Chinese Physics C  Vol. 50, No. 3 (2026)

Influence of hexadecapole and hexacontatetrapole deformations and associ-

ated orientations on the synthesis of superheavy nuclei

Diksha! Harshit Sharma?

Department of Physics and Materials Science, Thapar Institute of Engineering & Technology, Patiala- 147004, Punjab, India

Manoj K. Sharma®

Abstract: The study examines the impact of higher-order deformations up to hexacontatetrapole (8¢) deformation
on the synthesis of superheavy elements (SHN) through heavy-ion induced fusion reactions. The main objective of
the study is to examine the impact of modified nuclear shapes, resulting from the collective influence of deforma-
tions (up to Bg), on the barrier characteristics Vp and Rp and overall dynamics of nuclear reactions leading to the
synthesis of SHN. The analysis takes into account both spherical+deformed and deformed+deformed projectile-tar-
get (P-T) combinations, leading to the synthesis of SHN. Furthermore, the analysis also delves into the influence of
the sign (+) and magnitude of B¢ on the barrier characteristics and overall reaction dynamics. This analysis exam-
ines these effects by utilizing **Ca, *°S and **Ti induced reactions with Bg-deformed actinide targets. The compact
and elongated orientations, influenced by the sign and magnitude of 35, 84, and B¢ deformations, respectively, intro-
duce further modifications in the reaction dynamics.The capture cross-sections (o¢4p), incorporating B¢ along with
B2 and B4 deformation, result in a better alignment of the calculated cross-sections with the experimental data than
the 8,84 deformations, due to modified barrier characteristics, particularly at near-barrier energies. The findings un-
derscore the importance and impact of incorporating deformations (up to S¢) and their corresponding orientations to
achieve a thorough understanding of the dynamics of heavy-ion induced reactions pertaining to the superheavy mass

region.
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I. INTRODUCTION

The investigation of the characteristics and synthesis
of superheavy nuclei (SHN) has emerged as a prominent
area of research in nuclear physics over the past few dec-
ades. The exploration of these elements offers a distinct-
ive opportunity to probe the limits of the periodic table
and explore the "island of stability", characterized by ma-
gic numbers Z = 120,126 and N= 184 [1—6]. Numerous
theoretical and experimental studies have offered valu-
able insights into the synthesis of SHN via heavy-ion-in-
duced reactions. These studies revealed several factors
that influence the dynamics of these reactions within the
low-energy domain [7—15]. Firstly, for the synthesis of
SHN, the interacting nuclei need to overcome the repuls-
ive Coulomb barrier to subsequently create a compound
nucleus through the exchange of nucleons and energy.
The characteristics of this Coulomb barrier, i.e the barri-
er height Vp and barrier position Rp, play a significant
role, as they can hinder the formation of the new entity
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[16—19]. Studies around the Coulomb barrier of such in-
teractions suggest that numerous parameters like mass,
charge, energy, deformations, orientations, and angular
momentum of the interacting nuclei can significantly in-
fluence the barrier height V and barrier position Ry of
the Coulomb barrier [20—24]. Among these degrees of
freedom, deformations of the interacting nuclei have been
found to play a critical role in influencing both the barri-
er characteristics and the production of heavy and super-
heavy nuclei. Numerous investigations have been con-
ducted in the literature studying the influence of quadru-
pole (8,) deformations of interacting nuclei, on the barri-
er characteristics and the capture cross-sections o,
[25—29]. The promising results of these investigations en-
courage us to study in depth the influence of these higher-
order deformations to explore adequate assessment of the
reaction dynamics.

Recent studies have examined the effects of higher-
order deformations on the synthesis of SHN, specifically
focusing on octupole (3;) and hexadecapole (8,) deform-
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ations [25, 30—38]. Till date a very few studies have ana-
lyzed and discussed the influence of hexacontatetrapole
(Bs) and octacontatertrapole (Bs) deformations on the dy-
namics of heavy-ion induced reactions. So there remains
a lack of explicit analysis and comprehension concerning
the influence of B¢ and By deformations. Furthermore,
while the experimental evidence for the presence of 3¢ in
proton and alpha scattering from **U [39, 40] and '**Sm
[41] and on fusion reaction dynamics [37, 38, 42, 43], in-
trigues interest in the characteristics of Sg, similar in-
sights regarding the B3 deformation cannot be made due
to the absence of experimental data. In view of this, it is
of interest to investigate the influence and effect of the S
deformation on the synthesis of SHN via heavy-ion in-
duced fusion reactions.

In view of the deformations of the interacting nuclei,
the elongated and compact configurations, determined by
the extremes of the interaction barrier height (V) and the
barrier position (Rg), play a critical role in influencing the
reaction dynamics [17, 29, 36]. While the configuration
with the maximum Vj and minimal Ry is termed a com-
pact configuration, the configuration with the minimal Vjp
and the maximal R is referred to as the elongated config-
uration. The influence of these configurations has been
discussed and established in [17, 36, 44—47]. These con-
figurations are significantly influenced by the incorpora-
tion of higher-order deformations. Therefore, in the
present work, the relevance of the 8¢ deformation-and as-
sociated orientations will be analyzed in reference to the
barrier characteristics and capture cross-sections in the
context of reactions leading to the synthesis of SHN.

