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Background: Quasifission plays a detrimental role in the synthesis of superheavy elements. Understanding the
dynamics of quasifission helps in selecting the optimum target projectile combinations for the synthesis of new
superheavy elements.

Purpose: The influence of various entrance channel parameters on the quasifission dynamics was explored.
Three reactions, ¥ Kr + '8Pt 36Kr 4 18Pt, and 36Kr 4 7 Au, expected to be dominated by quasifission, were
studied near the Coulomb barrier energies.

Methods: The binary fission fragments from the three reactions were detected using the double arm time-
of-flight spectrometer CORSET. The mass and total kinetic energy distributions, which are sensitive to the
quasifission dynamics, were measured and analyzed for the three reactions.

Results: The mass and total kinetic energy distributions of all the three reactions have the characteristics that
show the dominance of quasifission. For the reaction 3*Kr + '*®Pt, symmetric quasifission has been found to be
relatively more dominant compared to 3Kr 4 Pt reaction. The results have been compared with *3Ca- and
32Cr-induced reactions, populating nearby nuclei, to understand the evolution of quasifission. An analysis of the
timescales in these reactions using a dynamical calculation shows that ¥ Kr 4 '8Pt takes a longer time to reach
a particular dinuclear shape compared to the other two reactions. The driving potential at the barrier radius also
shows a shallower pocket for #Kr + '**Pt compared to 8Kr + °*Pt and 3Kr + " Au reactions.

Conclusion: The entrance channel isospin difference is found to influence the quasifission dynamics. A higher
entrance channel isospin difference may have a larger evolution time, thus driving the systems toward a more

symmetric mass split.

DOI: 10.1103/PhysRevC.105.014627

I. INTRODUCTION

Synthesis of superheavy elements (SHE) in the laboratory
[1-4] requires fusion of two heavy nuclei. The fusing nuclei
must have enough kinetic energy to overcome the repulsive
electrostatic energy to come within the range of the attractive
nuclear forces and fuse to form a compound nucleus (CN).
However, the evolution of the fusion path is governed by
the complicated multidimensional potential energy landscape
[5] which depends critically on the entrance channel param-
eters (e.g., deformation of target/projectile, mass asymmetry,
charge product of target and projectile, collision energy, etc.).
The colliding system, after crossing the fusion barrier forms
an incompletely equilibrated composite which may gradu-
ally evolve either to become a fully equilibrated CN or to
escape the barrier before complete equilibration and split
into two fragments (known as quasifission [6]). The CN, if
formed, either cools down through particle evaporation to
form an evaporation residue or undergoes shape oscillations
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over the unconditional saddle point, leading to compound
nuclear fission (CNF) [7]. The characteristics of CNF is,
however, different from the quasifission as the degrees for
which equilibration is achieved in the two cases are different.
Different experimental probes, e.g., mass, angle, mass-total
kinetic energy distributions, mass-angle distributions of the
fission fragments, etc., that are sensitive to the degrees of equi-
libration, are used to differentiate the two processes [8—11].

Itis evident that by the presence of the quasifission process,
the subsequent probability of synthesis of SHE is adversely
affected, as it critically depends on the CN formation. There-
fore, for an optimum choice of projectile-target combination
for the synthesis of new SHE, a proper understanding of
the phenomenon of quasifission is very important. Theoret-
ically, it is difficult to predict the quasifission evolutionary
path of any system precisely, as the topography of the po-
tential energy surface is far too complicated. Besides, the
dynamical approach proposed by Zagrebaev and Greiner [7]
suggests a significant overlap of fusion-fission and quasifis-
sion [12]. So it is of foremost importance to use different
experimental probes together with the phenomenological un-
derstandings and microscopic calculations [13—16] to explore
various facets of the formation mechanism of SHE.

©2022 American Physical Society
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TABLE I. The entrance channel properties of the reactions: Z,Z, is the charge product; x, is the mean fissility parameter [12]; c is the
entrance channel mass asymmetry = (A, — A,)/(A, +A,), where A, A, are the target and projectile mass numbers, respectively; and f; is the

static deformation parameter [29].

