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The study of the heavy-ion reactions at the near- and sub-barrier regimes gives immense information about the
nuclear structure and the involved reaction dynamics. It has been observed that a slight difference in the nuclear
structure may lead to a significant change in the sub-barrier fusion excitation functions. The studies of different
trends of excitation functions below the Coulomb barrier region due to dissimilar structures of the nuclei, which
are involved in the reaction, are available in literature. To understand the role of different structures and dynamics
involved in such reactions, an investigation of **Ti-induced reactions on *Fe and Ni forming '°Cd* and °°Sn*
compound nuclei (CN), respectively, has been made at similar E., /V, values within the framework of the
dynamical cluster decay model (DCM). The difference in the structure between the nuclei is quite notable with
38Ni and '%°Sn* having a proton shell closure (Z = 28 and 50, respectively). Within the DCM, the experimental
fusion evaporation cross sections are reproduced using deformed configurations effects included up to quadruple
deformations (f8;) for two nuclei having optimum orientations 6°". The fusion evaporation data at near- and
sub-barriers has been explained through the calculated enhanced X P, values of the decaying channels in the
case of '%Cd* in comparison to '%Sn*. Moreover, it is observed that the quantum tunneling of the fragments is
less hindered in the case of °Cd* as compared to 'Sn* at the lower values of E, /V,, i.e., having less barrier
modification (AVj) in the case of the former. The role of magicity has been further explored with the plotted
values of the ratio of fusion cross sections (of,s) of CN 106gn* and "2 Xe* (formed in the reaction with both the
projectile Ni and target >*Fe having proton and neutron magicity, respectively) with respect to '°°Cd*, which
are highly suppressed in the case of the latter in comparison to the former, particularly, below the Coulomb

barrier.
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I. INTRODUCTION

In the past few decades, a thorough study of sub-barrier
heavy-ion interactions have uncovered the various unexpected
characteristics involved in the reaction dynamics. The most
notable outcome of these studies, observed experimentally, is
the hinderance phenomenon at deep sub-barrier energies in
some systems in comparison to others. This suggests existence
of an experimentally determined threshold limit E; in sub-
barrier energies which varies from one system to another.
The investigation of the physical cause for such phenomena
will help to understand the involved reaction dynamics. Thus,
to ascertain the reaction mechanisms involved in observed
phenomena requires a consistent study of various systems.
The apparent dynamical picture of the sub-barrier fusion has
been acknowledged by the considerable experimental and the-
oretical efforts made by various authors in this direction [1].
Several experiments have provided a clear example of fusion
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hindrance at the deep sub-barrier region. One of such studies
in which the effect on the fusion excitation function due to
the associated nuclear structure of the interacting nuclei, has
been investigated by Jiang et al. in ®*Ni + ®*Ni fusion reaction
[2]. The author has explained the associated phenomenon of
hinderance by considering stiff to open-shell nuclei in the
entrance channel in the sub-barrier regime in terms of the S
factor where the steep falloff in cross sections translates into a
maximum of the § factor. Fusion hindrance in the *®Ni + >*Fe
reaction at lower energies is also investigated by Stefanini
et al. [3]. They observed that, at lower energies, fusion cross
sections drop faster than conventional Woods-Saxon potential
calculations with a steep slope. Recently, Stefanini et al. [4]
have also shown that distinct low-energy nuclear structures
of the involved nuclei leads to different trends in the fusion
excitations functions for the **Ti + 3¥Fe and >®*Ni 4 3*Fe re-
actions at the sub-barrier regime. Large fusion cross sections
has been observed in the measured energy range in **Ti + *Fe
as compared to Ni+3*Fe (with closed-shell protons and
neutrons in the entrance channel). The cross-section trends
are explained in the *3Ti + >®Fe reaction through the involved
strong quadrupole modes of both “*Ti and 3¥Fe and the two-
neutron transfer channel.
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Theoretically, the observed hindrance phenomenon in
heavy-ion fusion reactions has been explained through an
ion-ion potential which produces a shallow pocket arising
from nuclear incompressibility [5]. Dasso and Pollarolo have
also found that a shallow potential is needed to describe the
experimental data for the fusion of the ®°Ni and %°Y reaction
[6]. Ichikawa et al. proposed an adiabatic approach by adding
damping factor to the coupling matrix elements at very low
energy in the coupled channel model which reproduces data at
below barrier energies [7]. Various other examples of fusion
hindrance in the sub-barrier regime and the possible structural
and dynamical effects involved are available in the literature
[8]. These studies have established that the nuclear structure
of the colliding nuclei can determine the nature of the interac-
tion, or, conversely, the data obtained in the sub-barrier fusion
helps in extracting the information about the possible nuclear
structure.

