PHYSICAL REVIEW C 103, 024311 (2021)

Quasifission and fusion-fission lifetime studies for the superheavy element Z = 120

H. C. Manjunatha®,">" L. Seenappa,' P. S. Damodara Gupta,>* N. Manjunatha,"? K. N. Sridhar,* N. Sowmya,' and T. Nandi*-*

| Department of Physics, Government College for Women, Kolar-563101, Karnataka, India
2Department of Physics, Rajah Serfoji Government College, Thiruchirappalli-620 024, India
3Department of Physics, Government First Grade College, Kolar-563101 Karnataka, India
4Inter University Accelerator Centre, Aruna Asaf Ali Marg, JINU New Campus, New Delhi 110067, India

® (Received 31 July 2020; revised 14 December 2020; accepted 19 January 2021; published 10 February 2021)

We study the quasifission and fusion-fission lifetimes for a number of fusion reactions used to synthesize the
superheavy element Z = 120 using a statistical method within the framework of the dinuclear system model. In
particular, influence of the target orientation and angular momentum on such lifetimes have been investigated.
The quasifission and fusion-fission lifetimes have been compared very well with that of available experiments on
successful superheavy element synthesis. We notice further the predicted quasifission and fusion-fission lifetimes
of the projectile-target combinations used for the synthesis of the superheavy element Z = 120 also show the
similar trend. Furthermore, the fusion-fission lifetime is seen to somewhat decrease with the increase of the
angular momentum as well as beam energy. Little effect is seen on fusion barrier of the reaction and fission barrier
of superheavy compound nucleus. Variation of quasifission lifetime is also not much with orientation angle, beam
energy and fission barrier of the superheavy compound nuclei. Hence, this lifetime study does not provide any
good reason why the attempted reactions have failed to synthesize the superheavy nuclei Z = 120. Furthermore,
consideration of the fusion barrier, fissility, mass asymmetry, deformation parameter, fission barrier, etc., leads
us to reveal that optimal colliding energy is important to have the largest evaporation residue cross section for

any chosen reaction so that it is well within the measurable limit for a specific experimental set up.

DOI: 10.1103/PhysRevC.103.024311

I. INTRODUCTION

Great success has been achieved in the synthesis of the
superheavy elements (SHE) formed in complete fusion re-
actions of heavy nuclei [1]. Both cold [2] and hot fusion
reactions [3,4] have been used to produce the SHEs up to
the element oganesson Z = 118 [5]. The cold fusion re-
actions have been used to synthesize superheavy elements
up to Z = 113, whereas hot fusion reactions can produce
superheavy elements up to Z = 118. These reactions are char-
acterized by different entrance channels [6,7]. In cold fusion
reactions, 2®Pb or 2%Bi target nuclei are bombarded with
projectiles heavier than “*Ca to form compound nuclei with
low excitation energy of about 10 to 20 MeV. In hot fusion
reactions “®Ca projectile and actinide target nuclei are used
with higher excitation energy between 30 and 60 MeV, which
results in higher number of neutron evaporation [8] during
formation of evaporation residues of the superheavy elements
(Z = 114-118). To produce elements heavier than Oganes-
son Z = 118, projectiles heavier than 48Ca has to be used,
since the target elements heavier than californium (Z = 98)
are not available [9,10]. The failed attempts in the synthesis
of superheavy element 119 and 120 [1,11] indicate that the
production cross sections are too small to be detected with the
present detection system [12]. Hence, the latest interest of the
synthesis of the superheavy element Z > 118 is in stake.
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The superheavy elements are formed using the above said
reactions in the laboratory by the fusion of two heavy nuclei
[2-4]. According to the model of the formation of the dinu-
clear system [13-17], a large Coulomb repulsion forbids the
sticking of the two heavy nuclei for a long while, rather it lasts
for a short time and mostly the two nuclei usually come apart
instead of undergoing a complete fusion, in a process called
quasifission [16,18,19]. Finally, a smaller number of events
that escaped from the quasifission and formed the compound
nuclei, which either lose their excitation energy mainly by
emission of particles and y rays and goes to its ground state
or undergo fission. Hence, the dominant reaction processes of
the heavy ion-heavy target reactions are the quasifission and
fusion-fission, which suppress strongly the formation of the
evaporation residues. Synthesis of the superheavy elements
Z > 118 requires an understanding of the reaction pathways
leading to an evaporation residue, particularly quasifission
and fusion-fission components. Quasifission occurs rapidly
in a short interval of 1072°s well before a compound nu-
cleus is formed. In predicting the fusion reactions used to
form the new superheavy elements it is very much necessary
to understand the competition between the quasifission and
fusion-fission [20]. Mass-angle distributions [21] provides the
direct information on the characteristics and timescales of
quasifission. A systematic study of carefully selected mass-
angle distribution gives information on the quasifission, which
is helpful in understanding of the shell effects, energy dissi-
pation and the reaction pathways that suppress the formation
of an evaporation residue [22]. The observed facts are in