Reaction System Z,7, X o proj et

84Kr + 1%pt 2R 2808 0.922 0.404 0.086 —0.115
80K r + 198p¢ 284p] 2808 0.917 0.394 0.000 —0.115
8Kr + 17 Au 3Mc 2844 0.925 0.392 0.000 —0.125

The seminal experimental works by Toke et al. [17] and
Shen et al. [18] indicated that the fusion of two massive
nuclei at energies around the Coulomb barrier is significantly
different compared to that for light projectile—induced reac-
tion. This is due to the difference of the Coulomb repulsion
between the interacting heavy nuclei as well as the dissipative
dynamics that comes into play. Quasifission evolves with the
charge product of the projectile-target combination (Z,Z;) and
is the relatively dominant process in nuclear reactions with
Z,Z, > 1600 (where Z, and Z; are the atomic numbers of the
projectile and target nuclei, respectively), directly competing
with the process of fusion-fission [19]. Although the inhibi-
tion of fusion and thereby, the presence of quasifission had
also been reported [20] for systems with Z,Z; much lower than
1600, those could not be established from the measurement of
angular distributions [21]. However, the reactions with very
high Z,7,, such as the ones studied in this work, are dominated
by the quasifission process.

Several experimental probes are known to be sensitive to
the presence or absence of quasifission in a nuclear reaction.
As the mass degree of freedom in the quasifission process is
not equilibrated, an anomalous increase in the width of the
mass distribution [22,23] of the fission fragments is one of
the signatures of quasifission. Another widely studied probe
is the mass-angle correlation [24], where the correlation arises
between the fission fragment mass and its angle of emis-
sion, due to incomplete equilibration in mass and shape of
the dinucleus. Full dissipation of total kinetic energy is not
achieved in this process; the width and the peak of the total
kinetic energy (TKE) distribution provide a clear indication of
the presence of the quasifission process [25-28]. In addition,
mass-total kinetic energy (M-TKE) correlation also provides
information of symmetric or asymmetric quasifission, where
the fragment masses peak around either half of the CN mass
or target/projectile masses, respectively [12].

The aim of the present experimental study is a continuation
of our endeavour [26,27] to systematically understand the
role of quasifission in the reactions relevant to the produc-
tion of superheavy elements. The entrance channel properties
of the reactions under study were chosen so that the mean
fissility (xa) and static deformations (8;) of the target pro-
jectile combinations are very close to each other, as listed
in Table I. Since the above parameters, known to strongly
influence the quasifission dynamics [8,30], are nearly the
same for the present systems, the influence of other pa-
rameters like isospin can be disentangled. The mass and
energy distributions of fission like fragments formed in the
reactions S*Kr 4+ 8Pt and 36Kr + '8Pt populating two iso-
topes of the superheavy element flerovium (Z = 114) near

the Coulomb barrier energy have been measured to explore
the role of the different number of neutrons in the projectile
with same Z,Z; (=2808) in the entrance channel. The results
have also been compared with a more mass asymmetric reac-
tion 32Cr 4 232Th that produces a similar compound nucleus
(Z = 114). To expound the systematic trend of QF in the
mass symmetric reactions, the M-TKE distributions of fission
like fragments formed in **Kr + '’ Au reaction, populating
moscovium (Z = 115), at energies above the Coulomb barrier,
have also been measured.

II. EXPERIMENTAL DETAILS

The experiments were carried out at the U400M cyclotron
facility at Flerov Laboratory of Nuclear Reactions, JINR,
Dubna, Russia. The fission fragment masses and kinetic en-
ergies were measured using the CORSET spectrometer [31],
which consists of two arms, each with an multi channel plate
(MCP)-based start detector and a position-sensitive MCP-
based stop detector. In each arm, the start and stop detectors
were placed 5 and 27 cm away from the target center, respec-
tively. The arms were rotated to collect the data in the angular
range of 30° to 68°. The time-of-flight between the start and
the stop detectors, the polar and azimuthal positions of each
event were measured using the spectrometer. Targets of thick-
ness ~200 pg/cm? of enriched '®Pt (99.99%) on titanium
backing (~1.3 um) and self-supporting '°’Au of thickness
~200 pg/cm? were used in the experiments. The backing of
the '°®Pt target was made to face the beam. The energy loss
due to the target backing was taken into account during the
analysis. Energy losses of the fragments in half of the target
thickness and the conversion foils of the start detectors were
corrected on an event-by-event basis. The fission fragment
mass distributions were constructed using the principles of
conservation of mass, momentum, and total kinetic energy;
the process has been described in detail in Ref. [31]. The
mass resolution of the spectrometer was £2 u and the TKE
resolution was =10 MeV.