For our analysis, we have considered the P-T combin-
ations “Ca+***Cm, **Ca+**Pu, “*Ca+***U, 3*S+**U and
®Ti+2%U leading to the formation of SHN *“Lv, *%Fl,
26Cn, **Hs and **F1 respectively. The barrier character-
istics of the modified nuclear shape due to the collective
influence of the magnitude and sign (+) of the deforma-
tions (up to Bs) of the actinide target nuclei and their cor-
responding orientations are then used to determine the
capture cross-sections (o) for the considered P-T com-
binations using the ¢-summed Wong formula [48, 49].
The static deformation parameters ,,8;,8¢ are is taken
from the Data Table of Moller et al. [50]. The capture
cross-sections (o, ) are calculated for center of mass en-
ergies (E.,, ) spread across the Coulomb barrier, and are
subsequently compared with the experimental data avail-
able as referenced in [51]. Furthermore, the influence of
magnitude and signs of B;3;8: deformation is studied by
considering the P-T combination **Ca+***Es having signi-
ficant magnitude of all deformations at energy range of
E... = 180-220 MeV spanning the Coulomb barrier.
Thus, the present work provides a thorough analysis of
the modified barrier characteristics and reaction dynam-
ics incorporating the 3;,8;, and B deformations. These
findings advance our comprehension further in the direc-

tion of understanding and unraveling the complexity of
the dynamics associated with heavy-ion-induced reac-
tions leading to the formation of SHN.

This manuscript is structured as follows: Section II
provides a theoretical framework. Section III presents and
discusses the results, emphasizing the role of the mag-
nitude and signs (+) of hexacontatetrapole deformations
(Bs) on the nuclear shape of deformed nuclei, the barrier
characteristics, and the fusion reaction dynamics of actin-
ides. Finally, Section IV presents a summary of the work
done.

II. METHODOLOGY

A. Shape determination of the deformed nucleus

The shape of the deformed nuclei can be expressed by
the radial vector R;(@;) equation in terms of the spherical
harmonics Y\(a;) and the magnitude of the deformation

Bai [43, 50, 52, 53], as

1+ > ﬁ,uYﬁ?)(ai)]

1=2,3,4,6

24+1
1+ Z Bii \/jp/l(cosai)] , (D

1=2,3,4,6

Ri(a;) = Ry;

=Ry

Here, the i = 1,2 denotes the projectile and target of the
interacting systems, respectively. The term R; signifies
the radius of the spherical nuclei, defined by the equation
Ry = 1.28A,-” 3076+ O.SA;” 3 measured in femtometers
(fm) [54]. The variable 4 indicates the degree of deforma-
tion present in the nuclei, with values 1 =2,3,4,6 corres-
ponding to quadrupole, octupole, hexadecapole, and hex-
acontatetrapole deformations, respectively. The static de-
formation parameter B,; is taken from the Data Table of
Moller et al. [50]. The function P,(cosa;) represents the
Legendre polynomial.

B. Total interaction potential

The colliding nuclei interact through an interaction
potential (V7), which comprises the sum of the attractive
nuclear potential (Vy), repulsive Coulomb potential (V¢),
and centrifugal potential (V,). The total interaction poten-
tial Vr is quantitatively expressed as follows:

VT(Ri’Ai’ﬁ/liv 91) = VN(RivAiaﬁﬂia 91)
+ Ve(R;, A, Bain0) + ViR, Ai i 6), (2)

In Eq.2, the attractive nuclear potential is represented by
Vv, among the two interacting nuclei. It is calculated us-
ing a generalized theorem for proximity forces, given by
Blocki and collaborators in 1977, called Prox77 [54]. The
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nuclear potential Vy(R,A;,B4,0;) reads as[54—58]

Vv(R,A;,Bui, 6;) = 4nRybD(s0), (3)
Here,b' is the surface diffuseness parameter and has a
constant value of 0.99 fm.

The mean curvature radius (R) is evaluated in terms
of radius vector of curvatures R;; and R, for projectile
and target nuclei respectively, as follows:

1 1 1 1 1
= = =+ + + .
R*  RyR;; RyRyp RuRn RyRp

“)

The principal radii of curvature (R; and R;) for de-
formed-deformed or spherical-deformed cases is given
[56] as

Ko = [R@)+ RP@)]” S
10 = )+ 2R ap) — R, (@)’ ©)
Ra(a) = —H@sine ;. 5, ©)

cos(m/2—a;—90;)

For the spherical projectiles, this Eq. 5 is simplified as
Ri1(ay) =Rp(ay) =Ri(ay). In Eq.(3) the surface energy
constant (y) is expressed in terms of the asymmetry of
nucleons as,

y=0.9517

N-Z\>
1—1.7826(A)} MeVfm™, (7)

The term 47Ryb in Eq.(3) takes care of the shape and
geometry of the colliding nuclei. While the universal
function dependent on the shortest distance parameter
(s0) between the colliding nuclei along the collision axis
is given as [55, 56],

1
_E(SO —2.54)* —0.0852(s — 2.54)%,

D(s9) = s0<12511 fm  (8)
S0

_3.437exp (—ﬁ) 50> 12511 fm.

Here, the s, is the shortest distance between the two in-
teracting nuclei [56], which is defined as

S():R—XI—Xz, (9)

Where 'R' represents the distance between the interacting
nuclei and X;, X, are the projections of P-T nuclei w.r.t.

the colliding axis. These projections are determined as

X1 =R(a)cos(6, —ay);

X2 =R2(a/2)cos(180+92—a/2) (10)

With the minimization conditions on s, we get,

R\(a))

Ri(ay)’

_R’z(a’z)
Ry(ay)

tan(6, —a;) = tan(d;) = —

tan(180 + 6, — @) =tan(d,) =

an

The repulsive Coulomb potential (V) in Eq.(2) is defined
for deformed-deformed colliding nuclei as follows[59,
601:

Z1Z5e*

i=12 A
+22¢ Y (Ri (a’)>ﬂAY§°)(0,«)

R/H-l
1=2,3,4,6

% {2/13+1 " (7(222+ 1))ﬁ1y§0)(9")} '

The centrifugal potential (V,), mentioned in Eq. 12 is the
rotational kinetic energy. This potential is dependent on
the angular momentum ¢ and is formulated as follows
[61, 62]:

Ve(Ry=

(12)

ReL+1)

VZ(R,Ahﬂ/ii’ei) = 21

I =uR*. (13)

The equations (2) - (13) that define the total interaction
potential provide significant insights into the characterist-
ics of the interacting nuclei. This encompasses barrier
characteristics, including the barrier height Vj, the barri-
er position Ry, and the barrier curvature fwg. These para-
meters are affected by the degrees of freedom related to
deformation and orientation, as indicated in the radius
vector presented in Eq.(1). As a result, these parameters
play a crucial role in finding the capture cross-sections,
which is calculated by using the £-Wong formula [48, 49]
for different combinations of the interacting P-T, briefed
in the next section.

