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Evidence for quasifission in the sub-barrier reaction of 3Si 4+ 238U
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Fragment mass distributions for fission after full momentum transfer were measured for the 3°Si+2¥U
reaction at bombarding energies around the Coulomb barrier. At energies above the Bass barrier, the mass
distributions were Gaussian with mass symmetry. An asymmetric fission channel with mass Ap /Ay =~ 90/178
emerged at the sub-barrier energies, where competition between fusion and quasifission was suggested from the
evaporation residue (ER) cross section produced in the fusion 3°Si+ 23¥U. We thus conclude the asymmetric
channel is attributed to quasifission. It was supported by a model calculation using the Langevin equation to
give the fragment mass distribution, where fusion-fission and quasifission were separated. The observed mass
asymmetry for quasifission as well as the calculation is significantly smaller than those observed in actinide
targets bombarded with heavier projectiles, which suggests that the system **Si + 233U approaches the shape of

the compound nucleus before disintegrating as quasifission.
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I. INTRODUCTION

Experimental challenges to produce superheavy nuclei
(SHN) have been carried out by using heavy ion fusion
reactions [1-3]. Development of a theoretical model to predict
cross sections for nuclei located at the extreme end of heavy
elements is important for the proper selection of target and
projectile as well as the bombarding energy. The reaction is
considered to proceed in three steps: (1) penetration of the
Coulomb barrier between two colliding nuclei, (2) formation
of a compound nucleus after the system is captured inside
the Coulomb barrier, and (3) survival of the exited compound
nucleus against fission (fusion-fission) to produce evaporation
residue (ER).

The first step, penetrating the Coulomb barrier, is relatively
well understood. The enhancement of the capture cross section
(0cap) relative to the one-dimensional barrier penetration model
was observed at the sub-barrier energy, which is explained by
the distribution of the Coulomb barrier, as a result of coupling
the incident flux to the collective states in the interacting nuclei.
Deformation of the target and projectile is another reason
for enhancing the capture cross sections. The second process,
forming a compound nucleus (fusion probability), is not well
understood. The theoretical model must treat the dynamic
evolution of a system from the initial touching configuration up
to the so-called compound nucleus state. In a reaction using a
heavy target and projectile, which is the case for the production
of the heaviest element, quasifission competes against fusion.
Once the fusion cross section is calculated, it is multiplied
by the survival probability, which can be determined by a
statistical model, to calculate the cross section of SHN.

Measurement of the ER cross sections gives information on
the fusion probability. However, because of the low production
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rate for SHN, available data with high statistical accuracy are
limited. When a model can treat fusion-fission and quasifission
in a consistent framework, such as the unified theory [4], the
measurement of fission properties can be another benchmark
for testing the model, as fusion-fission and quasifission would
have different decay properties.

Attempts to measure the fission properties in the heavy-ion
collisions have been done for reactions leading to SHN
[5-7] and also for reactions leading to lighter isotopes [8,9].
These measurements show that quasifission has the feature
of asymmetric mass division. For the system “8Ca -+ '*8Er
leading to the lighter compound nucleus 2'°Ra*, a pronounced
suppression in the cross sections of ER was observed [10],
which indicated the occurrence of quasifission. The mass
distribution in this reaction [9] showed an asymmetric fission
channel, whereas the more asymmetric reaction 12¢ 4 204py
leading to the same compound nucleus shows no asymmetric
fission channel.

A strong variation in the mass distribution with energy
was observed in the 3°S 423U [11] reaction. A symmetric
mass distribution was observed in the higher energy region,
where the projectile can collide on the equatorial side of
the deformed nucleus 23U with a prolate shape. In the
sub-barrier energy, the distribution became asymmetric with
peaks at Ay /Ay ~ 74/200. An increase in asymmetric fission
probability with decreasing energy was interpreted as the
enhanced quasifission probability, which was caused when
the projectile collides on the polar sides of 233 U.

