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Abstract: The search for heavy elements has yielded many surprises and enhanced our knowledge of nuclear syn-
thesis and associated dynamical aspects. Although new elements and their associated isotopes have been synthes-
ized, information concerning elements with Z > 102, remains scarce. Further, concerning the transfermium elements,
the nuclear shell structure is key to ensuring nuclear stability. Hence, the shell effects have key implications on such
nuclei. Many experimental and theoretical investigations have been conducted to examine the reactions induced by
heavy ions and the subsequent decay mechanisms in the superheavy mass region. In addition, the region of transfer-
mium elements is of great interest because of the neutron/proton shell effects. Here, our objective is to analyze the
decay mechanisms of nuclides having Z = 102 nuclei, i.e., **No" and *°No". An extensive study was conducted us-
ing the dynamical cluster-decay model (DCM) based on Quantum Mechanical Fragmentation Theory (QMFT). The
focus was to investigate compound nucleus (CN) and non-compound nucleus (nCN) mechanisms, including fusion-
fission (ff), quasi-fission (QF), and fast fission (FF). The specific isotopes of interest are **No" and *’No’, with at-
tention given to the role of the center-of-mass energy (E¢m.) and angular momentum (¢). The nuclear interaction po-
tential was derived using the Skyrme energy density formalism (SEDF) with the GSkI force parameters. The capture
cross-sections were calculated using the {-summed Wong Model. The determination of the probability of compound
nucleus formation (Pcy) involved a function that is dependent upon the center-of-mass energy. The lifetimes of the ff
and QF channels were also investigated. Here, CN and nCN decay mechanisms for two isotopes of Z = 102 nobeli-
um were analyzed over the range of center-of-mass values (E. ) considering the quadrupole deformation (8;) and
optimum orientations (fqpt.) of the decaying fragments. The fragmentation potential, preformation probability, neck
length parameter, and reaction cross-sections were explored. Further, Pcy was calculated to determine the mechan-
isms of decay of **No" and **°No" isotopes. The obtained fusion—fission lifetimes and quasi-fission lifetimes are
compared with the dinuclear system (DNS) approach. Among the considered isotopes having Z = 102, i.e., the ***No’
formed in the “*Ca + **Pb reaction and >**No" formed via two different entrance channels, “*Ca+**Pb and *Ni+'*W,
show asymmetric fragmentation with the effect of 8, deformation at the energies beyond the Coulomb barrier. Of
note, the nCN (QF and FF) decay mechanisms compete with the CN fission channels. The calculations based on the
DCM show a strong correlation with the experimental data. The most probable fragments, such as '*>Sn and '*Te,
were observed near the magic shell closure at Z= 50 and N = 82. Further, as the excitation energy increased, the fu-
sion—fission and quasi-fission lifetimes decreased.
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I. INTRODUCTION

The study of superheavy elements and their synthesis
has become an important field of research recently. To
date, elements up to Z =118 and their corresponding iso-
topes have been synthesized. However, research into the
superheavy nuclei beyond fermium has received much at-
tention in the last few decades because these nuclei are
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classified as transfermium elements, whose stability is
mostly governed by shell effects. The quest to find the
heaviest element in the nuclear landscape has yielded
many surprises and expanded our understanding of nucle-
ar reactions. These reactions play a pivotal role in the ex-
tension of the Periodic Table via the synthesis of new ele-
ments and isotopes. Numerous theoretical and experi-
mental endeavors have been conducted to explore vari-

* Supported by Science Engineering Research Board (SERB), Department of Science and Technology (DST), Govt. of India (CRG/2021/001229,

CRG/2021/001144)
 E-mail: skaur61_phd19@thapar.com

©2025 Chinese Physical Society and the Institute of High Energy Physics of the Chinese Academy of Sciences and the Institute of Modern Physics of the Chinese
Academy of Sciences and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.

034107-1


http://orcid.org/0000-0002-1315-8355

Shubhpreet Kaur, Raj Kumar, Manoj K. Sharma

Chin. Phys. C 49, 034107 (2025)

ous reaction conditions and the mechanisms that govern
their subsequent decay [1-10].

