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Role of the entrance channel in the production of complex fragments in fusion-fission
and quasifission reactions in the framework of the dinuclear system model
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The influence of entrance channel isospin, charge asymmetry, and bombarding energy on the competition
between the complete fusion followed by the decay of compound nucleus and quasifission channels is
treated within the dinuclear system model. The charge (mass) distributions of the products in the reactions
]6’22O+27A1, 92"78Kr+40Ca, 86KI'+48C21, 12ZSH+12C, 325+100M0, 48Ca+144*'54Sm, and ZO*ZSNe—}-lSlTa are calculated
at bombarding energies above the Coulomb barrier. The evolution of charge distribution of the complex fragments
from the excited rotating nucleus '**Xe with increasing angular momentum and excitation energy is demonstrated.
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I. INTRODUCTION

The entrance channel isospin, charge asymmetry, and
bombarding energy play an important role in the quasifission
process, emission of the complex fragments (Z > 3), and
formation of a compound nucleus (CN) and in the competition
of decay channels in the excited CN [1]. The probability
of the complex fragment emission as a function of these
variables deserves study because of the increasing interest
in the production of exotic nuclei via cluster decay of the
CN [2-6].

There are different models [7-14] for describing the
complex fragment emission. The code GEMINI [14] treats
the sequential statistical evaporation and binary decay of a
hot CN and makes a sharp distinction between the decay
widths for emission of light particles and those for emission of
complex fragments. The widths for emission of light particles
are calculated using the Hauser-Feshbach approach with
sharp cutoff transmission coefficients. The complex fragment
emission width is treated within the generalized transition state
concept proposed in Ref. [15]. The rotating finite-range model
[16] or the rotating liquid-drop model is used to calculate the
conditional barriers for binary division. The mass asymmetric
fission barriers extracted from the experimental excitation
functions lie between the values calculated with these two
models [17,18]. Applications of the statistical model [14] are
restricted to CN formation and for a good description of the
charge (mass) distribution the maximum angular momentum
Jmax Of the system is specially adjusted.

The main objective of the present work is to study the
influence of the entrance channel isospin, charge asymmetry,
and deposited energy on the charge distribution of the reaction
products. The detailed theoretical study of the reactions
92’78KI'+40C21, 86KI‘+48C&, 122Sn+I2C, and 3ZS+IOOMO at
low bombarding energies will be carried out within the
dinuclear system (DNS) model [19,20]. In this model the
cluster emission is treated under the assumption that the light
clusters are produced by a collective motion of the nuclear
system in the charge asymmetry coordinate with further
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thermal escape over the Coulomb barrier. The emission
barriers for complex fragments are calculated within the
DNS model by using the double-folding procedure (with the
Skyrme-type density-depending effective nucleon-nucleon
interaction) for the nuclear part of the nucleus-nucleus
interaction potential. Both the evaporation and binary decay
are treated in the same way. The correct definition of the
emission barriers and of their dependence on the angular
momentum allows us to calculate the charge, mass, and
kinetic energy distributions of the emitted complex fragments.
The main ingredient of our description is the sophisticated
potential energy as a function of angular momentum. The
difference with respect to the statistical model [14] is a
more accurate definition of the emission barriers. In our
case Jmax 18 not an adjustable parameter and is calculated
within our model by using the nucleus-nucleus interaction
potential [19,20]. In the reactions treated, the dynamics
plays a role at high angular momenta when the quasifission
becomes important. This clearly influences on the yields of
fission-like fragments. Note that the high angular momenta J
have larger contribution to the cross section. To test the model
description, the calculated results were successfully compared
with available experimental data for the reactions *He+"*Ag,
78’86Kr+12C, 63Cu+12C, 93Nb+9Be,'2C, 45SC+65C11,
SKr+27AL SOKr+53Cu, *He+'*Te, 4°Ca+7832Kr, and
139La+12C,?7 Al at low bombarding energies [6,19,20].