III. RESULTS AND DISCUSSION

The measured mass-total kinetic energy distributions of the
binary fragments formed in the three reactions 3Kr + 8Pt,
8Kr 4+ '8Pt, and 86Kr + '”7Au at energies above the calcu-
lated Bass barrier are shown in Fig. 1. To take into account
the angular distributions for both symmetric as well as asym-
metric fragments, data in the laboratory angles 30° to 68°
were integrated and normalized with respect to elastic events.
It is observed that the majority of fragments are target and
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FIG. 1. The M-TKE distributions of the binary fragments formed in the reactions ¥Kr 4+ 1°*Pt, 3Kr + '®Pt, and **Kr 4+ 7 Au at the
above barrier energies. The red continuous contour represents the events selected for analysis arising from capture. Lower panel represents
the projections of mass yield under this continuous contours. The contours with the dashed lines represent the symmetric fragments with

Acn/2 +20 .

projectile like nuclei; they are identified as quasielastic and
deep inelastic fragments. The fission like fragments located
between the quasielastic/deep inelastic peaks are considered
to be relaxed events, which are called capture events. The
capture events can originate from either compound nuclear
fission or quasifission processes. These events are marked by
the red continuous contour lines in the M-TKE distributions in
Fig. | (upper panels). The lower panels of Fig. 1 represent the
projected mass distributions of the fragments under the con-
tour. It is noted that for the reaction 3*Kr + 98P, the relative
contributions of the symmetric events are larger compared to
the other two reactions.

It is known from earlier studies [25,26,28] that, for
the systems with ~Z = 108-114, the standard deviation of
fission fragment mass distributions for compound nuclear
fission is about 20 u. Therefore, to evaluate the com-
pound nuclear fission like events, the fragments with masses
Acn /2 £ 20u are selected (by the dashed contour lines
in Fig. 1) in the M-TKE distributions and they are called
symmetric fragments.

In Fig. 2, we show the relative contributions of symmetric
fragments in capture cross sections (i.e., the ratio of events in-
side the dashed and the solid contours of Fig. 1) and their vari-
ation with energy for the reactions 3*Kr 4 °*Pt, 86Kr 4 193pt,

and %°Kr+ "7 Au. The data for the reaction 2Cr+ 232Th

[27], producing similar compound nucleus (Z = 114)
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FIG. 2. Contributions of the symmetric fragments (Acn/2 £
20 u) to the capture cross sections as a function of beam energy. The
data for the **Ca, **Ti, and 3*Cr-induced reactions is from our earlier
work [27].
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as in the 3°Kr + '8Pt reaction, as well as the data for the two
extensively studied reactions **Ca+2*Pu and “Ti+ 238y
(producing Z = 112) are also presented for comparison. It is
evident from Fig. 2 that for the three systems (**Kr + '*Pt,
86Kr 4 18Pt, and % Kr 4 7 Au) under the study in this work,
the relative contributions of symmetric fragments in the cap-
ture events are much lower than those of similar reactions
(48Ca + 238y, 2Py, or 2Cr+ 232Th) with more asymmetric
target projectile combinations and lower charge product Z,Z;.
For the reactions with heavier ions like 3+3¢Kr, the reactions
are dominated by quasifission and thus the contributions of
symmetric fission fragments are much lower. However, it is
interesting to note that the dynamics involved in quasifission
change even in the three target projectile combinations un-
der study. At similar E. ,, /Egass, the relative contributions of
symmetric fragments in the total capture cross sections are dif-
ferent in the three reactions. The reaction 3*Kr + '8Pt shows
a significantly higher contribution of symmetric fragments
than that of the reaction 3°Kr + '28Pt. However, it is lower
than that of >>Cr +2%Th reaction which populates a similar
compound nucleus with Z = 114. Among the systems studied
here, 36Kr + %7 Au reaction that populates Z = 115, shows
the lowest contribution of symmetric fragments in the capture
cross sections.