The study of the disintegration of a compound nucle-
us formed through various low-energy heavy-ion reac-
tions is a fascinating topic because it facilitates the pro-
duction of new, non-natural isotopes. Furthermore, these
mechanisms provide us with a thorough understanding of
many aspects of nuclear reactions and their associated
structural effects. Decay dynamics is widely used to ex-
plore the compound (CN) and non-compound nucleus
(nCN) decay mechanisms. The equilibrated state of the
composite system in a heavy-ion reaction (HIR) is influ-
enced by several factors, including the mass asymmetry
of the entrance channel (a), Businaro—Gallone mass
asymmetry (apg) [11, 12], incident energy required to
overcome the Coulomb barrier, product of charges of the
projectile and target (ZpZr), deformations and orienta-
tions, and shell effects.

Because the colliding massive nuclei experience an
enhancement in the Coulomb repulsion, it may result in
decay of the composite system. When a composite sys-
tem reaches full equilibrium, the projectile and target
merge, resulting in the formation of a CN stage. Next,
two decay routes are possible: evaporation residue (ER)
or fusion—fission (ff) fragments. In contrast, a non-equi-
librated fused system, i.e., nCN undergoes separation by
transferring only a small number of nucleons. Con-
sequently, different decay mechanisms emerge, such as
quasi fission (QF), fast fission (FF), and pre-equilibrium
fission (PEF), etc. [13].

The fusion cross-sections in superheavy elements are
significantly suppressed by a non-equilibrium process,
i.e., QF. The process involves the formation of a dinuc-
lear system, which then divides into two fragments re-
sembling fission, with the original kinetic energy being
mostly or entirely dissipated. The QF process occurs rap-
idly, typically within 107" s, before the formation of a
compact CN. Quasi-fission can be classified into two cat-
egories based on the shell effects of the fission fragments.
Asymmetric QF occurs when there are proton shell clos-
ures at Z = 28 and 82, as well as neutron shell closures at
N =50 and 126. On the other hand, symmetric QF occurs
when there are shell closures at Z = 50 and N = 82. Fast
fission is a nuclear chain-reaction mechanism that occurs
when the potential barrier is eliminated because of a sig-
nificant centrifugal force, especially at high angular mo-
mentum. Therefore, these processes have been examined
to elucidate the decay dynamics of HIR in the heavy and
superheavy mass regions.

Lifetime estimation provides a comprehensive indica-
tion of the nuclear reaction mechanism. The attributes of
the fissioning nucleus, such as its fissility and excitation
energy, are crucial for determining the lifetime of the de-
cay process. Processes such as QF often happen within a
short timescale of around 107! to 102° s, whereas FF
takes place over longer durations, roughly 102 to 107'¢s.
The syntheses of the heavy and superheavy elements are

strongly hindered by the nCN processes that result in fast
splitting of the CN; hence, many studies have focused on
the timescales of such processes. This work aims to as-
sess the timescales of QF and ff using the dynamical
cluster-decay model (DCM) and compare the results ob-
tained using a dinuclear system (DNS) model. Further,
the lifetimes obtained in the DNS approach are greatly af-
fected by the charge of the projectile and target nuclei
and beam energy, efc. and the DNS lifetime must be suf-
ficient to achieve the complete fusion of the interacting
nuclei. Hence, lifetime calculations were carried out, and
the results are compared for both approaches. The over-
all aim of the study is to investigate the decay mechan-
isms of CN and nCN. A few examples of such can be
found in references [14—28]. Further, to study the nucle-
ar interaction potential, the Skyrme energy density form-
alism (SEDF) was used with the frozen density approx-
imations, adopting the GSkI parameters. The Skyrme
Hamiltonian density comprises distinct components that
highlight the finite characteristics of nuclei. Recent ad-
vancements in the Skyrme Hamiltonian density have in-
corporated supplementary terms that are particularly use-
ful for investigating nuclei that are highly responsive to
the isospin-rich areas and nuclei with neutron—proton
asymmetry [29]. The SEDF has been successfully ap-
plied in the light and heavy mass regions, and it would be
interesting to investigate the effect of the SEDF nuclear
potential in the superheavy mass regions and explore its
properties. The nobelium isotope nuclei fall in the super-
heavy mass region. Hence, it would be intriguing to study
its properties using the SEDF.

