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Background: The study of evolution of asymmetric dinuclear systems (DNSs) formed in heavy ion collisions
is a topic of intense research. The DNS evolution leads to a variety of reaction channels such as deep inelastic,
complete fusion, quasifission, fast fission, fusion-fission, and evaporation of particles. The time evolution of the
DNS in the quasifission process and the role of relevant parameters are still not fully understood.

Purpose: The influence of the entrance channel mass asymmetry on the time evolution of an excited and rotating
DNS, populated via four reactions with different entrance channel mass asymmetry parameters which all lead to
the compound nucleus 2'SRa, is explored.

Method: The driving potential, emission barriers for the binary decay (namely the quasifission and intrinsic
fusion barriers), rate of the quasifission channel, and the lifetime of an excited DNS, as well as the fission
rate and fission lifetime of the compound nucleus *'°Ra formed in the '2C +2*Pb, 'F +!" Au, *Si +'80w, and
“8Ca +'%Er reactions, are calculated by the dinuclear system approach.

Results: Our results show that the intrinsic fusion barrier values are equal to zero for the '>C +2*Pb and
YF 4197 Ay reactions. Therefore, the quasifission signature is extremely hindered for these reactions, while the
308i 4130w and *8Ca +'S8Er calculated results contain quasifission contributions. Provided the quasifission rate
is nonzero, the quasifission rate increases with increasing orbital angular momentum ¢ of the composite system
for a given excitation energy E, of the compound nucleus. On the other hand, the quasifission lifetime decreases
moderately with increasing £. Furthermore, both quasifission and fission rates increase with increasing excitation
energy E¢.,, while the quasifission and fission lifetimes decrease with increasing E¢., for a given £.
Conclusions: Although these reactions with different entrance channels populate the same compound nucleus
218Ra at similar excitation energies, the fused system presents different behaviors for different entrance channel
mass asymmetry parameters. In the *°Si +'%W and *Ca+'®Er reactions having smaller entrance channel
mass asymmetry, the quasifission signature dominates over the complete fusion process. Because of the small
quasifission barrier for these reactions, the lifetime of the DNS is short and its Efyg excitation energy is not
sufficient to overcome the saddle point along the way to fusion. Instead, in the '2C +2**Pb and '*F +'*” Au reaction
systems, at Efj¢ excitation energy higher than the threshold energy, the DNS has sufficient energy and time to
reach a compound nucleus. In other words, the model calculations predict that the quasifission rate is negligible
for the reactions with higher entrance channel mass asymmetry and complete fusion is a dominant decay channel.
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I. INTRODUCTION

The study of dynamics of massive nuclei collisions near
Coulomb barrier energies manifests that the complete fusion
of reactants does not take place immediately upon contact of
nuclei. In heavy ion reactions, the complete fusion process
is strongly hindered by deep inelastic, quasifission, and fast
fission processes. These processes cause the appearance of
measured fission-like fragments similar to the ones due to the
fusion-fission process. The fission-like fragments of quasifis-
sion are the main hindrance to the evolution of the dinuclear
system (DNS) and formation of the compound nucleus (CN) in
these heavy systems. Therefore, the formation of superheavy
nuclei is hindered by the quasifission process as the primary
reaction mechanism. This process takes place when the DNS
tends to break down into two fragments after multinucleon
transfer without reaching the stage of a fully equilibrated CN
formation. The increase in the sum of the Coulomb interaction
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and rotational energies in the entrance channel leads to an in-
crease in the number of events going to quasifission. The quasi-
fission products may have characteristics similar to the ones of
fusion-fission, such as the total kinetic energy of the fragments,
their mass (charge), and angular distributions. The onset of the
quasifission signature for very heavy systems having Coulomb
factor ZpZ7 > 1600 (where Z7 and Zp are the target and
projectile atomic numbers, respectively) is predicted by an
earlier dynamical model [1-3]. However, the existence of the
quasifission event has recently been demonstrated in many
asymmetric reactions using deformed targets at sub and near
Coulomb barrier energies, even though the Zp Z1 values were
lower than 1600 [4-6].

The interaction time (lifetime) of the excited DNS is one
of the most important characteristics of the process being
considered. Thus, the measurement of lifetimes can give a
definitive signature of the nuclear reaction processes. The
parameters of the fissioning nucleus such as the fissility,
excitation energy, and the angular momentum of the system
play a crucial role in the lifetime of the decay process. As the
value of each of these parameters increases, the stability of the
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nucleus against decay decreases. Quasifission has generally
been understood to take place on short time scales around
10729 s [7], while fusion-fission typically occurs on longer
time scales, from almost 10~ to 10719 s.

