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ARTICLE INFO ABSTRACT
Keywords: Fusion forming superheavy elements is strongly inhibited by the faster non-equilibrium Deep
Superheavy elements Inelastic (DIC) and quasifission processes. These have often been considered as distinct processes,

Quasifission mass distributions
Sequential fission
Shell effects

but recent measurements for reactions involving heavy nuclei such as 2 Pb and lighter suggest that
these two processes form a continuum. However, for reactions of heavy ions with actinide nuclei,
binary mass-split spectra show reduced yields for fragments lighter than the target, resulting in
a peak in yield close to 2*®Pb. This gives an apparent separation between DIC and quasifission
outcomes. The 2%Pb peak has generally been attributed to the 28Pb closed shells giving a valley in
the potential energy surface, attracting quasifission trajectories. However, recent extensive binary
and three-body cross-sections extracted for reactions of *°Ti with actinide nuclides could not be
explained in this framework. Rather, the big drop in yield observed for the heavier actinide targets
is consistent with sequential fission of heavy deep inelastic/quasifission fragments.

To search for shell effects in quasifission independent of sequential fission, systematics of mass
spectra in non-actinide reactions forming actinide compound nuclei were studied. These showed
negligible effects of the shells known to cause low energy mass-asymmetric fission of these nuclei.
All these results raise questions over the understanding of the effects of closed shells on the
quasifission mechanism, and quasifission mass distributions.

1. Introduction

Super-Heavy Elements (SHE) are synthesised by nuclear fusion reactions. To achieve fusion, the two nuclei must first be brought
into contact, so that nuclear interactions are initiated. Subsequently, following dissipation of kinetic energy, the nuclear surfaces
“stick” together, and the shape of the combined system must then evolve from the elongated configuration at contact to the compact
superheavy compound nucleus (CN), that is only stabilised by local shell effects. This probability Py is small [1-6] because the
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Fig. 1. 3-D perspective rendering (left) and plan view (right) of the CUBE detector setup used for the measurements. The active area of a detector is 1000 cm?.
Examples of pairs of (two-body) fission fragment trajectories are shown by yellow and pink pairs of arrows. (Produced by T. Tunningley, ANU.) (For interpretation of
the colours in the figure(s), the reader is referred to the web version of this article.)

total potential after contact is generally repulsive [7]. This favours two faster (1072 t0 10729 5) [8-17] non-equilibrium processes.
Deep inelastic scattering is fastest, during which energy damping occurs [18], but masses remain close to those of the projectile
and target. Quasifission [19,20,8,5,21] has longer sticking times, and shows essentially fully-damped kinetic energies, with masses
evolving towards the energetically-favoured symmetric mass-splits. Much effort has been directed [21] to understanding the factors
that affect the trajectories over the potential energy surface, since these in turn determine P .

A key characteristic of quasifission seen in many reactions with actinide nuclides (used to synthesise all the heaviest elements) is
a peak in the binary quasifission yield [1,12,22-27] near 2%8Pb — a nucleus having enhanced binding since its 82 protons and 126
neutrons fill spherical quantum shells. These experimental observations, in conjunction with model calculations, led to the view that
the 208pb valley in the potential energy surface is responsible for the peak, attracting or intercepting [7,12,22,28,26] trajectories
over the PES that might otherwise result in formation of a compact superheavy nucleus. Two outcomes of this picture should result:
enhancement of the quasifission yield near 2%®Pb, and reduction of Py .

This interpretation of the origin of the 28Pb peak conflicts with an early work [29] suggesting that sequential fission could be
an important factor. Sequential fission, a well-established process [30,31,29,32-34], occurs when a fissile heavy nucleus produced in
an initial (primary) reaction (e.g. a transfer reaction) subsequently decays by fission. This results in a three-body rather than binary
outcome. However, slightly later experimental results [20], also for reactions with 233U, claimed sequential fission has a negligible
effect. Subsequently, sequential fission had not been considered as an explanation of the 208Pb peak [7,12,22,28,26]. However, the
effect of sequential fission on total capture cross-sections was recently discussed [35,36].

As described in Ref. [37], an experimental study was recently carried out to address these conflicting assumptions and interpreta-
tions of the effect of shells in quasifission, for reactions of *Ti with actinide nuclides from 232Th to 2*°Cf. The aim was to determine
— from absolute cross-sections — whether the low yields of binary quasifission fragments heavier than 2% Pb result mainly (a) from
trajectories being attracted to the 28 Pb valley, or (b) from the sequential fission of heavier fragments that are produced in the primary
reaction process. The latter would result in a three-body outcome, leading to suppression of products heavier than 2°®Pb in measured
binary quasifission mass spectra. These scenarios should be distinguishable, because sequential fission would result in reduced total
binary quasifission cross sections.