It should be stressed that the present model is mainly
limited by the low incident energies. Processes such as fast
multifragmentation and nonequilibrium phenomena [21,22]
are presently out of the scope of the DNS model. The
transport Boltzmann-Uehling-Uhlenbeck-like models [21] can
be used to describe fast fragment production, nonequilibrium
phenomena, and the competition between fusion-fission and
quasifission, similar to the DNS model. Being microscopic,
transport models are more ambitious than macroscopic mod-
els. Since the microscopic effective interaction is an input
there, they allow us to address fundamental questions on the
interaction such as the density dependence of the symmetry

©2011 American Physical Society


http://dx.doi.org/10.1103/PhysRevC.84.064601

SH. A. KALANDAROV et al.

10 20 30 40 50
z

energy, which is not possible within a macroscopic approach.
Conversely, a macroscopic approach by definition uses more
phenomenological inputs which are directly fixed on nuclear
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FIG. 2. Calculated charge (upper part) and mass (lower part)
distributions of the products in the reactions "*Kr+*°Ca (dashed
line) and *’Kr+*Ca (solid line) at bombarding energy E;, =
5.5 MeV/nucleon. The experimental data [6] for the "®Kr+*°Ca
reaction are shown by the squares.
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FIG. 1. Driving potentials at different angu-
lar momenta J for the systems (a) “’Kr+*'Ca
and (b) "*Kr+*°Ca. The value of U is normalized
to the energy of the rotating CN. The value of A
is related to Z to supply the minimum of U.
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data; therefore its predictive power is higher. Moreover, it
can combine reaction mechanism information with structure
properties: a nice example is the observable staggering,
which is completely inaccessible to the transport calculations
[21], which have no pairing. For example, the DNS model
contains the pairing energy and shell corrections through the
experimental binding energies of the DNS nuclei.

II. MODEL

The DNS model [19,20,23] describes an evolution of the
charge and mass asymmetry degrees of freedom, which are
defined here by the charge and mass (neutron) numbers Z
and A (N = A — Z) of light nucleus of the DNS, in the
DNS formed in the entrance channel of the reaction after
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FIG. 3. Calculated average TKE of the products in the reactions
8Kr+*0Ca (dashed line) and **Kr+*°Ca (solid line) at bombarding
energy Ej, = 5.5 MeV /nucleon.
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FIG. 4. (a) Calculated charge distributions of the products in the
reactions '°*O+27 Al (dashed line) and 22042 Al (solid line) at Ey,, =
5.9 MeV /nucleon and 2.95 MeV /nucleon, respectively. (b) Calcu-
lated charge distributions of the products in the reaction '°0O+%’ Al at
E» =2 MeV/nucleon (dashed line) and 4.77 MeV /nucleon (solid
line).

the dissipation of the kinetic energy and angular momentum
of relative motion. According to this description, there are
nucleon drift and nucleon diffusion between the DNS nuclei
and eventually either the CN is formed (the complete fusion)
or the DNS with given Z and A is formed and decays
(quasifission). After the formation, the excited CN decays by
various channels including the formation of certain dinuclear
systems and their decay. The CN formation and its consequent
decay are not necessarily the ultimate results of the evolution
of the initial DNS. In addition to contributions from the CN
decay, the binary decay component is related to the quasifission
mechanism. The competition between the complete fusion
and quasifission depends on the value of the maximum angular
momentum deposited in the system. The quasifission and CN
decays are hardly distinguished in the experiments because
in both cases two fragments are produced by the decay of the
DNS formed during the diffusion process in the mass (charge)
asymmetry coordinate with and without the CN formation
stage.

PHYSICAL REVIEW C 84, 064601 (2011)

The production cross section of a nucleus with charge Z
and mass A numbers is calculated as follows [19]:

