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Background: Isotopes of Z = 107-118 have been synthesized using cold fusion at GSI, Darmstadt, and hot
fusion reactions at JINR, Dubna. Recently theoretical models have predicted Z = 120 with N = 184 as an
island of stability in the superheavy valley. Hence it is crucial and exciting to predict theoretically the possible
combination of projectiles and targets for the synthesis of Z = 120, which can be informative for upcoming
experiments.

Purpose: Present theoretical investigations aim to explore the fusion characteristics of various isotopes of Z =
120 within the relativistic mean-field formalism. We predict the most suitable projectile-target combination for
the synthesis of element Z = 120. The increase in fusion cross section of nuclei in the superheavy island directly
signals the nuclear shell effects. Besides these, the analysis will be crucial and relevant for future experiments to
synthesize superheavy nuclei.

Methods: The microscopic nucleon-nucleon R3Y interaction and the density distributions for targets and
projectiles are calculated using a relativistic mean-field formalism with the NL3* parameter set. These densities
and R3Y nucleon-nucleon (NN) interaction are then used to calculate the nuclear interaction potential using
the double folding approach. Seventeen different projectile-target combinations that allow a high N /Z ratio are
considered in the present analysis to calculate the capture and/or fusion cross sections of various isotopes of
Z = 120 within the ¢£-summed Wong formula.

Results: The nuclear density distributions for the interacting projectile and target nuclei are obtained from
relativistic mean-field Lagrangian for the NL3* parameter set. The nucleus-nucleus interaction potential is
estimated for seventeen possible projectile-target combinations using the mean-field density and the R3Y NN
potential via a double folding approach. The fusion barriers are obtained by adding the Coulomb potential to
the nucleus-nucleus interaction potential. Finally, the fusion and/or capture cross section is calculated for all the
systems within the £-summed Wong formula. Further, the equivalent surface diffusion parameter is estimated to
correlate the surface properties of interacting nuclei with the fusion cross section.

Conclusions: The four Ti-based reactions with the heaviest available target *Cf, namely, “°Ti+ 2*Cf,
40T 4 29Cf, OTi 4+ 2*Cf, and *Ti + »2Cf, and also **Cr +>°Cm are found to have the most suitable target-
projectile combinations for the synthesis of various isotopes Z = 120. We also notice that **Ca beams merely
provide the required number of protons to synthesize the element with Z = 120. We established a correlation
among the surface properties of interacting nuclei with the fusion characteristics in terms of the equivalent
surface diffusion parameter.

DOI: 10.1103/PhysRevC.104.024619

I. INTRODUCTION

The quest to synthesize superheavy nuclei (SHN) and un-
derstand related properties is one of the central research areas
in the new era of nuclear physics. With advancements in
experimental laboratories, the seventh row of the Periodic
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Table is now complete with the latest addition of element
oganesson (Z = 118) [1]. The study of SHN is fascinating
because they allow physicists to explore the concepts of magic
numbers, drip lines, and, most importantly, the existence of
an “island of stability” [2,3]. As a consequence, remarkable
experimental and theoretical research is being devoted to this
field [4-11], where the main aim is not only to extend the
Periodic Table but also to achieve the subsequent magic shell
closure beyond Z = 82 for protons and N = 126 for neu-
trons. In this direction, various theoretical calculations have
predicted the next possible proton magic number to be at
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Z = 114, 120, or 126 with neutron magic N = 172, 182, 184,
and 258 [12-25]. Among these studies, relativistic mean-field
models with various parameter sets have concentrated on the
proton magic number at Z = 120 with neutron magic number
N = 184 [15,16,22-24]. In the present investigation, the rela-
tivistic mean-field formalism will be adopted, hence the focus
of the study is to determine the fusion cross section for the
superheavy isotopes of Z = 120.

The synthesis of superheavy nuclei is a somewhat tedious
task as they are highly unstable and hard to detect. The cross
section of SHN is of the order of picobarn, and also they have
very short half-lives (51.5 days to a few microseconds) [2,26].
At present, heavy-ion fusion reactions are widely adopted for
the synthesis of superheavy nuclei [4,5,27]. Mainly these are
categorized into two groups: (a) the cold fusion reactions,
which contain a strongly bound closed-shell nucleus, i.e.,
208ph and 2%Bi fuse with isotopes of *Cr—*Zn to produce a
compound nucleus at low excitation energy [28-30]; (b) the
hot fusion reactions, where *®Ca beams fuse with isotopes
of actinide targets to form a compound nucleus with high
excitation energy [31-33]. Using these fusion reactions, it is
possible to synthesize elements of Z = 107-118 [28-33]. In
the superheavy valley, the next proton closure is predicted to
be Z = 120 with neutron number N = 184 [15-17,20-24].
To synthesize the isotopes of Z = 120 with a *3Ca beam, a
target actinide with Z > 100 is required. These actinides are
available in a limited amount to be used as targets due to
very short half-lives. In 2007, Hoffman et al., performed the
reaction 238U(64Ni, xn)3027*120 [34] at GSI, and reached the
upper cross-section limit of 0.09 pb at E* = 36.4 MeV. Later
on, Oganessian et al. [35] attempted to synthesize element
Z = 120 in reaction ***Pu(*®Fe, xn)3>~*120, and was unable
to observe any possible decay chain although the upper cross
section limit was 0.4 pb. They also predicted that the cross sec-
tion will be enhanced for more asymmetric projectile-target
combinations, e.g., 4Cr +28Cm or °Ti + >*°Cf [35]. In ad-
dition to these, the capture cross section for the fissionlike
fragments of reactions ®*Ni+ 23U [36] and **Cr+2*Cm
with the upper limit of 0.56 pb [37] was determined to syn-
thesize Z = 120. More details along with a few experimental
attempts to synthesize the new element Z = 120 at GSI can
be found in Refs. [38—40].