2. Experiment

Experiments were carried out at the ANU Heavy Ion Accelerator Facility, using pulsed beams [38,39] of Y°Ti bombarding targets
of 232Th, 238U, 2#py, 248Cm and 2*°Cf at beam energies from 0.98 to 1.15 of calculated [40] capture barrier energies V. Targets
comprised 30-160 pg/cm? of the actinide material, deposited on 115-280 pg/cm? Al or Al/Ti [15] backing foils. Pairs of fission
fragments, identified both by their individual and correlated velocities, were detected in coincidence using the CUBE detector sys-
tem [41,42,11,15] (see Fig. 1). The large position-sensitive MWPCs gave scattering angle coverage of 10° < 6 < 80° on one side of
the beam axis, and 55° < 6 < 169° on the other. Beam monitor detectors were located at + 22.5° for cross-section normalization.

Fission fragments pairs can arise (a) from two-body final states (quasifission and fusion-fission), or (b) from three-body final
states consisting of a projectile-like nucleus and two fission fragments following sequential fission of a target-like nucleus [36]. These
are sketched in Fig. 2(a), and can be separated using the co-linearity of the two-body fragments in the centre-of-mass frame of the
collision [36,41,11,43]. In practice, binary events were selected within the blue-white dashed elliptical gate at the centre of Fig. 2(b).

3. Experimental results

A binary quasifission mass-angle distribution (MAD) is shown in Fig. 2(c). The MAD represents the two-body double differential
cross-section d?c,p/d Md#, , as a function of My and 6, , .

The MAD shows scattering events centred on the projectile-target mass-ratio, indicated by the long dashed lines. Binary quasifission
yields are peaked close to 2%8Pb (dotted lines), with the projectile-like mass distribution extending to or beyond [16] mass-symmetry.
Quasifission events are peaked in angle, indicating a short sticking time of ~5 zs, a typical value for all these and similar [44,45,11,
46,15] reactions. There is a strong reduction in quasifission yield as My values approach the projectile/target masses, most visible
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Fig. 2. (a) Two-body (2B) fission and quasifission (QF), and three-body (3B) sequential-fission (Seq. F) mechanisms, characteristic times, with identification of
experimental and conceptual (perepheral and capture) cross-sections o. (b) Fission source velocity distribution [41,11,43,36] for all angles, for the *Ti+2*8Cm
reaction at E_,, = 231.4 MeV, 1.049 times the calculated [40] capture barrier energy V. The central dashed ellipse selects binary events. The large dashed circle is
the boundary for sequential fission when the projectile-like ejectile has the beam momentum. (c¢) Measured mass ratio vs. angle distribution (MAD) for binary events.
Vertical long-dashed lines show the entrance-channel mass-ratio, dotted lines show a 2®Pb quasifission fragment. The arrow at M =0.79 indicates the region of
missing events, attributed to sequential fission. Mass-spectra in Fig. 5 are for 25° <0, ,, < 60° (blue rectangle). Adapted from Ref. [37].
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Fig. 3. Cross-sections of two-body (a), estimated three-body (b), and summed two- and three-body fission (c) compared with capture calculations (grey band). The
extrapolated primary quasifission cross-sections (see text) is compared in (d).

at angles where the heavy target-like scattering recoils are weakest, as indicated at the bottom of Fig. 2(c) by the black arrow. Mass
projections for the angular range 25° < 6,,, < 60° (blue rectangle) are presented in Fig. 4, and will be discussed in Sect. 3.3. For
0. .. >90°, large scattering yields mask this mass range. Since the angular distributions for other quasifission masses are essentially
mass-independent, it seems reasonable that this feature is present for 4, ,, > 90°.

3.1. Two-body cross sections

Total binary (2-body) quasifission cross-sections o, ; were obtained by integrating the measured quasifission angular distributions
[extracted from the MADs such as shown in Fig. 2(c)]. Extrapolation to 0° and 180° was achieved by fitting with an empirical model
of quasifission angular distributions [36]. Due to the wide experimental angular coverage, this extrapolation only added a small
contribution.

In Fig. 3(a) the o, for each reaction are shown as a function of E/Vp, where V was calculated from Ref. [40]. The calculated
capture cross-sections for reactions with each target are very similar at the same E/V (each being within the grey band), but the
experimental o, are different for each reaction. They fall significantly with increasing target Z, matching calculations only after
scaling the calculations (dashed curves) by factors decreasing from 0.68 for 232Th to 0.41 for 24°Cf.