Jmax
0z,A(Ecm) = ZGZ,A(EC.m.a D)
J=0
Jmax
=Y Oep(Ecm. DWzA(Edn, 1), (1)
J=0

where o, is the partial capture cross section, which defines
the transition of the colliding nuclei over the Coulomb barrier
and the formation of the initial DNS when the kinetic energy
E. . and angular momentum J of the relative motion are trans-
formed into the excitation energy and angular momentum of
the DNS. This transition probability is calculated with the Hill-
Wheeler formula. The value of W7 4(E(&y, J) is the formation-
decay probability of the DNS with given asymmetries Z
and A. The probability of the DNS formation is calculated
statistically by using the stationary solution of the master
equation with respect to the charge and mass asymmetries and
depends on the potential energy of the DNS configurations at
touching distance and on the thermodynamical temperature.
The probability of the DNS decay in relative distance R
is calculated by using the transition state method. This
probability depends on the difference between the potential
energies of the DNS configurations at the touching distance
and at the barrier position. The maximum value of angular
momentum Jp, is limited by either the kinematical angular
momentum Jyi, = {2u[Ecm. — V(R;,)]/hz}l/sz [where Ry, is
the position of the Coulomb barrier with the height V(R;)
and p is the reduced mass] or by the calculated critical
angular momentum J.,, depending on which one is smaller:
Jmax = min[Jxin, Jor]. It should be noted that the calculated
capture cross sections with this method are in good agreement
with those obtained with the dynamical model [24]. The details
of calculations of oc.p, Wz 4(E&y, J), and, correspondingly,
0z.4(E.m.) are given in Ref. [19]. Here, only the most salient
features are outlined.

The DNS is trapped in the pocket of the interaction potential
between partners. Then, a statistical equilibrium is reached
in the mass-asymmetry coordinate so that the formation
probability Pz 4 of each DNS or CN configuration depends
on the potential energy

UR,, Z,A,J)=B1+B,+V(R,,Z,A,J)
—[Bia + EP(D)],

calculated with respect to the potential energy By, + E5(J)
[where Bj, is the mass excess of the CN and the rotational
energy Eﬁt(] ) of the CN] of the rotational CN, where R,
is the location of the minimum of the pocket in the nucleus-
nucleus interaction potential V and B; and B, are the mass
excesses of fragments in their ground states. After the capture
stage, there are nucleon drift and nucleon diffusion between the
nuclei which constitute the DNS. Then, the excited DNS can
decay with a probability P¥ , in the R coordinate if the local
excitation energy of the DNS is high enough to overcome the
barrier in the nucleus-nucleus potential. Ultimately, the system
evolves either toward a CN configuration that subsequently
decays or to a DNS configuration. The latter process, in which
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FIG. 5. Calculated (solid lines) and experimen-
tal (solid squares) [28] yields of the indicated

nuclei in the '°O+27Al reaction as a function of
bombarding energy.
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a two-body configuration is kept along the trajectory, is the
quasifission phenomenon.

The emission probability Wz 4(Efy, J) of a fragment
(Z,A) is calculated as the product of the DNS formation
probability and the DNS decay probability:

R
PZAPZA

9

ZZ/ Pz 4P ZA/

where the indexes Z’ and A’ go over all possible channels from
neutron evaporation to the symmetric splitting. The probability
Pz 4 is the equilibrium limit of the master equation (see [19]
for details) given by

Pz A(E¢cn, J) ~ expl=U(Rn, Z, A, J)/Ten(Dx. (3)

Here, the n-, p-, d-, and fr-evaporation channels are taken
into consideration with U(R,,, Z, A, J) = 0. The quasifission
barrier B;]ef , calculated as the difference between the bottom
of the inner pocket and the top of the external barrier, prevents
the decay of the DNS along the R-degree of freedom with the
weight P}, given as

Wz a(Ely. J) =

(@)

PR, ~exp[-BY (Z, A, 1)/ Tz (D). (4)

In Egs. (3) and (4) Tcn(J) and Tz 4(J) are the temperatures of
the CN and the DNS, respectively. For the emission of particles

with Z < 2, Tz 4(J) = Ten(J) and Bzf(Z, A, J) is equal to
the particle binding energy plus the value of the Coulomb
barrier at Z # 0. The Fermi-gas model is employed to compute
the temperature, with a level-density parametera = 0.114A +
0.162A%/3 [19,20].

In the calculations, we use formulas (1) and (2) to treat the
sequential statistical decay (the evaporation of light particles
and/or the binary decay) of the hot CN and the quasifission. The
generation of a whole cascade of decay channels is performed
with the Monte Carlo method. We continue to trace the decay
processes until all fragments become cold (i.e., when the
excitation energy of fragments is smaller than its neutron
emission threshold). The number n of events generated in the
Monte Carlo technique was chosen according to the smallest
decay probability, which is ~1/n. n > 10* iterations is large
enough for obtaining the calculated results with high accuracy.