C. Capture cross-sections

The capture cross-section for deformed and oriented
nuclei, interacting at the center of mass energies (E.,,.), is
evaluated using the Wong formula [59, 63], which reads
as

Rhw 2r
= ;Tcmlgln |:1+exp(h7a)B(Ec.m._VB)):| > (14)

T cap

which further, transforms to the extended ¢-summed
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Wong Model [48, 49]. This model incorporates the sum-
mation of the cross-section associated with each ¢-partial
wave, which can be mathematically represented as fol-
lows:

fmax KWIU)‘
T
TeapEen-0) =) 00= 13> QL+ DPr (15
=0 =0

2 Ecm
where k= \/? and yu represents the reduced mass.

The sharp cut-off approximation [55, 64] is employed to
determine the maximum angular momentum, denoted as
€. Here, the barrier penetration or tunneling probabil-
ity P, for each angular momentum (¢) is derived using
the Hill-Wheeler approximation [65].

£ -1
PIY(E,,) = {1 +exp (2"[‘/}{;;2(; )E’”]ﬂ . (16)
In this Eq. the V4(E,.,.), R4(E.,.) and Aw(E.,,) are ob-
tained from the total interaction potential between the two
interacting nuclei determined in Eq. 2.

In addition, the integrated or average capture cross-
sections are obtained by integrating over the range of ori-
entations 6; of the deformed nuclei having S3,,84,8s de-
formations [47], which is represented as

/2
O—im‘(Ec.m.) =

6,=0

/2
/ O'(Ec‘m', 9,) sin 01 Sin92d01d92. (17)
6,=0

III. RESULT AND DISCUSSION

In the present work, we aim to explore the influence
of the modified nuclear shape due to the incorporation of
hexacontatetrapole deformation (Bs) along with (8,), (84)
deformed target nuclei. This study systematically invest-
igates the collective influence of magnitude and sign (+)
of these higher-order deformations (up to Bs) on barrier
characteristics of heavy-ion induced fusion reactions.
Further, the elongated and compact configurations ob-
tained from these modified barrier characteristics corres-
ponding to B4 and Bs deformations are used to calculate
the capture cross-sections (o,,) which are compared
with available experimental data, for center of mass ener-
gies E_,. spread across the Coulomb barrier. The analys-
is takes into account both spherical+deformed and de-
formed+deformed P-T combinations. This comprehens-
ive study offers new insights into the influence of higher-
order deformations up to the order of hexacontatetrapole
deformation (8s) on the fusion reaction dynamics. The
findings of this work are presented and discussed in the
following sections.

A. Nuclear Shape of hexacontatetrapole (5;) deformed
nuclei

The nuclear shape usually shows deviations from per-
fect spherical symmetry. These deviations arise from di-
pole moments linked to the neutron-to-proton ratio with-
in the nuclei, leading to a deformed nuclear shape. These
nuclear deformations (8,) associated with the multipole
order i.e. 1=2,3,4,6 provides quadrupole, octupole,
hexadexapole and hexacontatetrapole deformed shapes of
nuclei respectively. The influence of these higher-order
deformations is included in the nuclear shape via the radi-
al vector as defined in Eq. (1). To visualize the influence
of B¢ deformation on nuclear shape, we considered **°Es
nuclei having significant magnitude of 3, taken from the
data table of Maller et al. [50], while deformations B, =
+ 0.05 and B¢= +0.1 are assumed to analyze the signific-
ant effect of B¢, shown in Fig.(1). The figure illustrates
the evolution of the nuclear shape of **°Es by incorporat-
ing different orders of deformations. One can see the
evolution of prolate-deformed nuclei with the incorpora-
tion of A5 and B deformations associated with the nuclei.
It is known that the incorporation of B8; with B; leads to
elongation, whereas the inclusion of 8; with B; leads to
contraction of the prolate deformed nuclei. While Fig.1(a)
illustrates the modification in nuclear shape after the in-
clusion of B¢ in B;B; deformed nuclei, figure 1(b) repres-
ents similar modifications in shape of giB; deformed
nuclei due to the incorporation of 3%. It can be seen from
the figures that the incorporation of 8¢ deformation intro-
duces complexity to both the elongated shape of 3;3; de-
formed nuclei and the compressed shape of B;8; de-
formed nuclei. Specifically, the presence of 8¢ in both S5,
leads to further elongation of nuclear shape along its
poles, and slight compression along the belly region of
the nuclei. This elongation due to 8 is more pronounced
in the B;B; case than the B33, deformed nuclei. On the
other hand, B; leads to compression on the poles and
elongation along the belly, when incorporated in both S5
and S;. This flatness is more prominent at poles for 555,
deformed nuclei than B;3;, as shown in Figl.