©2021 American Physical Society


https://orcid.org/0000-0003-3285-6308
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevC.103.024311&domain=pdf&date_stamp=2021-02-10
https://doi.org/10.1103/PhysRevC.103.024311

H. C. MANJUNATHA et al.

PHYSICAL REVIEW C 103, 024311 (2021)

consonance with the predictions of the saddle point model
[23].

Entrance channel effects such as target deformation and
neutron richness determine the quasifission characteristics,
which are the important issues in choosing a reaction for
a new superheavy element [24]. Both the experimental and
theoretical efforts have become vital to understand the fun-
damental as well as practical aspects of the quasifission [25].
The influence of shell effects on the formation of the frag-
ments and the properties of quasifission fragments such as
mass number, number of protons and neutrons, kinetic energy,
and scattering angles have been studied systematically [26].
Kramers formula for the nuclear fission timescale is widely
used as an extension to the width to account for large damping
in the heavy-nuclei fission processes [27]. The yields of the
quasifission products alone do not provide thorough infor-
mation and hence the distribution of the total kinetic energy
of the quasifission products is measured and calculated. The
kinetic energy of the quasifission products depends on the
deformations of the quasifission products [28]. The fragments
of the quasifission with total kinetic energy follow the Viola
systematics with long contact time of the order of 30 zs and
large mass transfer similar to quasifission [29]. Signatures of
quasifission have been studied for a range of reactions forming
identical isotopes of curium. An evidence of the quasifission
has been found in one or more detectable observable which
will provide useful benchmark for future study [30]. The
account of the shell effects in the deformation parameter of the
colliding nuclei has a substantial influence on the characteris-
tics of the combined system at the touching point as well as
on the probability of the evaporation-residue formation [31].
The fusion cross sections are also calculated independently
by using the extended-Wong model [32]. The dynamics of
a system can be explained by using the appropriate Skyrme
force whose parameters are fitted for the region to which it
belongs [33]. The role of the angular momentum of the system
in the emission of the complex fragments is studied and the
reaction mechanism is determined by the angular momentum
deposited in the system [34].

There has been conclusive evidence available for the quasi-
fission and it is strongly dependent on the mean fissility.
Quasifission occurs when the mean fissility value is less than
0.723 [35]. The calculated fusion-fission spectra do not show
any asymmetric fission channels. It supports that the ob-
served asymmetric channel emerging at the sub-barrier energy
is the quasifission [36]. A modified Woods-Saxon potential
model has been proposed for a unified description of the
entrance channel fusion barrier and the fission barrier of the
fusion-fission reactions based on the Skyrme energy-density
functional approach [37]. The variation of total kinetic energy
of the quasifission products is in agreement with the experi-
mental data [19]. The fusion-fission events are much smaller
than the quasifission events in the fusion reactions and thus,
the quasifission process suppresses the complete fusion of the
heavy nuclei [18] to a great extent.

Theoretical descriptions of nuclear viscosity are used [38]
to understand the quasifission reaction dynamics. If the target
is not deformed then it is found that the compound nucleus

formation is suppressed at sub-barrier energies and enhanced
at above-barrier energies [39]. The quantitative studies of the
angular momentum relaxation in quasifission reactions give
information on both the time-dependent relaxation of the spin
degrees of freedom and on the freeze-out geometry [40].
Timescales for the minimum and maximum possible mean
excitation energies, the variation of the deduced fusion-fission
timescale with the compound nucleus fissility has been stud-
ied [41]. The quasifission process is an important part of the
total reaction cross section and gives the relation between the
inelastic scattering processes and the complete fusion [42].
This fact is evident from the deviations from the predictions
of the saddle point model because of not only complete fusion
inside the fission barrier but rather a significant contribu-
tion from more direct reactions in which an approximate
equilibration of the mass asymmetry and energy degrees of
freedom is achieved. This reaction channel is referred to as
the quasifission as defined above or sometimes the fast fission
too and thus a fraction of the cross section originating from
the complete fusion reaction only [43]. The fragment kinetic
energy of the quasifission depends on the bombarding energy
used for the projectile and target combination [44].

