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Background: Study of competition between compound nucleus fission and quasifission in heavy-ion-induced
reactions and its dependence on the reaction entrance channel are important for picking up the right target-
projectile combination for the synthesis of superheavy elements.

Purpose: We investigate the decrease of fusion probability in the >*Cr 4 >**Th reaction in comparison with that
in the reactions “*Ca + **Pu and “*Ti 4 28U. All reactions lead to the formation of composite systems with
Z =114

Methods: Mass-energy distributions of binary fragments formed in the reaction %Cr + 2*2Th leading to the
284F] composite system at energies of 265, 288, 302, and 320 MeV have been measured using the double-arm
time-of-flight spectrometer CORSET. To study the properties and entrance channel dependence of quasifission
in more detail, the mass and energy distributions of fragments formed in the Kr 4 *®Pt reaction, leading to the
same composite system 224Fl, have also been measured.

Results: The contribution of symmetric fragments in all fissionlike events is nearly the same for both the
reactions *®Ti 42U and 32Cr 4+ »*?Th at energies above the barrier, while it is greater for “*Ca + >**Pu. The
analysis of total kinetic energy distribution of symmetric fragments formed in the reaction >*Cr + **2Th shows
that at an energy 15% over the Bass barrier the contribution of compound nucleus fission in the capture cross
section is less than 0.4%.

Conclusions: The fusion probability drops down by about a factor of 4 at the transition from the “Ca + 2**Pu
reaction to “Ti + 23U and about a factor of 25 at the transition to 3Cr 4 >*>Th at energies above the barrier. It
agrees with the trend of fusion probability to decrease exponentially with increasing the mean fissility parameter

of the composite system.
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I. INTRODUCTION

Recently great success has been achieved in the synthesis
of new superheavy elements (SHEs) formed in complete
fusion of heavy nuclei. At present, both cold (where one of
the reaction partners is 2°Pb or 2*Bi) and hot (using **Ca
ions) fusion reactions have been used to produce SHEs. The
formation cross sections of new SHEs with Z = 112-118
obtained in the reactions with “*Ca ions are of the order of
a few picobarns [1-4], while in the cold fusion reactions the
cross sections drop rapidly with increasing element number,
and the cross section for Nh (Z = 113) is about 55 fb [5].
Further progress in synthesis of new SHEs using cold fusion
reactions is hindered due to this dramatic decrease of the
formation cross sections.

The fusion reactions of actinide targets with **Ca ions have
a number of advantages. The excitation energy of 30-40 MeV
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of the formed compound nucleus (CN) at the interaction ener-
gies near the Coulomb barrier and the neutron excess of “*Ca
allow one to obtain more neutron-rich nuclei than in the case
of the cold fusion reactions. However, since the actinide nuclei
are not stable and their half-lives decrease with increasing the
element number, the heaviest actinide nucleus that may be
used in the hot fusion reactions is 2*’Cf. Consequently, the
heaviest SHE that may be produced in reactions of “*Ca ions
with actinide nuclei is Og (Z = 118).

A possible alternative pathway is represented by the com-
plete fusion of actinide nuclei with heavier projectiles such
as Ti, Cr, Fe, or Ni leading to the formation of compound
nuclei with Z = 118-126 and N = 178-188. The excitation
energies of the CN formed in these reactions are about 30—
40 MeV at the Coulomb barrier energy, which allows one
to observe 3n and 4n evaporation residue (ER) channels
(similar to *®Ca-induced reaction) and makes these reactions
suitable for synthesis of new SHEs. However, at the transition
to heavier projectiles, an increase of the Coulomb repulsion
between the interacting nuclei gives rise to the quasifission
(QF) and deep-inelastic processes, which strongly suppress
the CN formation.
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QF is considered as a “bridge between deep-inelastic col-
lisions and complete fusion reactions” [6,7]. Nevertheless,
it is difficult to distinguish the QF and deep-inelastic colli-
sions (DICs) since both the processes are binary with full
momentum transfer, in which the composite system separates
in two main fragments without forming a CN and are char-
acterized by sufficient energy dissipation and mass transfer.
The angular distributions of DICs are focused mainly near
the angles of grazing collisions and DIC evolution time is a
few zeptoseconds, while the QF is characterized by smoother
angular distributions and its evolution time can extend up to
tens of zeptoseconds.