This reduction with increasing target Z is inconsistent with trajectories being attracted to the 2°3Pb valley. That mechanism
should change the mass spectra, but not o, 5. However, it might be consistent with an increasing fraction with increasing target Z of
the primary binary quasifission yield undergoing sequential fission. These events are rejected by the binary event condition in the
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Fig. 4. The upper panels show the heavy-mass part of the two-body MADs for the indicated reactions. The c.m. energies are shown in the lower panels, along with
the values of E/V (in brackets), which are all close to 1.05. Mass spectra for the angular range 25° < 6,,, < 60° (boundaries shown by the blue horizontal lines)
— where scattering events are not too intense to obscure the quasifission — are shown in the panels below. There is an increasing gap between scattering events and
quasifission for fragment masses above 2% Pb (dotted lines) as the target mass increases. The dotted lines (highlighted by green arrowheads) indicate mass 208.

analysis. This increase is physically reasonable because the fraction of fissile actinide quasifission fragments produced in the primary
quasifission process should be larger for higher-Z targets [37].

3.2. Three-body cross sections

This interpretation is supported by the estimation of sequential fission yields from the fission coincidence data. Fig. 2(b) shows
that the two-body and three-body fission events are clearly separated using the deduced fission source velocity components. However,
to estimate the three-body cross-sections, difficulty arises because the correlation angles of sequential fission fragments can be widely
spread as a result of the high momentum of the associated beam-like ejectile [36]. The CUBE detector angular coverage in these mea-
surements is large enough to allow this to be overcome without total reliance on a simulation of coincidence efficiency. By selecting
a specific limited range in lab. frame scattering and azimuthal angles of one sequential fission fragment, it was demonstrated [36]
that the second fragment was detected with full geometrical efficiency in the other detector for scattering angles corresponding to
mean centre-of-mass angles 6, ,, ~ 105°. Around this angle, pairs of fission fragments from both binary and three-body events were
detected with full efficiency. Following the procedure described in Ref. [37], total three-body cross-sections o35 were extracted.

These o5, are shown in Fig. 3(b). At E/V ~ 1 they are similar for all but >°Ti + 232Th. This similarity is consistent with mainly
non-capture origins at such energies, specifically sequential fission following nucleon and multi-nucleon transfer (MNT). The lower
values for 232Th may well be a result of the higher fission barriers for MNT products lighter than Th. At higher E/V , o3 increases
with increasing target Z such that for the >*3Cm and 2*°Cf reactions, 655 > 0,5. This observation is consistent with the suggestion
that sequential fission is responsible for the observed reduction in ¢, with increasing target Z.

The sum of 6,5 and o35 is compared with o.,, in Fig. 3(c). Each reaction (except for the least-fissile target nuclide 232Th)
shows very similar cross sections over the whole energy range, indicating that the reduction in o, with increasing target Z is
indeed associated with increasing sequential fission. Experimental 0,5 + o35 values are close to o, at higher energies, but larger
at near-barrier energies. The latter might be expected, since non-capture events will contribute increasingly to o35 when E/Vp
decreases [47,48].

The measured 0,5 and o35 indicate there is a large cross-section of sequential fission following capture, increasing with target
Z. This is consistent with a scenario where heavy (actinide) nuclei produced in primary very mass-asymmetric quasifission events
subsequently undergo sequential fission, resulting in three-body events. This process is illustrated schematically in Fig. 2(a). The
measurements show that this fraction increases with increasing target Z (and thus fissility), as would be expected.

3.3. Estimating primary quasifission cross sections

In contrast to the actinide reactions, our measurement for the >3Fe+ 208Pb reaction (left panel of Fig. 4) shows a continuously rising
binary reaction yield up to the target mass. This reaction has a similar charge product, implying similar quasifission dynamics [11].
In this reaction sequential fission is very unlikely at near-barrier energies because of the high fission barriers around 2°8Pb. Thus
this result can be used as a guide to the primary quasifission mass distribution for the reactions of °Ti with the actinide targets.
Assuming a linear dependence up to the target mass (red lines fitted to the mass range A = 170 to 200) provides an estimated total
primary quasifission cross-section. The “missing” cross-section above the blue experimental data points is attributed to sequential
fission, resulting in three-body events, and is shown by red hatching. This includes the region close to the target mass where two-
body quasifission events are obscured by the large quasielastic yield. Summing the red-hatched region with the experimental binary

