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Various decay possibilities of the 2!Th* nuclear system formed via interaction of a **S projectile on a
184W target are investigated within the collective clusterization approach of the dynamical cluster-decay model
(DCM). The study is carried out at center-of-mass energies spread across the Coulomb barrier (118.8 < E. . <
195.9 MeV) by including the quadrupole deformations (3, static) and optimum orientations (9;"”‘) of the decay
fragments. According to experimental observation, the noncompound nucleus (nCN) component competes
with the compound nucleus (CN) processes [evaporation residue (ER) and fusion-fission (ff)]. The anomalous
behavior of calculated fission anisotropies (A) for the 21Th* nucleus indicates the presence of nCN contributions,
such as quasifission (QF) and fast fission (FF). With an aim to have comprehensive analysis of CN and nCN
fission mechanisms (ff, QF, FF), the role of center-of-mass energy (E. ) and angular momentum (¢) is explored
in terms of various observables of DCM such as fragmentation potential, preformation probability, scattering
potential, and penetrability. The fragmentation potential of the '*Th* nucleus shows asymmetric fission mass
distribution, independent of E, and ¢ values. The capture excitation functions oc,p, are obtained by adding
the DCM-calculated CN (ocn = ogr + 0g) and nCN (o,cn = ogr + oFr) contributions. The calculated cross
sections find nice agreement with the experimental data, and the evaporation residue contribution is predicted
to be negligibly small. The compound nucleus fusion/formation probability Pcy is estimated as a function of
E. ., which in turn suggests that the maximum contribution from the CN channel is ~66%. Finally, the effect
of B,-dynamic deformations on the various decay mechanisms of the 2!'*Th* nucleus is explored at highest

center-of-mass energy (195.9 MeV), where nCN processes start competing with the CN decay mechanism.
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I. INTRODUCTION

The dynamics of reactions involving actinide nuclei have
been explored rigourously in recent years. This is attributed
to the fact that such reactions play a crucial role in the
expansion of the periodic table, synthesis of new elements,
and production of isotopes beyond the §-stability line. Persis-
tent theoretical and experimental attempts have been made to
investigate various reactions’ conditions and their subsequent
influence on the decay mechanism [1-5].

In heavy-ion reactions (HIR), the possibility of an equili-
brated state of the composite system depends on numerous
factors such as the mass asymmetry («) of the entrance
channel with respect to the Businaro-Gallone mass asymme-
try parameter (agg) [6], incident energy with respect to the
Coulomb barrier, the charge product ZpZr (where Zp and Zr
are the proton numbers of projectile and target), deformations,
and orientations. If the composite system is fully equilibrated,
it involves the complete amalgamation of projectile and tar-
get nucleons at the compound nucleus (CN) stage, which
may decay via the emission of evaporation residue (ER) and
fusion-fission (ff) fragments. In contrast, a nonequilibrated
fused nuclear system, i.e., a noncompound nucleus (nCN),
reseparates prior to complete amalgamation by transferring
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only a few nucleons, thus giving rise to different decay
processes such as quasifission (QF), fast fission (FF), etc.
The quasifission (QF) process is observed in reactions
involving heavy target projectile combinations, exhibiting
large Coulomb repulsion and centrifugal potential. In such
reactions, multinucleon transfer takes place and the compos-
ite system so formed reseparates into two fragments. The
reseparation occurs at relatively faster pace (as compared
to formation of an equilibrated CN) and projectilelike frag-
ments are formed in the exit channel. Owing to the relatively
small interaction time involved in transfer of nucleons, the
decay fragments obtained in QF retain the entrance channel
properties. A wider mass distribution and fairly large fission
fragment anisotropy are some tested signatures of the QF
process. Earlier studies of QF suggest that the deformation
and orientation degrees of freedom play a significant role, as
the deformed targets with tip-to-tip collision give rise to QF,
while the side collisions generally result in the ff process [7].
Partial waves up to maximum angular momentum (€,x)
contribute to the CN fusion/formation cross sections. €pax
represents that angular momentum value where light particle
cross sections become negligibly small. The CN formation
is affected by centrifugal forces. The fission barrier of CN
decreases with increasing ¢ values, and disappears at an
£ value (called £gf) which is lower than £, [8]. This
suggests the possible emergence of another mechanism
known as fast fission (FF). FF is a process which is observed
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when the potential barrier disappears due to large centrifu-
gal force appearing across higher angular momentum (i.e.,
£ > fgg) [9]. FF occurs at a faster pace, with reaction time
1072'-1072° s, but larger reaction time than deep inelastic
collisions (DIC) (10722-10~2! s), therefore it is also known
as delayed DIC [10]. The main difference between the two
nCN processes is that FF is observed only above £g¢ values
whereas QF is operative at lower ¢ states as well.

The identification of the contribution of various competing
CN and nCN decay channels is an intricate process. Because
either the experimental signatures of these decay channels
overlap, thus making it difficult for them to be identified
individually, or their contribution is less prominent, hence
impeding theoretical evaluation [11]. In general, several ex-
perimental tools are available to look for the existence of nCN
fission in a nuclear reaction. A brief description of such efforts
is outlined below:

(i) The simple way to observe the existence of nCN
content in a reaction is to measure the fission frag-
ment angular anisotropies and compare them with the
theoretical calculations [12,13].

(i) The separation of two fragments during nCN process
takes place in a very short timescale as compared to
the CN process [10,14], therefore, the direct evidence
of different CN and nCN processes can be observed
in terms of reaction times.

(iii) The fission fragments originating from the nCN pro-
cess are often characterized by their broad mass dis-
tribution, mass angle correlations, kinetic energy and
angular distributions, etc. [13,15], which indicate a
nonequilibrium origin and short sticking time of the
decaying system compared to those originating from
CN fission.