In other words, the incorporation of 5 leads to elong-
ation at the poles region and compression at the belly re-
gion, whereas ; leads to the elongation at the belly re-
gion and compression at poles. In addition to the sign (+)
of the hexacontatertapole deformation, the extent of the
elongation and compression in the deformed nuclear
shape is also influenced by the magnitudes of the deform-
ation associated with the nuclei. The above observations
highlight the sensitivity of nuclear shapes to the mag-
nitude and signs of higher-order deformations, specific-
ally B in conjunction with 8, and B4 deformations. These
modifications due to the collective influence of B.8.86
deformations provide significant modifications on the
nuclear barrier characteristics that govern the heavy-ion
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Fig. 1. (color online) Schematic diagram of shape evolution of the nucleus **Es incorporating the quadrupole (5,), hexadecapole (85)
and hexacontatetrapole (8 ); with 8,=0.248, considering g4 = +0.05 and 85 = +0.1

fusion dynamics. The upcoming section discusses the ef-
fect of these deformed nuclear shapes on the barrier char-
acteristics relative to the angle of orientations of the de-
formed nuclei with respect to the collision axis.

B. Analysis of barrier characteristics of the hexadeca-
pole (5,) and hexacontatetrapole (5¢) deformed ac-
tinide targets

In the previous section, we discussed the influence of
the magnitude and sign of the B¢ on the shape of the nuc-
lei along with the B8; and B; deformations. This current
section aims to broaden the analysis by investigating the
comprehensive effect of the modified shape of g; and B¢
deformed nuclei on the barrier characteristics i.e. barrier
height (V) and barrier position(Rp) of the interacting
nuclei. The objective of this analysis is to determine how
the incorporation of B and B¢ deformations modifies the
barrier characteristics when compared to a prolate de-
formed (B;) case. For this analysis, we investigated the
barrier characteristics for the **Ca-induced reactions with
deformed actinide nuclei having non-zero values of 5,,
Bs, and B¢ deformations. The variation in V and Ry with
respect to target orientation (6,) ranging from 0° to 180°
for different combinations of 3,, 8, and B¢ deformations
are illustrated in Fig.2 and Fig.3 respectively. From these
figures, one can see that here the cases are divided into
two panels with panel ( I ) representing the barrier char-
acteristics of B;BiB: deformed nuclei while panel (II)

Symmetry axis
R(o) - Radial vector

represents the barrier characteristics of 338,85 deformed
nuclei. Each panel of the analyzed actinide nuclei is clas-
sified into three distinct groups based on the values of 8,
and B¢ deformations. In particular, Fig.2(a, b, g and h) il-
lustrates the scenarios where the magnitude of B, is great-
er than B¢, while Fig.2(c, d, i and j) depicts the cases
where magnitude of B, is approximately equal to mag-
nitude of B¢ deformation. Additionally, Fig.2(e, f, k and 1)
showcases the instances where the magnitude of B¢ de-
formation exceeds the magnitude of B, deformation. To
conduct a thorough analysis of both the sign and mag-
nitude of the associated Bs deformation, both positive and
negative B, deformations of equal magnitude are con-
sidered.

From these figures, one can observe that the introduc-
tion of Bf in quadrupole deformed nuclei leads to a
lowering of the barrier height V. Conversely, the incor-
poration of 3; in S, deformed nuclei leads to an increase
in V. The relative variation in the Vj is influenced by the
magnitudes of the B8, and B, deformation parameters.
Along with the barrier characteristics, a noticeable
change in the orientation angle of the compact and elong-
ated configurations has also been observed [36]. Further,
the incorporation of B¢ in conjunction with 3, and g, de-
formation modifies the shape of the nuclei at both the
pole and belly positions, leading to variation in the barri-
er characteristics Vi and Rp. For instance, incorporation
of 8¢ to B;B; deformed nuclei lowers the barrier height
Vp specifically at target orientation 6,=0° or 180°. Mean-
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Fig. 2. (color online) A schematic representation illustrating the changes in barrier height (V) in relation to the orientation angle (6,)
of deformed actinide nuclei. Panel ( I ) features nuclei with configurations g34;8%, while Panel (1) showcases 83,8 deformed nuc-

lei.
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Fig. 3. (color online) A schematic representation illustrating the changes in barrier position (Rp) in relation to the orientation angle
(62) of deformed actinide nuclei. Panel ( 1) features nuclei with configurations g38;5%, while Panel (II) showcases g38,5¢ deformed

nuclei.

while, B increases the barrier height due to compression
of the shape of the nuclei around the poles at 6,=0° or
180°. The impact of B¢ deformations is more pronounced
for the orientations in the range of 0°-40° for all the

cases. However, as 6, surpasses this range, there is a
slight change in the Vj corresponding to B,8.8, de-
formed nuclei as compared to 3,8, deformed nuclei. Con-
versely, an interesting variation can be observed at target
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orientation 6, = 90°. At this orientation, the barrier height
Vi increases for the B; cases while a decrease in Vy can
be observed for the 8 cases relative to B,. This variation,
as discussed in the previous section, is linked to compres-
sion and elongation of the nuclear shape at the belly of
the nuclei due to the incorporation of 8; and S8; deforma-
tions, respectively. It is important to note that the vari-
ation of Vj is not very significant at 90° for all the cases.
Additionally, in scenarios where the value of B, is great-
er than Bs and B, is approximately equal to Bs, the
changes in barrier characteristics resulting from the inclu-
sion of B¢ correspond to the deformation trend of ;.
Conversely, in instances where S, is less than Sq, as illus-
trated in Fig.2(e,fk,1), the substantial impact of B is
evident due to its significantly larger magnitude relative
to B4. In a similar manner, an inverse variation with re-
spect to Vp is observed in the analysis of barrier position
Rg for all the considered reactions. The variation of Ry
for the considered reactions w.r.t orientation angle (6,)
are illustrated in Fig.3.