The above experimental attempts show that one needs to
adopt a feasible way; that is, to move towards a projectile
with a higher proton number than that of **Ca. Thus it will be
of great significance to predict the possible combinations of
target and projectile nuclei to synthesize the isotopes of Z =
120. Hence, in the present study, we have considered the iso-
topes of calcium (Ca), titanium (Ti), chromium (Cr), iron (Fe),
nickel (Ni), zinc (Zn), and germanium (Ge) as projectiles, and
corresponding actinides as targets for the synthesis of isotopes
of Z = 120. In other words, the potential barrier and the cross
sections for a few target-projectile combinations for the syn-
thesis of various isotopes of Z = 120 will be investigated. In
parallel to the synthesis of superheavy nuclei in the laboratory,
a few theoretical calculations have also been performed for
different projectile-target combinations to predict the cross
sections for various isotopes of superheavy nuclei [41-50]. In
the present work, we have adopted the relativistic mean-field

(RMF) approach, which has been applied successfully for the
study of the ground state properties such as quadrupole de-
formations, binding energies, alpha-decay Q, values, fission
barrier, etc. of superheavy nuclei [21,23-25,51-57]. Hence, it
will be interesting to predict the most suitable target-projectile
combination for the synthesis of element Z = 120 using the
relativistic mean-field formalism along with £-summed Wong
formula [58-65]. Here we have applied the R3Y interaction
derived from the relativistic mean-field Lagrangian to estimate
the fusion cross section of different isotopes of the element
with Z = 120. More details on the R3Y nucleon-nucleon in-
teraction can be found in Refs. [59-61,66]. The fusion cross
sections for reactions *°Ca + 27Fm, ¥*Ca + 2*Fm, *°*Ti +
248Cf, 46Ti + 249Cf, SOTi + 249Cf, SOTi + 252Cf, SOCI. + 242CIII,
S4Cr + 28Cm, BFe + 2%Pu, Ni + 28U, #Ni + 235U, Ni
4 236yy, 0T 4 254CF, 4Cr + 29Cm, ©Fe + 2*Pu, 2Zn +
232Th, and "°Ge + 2*®Ra are calculated and compared, and the
most suitable projectile-target combination for the synthesis
of the element with Z = 120 is also predicted. It is to be
noted here that the stability of superheavy nuclei lies close
to the neutron-rich side of the superheavy island, so more
neutron-rich target-projectile combinations are considered in
this study [67].

This paper is structured as follows: In Sec. II, we briefly
present the nucleon-nucleon interaction potential along with
the relativistic mean-field approach. The ¢-summed Wong
formula is also included in this section. Further, Sec. III
shows the results for cross sections and also related physical
quantities. Finally, in Sec. IV we discuss the conclusions and
perspectives of the present study in terms of fusion cross
section of superheavy nuclei of Z = 120.

II. NUCLEAR INTERACTION POTENTIAL FROM
RELATIVISTIC MEAN-FIELD FORMALISM

The interaction potential barrier arises from the compe-
tition between the long-range repulsive Coulomb and the
short-range attractive nuclear interaction. To estimate the bar-
rier characteristics, such as height and width, one needs to
calculate the total interaction potential [VT" (R)] between the
target and projectile nuclei, which is given as

VH(R) = Vu(R) + Ve(R) + Vi(R). (1)

Here, Vc(R) is the Coulomb potential given by V¢(R) =
Z,Z.¢*/R, and V,(R) is the centrifugal potential given by

Vi(R) = hz;ﬁ;l). V,(R) is the nuclear potential, which is cal-

culated here using the double folding procedure [68]:

Vo(R) = / poF)ou (B W (Fy — 7, + Rl=r)
x d*r,dr;, ()

where p, and p, are densities of projectile and target nu-
clei, respectively. Vi is the effective nucleon-nucleon (NN)
interaction. The densities and effective NN interaction are
calculated from the well-known relativistic mean-field (RMF)
formalism, which has been used successfully to describe the
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properties of infinite nuclear matter, as well as the finite nuclei
over the nuclear chart, including the exotic and superheavy
nuclei [51-54,63-65,69,70]. In RMF theory, the nucleons are
considered as pointlike particles denoted by Dirac spinors ¥
interacting through the exchange of effective pointlike parti-
cles: mesons and photons. The phenomenological description
of the nucleon-meson many-body system can be given by a
Lagrangian density of the form [60,61,63,65,69-73]

_ 1
L=yliy"d, — M + 58“08,40

1 1 1 _
—Emidz - 5g203 - 18304 — &YYo

1 1 _
_ZQMUQ;LL) + Emiwuwu - gwwyuww#

1";w" 1 220 = Az 2
_ZB B, + 5P P = 8oy Ty - p

L
Here the masses of the nucleon and the o, w, and p mesons
are denoted as M, m,, m,, and m,, respectively. g,, 8v, &p
denote linear coupling constants for respective mesons. The
constants g, and g3 represent the self-interactions of the non-
linear o-meson field, which take care of saturation properties
by generating a long range repulsive NN potential. A,,, 7, and
73 denote electromagnetic field, isospin, and its third compo-
nent, respectively. F*V, Q*¥, and B"” denote the vector field
tensors for the v, p,,, and photon, respectively and are given
as [63]

VAL 3

F* =9,A, —3,A,, (@]

Qp.v = a,u,a)v - aua)uv (5)
and

B" = 8,p, — 0,y (6)

The equations of motion for nucleon and meson fields are
obtained from the Lagrangian density in Eq. (3) and are given
as

(—ia - V+BM + g,0) + gow + g,13p3)¥ = €V,
(=VZ+m)o(r) = —go ps(r) — 20°(r) — g36°(r),
(V2 +ml)o(r) = gup(r),

(=V2+m)p(r) = g,p3(r). (@)

The nonlinear parts of the scalar meson o proportional to o>
and o* in the above equation describe the self-coupling among
the 0 mesons and are adjusted to the surface properties of
finite nuclei.