Recent calculation [32] of the potential energy surface as a
function of elongation and mass asymmetry for a heavy-ion-
induced reaction indicates that in the fission of superheavy
composite, the mass-symmetric fragments may be formed by
different modes; they may originate either from CNF or from
symmetric quasifission (symQF) process or even from the tail
of asymmetric quasifission (asymQF) process. However, for
the 3+86Kr-induced reactions, so far as symmetric fragments
are concerned, the contribution of CNF is negligible; and only
the mechanism of quasifission prevails [33]. The measurement
of TKE is useful in disentangling the contributions of symQF
and asymQF. The TKE of CNF can be predicted by the Viola
systematics. While the TKE of symQF is larger than that of
CNEF, it is lower in the case of asymQF [27].

The measured TKE distributions of the symmetric frag-
ments (with Acn/2 20 u) for all the three reactions are
shown in Fig. 3. Following the procedure prescribed in
Ref. [27], the TKE distributions have been fitted with two
Gaussian distributions corresponding to symQF and asymQF.
The lower energy component (green shade, right hashed) is
attributed to the asymQF and the higher energy component
(red shade, left hashed) arises from symQF. As it is expected
that in such symmetric reactions under study, the presence of
binary events originating from the compound nuclear process
will be negligible, the two Gaussian distributions are sufficient
to fit the TKE distributions. The peak of the asymmetric com-
ponent was fixed from systematics [12] and the variance of
the asymmetric part was set to the experimental value of the
TKE for the maximum yield of the asymmetric quasifission
[34]. The parameters for the symQF were estimated following
the decomposition of the TKE distributions for the reaction
80Kr + 8Pt [27].

The Viola systematics [35] predicts the most probable
value of the TKE distribution of the symmetric fragments fol-
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FIG. 3. TKE distributions of the symmetric fragments (Acn/2 £
20 u), for the three reactions. The red shaded (left hashed) portion
represents the estimation of symmetric quasifission, while the green
portion (right hashed) represents the asymmetric quasifission. The
blue (solid) line represents the overall fit. The arrow represents the
kinetic energy as predicted by the Viola systematics for symmetric
fragments.

lowing the formation of the compound nucleus. The deviation
of average TKE from the Viola systematics for the symmetric
fragments formed in the reactions 84K + 198py, 86K + 198pg,
and *Kr+'"7Au and their variation with beam energy are
presented in Fig. 4. For all three systems, it is observed that
the average total kinetic energy is higher than the respective
prediction of the Viola systematics. The results for the reac-
tions *¥Ca + 238U, producing superheavy elements Z = 112
and 32Cr 4 232Th that produce similar SHE with Z = 114 are
also presented for comparison. It is interesting to note that for
the reactions with asymmetric projectile target combinations,
the average total kinetic energy is lower than the prediction
of the Viola systematics due to the dominance of asymQF
[26]. It is, however, argued [12] that in the case of symQF the
average TKE should be higher compared to CN fission due
to the strong influence of closed shells at Z = 50 and N = 82.
The observation of higher values of average TKE compared to
the Viola systematics thus also indicates that in the reactions
84Kr + 198pt, 3Kr 4- 18Pt and %Kr + 7 Au the major part of
the symmetric fragments originates from the symQF process
as is found in the analysis of TKE distributions as shown in
Fig. 3.
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FIG. 4. The deviation of average TKE from the Viola systematics
for the symmetric fragments, as a function of beam energy with
respect to the calculated Bass barrier. The data for the “*Ca- and
32(Cr-induced reactions is taken from Ref. [27].