III. RESULTS OF CALCULATIONS
A. Role of N/Z ratio

We calculated the charge distribution of the *’Kr+*’Ca
reaction at bombarding energy Ej,, = 5.5 MeV /nucleon and
compared it with the charge distribution of the neutron-
deficient 8Kr+*’Ca reaction at the same bombarding energy
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FIG. 6. (a) Calculated charge distributions of the products in
the reactions 2°Ne~+'8!Ta (dashed line) and *Ne+!8!Ta (solid line)
at Ey,, = 7.5 and 4.95 MeV /nucleon, respectively. (b) Calculated
charge distributions of the products in the reaction *’Ne+'8'Ta at
Ei.p = 5MeV /nucleon (dashed line) and 9 MeV /nucleon (solid line).

[6]. The calculated maximum angular momenta and CN
excitation energies (at J = 0) involved in the *’Kr+*’Ca
and "®Kr+*°Ca reactions are Jm.x = 82, E&y = 138 MeV
and Jmax =73, E&y =99 MeV, respectively. The driving
potentials (normalized to the energies of the corresponding
rotating CN), which are responsible for the formation of
different DNS configurations, are shown in Fig. 1 for both
reactions. Comparing the driving potentials for these reactions,
one can conclude that the odd-even staggering decreases
with increasing N/Z ratio in the system. The main reason
for this is that the pairing energy decreases with increasing
mass number of the nucleus. The pairing energies and shell
corrections of the DNS nuclei are included in the driving
potential through their binding energies. So, the staggering
effects in the yields of the final products are related to the
corresponding structure effects in the nuclear binding energies
[25]. One can see that for the neutron-deficient system the
potential energy is lower than for the neutron-rich system
at the same value of angular momentum [the value of B; +
B, — By increases faster than V(R,,, Z, A, J = 0) decreases
with increasing total neutron number], which means that the
formation of the DNS configurations is more probable for the
neutron-deficient system. So, one can expect a larger yield of
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fission-like fragments in the neutron-deficient system than in
the neutron-rich one. With increasing angular momentum, the
potential energy for symmetric DNS configurations becomes
negative at J > Jy = 45 for ®Kr+*°Ca and at J > Jy = 67
for “Kr+*°Ca. At these large angular momenta the calculated
driving potentials show a global minimum at the symmetric
DNS but not at the CN configuration and the charge (mass)
drift pushes the system toward symmetry. This indicates that
complete fusion becomes energetically denied and higher J
waves do not lead to fusion but to quasifission, resulting in
the fragments produced as the binary decay products of the
transient DNS originating from the target-projectile DNS. This
implies that at higher partial waves, most of the heavy complex
fragments are produced by quasifission. At J =~ Jy the CN
and symmetric DNS potential energies coincide, and we can
observe the coexistence of the quasifission and fusion-decay
events. Thus, at the value of Jy the reaction mechanisms
become less clear-cut. At J < Jy the driving potential is
positive, the CN configuration is energetically more favorable
than any DNS configuration, and the decay products are mainly
from the decay of the excited CN.

InFig. 2, we compare the charge distributions of the emitted
complex fragments in the reactions ’3°2Kr(5.5 MeV /nucleon)
+ 40Ca. In both cases, odd-even effects are present in the
production cross sections

UZ(EC.m.) = ZGZ,A(EC.m.) (5)
A

of fragments with Z = 2-12, while for heavier fragments
these effects are not visible because the odd-even structures of
the charge distributions are washed out due to the sequential
evaporation. So, the amplitude of the staggering depends on
the deposited energy. It was also found recently in Ref. [26],
where the staggering depends in a more complicated way
on the history of the evaporation chain than the schematic
interpretation suggested in Ref. [25]. In Ref. [25] a staggering
is presented in the isotopic yields at the last but one evaporation
step through the pairing effect on nucleon separation energies.

In Fig. 2 the odd-even staggering is much smaller for
the neutron-rich system compared to the neutron-deficient
one. The maxima of the yields of symmetric fragments are
located at the same position for both systems, but for the
neutron-rich system the dependence on Z is flatter. The
evaporation residue charge distributions are shifted to smaller
Z values for the neutron-deficient system. It is interesting to
see that the yields of the emitted complex fragments are much
smaller in the *>Kr+%°Ca reaction. For example, the cross
section for carbon emission is about 1/6 as large as that in
the 7®Kr+*Ca reaction. This is mainly because of the smaller
formation probability of corresponding DNS configurations in
the *?Kr+*°Ca reaction compared to the *Kr+*Ca reaction.
Note that the calculated cross sections for the "Kr+*’Ca
reaction are in good agreement with the experimental data [6].