The nuclear interaction potential mainly contains two
parts: (i) the hardcore repulsive part with short range (< 0.4
fm) and (ii) the soft-core attractive part with intermediate
range. The isoscalar o meson generates the most domi-
nating feature of the attractive nuclear interaction, whereas
the isoscalar-vector w meson accounts for the hardcore

repulsion of the atomic potential. The isovector-vector p me-
son contributes to a highly repulsive core near the center and
accounts for attractive behavior near the intermediate range.
Thus, solving the field equations for mesons in the limit of
one-meson exchange, the resultant effective R3Y NN poten-
tial VR [59-61,66] can be given by

VR3Y(}") _ éefmmr n ée*mpr
eff 4 r 47 r 4 r

g% —2myr é e—3mar

—i—Ere + 4 r

g%r e Mo

+ Joo(E)S(r). (8)

The last term is a pseudopotential which includes the effects of
single nucleon exchange. The parameter set NL3* [63] is used
to obtain the VXY in terms of masses and coupling constants
of the mesons. Using the effective R3Y NN interaction and
densities, which are also obtained from the RMF Lagrangian
in Eq. (2), we calculate the nuclear/nucleus-nucleus interac-
tion potential. The total nucleus-nucleus interaction potential
is then employed to obtain the capture and/or fusion cross-
section from the £-summed Wong formula and the compound
nucleus formation probability discussed in detail upcoming
subsections. It is to be noted here that the pairing has a crucial
role in the bulk properties, including the density distributions
of open-shell nuclei in their ground and intrinsic excited
states; see [74] and reference therein. At present, the pairing
correlation is taken care of by a few widely used methods
in the mean-field model, such as the BCS approach, the Bo-
goliubov transformation, and the particle number conserving
methods [60,75—-80]. In principle, the BCS pairing is not suit-
able to deal with the drip-line nuclei. In the present study, we
are dealing with the nuclei near the B-stable region of the
nuclear chart [60,75-80]. Hence the BCS pairing approach
is suitable and simpler to reproduce the reasonable paring
correlation [60,79,80]. The blocking procedure is used to take
care of the odd-mass nuclei. One can find more detail on the
blocking procedure in Refs. [60,81,82].

A. Capture cross-section from the £-summed Wong formula

The well-known £-summed Wong formula [58], which is
the extended form of the Wong formula [83], given by Gupta
and collaborators [58] in terms of summation over the £ partial
wave, is used to study the fusion and/or capture cross section.
The capture cross section in terms of the partial wave is given
by

Lmax

0 (Eem) = 5 D (2L + DP(Eem). ©)
=0

Here, E. .. is the center-of-mass energy of two spherical col-

liding nuclei and k = ,/ 2“5% The £,,,x values are obtained

from the sharp cutoff model [84]. The quantity w is the re-
duced mass and P, is known as the transmission coefficient of
the total interaction potential for £th partial wave [see Eq. (1)],
which can be determined by using the Hill-Wheeler approxi-
mation [85]. In terms of barrier height Vlf and curvature fiwy,
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P, is written as

[ <2nvl§ - Em>i|
P=|1l4+exp| —— ) |- (10)

ha)g

The hw, is evaluated at the barrier position R = R corre-
sponding to the barrier height V£, and is given as

1
hoy = R[|d*V{ (R)/dR? |g_p: /11]* - (11)
The barrier position R = R is obtained from the condition,
4
|[dVy /dR|_p = 0. (12)

Wong [83] carried out the £ summation in Eq. (9) under

. . . .o 2
approximations (i) fiw, &~ hwy and (i) V{ ~ V3 + %,
HKp

assuming R} ~ RY.

Using these two approximations and replacing the £ sum-
mation in Eq. (9) by integration gives the £ = 0 barrier-based
simple Wong formula [83] of the form

RO Ficop 27
o (Eem.) = 2BEc.m. In |:1 + exp (fl_a)o (Ec.m. - Vl?)):|
(13)

This is a simplified formula to calculate the capture cross
section for two spherical colliding nuclei using the barrier
characteristics V;, RS, and /iy within the barrier penetration
model. However, the £-summation procedure introduced by
Wong using only the £ = 0 barrier excludes the actual modifi-
cations entering the potential due to its angular momentum
dependence. Details can be found in Refs. [58,60]. In the
present work, a more precise and accurate formula is given in
Eq. (9), which includes the actual ¢ dependence of interaction
potential, and is used for calculating the capture cross section.