As equilibration is not complete in the QF process, the
dissipation of energy in QF is less than that of the fusion-
fission process. The width of the TKE distribution is sensitive
to the dissipation dynamics of a nuclear reaction. The standard
deviations of TKE (orkg) of the symmetric fragments with
masses Acn/2 £ 20 u are shown in Fig. 5. It is observed that
orke is wider for the reactions with relatively lighter projec-
tiles (e.g., >>Cr) compared to that of the heavier projectiles
84.86Kr indicating less dissipation of energy for the latter case.
It is interesting to note that for the production of similar SHE
with Z = 114, the variances of TKE for 38Kt 4 98Pt are
lower than those of the >2Cr 4 232Th reaction but the average
TKEs are higher (as shown in Fig. 4). This indicates that
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FIG. 5. The variation of the standard deviation of the total kinetic
energy distributions with beam energy for the symmetric fragments

with Acy/2 & 20 u. The data for the 3>Cr-induced reaction are taken
from our earlier work [27].
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FIG. 6. Evolution of the internuclear distance of the dinucleus
with time calculated using the dynamical code HICOL. The time
taken for the dinuclear system to reach a size corresponding to the
barrier radius (Rp) is shown by the symbols. The size of the symbols
are larger than the uncertainty in the timescale.

krypton-induced reactions are dominated by symQF and in-
teraction time is shorter.

The quasifission timescale has been observed [27] to de-
pend on the target-projectile combination, with the timescale
decreasing for more symmetric reactions. Using the relation
between mean reaction time and mass drift proposed by Shen
et al. [18], the mean quasifission time for asymmetric mass
split was deduced to be 6.2 zs for BCa + Py, 4.8 zs
for 2Cr +2%Th, and 2.7 zs for 3°Kr + '8Pt [27]. Following
the same prescription, the mean asymmetric quasifission time
for the reactions 3*Kr + 128Pt, 3°Kr + '28Pt, and 3Kr + °’ Au
studied in this work was found to be ~3 zs. The accuracy of
the mean quasifission time determined by this procedure is
about 20% [36].

An analysis using the dynamical code HICOL [37] was car-
ried out for the three systems under this study at the measured
beam energies, along with two more reactions, >>Cr + 23>Th
and *8Ca 4 2**Pu, that populate nearby flerovium nuclei. The
evolution of the internuclear distance of the dinuclear sys-
tem with time has been studied as shown in Fig. 6. It is
found that while 3Kr + 7 Au is the fastest evolving system,
#Ca 4 2*Pu is the slowest. The time the dinuclear system
took to reach a size corresponding to the barrier radius (Rp)
[38] is marked in Fig. 6. The noted mean times were (3.0
+ 0.2) zs for *Kr + "7Au, (3.3 £ 0.2) zs for 3°Kr + '**Pt,
(3.7 £0.2) zs for 3*Kr + 98P, (4.1 £ 0.2 zs) for >>Cr + 23?Th,
and (4.7 & 0.2) zs for **Ca + **Pu. The uncertainties in time
arise from the uncertainties in the nuclear radius. The trend
that *3Ca + >**Pu is the slowest to reach the radius Ry, while
8Kr 4 7 Au is the fastest is also noted here. Compared to
8Kt + 98Py, the evolution of the reaction 3*Kr + '8Pt was
found to be slower. The HICOL predicted time is similar
to the value of the quasifission time that was deduced from
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FIG. 7. Three-dimensional plot connecting the time predicted by
HICOL for the dinucleus to reach a size corresponding to the barrier
radius (Rp), with the entrance channel isospin difference, along with
the relative yield of symmetric fragments for the three reactions.

the prescription of Shen et al. [18]. However, for the other
two reactions, >2Cr + 232Th and *3Ca + 2**Pu, the quasifission
time (4.8 and 6.2 zs, respectively) calculated from Shen’s pre-
scription are slightly higher than that of the deduced (HICOL)
time (3.9 and 4.5 zs, respectively). As it is known that for
the reactions >2Cr 4 23>Th and **Ca + >**Pu the CN process
has a finite probability of occurrence and it competes with the
quasifission process, this extra time may be indicative of more
equilibration in the dynamics for these systems.