The quasifission and fusion-fission are known to be im-
portant hindrance in the formation of the compound nucleus.
These phenomena can be studied using numbers of theoreti-
cal models, such as the Fokker-Planck equation, GRAZING
model, CWKB model, DNS model, Langevin equations, time
dependent Hartree-Fock model, and quantum molecular dy-
namics model as mentioned well by Wen et al. [45]. Out of
these models the DNS model has become popular because
of its simplicity and versatility. Besides the quasifission and
fusion-fission, the DNS model describes the deep-inelastic
collisions pretty well [45]. Even the dynamic nature of the
nuclear reaction has been introduced very recently in this
model [46]. The DNS model is still evolving in newer di-
mensions and any shortcoming of this model is yet to be
known. By a natural choice at this stage, we have studied in
the present work the competition between the quasifission and
fusion-fission for all possible projectile target combinations
used for the synthesis of the superheavy element 120 in terms
of their lifetimes in the framework of the DNS model with the
objective to find any clues behind the failing state of all the
attempts till date.

II. THEORETICAL APPROACH

A. Quasifission lifetime

The quasifission lifetime of an asymmetric dinuclear sys-
tem (DNS) in an excited state is given by [47,48]

1
Tgf = —, ey
where Ay is the quasifission decay constant and is expressed
as

O r 2+ , T
T oo \V\20) T T 2

024311-2



QUASIFISSION AND FUSION-FISSION LIFETIME ...

PHYSICAL REVIEW C 103, 024311 (2021)

DNS-System
(a)

Complete 1

_0?\ F—O
-0Q- #

Quasifission . l .
Fusion-Fission

\ (b) \ (c)

| miecr 2120 134 \ “TiHer 2120
‘

207 | \
\

V (MeV)
n
8
a
V-Q (MeV)
2 N

\
205
‘ . \

13 14R (fm) 15 13 14 R (fm) 15

FIG. 1. (a) Schematic of the DNS model, (b) quasifission barrier,
and (c) driving potential.
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Here, the quantity I' denotes an average width of the con-
tributing single-particle states near the Fermi surface and
normally, its value is taken as 2 MeV. If we consider the
DNS behaves like a harmonic oscillator in the nucleus-nucleus
interaction potential V (R), R=distance between the two cen-
ters, such that V(R) =0 at R = R,,. In this case, w,, is the
frequency of the harmonic oscillator and it is evaluated using
the following equation:

Al +A; (32V(R)
“m =\ a4, R ‘ ©)
142 R=R,
Whereas wq is the frequency of the inverted harmonic oscil-
lator, while V(R = Rg = Rys) = By = Byr (Fig. 1),

Y \/A1 + A, (82V(R)> @
qf = . 5 .
My \ R )

A; and A, are the mass numbers of quasifission fragments.
The quasifission barrier Bys(Z, A, £) in the dinuclear system
as shown in Fig. 1 is expressed as

Byt (Z,A, 1) =V (Ry, Z, A, Bo1, B2, 1)
_V(RHMZ’A’ 13217 1322’1)’ (5)

where £ is the angular momentum. The nucleus-nucleus po-
tential is minimum at distance R = R,,. For the pole-pole
(tip-tip) orientation, it is expressed as

[5 [5
Ry=Ri|14+/—Bu|+R| 1+, —PBn|+0.5fm.
4 4

(6)

B21 and By, are the quadruple deformation parameters of the
nuclei forming the dinuclear system. R, and R, are the radii of
the dinuclear system and it is evaluated using the expression
as follows:

0.98
_ 1/3
Ri=1.23A° — e (7)

l

The position of the Coulomb barrier in the DNS is expressed
as R, = Rqt ~ R, + 1.5 fm. The local temperature of the
dinuclear system over the quasifission barrier is given by

(Mﬂwz(@%ﬁ> (8)

The excitation energy of dinuclear system is expressed as
Epns = Ecm. — V(Rin), ©)

where E. ., is the center of mass energy. The level density

parameters are given by a = 0.134A — 1.21 x 107*A2. The

nucleus-nucleus interaction potential of the dinuclear system

is given by [47]

VR, Zi, 25, Bai, 1) = Ve(R, Z1, Z3, Bai) + VN (R, Z1, Z2, Bai)
+ Vil B2i), (10

where V¢, Vv, and V,, are the Coulomb, nuclear and rotational
potentials, respectively. The Coulomb potential is given by
212, , ZiZ, o2