Along with the variation in the barrier characteristics
Vi and Rp, a significant shift in the optimum orientation
can also be observed with the incorporation of Bs. These
modified optimum orientations of the compact or elong-
ated configuration of the B35 deformed nuclei can impose
a significant influence on the overall dynamics of the
nuclear interaction. These modified compact or clong-
ated configurations are characterized by the maximal and

minimum values of barrier height (V) and barrier posi-
tion(Rp). While the elongated configuration corresponds
to the configuration with the minimum Vp and maximum
Rp, whereas the compact configuration is the configura-
tion associated with the maximum V; and minimum Rj.
The analysis of the barrier height corresponding to
B2.B4,Bs In relation to the orientation angle (6,) is shown
in Fig.2. The figure clearly demonstrates that the vari-
ation in the barrier height V due to incorporation of Ss
deformation in comparison to the B8, deformation is signi-
ficantly more pronounced in the orientation range 6,=0°
to 40° than those at 6,=70° to 90°. The orientation range
6,=0° to 40° represents the region with the minimum bar-
rier height or the elongated configuration, while the ori-
entation range 6,=70° to 90° represents the region with
the maximum barrier height or the compact configura-
tion for the B,8.8¢ deformation combinations, respect-
ively. Based on these results, additional emphasis will be
placed on evaluating the impact of 8¢ on the barrier char-
acteristics at orientation angles ranging from 0° to 40°.
Till now, we have established that the incorporation
of B¢ deformation along with 8, and B, provides notice-
able alterations in the barrier characteristics for orienta-
tion angles ranging from 0° to 40°. Further to explore the
influence of the magnitude of 85 we studied the variation
in the Vp for the above-mentioned range of orientation
angle by varying the magnitude of 8¢ deformation from -
0.05 to 0.05 as demonstrated in Fig.4. For the analysis,

192 194
(b)|2#4py
188
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O 1841 - — <Bg=-0.04
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m - = -B=-0.02
> 1804 : : : - = -B=-0.01
En 0 10 20 30 40 0 10 20 30 40 |-~ B.=0.00
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< 198 P
M
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T T T 194 T T T
0 10 20 30 40 0 10 20 30 40
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we consider the actinide nuclei having a significant mag-
nitude of B, deformation as compared to the magnitude of
Bs (e.g. ***Pu), and the nuclei with a smaller magnitude of
B4 deformation as compared to the magnitude of B4 (e.g.
2Fm). Note that the study assumes both positive and
negative signs for the magnitude of B, of the same nuclei.
From Fig.4, it can be observed that an increase in the
magnitude of B¢ introduces much significant elongation
to the nucleus along its poles, leading to a decrease in
barrier height with respect to 8; at 6,= 0° or 180°. Con-
versely, an increase in the magnitude of 8; induces an in-
crease in the barrier height due to an enhanced compres-
sion effect along the poles. As we move towards the tar-
get orientation #,=30°, variations in barrier height V3 can
be observed for both 3¢ and B; cases. It is observed that
increasing the positive value of B¢ leads to a high Vj
while increasing the negative value of g; results in a
lower V3 at 30° or above, compared to §8,8, deformed
nuclei. These variations are due to shape modifications
caused by the incorporation of 8z. In Fig.4(a), ***Pu have
a significant magnitude of B;, the elongated shape al-
ways appears at orientation angle 6,= 0°, regardless of
the magnitude of 8. However, in Fig.4(b), a large negat-
ive B; induces the compression in the nuclear shape, and
the orientation angle for the elongated configuration
shifts to around 6, =30°. When g; is added, it reduces
this compression and brings back elongation at the poles
6, =0° as its values increase. On the other hand, S
makes the compression at the poles even stronger, rein-
forcing the minimum barrier height-around 6, = 30°.

On the other hand, for a smaller magnitude of 53, the
shape of nuclei is majorly influenced by the magnitude
and sign of B¢ deformation. For instance, for both the
cases of B, the elongated configuration is observed at 6,
=0° or 180° as illustrated in Fig.4(c,d). However, this ori-

entation angle for elongation configuration gets shifted
towards 6, ~30° for the higher magnitude of B;. This
analysis indicates that the magnitude and sign of the S
deformation have a significant influence on the barrier
height Vp at the elongated configuration and also can
shift the elongated configuration from 0° to around 30°,
in conjunction with the influence of 8537 deformations.
In order to conduct an in-depth analysis of the vari-
ation in barrier height Vy at the elongated configuration,
we examined different sign combinations of quadrupole
(B>), hexadecapole (B;), and hexacontatetrapole (B¢) de-
formations. This investigation focuses on several actin-
ide nuclei to provide a comprehensive analysis of mag-
nitudes and signs of deformations. Considered nuclei are
examined by comparing the magnitudes of B4 and B, de-
formation, categorized into three sets: (a) B4 > Bs, (b)
Bi~ B, and (¢) By < Bs. These three sets are analyzed for
the deformation combinations specifically B;8:8:,
Y BiBs . B3BiB:, and B38,8,, as presented in Fig.5. The
deformations of the considered nuclei are taken from the
data table of Méller et al. [50], and the magnitudes of g,
and B¢ are considered with both positive and negative
signs for the analysis. The analysis of the figure reveals
that for the combinations BiB;8¢ and BiBip;, the incor-
poration of 3¢ results in a reduction of the barrier height
(Vp), whereas incorporation of §; counteracts the influ-
ence of B, thus resulting in an increase in Vz when ad-
ded to the deformed nuclei of B;4;. This result is consist-
ent across all sets of magnitudes of B84 and B, as depic-
ted in Fig.5. While the same trend of variation in barrier
height is obtained for ¢ and B; when incorporated in the
BiB; deformed nuclei. These effects of g and B; are
consistent when incorporated with B3B8, deformation
combination but specific to scenarios where B4 ~ 8¢ and
Bi < B, where the magnitude of B, is not much signific-
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Fig. 5. (color online) Schematic diagram of comparison of the barrier heights of nuclei at elongated configuration corresponding to

different combinations of deformations 838;8¢, B38i8; » B3B:8; » and B3, 8, for the considered nuclei having variation of magnitudes
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ant, as illustrated in Fig.5(b,c). However, besides this, a
minor deviation in this trend occurs when 8, > B¢ case is
considered, as shown in Fig.5(a). Contrary to expecta-
tions, the addition of 8 and B85 does not yield the anticip-
ated decrease and increase in Vz when combined with ;.
This seems to indicate that the predominance of B4 over
Bs induces a structural modification. Further explicit ana-
lysis is necessary to quantify the interactions among these
deformation parameters in the case of 8, > B¢ and to as-
sess their collective impact on the barrier characteristics,
specifically at the elongation configuration.