The three quasifission-dominated reactions *Kr + 7 Au,
86Kt + 198p¢, and ®*Kr + %Pt have entrance channel isospin
difference A(N/Z) = 0.10, 0.15, and 0.20, respectively. The
entrance channel isospin difference is reported to play a role
in the dynamics of the nuclear reaction [39]. In Fig. 7, we
show a three-dimensional plot connecting the time predicted
by HICOL for the dinucleus to reach a size corresponding
to the barrier radius Rp (x axis), with the entrance channel
isospin difference (y axis), along with the measured value
of the relative yield of symmetric fragments (z axis) for the
three reactions. It can be observed that the higher the entrance
channel isospin difference, the more is the time taken by the
dinucleus to reach the size of the barrier radius (Rp). The
observation of more number of symmetric fragments in the
capture cross sections for the 34 Kr 4- 1® Pt reaction compared
to °Kr+ '8Pt also suggests that 3*Kr-induced reaction is
relatively more equilibrated. This indicates the possible in-
fluence of the isospin degree of freedom in the quasifission
dynamics. The present results reveal that the reactions with
higher entrance channel isospin difference equilibrate slower
than those with lower entrance channel isospin difference,
thus driving the system toward more mass exchange and hence
resulting in a more symmetric mass split. It is to be noted
that the three reactions under study are quasifission dominated
and can be considered as benchmark data in the dynamical
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FIG. 8. Two-center shell-model calculation for the three systems
studied in this work. The potential has been calculated for the mass
asymmetry at the touching configuration of the target projectile com-
bination. The arrows indicate the depth of the potential pocket.

calculations of quasifission reactions with the isospin degree
of freedom as a parameter.

The driving potential at the barrier radius (Rg) for the
three systems are calculated using the two center shell-model
potential at the ground state [40]. The depth of the pocket
corresponding to asymmetric mass split has been quantified
as shown in Fig. 8. It is found that the depth of the asym-
metric pocket for the reaction 3*Kr + '8Pt is lower compared
to the other two reactions 8Kr + ' Au and 86Kr + '8Pt. At
finite temperatures, the depth of the pockets are expected to
decrease, but it may be inferred that the relative depth of
the pocket for 34Kr + '®Pt will remain shallower compared
to that for the other two reactions. This explains the higher
yield of symmetric events as observed (shown in Fig. 2) for
the reaction #*Kr + '®Pt compared to the other two reactions
studied in this work. For the calculation of potential, the
entrance channel isospin difference was not considered as
an explicit input; however, its influence may be present. An
explicit theoretical calculation that includes the influence of
the isospin difference in the entrance channel on the potential
energy surface may further elucidate the phenomenon.

IV. SUMMARY

The mass-total kinetic energy distributions of fission
like fragments formed in three reactions ¥Kr+ %8P,
80Ky + 18Pt and ¥ Kr+ '’ Au have been studied near the
Coulomb barrier energies. It is observed that all three re-
actions have the characteristics of mass-total kinetic energy
distributions dominated by the quasifission process. The to-
tal kinetic energy distributions could be explained by two
components, arising from symmetric and asymmetric quasi-
fission. For all reactions, the average total kinetic energy was
found to be higher compared to the predictions of the Viola
systematics indicating that the major part of the symmetric
fragments originates from the symmetric quasifission process.
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The standard deviations of total kinetic energy (orgg) of the
symmetric fragments were found to be narrower compared to
the reactions with lighter projectiles (*>Cr) suggesting less
dissipation of energy in the entrance channel for 5480Kr-
induced reactions.

An analysis of the timescales of the reactions using HICOL
shows that 3 Kr + '8Pt takes a longer time to reach a par-
ticular dinuclear shape compared to the other two reactions,
which may be due to the higher entrance channel isospin dif-
ference for this particular reaction. The driving potential at the
barrier radius also shows a shallower pocket for 3*Kr + 3Pt
compared to that for Kr + '8Pt and %Kr + '*7 Au reactions.
It is found that the yield of binary fragments following sym-
metric quasifission is more for 34Kr 4 Pt compared to that
of 86Kr 4 %8Pt reaction. This may be attributed to a possi-
ble change in the potential energy surface for the reaction
84Kr 4+ 18Pt compared to 3Kr + '8Pt, due to the change in

the entrance channel. An explicit dynamical calculation with
the inclusion of the influence of the isospin difference in the
entrance channel on the potential energy surface may further
elucidate the phenomenon.
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