To estimate fusion probability Pcy (the probability that
after overcoming the Coulomb barrier the interacting nuclear
system reaches a compact CN) both experimental and theoret-
ical approaches can be applied. At present it is established that
Pcn depends strongly on the reaction entrance channel, inci-
dent energy, and angular momentum and shows the general
dependence on the fissility of the composite system. However,
it can differ by one order of magnitude at similar values of the
fissility parameter. The theoretical models, applied to describe
the whole evolution of low-energy nucleus-nucleus collisions
with strong channel coupling leading to deep-inelastic scatter-
ing, CN formation, and QF, describe rather well the ER cross
sections for already measured reactions [8§—12]. Nevertheless,
the calculated values of Pcy differ by one order of magnitude
[13,14]. Moreover, for the region of unexplored nuclear sys-
tems these predictions differ from each other by several orders
of magnitude. For instance, the predicted production cross
sections of SHEs with Z = 120, formed in the *°Ti + **°Cf
and >*Cr + 2*Cm reactions, differ by a factor of more than
100 [12,15-18].

Efforts to synthesize superheavy element Z = 120 with a
38Fe beam at GSI and **Ni beams at Dubna were unsuccess-
ful. A >*Cr beam was considered to be an alternate option.
In an attempt to produce the element at GSI [19] in the
3Cr + 2"Cm reaction, a possible assignment to the decay
of an isotope of element 120 was discussed. However, recent
reanalysis of the data could not confirm it [20]. Experimental
determination of Pcy can improve the understanding of the
underlying reaction mechanisms.

In this paper the mass and energy distributions of binary
fragments formed in the reactions >2Cr 4 2*’Th and 3¢Kr +
18Pt leading to the same composite system “**Fl (Z = 114)
at energies near the Coulomb barrier have been measured
and compared with the reactions BCa + 28U [21,22], BCa +
244py [22], and *¥Ti + 238U [23] leading to the formation of
similar composite systems 286, 292F], and 2°Fl, to estimate
the decrease of fusion probability at the transition from the re-
actions with **Ca ions to the **Ti- and 32Cr-induced reactions.

II. ENTRANCE CHANNEL PROPERTIES
OF THE STUDIED REACTIONS

The entrance channel properties of the reactions un-
der study related to the competition between quasifission
and fusion-fission processes, such as Coulomb factor Z,Z;,
mean fissility parameter x,,, and mass asymmetry op =
(A; —Ap)/(A;+ Ap), are listed in Table 1. The mean

TABLE 1. The entrance channel properties for the reactions
under study: Z,Z, is the Coulomb factor, x,, is the mean fissility
parameter, and o is the entrance channel mass asymmetry.

Reaction System Z,Z, X o

86Kr 4 1%8pt 24 2808 0.917 0.394
2Cr + 22Th B4R 2160 0.846 0.634
BTj 4 28U 286 2024 0.823 0.664
BCa + 2Py 22F] 1880 0.780 0.671
BCa+ U 285Cn 1840 0.770 0.664

fissility parameter, defined as a linear combination be-
tween the effective fissility parameter of the entrance chan-
nel and fissility parameter of the compound nucleus, x,, =
0.25xcn + 0.75x, was recently proposed in Ref. [24] as a
possible criterion to identify the reaction mechanism. The
effective fissility parameter of the entrance channel x.,
defined as

47,7./(A° A (A + A1)
ﬁ: = N— N 2 9
50.883(1 — 1.7826(Ax22ex)”)

is connected with repulsive and attractive forces in the en-
trance channel, and the fissility parameter of the compound
nucleus xcy, defined as

Zen/Acn

X = i
CN 50.883(1 — 1.7826(Aaxr2Zex)?)

reflects the stability of the CN with respect to fission.

From the analysis of mass-energy distributions of fis-
sionlike fragments formed in the reactions “*Ca 4 >*¥U and
#Ca + 2*Pu [21,22] it was shown that though QF is the
dominating process for both the reactions even at interaction
energies above the Coulomb barrier the CN-fission contribu-
tion in the formation of symmetric fragments with Acn/2 +
20u is about 70 and 50%, respectively. For the reactions
Ti + 238U and >2Cr + 2**Th the values of the mean fissility
parameter x, and the Coulomb factor Z,Z, are larger than
those for the reactions with *3Ca ions that would lead to
an increase of the QF contribution in the former reactions.
However, the entrance channel properties do not change as
dramatically as for the case of the 8Kr 4 '8Pt reaction and
the decrease of the CN-formation cross section in the reactions
with *Ti and 2Cr ions is expected to be not as strong as for
86K1' 4 198Pt.