To further examine the influence of the 8¢ deforma-
tion in the presence of a substantial 8; deformation, we
conducted an analysis of the variations in Vj at elong-
ated configurations for several nuclei illustrated in Fig.6.
In this context, we refer to Fig.4(b), which demonstrates
that the magnitude of 3; is considerable to the magnitude
of the Bf where the presence of B, deformation contrib-
utes to the overall shape of the nuclei. As previously
mentioned, an increase in the magnitude of S is associ-
ated with a decrease in Vj, leading to elongation at an
angle of 0°. However, for lower magnitudes of 3¢, both
compression and elongation effects arise due to g; and
Bt respectively, creating a balance in the shape that res-
ults in a higher Vj than that produced solely by g;. On
the other hand, the B; deformation intensifies the com-
pression at poles but continues the elongation near 6, =~
30°, resulting in a decrease in Vp asits magnitude in-
creases. The relevant evidence for this behavior in the

nuclei is depicted in Fig.6(c,d). Meanwhile, as the mag-
nitudes of both B and B, deformations rise, the values of
Vp become comparable. This behavior is illustrated in
Fig.6(a,b), which shows the comparable and lower val-
ues of Vj for B¢ in relation to S, . Nevertheless, the relat-
ive change in Vj for 8 compared to 8; is not significant.

The above discussion explored the role of hexacontat-
etrapole deformations in heavy-ion induced reactions for
a spherical projectile (**Ca) with 8, deformed target ac-
tinide nuclei and provided significant results. Further-
more, we intend to analyze the influence of the projectile
orientation (6,) on/barrier characteristics for deformed-
deformed P-T combinations. Therefore, the variation of
the barrier height V; with respect to the orientation angle
of both the deformed target and projectile nuclei is sys-
tematically analyzed through the color-mapped contour
plots for the reactions having minimum and significant
magnitude of projectile deformation, respectively, in
Fig.7. For the reaction *Ti (8, = 0.011) +**U (8, =
0.236, By = 0.098, B¢ = -0.021), as the magnitude of B,
deformation of projectile is smaller, therefore the barrier
height V; is less sensitive to the projectile orientation and
there is no significant change in the orientation angles for
the compact and elongated configurations, as shown in
Fig.7(a). While the compact configuration with the
highest barrier height occurs at 6, =97°,6, = 110°, the
elongated configuration with the lowest barrier is ob-
served at 6, =1°,6, =0°. These configurations are de-
pendent on the target orientation i.e., a change in the pro-
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Fig. 6.

(color online) Schematic diagram of comparison of the barrier heights of different actinides with **Ca projectile at the elong-

ated configuration for the 838, 8; , and 83,8, combination of deformations in the case of 84 > Bs.
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get (6,) orientation angles for deformed—deformed P-T combinations: (a) **Ti+***U, and (b) *Cr+***Cm.

jectile orientation for such a P-T combination would not
impose any significant change in the barrier height for
both configurations. Meanwhile, for reaction **Cr (8, =
0.161, B4 = 0.048, Bs = -0.024) +***Cm (8, = 0.250, B4 =
0.039, Bs = -0.035), where both the P-T have significant
deformations, the barrier height V3 is sensitive to the ori-
entation angle of both projectile and target nuclei, as
shown in Fig.7(b). While the compact configuration with
the highest Vj is observed at 6,,6, =90°,101°, the elong-
ated configuration with the lowest Vg occurs at 6;,6, =
180°,0°. For this P-T combination, a slight change in the
projectile orientation 6; can impose a significant change
in the barrier height Vj, signifying the influence of pro-
jectile orientation 9, along with the target orientation 6,.
These findings point out the possible influence of the pro-
jectile deformation on the barrier characteristics of de-
formed-deformed P-T combinations.

Till now, we discussed the influence of 3,8,8¢ de-
formations on the barrier characteristics of spherical+de-
formed and deformed+deformed P-T nuclei, along with
their modified compact and elongated configurations. To
further examine the role of these configurations on the fu-
sion dynamics of the considered P-T combinations, we
study the total interaction potential Vy (=V-+Vy) as a
function of the separation distance R for the reaction **Ti
+ 28U, shown in Fig.8. The total interaction potential V;
directly reflects the effect of nuclear deformations and
orientations introduced through both the Coulomb poten-
tial V. and nuclear potential Vy. It is worth noting that
both the projectile, **Ti, and the target, >**U, are prolate
deformed. The Fig.8, demonstrates the variation of the V7
for the elongated and compact configurations of the de-
formed projectile and target (P-T) in comparison to the
spherical scenario. Fig.8(a) represents the case where the
projectile nucleus is considered spherical, while Fig.8(b)

includes the deformation of both projectile and target
nuclei. In both cases, the elongated configuration lowers
the barrier height V3 compared to the compact and spher-
ical configurations (P-T are spherical), thereby reducing
the extra push energy required for fusion. This lowering
of the barrier is more pronounced when projectile de-
formation is taken into account, as seen in Fig.8(b). These
results are due to the modification in the shape of the nuc-
lei by the incorporation of deformations. Consequently,
the inclusion of higher-order deformations for both pro-
jectile and target nuclei leads to a lowering of the fusion
barrier and enhances the probability of fusion at elong-
ated configurations.