Recent studies related to nobelium nuclei are as fol-
lows: ff analysis of "*“+***Cm and '°O+***Pu nuclear reac-
tions across the Coulomb barrier by Vijay et al. [30] and
the assessment of the evaporation residue cross-section in
the decay of **No” formed in 2*Pb+*Ca by Niyti et al.
[31]. Recently, Yu-Hai Zhang et al. studied the produc-
tion cross-sections of ******No isotopes in fusion reac-
tions [32]. In addition, the different decay modes and
half-life of nobelium isotopes have been investigated by
Bayram et al. [33]. Further related works can be found in
references [34, 35].

There has been a significant increase in interest in the
CN and nCN mechanisms recently. This is primarily be-
cause these reactions could be used to synthesize a wide
range of heavy and superheavy elements. However,
identifying the impact of CN and nCN processes in dif-
ferent decay channels has consistently been a challenge.
This is primarily because experimental evidence related
to these channels either overlap or their contributions are
not clear. Here, the DCM using the SEDF with GSkI
parameter sets was used to analyze the respective contri-
butions of different fission decay mechanisms in the pro-
cesses of CN and nCN in **No" and **°No" isotopes of Z
= 102 nuclei over a range of center-of-mass energies
around the Coulomb barrier based on the experimental
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finding of Kozulin et al. [36] and Knyazheva et al. [37].
Further, the fission peaks and the reaction cross-sections
were studied by including deformation effect up to quad-
rupole (B,) deformations. As a result, the effect of octu-
pole deformation in the fission peaks within the low-en-
ergy range at different excitation energies can be ob-
served [38, 39].

The organization of this paper is as follows: In Sec.
II, we explain the theoretical framework employed in this
study. Specifically, the SEDF [29, 40, 41] in reference to
the DCM and the ¢-summed Wong model [42]. Addition-
ally, the probability of compound nucleus formation
(Pcy) using an energy-dependent function is considered
[36, 43], and we examine the lifetimes using a theoretical
approach derived from DNS calculations [44, 45]. Sec-
tion III comprises the findings and analysis, and Sec. IV
provides a summary of the work.

II. METHODOLOGY

A. Dynamical Cluster-decay Model (DCM)

Used to investigate the various nuclear mechanisms,
the Quantum Mechanical Fragmentation Theory
(QMFT)-based [46—48] DCM [14, 15, 20—28] is framed
around the terms of collective coordinates of mass and
charge asymmetry, relative separation coordinate, 'R', de-
formations B;;(1 =2, 3,4 and i = 1, 2), orientations of the
deformed fragments, 6; (i = 1,2), and the neck parameter
(AR). The mass and charge asymmetry are given, respect-
ively, as follows.

A| —Az
ACN ’

_Z-7

= 1
nz Zen (D

na =

Here, A; and Z; (i = 1,2) represent the mass and charge
numbers of the respective fragments, and Acy and Zqy
are the mass and charge of the compound nucleus. The
temperature-dependent collective potential energy, or
fragmentation potential, can be expressed using the relat-
ive spacing, R, and n-coordinates as below.

2 2
T2
V(R,n,T) = Z Viom(Ai, Z;, T) + Z5Ui exp ( )

T2
i=1 i=1 Ty
+Ve(R,Z;, i, 0i, T) + Vy(R, Z;, B4i 6, T)
+Vf(R,Zi’ﬁ/lisHi, T) (2)

Here ,Vipm corresponds to the liquid drop part of the
binding energy of Davidson et al. [49] and 6U is the shell
corrections from Myers and Swiatecki [50]; the value of
Ty =1.5 MeV is taken from classical work of Jensen and
Damgaard [51], V¢, Vy, and V, are the Coulomb, nuclear
interaction and angular-momentum-dependent potential
for deformed and oriented nuclei.

The preformation probability of decaying fragments
in 7-coordinates at R =R, is determined by solving the
stationary Schrodinger equation as:

- 2
Po=> WA /By—exp(-E)/T).  (3)

A
v=0 CN

with the ground and excited state solutions given by
v=0,1,2,--- and the smooth hydrodynamical mass para-
meter represented by B,,[52].