According to the systematic study of various nuclear in-
teraction mechanisms and their dependence on the reaction
entrance channel [25], the dominant process expected for the
reaction ¥Kr + '®Pt is QF. The measurements of mass, en-
ergy, and angular distributions of binary fragments formed in
a similar reaction 3*Kr 4+ 28Pb [26-28] have shown that DICs
and QF are the main reaction mechanisms. Moreover, the ER
cross section for the neighboring nucleus >’*Nh produced in
the reaction "°Zn + 2%Bi is at the level of tens of femtobarns
[5], which is three orders of magnitude lower than that in
the case of the reactions with **Ca ions [1-4]. Consequently,
the CN formation in the reaction 3¢Kr + '8Pt is expected to
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FIG. 1. Potential energy surface for the nuclear system ***Fl as a
function of elongation and mass asymmetry. Injection configurations
(contact points) for 2Cr 4+ 2**Th and **Kr + '8Pt are shown by
the circles. Arrows show schematically the QF and CN-formation
trajectories.

be negligibly small. Nevertheless, the analysis of the mass
and energy distributions of fragments formed in this reac-
tion, which leads to the formation of the same composite
system as in the case of 3Cr + 232Th, can provide important
information about the properties of the QF fragments. That
allows us to disentangle the QF events from all fissionlike
fragments more reliably and to estimate more precisely the
fusion probability for the >2Cr 4 2*>Th system.

The potential energy surface for the 2**Fl nuclear system
as a function of elongation and mass asymmetry calculated in
the framework of the two-center shell model using the NRV
project [29] is shown in Fig. 1. Two minima in the exit channel
connected with the influence of closed shells at Z = 82, N =
126 (responsible for the formation of asymmetric QF frag-
ments) and Z = 50, N = 82 (symmetric QF) are observed. It
is clearly seen from Fig. 1 that for the 3*Kr + '®Pt reaction,
due to the position of the contact point on the driving potential
surface, the formed composite system goes directly to the
scission point via asymmetric and symmetric QF valleys,
whereas in the case of the Cr + 2*’Th reaction the system
can also evolve along the valley leading to the CN formation
on par with symmetric and asymmetric QF valleys.

It should be noted that actinide nuclei are strongly de-
formed. It is known that in the reactions with well-deformed
nuclei their mutual orientation affects considerably the re-
action dynamics [30-34], namely, near-tip collisions of de-
formed nuclei lead to QF, while the near-side collisions yield
a gain in fusion probabilities even at large values of Z,Z,
[23]. Recently it was found that the orientation effect caused
by strong deformation of the colliding nuclei also plays an
important role in the formation of the QF reaction fragments
[35]. Since 28U and 2*2Th are well-deformed nuclei, we may
expect an increase of fusion probability at energies above the

barrier for near-side collisions in the reactions **Ti + 2*3U and
32Cr 4 2Th as in the case of the reactions with *8Ca ions.

III. EXPERIMENT

The experiments were performed at the Flerov Laboratory
of Nuclear Reactions at the U400 and U400M cyclotrons.
Beams of 265, 288, 302, and 320 MeV of >2Cr ions struck a
layer of *>Th 280 j1g/cm? deposited on 35-g/cm? carbon
backing. A beam of 465 MeV of *Kr ions struck a layer
of 18Pt 200 g /cm? deposited on 1.3-z4m titanium backing.
During the experiments the target backings faced the beam.
The energy resolution was ~1%. Beam intensities on the
target were 1-2 pnA. The enrichment of the targets was
99.99%. The details of measurements for the reactions with
#8Ca and **Ti ions are given in [22,23].

For all studied reactions the binary reaction products were
detected in coincidence by the double-arm time-of-flight spec-
trometer CORSET [36]. Each arm of the spectrometer con-
sists of a compact start detector and a position-sensitive stop
detector, both based on microchannel plates. The acceptance
of the spectrometer in the reaction plane was £12°. The spec-
trometer arms were positioned in an optimal way according to
the kinematics of the reaction and their angles were adjusted
several times to account for change in beam energy during
the experiment. The position resolution of the stop detectors
equals 0.3°, and the time resolution is about 150 ps. The
mass and energy resolutions of the CORSET setup have been
deduced from the full width at half maximum of the mass
and energy spectra of the elastic particles, respectively. In the
above conditions, the mass resolution of the spectrometer is
42 u; the total kinetic energy (TKE) resolution is =10 MeV.

The data processing assumes standard two-body kinemat-
ics [36]. Primary masses, velocities, energies, and angles
of reaction products in the center-of-mass system were cal-
culated from the measured velocities and angles using the
momentum and mass conservation laws with the assumption
that the mass of the composite system is equal to Mareer +
Mprojeciite- Neutron evaporation before scission was not taken
into account. This is justified by the fact that even at the
highest reaction energies not more than four neutrons could be
emitted. Hence, considering that the spectrometer resolution
is &2 u, the neutron emission will not lead to visible effects
on the mass-energy distributions. Corrections for the fragment
energy losses through the target material, target backing, and
start detector foils were included in the data analysis.