In view of above observations of fusion hinderance, it will
be interesting to investigate the dynamical aspects associated
with reactions involving different nuclear structural effects
within the clusterization approach of the dynamical cluster
decay model (DCM) [9-26]. In the present paper, we have
performed calculations to explore the dynamical aspects re-
lated to the “®Ti-induced reactions on *Fe and ®Ni targets
forming compound nuclei '®°Cd* and '%°Sn*, respectively, at
similar E. , /V, values [4]. In one of the fusion reactions,
the target ®Ni has proton shell closure, Z =28 and the
compound nucleus '%Sn* populated through this reaction
also have proton shell closures, i.e., Z = 50. We will try to
investigate the influence of involved stiff nuclei and open-shell
nuclei on the fusion cross section. The cross sections are
obtained for 8,-deformed nuclei having optimum orientations
through the empirically fitted neck length parameter (AR)
values. Generally, the dynamics of neck region are quite
different when the two nuclei approach each other in contrast
to when they rebound. The neck shrinks rather slowly as the
nuclei separate [28]. In the present paper, the neck effects are
observed for the decaying fragments within the framework
of the DCM, particularly, for light particles (LPs) (1 <A <
4) or evaporation residue (ER) using hydrodynamical mass
parameters of Kroger and Scheid based on the hydrody-
namical flow [29]. The indispensable role of the structure
of the decaying fragments has also been explored through
the preformation probabilities obtained from the calculated
fragmentation potentials. The barrier-lowering parameter and
the summed up preformation of fragments have been used to
address the observed hindrance at sub-barrier energies.

The paper has been organized as follows: Sec. II gives
a brief account of the dynamical cluster-decay model. The
calculations and results for excitation functions of both CNs
are discussed in Sec. III. Finally, the results are summarized
in Sec. IV.

II. THE DYNAMICAL CLUSTER-DECAY MODEL FOR
THE HOT AND ROTATING COMPOUND SYSTEM

The dynamical cluster-decay model is based on the
quantum-mechanical fragmentation theory [30]. This model
has been successfully used to carry out the theoretical

calculations in light, medium, and heavy mass regions [9-26].
In the model, all possible decay modes of a compound nucleus
via emission of LPs, A < 4 (results in evaporation residues),
intermediate mass fragments, 5 < A < 20, and fission frag-
ments (FFs), A/2 &£ 20 can be dealt with. The model can also
be used to study noncompound nucleus (nCN) reactions, such
as quasifission, deep in elastic orbiting, etc. In contrast to
the statistical models, it treats all the fragmentation processes
on equal footing as the dynamical collective mass motion
with different quantum-mechanical probabilities through the
barrier. Thus, it can describe the much needed dynamical
picture involved in the decay process.

In the model, the calculations are carried out in terms of
two coordinates. The first coordinate is the collective coor-
dinates of mass asymmetry (and charge asymmetry) ny =
(A1 —A2)/(A1 + A) [and nz = (Z1 — 2)/(Z) + Z,)] where
the subscripts 1 and 2 stand for heavy and light fragments,
respectively, and the second is the relative separation coor-
dinate R between two nuclei or, in general, between two
fragments with deformation effects from quadruple to hex-
adecupole B;; (A =24, i =1, 2), and optimum orientation
9i°p[‘. Here, the first coordinate 7, refers to the nucleon division
(or exchange) between outgoing fragments. The separation
coordinate R, characterizes the transfer of kinetic energy
of the incoming channel (E. ) to internal excitation [total
excitation energy or total kinetic energy (TKE)] of the out-
going channel. The CN decay cross section or the fragment
production cross section can be defined in terms of these
coordinates for different £-partial waves and is given below,

Limax Limax

T 2uE; .
a:ZogzﬁZ(2£+l)PoP7}g, k= h; ,
£=0 £=0

(H
where 7; is the entrance channel penetration probability, i.e.,
the CN formation probability 7, = 1 for £ < £, and zero
for € > £y.x. The term Py is called preformation probability
and refers to n motion. It provides the significant informa-
tion related to nuclear structure, and the term P known as
penetrability refers to the R motion. Generally, the opysion
= OgR + Orr + Ouen, Where ogr, ofp, and op,cn are contri-
butions towards total fusion cross section from evaporation
residues, fusion-fission, and noncompound nucleus processes.
But for the chosen systems under investigation at the near- and
below-barrier regions, the fusion cross sections are observed
to have contributions from ER alone, no nCN contribution is
observed. Now, ocny = 0gr + OFr, and o,cy is calculated as