Three main methods are applied to determine the nuclear
interaction time scales. The first method, the neutron clock
method [8], counts the number of neutrons emitted from
an excited DNS before it breaks up into two fragments
(pre-scission). The number of emitted pre-scission neutrons
increases with increasing lifetime of the nuclear system. In
principle, it is sensitive to the time scales of the order of
10722-10~¢ 5. The second method uses the mass and/or charge
distributions of the reaction products together with the angular
distributions to estimate the interaction time of the DNS
[7,9]. It can provide an almost model-independent estimate
of quasifission time scales. Interaction times below 10720 s
were deduced by this method. The third method is the crystal
blocking method. The angular distribution of the reaction
fragments with respect to a major crystal axis of the target
is measured by this method [10]. Fission fragments emitted in
this direction are deflected away by the row of atoms, unless the
formed CN has recoiled far enough from the lattice site. This
method is sensitive to longer time scales, in the range 10~ to
10710 s [11]. It is thus sensitive to the time scales associated
with the fusion-fission, and can indicate the appearance of
the fusion-fission between the predominant quasifission events
[12]. The crystal blocking method has recently been applied
to fission-like events in reactions producing superheavy nuclei
[11-13].

The quasifission probability should increase with increasing
charges of both the projectile and dinucleus. Since the time
scale of the quasifission is expected to be shorter than for that
of fusion-fission, the mean quasifission time should decrease
with increasing charge numbers of the projectile and dinucleus.

Lifetime of the DNS is strongly influenced by the charge
numbers of projectile and target nuclei, beam energy, and an-
gular momentum, which determine the depth of the minimum
(pocket) in the nucleus-nucleus potential well. The lifetime of
the DNS should be enough for its transformation into a CN
(complete fusion of interacting nuclei). In general, the mean
lifetime of the DNS is correlated with the number of transferred
nucleons and the energy dissipation which characterize the exit
channel, namely the mass, charge, and angular distributions,
and the total kinetic energy of the reaction products.

The main scope of this work is to determine the driving
potential, the quasifission B, and intrinsic fusion B barriers,
rate of the quasifission channel, and lifetime of an excited DNS
for the 12C +2%Pb, 19F +'97 Au, Si + 186w, and “8Ca +'Er
reactions leading to the same compound nucleus 2'°Ra. The
fission rate and the time scale of the fission are also determined
for the *3Ca+'%®Er reaction. The calculations were carried
out within the combined dynamical-statistical model based on
the dinuclear system (DNS). These calculations are the first
performed by the DNS approach. We have already estimated
the internuclear potential energy, complete fusion probability,
and excitation functions of capture, fusion, and quasifission
processes, as well as the relative yield of complete fusion and
quasifission components for the above mentioned reactions
within the framework of the DNS model [14].
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This paper is organized in the following way. The outline of
the theoretical method is given in Sec. II. Section I1I is devoted
to our calculated results. The conclusions of this research are
presented in Sec. IV.

II. DESCRIPTION OF THE THEORETICAL APPROACH

All heavy ion reaction channels with full momentum trans-
fer at low collision energies, called the capture reaction, occur
through the stage of dinuclear system (DNS) formation. The
necessary condition of the capture mechanism is overcoming
the Coulomb barrier and rotational energy of the entrance
channel by sufficient energy of the projectile nucleus in order
to trap the DNS in the potential well of the nucleus-nucleus
interaction. The DNS consists of two nuclei which touch each
other and keep their own individuality [15]. The DNS after
the capture mechanism can evolve as the result of the nucleon
exchange mechanism between clusters that change the mass
and charge asymmetry coordinates.

The nucleus-nucleus interaction potential of the DNS
versus the charges Z| and Z, of the forming dinuclear system
and the distance R between their centers is given by [16]

V(R,Z\,Z>,0.{Bi})
= Vc(R,Z1,25,{B:}) + VN(R,Z1,Z5,{Bi})

+ VIS8, (1)

where Ve, Vi, and VENS are the Coulomb, nuclear, and

rotational potentials, respectively; B;—;» are the quadrupole
deformation parameters of nuclei forming the DNS.

The evolution of the DNS with the initial charge numbers
of projectile and target nuclei (Zp and Z7, respectively) to
complete fusion is determined by the potential energy surface
(PES), U(A,Z; R). Assuming a small overlap of nuclei in
the DNS, U(A1,Z; R) is calculated versus charges Z;, Z;
forming the dinuclear system and the distance R between their
centers [17]:

UALZi:R) = Q = V" (O + V(R.Z1.Z2.0.5),  (2)

O = B((Z)) + By(Z>) — Ben(Zcen), 3)

where (Q is the reaction energy balance; B;, B, and
Ben(Zen = Z1 + Z,) are the binding energies of the frag-
ments in the DNS and of the compound nucleus at their ground
states, respectively, which are taken from Ref. [18].