(iv) Recently, y rays were used as a probe to distinguish
between CN and nCN fission on the basis of their
angular momenta [16]. However, identification of the
reaction mechanism is not always unambiguous using
the above mentioned probes.

The main interest of the present work is to explore the
individual contribution of competing CN and nCN decay
channels in the dynamics of the 32S + '8#W — 216Th* reac-
tion. For this reaction, the entrance channel mass asymmetry
o 1s 0.703, which is smaller than the Businaro-Gallone mass
asymmetry [6], i.e., agpg = 0.864. Thus, according to the
preequilibrium fission model [12,17], nCN fission may be
present in the decay of the 2!®Th* nucleus. Moreover, the nCN
component is expected to compete with the CN process at
ZpZ7 > 1000 [18], due to the large entrance channel Coulomb
repulsion. It may be worth noting that the product of ZpZy
for the considered reaction is 1184, hence there exists a
possibility of hindrance in the CN formation.

In view of this, the dynamical cluster-decay model (DCM)
is employed to study the relevant contribution of decay mech-
anisms for CN (ER and ff) and nCN (QF and FF) processes
involved in the dynamics of the 328 4+ 184W reaction, in
reference to the experimental finding of Zhang et al. [19].
Interestingly, the experimental data [19] are available on the

either side of the Coulomb barrier for this reaction, which pro-
vides us an opportunity to investigate the dynamics involved
with CN and nCN decay below and above barrier energies.
Evidently, the DCM has been successfully applied to study
different CN and nCN processes for decay in preactinide, ac-
tinide, and superheavy mass regions [20-27]. It may be noted
that the collective clusterization approach is being employed
for the first time to explore the dynamics associated with
fast fission mechanism. The characteristics of fragmentation
potential, preformation probability Py, barrier penetrability
P, and scattering potential are analyzed at different incident
energies and angular momentum values. In this study, the
deformation effects are included up to quadrupole deforma-
tions (B, static) with optimum orientations (6;™") of the decay
fragments. Knowing that the anisotropy (A) is an effective
tool to investigate the presence/absence of CN and nCN
components, the fission anisotropies are calculated within
the standard saddle-point statistical model (SSPSM) [28] us-
ing DCM-based parameters. In addition to this, compound
nucleus fusion/formation probability Pcy is determined as
a function of center-of-mass energy E.., to analyze the
role of CN and nCN contributions in the total capture cross
sections. Also, the possible fragmentation path in reference
to temperature-dependent deformations from Refs. [29,30]
is worked out to analyze the possible role of B,-dynamic
deformations in the decay of the 2!®Th* nucleus.

The present article is organized as follows: The description
of DCM used for decay analysis is given in Sec. II. The
calculations and results of different fission mechanisms are
discussed in Sec. III, and, finally, the summary and conclu-
sions are presented in Sec. IV. A brief report of this work was
presented at the national conference on “Recent Advances in
Experimental and Theoretical Physics” (RAETP-2018), held
in Jammu, India [31].

II. THE MODEL

Different decay mechanisms of the hot and rotating >'*Th*
nuclear system formed via the S + '34W reaction at various
center-of-mass energies E., are analyzed using the dynam-
ical cluster-decay model (DCM). The DCM [20-27] was
developed using the well-known quantum mechanical frag-
mentation theory (QMFT) [32-34], which works in terms of
collective coordinates of mass (and charge) asymmetries ny =
(A1 —A2)/(A| + Ay) [and nz = (Z1 — Z»)/(Z1 + Z3)] (where
1 and 2 stand for heavy and light fragments), relative separa-
tion R, the multipole deformations B;; (A = 2,3,4;i =1, 2),
and orientations 6; (i = 1, 2). In terms of these coordinates,
for £ partial waves, the decay and fragment’s production cross
section is given by

Cma
T 2uE
(A1 A2 = 5 ) U+ DRP. k= “h;'m', (1)
£=0

where u = m[A1A2/(A; + A3)] is the reduced mass. Py, the
fragment’s preformation probability, refers to n motion at
fixed R value; and P, the barrier penetrability, refers to R
motion for each n value. Following equation (1), the cross sec-
tions of ER and ff processes (i.e., ogr and oy) are calculated
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as
4 A2
OFR = Z 0(A1,A2), o =2 Z o(A1,A2), (2
Ar=1 Ay=Aj2-20

giving the cross section of CN decay ocy = 0gr + 0f-

The preformation factor Py contains structure information
of the compound nuclear system, that enters via fragmentation
potential Vg(n, T') in the Schrodinger equation, defined as

2 2
Ve(n, T) =Y [Viom(Ai Z, T) + Y _[8Uilexp(~T>/T;’)
i=1 i=1
+VeR, Z;, Bi, 6;, T) + Vp(R, A}, B, 6, T)
+V€(R7Ai3 ﬁ)\i’eivT)° (3)

Here, V¢, Vp, and V, are respectively,the 7-dependent
Coulomb, nuclear proximity, and centrifugal potentials for
deformed and oriented nuclei (for details see Ref. [35]). Vipm
is the T-dependent liquid drop energy of Davidson et al. [36]
and §U the “empirical” shell correction, as stated in Ref. [37],
made T dependent as per [38]. The constants of Vipy at T =
0 are refitted [35,39,40] to give the experimental binding en-
ergies of Audi et al. [41] or the theoretical estimates of Moller
et al. [42] wherever not available in Ref. [41]. The static de-
formations of nuclei are taken up to quadrupole deformations
Bo; from the theoretical estimates of Moller and Nix [42],
and the orientations are the “optimum” orientations prt' for
“hot-compact” configuration [43]. The deformation parameter
Boi is also taken to be temperature dependent [29,30], by using
the relation §;;(T) = exp(—T/Ty)B,:(0), where B,,(0) is the
static deformation and 7y is the temperature of the nucleus at
which shell effects start to vanish (75 = 1.5 MeV) [38].