On the other hand, the barrier penetration probability,
P, of decaying fragments is determined using the WKB
integral:

2 [P
P =exp {_h / [2u(V(R) — Qer)]*dR |, 4)
R,
with

V(R.,T)=V(R,, T) =TKE(T) = Qcg )

regarding the two turning points. TKE denotes the total
kinetic energy, and Qg is the effective Q value.

Regarding CN decay, the following postulate is em-
ployed to describe the occurrence of the initial turning
point.

R.(T) = R\(T)+Ro(T) + AR(T)
=R.(T)+AR(T). (6)

The influence of neck formation, i.e., the neck length
parameter, denoted AR(T), is described in references
[53—56]. The radii are taken from references [57—61].

The temperature, 7, is related to the excitation energy,
E¢y, through the semi-empirical statistical relation as
[62]

1
Ecy = Ecm + Qin = ;ACNTZ —T (MeV). @)

For this system, we have used a = 9. The entrance
channel Q-value, denoted Q,,, is calculated using the
equation Q;, = By + B, — Ben, Where By, B, and Bcy rep-
resent the binding energies of the target, projectile, and
CN, respectively [63].

For the multipole-multipole interaction between two
separated nuclei, the Coulomb potential can be expressed
as given in references [64—66].

The equation accounting for the influence of nuclear
deformation on the radius vector ,R;, is
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Ri(@;,T) = Roi(T) [1 + Zﬂﬂﬁ”(m)} : ®)
P

Here i = 1,2, A= 2,3,4 and the variable «; represents the
angle formed between the symmetry axis and the R; of
the colliding nuclei.

In the above expression, the 7-dependence nuclear ra-
dius term Ry, (T), is given as

Roi(T) = Ry;[1 +0.00772). )

Here, Ry; =1.28A} —0.76 + 0.8A; ' in femtometers.

The angular momentum effects impart additional en-
ergy to the rotational motion, and the corresponding rota-
tional potential is computed in the references as [67, 68].
Finally, in terms of P, and P coordinates, the decay
cross-sections are computed as follows:

Cmax

n 2UE. i,
o= EZ(zml)m);k: S (10)
=0

where u is the reduced mass.

The collective clusterization process within the do-
main of DCM is used to calculate the cross-section of CN
processes, such as ER and ff (i.e., ogr and o) as

4
TR = Y 0(ALA), (11)
Ax=1
A
Tr=2 Y o(ALA), (12)
Ar=A/2-20

and for the nCN processes such as QF and FF using

Cimax

/s
Tor =15 > @+ 1Py, (13)

=0

where P;. is the penetration probability.

Cmax

e = % Y e+ 1P, (14)
s

Here, P, is calculated by solving Schrodinger wave equa-
tion for fission fragments for angular momentum varying
from £p; to {max, and the barrier penetration probability is

considered to be maximum (i.e., P = 1).
Within the field, V. and V, are widely understood,
whereas Vy lacks a specific definition. Numerous theoret-
ical frameworks exist for the computation of nuclear in-

teraction potentials. In this study, SEDF-based Vy is used
to examine the stability of the heavy and superheavy
mass area.

B. Skyrme Energy Density Formalism (SEDF)

The semi-classical extended Thomas—Fermi (ETF)
approach [69]-based, nucleus—nucleus interaction poten-
tial in SEDF is described as

Vn(R) = E(R) — E(), (15)

i.e., the potential of the interaction between two nuclei
can be characterized as a function of the separation dis-
tance. Vy(R) denotes the difference in the expected en-
ergy value, referred to as E, between the colliding nuclei
when they are overlapping at a finite separation distance
R, and when they are completely separated at R = .