So far, the impact of both the magnitude and sign (+)
of symmetric higher-order deformations (up to Bs) on
barrier characteristics, i.e. barrier height (Vp) and barrier
position (Rp), has been systematically analysed for both
spherical+deformed and deformed+deformed P-T com-
binations. In further calculations, we have implemented
these modified barrier characteristics and their corres-
ponding compact and elongated configurations to determ-
ine the capture cross-sections ¢ .,,, which reflect the com-
bined influence of hexacontatetrapole deformations S
over a wide range of incident energies E.,. , spanning
across the Coulomb barrier.

C. Capture cross-sections for spherical + deformed and
deformed+deformed projectile-target

In this section, the relevance of the obtained modi-
fied barrier characteristics and their corresponding com-
pact and elongated configurations for both spherical+de-
formed and deformed+deformed projectile—target (P-T)
combinations is exercised to calculate the capture cross-
sections. The capture cross-sections (o,,) are obtained
using the £-summed Wong model for the center of mass
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(color online) Total interaction potential V; (MeV) is represented as a function of separation distance R (fim) for the P-T com-

bination of (a) **Ti (821 = Ba1 =Bs1 = 0.00) + 28U (B = 0.236,842 = 0.098, 862 = —0.021) and (b) *Ti (821 = 0.011,84; =Bs, = 0.00) + >3U
(B2 =0.236,B42 = 0.098,B62 = —0.021). The variations of V; and R are illustrated for both elongated and compact configurations of the de-
formed nuclei, along with the case where both projectile and target are considered spherical (red line).

energies E., lying across the Coulomb barrier. Initially,
the o.,, for P-T combination **Ca + ***Pu are calculated
using B, and Bs deformed nuclei at their respective elong-
ated and compact configurations in comparison to the
available experimental data [51], as shown in Fig.9. This
figure illustrates the variation in the ¢, for the reaction
under consideration at their optimum as well as integ-
rated orientations across a range of E., .One can ob-
serve that the elongated configuration yields an enhanced
0y compared to that of the compact configuration for
both 8,8, and B,848s deformations. This difference is at-
tributed to the lower Vp for capture at the elongated con-
figuration, which is associated with the shape modifica-
tions induced by these deformations. Also, the calculated
integrated cross-sections reflect the average effect of the
cross-sections obtained at various orientations, which lie
between the compact and elongated configurations. As
the elongated configuration yields better agreement with
experimental data, therefore, the o, are calculated at
their elongated configuration for all considered P-T com-
binations involving **Ca induced reactions with **U and
28Cm, as well as *°S and **Ti induced reactions with >**U.
The obtained o, values corresponding to both configur-
ations are compared with available experimental data, as
shown in Fig.10. However, the reactions depicted in
Fig.10(a,d) exhibit center of mass energies E., lying
above the barrier, beyond the V; corresponding to the
elongated configuration for both 8, and B¢ deformations;
thus aligning well with the experimental cross-sections.
For the reaction involving *Ca+**U, the presence of
in 2*U induces the hindrance to o, for energies E.,, ly-
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Fig. 9. (color online) Schematic diagram of Capture cross-

sections (oqp) calculated using ¢-summed Wong model as a
function of E., at compact and elongated configurations of
Bops and BaBaPe along with the cross-sections integrated over
all orientations for reaction “*Ca+**‘Pu.

ing below and near the Coulomb barrier, due to increased
Vs in comparison to S; case as shown in Fig.10(b).
Meanwhile, the presence of the deformed projectile **S
with B; deformation leads to an enhancement of the cap-
ture cross-sections compared to the case with 8, deforma-
tion alone [Fig.10(c)]. Furthermore, the integrated cap-
ture cross-sections hold significant value in light of ex-
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E.n. at elongated configurations and integrated over all orientations of 8,84 and B,B48¢ for considered P-T combinations, then com-

pared with available experimental data.

perimental studies. However, the integrated cross-sec-
tions calculated for these considered reactions, which ac-
count for the averaged contributions from all P-T orienta-
tions, exhibit a suppression relative to those obtained for
the elongated configurations, as shown in Fig.10. To. ad-
dress this suppression and to determine the relevance of
all orientations of B,848¢ through integrated cross-sec-
tions from an experimental perspective, we explored the
0 using the Wong Model. The obtained results are
compared with experimental cross-sections as well as
0y calculated at the elongated configuration using the ¢-
summed Wong Model for the reaction *Ca+**U, as illus-
trated in Fig.11. The analysis reveals that the integrated
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cross-sections derived from the Wong Model offer a de-
cent agreement with experimental data as we incorporate
deformation up to B, while the integrated cross-sections
from the ¢-summed Wong Model are notably suppressed
as partial waves are included up to ¢, only. Thus, lead-
ing to the conclusion that the inclusion of Bs alongside
B4 can significantly affect o, at elongated configura-
tion and integrated orientations.

The considered reactions have experimental data
available for energies lying above the barrier. To quanti-
fy the impact of g relative to B3, we evaluate the cap-
ture cross-sections for the reaction **Ca+**°Es forming the
CN with Z=119 at centre-of-mass energies (E.,. ) ran-
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Fig. 11.