The ¢-summed Wong formula described above gives the
fusion cross sections for light, medium, and heavy nuclei. But
since we are doing the calculations for Z = 120, a superheavy
nucleus, the probability of compound nucleus formation must
be considered. For the superheavy mass region, the probability
of a compound nucleus decreases with an increase in the
atomic mass. Thus the fusion cross section for a superheavy
nucleus is given as

Otuis = 0 X Pcn. (14)

Here, Pcn is the probability of formation of a completely fused
compound nucleus after the capture stage. It is an energy-
dependent function given as [29,86—88]

—c(Xegr — X
Pex = exp[—c( effV*_E*thr)]' (15)
1+ exp ( i )

Here A =~ 4 MeV is an adjustable parameter and E* is com-
pound nucleus excitation energy. V; is the excitation energy
of the compound nucleus at E. ,, & Coulomb barrier and X
is effective fissility given as

Z%/A
Xeff=|: /

with

2
(Z%/A)eric =50.883[1 - 1.7826(@) } (17)

4

_— 18
R+k+i+ & {19

fk) =

and
k= (A1 /Ay)3. (19)

Here, Z, N, and A are proton, neutron, and mass numbers
of the compound nucleus, respectively. A; and A, denote
the mass numbers of projectile and target, respectively. More
detailed expressions and fitting parameters for hot and cold
fusion can be found in Ref. [86].

III. CALCULATIONS AND DISCUSSION

The fusion dynamics of superheavy nuclei involves three
stages: first, the projectile overcomes/penetrates the fusion
barrier formed due to Coulomb and nuclear interactions be-
tween the colliding nuclei. In the second stage, the projectile
is captured by the target and forms a compound nucleus (CN).
Finally, the CN system de-excites through the emission of y
rays, neutrons, protons, and a light N = Z nucleus. Here in the
present analysis, fusion involves forming a compound nucleus
and deexciting through y energy. The calculation is associated
with three distinct steps: (1) the nuclear density distributions
of interacting nuclei are obtained using the microscopic rela-
tivistic mean-field model; (2) the nuclear interaction potential
is estimated with the double folding method by using the
relativistic R3Y NN potential; (3) and, finally, the total inter-
action potentials are used to obtain the capture and/or fusion
cross section and related physical quantities by adopting the
£-summed Wong formula. More details of these steps are
elaborated in Sec. II.

A. RMF Density distributions and Interaction Potential

The interaction characteristics of two colliding nuclei can
be determined through the nucleus-nucleus (in short, nuclear)
interaction potential. Equation (1) represents the analytical
expression for the total interaction potential. The densities
and the relativistic R3Y nucleon-nucleon interaction involved
in Eq. (1) are obtained from the relativistic mean-field La-
grangian for the NL3* parameter set. Figure 1 shows the
proton, neutron, and total (from left to right) radial density
distributions for all the interacting projectile (upper panel) and
target (lower panel) nuclei. The experimental charge density
distributions as a function of radius taken from Ref. [89]
for projectiles “°Ca (black circles) and *3Ca (green squares)
are also presented in Fig. 1 for comparison. We find a rea-
sonably good agreement of calculated proton densities and
experimental charge densities at » > 3 fm. A small discrep-
ancy between the RMF proton densities and the experimental
charge densities is observed at lower radial separation (r < 1
fm). It is worth mentioning that the densities are obtained
from RMF for protons without accounting for the finite size
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FIG. 1. The RMF (NL3*) proton, neutron, and total (from left to right) radial density distributions for all the considered interacting
projectile (upper panel) and target (lower panel) nuclei. See the text for details.

effect. Hence, there is a small difference in the central density.
However, the density distributions at the surface/tail region
are mainly significant for heavy-ion collisions [90]. It can
be observed from Fig. 1 that the magnitude of densities of
light mass projectile nuclei shows a small smooth dip be-
fore reaching the surface region. The combined effects from
Coulomb repulsion and shell correction cause this small dis-
crepancy at the central density, and more details can be found
in Refs. [91-93].

The well-known double folding approach in which an
effective nucleon-nucleon interaction is averaged over the
matter density distributions is employed to calculate the nu-
clear interaction potential for the fusing nuclei. The relativistic
R3Y NN potential and nuclear density distributions for the
NL3* parameter set estimate the nuclear interaction potential
via a double folding procedure. More details of the relativistic
nucleon-nucleon potential, a nuclear potential using a double
folding approach, and its applicability in various studies can
be found in Refs. [66,68] and references therein. The total
interaction potential [see Eq. (1)] is presented in Fig. 2 as a
function of radial separation (R) at £ = 0 for the seventeen dif-
ferent target-projectile combinations considered in the present
study: i.e., “°Ca 4+ 2"Fm, ¥Ca + »*Fm, *°Ti + >$Cf, *°Ti
+ 29Cf, °Ti + >¥Cf, °Ti + **Cf, *°Cr + ***Cm, *Cr +
28, BFe + 2Pu, #Ni + 28U, #Ni + 25U, ®Nj + 26U,
SOTi + 254Cf’ 54Cr _|_ ZSOCm, 60Fe + 244Pu, 7ZZH + 232Th,
and "°Ge + 2%®Ra. It is worth mentioning that, in each com-
bination of the considered projectiles and targets, either one
or both of the interacting nuclei have higher N/Z ratio; i.e.,
it is an isospin asymmetric system. This allows reaching the
neutron-rich side of the superheavy landscape, the expected
stability region of the superheavy island; see [15,16,24,67,94]
and reference therein.