quasifission yield (shaded blue) allows an estimate of the primary quasifission cross section c,,,;,,,.,. These cross-sections are shown
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Fig. 5. Mass-angle distributions (MADs) from representative reactions with the lighter targets, and for all targets heavier than !"Hf that were measured. Fission and
quasifission lie between the intense quasielastic bands occurring at the mass-ratios M, ~ 0.2 and 0.8. The MADs indicate a transition from dominantly fusion-fission
for '3*Sm to dominantly quasifission for '3 W and heavier targets. The MAD for “Ti+ '%*Dy suggests the presence of both components with similar yields. The values
of E/Vy are given in brackets (see text). The mass-ratio My values corresponding to a heavy fragment with Z=54 are indicated by the vertical dot-dashed lines. No
clear evidence for enhancements in yield around Z =54 is seen in the MADs.
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Fig. 6. Adapted from Ref [49]. Mass-ratio My spectra averaged over the lowest two or three beam energies for the heavier target measurements. The resulting average
excitation energies above the ground-states <E, > and E/V ; (brackets) are indicated. The compound nucleus is indicated for each reaction. Gaussian fits are indicated
by blue curves (total). Narrow (blue dotted) and wide (dashed magenta) Gaussians were required for 22U (panel (a)), where fusion-fission and quasifission both
contribute significantly. The vertical arrows show the My values corresponding to the indicated proton numbers believed to affect fusion-fission (see text). In (d) to
(f), mass spectra for low energy fission [50-52] of neighbouring nuclides (identified in blue text) are also plotted, showing the dominant role of shells around Z =54
for these nuclei. For the quasifission reactions, one or more data points for M values slightly above Z =54 lie just above the Gaussian fits. If this results from shells,
their effect is clearly small at the excitation energies of these measurements.

in Fig. 3(d). There is strong consistency between these cross-sections for each target, and reasonable agreement with the calculated
capture cross-sections (grey shaded band).

The consistency for the different reactions demonstrates that the drop in the measured binary quasifission yield between the 2°8Pb
peak and the target mass is the reason for the reduction in o, as the target Z increases (Fig. 3(a)). Furthermore, the o5p results
show that these missing experimental cross-sections (corresponding to fissile actinide primary quasifission fragments) appear in the
experimental three-body sequential fission cross-sections. All results are thus consistent with the importance of sequential fission in
these reactions.

4. Shell effects in non-actinide quasifission
In another approach to investigate the role of shell effects in quasifission, Ref. [49] showed the results of measurements of

quasifission mass spectra for reactions with nuclei lighter than 2°8Pb, forming compound systems from Pb to No (Z=102). For these
reactions there should be negligible sequential fission, because the fission barriers of heavy target-like reaction products are high. The
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aim was to search for features correlated with the shells known to result in the well-established mass-asymmetric fission commonly
seen in low energy fission of actinide nuclides.

Systematic measurements were made at energies near and below the capture barrier (beam energies where quasifission is most
prominent [21]) of mass-angle distributions for fission following collisions of “8Ti projectiles with even-even nuclides from '>*Sm to
200Hg. Excitation energies above the ground-states ranged from ~53 to 33 MeV respectively.

To demonstrate the presence of quasifission, selected Mass-Angle Distributions are shown in Fig. 5 (for details see Ref. [49]. The
high intensity bands near mass-ratios 0.2 and 0.8 are scattering events with small or no mass exchange. The fission-like events are
distributed around mass-ratio 0.5. With increasing compound nucleus atomic number Z, a rapid transition occurs from fission
having no mass-angle correlation, characteristics of fusion-fission or slow qauasifission (for ¥*Ti + 13*Sm), to predominantly fast
quasifission for “8Ti + 3¢ W, and all the heavier targets. This is evidenced by the increasing correlation of the fission My distributions
with angle: the angled dotted lines highlight the trend of increasing mass-angle correlation for larger Z. . The four heaviest reactions
form 234Cm, 240Cf, 24Fm and 2*3No, where fission from low excitation energies is expected to be mass-asymmetric, associated with
proton shells near Z=54 [53]. The vertical dot-dashed lines and green arrows indicate this charge-ratio, but no strong correlation of
yield here can be seen. In fact peak (angle integrated) quasifission yields are at mass-symmetry for all these reactions, as demonstrated
below.

A more detailed analysis was carried out to investigate the possible presence of enhanced quasifission yield at the mass-ratios
expected from low energy actinide fission. The location of shell structure in My should not change with angle or beam energy.
Therefore mass-ratio spectra with the highest statistics available were obtained by integrating over angle from 40° to 140°, and over
the lowest three beam energies. These are shown in Fig. 6 for the indicated reactions. In each panel the mean E, and the mean E/Vy
(brackets) are shown.