In this article, we report on the measurement of fission
fragment mass distributions for *°Si 4 23%U. In this reaction,
the isotopes, 2%3Sg and 2%*Sg, were produced at above-
barrier and sub-barrier energies, respectively, in the fusion-
evaporation reaction [12]. From the cross section of 2%3Sg
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and the comparison with the statistical model calculation,
no significant suppression for fusion was implied at the
above-barrier energy, whereas the lower cross section for 2%4Sg
than the calculation suggested the appearance of quasifission
at the sub-barrier energy. We expect to observe an asymmetric
fission channel only at the sub-barrier energy. In this case
a consistent picture on the appearance of quasifission and
the drop of the ER cross section would be obtained in the
SHN system for the first time. We will also discuss the mass
asymmetry in the quasifission channel with those obtained for
reactions using heavier projectiles and actinide targets.

II. EXPERIMENTAL DETAILS

The experiment was carried out using the °Si beams
supplied from the JAEA tandem accelerator. The experimental
setup and the analysis method are the same as described in
Ref. [11]. Beam energies were changed around the Coulomb
barrier energy to measure the energy dependence of fragment
mass distributions as well as fission cross sections. Typical
beam intensities were about 0.5—1.0 particle-nA. The 33U
target was prepared by an electrodeposition of natural UO,
on Ni substrate 90 pg/cm? thick. The thickness of the 233U
was 80 pg/cm?.

Both fission fragments (FFs) were detected in coincidence
using position-sensitive multiwire proportional counters (MW-
PCs). The MWPCs have an active area of 200 mm horizontal
by 120 mm vertical. The detectors were located on both sides
of the target with a distance of 211 mm at angles of —61.0°
for MWPCI1 and +90.0° for MWPC2 with respect to the beam
direction (see Fig. 1). Each MWPC covers the emission angles
+25.0° around the detector center. The detectors were operated
with isobutane gas at a pressure of 3 Torr.

The time difference, AT, between the signals from two
MWPCs was recorded. The time resolution of AT was o =
0.83 ns (FWHM = 1.9 ns). The signals from both MWPCs
contain information on the energy deposition, AE| and AE),,
of particles passing through the detectors. From the fragment
incident position on the MWPC, the emission angle for
each fragment was determined. In the analysis, we separated
fission events where the momentum of the projectile was fully
transferred to the composite system [full momentum transfer
(FMT)] by constructing the folding angle 6;,q¢ = 0; + 6> and
the sum of out-of-plane angles ¢qm = ¢1 + ¢» (see Fig. 1),
from the fission fragments from nuclei around >*®U produced
by nucleon transfer reactions (see the following).

FF2

FIG. 1. Definition of the angles for fission fragment directions.
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FIG. 2. (Color online) Distribution for folding angle of fission
fragments produced in the 3°Si +2**U reaction. The beam energy in
the laboratory frame at the middle of the target is indicated.

III. EXPERIMENTAL RESULTS AND DISCUSSIONS

In the analysis, we constructed a two-dimensional spectrum
of (AT, AE| + AE;) as in Ref. [11] to separate the two
coinciding fission events from the elastic-recoil events. From
the fission events, we draw spectra for the folding angle 6jq
as shown in Fig. 2.

The FMT fissions are located around 6O q = 146° at
the highest reaction energy Ej,, =190.3 MeV and around
Orola = 150° at the lowest energy 140.8 MeV. Fission following
nucleon transfer has the larger folding angle than the FMT
fission in the high-energy region above Ej,, = 179.0 MeV, as
seen in the tail of the spectrum larger than 6;,;g = 160°. Below
the energy of Ejp = 173.4 MeV, nucleon transfer fission is
observed with a smaller folding angle than the FMT fission.
These trends are explained by the angular dependence of the
transfer reactions. Transfer reactions preferentially occur at
the grazing angles (Ograzing). The grazing angles are 83.4° at
Ep = 190.3 MeV and 141.1° at 162.2 MeV. For the former
energy, the targetlike nuclei produced by transfer reaction will
have smaller recoil energy in the beam direction than for FMT
fission, resulting in a larger 6gyq value. For the latter energy,
nucleon transfer fission has a smaller 6,4 value because of
the larger recoil velocity. The FMT fission fragments were
separated from the nuclear transfer fission on the (614, Psum)
plane. In the higher energy region, the transfer fission events
overlaps with the FMT fission and are not completely rejected.
The yield for transfer-fission events entering in the analysis,
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FIG. 3. (Color online) (a) Cross sections for the full momentum
transfer (FMT) fission of the reactions *°Si+23U. The curves are
the results of the calculations. The Coulomb barriers for polar
and equatorial collisions are indicated. (b) Evaporation residue
cross sections [12]. The curves are the results of statistical model
calculation.