The inset figure shows the barrier region of the interaction
potential. Comparing the plots for all the systems, it can be

noticed that the systems "°Ge + 2*®Ra and “°Ca + 2’Fm have,
respectively, the deepest and the shallowest potential pockets
among the considered systems. Further, there is an increase in
the potential pocket depth with an increase in the mass number
of the projectile nucleus. Comparing the height of the fusion
barrier for all the systems (in the inset figure) we find that the
systems "°Ge + ***Ra and **Ca + >*Fm have the largest and
lowest fusion barriers, respectively. The height of the fusion
barrier shows an increase with the atomic number (Z) of the

1000

o T T T

s34 25%r
SO 4 200
0F Fe + 24Py -
- 70+ Th
2 i 302190 % 250
€ 1000 ) Z ey :
> ‘ 5
8
= £ 50
£ 200}
= -2000 =
g g
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E OTi +2°Ct ‘ . .
— -3000 sy 0TS 14 i6 15—
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=
-4000 - T 4 290F b
#4120
— = 4o7i 4+ 2%¢f
2120
-5000 | — =0+ 3 | -1
) 1 .
0 5 10 15 20
R (fm)

FIG. 2. The total interaction potential [V7(R) = V,(R) + Vc(R))
at £ =0 as a function of radial separation R for the relativistic
mean-field formalism using the NL3* parameter set for all the target-
projectile systems considered. In the gray-scale version, the upper
(lower), middle, and lower (upper) solid lines in the main (inset)
figure denote *°Ca + "Fm, 3Fe + >**Pu, and "*Ge + **®Ra systems,
respectively.
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projectile nucleus. For isotopes of the same projectile nucleus,
the fusion-barrier’s height increases with the decrease in their
mass number. Comparing the barrier heights of the systems
leading to the formation of isotopes 32120 and %4120, it is
observed that the Vj increase with the decrease in A, /A; ratio
(A, and A; are masses of target and projectile, respectively).
All these observations imply that a combination of light mass
projectile and heavy mass target (larger A, /A ratio) would be
the preferable better choice for forming compound nuclei with
Z =120.

B. Capture cross section

The barrier height, position, and frequency are crucial re-
quirements to calculate the capture and/or fusion cross section
for the two interacting nuclei, which can be extracted from
the total interaction potential. From the results obtained in
Refs. [58,60], it is observed that the ¢-summed Wong formula
given by Eq. (9) gives comparatively better agreement with
the experimental data as compared to the simplified Wong for-
mula. Hence, in the present study, the fusion cross section for
the various isotopes of superheavy Z = 120 is obtained using
the £-summed Wong formula [58,60]. We have calculated and
compared capture cross sections for all the 17 projectile-target
systems, i.e., Oca + PFm, ¥Ca + P*Fm, *°Ti + 2%Cf,
46Ti 4 249Cf, 5()Ti 4 249Cf, 50Ti + 252Cf, 50Cr 4 242CII1,
S4Cr + 285Cm, BFe + 2%Pu, “Ni + 28U, ®#Ni + 25U, Ni
+ 236U7 SOTi + 254Cf, 54CI. + ZSOCm’ 60Fe + 244Pu, 72Zn
+ 232Th, and °Ge + ??%Ra. In order to predict the suitable
target-projectile combination (s) for the synthesis of a yet un-
known atomic nucleus with Z = 120, seven different isotopes,
viz., 22120 (N = 172), 4120 (N = 174), 120 (N = 175),
27120 (N = 177), °120 (N = 179), 392120 (N = 182), and
304120 (W = 184) are considered here. Since the stability of
superheavy nuclei is situated towards the neutron-rich side of
the superheavy island [15,16,67,94], more neutron-rich target-
projectile combinations are chosen here for the synthesis of
304120 (N = 184), predicted to be the next double magic nu-
cleus beyond 2%8Pb [15,16,22-24], and its neighboring isotope
302120 (N = 182).

In Fig. 3, we show the capture cross section as a function
of center-of-mass energy (E. 1,.) for all the 17 target-projectile
systems. The experimental cross section for the reaction **Ni
+ 233U taken from Ref. [36] is also given for comparison.
The £,,,x values for this system are calculated using the sharp
cutoff model [84]. An interpolating polynomial is obtained
for the ¢,x values depending on the ratio E.., /Vp for the
%Ni + 2%( system. This polynomial is further employed
for extracting the £,,,x values for the other reactions using
their respective center-of-mass energies and barrier heights.
The height of the fusion barrier (Vp) is also indicated on the
E. . axis for all the reactions. From the figure, one can notice
that that calculated cross section (solid black line) shows an
overall overlap with the experimental data (black spheres).
Our previous study examined a few systems for the known
region of the superheavy nuclei and found good predictions
for the fusion characteristics using the R3Y NN potential
via the £-summed Wong formula [61]. Hence, the £-summed
Wong formula and the R3Y interaction potential can give

reliable predictions of the fusion cross section for the
unknown region of the superheavy island, which is crucial in-
formation for the future experimental synthesis of superheavy
nuclei. Comparing all the cross sections obtained for the
suitable system combinations (projectiles and targets) for the
synthesis of various isotopes of Z = 120, we notice a slightly
large cross section for 3120 corresponding to the highly
discussed next magic neutron N = 184 [12,14-16,22-24].

To predict the appropriate target-projectile combination
for the synthesis of a superheavy element Z = 120, the cap-
ture cross sections for all the considered systems need to be
compared at all the center-of-mass energy (E. . ) regions.
To better understand all the reactions considered, we have
normalized their E. ,, s for the respective Coulomb barriers.
In Fig. 4, the capture cross section (o) is displayed as a
function of E. ., divided by estimated fusion barrier V for
all the target-projectile systems. In the below-barrier energy
region (Ec. /Vs < 1), the reaction °Ti + 2*’Cf is observed
to yield the highest cross section among the considered sys-
tems. We also find a compatible capture cross section for
the *°Ca + ?*’Fm system at energies above and/or around
the Coulomb barrier. Although a large fusion/capture cross
section was obtained for the “°Ca + >’Fm system, the target
27Fm has a half-life of 100.5 days and also is available in a
limited quantity of the order of picograms [95], which do not
allow for the production of a thick target of >>’Fm at present
[95,96]. Hence, a more feasible way to synthesize Z = 120
is to move on towards the heavier projectiles than the Ca
beam.