OnCN = OExpt.Fus — OCal.Fus- (2)

Furthermore, in the statistical model language, the compound
nucleus formation probability Pcy is also defined in terms of
the compound nucleus-decay cross-section ocy as

PcN = 0¢cN/OFusion = 1 — 0aeN/ OFusions (3)

which, for zero contribution of the nCN process, gives Pcy or
T, = 1. In other words, if o,cny = 0, Pcn = 1 then the reaction
is a pure CN reaction. Thus, the determination of Pcy provides
a possibility to understand the role of the o,cx = 0 component
in OFusion-
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FIG. 1. The fragmentation potential V (MeV) as a function of fragment mass number A,, calculated for two extreme £ values, for the CNs
1065n* and 1%Cd* at E,, /V}, = 0.92 and AR = 0.96 fm for deformed fragmentation paths.

w in Eq. (1) is referred to as the reduced mass
(n = /%m), where m is the nucleon mass. £, is known as
the maximum angular momentum; it corresponds to the value
of angular momentum ¢ for which oggs becomes negligibly
small.

The preformation probability Py(A) =
|1ﬂR[n(Ai)]|2\/BT,] /% of fragments inside the CN is given by
the solution of the stationary Schrodinger wave equation in n

at fixed R = R,,

mo L2 +VR, 0. T) " () = E"Y"(n)
2By 1By o0 ISRV
“
with v =0-3--- referring to ground-state (v =0) and

excited-state (v = 1-3---) solutions and i = 1 or 2, for the
heavy and light fragments, respectively, and assuming the
Boltzmann-like occupation of excited states,

oo
W I* = [v" ) exp(—E*/T). )
v=0
In Eq. (4), the mass parameters B, are the classical hydrody-
namical masses [29].
The term R,, which is defined as

Ry =Ri(a1, T)+ Ry(o2, T) + AR(T), (6)

in the decay of the spherical as well as deformed and oriented
reaction products, is the first turning point of the penetration
path. For deformed and oriented nuclei, the formalism is
generalized by using the radii R; and R, and is given by

Ri(e;, T) = ROi(T)[l +y ﬂMY;O)(a»]. )

A

«; is the angle between the symmetry axis and the radius
vector of the interacting nucleus and is measured in the
clockwise direction with respect to the symmetry axis. The
temperature-dependent nuclear radii Ry;(7) for equivalent
spherical nuclei are defined as Ry;(T) = [1.28141.1/3 —0.76 +
0.84;'°1(1 + 0.000772) [31], and T (in MeV) is related to
Eiy = %AT2 —T = E.m. + Oin Where Qi is the Q value of
the incoming channel. In Eq. (6), AR is the temperature-
dependent neck-length parameter that assimilates the neck
formation effects between two nuclei, whose value remains
within the range of validity (~2 fm) of the proximity poten-
tial, used here, and varies smoothly with the temperature of
the CN.

The preformation probability Py, which is an important
component of the model, contains the structure information
of the CN, and it enters via the minimized fragmentation
potential. The fragmentation potential [Vz(n, £, T)] profile is
shown in Figs. 1 and 2 for differently chosen CNs, i.e., 1%Sn*
[Figs. 1(a) and 2(a)], '%°Cd* [Figs. 1(b) and 2(b)], and is
defined as the

VR, n,¢L,T)

2 2
= Viom(Ai Zi, Tl + ) _[8Uilexp (- T%/T7)

i=1 i=1
+Ve (R, Zi, Brir 6, T) + Vp(R, A, i 60i, T)
+VK(R7Ai7 ﬁ)\i’ eiv T) (8)

In the fragmentation potential equation mentioned above,
Vipm is the T-dependent liquid drop model energy from
Davidson et al. [32], and SU(T)’s are the empirical shell
correction from Myers and Swiatecki [33], which is also made
T dependent to vanish exponentially with 7p = 1.5 MeV [34].
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FIG. 2. The same as in Fig. 1 but for LPs, i.e., A < 4.