Extraction of the binary reaction channels with full mo-
mentum transfer and removal of products of sequential and
incomplete fission reactions, induced fission of the target, and
targetlike nuclei, or reactions on impurity atoms in the target,
were based on the analysis of the kinematics diagram (see
[36,37] for details).

IV. RESULTS AND DISCUSSION

Mass-total kinetic energy (M-TKE) distributions of the pri-
mary binary fragments obtained in the reactions >>Cr + 2**Th
and %°Kr + '?®Pt at energies above the Bass barrier are shown
in Fig. 2. The distributions for the reactions BCa + *Pu[22]
and *3Ti 4+ 238U [23] are also presented. All these reactions
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FIG. 2. The mass and energy distributions of binary fragments formed in the reactions **Ca + >*Pu, 8 Ti 4 U, Cr + 2*2Th, and **Kr +
198pt leading to the formation of composite systems with Z = 114 at energies above the Bass barrier. From top to bottom: The M-TKE matrices
of binary reaction products, the mass distributions, and the average total kinetic energy as a function of mass of fissionlike fragments inside

the contour line on M-TKE matrices.

lead to the formation of composite systems with Z = 114. In
the M-TKE distributions the reaction products with masses
close to those of the projectile and target are associated with
elastic and quasielastic events and were not considered in the
present analysis. The measurements for the reactions **Ca +
24py, BT + 238U, and 32Cr + 232Th have been done at corre-
lation angles lower than the angle for grazing collisions, there-
fore the contribution of DIC events is insignificant. Reaction
products located between the quasielastic peaks are assumed
as totally relaxed events, i.e., as fissionlike fragments, and can
originate either from CN-fission or QF processes. The events
selected are those within the contour lines in the M-TKE
distributions in Fig. 2.

Mass-energy distributions of fragments formed in the re-
action 80Kr + 8Pt at energy Ejup = 465MeV have been
integrated over the laboratory angles from 30° up to 68°. The
angle of grazing collisions for this system at this energy is
74.3°. One can see from Fig. 2 that the main part of fissionlike
fragments lies near the masses of target and projectile nuclei.
The angular distributions for these fragments peak around the
grazing angles typical for DICs, whereas for more symmetric
fragments they show no dependence on the scattering angle
that can indicate the presence of a slower process.

At first glance the mass-energy distributions are similar
for the reactions with *8Ca, *®Ti, and >2Cr ions. The clearly

pronounced asymmetric QF component with heavy fragments
near the double magic lead is observed. The drift of asym-
metric QF to the mass symmetry, estimated as a difference
between the projectile mass and more symmetric mass at
the half-maximum yield of QF, decreases from 61 u for the
reaction with *8Ca, to 50 u for *3Ti, to 46 u for 2Cr, to 15 u
for 8Kr. From the analysis of experimental mass and angular
distributions of fissionlike fragments formed in the reactions
with 28U ions it was found [6] that the mass drift to the
symmetry shows the characteristics of an overdamped motion
with a universal time constant independent of the scattering
system and bombarding energy. We have deduced the mean
reaction times for the asymmetric QF process for the studied
systems using the relation between the mean reaction time and
mass drift proposed in Ref. [6]. The mean reaction times for
BCa + 2Py, BTi + 28U, 22Cr + 2*2Th, and *°Kr + "®Pt are
about 6.2, 5.0, 4.8, and 2.7 zs, respectively. Thus, the heavier
the ion the smaller the QF reaction time.

The average TKE ((TKE)) dependence on fragment mass
differs even more. In the reactions with **Ca and **Ti the
values of the average TKE are very close to each other;
however, in the case of the **Ti-induced reaction the (TKE)
decreases much faster with the mass asymmetry than for the
*8Ca-induced reaction. In the case of *2Cr ions the (TKE)
for symmetric fragments is considerably lower compared to
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FIG. 3. The contribution of symmetric fragments in all fission-
like events formed in the reactions **Ca + 2*U, ¥Ca + >**Pu, ®*Ti +
28, 2Cr + 2*2Th, and *Kr + °®Pt in dependence on the interac-
tion energy.

¥Ca- and **Ti-induced reactions, which points to the
prevailing asymmetric QF process even in this mass
region. For the 86Kr + 8Pt reaction, the (TKE) virtually
does not depend on the mass of the formed fragments
and is substantially higher than one can expect for the
24F] compound nucleus. The total kinetic energy loss
(TKEL = E. ., — TKE), observed in this reaction, is about
90 MeV. Nevertheless, despite this rather large TKEL, a full
kinetic energy dissipation does not occur. This means that
in the case of the 3°Kr + '”®Pt reaction we deal with a faster
process not compatible with the compound nucleus formation.

