcations in trajectories and associated reaction times, are
investigated systematically to extract probabilities of each
process.

In order of reaction time, the first of these processes is the
mass-asymmetric quasifission whose peaked angular distribu-
tions demonstrate directly its fast time scale. This we call here
fast quasifission (FQF). As has been shown, this is strongly
correlated with deformation alignment. Model comparisons
with experimental MAD show that this occurs on time scales of
afew zeptoseconds [39,42], and resulting in a very asymmetric
mass split. It appears that the mechanism responsible for these
characteristics is related to shell structure in the potential
energy surface of the elongated system before scission, perhaps
associated with a doubly magic *®Pb fragment. However, not
all characteristics are consistent with this, and there may also
be a dynamical aspect to this process.

The second process, corresponding to quasifission with
a mass distribution peaked near mass symmetry, we call
slow quasifission (SQF). In the measurements presented here
the SQF mass distribution is quite distinct from the mass-
asymmetric FQF distribution, since the former is peaked at
mass symmetry. Several characteristics of the SQF events are
not consistent with expectations for fusion fission, as detailed
below.

For the measurements presented here, the clearest charac-
teristics are (i) the mass widths, which are larger than expected
for fusion fission, and (ii) the angular distributions, which are
more anisotropic (closer to 1/sinf). Because the compound
nuclei formed are fissile, rather isotropic fusion-fission angular
distributions in do/dS2 are expected within the saddle-point
TSM picture. This comes about because of the compact nuclear
shape at the saddle point, resulting in rather little energy
being required to tilt the fission axis from the normal to the
angular momentum vector, leading to a wide distribution of K.
This results in rather isotropic calculated angular distributions.
A narrowing of the K distribution during the descent from
saddle to scission is expected [80], but this would not be
sufficient to explain the experimental energy dependence.
Further quantitative experimental and theoretical investigation
is required.

A third clear characteristic of quasifission is a correlation
of the distribution of mass split with angle, signaling that some
component of the quasifission time distribution is shorter than
the time for half a rotation of the composite system. However,
thisis not anecessary condition for the presence of quasifission,
if its time scale is sufficiently long. There is evidence of
mass-angle correlations in the present data, but higher statistics

and a wider angular range would be valuable to quantify
this.

A fourth characteristic has been proposed which may dis-
tinguish slow quasifission from (some) fusion-fission modes,
namely the total kinetic energy. Here again more detailed
experimental studies will be important, ideally correlating the
TKE, angle and mass distributions to try to obtain a consistent
picture from all these observables.

A proposal [81] was made to explain unexpectedly large
fission anisotropies through the assumption that fusion fission
can occur equilibrated in all degrees of freedom except K.
This picture took the view (extrapolating from a model for
deep-inelastic reactions) that the K-equilibration time can be
slower than the fusion-fission time scale, therefore resulting in
large anisotropies without needing to propose a fission process
faster than fusion fission. However, it was later argued [57]
that K-equilibration times for compact compound nucleus
shapes should be very fast, throwing doubt on the basis for
this proposal except where the fission barrier is lower than the
nuclear temperature [57].

In the present reactions, measured at near-barrier energies,
the fission barrier height is larger than the temperature. Further-
more, the mass widths and mass-angle correlations indicate
that the slow quasifission must be faster than fusion fission.
Being faster, slow quasifission must suppress the fusion yield
[67], just like fast quasifission. Some insights into the nature of
SQF can be taken from Langevin transport model calculations.
Here fission occurs from systems that have never reached the
equilibrium pocket, but have passed inside the saddle point.
This has been called “deep quasifission” [82]. For consistency,
we will use the terms fast quasifission and slow quasifission to
distinguish processes that differ in their empirical (observed)
characteristics, in particular the time scale measured by the
mass-angle correlation and/or inferred from the amount of
mass equilibration.

The preliminary nature of the extracted dependence of the
slow quasifission probability on the projectile charge makes it
premature to discuss in detail the reasons for the dependence
thatis observed. However, it is likely that the Businaro-Gallone
mass asymmetry, which has been discussed extensively in the
literature (e.g., Refs. [48,67], and references therein), is playing
asignificant role. The relationship of the entrance channel mass
asymmetry and the Businaro-Gallone asymmetry determines
whether mass tends to flow from the projectilelike nucleus,
resulting in its absorption (fusion), or flows to the projectilelike
nucleus. This will be the subject of a future paper.

Here we concentrate on the effects of both fast and slow
quasifission in determining Pcy in sub-barrier reactions with
prolate deformed actinide target nuclei. With the understanding
that these quasifission processes are sequential, rather than
simultaneous, Pcy can be written as the product of the
probability of surviving each process, in terms of the empirical
probabilities Pror and Fsqr determined from experiment:

Pen = (1 — Ppop)(1 — Fsqr). 4)

For reactions with projectiles heavier than Z = 16, the current
results indicate that both these probabilities are small. Thus the
probability of forming superheavy elements at below barrier
energies does not appear to be favorable. However, the smaller
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values of Pcn at sub-barrier energies could be offset by
a much higher value of compound nucleus fission survival
probability. It is necessary to try to determine how each of
these quasifission probabilities changes with entrance channel
conditions (particularly charge product), both experimentally
(in particular through measurements for projectiles with higher
Zp) and with the help of theoretical calculations that are able
to describe the current and new observations.

With further work, it may be possible to tie together more
extensive future measurements of quasifission and evaporation
residue cross sections to develop the ultimate goal of a detailed

and quantitative predictive capacity for all superheavy element
formation reactions.
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