The mass distributions

OA(Eems 1) =Y 07 A(Ecm.. J) 6)
VA
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FIG. 7. Calculated (solid lines) and experimen-

Elab=7'5 MeV/nucleon

c,(mb)

tal (solid squares) [29] mass distributions of the
products in the reactions 2’Ne+'$!Ta at E},, = (a)
7.5 and (b) 9 MeV /nucleon.
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of the reaction products and the dependence of the average
total kinetic energy (TKE)

Jmax 2
(TKE)Z) = »_ [V(Rh, Z,A,J=0)+ ’”“f—ﬁ“)}
A,J=0 ZMRb
O—Z,A(ECAm.y J)
Ec.m. '
oz( " ) (7
0.85uR2

f =%z v
;S(RM9 A7 ﬁla ﬂz)

of the decay products versus the charge number Z are predicted

in Figs. 2(b) and 3 for the reactions *’Kr(5.5 MeV /nucleon) +

4Ca and "®Kr(5.5 MeV/nucleon) + “°Ca In Eq. (7), 3 is

the moment of inertia of the DNS calculated in the sticking

100 120 140 160 180 200

limit [19]. For the neutron-deficient and neutron-rich systems,
the general behaviors of mass distributions are similar to those
of charge distributions. The average TKE follows the value of
the corresponding Coulomb barrier and grows globally with
Z. At fixed Z and angular momentum, and similar quadrupole
deformation parameters of the fragments, the height of the
Coulomb barrier for the neutron-deficient system is larger
than the one for the neutron-rich system. The calculated TKE
for the "®Kr+*°Ca reaction is in a good agreement with the
experimental data [27].

For the '°0(5.9 MeV /nucleon) + 2’ Al and 220(2.95 MeV/
nucleon) + %’Al reactions, Jpux = Jor = 36, Jo = 15 and
Jmax = Jkin = 30, Jo = 28, respectively, and the excitation
energies of the CN **#°Sc formed are almost the same,
E{N(J =0) ~ 74 MeV. Since Jy < Jmax for both reactions,

F T r——r—7TrrrT7r T T T
IZONe(EI =9 MeV/nucIeon)+]'81Ta (a)3
Sl ]
« .
oY Rh
A _ . .
T T T FIG. 8. Calculated (lines) and experimental
' ' '(b); (solid symbols) [29] yields of the isotopes of
A ] indicated nuclei Rb, Y, and Rh in the 2°Ne+'8'Ta
A ) reaction at Ey,, = (a) 7.5 and (b) 9 MeV /nucleon.
" Rh
A
A - E
- P Ll
100 105 110
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the quasifission channel dominates among other competing
channels. As a result, the shapes of charge distributions at
Z < 17 in these two reactions are rather similar [Fig. 4(a)].
However, for the neutron-deficient system, the evaporation
residue charge distributions are shifted to smaller values of Z
and the yields of symmetric and near-symmetric fragments are
larger. As shown in Fig. 5, our method is suitable for describing
the yields of the indicated nuclei **Ne, *Na, Mg, and 3*Cl
in the '°0+27 Al reaction.

The dependencies of the cross section oz on Z are
presented in Fig. 6(a) for the reactions 2°Ne(Ejy = 7.5
MeV /nucleon) + 8!'Ta (Jpax = Jor = 63, Jiin = 77, Jo = 77)
and 2Ne(Ej,, = 4.95 MeV/nucleon) + 8!1Ta (Jyax = Jiin =
79, J.r = 84, Jo = 85). In both cases, the CN is produced with
excitation energy Efy(J = 0) = 101 MeV. Since Jyax < Jo
for these reactions, the same trends in the charge distributions
are expected. For these heavy systems, the symmetric and
near-symmetric decays considerably contribute to charge
distribution even at Jy.x < Jo. The reason is that the driving
potentials have deep minima for corresponding symmetric and
near-symmetric DNSs. Because of this the formation of nearly
symmetric DNS is quite probable. For both systems, the yields
of nearly symmetric fragments are comparable because for the

neutron-rich system the value of J,a« is larger by about factor
of 1.3. One can see that for heavy systems the odd-even effects
are much weaker than those for the light systems discussed
above. Note that the calculated and experimental [29] mass
distributions of the products (Fig. 7) and yields of the isotopes
of nuclei Rb, Y, and Rh (Fig. 8) of the *’Ne+!8!Ta reaction
at bombarding energies 7.5 and 9.0 MeV /nucleon are in good
agreement.