At the transition from “®Ca to **Ti and 2Cr ions the
contribution of symmetric fragments decreases also. How-
ever, even in the case of 3°Kr + 98Pt (where the QF is a
major process and CN formation is negligible) the symmet-
ric fragments are observed. The measurements of the mass-
angle distributions showed that to form such fragments the
composite system should exist for more than 1025 [6,7].
This time is long enough for compound nucleus formation.
As a first step to evaluate the CN-fission cross section the
contribution of fragments with masses Acn/2 &= 20u can be
considered. According to the liquid drop model (LDM) the
mass distributions of the CN-fission fragments for the systems
with Z~ 108-114 can have the symmetric Gaussian shape
with the standard deviation of about 20 u [see, for example,
[37] for the case of the Hs (Z = 108) nucleus]. Due to the
influence of the closed shells with Z = 50 and N = 82 the
asymmetric shape of mass distribution is also possible as in
the case of fission of actinides [38]. Nevertheless, in both
cases the width of CN-fission fragment mass distributions
does not exceed 40 u and the choice of the mass range of
Acn/2 £ 20u is reasonable.

Figure 3 shows the relative contributions of symmet-
ric fragments in capture cross sections for the reactions
BCa 4 24Py, BTi 4 28U, 2Cr + 22Th, and %°Kr + %Pt
and their dependence on the interaction energy. The same data

for the *3Ca + 2*%U reaction, leading to the formation of a
composite system with Z = 112, are also presented since this
reaction has been extensively studied at a wide energy range
below and above the Bass barrier [6,22,39]. For the reaction
#Ca + 2*Pu the experimental data are available only up to
the energy of 1.04 E,. It is clearly seen from Fig. 3 that the
yields of symmetric fragments are similar for the reactions
with ¥8Ca, **Ti, and >*Cr at energies below the Bass barrier.
However, at energies above the barrier in the case of the reac-
tions with *®Ca ions, the contribution of symmetric fragments
increases monotonically, while for the reactions with **Ti and
32Cr ions it virtually does not change and is about 8-9%. This
may indicate a significant increase of the QF process at the
transition from “*Ca to **Ti and >2Cr ions. For the *>Cr +
232Th reaction at energies higher than 1.1 Ep,g a small growth
of the symmetric fragment contribution is observed. Unfor-
tunately, for the reaction 4BTj + 238U the measurements have
been done only up to an energy of 1.05 Ep,ss, which makes it
impossible to establish this dependence at higher energies.

The contribution of symmetric fragments in all the damped
reaction products (inside the contour lines in the M-TKE
matrix in Fig. 2) in the reaction 3Kr 4 '8Pt increases from
0.5% at the energy below the barrier to 5.5% at an energy
of 1.12FEpg,;. Although for the 8Kr + '9®Pt reaction this
contribution is considerably lower compared to the *3Ti +
28U and **Cr + 232Th reactions, it is relatively large at the
above-barrier energy. For example, in the reaction ®Ni +
238U [21] this contribution is only 5%, despite this reaction
being more asymmetric and the Coulomb factor being smaller
(Z,Z, = 2576) compared to *°Kr + '°®Pt. To form symmetric
fragments in the reaction $Kr + '8Pt about 50 nucleons have
to be transferred from the target to the projectile nucleus,
needing a smaller reaction time than in the *3Ti 4 2%U,
S2Cr + #2Th, and *Ni + 238U reactions, where the transfer
of about 90-95 nucleons is needed.

The absolute differential cross sections for all fissionlike
events observed in the reactions *3Ca + 233U, 2*Pu, “8Ti +
238U, and *2Cr + 23?Th were measured at a center-of-mass an-
gle 6. . of about 90°. Capture cross sections for all fissionlike
events were estimated assuming that the angular distribution
is proportional to 1/sin 6., . This procedure seemed the most
reasonable since the measured angular distributions are not
available at present, nor is any model (theory) for the angular
distribution of fragments produced in the QF process. The
capture cross sections for the reactions BCa + 28U, *puy,
and “8Ti + 2°*U have been already reported in [21-23]. The
cross sections for the reaction >>Cr 4 2*>Th at energies around
the Coulomb barrier have been measured in this paper. The
absolute capture cross sections together with the cross sec-
tions of symmetric (Acn/2 &+ 20 u) fragment formation for the
reactions *3Ca + 22U [21], *3Ca + *Pu [22], **Ti + 23U
[23], and *°Cr + ?*>Th are presented in Fig. 4. It is clearly
seen that the capture cross sections decrease at the transition
from the “®Ca-induced reactions to the reactions with the *3Ti
and *Cr ions. At energies above the barrier the capture cross
section for 8 Ca + 238U is close to the geometrical one; for the
BTi + 238U and 2Cr + 2*2Th reactions it is about 60% of the
geometrical cross section.