The rotational energy V; is given as

2L+ 1)

Ve(R, Ai, Bris 05, T) = AT “
with I = Iy = uR> + 2A;mR3(ay, T) + 2AomR3 (2, T), the
moment of inertia in the sticking limit, which for the non-
sticking limit reads as I = Iys = uR>.

The preformation probability Py is obtained using the
fragmentation potential Vg(n, T') by solving the Schrodinger
equation in 1 coordinates at fixed R = R,

{ L S T T)}w”( )= ()
2\/@ an /By 9n " ! "
)

with v =0, 1, 2, 3, ... referring to ground state (v = 0) and
excited state solutions, with the ground state P, given as

2
Py = |w<n(A,-))|2\/BmA—, ©6)
CN
and with the Boltzmann-like function
o0
WI> =Y 19" exp(=E"/T). (7)
v=0

B, in Eq. (6) represents the smooth hydrodynamical mass pa-
rameter [44]. It may be noted that in DCM based calculations,

for the QF decay channel, the preformation probability is
taken as unity, i.e., Py = 1. This is because the QF corresponds
to an intermediate nonequilibrated nCN process, where the
incoming channel is supposed to retain its identity [45].

The penetration probability P in Eq. (1) is the Wentzel-
Kramers-Brillouin (WKB) integral,

Ry
P = exp [—% 2V R) - Qeff]}”zdR} ®)
with V(R,, T) =V (Rp, T) = TKE(T) = Qes(T) for the two
turning points.

In the case of fast fission, the fission barrier becomes
vanishingly small at higher angular momentum values (£ >
£p¢), which indicates maximum penetration probability for the
contributing fission fragments (P ~ 1). The first turning point
of the penetration path, R,, is defined as

Ry(T) =Ri(a1, T) + Rz, T) + AR(T)
=R(a,T)+ AR(T), )

with radius vectors R; (i = 1, 2),
Ri(e;, T) = ROi(T)|:1 +y° ﬂMY;‘”(a»}, (10)
A

and T -dependent nuclear radii Rp; of the equivalent spherical
nuclei [46],

1 =1
Roi(T) = [1.284; — 0.76 + 0.84;7 ](1 + 0.00077*) fm.
(11

AR is the only parameter of the model, and is known as
the neck-length parameter. The nuclear temperature (7) is
related to compound nucleus excitation energy as Efy =
Ecm. + Oin = (ACN/9)T2 -T.

Finally, the fission fragment anisotropy (A) calcu-
lated within the standard saddle-point statistical model
(SSPSM) [28] is given by

A =1+ (%)/4K, (12)

where (£2) is the mean square angular momentum of fission-
ing nucleus related to the total ¢ value (equivalently, £«
of the CN). The value of £,,x depends on the sticking limit
(Is) and nonsticking limit (Iys) in the centrifugal potential.
Note that Iys is preferred [25,47,48] for fission anisotropy
calculations. K7 is the variance of the K distribution related
to the effective moment of inertia I of the CN, given as

Ky =T x L /1. (13)

I 1s calculated by using the finite-range rotating liquid
drop model [49], with T being the temperature of fissioning
nucleus.

III. CALCULATIONS AND DISCUSSION

This section presents the calculations for various decay
processes of 2!°Th* formed in the S + "W reaction over
a wide range of center-of-mass energies around the Coulomb
barrier, E.;,, = 118.8 to 195.9 MeV. First, in Sec. III A,
the CN (ff) and nCN (QF and FF) fission contributions are
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FIG. 1. Mass fragmentation potential for the nuclear system
26Th* formed in *2S + %W reaction at extreme energies E,,, =
118.8 and 195.9 MeV, using the best fitted AR’s, plotted for (a) min-
imum (€,;,) and (b) maximum (£, ) values of angular momentum.

explored within the framework of DCM. The deformation
effects are included up to static quadrupole deformation (5,
static) using optimum orientation criteria 91.0" " [43]. For heavy-
ion reactions, the fission fragment anisotropy (A) is an un-
ambiguous tool to investigate nCN fission, and the same is
explored here within the SSPSM approach in reference to the
data of Ref. [19]. The detailed analysis of potential energy
surfaces (PES), preformation factor Py, penetrability P, and
scattering potential V (R) effects is carried out to investigate
different fission mechanisms (ff, QF, and FF). For a compre-
hensive analysis of CN and nCN processes, the compound
nucleus fusion probability Pcy is calculated over a wide range
of incident energies. Further, Sec. III B presents the possible
role of temperature-dependent deformations (8, dynamic) on
the various decay mechanisms of the 2'®Th* nucleus.

A. CN and nCN fission of the 2!*Th* nucleus at energies
across the Coulomb barrier

Figure 1(a) depicts the fragmentation potential Vgx(n, T)
for the decay of the 2!®Th* nucleus at two extreme center-
of-mass energies, E.,., = 118.8 and 195.9 MeV, at mini-
mum (£n,;,) angular momentum, while Fig. 1(b) depicts the
behavior at maximum (£,x) angular momentum. The calcu-
lated T-dependent collective potential energy Vr(n, T') gives

100 (&) f(72-99)
2" 10°]
£
S 10"
=
=]
'y
g 10-15' opt
= ] gzzmax’ ﬁli’ i
N <

-20
E 1077 —o—E =118.8 MeV
QE c.m.
o ——E_ =1959MeV
A 10 -
] PSHMWoTTh A +A
10-30' —_

60 80 100 120 140 160
Fragment Mass A; (i=1,2)

FIG. 2. The preformation probability P, for the decay of an
excited 2'°Th* nucleus as a function of fragment mass A; (i = 1, 2) at
two extreme center-of-mass energies, E.,, = 118.8 and 195.9 MeV,
for £, States.