The driving potential Uy, (A1,Z1; R,,) is extracted from
the potential energy surface U(A;,Z;; R), where R, is the
internuclear distance corresponding to the minimum of the
nucleus-nucleus potential well V(R). Indeed, the nucleus-
nucleus potential well has a pocket with a minimum situated
for the pole-pole orientation at the distance between the nuclei
R,, corresponding to the touching configuration [19]. Further
details concerning the theoretical approach can be found in
Ref. [14].

The intrinsic fusion barrier By is a dynamical hindrance in
the DNS evolution on the way to form the compound nucleus
in the mass asymmetry coordination of the DNS. The barrier
B . is determined as the difference between the maximum

fus
value of the driving potential between Z; = 0 and Zp and its
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value corresponding to the initial charge value [20],

Bi, = U™ — Uy (Zp), “)

where UJ}™ is the max value of the driving potential between

Zy =0 and Zp. The formation of the compound nucleus is
hindered if the excitation energy of the DNS is less than the
value of Bf .

The decay of the DNS in the relative distance R can be
treated using the one-dimensional Kramers rate [21],

2

Ay (@pys) = 2 ) - &
afVEONS) = ogr % @ar) " o
X exp <_ B,s(Z1,A1) 5)
Opns(Z1,A1) )

Obviously this rate falls exponentially with increasing quasi-
fission barrier B,r(Z,A) [14] for a given charge and mass
asymmetry. In this equation, the quantity I" denotes a double
average width of the contributing single-particle states near the
Fermi surface and I' = 2 MeV [22]; w, is the frequency of
the inverted harmonic oscillator approximating the interaction
potential shape of two nuclei for a given DNS configuration
(for a given Z; and Z,) around the top of the quasifission
barrier placed at R, s, and w,, is the frequency of the harmonic
oscillator approximating the potential in R on the bottom of
its pocket placed at R,,. Therefore,

32V (R)
dR?

32V (R)
dR?

2 —1

_ 2 -1
@yr=Hyy

) (,()m Zqu
R=Ryy
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R=R,

where, [gr ~ A‘AAZ; Ay and A, are the mass numbers of

the quasifission fragments, and A = A; 4+ A, [20]. The local

temperature of the DNS over the quasifission barrier is
1/2

calculated by using the Fermi-gas model as ® = (M)
corresponding to the local excitation energy Efj\g of the DNS
in the entrance channel [23],

EBNS = Ecm. - V(Rm)a (7)

where E.,, is the center-of-mass energy. The level density
parameter a is also taken from Ref. [24] as a = 0.134 A —
1.21 x 10~*A2, found by analyzing the experimental data for
heavy nuclei with Z < 102.

For the quite short transient times, the fission rate is defined
by its quasistationary value in accordance with the Kramers
formula as follows [25]:

ey r,\? r
Ae(®@) = —5° _° 2__°
s(©) 2w, \/(215) o) = o

Bss(Z1,A1)
X exp (‘W) ®

where wg, and w, are the frequencies of the normal and
inverted oscillators that approximate the potential in the
ground state and around the top of the fission barrier for a
given charge and mass asymmetry, respectively. The values
of wgg = wy =0.5 MeV and I') =2 MeV are used in our
calculations.
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The fission barrier is given by the following relation [26]:
Bys(£,0) = ¢ B (£) — h(©)q(£)oW, )

where Bg(€) is the macroscopic part of fission barrier.
This quantity depends on the angular momentum ¢ and it
is parametrized by Sierk according to the rotating finite
range model [27]. The microscopic part of the fission barrier
including shell correction W = dWgyq — dWye = —0 W,y is
taken from Ref. [28]. The damping of the microscopic fission
barrier on the excitation energy and angular momentum of
a fissioning nucleus is taken into account by the following
relations [26]:

h(©) = {1 +exp[(® — ©,)/d]}) ", (10)
q(&) = {1 +expl(€ — £12)/ A} 1)

The constants for the macroscopic fission barrier scaling,
temperature, and angular momentum dependencies of the
microscopic correction are chosen as ¢ = 1.0, d = 0.3 MeV,
£12 = 20h for nuclei with Z ~ 80-100, and A(£) = 3 [20].