Analogous to the structural prediction of Refs. [12,14—
16,21-24], here we analyze the cross section at below- and/or
above-barrier energies for the reaction systems associated
with the compound nucleus of neutron number N = 184 and
its neighboring isotopes of N = 182 for Z = 120. For exam-
ple, in the case of 3120 (N = 184), five reaction systems,
SOTi + 254Cf, 54Cr +250CH1, 60F€ + 244Pll, 72Zn + 232Th,
and "°Ge + 2®Ra, are considered. Among these systems,
27n 4 2>Th and °Ti + 2>*Cf are found to provide large
capture cross sections at below- and above-barrier center-of-
mass energies (E. . ). Here, 254Cf has a half-life of 60.5 +
0.2 days [97], and so can be treated as a poor candidate
for experimental synthesis. Hence the next prominent case is
34Cr + °Cm which gives higher yield around the Coulomb
barrier and can be considered as a suitable combination for
the synthesis of %120 (N = 184). Similarly, in the case
of 392120 (N = 182), six reaction systems, **Ca + 2>*Fm,
SOTi + 252Cf, 54CI. + 248Cm, 581:*e + 244Pu, 64Ni + 238U,
and ®Ni + 2%y, are considered. The highest capture cross
section is observed for the *8Ca + 2*Fm reaction among
these six system combinations. The nucleus >>*Fm has half-
life of 3.24 hours [98], hence cannot be used as a target in
the experiment. Further, at below-Coulomb-barrier energies,
the reaction ®*Ni + 23U is observed to give a higher cap-
ture cross-section but, again, %Nj has a half-life of 56 hours
[99]. The next two combinations, namely, Cr 4+ 28Cm and
S0Ti + 252Cf, are suitable for the synthesis of isotope 32120
at energies below and above the Coulomb barrier. Further, the
structure of the interacting nuclei has a significant impact on
the fusion cross section. In order to compare the cross sections
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FIG. 3. The capture cross section (o) as a function of center-of-mass energy E. ., for all target-projectile systems calculated using the
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for these reactions under study, the reduced cross sections are a5 g, 4 = o /( Ai/ 34 A;/ 3)2. Figure 5 shows the reduced cross
obtained, which exclude the structure effects. In terms of the  gection as a function of the center-of-mass energy divided by

collision radius, the reduced cross section can be expressed  the height of the barrier (E. . /Vs). The cross-section trend for
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all the systems is observed to be the same as in Fig. 4, which
adheres to the predictions of capture cross section.

Qvalues of the reactions. The Q value of areaction depends
upon the binding energies (O = By — B;), where B and B;
are the sums of binding energies of products and reactants,
respectively [100] of the interacting nuclei and have signifi-
cant effects upon the reaction characteristics. To account for
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this effect, the capture cross section is displayed as a function
of normalized excitation energy (E* = E. . + Qi) in Fig. 6.
The Q values are also calculated using the binding energy
of projectiles and targets obtained from the axially deformed
relativistic mean-field formalism for the NL3* parameter set.
The normalization of E* is done for the sake of a comparison
of different systems. Here V* (in MeV) is given as the sum of
the Q value and the observed Coulomb barrier of respective
reactions. It is observed from the figure that the capture cross
sections of all the reactions converge near E*/V* = 1. The
reactions ®*Ni + 2%*U and *°Ca + *>’Fm are observed to give
the highest cross section at below- and above-barrier excita-
tion energies, respectively. As mentioned above, 23’Fm is not
suitable to be used as a target due to its half-life [95,96]. Hence
we have to consider the next best system at the above-barrier
energies, which is *°Ti 4+ 2**Cf. Also eliminating reactions
%Ni + 2%y and “*Ca + >*Fm due to shorter half-lives of
%Nj and 2*Fm [98,99], it is observed that the reactions **Fe
+ 2*Pu and >*Cr + ?*8Cm give the highest cross sections
at below- and above-barrier excitation energies, respectively
for isotope °2120. At above-barrier excitation energies the
reaction **Cr 4 2**Cm gives the highest cross section for
isotope 392120.

Similarly, we have taken five different reactions for 34120
because it is predicted to be the next neutron magic (N = 184)
nucleus in the superheavy valley [12,14-16,22-24]. Compar-
ing the cross sections leading to formation of isotopes 394120,
it is observed that the reactions ">Zn + 2*2Th and *°Ti + 2>*Cf
give the highest cross sections at below- and above-barrier
excitation energies, respectively. Again eliminating reaction
OTi + 254Cf due to the 60.5 + 0.2 days half-life of 2>*Cf
[97], the reaction #Cr + °Cm is found to yield the maxi-
mum cross section at above-barrier excitation energies. More
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detailed studies are highly welcome in correlation with the
structural properties of these nuclei.