At energies above the barrier the symmetric fragment
formation cross section decreases by a factor of 2 for
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FIG. 4. The capture cross sections (open symbols) and the cross
sections of symmetric fragments with masses Acn/2 £ 20u (filled
symbols) for the reactions *Ca + 28U [21], “Ca + ?*Pu [22],
“Ti + 238U [23], and *2Cr + ***Th in dependence on the interaction
energy.

Ti 428U and a factor of 4 for >>Cr + >*>Th compared to
the reaction **Ca + 238U. Moreover, as was mentioned above,
a significant part of the symmetric fragments may originate
in the QF process. Therefore, only the upper limit for the
CN-fission cross section can be obtained. Energy distribution
gives important information about energy dissipation during
the evolution of the composite system and can be used as
an additional observable (together with fragment mass) to
estimate the contribution of the CN-fission component into
the capture cross section when the presence of other processes
together with CN fission in the symmetric mass region is
expected. We assume that the mass-symmetric fragments may
be formed by three different modes: CN fission, symmetric
QF, and a tail of asymmetric QF process.

It is well known that for CN fission of hot nuclei the TKE
of fragments depends on the fissility of the CN and does not
depend on the interaction energy [40]. The most probable
value of TKE may be estimated using the Viola systematics
[41]. The deviation of average TKE from the Viola system-
atics for the symmetric fragments formed in the reactions
“®Ca + 28U, #*Ti + 28U, >2Cr + ***Th, and **Kr + '**Pt and
its dependence on the interaction energy are presented in
Fig. 5. In the case of the reaction **Ca + 23¥U at energies
above the Coulomb barrier the average TKEs are close to the
Viola systematics. It was shown in Ref. [22] that about 70%
of all symmetric fragments formed in this reaction may be
assigned to the CN-fission process, although the asymmetric
and symmetric QF fragments are also observed. For the “Ti +
28U and 2Cr 4 *2Th reactions the values of average TKE
increase with increasing interaction energy but they are lower
than the Viola predictions for these CNs even at energies well
above the Coulomb barrier. As was shown in Ref. [22] for
the reaction **Ca + 238U the average TKE of asymmetric QF
virtually does not change with the collision energy. However,
in the present paper it is found that for the reaction >>Cr +
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FIG. 5. The deviation of average TKE from the Viola systematics
for the symmetric fragments formed in the reactions “®Ca 4 23U
[21], ®Ti 4 38U [23], 32Cr 4+ »*Th, and 3°Kr + '*®Pt in dependence
on the interaction energy.

232Th the average TKE of asymmetric QF increases linearly
with increasing interaction energy from 190 MeV at an energy
of 0.95 Eg, to 204 MeV at 1.15Eg,s. Nevertheless the TKE
for asymmetric QF is lower than expected for CN fission
for the reactions *8Ca + 244Pu, BTi 4+ 238U, and >*Cr + *2Th
even at energies above the barrier (see Fig. 2). Similar to
multimodal fission where the influence of closed shells leads
to a higher TKE than that of the LDM component, for the
symmetric QF, caused by the strong influence of closed shells
at Z =50 and N = 82, one may expect a higher value of
average TKE compared to CN fission. The lower values of
average TKE compared to the Viola systematics may indicate
that in the reactions *3Ti 4 2*8U and >2>Cr 4 >**Th the major
part of fragments in the symmetric mass region originates
from the asymmetric QF process.

One can see from Fig. 6 that the standard deviation of TKE
distribution of fragments with masses 200 &= 10 u formed in
the asymmetric QF process virtually does not change with
increasing interaction energy. The variance of TKE distribu-
tion of asymmetric QF fragments decreases with increasing
mass of the projectile. For instance, for the same composite
system 234Fl the standard deviation is about 20 MeV for the
reaction with 32Cr ions and only 18.5 MeV for *Kr ions. In
the case of the 2%°FI composite system formed in the reaction
“Ti 4 238U it is about 23 MeV. This behavior of TKE variance
may be connected with the position of the contact point on the
driving potential surface of the composite system. The longer
the path between the contact and scission points, the greater
the variance of the energy distribution is expected. It is clearly
seen from Fig. 1 that for the 3Kr + '8Pt reaction the path
from the contact to the scission point via the asymmetric QF
valley is much shorter than for the >>Cr + 2*>Th reaction.