(color online) Schematic representation of capture cross-sections (o.qp) calculated using (a) ¢-summed Wong model and (b)

Wong Model as a function of E.,, . Results are shown for elongated configurations as well as integrated calculations for 8,848 de-
formed case, and compared with the available experimental data for the considered P-T combination of *Ca+>*U.
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ging from 180 to 220 MeV, spanning across the barrier.
These capture cross-sections are calculated using the
Wong formula at the elongated configurations and integ-
rated cross-sections of all the orientations of P-T of 3,3,
and B,B.8s with both positive and negative signs. As seen
in Fig.12(a), incorporating B; into (38; markedly en-
hances o.,,, whereas g introduces a noticeable suppres-
sion. Conversely, in Fig.12(b), the o, for the g;8; de-
formation, when B¢ is present, is enhanced due to vari-
ation in the Vj resulting from the shape modification in
BiB.BE case as discussed in the preceding section. On the
other hand, the integrated cross-sections follow a similar
trend to the elongated configurations upon the inclusion
of B,8;B: deformations, though they show suppression
comparatively to elongated configurations, as illustrated
in Fig.12 and discussed in the previous paragraph. Fur-
thermore, according to the analysis presented in [11, 66]
regarding the synthesis of superheavy nuclei (SHN) with
Z=120, the combination of **Ti and **’Cf as projectile and
target is identified as the most favourable for achieving
SHN with Z=120. Consequently, the estimated capture
cross-sections are derived using Wong's formula, which
incorporates higher-order deformations 8,8, and 3,886
at their elongated and integrated cross-sections, as a func-
tion of the range of center of mass energies that lie across
the Coulomb barrier, as depicted in Fig.12 (c). From this
figure, it is evident that the addition of B; in conjunction
with 85 and B; results in a reduction of the cross-sec-
tions in both configurations when compared to the scen-
ario involving solely 8387 . Nevertheless, this reduction is
less significant in the integrated configuration, due to the
collective effects from all orientations.

Furthermore, we have incorporated a comprehensive

comparison of our calculated results with those derived
from the microscopic Time-Dependent Hartree—Fock
(TDHF) method. This comparison is illustrated in the
Fig.13. In this Figure, we depict the capture cross-sec-
tions (o) calculated using the ¢-summed Wong model
and compare them with results from the Density-Con-
strained Frozen Hartree—Fock (DC-FHF) potential within
the TDHF framework [67], alongside experimental data
from [68] available for the reaction **Ca + **U forming
the compound nucleus ***Cn. This recent TDHF-based
study is particularly important as it investigates the influ-
ence of higher-order deformations (8., Ba, Bs) and their
orientation effects. on.the capture dynamics. Therefore,
this work is chosen for comparison and analysis in our
study. The results of Fig.13 indicate that cross-sections
obtained with the £-summed Wong model for the elong-
ated configuration are in closer agreement with the exper-
imental data compared to the integrated cross-sections
Oap, as - well as the integrated and elongated cross-sec-
tions obtained from the TDHF calculations.

Overall, these findings underscore the crucial role of
higher-order Bs deformations, alongside B, and By, in
modifying barrier characteristics and capture cross-sec-
tions in heavy-ion reactions that lead to the formation of
superheavy nuclei.

IV. SUMMARY

The present work offers a deep insight into the high-
er-order deformations (up to hexacontatetrapole deforma-
tions B¢) and their corresponding orientations on the syn-
thesis of superheavy nuclei (SHN). The analysis provides
an explicit role of different signs and magnitudes of 8¢ on
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Fig. 12.

(color online) Schematic diagram of Capture cross-sections (o) as a function of center-of-mass energy for the reaction (a)

®Cat+*Es (Z=119) with g4}, B381B; combinations, (b) *Ca+**Es (Z=119) with g3}, B35 combinations, (c) *'Ti+**Cf (Z=120)
calculated using the Wong's formula. The results are shown for combinations of the deformations considered at their elongated config-

uration and integrated cross-section over all orientations.
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Fig. 13.  (color online) Schematic representation of the cap-

ture cross-sections (o) obtained from the ¢£-summed Wong
model as a function of the center-of-mass energy (E.,. ) for
the reaction **Ca+**%U, evaluated at elongated configurations
and integrated over all orientations for deformations £, 84 86.
The calculated results are compared with the corresponding
experimental data and with o, values extracted from the
DC-FHF model at both configurations.

the heavy-ion induced reactions in conjunction  with
quadrupole (B,) and hexadecapole (B4) deformations of
the target nuclei. We consider the P-T combinations
BOa2Cm,  BCa+™Pu, BCat®U,  ¥S+HBU  and
®Ti+2%U leading to the formation of SHN *“Lv, *%Fl,
#Cn, ?"Hs and **Fl. The shape evolution of the de-
formed actinide target nuclei due to incorporation of
these deformations alters the barrier characteristics, i.e,

the barrier height V and barrier position Rp of the inter-
actions influencing the formation of the SHN, with vari-
ations depending on the sign of SZ. For instance, incor-
poration of 8¢ leads to simultaneous elongation along the
poles and compression at the belly, whereas incorpora-
tion of B; leads to elongation at the belly and compres-
sion along the poles in the 838; deformed nuclei. The in-
fluence of B¢ is further analyzed for three magnitude rela-
tions: (a) By > Bs, (b) B4 =~ Bs, and (c) B4 < B respectively.
The analysis indicates notable differences in the barrier
characteristics for the elongated configuration, while no
such differences are observed for the compact configura-
tion, shifting the focus towards the elongated configura-
tion, considering various combinations of £,,8;,8s de-
formations. The findings indicate that the incorporation
of B¢ deformation lowers the Vz, whereas the incorpora-
tion of B; increases the Vz when integrated with 8585 de-
formation for the cases where B4 ~ B¢ and B4 <Bs. These
results are in agreement with the previously defined beha-
viour of 8; deformed nuclei. However, for the cases with
Bi> P, deviations from this trend are observed in 8;3,5:
deformed nuclei due to the predominance of 8, over Bs.
The possible influence of the orientation of the deformed
projectile nuclei has also been discussed. These modified
barrier characteristics are then utilized to calculate the
capture cross-sections for the considered P-T combina-
tions, showing better agreement with available experi-
mental data at elongated configurations, for the synthesis
of SHE. While the above-mentioned results provide sig-
nificant understanding of the reaction dynamics of the
nuclei involving B,, B4, and B¢ deformations having the
axially symmetric shape, it will be of future interest to in-
vestigate the relevance of octupole (B;) deformations
where reflection asymmetry becomes significant.
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