The calculated yields of products in the reactions
BCa(Ep = 4.65 MeV/nucleon) + ™Sm[Jpax = Jiin =
80, Jo, =85 Jo=70, Ei{(J=0)=63.8 MeV] and
BCa(Eyp = 4.2 MeV/nucleon) + *Sm[Jpa = Jiin = 63,
Jor =92, Jo =89, Efy(J =0) =63 MeV] are compared
with available experimental data [30] in Fig. 9. The max-
imum yield of the fragments occurs at nearly symmetric
fragmentations where the DNS potential energy has a deep
minimum. The calculated mass distributions have more oscil-
lations than the measured ones because the inaccuracy of the
mass measurements smoothes the experimental distributions.
By taking into consideration the experimental uncertainties
in the measurement of mass, the agreement between the
calculated and experimental data [30] is quite good. Since
Jnax(BCa+1%8Sm) > Jna(BCa+1%Sm), Jpax > Jo in the

064601-7
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FIG. 10. The same as in Fig. 1, but for the CN '**Ba at J = 0,
30, 45, 60, 75, and 88.

BCa+1%Sm system, and Jp.x < Jo in the BCa+1%Sm
system, the yields of products in the **Ca+'**Sm reac-
tions are larger by factor of about 30 than those in the
48Ca+"*Sm reaction. The behaviors of the charge distribu-
tions are rather similar to those of the mass distributions
[Fig. 9 (lower part)].

B. Role of entrance channel asymmetry

To investigate the influence of entrance channel asymmetry
on the reaction mechanism and on decay properties of
excited nuclear system, we studied the reactions 86K r+48Ca
at bombarding energy 5.5 MeV /nucleon and '>2Sn+'>C at 12
MeV /nucleon, which lead to the same CN '**Ba with the same
excitation energy Efy = 130 MeV at J = 0. The maximal
angular momenta for the capture process are Jy,.x = 88 for the
86K r+*8Careaction and Jyx = 47 for the 122Sn+!2C reaction.
The driving potentials for these reactions are presented in
Fig. 10 at different angular momenta. One can see that
Jo & 70 for these systems, which means that for the 12284 12C
reaction (Jmax < Jo) the fission-like fragments are formed
with smaller probability compared to the 3Kr+*%Ca reaction
(Jmax > Jo). In Fig. 11 we present the charge distributions of
decay fragments in these reactions. As expected, the fission-
like fragments have much smaller yields in the '*2Sn+!2C
reaction. The complex fragment emission cross sections
are higher in the 3*Kr+*Ca reaction. For the %Kr+*8Ca
reaction, the potential energy becomes negative at J = Jy =
70, which means that the symmetric DNS configurations
become energetically favored and most of the fission-like
fragments originate from the quasifission process in this
reaction.

Thus, at fixed bombarding energy different entrance chan-
nel asymmetries lead to different maximum angular momenta
Jmax- If Jmax > Jo (Jmax < Jo) the quasifission (the complete
fusion) mainly contributes to the charge distribution. Different
reaction mechanisms result in different shapes of charge
distribution.

PHYSICAL REVIEW C 84, 064601 (2011)

FIG. 11. Calculated charge distributions of the products in the
reactions *Kr+*Ca (solid line) at Ej;, = 5.5 MeV /nucleon and
1228n+"2C (dashed line) at E}y, = 12.0 MeV /nucleon.