E= / H(r)dr. (16)
The Skyrme Hamiltonian density is given as [29, 41]
/| 1 ) N,,
H(p,T,J):ﬂT+§l‘0 1+5X0 P — X0+§ (pn+pp)
¢ 1 1
ey Do (1 o) o= (e 3) i)
+1[t (1+1 )+t (1+l )}
ek 2X1 2 2X2 pPT
1 1 1
—Z I X1+§ -1 .X2+E (pnTn+ppr)
1 1 1
+R |:3fl <1+§x1> -l <1+§.)C2>:| (Vp)2
_L {St ( +1>+t ( +1>}
16 1\ X1 5 2\ X2 )
X [(Vpa)* +(Vp,)’]
1
_EWO [pV.J +p,V.J, +ppV.J,,]

1 1
- {E(ﬁxl +1x) )7 — E([l —12)('],2; +Ji)} .
(17)

Here, the nuclear density, kinetic energy density, and
spin—orbit density are depicted by p =p,+p,, T=T,+7, ,
and J=1J,+J, , and m denotes the nucleon mass. The
Skyrme force parameters such as «a;, xi, X3, t1, t, t3,Wp,
and A were fitted by Agrawal ef al. [40, 41], referring to
the modified version implemented for Skyrme interac-
tions, including GSkI, GSKkII, and SSk Skyrme interac-
tions.

The densities in this study were determined using the
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frozen density approximation [70]:

P =p1+pP2,
7(p) = T1(01) + T2(02),
J() = J(o1) +J(p2), (13)

with p; = pi +pip, T(0;) = T1in(0i) + Tip(Pip), and J(p;) =
J(pin) + J(pip)-

The nuclear density, p;, is calculated using the two-
parameter Fermi density distribution, as reported in refer-
ences [57, 58]:

B r-R(D)\ ™"
pi(r) = poi(T) {1+exp<w)} , (19)
with a central density of
34 aX()]™
PolT) = R { RX(T) } (20)

Here R; is the nuclear radius and g; is the surface thick-
ness parameters [57—61]. Further, the i-dependence in the
nuclear radii, R;, is shown by Eq. (9) and the 7-depend-
ence in the surface thickness parameter ¢; is introduced as
in references [62, 71]

a;(T) = a{(T = 0)[1+0.017?]. (21)

In the context of Vy, we adopt the slab approxima-
tion of semi-infinite nuclear matter with parallel surfaces
in the x-y plane. The slab is in motion along the z-direc-
tion and is separated by a distance, s, with a minimum
separation value denoted s, [59, 72]. The expression for
the interaction potential, Vy(R), between two distant nuc-
lei, where R = R; + R, + s, is given by

Vy(R) = ZHE/OO e(s)ds

)

= ZnE/H(p,r,j)— [H(p1,71,J1) + H(02,72,J0)]

= VP(R) + V](R)
(22)

R is the mean curvature radius, and e(s)is the interaction
energy per unit area between the two slabs.

Moreover, Vp(R) and V;(R) represent the components
of the nuclear interaction potential that are independent
and dependent on the spin density, respectively.

In this work, we have used two different approxima-
tions to calculate the reaction cross-sections. The WKB
approximation and the Hill-Wheeler approximations are

two different approaches developed to calculate the barri-
er transmission probabilities. The Hill-Wheeler approx-
imation is a purely parabolic barrier and is appreciated for
its simplicity and numerical efficiency. However, above
the barrier energies, the cross-sections merge for both ap-
proximations. Hence, we applied the Hill-Wheeler ap-
proximation to compute the capture cross-sections.

C. The ¢{-summed extended-Wong Model

The cross-section for fusion/capture between two ori-
entated and deformed nuclei can be determined by con-
sidering the orientation angles, 6; , and the center of mass
energy, E.n., of the collision in the ¢-summed Wong
model [73], which is calculated as follows in terms of an-
gular momentum, ¢, partial waves:

Cmax

C(Een)= 55 D QU+ DP(Ecn 0. (23)
=0

P, is the transmission coefficient for each ¢, which char-
acterizes the penetration of the barrier, and £, is the
2UEcm,

maximum angular momentum, with k = R and u
is the reduced mass [73].

Probability of CN formation, Pcy;:

The probability of obtaining a completely fused com-
pound system after the capture stage is referred to as the
probability of CN formation (Pcy). In the superheavy
mass region, the probability of formation of a CN de-
creases as the atomic number increases. Here, the energy
dependence of fusion probability approximated by a

simple relationship as [36, 43]

24

Here, V} is the compound nucleus excitation energy at
Ecm ~ Coulomb barrier, E* is the compound nucleus ex-
citation energy, and A = 4 MeV for these calculations.
Moreover, the parameters used in calculating P, are taken
from reference [43].