In Eq. (10), ®, = 1.16 MeV and ® =,/ w represents
the nuclear temperature depending on the level density
parameter a and the excitation energy E7. (£) of the compound
nucleus; Efy(€) = Ec. + O — VSN (0) [19].

rot

III. RESULTS AND DISCUSSION

The present paper is devoted to investigating the
120 4 204pp, 19p 197 Ay 308 1186y, and “8Ca +1%8Er asym-
metric reactions which all lead to the *'®Ra compound
nucleus. Our treatment is based on the dinuclear system (DNS)
approach. This interpretation assumes that the DNS forms after
the colliding nuclei pass over the Coulomb barrier and come to
a touching configuration. In the DNS approach, the potential
energy has an important role and depends on the masses of
the products in the quasifission process. In Fig. 1, the driving
potential U, (Z;) extracted from the potential energy surface
U(A1,Z;; R) for the different entrance channels leading to the

30f
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/=40h
_10 2 2 2 2
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Fragment charge number, Z;

FIG. 1. The driving potential U,,(Z;) calculated for £ = 0/i and
40n for the DNS formed in the reactions leading to the formation of
the same compound nucleus *'®Ra versus the charge number of the
lighter fragment of the DNS based on the DNS approach.
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formation of the 2!®Ra nucleus is presented for the given values
of the orbital angular momentum ¢ = (i and 407 as the blue
solid line and orange dashed line, respectively.

Our calculations indicate that the driving potential depends
strongly on the charge asymmetry of the DNS constituents. It
is observed that the maximum value of the driving potential
obtains at Z = 11 for the studied reactions.

A. The intrinsic fusion barrier By

In the DNS model, the fusion process is considered, as

the diffusion process occurred as a result of the transfer
of nucleons from the light nucleus to the heavy one. The
dynamical hindrance in the DNS evolution on the way to
complete fusion is the intrinsic fusion barrier By, in the mass
asymmetry coordination of the DNS.
The variations of Bf as a function of the charge Z; of the
lighter fragment of the DNS for the composite system 2'°Ra
and also for ¢ = O, 30k, and 50 (dashed green, dot-dashed
orange, and solid red lines, respectively) are shown in Fig. 2(a).
It is manifested that Bf  increases by increasing the orbital
angular momentum £. In general, the fusion barrier B for the
DNS increases by decreasing the charge asymmetry parameter
in the initial DNS [29].

In Fig. 2(b), the general behavior of the intrinsic fusion bar-
riers B} versus the angular momentum ¢ for the *°Si +'8¢w
and **Ca +'**Er reactions at E}, = 60 MeV are represented
as the dot-dashed green and dot-dashed orange curves (curves
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from bottom to top), respectively. These curves are plotted
up to the maximum value of angular momentum ¢, for
each reaction at the given excitation energy of the compound
nucleus. It should be noted that the Bf _ values are equal to
zero for the two '2C +2%*Pb and 'F +'7 Au reaction systems.
The values of Bf_ change slowly when ¢ varies in the
interval Ofi to 25k due to the larger value of the moment of
inertia in the massive nuclei reactions. For heavier systems,
the variations of Bf  are even smaller.

The general behaviors of Bf, versus the charge number of
the lighter fragment Z, in the DNS and the angular momentum
£ are also shown in Fig. 2(c). The red broken line corresponds
to a cut of the intrinsic fusion barrier By, at £ = 50, and the
dashed dark orange curve corresponds to a cut of the intrinsic

fusion barrier Bf at Z; = 20.

B. The quasifission barrier B,

The evolution of the DNS by nucleon exchange at the
minimum position of the interaction potential well after
the capture mechanism of the colliding system along the
relative distance R between the interacting nuclei will lead to
quasifission of the DNS. In order for the DNS to undergo decay
in two fragments (the quasifission process), it is necessary to
overcome the quasifission barrier B,,. This barrier, which
keeps the DNS nuclei in contact, measures the depth of
the interaction potential pocket situated at the distance R,,.
Thus, the stability of the DNS against the quasifission process
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FIG. 2. (a) The intrinsic fusion barrier Bf  predicted for the DNS formed in the reactions leading to the compound nucleus 215Ra as a
function of the charge Z; of the lighter fragment of the DNS for three different values of the angular momentum, ¢ = 0%, 304, and 507,

respectively, based on the DNS model. (b) The behavior of the intrinsic fusion barrier B,

*

reactions at E, = 60 MeV. (c) The intrinsic fusion barrier By

215Ra as a function of the Z; and ¢ values.

versus £ is plotted for the *°Si +'%0W and **Ca 4-'®Er

fus

predicted for the DNS formed in the reactions leading to the compound nucleus
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FIG. 3. (a) The quasifission barrier B, predicted for the DNS formed in the reactions leading to the compound nucleus 218Ra as a function
of the charge Z; of the lighter fragment of the DNS for three different values of the angular momentum, ¢ = O%, 30%, and 507, respectively, based
on the DNS model. (b) The behavior of the quasifission barrier B, versus £ for the studied reactions at E¢, = 60 MeV. (c) The quasifission

barrier Bj, predicted for the DNS formed in the reactions leading to the compound nucleus %15Ra as a function of the Z; and ¢ values.

is determined by the depth B, of the potential well. The
dominant role of the quasifission channel in reactions with
massive nuclei leads to strong hindrance to the formation of a
CN during the evolution of the DNS.