The standard deviations of TKE of the symmetric frag-
ments with masses Acn/2 £ 20u are also shown in Fig. 6.
The behavior of TKE variance is more complicated than in the
case of asymmetric fragments. For the reaction >>Cr + 2*>Th
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FIG. 6. The standard deviation of TKE distributions of symmet-
ric fragments with masses Acy/2 £ 20 u (filled symbols) and asym-
metric fragments with masses 200 £ 10 u (open symbols) formed
in the reactions **Ti + 233U [23], 32Cr + **2Th, and **Kr + '*®Pt in
dependence on the interaction energy.

the TKE variance virtually does not depend on interaction en-
ergy, while in the case of the reaction *3Ti 4 23U it increases
slightly with increasing interaction energy. The relative con-
tributions of different processes (CN fission and asymmetric
and symmetric QF) into the formation cross section of sym-
metric fragments change with increasing interaction energy
that influences the properties of the TKE distributions. In the
case of 3Kr + '8Pt the TKE variance is much lower than for
32Cr 4 232Th, while the average TKE is higher. Such behavior
of the TKE distribution for the 36Kr 4 '®Pt reaction may
be connected with the dominance of symmetric QF in the
formation of the symmetric fragments. This is also correlated
with a shorter interaction time for the 3*Kr + '*®Pt system.

As was mentioned above, the contribution of symmetric
fragments to all fissionlike events virtually does not change
for the reactions “*Ti+ 23¥U and 2Cr 4 **Th at energies
above the Coulomb barrier, while for the reactions with **Ca
ions an increasing trend, connected with increasing contribu-
tion of the CN-fission component, is observed. Along with
the features of TKE distributions found for the reactions
®Ti + 23U and >>Cr + *?Th this indicates that for these
systems the ratio between CN fission and QF does not change
virtually with increasing interaction energy. However, the
lower values of average TKE and its variance in the case of
the 32Cr + 2**Th reaction compared to *3Ti 4+ 238U indicate
the increase of the asymmetric QF contribution for the former
reaction, although the asymmetric QF is the main process for
the both systems.

TKE distributions of the symmetric fragments with masses
Acn/2 £20u for the reactions 2Cr 4 22Th and 80Kr +
18Pt at energies above the barrier are presented in Fig. 7.
For the reaction >*Cr + 2**Th the TKE distribution shows
a two-humped shape as in the case of the **Ti + 2**U and
%Ni + 23U reactions [23]. Notice that in the reactions of ac-
tinide nuclei with “*Ca ions the TKE distributions have nearly

0.020 T T T T T T T T T T T T T T T
m “Cr+**Th E_ /B, =115
* “Kr+'"Pt E_ /B, =1.12
. 0.0154 1
[z
g
=
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<
N
=
2 0.0054 ]
>
0.000
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FIG. 7. TKE distributions of fragments with masses Acn/2 £
20 u for the reactions >Cr + >**Th (squares) and 86Kr 4 18Pt (stars)
leading to the formation of the same composite system 234Fl at
energies above the Coulomb barrier. The filled region corresponds to
the TKE distribution for CN fission for **Cr + ***Th. The dashed and
dash-dotted curves are associated with asymmetric and symmetric
QF, respectively.

Gaussian shape with mean values close to those expected
for the CN-fission process [22]. In the case of 86K 4+ 198p¢
also, the TKE distribution is a two-humped shape with a
pronounced high-energy component.

To evaluate the contribution of the CN-fission process in
the symmetric mass region, the TKE distribution for the reac-
tion >2Cr + 23*Th at an energy of 1.15FEp,s was decomposed
as a sum of three Gaussians. One of them is associated with
the CN-fission process. We fix the mean value and variance of
this component to the values predicted from the systematics
for CN fission presented in Refs. [41] and [40], respectively.
The low-energy component is attributed to asymmetric QF,
while the high-energy one is connected with symmetric QF.
As was shown in Ref. [37] in the case of the *Fe + 2Pb
reaction (where the asymmetric QF is the main process even
in the symmetric mass region) the variance of TKE for QF
does not depend on the mass of the QF fragments. Thus, in
the fitting procedure we fix the variance of the asymmetric QF
component equal to the experimental value of TKE variance
for the fragment mass corresponding to the maximum yield
of asymmetric QF. The parameters for the symmetric QF
component were deduced from the decomposition of the TKE
distribution for the 3*Kr + '8Pt reaction.