Fusion-fission (ff) and Quasi fission (QF) lifetimes:

Further, the lifetimes for ff and QF are examined us-
ing the theoretical approach, as given by [44, 45]

1
Amor

(25

TlQF =

where Aggr isthe ff or QF decay constant and is ex-
pressed as
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Amor =

W (L)Z , T
2rwmor on) T Mer T o

—Bgor

X exp (26)

Here, w,, is the frequency of the harmonic oscillator,
weor refers to the frequency of the inverted harmonic os-
cillator, Bor is the barrier corresponding to ff and QF, T
denotes an average width taken as 2 MeV, and T is the
temperature in megaelectronvolts.

The DCM equations were employed for the computa-
tion of cross-sections pertaining to different CN and nCN
processes, as well as the determination of lifetimes asso-
ciated with ff and QF, as discussed in Sec. II1.

III. CALCULATIONS AND DISCUSSION

During heavy-ion processes, the nuclei contact one
other as a result of Coulomb interactions. In context to
the center-of-mass system, if the projectile possesses suf-
ficient energy and the appropriate angular momentum,
the nuclei can penetrate the Coulomb barrier and become
confined within the potential well. This results in a com-
pound nucleus is in a state of complete equilibrium, also
known as the CN process. Alternatively, if the captured
system does not undergo significant evolution within the
fusion pocket, mechanisms such as QF and FF become
relevant. In the present analysis, we carried out our calcu-
lations to investigate the decay mechanisms of ***No" and
»No" isotopes having Z =102 nobelium nuclei over a
broad range of center-of-mass energies near and above
the Coulomb barrier. The DCM was used to examine the
contributions of CN and nCN in fission. The interaction
potential was obtained by applying the SEDF with GSkI
force parameters. The included deformations extend up to
the quadrupole (8,) moment, with the optimum orienta-
tion ( 6™). Using our detailed analysis, we aimed to study
the decay mechanism (ff, QF, or FF) of the potential en-
ergy surfaces (PES); preformation factor, Py; penetrabil-
ity, P; neck length parameters; and scattering potential,
V(R). Further, the capture cross-sections, were studied
using the -summed Wong model for comparison with
the existing experimental data. Moreover, the decay
cross-sections for the above stated processes were ob-
tained and compared with the available experimental
findings [36, 37]. In addition, ff and QF lifetimes were
estimated, and Py was computed.

Here, we will discuss the decay of the ***No" compos-
ite system formed via “°Ca + *®*Pb reaction. Figure 1
shows the scattering potential at £ = 0x for **Ca + ***Pb
reaction at E., = 187.03 MeV with respect to R (fm). It
is crucial to note that the first turning point, R, , (which is
equal to R, + R, + AR) represents the distance between the
nuclei at which the fragments are assumed to have

already preformed and begun to penetrate the interaction
barrier. Similarly, R,, the second turning point is the
point at which the process of penetrating the interaction
barrier is fully completed. The QF barrier is marked and
is defined as the potential difference between the barrier,
Vg, and the potential at the first turning point, V(R,),
which depends on the angular momentum of the incom-
ing channel at the specified incident energy.

To evaluate the impact of different mechanisms on
the synthesis of superheavy nuclei, we computed the Pcy
for both ***No" and *’No” nuclei. If the value of Py ~ 1,
then the reaction is classified as a CN reaction. The devi-
ation of Py from unity indicates the potential to investig-
ate the significance of the nCN process. The calculated
Py for the two isotopes of **No” and **’No” having Z =
102 nuclei with three different entrance channels, i.e.,
NCa+?%Pb, “Ca+*Pb, and *Ni+'*W are 3.40 x 107,
1.94 x 107, and 1.06 x 107 respectively. When the value
of Pcy isless than 1 in the calculated data, the occur-
rence of nCN processes is suggested. Hence, the contri-
butions of o, oqr, and o, are obtained such that dy-
namics of superheavy systems can be understood.