Ve, Vp, and V;, respectively, are known as the T-dependent
Coulomb potential, the nuclear proximity potential [35], and
the centrifugal part of the interaction process. The Coulomb
potential for the two interacting hot, deformed, and oriented
nuclei is given by

VC(Rs Ziv ﬁkis 91'7 T)
= 717,6*/R(T) + 37, Z,é*

Ri@.T)y o) 4 220
meY,\ |:,3M+§,BMYA (95)1|_ 9)

The deformation parameters (8;;) of the nuclei are taken
from the tables of Moller et al. [36]. Y;O)(Qi) are the spherical
harmonic functions, and the orientation angle (6;) is the angle
between the nuclear symmetry axis and the collision Z axis
and is measured in the counterclockwise direction.

The term V; gives the centrifugal effects and is calculated
by the equation,

Ve(R, Ay, Boi» 01, T) = IPL(L 4 1)/20(T). (10
In the above expression, /;(7T") is the moment of inertia and
used in the sticking limit, which is more appropriate for
proximity potential (nuclear surface <2 fm), i.e.,

I =1I(T)

= uR? %AR2 T zAR2 T 11
=pu +5 1mRy (o, )+5 smRy (0, T).  (11)

Now, the term P known as the penetration probability (or the
tunneling probability) used in calculating the cross section
as given in Eq. (1), is calculated as the Wentzel-Kramers-

Brillouin tunneling probability,

—2 (R
P=exp[7 / \/2M[V(R)—V(Ra)]dR} (12)
Rtl

solved analytically [37]. R, and R, mentioned in Eq. (12) and
shown in Figs. 3(a) and 3(b) are the first and second turning
points, satisfying

V(R:) =V (Rp) = Qesy = TKE(T). 13)

Just like Qo in the case of spontaneous (T = 0) cluster decay
[9], the potential V(R,) can be looked upon as the effective
positive Q value Qe (7, £)[= TKE(T)] for the decay of the
hot compound nucleus. Using Eq. (11), R,(£) is given by £-
dependent scattering potential at fixed T,

VR, T, 0) = [ZuZ.* /R(T)] + Vo(T) + Vi(T),  (14)

which is normalized to the exit channel binding energy. The
choice of R, [equivalently, AR in Eq. (4)] allows us to define,
equivalently, the barrier-lowering parameter AVpg [38], which
simply relates V (R, £), and the top of the barrier V(£) for
each ¢,

AV =V (R,, €) — Vp(L). (15)

Here, V(R,, £) and V3(€) represent the actual barrier used for
the penetration and the top barrier position, respectively. Note
that AVjp is a negative quantity as the value of V(R,, £) being
always smaller than Vz(£). This implies that the barrier actu-
ally used to reproduce the cross sections is effectively lowered
and this process of barrier lowering is depicted in Fig. 4(a),
which presents the variation of AVp (at £,,,x) calculated for
the CNs '%Sn* and '%°Cd* as a function of E., /V,. This
quantity of barrier lowering addresses the data at below the

044605-4



DYNAMICAL ASPECTS OF “TI + ...

PHYSICAL REVIEW C 101, 044605 (2020)

g 48Ti +58Ni —)10681‘1*—) IOSSn n ln v g 48Ti +58Fe —)IOGCd*—) IOSCd + 11’1
v 80 E 30 3 AV, =-8.807 MeV
B\: =
3 V(R 3
V(Ra)\; AV _=-9.328MeV ®) 3
60y 60 4 ' "
- 3 ] — (=38
> ] 3
%’ ] —— (=38h ] T Zmaxz 72h
N 40 3 — =660 40 3
> : max 3
VB\é AV, = - 10.886 MeV VB\E AV, =-10.879 MeV
203 77\ 20 3 77\
V(R,) 3 V(R)—]
] T=1917MeV 3 T=1.972 MeV
0 0
1\ R Ry (@) 1V b (b)
IIIIIIIIIIIIIIIIIIIIIIIIII IIIIIIIIIIIIIIIIIIIIIIIIII
5 10 15 20 25 30 5 10 15 20 25 30
R(fm)

FIG. 3. The scattering potential V (R, £) as a function of R (fm) for 1065n* and '%°Cd* at Ecm./V, = 0.92 at the two £ values. The barrier-

lowering parameter AVj is also mentioned at lower € and £,,,, values.

barrier region to explain the observed hindrance phenomenon,
discussed in the next section.