The uncertainties in the deduced Pcy values are defined
by the statistical errors of the measured TKE distribution
and the parameter standard errors of the fitting procedure. In
our case the Gaussians describing the yields of the different
processes overlap, which unfortunately leads to a large un-
certainty in deducing the area of the peak associated with
CN fission. Nevertheless, fixing the mean value and variance
of the symmetric QF component to the values obtained for
the %Kr + '°®Pt reaction, where the symmetric QF peak is
well pronounced and hence the fitting procedure is straight-
forward, helps to reduce this uncertainty. In the case of the
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FIG. 8. Fusion probability for the reaction *>Cr + ***Th in com-
parison with fusion probabilities in hot fusion reactions [23] at
energies above the Coulomb barrier in dependence on the mean
fissility parameter.

32Cr + 22Th reaction the systematic error (parameter stan-
dard error derived in the fitting procedure for the area of the
peak) is 70% for the CN-fission component.

According to this decomposition of TKE distribution in
symmetric QF, asymmetric QF, and CN-fission components,
for the reaction 2Cr + 2*2Th the contribution of the CN
fission is about 4% in the mass region Acn/2 & 20u. The
upper limit for CN fission for the >>Cr + 2*>Th reaction at this
energy is only 0.4% of the capture cross section. The CN-
fission cross section estimated for the “*Ca + 233U reaction is
about 15% of the capture cross section. Hence, the CN-fission
cross section drops by about a factor of 40 at the transition
from **Ca + »*U to **Cr + **Th.

The dependence of fusion probability on the mean fis-
sility parameter for the hot fusion reactions with strongly
deformed targets, deduced from the analysis of mass-energy
distributions in Ref. [23], is shown in Fig. 8. The solid line in
Fig. 8 is the description of fusion probability for hot fusion
reactions according to an equation proposed by Zagrebaev
(see [23] for details). The obtained fusion probability for the
reaction >2Cr + 2*>Th at energy above the Coulomb barrier
(1.15Epg,ss) is also presented in Fig. 8. For all these reactions
the target nuclei are well deformed. The Pcy for all presented
systems has been obtained as the ratio between the yields
of CN fission and the contact cross sections, which is close
to the geometrical one at above-barrier collision energies.
Normalization to the contact cross section instead of the
capture cross section allows us to avoid the inaccuracies
connected with disentangling the fissionlike fragments from
elastic and quasielastic events in mass-energy distributions
of binary reaction fragments, as well as with the angular
integration of mass distributions for these fragments.

V. SUMMARY

The complete fusion probability for the formation of SHEs
has been investigated in the reactions of °>Cr ions with
actinide nuclei at energies around the Coulomb barrier and
compared with the same for the reactions with “*Ca and **Ti
ions. The mass and energy distributions of binary fragments
formed in the >2Cr + 2Th and *Kr + '8Pt reactions, lead-
ing to the formation of the same composite system 2%4FI,
have been studied for this purpose. The measurements were
performed using the double-arm time-of-flight spectrometer
CORSET.

Due to the entrance channel properties for the Kr + %8Pt
reaction quasifission is the major process, while the contri-
bution of the CN-fission component is negligibly small. The
measurements of mass and energy distributions of fragments
formed in this reaction help us to analyze the properties of
quasifission fragments formed in the other reactions leading to
the same 2*F1 composite system, in which, due to the entrance
channel properties, the other reaction mechanisms together
with QF are also present.

It was found that for the >>Cr + >*2Th reaction the asym-
metric quasifission is a dominant process at all measured
energies below and above the Coulomb barrier. The con-
tribution of symmetric fragments to all fissionlike events is
similar to the **Ti 4 233U reaction leading to the formation of
the 2%°F1 composite system. At energies above the barrier, it
virtually does not change with increasing interaction energy
and is about 8-9% for reactions with **Ti and *>Cr ions. In
contrast, for the reactions of actinide nuclei with **Ca ions the
contribution of symmetric fragments increases monotonically.
This may indicate a significant increase of the QF process at
the transition from **Ca to **Ti and >>Cr ions.

The fusion probability for the reaction >Cr + ?*>Th at an
energy 15% over the Bass barrier has been estimated from the
analysis of mass and TKE distributions. The obtained fusion
probability is in good agreement with the phenomenological
fusion probability dependence on the mean fissility parameter
found for the reactions of well-deformed nuclei with 3¢S,
“8Ca, **Ti, and **Ni ions. It is found that at energies above
the Coulomb barrier the fusion probability drops by about a
factor of 4 at the transition from the *Ca 4 2**Pu reaction
to *Ti + 238U and about a factor of 25 at the transition to
Cr +**Th.
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