Fusion cross section. In the case of superheavy nuclei, the
fusion cross section is obtained using the analytical expression
given in Eq. (14). Figure 7 represents fusion cross section
(o1s) as a function of E ,, divided by estimated fusion bar-
rier Vp for all target-projectile systems. From the figure, it
is again noticed that the reaction “°Ca + 2’Fm has a large
fusion cross section for the whole range of center-of-mass
energies. Considering the isotope 2°2120, the reaction “*Ca +
234Fm is found to yield the maximum fusion cross section.
However »’Fm and *Fm cannot be used as a targets due
to their limited quantities and shorter half-lives as mentioned
above [95,96,98]. After “°Ca + *’Fm and **Ca + *Fm,
the system *°Ti + 252Cf is found to yield the highest fusion
cross section for the synthesis of SHN 32120. In the case of
isotope 304120, the reaction ’Ti + 2>*Cf is observed to yield
the highest fusion cross section. Since *Cf cannot be used
as a target nuclei because of its shorter half-life of 60.5 &
0.2 days [97], we have to consider the next reaction system
which is observed to be *Cr+%°%Cm. Further, the fusion
cross section decreases with the increase in the atomic number
of the projectile, as can be noted in Fig. 7. From the above
discussion it is inferred that the isotopes of *Ti 4 YCf are the
most suitable projectile-target combinations for the synthesis
of SHN Z = 120. However, in case of isotope ***120, the
reaction **Cr + 2°Cm is found to be more suitable.

Surface diffuseness parameter. The nuclear surface dif-
fuseness parameter is calculated for all the interacting nuclei
to connect the surface properties in terms of nuclear den-
sity distributions to the fusion cross section. The equivalent
nuclear surface diffuseness parameter can be obtained using
the relation a; &~ —p; %, where i stands for proton (ap),
neutron (a,), and charge (a.;) density distributions of the nu-
cleus. The diffusion parameter results for proton and neutron

T T T T ' I I
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e
0.4 ]
e Proton (a)
e Neutron (a )
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FIG. 8. The surface diffusion parameter for all the targets and
projectiles involved in the fusion cross section of superheavy iso-
topes of Z = 120. The experimental data obtained for the charge
radius are taken from Ref. [101].

density distribution from the relativistic mean-field approach
using the NL3* parameter along with the experimental charge
density [101-103] are displayed in Fig. 8. The black solid,
red solid, and green open circles in the figure represent
equivalent nuclear surface diffuseness parameters for proton
(ap), neutron (a,), and charge (a;) density, respectively. The
experimental charge density is extracted from electron scat-
tering [101-103]. The figure shows that the magnitude of
the equivalent surface diffusion parameter for experimental
charge densities is greater than the proton density from our
calculation. This difference (=0.1 fm) is due to the finite
size effect in the proton density, which is not considered in
the RMF calculation. The proton density is called charge
density in experimental data due to the charge effect, similar
to the proton radius and charge radius. On connecting the
cross section with the equivalent nuclear surface diffuseness
parameters for the proton and neutron corresponding to the
target and/or projectiles combinations, a poor correlation can
be established among them. For example, a large cross section
is obtained for the combination of the projectile and/or target
having a relatively small magnitude of equivalent surface dif-
fuseness parameter. More systematic studies in this direction
are highly welcome.

Barrier distribution. As discussed above, the potential bar-
rier is formed from the long-ranged repulsive Coulomb force
among the protons and the short-ranged attractive nuclear
force among the nucleons. Rowley et al. [104] described a
method to obtain the smoothed barrier distribution from the
measured cross section at near- and sub-barrier energies. The
fusion barrier distribution function (dzﬁ‘{’)) is obtained by
double differentiation of the transmission function (E - o)
with respect to center-of-mass energy. Figure 9 shows the
fusion barrier distribution for all the target-projectile combi-
nations. For the reaction *Ni + 233U the experimental barrier
distribution (solid black circles) is also obtained using data
from Ref. [36]. The experimental data for the cross-section are
available only at four center-of-mass energies, which leads to
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FIG. 9. The barrier distributions for all the target-projectile combinations forming the SHN Z = 120. The experimental data for reaction
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a difference between the theoretical and experimental values
of barrier distributions. The value of calculated fusion barrier
height is also indicated for each reaction. The highest barrier
height is observed for the reaction °Ti 4 2*Cf whereas

the lowest barrier height is observed for the "°Ge + ??Ra
reaction.

Nuclear deformations and cross section. We have taken var-
ious projectile and target combinations in the present analysis
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TABLE I. The ground state quadrupole deformation (8,) for
the projectiles and targets within the relativistic mean field using
nonlinear NL3* parameter sets. Finite range droplet model (FRDM)
[105] predictions and the available experimental data [106,107] are
given for comparison.

Quadrupole deformation (5;)

Nuclei RMF (NL3*) FRDM Expt.
Ca 0.007 0.000 0.1230 £ 0.0110
BCa 0.011 0.000 0.1060 + 0.0180
oy 0.013 0.021 0.3170 + 0.0080
07y 0.005 0.000 0.1660 £ 0.0110
¢y 0.223 0.194 0.2912 + 0.0032
H*Cr 0.165 0.161 0.2509+ 0.0075
BFe 0.209 0.173 0.2610 =+ 0.0050
OFe 0.210 0.185 0.2240 + 0.0100
O4Nj 0.078 —0.094 0.1628 =+ 0.0041
%ONj 0.039 0.000 0.1570 + 0.0090
7n 0.013 0.011 0.2340 £ 0.0014
Ge 0.171 0.161 0.2623 =+ 0.0039
22Ra 0.213 0.174 0.2170 + 0.0050
22Th 0.251 0.205 0.2608 £ 0.0014
25 0.269 0.215

By 0.275 0.226 0.2821 £ 0.0018
By 0.283 0.236 0.2863 =+ 0.0024
244py 0.296 0.237 0.2931 =+ 0.0017
22Cm 0.292 0.237