VeR.Zy. 2o, Boj) = 222
cR. 21,2, Poi) = ——€" + 3

[( 9 )1/2 2
x| | = Z R? BaiP>(cos a;)
207 =

3 2
+ﬁgﬁmMmm1(m

Z, and Z, are the charges of the nuclei forming the DNS. P,
and P, are the Legendre polynomial of the nuclei forming the
DNS expressed as

Pi(cosa;) = 3(1 + 3cos2a;). (12)

a;, i = 1,2 is the orientation angle between the beam axis
and symmetry axis of a deformed nucleus [49]. The nuclear
potential is defined as

VN(R5 Z]y ZZ’ ﬂ2l) = VO{ eXp [

— 2exp [%}f‘m]}. (13)

—2(R — R12)05:|
Ri»

The strength of the potential V,, is given by
V, = 2maya,R(11.3 — 0.82Ry)
0.16(3"%, B
x (1 + (i1 Ao) > (14)
(1 +exp[—17(In| — 0.5)])

The surface diffuseness parameter of the heavy and light nu-
clei in the DNS are expressed as

a; =0.56fm and a; =a; —0.015|n|. (15)
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The mass asymmetry 7 is

Al — Ay
= . 16
" A+ A (16)
The quantity R}, is determined by
Ry =D; + D, 4+ 0.1 fm, a7

where

5\ 12 1,
Di(i=1,2)=R;| 1 — i— —B5 |- 18
@i ) [ + <4n> P2 4nﬁ2,] (18)
The quantity « used in Eq. (13) is given by

o = (11.47 — 17.32a1a, + 2.07Ry)

2
x [1 +0.252ﬂ2,}. (19)

i=1

The quantities Ry and R used in Eq. (14) are defined as

— RiR»
Ry = 20
" Ri+R 0
and
— RR
R=_—1"2 1)
Ri+R;
The quantity R; is given by
172 L p2
_ 1+ (2 i — =B
R: =Dz( (47';) ]/zﬂz 4;§ﬁ2;) (22)
1+4(s%) " Boi — 35
The rotational potential of the DNS is defined as
R2e(C+ 1)
Vit(R, 1, Bai) = (23)

2Impns (R, A, Bai)’

where ¢ is the angular momentum and Impyg is the moment
of inertia of the DNS calculated as

Impns(R, A, B2i) = Imy + Imy + R, (24)

where Im;(i = 1, 2) is the moment of inertia of the DNS
nuclei expressed as

Im; = moAi(a; + b7), (25)
where
B E
=R(1-22) (1 =B |, 26
“ ( 47 + 471'32 (26)
B3 5
bi=R(1-22)[1 — B |, 27
( ax )\ 1 P @7

and my is the mass of a nucleon.
The driving potential is written as

U(Z3A3R):V(R3217221 ,32i7l)_Q (28)
and the mass excess energy Q is as follows:
Q = Bi1(Z)) + B2(Zy) — Ben(Zen), (29)

where B (Z)), B2(Z,), and Ben(Zen) are the binding energies
of the fragments in the DNS at their ground states and of the

compound nucleus, respectively, which are taken from [50].
Driving potential is shown in Fig. 1 as per the basis of the
DNS model.

B. Fusion-fission lifetime

The fusion-fission lifetime of DNS is given by [48]

1

= —, (30)
Af

533

where A is the fusion-fission decay constant expressed as

B/(Z, A, 0)
<o (-og ) o

Here, wy is the frequency of the inverted oscillator that ap-
proximate the potential in the ground state and around the top
of the fission barrier as

wr =0.5MeV and I'p =2 MeV. (32)
The fission barrier is given by the relation
By (¢, ©) = cB} () — h(©)q(£)oW, (33)

where B (€) 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 [51]. The microscopic part of the fission barrier in-
cluding shell correction W = §Wy,q — §Wy, is taken from
Ref. [52]. The microscopic part of fission barrier consists of
the damping of microscopic fission barrier on the excitation
energy h(®) and angular momentum of a fissioning nucleus
q(£) is taken into account by the following relations [53]:

4y -1
h©) = {1 + exp [—(6 _[1@0) } (34)
and
1—1 -
q() = {1 + exp [%} . (35)

The constants for the macroscopic fission barrier scaling,
temperature, and angular momentum dependencies of the mi-
croscopic correction are chosen as ¢ =1.0,d = 0.3 MeV,
L1/ = 20h for nuclei with Z = 80-100, A¢ = 3, and 6y =
1.16 MeV [54]. The nuclear temperature depending on the
level density parameter a is given by

O(Z,A) = EC%(Z) (36)

The excited energy of the compound nucleus is expressed as
Etn() = Ecm. + Q= V. (37)

Q is defined in Eq. (29).