The behavior of B,y versus the charge Z; of the lighter
fragment of the DNS for the composite system 2'°Ra at the
given values of £ = O, 30k, and 507 is shown in Fig. 3(a).
The dashed green, dot-dashed orange, and solid red lines
(curves from top to bottom) correspond to the quasifission
barrier at £ = O, 30i, and 507, respectively. The variations
of the quasifission barrier B, against £ in the '*C +204pp,
R 4197 Ay, 3987 186y and *3Ca +'%®Er reactions, which
all lead to the *'°Ra compound nucleus at Efy =60 MeV,
are represented as the solid blue, dotted red, dot-dashed green,
and dashed orange curves, respectively (curves from top to
bottom) in Fig. 3(b). The values of B, are estimated up to the
maximum value of angular momentum ¢, for each reaction
at the given excitation energy of the compound nucleus. It is
seen that the values of B,y change slowly when ¢ increases
around from 0% to 254 due to the larger value of the moment
of inertia in massive nuclei reactions. Figure 3(c) indicates the
dependence of B, on the charge value Z; and £. In this figure,
the red line is related to a cut of the quasifission barrier B, s at
£ = 50%, and the dashed dark orange curve corresponds to the
behavior of the B,y versus £ at Z; = 20.

It is concluded that the depth B, of the potential pocket
decreases with increasing ¢ due to the growth of the repulsive
centrifugal part in Eq. (1) [30]. Therefore, the contribution of

the quasifission channel increases with increasing £ and also
the values of B,y decrease monotonically with increasing Z;.
Note that increasing the entrance barrier leads to very shallow
pockets in the nucleus-nucleus potential for near symmetric
configurations. On the other hand, the quasifission barriers
providing the relative stability of the DNS formed via the
12 42%Pp and 'F+'""" Au channels are greater than those
obtained for the 2°Si +'3W and “®Ca +'®®Er reactions.

C. The quasifission rate and lifetime of an excited DNS
The decay of the DNS is given by the following decay law:

dN

dar —AgrN,
where A,r is the quasifission decay constant, N denotes the
number of nuclei that have not undergone quasifission at the
time t, and d N is the number of nuclei that have escaped within
the time interval ¢ to ¢ + dt.

The mean lifetime of an excited DNS, tpns, 1S also

expressed as

12)

1

TDNS = 7

) (13)
Agr

The values of the quasifission barrier B, ¢, which depend on
the charge value Z, are mainly responsible for the lifetime of
the DNS. During this time, the DNS evolves in the charge
(mass) asymmetry degrees of freedom with exchange of
nucleons between the constituents of the dinuclear system.
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TABLE I. The values of liw,, and fiw,s for the studied reactions
leading to the 2'°Ra compound nucleus.

Reaction hw,, MeV) hiw,r (MeV)
120 4 204py 0.57 0.36
YR 4197 Ay 6.01 3.92
308 4186y 478 3.23
8Ca+%Er 4.15 2.75

The DNS lifetime may be not sufficient to transform into a
compound nucleus and so the quasifission process takes place.
Therefore, the lifetime of a partially equilibrated dinuclear
complex should be shorter than that of a fully equilibrated
compound nucleus.

In this research, the quasifission rate and the mean life-
time of an excited DNS for the '2C +204Pb, 19 1197 Ay,
308i +186w . and *3Ca +'%®Er asymmetric reactions which all
lead to the 2!®Ra compound nucleus are estimated by using
Egs. (5) and (13), respectively. Using the DNS model, the
values of iw,, and fiw, s for the above reactions are predicted
and the results are listed in Table I.

The behaviors of the quasifission rate and the mean lifetime
of an excited DNS versus the orbital angular momentum ¢
for the different entrance channels and for several excitation
energies are plotted in Figs. 4 and 5, respectively.

It must be stressed that both the quasifission barrier B, and
the nuclear temperature ®pys decrease with increasing angular
momentum £. Our results show that the values of quasifission
rate A4y change weakly when £ increases around from 0% to

12c+204Pb
10" r r
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o e T — Ey=45MeV
w 107 Efy=50 MeV
é; —— — E%y=60 MeV
10t} =-s E2,=70 MeV
— — E=80 MeV
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0 20 40 60 80

/(h)
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ol © |
S 1 L1 e — Efy=45MeV 4
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| — E&y=60 MeV |
< 10 ==+ Efy=70 MeV
— = E£y=80 MeV
10— - Efy=90 MeV 4
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¢ (R)

PHYSICAL REVIEW C 95, 024617 (2017)

25h due to very weak dependence of the B, values on angular
momentum in this interval. However, for the higher values of
£ (£ > 25h), two different behaviors are observed: for smaller
values of E(,, the reduction of the quasifission barrier B,y
is slower than the reduction of the temperature ®pns with
increasing £ due to the decrease of A,r. On the other hand,
at larger excitation energies E., the quasifission barrier B¢
decreases faster than the temperature ®pns with increasing
£. Therefore, the quasifission rate A, increases moderately
with increasing £. In particular, this behavior is obviously
seen for the reaction systems induced by the *°Si and **Ca
projectiles.