C. Influence of the deposited energy

The calculated charge distributions for the 'O+27Al
reaction at Ej, =4.77 MeV/nucleon [Ef(J =0) =62
MeV, Jmax = Jkin = 31, J, = 36]and Ey,, = 2MeV /nucleon
[E&G(T =0) =34 MeV, Jnax = Jiin = 12, Jo = 36] are
shown in Fig. 4(b). Since for both bombarding energies, the
values of J;,,x are differentand Jy = 15, the charge distribution
strongly depends on Ej,p. In the YO(Ep, =2 MeV /nucleon)
+ 27 Al reaction, Jmax < Jo, the quasifission is suppressed, and
the charge distribution is typical for the complex emission
from the excited CN. In contrast to the '°0+27 Al reaction, for
the 2°Ne+'8!Ta reaction at Ej,, = 9 MeV /nucleon [Efy(J =
0) = 128 MeV, Jpax = Jor = 63] and Ejy, = 5 MeV /nucleon
[EEN(T = 0) =56 MeV, Jnax = Jiin = 26, Jmax < Jo = 77]
the charge distributions are rather similar [Fig. 6(b)]. The
yields of products increase and the staggering effects are
washed out with increasing Ejyp.

U (MeV)

FIG. 12. The same as in Fig. 1, but for the *2S+!Mo reaction at
J =0, 30, 45, 60, and 70.
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FIG. 13. (Color online) Calculated (a) charge and (b) mass
distributions of the products in the ¥2S+!°Mo reaction at Ey,, =
6.25 MeV/nucleon (solid line) and Ep, = 10.0 MeV/nucleon
(dashed line).

We study also an evolution of charge and mass distribu-
tions of the products with increasing deposited energy in
the reaction 32S+!““Mo. At bombarding energies 6.25 and
10 MeV /nucleon the maximum angular momentum for the
capture process is Jp,x = 71 and the excitation energies of CN
are E¢y = 122 and 212 MeV, respectively. Driving potentials
for this system are presented in Fig. 12, where one can see that
Jo ~ 60. The expected charge distributions of the products
are presented in Fig. 13. As seen, the maxima for fission-like
fragments and evaporation residues are shifted to lower Z
at higher excitation energies. Production cross sections of
complex fragments increase by a factor of about 8§ with
increasing bombarding energy from 6.25 to 10 MeV /nucleon.
The predictions of the mass distributions for this reaction at
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FIG. 14. (Color online) Angular momentum dependence of pro-
ton (solid line) and «-particle (dashed line) multiplicities from
the CN and fission-like fragments for the 32S+'®’Mo reaction at
Ep = 6.25 MeV /nucleon.

bombarding energies of 6.25 and 10 MeV /nucleon are shown
in Fig. 13(b).

In Table I, we compare the calculated light, charged-
particle multiplicities and production evaporation residues
and fission-like fragments cross sections in the reaction
325(6.25 MeV /nucleon) + '““Mo with corresponding exper-
imental data from Ref. [31]. One can see that the calculated
multiplicities from the fission-like fragments are 3—4 times
higher than the experimental data, while the multiplicities from
the CN agree well with the experimental data. Since the multi-
plicity is related to the corresponding production cross section
and the calculated production cross section of fission-like
fragments is larger by a factor of 2 than the experimental one,
we overestimate multiplicities from the fission-like fragments.
So, additional theoretical and experimental studies of the
multiplicities are required to discriminate unambiguously the
products resulting from different reaction mechanisms.

The angular momentum dependencies of the yields of
protons and « particles from the CN and fission-like fragments
are presented in Fig. 14. As seen, these dependencies are
opposite and at J > Jy the yields of protons and « particles
from the fission-like fragments become larger.

The yields of decay fragments from the excited rotating
CN 3*Xe are shown in Fig. 15 at different Jn, = 25, 45,
65, and 85 and excitation energies Efy = 100, 200, and

TABLE L. Comparisons of the calculated proton and a-particle multiplicities from the CN (MER and MER, respectively) and from fission-like
fragments (M}" and M, respectively) with experimental data from Ref. [31] in the *>S4-'Mo reaction at 6.25 MeV /nucleon. Production
cross sections ogg and ogp of evaporation residues and fission-like fragments, respectively, are shown as well.