III. CALCULATIONS AND DISCUSSIONS

The analysis of heavy-ion-induced fusion reactions across
the Coulomb barrier has been performed within the DCM for
*Ti 4 3Fe and **Ti + *®Ni reactions populating CNs '%°Cd*
and '%Sn*, respectively. The calculations are performed by
including deformation effects up to quadrupole deformation
and with optimum orientations Ql.om'. The experimental fusion
cross sections (opys) for compound nucleus 106Cd* have been
reproduced by using the neck-length parameter (AR) as a free
parameter at various E;, /V, values both below as well as
above the Coulomb barrier. The same values of AR are used
to fit the existing fusion excitation data for compound nucleus
1069n* at similar Eq . /Vp, values. Also, fusion cross sections
are predicted for two energies in the sub-barrier region for
the '%Sn* compound nucleus where the experimental fusion
cross section is not available. This section describes the signif-
icant role of the various parameters incorporated in the model
to obtain the cross sections and their importance in addressing
the involved decay mechanism of the CN.

To understand the possible effects of the structure of the
decaying CNs '%°Sn* and '%°Cd* formed in the **Ti +°5Ni
and *3Ti + *8Fe reactions, P, has been calculated for vari-
ous fragments or clusters formed inside the CN. Py of the
respective fragments provides the structural information of
the compound nucleus. The preformation probabilities are
obtained from the calculated fragmentation potentials in the
fragmentation process as discussed in the methodology. So, in
order to investigate the possible structures of the involved nu-
clei, the calculated fragmentation potentials have been plotted
with respect to fragment mass in the decay of CNs '%°Sn* and

196Cd* at similar E, /Vy’s. Figures 1(a) and 1(b) describe the
fragmentation for the extreme values of angular momentum
values. It is to be noted that, at £ = O/, the contribution of
the LPs or ERs is more prominent than the intermediate mass
fragments and symmetric fission fragments, which, otherwise,
start appearing at higher-£ values. In the plots, it can be noted
that there appears some structure variation with decrease in
the N/Z ratio. These figures clearly depict that the « structure
shows dips in the fragmentation profile of the system with
a lower N/Z value i.e., in the case of 106G, Fig. 1(a),
whereas with an increase in the N/Z value in the case of
more neutron-rich '°°Cd*, Fig. 1(b), the ¢ structure vanishes.
This observation is consistent with the earlier work where the
fragmentation profile of various isotopes of Ba and Xe nuclei
were analyzed [19,20].

Now, these potentially minimized clusters provide an es-
timate of highly preformed fragments or clusters inside the
compound nucleus. As mentioned earlier, no nCN has been
observed, and the reported fusion cross sections have con-
tributions from ERs only, so, an extensive analysis of this
aspect has been explored by figuring out the contribution of
each channel of ERs or LPs (A < 4) towards the cross-section
values. For this, we have replotted the fragmentation potential
plot for fragment mass 1 < A, < 4 at different £ values as
shown in Figs. 2(a) and 2(b). It can be observed that fragment
mass number A, = 1 remains highly minimized at all £ values,
although some change in the Z distribution is observed at
higher angular momenta in the case of compound nucleus
106Sn* [Fig. 2(a)]. Figures 5(a) and 5(b) are plots for the pre-
formation probability Py as a function of angular momentum
reemphasis the dominance of fragment mass A, = 1 at all ¢
values in comparison to other LPs i.e., A, = 2—4 for both CNs
under study.
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FIG. 4. (a) The variation of the barrier-lowering AVp (at £,,) as a function of E, /V,, (b) neck-length parameter AR as a function of
E..m./V, obtained for CNs 1%Sn* and '°Cd*. The polynomial fit for the equation of AR as a function of E,, /V}, is also presented for a whole
range of energies, and the linear fit for lowest three energies is also given. (c) Variation of AV} as a function of AR.

The tunneling of these energetically favored fragments
through the barrier is determined through the scattering po-
tential and penetration probability of these fragments. The
scattering potentials for both CNs at the lower £ and £,,,x val-
ues is shown in Figs. 3(a) and 3(b). The barrier modification
(AVp) values, which are the difference between the top of the
barrier V, and the actual potential Vg, used for penetration

are also mentioned. It is clear from the plots, presented by
Figs. 3(a) and 3(b), that, with an increase in the angular
momentum, AVg decreases. Moreover, it is true that as per the
statistical model-based coupled-channel calculations (ccc),
the phenomenon of fusion hindrance is evident at sub-barrier
energies because the coupling effects are too strong. But it is
important to note that, in the statistical formalisms, the ER
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FIG. 5. The preformation probability P, as a function of angular momentum for LPs, calculated for the compound systems 'Sn* and
06Ca* at E, . /V, = 0.92 and AR = 0.96 fm for deformed fragmentation paths.
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FIG. 6. The variation of penetration probability P as a function of angular momentum £ for LPs from compound systems '°Sn* and '%Cd*

at E.n./V, = 0.92 and AR = 0.96 fm for the deformed fragmentation.