The lighter C.N. required a two-Gaussian fit, corresponding to fast quasifission (wide) and fusion-fission (narrow). The heavier
systems were well-described by a single wide Gaussian (blue curves). Shell effects should result in local deviations from these smooth
fits. The location of shells believed to influence fission of nuclei around and lighter than Pb [54-56] is indicated at Z~36 and 44, as
well as Z~54, known to drive low energy actinide fission.

The heavy nuclei created following capture in these reactions are significantly more neutron-deficient than those generally asso-
ciated with the Standard I and Standard II modes. To investigate experimentally whether this is important, measured mass spectra
converted to My (black squares) for low-energy fission of the heaviest elements studied, neutron-deficient 242¢f [50], 246Fm [51]
and 2>*No [52] are shown in Fig. 6(d) to (f). They show similar mass-asymmetric fission to other actinides. The highest yield in each
experimental spectrum can be converted to the proton number of the heavy fragment using the UCD assumption, giving an average
of Z="56. Thus if quasifission follows the same shell valley(s) in the PES, the shell structure in quasifission might be expected at My
values consistent with Z =56, slightly above the indicated values for Z=54.

Close inspection of the My spectra in Fig. 6 shows that typically one or two points in each spectrum lie consistently above the
smooth fits at My values slightly higher than the positions of the arrows indicating Z=54. This deviation corresponds typically to
slightly more than one standard deviation, or around 3%. In any one spectrum, this could simply be by chance. However, consistent
deviations, not at a fixed My but at a variable My correlated with expectations for shell effects, would suggest that shells in the
heavy fragment might be having a small influence on quasifission mass distributions. However this influence is small, at the limit of
sensitivity of the experiment.

In summary, very small (>3%) systematic deviations from smooth behaviour are seen in the quasifission mass spectra at the
positions of the known shells. This small influence seems likely to result from attenuation of shell effects due to excitation energy.
This is supported by calculations [49] with the semi-empirical GEF model [57], which predict shell effects are negligible at E,, =
30 MeV. These exitation energies are similar to those populated in the *°Ti + actinide reactions discussed earlier, giving reason to
expect significant attenuation in those (superheavy element synthesis) reactions also.

5. Conclusions

All the measurements presented for >°Ti + actinide reactions give reason to believe that the observed peak in binary quasifission
yields around 2%8Pb results largely from the sequential fission of heavier (actinide) fragments produced in the primary quasifission
process, resulting in three-body outcomes. In previous measurements of quasifission in SHE synthesis reactions (e.g. Refs. [20,8,58,
23,24,12,1,6]) these events were eliminated by limitations of detector geometrical coverage, and two-body event selection.

Thus the Pb peak seen in binary quasifission mass-spectra cannot presently be taken as giving quantitative evidence for the
influence of Pb closed shells on quasifission dynamics. To determine the true effect of the Pb shells on the primary quasifission mass
spectrum, analysis of all three fragments is clearly desirable, and is currently in progress.

The fall in measured binary quasifission yields above the 208pp peak [20,23,25,1,15,6] for actinide reactions provides separation
from deep inelastic reaction products. This separation will be further enhanced by the likelihood of sequential fission following energy
dissipation associated with multi-nucleon transfer and (with higher probability) following DIC. The resulting separation seen in binary
reaction products initially suggested distinct mechanisms for DIC and quasifission. However, measurements published recently where
sequential fission is absent because of the lighter target masses [59,5,16] found a continuous distribution of masses and total kinetic
energies from deep inelastic products to quasifission. These new results suggest that this is likely true in reactions with actinide
nuclides as well.

Another consequence of sequential fission is to make experimental determination of the interaction or capture barrier energies
involving fissile actinide nuclides problematic, in the absence of experimental cross-sections for primary quasifission. Using measure-
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ments of quasielastic scattering excitation functions [60] eliminates sensitivity to sequential fission of the heavy fragment, but only
if the light nucleus is detected in singles. If the heavy nucleus is detected, effects of sequential fission should be considered.

This body of work has shown that understanding and accounting for the effects of sequential fission is very important to allow
correct interpretation of superheavy element synthesis reaction measurements. Clarification of mass and energy flows in actinide-
based superheavy element synthesis reactions will allow better tests of models, leading to more accurate predictions of optimal
reactions for the production of new superheavy elements and isotopes.
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