MR MER M;F M orr (mb) Ogg (Mb)
Exp. 0.9+0.14 0.56 £0.09 0.055 £ 0.007 0.038 £ 0.005 130+ 13 828 £ 50
Calc. 0.99 0.83 0.2 0.11 298 620
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FIG. 15. (Color online) Calculated yields of the

products emitted from the excited rotating '**Xe
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nucleus at Ji.x = 25,45, 65, and 85 and E¢y = 100
1 MeV (solid line), 200 MeV (dashed line), and 400
A/' MeV (dotted line). Here, 722 = wh? /(i Ecp.).

20 30 40 50 100
4 4

400 MeV. Here, the possibility of the CN formation with
such high spins and excitation energies is not considered and
it is the subject of additional studies. The yields in Fig. 15
are shown in units of 74’ to exclude the entrance reaction
channel. The driving potential for this system in Fig. 16 shows

U (MeV)

FIG. 16. The same as in Fig. 1, but for the CN **Xe at J = 0,
30, 50, 70, and 80.

10 20 30 40 50

that Jo ~ 75. At E{y = 100 and 200 MeV the shape of the
distribution of charge products changes when J crosses Jy. At
higher excitation energy (E&y = 400 MeV) this effect is not
so pronounced. So, the decay of excited '**Xe would depend
on the reaction resulting in this CN.

IV. SUMMARY

The important role of entrance channel isospin, asymmetry,
and bombarding energy in the emission of complex fragments
was explored in the framework of the DNS model. The reaction
mechanism (fusion followed by binary decay or quasifission) is
mostly determined by the maximum angular momentum Jp,x
deposited in the system and by the angular momentum Jy at
which the potential energy for the DNS configuration becomes
smaller than the potential energy of the CN. If J,x > Jo or
Jmax < Jo quasifission or fusion-fission mainly contributes to
the charge (mass) distribution. Different reaction mechanisms
result in different shapes of charge distribution. The value
of Jmax for a capture process can be controlled by either the
projectile-target mass and charge asymmetries or the kinetic
energy of the projectile. The value of Jy strongly depends
on the total neutron and charge numbers of the system and,
correspondingly, on the N/ Z ratio and moment of inertia of the
DNS. At fixed total charge number of the system, the value of
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Jo globally increases with the total neutron number. The reason
is that for the neutron-rich system the potential energy and the
DNS moment of inertia are larger than those for the neutron-
deficient system at the same value of angular momentum,
which means that Jj is larger for the neutron-rich system.

At relatively high angular momenta, the complex frag-
ments and the fission-like fragments in the reactions
2.78Kr(5.5 MeV /nucleon) + 40Ca, Kr(5.5 MeV /nucleon)
+ *Ca, '%0@4.77 and 5.9 MeV/nucleon) + Z7Al,
220(2.95 MeV/nucleon) + ?’Al, and 32S(6.25 and 10
MeV /nucleon) + Mo mainly originate from the quasifission
process. Complete fusion followed by binary decay is domi-
nant in the reactions '*2Sn(12 MeV /nucleon) + '2C and '°0(2
MeV /nucleon) + 2’Al at low angular momenta. So, different
trends of the predicted charge (mass) distributions of the
reaction fragments arise from different reaction mechanisms.

The shapes of charge distributions in the neutron-rich
2Kr(5.5 MeV /nucleon) + “°Ca and 220(2.95 MeV /nucleon)
+ ?2’Al systems and the neutron-deficient "3Kr(5.5
MeV /nucleon) + “°Ca and '°0(4.77 and 5.9 MeV /nucleon)
+ 27 Al systems are similar. However, the odd-even staggering
is much smaller for the neutron-rich systems than for the

PHYSICAL REVIEW C 84, 064601 (2011)

neutron-deficient ones and the charge distribution near the
maximum of the yield of symmetric fragments is flatter for
the neutron-rich systems. The staggering effects in the yields
of the final products are ruled by the corresponding structure
effects in the nuclear binding energies.

For the heavy systems “Ca+'%*154Sm and 2*28Ne+'3!Ta,
nearly symmetric decays considerably contribute to charge
distribution even at J.x < Jo. The reason is that the driving
potentials have deep minima for corresponding symmetric and
near-symmetric DNSs.

The yields of decay fragments from the excited rotating CN
134Xe strongly depend on the maximum angular momentum
deposited in the system. This dependence becomes weaker
with increasing excitation energy of the CN.
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