and fission are treated differently, whereas the DCM treats all
the decay processes on equal footings as barrier penetration
of preformed fragments within the collective clusterization
approach of quantum-mechanical fragmentation theory. The
DCM also supports the only acceptable explanation of hin-
drance phenomenon in ccc, in terms of barrier-lowering AVj,
which is its in-built property. This property is directly related
to the variation of AR. It may be noted that the need of the
barrier-lowering effect in both ER and fission cross sections
at sub-barrier energies for a proper interpretation of fusion
data for the ®*Ni-induced reactions on stable !'>!18:1245p a5
well as radioactive '3?Sn is exercised in the DCM-based work
quite explicitly [38].

To study how much barrier modification occurs for a
particular compound nucleus, AV vs the E.p /V, graph
is plotted here for energetically favored as well as one of
the dominant decay channels, i.e., '°Cd* —19 Cd + 1n and
106Sn* — 195 Sn 4 17 at the highest value of angular momenta
as shown in Fig. 4(a). It is observed that the lowering of
the barrier increases with a decrease in E..,. /V, for both
compound systems, which signifies the lower cross sections
at lower-energy values. It also indicates that the lowering
of barrier values (AVjp) required in the case of 106Cq* s
lesser in comparison to '%Sn* (having proton shell closure)
at all values of E. , /Vp. Thus, the quantum tunneling of the
fragments in the case of compound nucleus '°°Cd* through
the barrier is less hindered as compared to rigid compound
nucleus '%°Sn*. Thus, less hindrance threshold is observed
at lower-energy values in '°Cd* in comparison to '%°Sn*.

The dynamics of the neck region are quite different when the
two nuclei approach and rebound from each other. Here, in
the present paper, the variation of the neck-length parameter
for the rebound state is sensitive to the compound nucleus
mass and its excitation energy, inclusion of shape parameters,
etc. Henceforth, in Fig. 4(b), we have shown the variation
of AR as a function of E., /V,. A decent polynomial fit
has been observed over a range of available energies which,
in turn, enable us to predict the below barrier contributions
which are not measured so far in the case of '%°Sn*. The
inset shows the linear fit for lowest below barrier energies
also. Recently, across barrier fission analysis of At* isotopes
formed in >*%8He +2% Bi reactions have been made [39]
in which the DCM calculations are extended at the below-
barrier region for these nuclei. Figure 4(c) shows that, with
the increase in AR, the barrier-lowering parameter AVp de-
creases. In other words, at the above barrier energies where
barrier modification should be zero, we get a small (~3-MeV)
constant value and the modification is large (~8-14 MeV) for
below-barrier energies.

Now, in calculating the cross section, the penetrability
(P) of different fragments through the barrier also plays
a significant role. Penetrability profiles for the compound
nuclei under study as a function of angular momentum are
shown in Figs. 6(a) and 6(b). From the above discussion,
we have observed that, as the angular momentum increases,
there is a decrease in magnitude of the AVj values, thus, the
penetration of fragments as depicted in the plot also increases
with the angular momentum of the compound nucleus, which,
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FIG. 7. The cross section of the 1n channel as a function of
angular momentum £ for CNs '%Sn* and '%Cd* at E, ,,, /V, = 0.92
and AR = 0.96 fm.

in turn, effects the final cross sections. Furthermore, to see the
comparative contribution of the 1n channel towards the total
cross section for both CNs, variation of the 1n-channel cross
section as a function of £ values has been plotted as shown
in Fig. 7 for CNs '%Sn* [Fig. 7(a)] and '°°Cd* [Fig. 7(b)],
respectively. It is quite evident that the fragment mass Ay = 1
contribution is quite large from compound nucleus '%°Cd*.
Figures 8(a) and 8(b) depicts the £-summed preformation
and penetration probability for each fragment, further used
to obtain their total contribution towards ¢-summed fusion
cross sections. It can be observed from the plot that the cross
sections follow the behavior of X Py, that is, the highly pre-
formed fragment is contributing maximum towards the cross
section thereby indicating that the necessary nuclear structure

106
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10°] Sn —» A1+A2_:
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FIG. 8. The comparison of the £-summed preformation probabil-
ity, penetrability, and cross-section values as a function of fragment
mass, i.e., LPs (4, = 1-4) for CNs '°°Sn* and '%Cd* at E.., /V, =
0.92 and AR = 0.96 fm.
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FIG. 9. The fusion cross sections og, as a function of E. , /V, for
the decay of two nuclear systems formed in **Ti-induced reactions
for the case of hot compact configurations. Experimental values of
Otus for compound nucleus ''?Xe* are also compared [40].

information is contained in Py and not in P. Similar behavior is
obtained at other energies as well. It is observed that the X Py
value is more for compound nucleus '®°Cd* in comparison
to 1%°Sn* at lower values of E. ., /Vj, particularly, for the 1n
channel. Thus, the contribution of X P, is comparatively small
towards fusion cross sections at lower values of E, , /V}, in the
case of compound nucleus '*°Sn*.