As shown in Fig. 5, the values of DNS lifetime tpng are
nearly constant when ¢ varies in the interval Oz to 254 due
to very weak dependency of the values of B, on £ in this
interval. However, for higher values of ¢ (¢ > 25i), similar
to the quasifission rate Ay, the DNS lifetime presents two
different behaviors: for smaller values of E7., , the reduction of
the quasifission rate A,y with increasing £ leads to increasing
7pns. On the other hand, at larger excitation energies E(,
the growth of the quasifission rate A,y with increasing £ leads
to the reduction of the stability of the DNSs formed in the
308 4130w and *8Ca +'8Er reactions.

The behaviors of A, and tpns versus £ for the studied
reactions are plotted up to the maximum values of angular
momentum [,, leading to the capture mechanism for the
reactions at given beam energies. The maximum values of £,
for the >C +2%Pb, 1F 417 Au, *°Si +'30W, and *3Ca +'%%Er
reactions as a function of the excitation energy E(, are
predicted with the help of Refs. [19,31], and the results are
reported in Fig. 6.
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........................................... (b)
1018 e o —
2 | —_— EXy=50 MeV
. e k. |
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FIG. 4. The dependence of the quasifission rate A, of the DNS decay versus the angular momentum £ within the framework of the DNS
model for the >C +2Pb, F+'"7 Au, *°Si +'3W, and **Ca +'%*Er asymmetric reactions are reported in (a), (b), (c), and (d), respectively.
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FIG. 5. The behavior of the lifetime tpyg of the excited DNS versus the angular momentum ¢ within the framework of the DNS model for
the 2C +2%Pb, UF +'7 Au, 3°Si +'80W, and “*Ca +'%®Er asymmetric reactions are shown in (a), (b), (c), and (d), respectively.

It is seen that the maximum values of angular momentum
£, for the four investigated reactions are in the range of
about 507 and 1007 at excitation energies within the interval
of 80-100 MeV, while the capture cross sections of these
reactions have about the same values of 1000 mb [14]. Such
behaviors are connected with partial cross sections, as well
as can be explained by those partial capture cross sections
that are determined by the angular momentum ¢, center-
of-mass energy of the system, and transmission probability.
The transmission probability is around 1 for the studied
reactions at excitation energies within the interval of 80-100
MeV. Therefore, the DNS model predicts the same values
of the capture cross section for the 120 4 204py 9p 4 197 Ay

100.0
50.0
-
/
st [
&7 o — 2C42%pp
i : —— 9RL197 Ay
(1]:(5) E : e 30Gj4 186y
48Ca+!®Er
40 60 80 100 120

Ely (MeV)

FIG. 6. The behavior of the maximum values of angular mo-
mentum ¢,, for the reactions leading to the formation of the same
compound nucleus *'°Ra versus the excitation energy E EN-

308i 180w, and *8Ca +'8Er reactions at a given excitation
energy.

The behaviors of the quasifission rate and the mean lifetime
of an excited DNS with the excitation energy at fixed values
of the orbital angular momentum ¢ for the different entrance
channels are plotted in Figs. 7 and 8, respectively. These
curves are plotted up to the beam energies at which the angular
momentum £ of the DNS is equal to the maximum value of
angular momentum £,,.

It can be concluded that the quasifission rate increases with
increasing excitation energy E{, at the same values of the
angular momentum ¢. Furthermore, it should be noted that
the rate A,y decreases with increasing £ for smaller values of
EY.y. On the other hand, at larger excitation energies E7., the
quasifission rates of the *°Si +'3°W and *Ca +'%®Er reactions
increase with increasing £.

Our results indicate that the mean lifetime of an excited
DNS decreases with increasing excitation energy Ef., and it
also increases with increasing £ for small values of Ef., . At
larger excitation energies, the survival probability of the DNS
formed through the reactions induced by the 3°Si and **Ca
beams also decreases with increasing £.