the relative contribution of possible decay fragments. It is
noticed from the figure that lower ¢ states are energetically
more favorable for light particles (LPs) and higher ones for
the fission fragments (ff). The magnitude of fragmentation po-
tential increases with increase in energy and angular momen-
tum. At extreme energies, the structure of the fragmentation
potential for evaporation residues (A, < 4) and intermediate
mass fragments (IMFs) is different, whereas the structure of
fission region remains almost same. Further, at higher angular
momentum, for extreme energies, the fission region depicts
a potential energy minimum (equivalently, the maximum in
preformation probability Py; see Fig. 2). This confirms that
the fission component dominates at large ¢ value. Moreover,
at both extreme E. ;,, , the minimum in fragmentation potential
corresponds to the same fragment mass range, i.e., Ay =
72-99 (plus complementary fragments). The variation of the
potential energy surface reveals that 2'°Th* shows an asym-
metric mass distribution, which is in line with the observation
drawn from the >**Th* nucleus formed in the neutron induced
reaction n + 23>Th — 2¥3Th* [50]. This suggests that the po-
tential energy surface(s) for the Th nucleus is independent of
the incident projectile and energy. It is relevant to mention
that, in the framework of DCM, the preformation factor F,
is the solution of the stationary Schrodinger equation in 7
coordinate, where the fragmentation potential [see Eq. (3) and
Fig. 1] goes as input.

After studying the variation of the fragmentation potential,
we analyze the dynamics of the 32S 4 '8#W reaction through
the preformation probability Py (see Fig. 2), plotted as a
function of heavy mass fragments at £,,,x, as the fission contri-
bution becomes prominent at higher ¢ values. Comparing the
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TABLE I. The SSPSM/DCM calculated fission anisotropies A
using nonsticking limit Iys for the moment of inertia for the S +
184W reaction at various E., and compared with experimental
anisotropies [19]. Also shown are the anisotropy-fitted neck-length
parameter AR and other relevant quantities.

E. . E&y T £ inax AR Anisotropy (A)
(MeV) (MeV) (MeV) (h) (fm) Calc. Expt.
118.8 37.2 1.266 16 0.726 1.50 1.51
123.1 41.5 1.336 25 1.070 2.10 2.16
127.3 45.8 1.402 27 1.130 2.22 2.27
131.5 50.0 1.464 33 1.250 2.67 2.74
135.8 54.3 1.525 34 1.260 2.68 3.06
141.1 58.5 1.582 35 1.270 2.71 3.28
144.4 61.8 1.626 36 1.300 2.74 3.80

preformation profile at extreme energies, it is observed that
the magnitude of Py changes while the mass distribution for
fission fragments is almost identical and asymmetric in nature,
independent of E , .

As stated above, the anisotropy of fission products serves
as an effective probe to explore the CN and nCN contributions
in heavy-ion induced reactions. Henceforth, in the present
work, the fission fragment anisotropies (A) of the S + 184w
reaction are calculated within the standard saddle-point statis-
tical model (SSPSM) [28] using DCM-based parameters for
the nonsticking (Iys) limit of moment of inertia [25]. It is
worth noting that, in DCM based calculations, the decay cross
sections are estimated using the sticking limit of moment of
inertia (I5), in which the rotation of two touching spheres is
considered around their common center of mass. The choice
of moment of inertia in the sticking limit is attributed to the
use of the proximity potential of Blocki et al. [S1]. On the
other hand, for the fission fragment anisotropies A, it has been
observed that the nonsticking limit (Iys) is favored where
no intrinsic rotation of fragments is considered due to the
small separation distance between them [47,48]. Note the use
of the nonsticking limit, generally used in the experimental
determination of the £ value. Table I presents the calculated
and experimental fission anisotropies for the 2!®Th* nucleus
at different incident energies. The effective moment of inertia
I in Eq. (13) at the saddle point is calculated using the
finite range rotating liquid drop model [49]. It is observed
that the calculated anisotropies match with the experimental
anisotropies, except at higher excitation energies above the
Coulomb barrier (=136 MeV). The deficiency in anisotropy
at higher energies indicates the presence of some competing
nCN mechanisms, such as quasifission and fast fission. In the
framework of SSPSM, it is assumed that the fission fragments
are emitted along the symmetry axis of the fissioning nucleus
and the K component of the total angular momentum along the
symmetry axis is conserved during the descent from saddle
to scission point [52]. For the case of heavy systems, this
assumption may not be justified where the saddle and scission
point configurations have very different shapes. Therefore, in
the present case, the SSPSM may not properly describe the
fission anisotropies in reactions with massive nuclei at higher
energies. Hence, it may be concluded that the anomalous

behavior of fission anisotropies indicates the presence of nCN
content in the decay of the ?!®Th* nucleus, especially at above-
barrier energies.

In addition to this, as discussed in the Sec. I, the mass
asymmetry [ = (Ar — Ap)/(Ar + Ap)] of interacting nuclei
and the product ZpZy play significant roles in determining
the contributions from the nCN fission processes. It is ev-
ident from the literature [53] that if ¢ < agg then there is
a possibility of nCN contributions. In fact, the Businaro-
Gallone mass asymmetry apg is a parameter which sepa-
rates the mass symmetric liquid drop fission barrier from the
asymmetric one [6]. For the o > apg case, the mass flows
from projectile to target nucleus and results in an equilibrated
composite system (i.e., CN), whereas for o < apg the mass
flows in the direction of the dinuclear system, which decays
before achieving equilibrium, thus giving rise to the nCN
process [53]. For the considered reaction channel 328 4 13y,
a(=0.703) < apg(=0.864) which indicates the presence of
the nCN contribution from this reaction. Also, due to the large
entrance channel Coulomb repulsion (i.e., ZpZy = 1184), the
nCN content is expected to contribute towards the total cap-
ture cross sections.