The calculated fusion excitation values are plotted as a
function of E. ., /V) in Fig. 9. It is observed from the figure
that the calculated fusion excitation values are in agreement
with the available experimental data. Also, it can be seen that
the sub-barrier cross sections of **Ti + 3¥Fe are much larger
than those of *®Ti+¥Ni. It can be clearly noted that the
cross sections of '%Sn* (dashed line) decrease very steeply
at the lowest energies in comparison to '%°Cd* (solid line).
These observations can be established through the enhanced
values of £ Py and lower AVjp values of LPs from compound
nucleus '%Cd* in comparison to that of compound nucleus
106Sn*, In Fig. 9, experimental fusion cross sections are also
plotted for compound nucleus ''>Xe* represented by (dotted
line + open square) [40]. It can be seen that the fusion
cross-section values, which are very less and lie beneath the
other two CNs under study, may be due to the fact that they
are formed through the rigid structure of projectile and target,
respectively, 3*Ni and **Fe having shell closed protons and
neutrons.
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FIG. 10. The ratio of fusion cross sections of '%Sn* and ''>Xe*
with respect to '%Cd* as a function of E, ,, /V,.

The DCM calculated ER cross sections or oy, at similar
E.n./V values for B,-deformed configurations are given in
Table I, which are in agreement with the experimental data at
all the reported energies. The predicted cross-section values at
the lowest two points in the case of compound nucleus '%Sn*
are also given in the table. The £, and AR values for both
systems are also mentioned. The fixed values of AR are the
same for similar values of E. , /V,. This result is consistent
with our earlier result where the same values of AR were
used to reproduce and predict the experimental cross sections

at similar E. ., /V,, values [26]. It is relevant to mention here
that it is clear from the calculations that the chosen values of
AR are reproducing the cross sections of the fully equilibrated
106Cd* compound nucleus at below-barrier energies very well,
and we observed no noncompound contribution which implies
that the calculated Poy for '°°Cd* is 1 as o,cny = 0 (which
is the difference between calculated and experimental cross-
section values), and the same is shown in Table II. This
validates the use of the model for such systems and energy
ranges. As the masses of the compound nuclei are the same,
so is the projectile and the target, and the E. . /V} is similar,
so by considering these conditions, we anticipate that the
overlapping of similar radii may result in the formation of
the 1°Sn* compound nucleus as well. Also, using chosen
values of AR fitted for '°°Cd*, no noncompound contribution
is observed for '%Sn* as well. So, using this argument, we
could write that we can get the idea about the cross sections
of 1%8Sn*, and cross sections can be predicted. And, thus, in
the case of '%°Sn* Pey will also follow the similar values of
Pcn. And, it is noted that, for both systems under study, no
nCN component is observed and, hence, Pcy is taken as 1.
From the above observations, it is clear that the cross
sections of compound nucleus '°Sn* (also having Z = 50
shell closure) populated in the reaction, which involves only
target **Ni with proton shell closure, are lower than the cross
sections of compound nucleus '%°Cd*, which is populated
through the reaction which has no shell closure for both
the projectile as well as the target (**Ti+ ®Fe), it will be
interesting to further investigate the effect of shell closure
on fusion cross sections for the reaction which involves a
rigid structure for both the projectile as well as the target.
For this, we have chosen the **Ni + >*Fe reaction populating
compound nucleus ''>Xe*. The dynamical study of !'>Xe* has
been performed earlier within the DCM [20]. As mentioned
above also, the compound nucleus 2% e* is formed through
the rigid structure of projectile and target. To compare the
effect of shell closure on cross sections, the suppression factor
has been plotted for '°°Sn* and ''?Xe* with respect to '°°Cd*
at similar values of E. , /V, and is shown in Fig. 10. It can

TABLE I. The DCM-calculated fusion cross section oy, considering the deformed fragmentation path and compared with experimental

data [27] for CNs '%Sn* and 1°°Cd* at similar E., /V}, values.