In order to investigate the dependence of the quasifission
rate A,y on the charge Z; of the lighter fragment in the DNS,
the values of A for all populated DNS configurations within
the framework of the DNS model are estimated according to
Eq. (5). The obtained results are presented in Fig. 9(a) at the
given quantities of Ef, = 60 MeV and ¢ = 304. It is seen
that the quasifission rate (dots) increases strongly for the most
symmetric combinations. Therefore, it can be observed that,
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FIG. 7. The dependence of the DNS decay rate A, versus the excitation energy E, for the DNSs formed in the '>C +2%4pb, YF 417 Ay,

308i 4186y, and *¥Ca 4'%®Er reactions are shown in (a), (b), (c), and (d), respectively.
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FIG. 8. The behavior of the lifetime 7pys of the excited DNS formed via the different entrance channels versus the excitation energy Ef

at the given angular momentum ¢ within the framework of the DNS approach.
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FIG. 9. (a) The calculated (dots) quasifission rate A, for the DNS formed in the reactions forming the compound nucleus 215Ra as a
function of the charge Z, of the lighter fragment in the DNS within the DNS model at the excitation energy Ef, = 60 MeV and at the angular
momentum ¢ = 304. (b) Obtained results for A,y against Z; and E. . (c) The behavior of A,; versus Z; and £.

for the reactions having larger entrance channel asymmetry
and deeper interaction potential pocket, the dominant event
during the DNS evolution is complete fusion. Moreover, one
can stress that the quasifission barrier B, plays a crucial role
in the complete fusion features that depend heavily on the
charge and angular momentum of the DNS.

The general trend of A, versus the charge value Z; and
the excitation energy Ef,, as well as its behavior versus the
charge value Z; and the angular momentum ¢, are shown in
Figs. 9(b) and 9(c), respectively. In these figures, the red broken
lines correspond to the variations of A, at Ef, = 60 MeV
and £ = 301, and the dashed dark orange curves are related to
the variations of A,s in terms of Ef., and £ for a given value
of Z 1= 20.

The charge asymmetry 7z, quasifission barrier B, and
lifetime tpns of an excited DNS for four different channels
leading to the DNS corresponding to the 2!°Ra compound
nucleus are calculated at £}, = 60 MeV and ¢ = 30/i. The
results are listed in Table II.

The results for the reactions induced by heavy ions such
as *°Si and *3Ca projectiles show that the quasifission process
dominates during the evolution of the DNS, so that the lifetimes
tpns Of these reactions are smaller than those of reactions
with larger entrance channel charge asymmetry induced by
the '2C and '°F ions. Therefore, the DNSs formed in the
308i 4180w and **Ca +'%®Er reactions tend to break down
into two fragments, bypassing the stage of the formation of

a fully equilibrated compound nucleus. On the other hand,
fused dinuclear systems with larger entrance channel charge
asymmetry (such as the reactions induced by '’C and "F
ions) have larger B,s quasifission barriers and sufficient
lifetimes, so they may tend to transform into fully equilibrated
compound nuclei. In these reactions, the quasifission signature
is extremely hindered.

D. The fission rate and the fission time scale

Fission is a dynamical process for which a nucleus needs
the time to deform up to the scission point. The time scale
of an induced fission process is an interesting topic from the
experimental and theoretical points of view. Knowledge of the
lifetime is crucial for the understanding of the nuclear reaction
processes. The total time involved in a fission process can
be schematically divided in two main components. The first

TABLE II. Charge asymmetry, quasifission barrier By, and
lifetime tpns for the studied reactions leading to 2I5Ra.

Reaction ., B,s (MeV) Tons (S)

12¢ 4.204pp 0.86 12.93 2.26x10715
YR 4197 Au 0.80 10.11 4.02x107"7
308i 4180wy 0.68 8.06 2.33%x10718
8Ca+%Er 0.55 6.53 2.52x1071°
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FIG. 10. The fission rate Ag (curves from top to bottom) and the fission lifetime 75, (curves from bottom to top)for the '>C +2%4Pb reaction
are calculated within the framework of the DNS model versus the excitation energy E(., at the same values of angular momentum ¢ in (a) and

(b), respectively.

component corresponds to the time needed for the nucleus to
pass over the saddle point. The second component corresponds
to the deformation time from the saddle point up to the scission
point.

The fission rate Ags and fission lifetime g for the most
asymmetric '2C +2*Pb and almost symmetric “*Ca +!%8Er
reactions are calculated. The variations of the fission rate Agg
(curves from top to bottom), as well as the fission lifetime
T (curves from bottom to top), in terms of E. at the same
values of the orbital angular momentum ¢ for the two above
reactions are plotted in Figs. 10(a) and 10(b) and in Figs. 11(a)
and 11(b), respectively.

It is observed that the fission rate Ags increases by
increasing the excitation energy E(, . Unlike the fission rate,
the fission time ths generally decreases by increasing the
excitation energy E( . Therefore, the stability of the massive
compound nucleus decreases due to the reduction of the fission
barrier by increasing its excitation energy.