024311-4



QUASIFISSION AND FUSION-FISSION LIFETIME ...

PHYSICAL REVIEW C 103, 024311 (2021)

210

205

13 14 15 16 13 14 15 16

FIG. 2. The variation of nucleus-nucleus interaction potential of
the dinuclear system with the mean distance between their centers for
different angular momentum and different orientations of the target
nuclei.

III. RESULTS AND DISCUSSION

We have studied the quasifission and fusion lifetimes for
the projectile-target combinations such as OTi 4 246-232Cf,
34Cr 4+ 8Cm, 8Fe + ***Pu, and 23U + °0%Nj as used for
the synthesis of the superheavy element Z = 120. For an
instance, the nucleus-nucleus interaction for the reaction
0Ti 4-250Cf — 399120 is shown in Fig. 1. The quasifission
barrier is marked according to the definition given in Eq. (5).
Here, the potential minimum appears at R, = 13.6 fm and
the quasifission barrier By at R, = 14.4 fm. The interaction
potential at different target orientation such as 40°, 60°, and
80° differ slightly as presented in Fig. 2. From this figure
it is found that the interaction potential increases with an
increase in the angular momentum, whereas the depth of the
quasifission barrier By decreases with the increase in the
angular momentum. This implies that the quasifission prob-
ability increases with increase of the angular momentum. The
depth of the quasifission barrier By also increases with the in-
crease in the orientation angle of the target nuclei. Thus, the
contribution of the quasifission gets reduced to some extent by
increasing the orientation angle of the target nuclei. To know
the orientation angle, one may simulate the measured mass-
angle distributions of the fragments from a reaction using a
phenomenological model [55,56]. The maximum evaporation
residue cross section is occurred at the optimal beam energy
[57,58] when collision takes place on the equatorial sides
of the target nucleus [57,59]. The reason of occurrence is
well explained in Fazio et al. [57] in terms of dependence
of Coulomb barrier on target orientation angle. The Coulomb
barrier increases with the target orientation angle and reaches
its maximum value at 90° (equatorial collision) while the
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FIG. 3. The quasifission lifetime of the excited dinuclear system
versus the center of mass energy E. ,, for different angular momen-
tum ¢ and different orientation angles of the target nucleus ;.

relative distance between the centres of the two interacting
nuclei is minimum.

Figure 3 shows the behavior of the quasifission lifetime
(7qr) of the excited dinuclear system versus the center of mass
energy for different angular momentum at different orienta-
tions of the target nucleus. The quasifission lifetime decreases
with the center of mass energy and angular momentum for a
given orientation angle and increases with increasing orienta-
tion angle. Note that the said variation of 74 is too small to be
differentiated in an experiment.

The variation of the fusion-fission decay constant
[Fig. 4(a)] as well as fusion-fission lifetime [Fig. 4(b)] are
shown with the center of mass energy for the projectile-target
combination of °Ti 4 2**22Cf, *Cr 4+ 2*8Cm, **Fe + >**Pu,
and 2387 + 0-®4Ni. For these projectile-target combinations
the fusion-fission decay constant increases with the center of
mass energy. The variation of the fission barrier [Fig. 4(c)]
and fusion-fission lifetime [Fig. 4(d)] are displayed with the
angular momentum. This figure depicts that both the fission
barrier and fusion-fission lifetime decrease with the increase
of angular momentum. More specifically, the fusion-fission
lifetime decreases with the increase of the angular momentum
up to a certain ¢ value and then shows an appearance of
constant value. However, such variations are too little to be
realized in an experiment.

We have also plotted the quasifission lifetime of
all possible projectile-target combinations such as
SOy 4 2492520 S4C 4 280, BFe + 24Py, and 2By 4+
60.64Nji with the fusion barrier and quasifission fission barrier
in Fig. 5 and also the fusion-fission lifetime as a function
of the fusion barrier and fission barrier of the compound
superheavy nuclei. Even though excitation energy is kept
constant to 50 MeV for every reaction, still no general trend
is found in Fig. 5 for either the quasifission or fusion-fission
lifetime. This reiterates the fact that these reactions involves
a multiparametric puzzle, where deformation of colliding
partners, incident energy, quasifission barrier, fusion
barrier and excitation energy, binding energies for neutron
and charged particles, fission barrier, binding energy of
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FIG. 4. The variation of the fusion-fission decay constant (a) and
fusion-fission lifetime (b) with the center of mass energy E. .. The
fission barrier (c) and fusion-fission lifetime (d) as a function of the
angular momentum ¢£.

intermediate excited nuclei in the de-excitation cascade of
compound nucleus can play a determinant role. Whatsoever,
the variation of the quasifission lifetime takes place with
standard range of 2-9 zs and that of the fusion-fission lifetime
is within 20 as.