Ofys (IIlb)
Reaction Ea MeV)  E.... MeV)  Ecn/Vs T (MeV) Lo (R) AR (fm) DCM Expt.
“Tj 4+ 38Ni — 1°gp* 127.82 69.94 0.884 1.885 65 0.625 0.0000335
130.57 71.45 0.903 1.890 66 0.755 0.0016
132.9 72.73 0.92 1.9172 66 0.961 0.135 0.14£0.01
142.5 78.0 0.985 2.033 69 1.3 22.23 22.5+1.0
146.75 80.3 1.01 2.084 69 1.385 69.3 65.6+2.95
165.8 90.74 1.15 2.287 70 1.49 383.0 384.0+19.0
BTj 4 BFe — 10Cd* 118.06 64.6 0.884 1.91 68 0.625 0.0018 0.00181 +0.000849
120.62 66.0 0.903 1.94 70 0.755 0.0265 0.0263 £0.01
123.36 67.5 0.92 1.972 72 0.961 0.58 0.58 +£0.0711
131.5 72.0 0.985 2.07 74 1.3 33.1 34.84+6.58
134.87 73.8 1.01 2.11 74 1.385 72.0 754+£14.3
152.0 83.2 1.15 2.293 80 1.49 302.2 325.0£54.2
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TABLE II. The DCM-calculated fusion cross-section oy, considering the deformed fragmentation path and compared with experimental
data for compound nucleus 106Cd*, also Pey and oacn are mentioned at lower Eg . /V, values.

Ofys (mb)
Reaction Ecn/Vp AR (fm) DCM Expt. Pcen OnCN
BTj 4 ¥Fe — 109Cg* 0.884 0.625 0.0018 0.00181 4 0.000849 1 0
0.903 0.755 0.0265 0.0263 £0.01 1 0
0.92 0.961 0.58 0.58£0.0711 1 0

be seen that the suppression factor is almost similar at higher
Eem./V, where the ratio for compound nucleus ''?Xe* is
highly suppressed in comparison to that of compound nucleus
1065n* at lower values of E., /Vs. An onset of the hindrance
at energy closer to the Coulomb barrier is quite evident here.

IV. SUMMARY

In the present paper, dynamical aspects along with the
role of magicity and the hindrance effects are investigated
for CNs '%Sn* and '%°Cg*, having the same mass number,
formed in the reactions **Ti 4 ¥Ni and **Ti + *%Fe at energies
around the Coulomb barrier. The available experimental data
for these CN have been reproduced within the collective
clusterization approach of the DCM to fix the values of
neck-length parameter AR, the only variable parameter of
the DCM, at similar E, ., /V}, values. It is important to point
out here that these values of AR are fixed here for one of
the reactions *3Ti 4+ >®Fe forming compound nucleus '°°Cd*
and are used to calculate as well as predict the fusion cross-
sections oy for another reaction “8Ti 4 8Ni for the energy
values where experimental data are not available. The DCM
calculated results are very well compared with the available
experiential data. The experimental verification of the results,
for which the experiential data are not available, is called for.
We find that, for the systems having similar entrance channel
asymmetry and the E, /Vj, values, AR has a uniquely fixed
value.

It is noted that the o, of *®Ti + *®Ni decrease very steeply
at the lowest energies in comparison to **Ti+®Fe. These

observations can be established through the enhanced values
of X Py for LPs, particularly, the A, = 1 channel from the
compound nucleus '®Cd* in comparison to compound nu-
cleus '%°Sn*. Moreover, the hindrance factor or barrier modifi-
cation, i.e., AVp values are lower in the case of LPs’ decay of
compound nucleus '°Cd* in comparison to that of compound
nucleus '%°Sn*. It is observed that the AVj increases with
a decrease in E., /V), for both compound systems which
implies the lower cross sections at lower-energy values.

Furthermore, it is conjectured that the fusion hindrance at
below-barrier energies is maximum for compound nucleus
12Xe* formed through projectile and target (°®Ni+ >*Fe)
having closed-shell structures in the entrance channel and
least for the compound nucleus '®Cd* formed with open-shell
colliding nuclei (**Ti+ ¥Fe). The hindrance observed for
compound nucleus '%Sn* involving one closed shell colliding
nuclei (*®Ti+%Ni) lies in between. Thus, the structure of
involved nuclei seems to play an important role in the sub-
barrier fusion reaction dynamics, i.e., below the Coulomb
barrier.
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