Therefore, after attaining insight into the fusion-fission
dynamics and fission anisotropies, we next intend to study
the contribution of competing nCN decay channels in the
decay of the 2'Th* nucleus. As per the experimental obser-
vations of Zhang et al. [19], the capture cross sections (ocap.)
include the contributions from CN and nCN processes, i.e.,
Ocapt. = 0CN + Onen. The pure compound nucleus formation
cross sections (ocyn) include only evaporation residue (ER)
and fusion-fission (ff) cross sections: ocny = 0gr + of. On the
other hand, the hindrance in the formation of CN can be ad-
dressed in terms of nCN cross sections (o,cn) Which involve
contributions from quasifission (QF) and fast fission (FF)
processes, i.e., oncn = 0QF + opp. The AR values for ff, QF,
and FF are optimized in reference to [19], where the relative
contribution of different fission mechanisms is explored. It is
worth mentioning that the cross sections are calculated using
partial wave analysis as described in Egs. (1) and (2). In the
case of quasifission (QF), the projectile is captured by the tar-
get nucleus, and a nonequilibrated composite system (called a
dinuclear system) is formed, which is trapped in the potential
well for a very short time. In this case, multinucleon transfer
takes place, and the formed composite system reseparates at
a faster pace (as compared to equilibrated CN), and hence
projectile-like fragments appear in the exit channel, and QF
is observed. In DCM based calculations, the QF contributions
are calculated by considering preformation probability equal
to unity (Py = 1) for the incoming channel [45], since for the
QF process the target and projectile nuclei are supposed to
retain their identity [54,55]. The penetration probability (P;.)
is calculated for the decay fragments, which are identical to
the incoming channel, using the WKB approximation, and
then the QF cross section reads as

Lmax

T
oQF = 15 > @+ P, (14)
=0
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TABLE II. The DCM-calculated fusion-fission oy, quasifission oqr, and fast fission ogr cross sections for 216Th* nucleus at center-of-
mass energies ranging from 118.8 to 195.9 MeV. The predicted evaporation residue (ER) contributions using ARggr = ARy 4 0.5 fm are
also presented. The total sum of all evaporation and fission excitation functions (i.e., Oy, = Ogr + 0t + 0r + opr) compared with the
experimental data [19]. Also tabulated are the relevant fitted neck-length parameters AR, temperatures 7', and excitation energies Ely.

Ecpm. E&y T Lrax  ARgr OER ARy O ARgr OQF ARgp OFF 02;M iﬁ,ﬁ"
MeV) (MeV) (MeV) ()  (fm)  (mb)  (fm)  (mb)  (fm)  (mb)  (fm)  (mb)  (mb)  (mb)
118.8 37.2 1.266 125 1.169 0.00173 0.669  0.0096 0.300 0.0263 0.529 0.0024 0.04 0.04
123.1 41.5 1.336 125 1.250 0.0951 0.750 0.886 0.625 1.45 0.545 0.007 2.44 2.35
127.3 45.8 1.402 125 1.392 0.0852 0.892 16.08 0.848 12.7 0.549 0.012 28.87 22.97
131.5 50.0 1.464 125 1.490 0.974 0.990 47.0 0918 28.8 0.566  0.0306 76.80 81.01
135.8 54.3 1.525 125 1.554 1.48 1.054 82.6 0.960 429 0.577 0.064 127.04 132.27
141.1 58.5 1.582 126 1.584 2.20 1.084 109.4 0.990 58.3 0.628 0.756 170.66 189.33
144 .4 61.8 1.626 126 1.625 3.87 1.125 141.0 1.020 75.5 0.668 2.44 222.81 237.06
157.6 76.0 1.800 129 1.675 7.53 1.175 264.0 1.090 150.0 0.750 52.8 474.33 580.0
183.2 101.0 2.072 136 1.680 10.7 1.180 292.0 1.210 460.0 0.845 154.4 917.10 985.0
195.9 114.0 2.200 139 1.685 17.2 1.185 300.0 1.240 581.0 0.846 216.0 1114.2 1110.0

Further, in the case of fast fission (FF) process, a mononucleus
is formed that survived QF. The angular momentum of the
mononucleus is very large. The fission barrier (Bf) of this ro-
tating system disappears at large value of angular momentum
due to higher rotational energy [9]. Thus, a hot and rotating
nucleus undergoes fast fission, and leads to the formation of
two fission fragments similar to those in the fusion-fission (ff)
process. Note that fast fission products have properties like
those of usual fusion-fission fragments [1]. For the case of
fast fission the preformation probability P, is calculated by
solving the Schrodinger equation shown in Eq. (5) for fission
fragments (A, = 72-99 plus complementary fragments), for
angular momentum values varying from fp to €.« (Where
fp¢ is an angular momentum at which the fission barrier
disappears). Here barrier penetration probability is considered
to be maximum (i.e., P = 1), in agreement with Ref. [56]. For
the reaction under study, £g; is 707 as per the results obtained
by Ref. [49] using the finite range model. Thus, the fast fission
contributions are calculated using the following formula:

Lmax

T
o = 13 Z(ze + 1)P,.

Lpf

as)

Table II represents the DCM calculated cross sections along
with corresponding values of neck-length parameters AR,
temperatures T, excitation energies E’y, and center-of-mass
energies E, . for the decay of the >'Th* nucleus for ER, ff,
QF, and FF processes.

The ER cross sections (ogr) are predicted by using
ARgr = ARg + 0.5 fm. It is relevant to mention that lighter
fragments are generally emitted first from the hot and rotating
nuclei, establishing the fact that light particle emission occurs
prior to the fission process. Keeping this in mind, higher AR
is taken for ER formation as compared to the fission de-
cay [27]. The estimated oggr are found to be negligibly small,
in agreement with the experimental observations [19]. DCM
based cross-sections of ER, ff, QF, and FF processes, i.e.,
o D™ show nice agreement with experimental measured [19]

capt. °
Expt.
capture data (o,F

capt, ) At all energies.