Table I shows the fusion barrier, center of mass energy,
laboratory energy, capture cross section, fusion cross sec-
tion, evaporation cross section, evaporating neutron channel,
fusion-fission cross section, quasifission lifetime, fusion-
fission lifetime, and quasifission cross section for different

251
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FIG. 5. The variation of the quasifission lifetime (a) and fusion-
fission lifetime (b) with the fusion barrier By,. The quasifission
lifetime vs the fission barrier of the heavier nucleus By, among the
projectile and target nuclei (c). The fusion-fission lifetime vs the
fission barrier of the compound nucleus By formed (d).

projectile-target combinations to synthesizing the superheavy
element 120. Note that during the estimation of the evap-
oration residue cross section, we have considered average
of the all possible orientation angles. Furthermore, we have
not included the charged particle channels due to their small
probabilities compared to the neutron channels. We have
considered 1n to 6n channels in the calculation, but the evap-
oration residue cross sections of the most probable channels

TABLE 1. Fusion barrier (By,), center of mass energy E. ,, , laboratory energy E},,, fusion cross section oy, evaporation cross section oy,
evaporating neutron channel (Ch.), fusion-fission cross section oy, quasifission cross section oy, quasifission lifetime 74, and fusion-fission
lifetime 7y for different projectile-target combinations, which were used to synthesize the superheavy element Z = 120. Note that the By,
values are taken from Ref. [60]. Note that we have not included the charged particle channels due to their small probabilities compared to the
neutron channels. We have considered 17z to 6n channels in the calculation, but the most probable channel is mentioned under the column title

Ch.
By, Ecm. Eip Ocap Ofus Oer ofr Oqf Tyf Tir
Reaction MeV MeV MeV mb mb pb Ch. mb mb z8 as
ITi+ 53°Cf — 2120 219.2 249 299 237.7 2294 142 2 227.7 3.9 5.7 79.9
PTi+ Bicf — 1120 219.3 244 293 288.5 276.6 16.3 1 275.9 6.4 7.1 75.3
ITi+ 3°Cf — **120 219.5 250 300 248.3 239.5 14.4 2 238.6 4.6 5.8 83.3
$Ti+ 23°Cf — 1120 219.6 250 299 245.7 237.8 15.9 2 234.9 52 5.5 74.1
DTi+ 3°Cf — #7120 219.6 245 295 294.4 286.7 14.9 1 285.7 5.2 6.7 80.2
34Cr+ 38Cm — 2120 231.2 259 316 280.4 271.9 9.9 1 270.4 4.6 3.9 64.8
58Fe—|— 24Pu — 2120 247.1 280 347 256.4 248.2 5.6 2 2475 43 4.6 66.6
SaNi+ 238U — 2120 266.8 293 372 260.4 248.8 3.1 2 246.9 8.3 43 63.3
238U + SiNi — 2120 266.8 293 1383 260.4 248.8 3.1 2 246.9 8.3 43 63.3
BSU+ $Ni — 28120 271.2 297 1476 279.6 272.6 4.2 2 271.4 3.7 2.7 74.1
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FIG. 6. Excitation functions for the evaporation residue cross
section for certain neutron channel mentioned alongside various nu-
clear reactions and as listed in Table I for synthesizing the superheavy
nuclei Z = 120.

for every reaction is mentioned in the Table I as well as
the excitation functions in Fig. 6. The reliability of these
calculations can be realized by the fact that the relations
Oq4f = Ocap — Ofus and O¢r = Opys — Ofr are valid within 1% un-
certainty. We can notice that the quasifission lifetime varies
in the range of 3-7 zs and is in well accord with a recent
work [61]. Though the values are quite close to the reaction
contact times as measured in a recent experiment [62], but the
contact times is no way related to the quasifission rather the
deep inelastic time scales. According to Toke et al. [63], if full
shape and energy relaxation takes place on the way from the
contact configuration to the conditional saddle the system and
is driven outwards in a deep inelastic process. On the other
hand, if there is sufficient inward momentum to pass inside
the conditional saddle, the system will be captured. It will
gain sufficient time to experience a drift in mass asymmetry

towards lower or even vanishing saddle configurations. The
result terminates to a quasifission process. This is why quasi-
fission varies with the reactions from a few zs to tens of zs,
whereas the contact times is nearly constant 2-3 zs [62].