IV. CONCLUSIONS

The theoretical method based on the dinuclear system
(DNS) approach, with the double-folding formation for the
nuclear part of the nucleon-nucleon potential at the pole-pole

48Ca+1%8Er

Agis (ST

E&x(MeV)

Teis (S)

orientation, is applied in order to analyze the reactions leading
to the formation of the compound nucleus >'°Ra at similar
excitation energies. The driving potential energy U, (Z;), the
intrinsic fusion B{ and quasifission B, barriers, quasifission
rate A,r, and the lifetime tpys of an excited DNS are
calculated for the 2C +2%Pb, YF+'"7Au, 3°Si +180w, and
#8Ca +1%8Er reactions which all lead to the compound nucleus
216R,.

The obtained results show that the values of fusion barrier
B}, are equal to zero for the more asymmetric '*C +2%4Pb and
196 4+ 197 Au reactions; instead, for the two other reactions, its
values change slowly when the orbital angular momentum ¢
varies in the interval O/ to 254 due to the larger moments of
inertia in massive nuclei collisions. It is also observed that the
contribution of the quasifission events increases monotonically
with increasing atomic number Z; of the lighter fragment in
the DNS and the angular momentum of the compound nucleus.
In conclusion, the relative stability of the DNS formed in
the >C +2°*Pb and ""F+'"7Au reactions is greater than that
obtained in the *°Si +'8°W and *8Ca +'*3Er reactions.

The comparison of the results shows that the values of
the quasifission rate A,y and the DNS lifetime tpns change
weakly when the angular momentum ¢ increases from around
0 to 254. This behavior shows very weak dependence of

48Ca+1%8Er
- . . . .
. Y — r=0n
107 ‘\\ t=20h
‘~.\\\ /=30h

107 1f SN --e- {=40 1
Llvea --- ¢=50h

1071t :

1078}

(®
30 40 50 60 70 80 90 100

Ein(MeV)

FIG. 11. The fission rate Ags (curves from top to bottom) and the fission lifetime 75, (curves from bottom to top) for the BCa4'¥gr
reaction are obtained within the framework of the DNS model versus the excitation energy E7.,, at the same values of angular momentum ¢ in

(a) and (b), respectively.
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the quasifission barrier values on £ in this interval. However,
for higher values of £ (£ > 25i), two different behaviors are
observed for the different entrance channels. It is observed that,
for smaller values of E.,, the reduction of the quasifission
barrier B, is slower than the reduction of the temperature
®pns with increasing ¢. Thus, the values of quasifission rate
decrease with increasing ¢, while the values of the DNS
lifetime increase because of the increase of £. On the other
hand, at larger excitation energies E(., for the 308 180w and
48 Ca +'98Er reactions it can be seen that the quasifission bar-
rier B,y decreases faster than the DNS temperature ®pys with
increasing £. Therefore, the quasifission rate A, increases
and, in contrast, the lifetime of the DNS decreases moderately
with increasing £. Moreover, the increase of E{ leads to an
increase the quasifission rate and reduces the lifetime of the
DNS at a given £.

It is also concluded that the DNSs corresponding to the
216Ra compound nucleus through the '2C +2%Pb, 1F 4197 Au,
308i 180w, and “8Ca +!'%®Er reactions behave differently at
similar excitation energies. In the *°Si 486w and **Ca 4 '®*Er
reactions having smaller entrance channel mass asymmetry,
the quasifission signature dominates over the complete fusion
process. Because of the small quasifission barrier for these
reactions, the lifetime of the DNS is short and its excitation
energy is not sufficient to reach the saddle point. Thus, the

PHYSICAL REVIEW C 95, 024617 (2017)

DNS breaks down into two fragments before it transforms into
the stage of the formation of a fully equilibrated compound nu-
cleus. On the other hand, the lifetime of an excited DNS formed
in these reactions is smaller than the one in the '>C +2**Pb
and "F+'7Au reaction systems. In the '>C +***Pb and
YF 4197 Au reaction systems, the quasifission signature is
extremely hindered and the fused DNSs have sufficient time to
reach the heavy mononuclear configuration, which equilibrates
in all degrees of freedom to the compound nucleus. In other
words, the dominant decay channel is complete fusion. This
conclusion emphasizes the importance of the entrance channel
mass asymmetry in determining the outcome of a reaction.

To understand the reaction mechanism, it is worthwhile to
study the energy dependence of the fission rate and the mean
lifetimes of the nuclear molecules. Therefore, for this purpose,
the behaviors of the fission rate and the fission time scale are
estimated for the most asymmetric '2C +2°*Pb and also for
the almost symmetric *8Ca +'*8Er reactions. Extracted results
indicate that the fission rate increases and fission lifetime
decreases with increasing excitation energy Ef., at a given
angular momentum. Thus, it can be seen that the survival
probability of the massive compound nucleus decreases due
to decrease or disappearance of the fission barrier at the
large values of the excitation energy of the formed compound
nucleus.
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