Next, to explore the quasifission (QF) process, the interac-
tion potential V (R, £) is plotted in Fig. 3(a) for the S + '84W
reaction at E.,, = 195.9 MeV, for the minimum (£ = 0)
and maximum (£y,,x = 139%) angular momentum values. QF
is a process in which a nonequilibrated composite system
disintegrates into two fragments without reaching the equi-
librated shape of the compound nucleus (CN). According to
the DNS model [19], the depth of the potential well is called
the quasifission barrier (Bgr), as marked in the figure. It is
depicted in the figure that the interaction potential changes
due to the increase in the rotational energy V;, and the depth of
the potential well decreases with increase in £. That means the
value of Bgr decreases; in contrast the Coulomb barrier Beoy,
increases with increase in £. Similar results can be observed in
Fig. 3(b) plotted for Bor and Bcou. as a function of £. Clearly,
it indicates that at higher £ values the higher Coulomb barrier
and lower QF barrier reduce the possibility of formation of an
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FIG. 3. (a) Variation of interaction potential [V (R) = Vp + V¢ +
Vi] as a function of range R (fm) for quasifission at E.,, =
195.9 MeV for £yin and £, values. (b) Quasifission barrier (Bgr)
and Coulomb barrier (Bc,y.) as a function of angular momentum £(/)
at E.,. = 195.9 MeV.
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25+ IS+ MWS T A +A,
20{ —e—E_=118.8 MeV
| ——E_=1444Mev
—o—E =195.9 MeV
15 - c.m.

opt.
1 P 2i’ei

QF cross-sections GQF(mb)

0 30 60 90
£(n)

120

FIG. 4. (a) Quasifission cross sections ogr as a function of an-
gular momentum £(%) for the 'Th* nucleus at three center-of-mass
energies, E.,. = 118.8, 144.4, and 195.9 MeV.

equilibrated CN state, and hence the contribution of the QF
process increases at higher ¢ values.

The QF cross sections (oqr) are plotted as a function of
£, for three center-of-mass energies, in Fig. 4. At lowest
E.... = 118.8 MeV, the variation in QF cross section at a
given £ value is not very significant as compared to two higher
energies E. ,, = 144.4 and 195.9 MeV. The QF contribution
is quite small at smaller angular momentum values (up to
£ = 50h), but for £ > 507, ogr increases as a function of
angular momentum. These results further support the obser-
vation that higher excitation energies and higher angular mo-

—— Fusion-fission (ff), E_ =118.8 MeV
=118.8 MeV

cm.

——o— Fast fission (FF), E
100 | —— Fusion-fission (ff), E_ =195.9 MeV
—=— Fast fission (FF), Em>:195.9 MeV
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mentum show the maximum contribution of the quasifission
mechanism.

After studying the variation of angular momentum and
collision energy for the QF mechanism, Fig. 5 shows the
£-summed preformation probability Py and cross section o
as a function of contributing fragments (A;) of fusion-fission
(ff) and fast fission (FF) processes of the 2I6Th* nucleus at
two extreme energies E.p, = 118.8 MeV and 195.9 MeV.
The ff is analyzed for partial waves £ = 0 to £ = €4, and
the FF process contributes in the £py < € < £y Window.
It is clearly evident from the figure that the preformation
probability for both processes follows similar trend, exhibiting
significantly large magnitude for the ff process. At high-
est E. . the probability of preformed FF fragments starts
competing with the preformation probability of ff fragments.
Similar results can be seen from panel (b) of Fig. 5: o is
larger in magnitude than ogp at lowest energy; however, they
compete with each other at highest energy. From Figs. 4 and 5
one may conclude that the nCN fission components have
more prominent contribution at higher ¢ values and higher
energies. This observation is in agreement with the conclusion
extracted from the anomalous behavior of fission anisotropies
A (see Table I) that the above-barrier energies contribute most
towards the nCN content.

A comparative study of DCM calculated cross sections
of fusion-fission, quasifission, and fast fission processes as a
function of E, . is presented in Fig. 6. The predicted ER cross
sections (opr) are not shown in this figure as they have negli-
gible values (see Table II). Clearly, one can see from the figure
that the contribution of both CN and nCN processes is large at
higher energies. The fusion-fission is major contributor to the
capture cross-sections in the energy range 127.3 < E. ;. <
157.6 MeV. Above 157.6 MeV the multinucleon transfer
processes such as quasifission have larger contribution than
fusion-fission, which means that CN formation is hindered at
higher energies. The contribution from another nCN process,
i.e., fast fission, is relatively small as compared to other decay

10'{(b)

~

=

g

b 10-1 | /=% Fusion-fission (ff), E_ =118.8 MeV

N;\F —o— Fast fission (FF), E_ =118.8 MeV

» —4— Fusion-fission (ff), E._=195.9 MeV
= em

S N —=a— Fast fission (FF), E._=195.9 MeV
o= 3| em A

b 10 A A

7]

i

W

w

S s

O 1077

=

]

E

E

(? 10
S

75 80 85 90 95
Fragment Mass A,

100

FIG. 5. (a) £-summed preformation probability P, plotted for fusion-fission and fast fission decay of the 2'*Th* nucleus at two extreme
E. . as a function of fragment mass A,. Panel (b) represents the same but for £-summed fusion-fission (ofr) and fast fission (ogg) cross sections.
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FIG. 6. Individual contribution of different fission channels as
a function of center-of-mass energy E. ., and comparison of DCM
calculated capture cross sections with experimental [19] capture data
for the S + "W — 2I°Th* reaction.

processes, but starts competing with the fusion-fission process
at very highest energies. DCM calculations were done to
identify the individual contributions of the contributing decay
processes. Also, it is worth mentioning that the sum of all
three fission excitation functions (i.e., oPM) is in agreement

capt.
with the experimental [19] capture cross section (ai’;ff') at all
collision energies E ..