The fusion-fission lifetime is nearly constant ~13 as and
the largest evaporation residue cross sections fall in the range
of 3-16 pb (Table I). Hence, such data are quite conducive
to experimentally observe the evaporation residues. However,
practically, this scenario was not at all realized. This circum-
stances compel us to validate the present work through the
experimentally known nuclear reactions. We have compared
the theoretically calculated values in the framework of the
present method with that of the available experimental val-
ues in Table II. From this comparison it is observed that
the values produced by the present method are very close to
the experiments. However, we do not get any clue why all
the experimental attempts failed to observe the superheavy
element Z = 120 mentioned in Table I.

In the next attempt, we have studied several successful and
failed reactions used to synthesize various superheavy nuclei
with respect to the fusion barrier (Byg,), Coulomb interaction
parameter (Z;Z,), mass asymmetry parameter 7, fissility pa-
rameter (x,,), quasifission lifetime (z4f), fusion-fission lifetime
(7¢), nuclear deformation parameters of the projectile and
target, and fission barrier of the compound nucleus (Bg) in
Table III. Here, we notice a significant point as follows: the
successful experiments included in either the projectile or tar-
get nucleus is spherical, or both the projectile and target nuclei
are nearly spherical. This condition does not get satisfied for
the first three failed reactions. However, though the next three

TABLE II. Comparison of the experimental (Ex.) and present theoretical (Th.) values of the quasifission lifetime 74 and fusion-fission

lifetime 7. The By, values are taken from Ref. [60].

E. B, Tgp (as) Tyt (zs)

Reaction (MeV) (MeV) Ex. Th. Ex. Th.
BU+ $Zn — 122 [63] 275.7 301.9 - 1.4 13.9 17.5
B3U + 20Ca — 718Cn [63] 184.9 196.0 - 1.4 13.9 11.9
BSU+ BCa — 28Cn [63] 215.7 191.2 - 15 6.2 45
BSU+ 15C1 — 13Mt [63] 204.4 166.5 - 1.6 9.1 8.9
238U + 185 — J95Hs [63] 152.0 159.5 - 1.7 8.6 8.9
2Ge+ 134W — 203g [64] 178.1 245.4 1.6 1.8 - 5.4
228U + 1BAl— J%Db [63] 146.0 131.3 - 23 8.7 9.4
BNi+ 73, W — 12No [65] 341.0 217.7 1.0 1.5 5.0 2.4
BNi+ 78, W — 192No [64] 250.9 220.1 1.2 1.5 - 2.4
BNi+ 78, W — 192No [64] 266.1 220.1 1.4 1.5 - 2.3
BNi+ 78, W — 192No [64] 285.1 220.1 1.2 1.5 - 2.6
2Ti+ JW — 55,Cm [65] 245.0 176.1 1.3 2.4 10.0 9.8
2Ti+ JHW — 55,Cm [64] 190.3 176.6 1.2 2.5 - 1.1
2Ti + 184w — 5%,Cm [64] 194.3 176.6 1.0 2.5 - 1.1
48T1+ LW — 55,Cm [64] 202.2 176.6 0.7 2.5 - 1.3
2‘60 + 82.Pb — 39, Th [66] 140.0 742 2.9 2.3 - 8.4
s+ 186w — 3%, Th [65] 180.0 137.8 - 9.8 10.0 8.6
325 + T4 W — 3% Th [64] 153.3 138.3 3.0 2.9 - 1.4
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TABLE III. Comparison between the failed (F) and successful (S) experiments to synthesizing the superheavy nuclei with respect to the
fusion barrier (By,), Coulomb interaction parameter (Z;2,), mass asymmetry parameter 7, fissility parameter (),,), quasifission lifetime (zq),
fusion-fission lifetime (z), nuclear deformation parameters of the projectile and target, and fission barrier of the compound nucleus (By).