however, is less than 9%. At the sub-barrier energy region, the
contamination is negligible.

The cross sections for the FMT fissions (o) of 2°Si + 238U
are shown in Fig. 3(a) as a function of the center-of-mass
energy E.n. The cross section was obtained by fitting the
fragment angular distribution in the center-of-mass angle of
85° < B, < 125° to a function described in Ref. [13] and
integrating it over the solid angle. Because the angular range
covered in the present experiment was limited, o5 values con-
tain an error arising from the uncertainties in dofss /d 2(0c 1) at
forward and backward angles. We estimated a 28 % uncertainty
in o5 in addition to the statistical uncertainty. The cross
sections are almost equal to the capture cross sections (0cap).

The fission cross sections measured in Ref. [12] give larger
values than the present result when they are compared at the
lowest energy E. ., = 125 MeV. Our old data were determined
by detecting a single fission fragment and thus we could not
subtract fragments produced by nucleon transfer. As seen in
Fig. 2, the yield for nucleon transfer fission relative to FMT
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fission increases toward the low incident energy, so that the
difference in the fission cross section between the coincidence
and the single measurement increases at the deep sub-barrier
energy.

In the inverse-kinematic experiment using 2*U beams and
several target nuclei, the property of fission fragments were
measured around the Coulomb barrier [5]. However, spectra
for FMT fission and nucleon transfer fission were not reported.

To see the effects of nuclear properties on the capture
cross sections, we show in Fig. 3 the calculation using the
coupled-channels code, CCDEGEN [14], with several assump-
tions. The dotted curve is the result without considering any
collective properties or deformation of the target and projectile
(one-dimensional barrier penetration model). The calculation
reproduces the data above the Coulomb barrier 139.7 MeV, but
it decreases sharply below the barrier and cannot reproduce the
data. The dashed curve is the result that takes into account the
prolate deformation of 233U with (8, B4) = (0.275,0.050) [15].
The calculation reproduces within the error the experimental
data down to E.;, = 129.0 MeV. The dash-dotted curve is
the result additionally taking into account the coupling to
the 3~ state at 0.73 MeV in U (8; = 0.086 [16]). The
calculation reproduces the data at the lowest incident energy
E... = 125.0 MeV. The solid curve is obtained when the
coupling to the 27 state at 2.235 MeV (B, = 0.316 [17]) in
30Si is also considered. But the calculation overestimates the
dataat E.,,, =129.0 and 125.0 MeV. Coulomb barriers for the
polar and equatorial collisions are 126.4 MeV to 143.4 MeV,
respectively, and they are marked in the upper part of Fig. 3.
The low Coulomb barrier for polar collisions is the main
reason for the enhancement of the capture cross section at
the sub-barrier energies.