The above results clearly indicate that, at higher energies
and ¢ values, the nCN process starts competing with the
fusion-fission process. In view of this, the compound nucleus
fusion/formation probability (Pcy) is calculated for the 2'®Th*
nucleus within the framework of DCM as a function of E. , .
The CN fusion probability Pcy is a parameter which describes
the probability of complete fusion. If Py & 1, it is assumed
that there is complete formation of a compound nucleus,
otherwise the presence of other nCN decays is anticipated.
The Pcy is calculated using [57]

OCN OER + Off

Pen = = . 16
N OCN +0ncN OpR + Off + OQF + OFF (16)

Figure 7 depicts the variation of DCM-calculated Pcy as a
function of center-of-mass energy E. ,, for the 216Th* pucleus,
and compares with the ones obtained by the dinuclear sys-
tem (DNS) model [19]. The figure clearly shows the strong
hindrance to the fusion/formation of the CN at lower and
higher center-of-mass energies. It is seen from figure that the
CN fusion factor first increases with energy up to ~136 MeV
(around Coulomb barrier energy), and then shows decreasing
behavior as a function of E_., . Initially, the projectile has
not enough energy to overcome the Coulomb barrier and fuse
with the target, hence Pcy has smaller values at lower E ..
On the other hand, at above-barrier energies, the lowering
of the Pcn factor is connected with the large contribution of
nCN fission, i.e., quasifission and fast fission. Also, Pcx > 0.5
for the 2'°Th* nucleus in the energy range 127.3 < E . <

216, *

. g 18y 2160y

S 2

a2

L
1 "

0.60 -
0.55 1

0.50

0.45
o P_ (DCM)
——P__ (DNS)

0.40 -

0.35+

v

0.30 - B

Compound nucleus fusion probability P __

0-25 T T T T T T T T T T T T T T T T T T
110 120 130 140 150 160 170 180 190 200
E  (MeV)

FIG. 7. DCM calculated compound nucleus fusion/formation
probability Pcy as a function of center-of-mass energy E.,, for
the %S + %W — 2ITh* reaction, and comparison with the DNS
calculated Pcy.

157.6 MeV due to the large fusion-fission cross sections as
compared to the nCN cross sections, also shown in Fig. 6.
The largest value of Pcy for the studied reaction is 0.66.

B. Role of “dynamic deformations” on the various decay
mechanisms of the 2'Th* nucleus

In this section, the specific role of temperature-dependent
deformations of decaying fragments is investigated by com-
paring the results with the static choice of deformations.
Figure 8 shows the fragmentation potential V (A,) for the
*1Th* nucleus at highest Ec m, = 195.9 MeV (T = 2.2 MeV),
plotted for B,-static and B,-dynamic choices of deformation.
Note that at highest E. ;. = 195.9 MeV, the nCN fission
mechanisms compete with the CN processes, as depicted in
Sec. III A, hence the effect of B,-dynamic deformations is
analyzed at highest energy. It is evident from the figure that the
decay structure of the fragmentation potential is significantly
modified when §,-static deformations are replaced with ;-
dynamic deformations. Asymmetric fission forms the domi-
nant decay mode for the choice of B,-static deformations, as
discussed in the previous section. After the inclusion of T'-
dependent deformations, the symmetric fission starts compet-
ing with the asymmetric component. The DCM calculations
suggest that symmetric fission contributes ~31% towards the
total fusion-fission cross section of the 2'®Th* nucleus for
B2-dynamic choice at Ec,, = 195.9 MeV. Independently of
the type of deformation, the choice of most preferred decay
fragments in asymmetric fission remains identical. It may be
noted that at higher temperature (e.g., T = 2.2 MeV), the
characteristic behavior of the fragmentation potential is sim-
ilar for spherical and dynamical choices of deformation (not
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FIG. 8. Fragmentation potential V (4;) for the *'®Th* nucleus
plotted at E ., = 195.9 MeV and T = 2.2 MeV for S,-static and
B2-dynamic deformations of fragments.

shown here). Broadly speaking, for the case of 8, dynamic,
the mass distribution gets broader, and more decay fragments
start contributing to the fission process including asymmetric
(A =72-99) and symmetric (A, = 100-108) fission frag-
ments.

For further analysis, the interaction potential V (R) is cal-
culated for the 32S + '8*W reaction using B,-static and fB,-

QF cross-sections Cor (mb)

240
SZS+184W_)216Th

o~
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=
e e
'_ﬂ' 160 “‘\‘ - [32i-Static
£ f— Dynami
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- N
5 |
2 1204
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.E § 18
D L 15
§ 80- \% 121 —=— [, -Static
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40 ¢ (h)
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dynamic choices of deformation as shown in Fig. 9(a) at
E.n. = 1959 MeV. It is observed that the use of dynamic
deformations influence the barrier characteristics (barrier po-
sition and barrier height), which in turn affects the tunneling
probability and hence the cross sections. For the case of ;-
dynamic deformations the interaction radius is higher and the
interaction barrier is lower as compared to the f,-static case. It
may be noted that the minute change in the distance between
the two interacting nuclei affects the equilibrium between
attractive (Vp) and repulsive (V¢ and V;) forces. Following this
description, the quasifission barrier (Bgr) is extracted from
the scattering plot [Fig. 9(a)] for the 8,-dynamic deformations
and compared with the f,-static case. As the interaction radius
is large for the dynamic deformations in comparison with
the static one, the Vp, Vi, and V, potentials get influenced
due to their dependence on R. Hence the overall interaction
potential (barrier pocket and barrier height) gets modified
after the inclusion of B,-dynamic deformations. Therefore,
the magnitude of Bqr is different for the two choices of
deformation, i.e., relatively higher magnitude is observed for
the B,-static case, as depicted in the inset of Fig. 9(a). As a
consequence, the QF cross sections are affected by the choice
of deformation as shown in Fig. 9(b). The QF cross sections
increase with increase in £ value independently of the choice
of deformation, where the magnitude of oqr is larger for the
B2-dynamic case as compared to the §,-static deformations.
Finally, to explore the relative role of static and dynamic
deformations on the fast fission (FF) process, the £-summed
preformation probability Py(A,) and cross sections o (A;),
with summation up to £, are plotted in Fig. 10 at E;,, =
195.9 MeV. Note that the FF process contributes only for
the £pr < € < £y, Wwindow where fission barrier vanishes.
Figure 10 depicts that o follows the behavior of Py, which