By, [60] BB Ecm. Ep Tgf Tt B Brc
Reaction MeV) MeV) Z\Z, xm n MeV) (MeV) (zs) (as) Proj. Targ. (MeV) Rem.
34Cr+ 38Cm — 2120[9]  241.1 2404 2304 0.87 —0.64 268 326 6.6 547 0180 0230 6.1 F
SFe+ 21Pu— 2120 [67] 2555 2542 2444 089 —0.62 263 325 46 541 0199 0224 6.1 F
SNi+ 2PU — 2120[68]  268.5 2604 2576 091 —0.58 275 349 72 517 —0.087 0215 6.1 F
PTi+ 59 Ct — 2120 [69] 2319 2262 2208 0.85 —0.66 227 273 197 865 0 0235 748 F
ITi+ 5Bk — *°119[69] 2239 2237 2134 084 —0.66 222 267 251 945 0 0235 772 F
IV BCm — 2119[70] 2319  231.6 2208 0.86 —0.66 230 277 146 919 0 0235 772 F
wCa+ 2°CFf — 10g [71] 2054 2055 1960 0.79 —0.68 197 235 340.6 130.1 0 0235 849 S
wCa+ 2Bk — 37Ts[72] 2032 2032 1940 0.79 —0.68 200 239 1903 1547 0 0235 9.1 S
sCa+ 38Cm — #°Lv([73] 201.1 201.1 1920 0.79 —0.67 202 241 1455 155.1 0 0235 9.1 S
wCa+ 3PAmM — BIMc [74]  199.7  199.7 1900 0.79 —0.67 207 248 881 1722 0 0224 96 S
sCa+ 337Pu — 2391 [73] 197.7 197.6 1880 0.78 —0.67 204 244 1199 1922 0 0224 989 S
oZn+ ¥¥Bi— 1SNh[75] 2623 2603 2490 0.88 —0.50 261 349 115 508 0.045 —0.008 6.12 S
Zn+ 2¥Pb — 2BCn[76]  259.0 2572 2460 0.87 —0.50 259 346 6.5 495 0.045 0 5.99 S

reactions do satisfy the criterion, still the result is unfavorable.
The only reason we can see is that the pb cross sections were
predicted in Table I at energies about 25-33 MeV higher than
the fusion barrier energies. In contrast, the failed experiments
were conducted around or below the fusion barrier and a much
lower cross section is evolved. A very recent work shows that
the fusion probability drops down by a factor of 10° in the
34Cr 4 2*Cm reaction compared to the reactions of “*Ca ions
with actinides at energies near the Coulomb barrier [61]. This
aspect will be undertaken in a forthcoming work.

IV. CONCLUSIONS

The quasifission and fusion-fission lifetimes have been
theoretically studied for the projectile-target combinations
such as “OTi+ 249-252Cf, *Cr + 28Cm, ®Fe + ***Pu, and
28y + 60-64Ni which were used to synthesize the super-
heavy nuclei Z = 120. The effect of target orientation and
angular momentum on the quasifission and fusion-fission
lifetimes have been, in particular, emphasized. The theo-
retical methodology was well validated by the comparison

of the calculated values with the experimental data. Hence,
the present work may be useful in the prediction of the
quasifission and fusion-fission lifetimes for any superheavy
nuclei.

Though above theoretical lifetime predictions are quite im-
portant, but this lifetime study does not spot any valid reason
behind the failure of the attempted reactions to synthesizing
the superheavy nuclei Z = 120. In next attempt, considera-
tion of the fusion barrier, Coulomb interaction, fissility, mass
asymmetry, deformation parameter, fission barrier, etc., leads
us to reveal that either the projectile or target nucleus of a suc-
cessful reaction was spherical. However, this condition alone
does not ensure the synthesizing of the superheavy elements
Z > 118. The final step is to choose the colliding energy so
judiciously that the evaporation residue cross section with the
chosen reaction is the largest and well within the experimental
limitations. This scenario can be be seen ine Table I that the
estimated o, are in the pb range at the optimal beam energies.
To have confidence on these results, we have calculated the o,
at the beam energies at which the experiments were preformed
and reported in Table I'V.

TABLE IV. DNS prediction of the evaporation residue cross section o, at the experimental condition for the reactions attempted for

synthesizing the SHE Z = 120.

ogr (fb)
System E* ) EZP 1n 2n 3n
OTi429Cf — 29120 [77] 31.7 219.6 226.7 - 1 0.2
NI +38U — 302120 [77] 273 266.9 264.7 - - 10.6
#Cr +2Cm — 2120 [77] 33.0 231.3 240.2 - - 3.7
BFe 4 2#Pu — 302120 [77] 33.9 247.0 253.9 - - 1.6
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It shows that the o, are all in fb and thereby, it has not
been possible to have them measured. Hence, the present work
may be of good help in taking the corrective measures for
the forthcoming experimental attempts for the synthesis of the
superheavy nuclei Z = 120.
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