Figure 4 shows the fragment mass distributions for the FMT
fissions. The fragment masses were determined by applying
the conservation law for momentum and mass with the as-
sumption that mass of the composite system is equal to the sum
of the projectile and target masses. The mass resolution was
determined to be 0 = 2.7 u (FWHM = 6.3 u) from the elastic
scattering events. The mass distribution is scaled with the cross
section such that the total cross section integrated over the
mass gives twice the fission cross section shown in Fig. 3(a).
To draw Fig. 4, we assumed that the mass distributions do
not depend on 6., . The distributions are Gaussian with
symmetry in the energy range from E., =139.0 MeV to
169.0 MeV. Changes to the spectrum appear at the sub-barrier
energies of E.,, = 134.0 and 129.0 MeV, where the distribu-
tion has asymmetric component peaked at around Ay /Ay ~
90/178. The sharp change can be characterized by the standard
deviation of the mass distribution o, shown in Fig. 4.
The value changes from o, =28.1£1.0 u (139.0 MeV)
to 37.54+ 1.0 u (134.0 MeV). The difference in oy, is far
larger than the experimental mass resolution (o = 2.7 u).
The distribution at 129.0 MeV has a triple humped structure
because of the enhanced asymmetric fission probability.

The asymmetric fission channel emerging at the sub-barrier
energy apparently shows the different fission source. We
conclude from the following argument that the asymmetric
fission originates from quasifission. In Fig. 3(b), the measured
ER cross sections [12] in this reaction are compared with a
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FIG. 4. (Color online) Fragment mass distributions for FMT
fissions of the reaction 3°Si+2%®U (circle). The histogram shows
a model calculation for FMT fissions using the Langevin equation.
The calculated fusion-fission spectrum is shown by the filled area.
Reaction energies in E.,, and the excitation energy E* for the
compound nucleus are given. Standard deviation o,, of the measured
spectrum is shown. The error in 0, is £1 u.

statistical model calculation under the assumption that the
capture Cross section, oc,p, is equal to the fusion cross section.
We used the dash-dotted curve as the fusion cross section
in Fig. 3(a) (deformation of 233U + 3~ state in 2*8U), as it
reproduces the fission cross sections at all the energy points.
The partial cross sections at each energy o(L; E. ) were
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determined by the CCDEGEN code and was input to the
statistical model code HIVAP [18] to calculate the ER cross
section.

The cross section for 263Sg (5n) obtained at the above-
barrier energy of E.,, = 144.0 MeV agrees with the calcu-
lation within the error, which means that fusion is the main
process after the system is captured inside the Coulomb barrier.
The fragment mass distribution at this energy is Gaussian
with mass symmetry, which is typical for compound nucleus
fission. In the sub-barrier energy of E. ., = 133.0 MeV, the
cross section for 2%*Sg (4n) is a few factors smaller than
the calculations, which shows that quasifission competes
against fusion [12]. The quasifission fragment should be
included in the fragment mass distribution. From the different
structure of mass distribution between E., = 144.0 and
134.0 MeV, we conclude that the mass-asymmetric channel at
Ap /Ay ~ 90/178 originates from quasifission. The yield for
the asymmetric fission relative to that for the symmetric fission
increases at E.,, = 129.0 MeV, close to the incident energy
of 128.0 MeV at which the upper-limit cross section for ER is
given. This indicates the quasifission probability increases.

In the 3°S 423U reaction [11] we observed a transition
from symmetry to asymmetry mass distributions when the
beam energies were decreased from the above-barrier to sub-
barrier values. The phenomenon was interpreted by the effects
of nuclear orientation on fusion and/or quasifission. At the sub-
barrier energy, projectiles collide on the polar sides of the 233U
nucleus. In this case the reaction starts from the more distant
contact point with a large charge-center distance, which results
in a larger quasifission probability than the reactions starting
from the equatorial collisions. This interpretation holds for the
present observation in 3°Si 4 23%U.

The observed mass asymmetry in the quasifission for
308i 4 238U is different from those in heavier projectiles
bombarded on actinide target nuclei. The quasifission in
368 + 238U has a mass asymmetry of Ay /Ay &~ 74/200 [11].
In the reactions of *Ca+ 23U, 2*Pu, *8Cm [7], the heavy
fragment has a peak around Ay ~ 210. According to the mass
asymmetry parameter o =(Ay — AL)/(Aug + AL), quasifis-
sion channels are located at 0.42 ~ 0.46. The *°Si+2¥U
reaction has a significantly small & value of 0.33.