20 3G 18y 206" (b)
E_=195.9 MeV
154
—=— [, -Static
| —=—B,,-Dynamic
104

9 120
L (n)

FIG. 9. (a) DCM calculated scattering potential V (R) plotted for the S + '3*W reaction at E.,, = 195.9 MeV for both f,-static and
B>-dynamic deformations; the inset of the figure shows the comparison of quasifission barrier B for both types of deformation. (b) Calculated
quasifission cross sections ogr plotted for the *2S + '®*W reaction for both choices of deformation.
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FIG. 10. (a) The ¢-summed preformation probability P, and
cross section o for the FF process of >'®Th* as a function of fragment
mass A, for both §,-static and f,-dynamic deformations at E. , =
195.9 MeV. The inset of the figure represents the variation of £-
summed Py and o for both FF and ff mechanisms for the 8,-dynamic
case.

shows an interesting structure with significant contribution
of preformation factor for fission fragments. The behavior of
preformation probability Py gets modified after the inclusion
of dynamic deformations. The fragment mass distribution
starts broadening and symmetric fission fragments contribute
towards the total fission of the 2!®Th* nucleus. These re-
sults overlay with the information extracted from Fig. 8 for
the fusion-fission process. Besides this, the variation of £-
summed Py and o (see inset of Fig. 10) for both ff and FF
processes shows that the contribution of fast fission competes
with the ff component in agreement with the f§,-static case
at the considered energy. An explicit representation of cross
sections for ff, QF, and FF processes is given in Table III.

It will be of further interest to extend this work to other
nuclear reactions with different entrance channels (e.g., 2c 4+

TABLE III. The DCM-calculated fission cross sections using
B,-dynamic deformations of fragments for the decay of the *!Th*
nucleus at E.,,, = 195.9 MeV (T = 2.2 MeV).

AR Linax o
Fusion-fission (ff)
1.180 fm 1364 302 mb
Quasifission (QF)
1.257 fm 1361 584 mb
Fast fission (FF)
0.550 fm 1364 232 mb

204po and “Ar + 70Hf) forming the same CN (i.e., 2'°Th*).
As discussed in the Introduction, the entrance channel prop-
erties play an important role in the dynamics associated with
CN and nCN channels. According to Bohr’s hypothesis [58],
the considered reactions should give the same fusion cross
sections. But, in reactions prone to the nCN channel, the
probability of complete (pure) fusion is reduced considerably
and this results in suppression of fusion cross sections. This
suppression of measured fusion cross section is treated as
evidence of nCN fission. Further, if the inhibition is caused by
the presence of nCN fission, one may also find its evidence in
terms of fission mass distributions, because nCN fission has
a broader mass distribution than CN fission [59]. Relevant
experimental analysis is called for, as it can provide insight
regarding decay patterns of the Th nucleus.

IV. SUMMARY

Different competing decay mechanisms (ER, ff, QF, FF)
emerging via CN and nCN processes of the *2S + %W —
216Th* reaction are studied within the framework of DCM.
The analysis is carried out over a wide range of collision
energies varying from E.,, = 118.8 to 195.9 MeV for f,-
static deformed choice of fragmentation using optimum ori-
entations. At above-barrier energies, the measured fission
anisotropies are anomalous with regard to the SSPSM cal-
culated anisotropies, indicating the presence of nCN content.
For the decay of the 2'®Th* nucleus, the fission structure
shows an asymmetric pattern independent of center-of-mass
energy. The capture cross sections are calculated by adding
CN (ogr + o%) and nCN (O’Qp + ogr) contributions, which
show nice agreement with the experimental data. As expected,
the predicted ogg are small at all collision energies.

The small QF barrier at higher ¢ values indicates the large
contribution of the quasifission mechanism. Consequently,
the possibility of compound nucleus formation decreases at
higher ¢ values. The fast fission component is analyzed in a
higher ¢ window (£pf < £ < €hax), Where the fission barrier
disappears. In addition to ¢ dependence, the CN and nCN
contributions also show energy dependence. The contribution
of QF and FF increases with increase in energy and starts
competing with the ff process at above-barrier energies. The
calculated compound nucleus fusion/formation probability
Pcn depicts strong hindrance to the CN formation at lower and
higher energies. The small value of Pcy at higher E. . is con-
nected with large nCN contributions. At lower E ., values,
the projectile may not have enough energy to overcome the
Coulomb barrier and fuse with the target, thereby the proba-
bility of CN formation is reduced. The maximum value of Pcn
is 0.66 near the Coulomb barrier. Finally, the role of dynamic
deformations on CN and nCN decay of the >!Th* nucleus
is explored at highest energy. The study reveals that both
symmetric and asymmetric fission components start contribut-
ing towards the total fission cross sections after the inclusion
of dynamic deformations, whereas asymmetric fission is the
prime contributor for the B,-static case. The barrier character-
istics are different for static and dynamic deformations, and
accordingly affect the contribution of various decay mecha-
nisms involved in the dynamics of the *>S + %W reaction.
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