28Cm 0.295 0.250 0.2983 + 0.0019
20Cm 0.289 0.250 0.2972 + 0.0019
ef 0.297 0.250

et 0.297 0.250

220 0.296 0.251 0.3040 + 0.0100
B4t 0.285 0.240

24Fm 0.294 0.251

TFm 0.276 0.241

to predict the possible candidates for synthesizing superheavy
nuclei. Due to the model’s present limitation, we have taken
the spherical density distributions to generate the nuclear
interaction potential. Although the nuclear potential is gen-
erated from spherical density distributions of the projectiles
and targets, the energy, i.e., the Q value of the reaction, is
obtained from the binding energy corresponding to the axially
deformed ground state using the relativistic mean-field model
for NL3* parameter sets. To justify the above results, we ana-
lyze the ground state deformations for these considered nuclei.
The quadrupole deformation parameter (f;) for targets and
projectiles in their ground state are obtained from the axially
deformed relativistic mean-field formalism. The values for
NL3* parameter sets (black circles) are listed in Table I and
also shown in Fig. 10 along with the finite range droplet model
(FRDM) predictions (blue triangles) [105] and the experimen-
tal data (red squares) [106,107]. A comprehensive agreement
can be observed from Table I as well as from Fig. 10 for RMF
(NL3*) with experimental data and FRDM predictions.

One can notice from the figure that the B, values of all the
target nuclei are of the same order (~0.25), whereas there is
variation in the f, values for the projectiles. In other words,
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FIG. 10. The ground state quadrupole deformation parameter
(B>) plotted as a function of mass number (A) of all the interacting
target and projectile nuclei.

all the target nuclei are prolate in their ground state, but the
projectile attains a spherical or prolate shape. As we know,
a positive value of f,, i.e., a prolate target and/or projectile
nucleus, increases the fusion cross section at the sub-barrier
center-of-mass energies as compared to the spherical one
[108]. Since the value of B, for all the considered target
nuclei is of the same order and the projectiles of the feasible,
competing, and favorable reactions also have the same order
of B,, it will increase the capture cross-section in the same
order of magnitude at sub-barrier energies for these reaction
systems [108]. Hence, we may assume that nuclear deforma-
tion will change the magnitude of the cross section but hardly
affect the conclusions of the present analysis, as here we are
interested in the relative performance of the reactions. The
implication of the shape degrees of freedom within relativistic
mean field for the study of fusion/capture cross section is
in progress.

IV. SUMMARY AND CONCLUSIONS

The capture and/or fusion cross sections for seventeen
projectile target combinations, namely, “°Ca + 2>’Fm, *8Ca
+ 2541;;1,1,17 46Ti + 248Cf, 46Ti + 249Cf, SOTi + 249Cf, SOTi +
252Cf, SOCI. 4 242CH1, 54CI. + 248CI1’1, SSFe + 244Pu, 64Ni 4
2381 G4N]j - 2357, OONj 4 236(y, SOTj 4 254CF, S4Cr + 20Cm,
ORe 4 244py 271 + 232Th, and °Ge + 2*8Ra, have been cal-
culated. These reactions lead to seven different neutron-rich
isotopes, 22120 (N = 172), *120 (N = 174), 120 (N =
175), 27120 (N = 177), #2120 (N = 179), 32120 (N = 182)
and 3%120 (N = 184), of the element Z = 120. The rela-
tivistic R3Y NN interaction potential and spherical density
distributions from the relativistic mean-field (RMF) formal-
ism are used to estimate the nuclear interaction potential by
adopting a double folding procedure. The capture cross sec-
tion is estimated by using the well-known £-summed Wong
formula. We find a reasonably good agreement among the
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calculated capture cross section with £.,,x values from the
sharp cutoff model and the experimental cross section for
reaction *Ni + 23¥U. We have shown the capture cross sec-
tion as a function of normalized center-of-mass energy with
respect to fusion barrier for all the reaction systems.

We find that the reactions *°Ti 4 2*°Cf and “°Ca + *’Fm
give a large cross section in below- and/or above-barrier
regions. The reaction “°Ca + 2’Fm leads in fusion cross
section at all energies. For the synthesis of 32120 and %4120,
the reactions **Ca 4+ *Fm and ’Ti + **Cf are found to
yield the maximum fusion cross section. 2>’Fm is not available
in sufficient quantity [95,96], whereas 24Fm and P*Cf have
half-lives of 3.24 hours [98] and 60.2 days [97], respectively.
Hence, it is not feasible at the present time to use these
isotopes as targets experimentally. So we have to consider
the next possible reactions, i.e., 0T + 2Cf and **Cr +
230Cm, as the possible predicted candidates for the synthesis
of 32120 and 3%*120, respectively. From the observations of
cross section (o) versus excitation energy (E*), we noticed
that the reactions ®*Ni + 23°(J and **Ca + *>*Fm provide large
cross sections, while ®*Ni has a half-life of 56 hours [99]. This
is again complicated to use as a projectile in the laboratory.
Based on the above analysis, we observed that isotopes of Ti

+ Cf are predicted to be the most suitable target-projectile
combinations for the synthesis of superheavy of Z = 120.
However, in the case of 394120, due to the shorter half-life
of 234Cf, the reaction **Cr + °Cm is found to be a more
suitable candidate. Recent experimental observations have
shown >°Ti 4 2*Cf to be the most promising reaction for the
synthesis of SHN Z = 120 [40]. In addition to these, we also
correlate the equivalent surface diffuseness parameter with the
reaction system in terms of nucleon density distributions of
the projectiles and targets. We found a linear dependence of
the surface diffuseness with the fusion cross-section. In other
words, a larger fusion/capture cross section of the projectile
and/or target is associated with a smaller value of the neutron
and/or proton equivalent surface diffuseness parameter. A
more systematic study including shape degrees of freedom
within the relativistic mean-field approach will be performed
shortly.
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