The potential energy landscape of 68Sg felt by the
system has the nearly similar structure to >’*Hs produced by
368 + 238U (see Fig. 4 in [11]) and has two distinct fission
valleys. One is the symmetric fission channel (o = 0), which
is created by the larger binding energy of the fragments near
the double-magic nucleus '*?Sn. The other is the asymmetric
channel, which is connected to the shells around 78Ni and
208Pb (e =0.4 ~ 0.5). The « parameter of 0.33 observed in
30Si 4+ 238U does not fit any minima of these valleys.

We made a model calculation to discuss the measured
asymmetric fission channel at « =0.33. The Langevin equa-
tion was used to calculate a dynamical evolution of the
nuclear shape from an initial contact point. The two-center
shell model was used to calculate the potential energy
of a nucleus whose shape is defined by z (charge center
distance), 6 (deformation), and « (mass asymmetry) [19].
The deformation of 2*®U and the nuclear orientation at the
initial contact was considered. The trajectories of the system
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on the potential energy were calculated with a Monte Carlo
method. Fusion is defined as the case when the trajectory
enters inside the local energy minimum corresponding to
the compound nucleus, whereas quasifission is defined as
disintegration without reaching the minimum. The calculated
mass distributions are shown in Fig. 4, where the spectrum is
normalized such that the total cross section integrated over the
mass is equal to those for the experimental mass distribution.
The calculation reproduces the global distribution, especially
the appearance of the asymmetric fission at the sub-barrier en-
ergy isreproduced. The fusion-fission spectra in the calculation
are also shown in Fig. 4 (filled histogram). It is Gaussian with
mass symmetry, and the standard deviation is almost constant
with 21 u in the energies of E., = 129.0—149.0 MeV. The
value is significantly smaller than 37~38 u determined from
the measured distributions at the sub-barrier energies of 129.0
and 134.0 MeV (see Fig. 4). Furthermore the calculated
fusion-fission does not show any asymmetric fission channels.
The calculation supports that the observed asymmetric channel
emerging at the sub-barrier energy is quasifission.

We also made the same calculation in the S+ 233U
reaction [11]. A good agreement with the measured mass
distribution was obtained, and the mass asymmetric channel at
Ar /Ay =74/200 (¢ = 0.46) was found to be quasifission [20].

In the *°Si+ 23U reaction the trajectories approach the
shape with smaller z but larger § values before disintegrating as
quasifisson than the shape reached in the 3¢S + 23U reaction.
The potential energy at this point felt by the former reaction
shows that the fission channel leading to 2°Pb/7®Ni diminishes
but a new fission channel with mass asymmetry o ~ 0.3 opens
instead. The quasifission follows this channel [20].
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From the calculation shown in Fig. 4 we determined the
fusion probability Py, by the ratio of fusion-fission events to
the total-fission events. The Py, are 0.28 (E. ., = 128.0MeV),
0.33 (133.0 MeV), and 0.41 (144.0 MeV), corresponding to
the energies where the ER measurement was carried out. These
values are larger than the fusion probabilities for the 34S + 238U
reaction [21]. The calculated ER cross sections in Fig. 3(b)
are multiplied by Py, to estimate the cross sections correctly,
and we obtained 8 (128.0 MeV), 11 (133.0 MeV), and 38 pb
(144.0 MeV). The values agree with the measured ER cross
sections.

The asymmetric fission channel was not clearly observed in
the fragment mass distributions in the '°0 + 23U reaction [22],
although the standard deviation of the distributions increases
in the sub-barrier energies. The reaction Mg + 2*3Cm also
does not show asymmetric fission channel [7]. Silicon-30 is
the lightest projectile among the measured reactions that the
quasifission channel is observed.

The mass asymmetry of quasifission would contain infor-
mation on how closely the system approaches the shape of
compound nuclei. What would be interesting is to investigate
the reaction using projectiles between magnesium and sulfur
to understand the dynamic effects in heavy-ion reactions.
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