A. Fusion—fission (ff) and nCN quasi fission (QF) and
fast fission (FF) cross sections of the >*No" and
»'No" nuclei.

Experimental data were employed to assess the ff,
QF, and FF cross-sections for the **No” and **°No" nuc-
lei. These calculations were performed via the DCM
framework. Additionally, the capture cross-section
(T capure) Was studied by utilizing the £-summed Wong
model. The calculations were carried out by considering
the hot optimum orientations at the energies around the

170 ————

T T
40Ca+208Pb . 248N0*4>A1+A2

160 |- CN

150

Scattering Potential V (MeV)

140

10

Fig. 1.  (color online) Calculated scattering potential, ¥
(MeV), as a function of range, R (fm), for the entrance chan-
nel of 2*No" nuclei at ¢ = 0n at E., = 187.03 MeV.

034107-6



Investigation of decay mechanisms and associated aspects of exotic Nobelium isotopes using...

Chin. Phys. C 49, 034107 (2025)

barrier of the decay fragments. Initially, we discuss the
*¥No" nucleus. Figure 2 shows the fragmentation poten-
tial, V (MeV), for the decay of ***No" nuclei at three E,,
= 187.03, 209.67, and 239.03 MeV for the ¢, values of
angular momentum obtained from the most probable
fragment for which the penetrability becomes equal to
one (i.e., P = 1). The T-dependent collective potential en-
ergy calculation provides information about the relative
contributions of potential decay fragments. (i) From the
figure, it is evident that with increase in temperature, the
magnitude of the fragmentation potential increases,
whereas the structure remains similar as we move from
lower energies to the higher excitation energies. (ii) The
most probable decaying fragments are clearly indicated in
the figure, and it can be seen that the decay fragments re-
main the same independent of the expectation energy.
(iii) The angular momentum for the highest E. ,, is great-
er than for the other E_,, values, which could be attrib-
uted to the fact that a higher E., requires more angular
momentum to decay. (iv) The configuration of fragment-
ation potential for light mass fragments (LPs) and inter-
mediate mass fragments (IMFs) and the fission region re-
mains similar at extreme energies.

Figure 3 delves deeper into the examination of decay
by plotting the preformation probability (P,) based on the
fragment mass, A; (i = 1,2). The analysis illustrates that
the fission contribution becomes more pronounced as the
¢ values increase. When examining the preformation pro-
file at different E. ,, , it is clear that the value of P, varies,
whereas the distribution of mass for the fission fragments
remains nearly equal and is asymmetric, regardless of the
E.n.. Crucially, these secondary peaks can be linked to
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Fig. 2. (color online) Fragmentation potential, V(A,), for the
No" nuclear system formed via the *°Ca + 2Pb reaction
system at E., = 187.03, 209.67, and 239.03 MeV, using the
fixed value of AR for the maximum ¢y, values of the angular
momentum.

the potential for the QF process. Further, the most prob-
able fragments and their complimentary fragments ob-
served on the asymmetric peaks remain similar as we
move from the lowest to the highest E. . Furthermore,
we emphasize that the fragment with maximum probabil-
ity to be preformed is '*°Sn and its complementary frag-
ment, '®Te. Both emitted fragments are near the magic
numbers Z = 50 and N = 82, and hence, the shell effects
are key to the asymmetric fission distribution.

Based on our understanding of the potential for frag-
mentation and the preformation analysis, we aimed to
analyze the conflicting CN and nCN decay processes in
the ***No" nucleus. A recent investigation involved exam-
ing the decay mechanism of Z = 102 nuclei using °Ca +
2%8Ph reaction with DCM. 0y incorporates the contri-
butions from CN and nCN processes, ie.,
Ocapure = O0cn +0nen. The current study focuses on the
Teapture TOr the ***No” nucleus corresponding the E.,, cal-
culated using the ¢-summed Wong Model, and the £,
values are determined via the sharp cutoff model [74].
Table 1 clearly shows that oypue increase with the in-
crease in E.,, . The conclusions derived within the theor-
etical approach are consistent with the experimental data.
Additionally, the formation of a compound system in-
volves two components: the ER and ff cross-sections.
Mathematically, this can be expressed as ocy = O +07g.
Alternatively, we can address the hindrance in the CN
formation by considering the nCN cross-sections (o-ycn),
which consider the contributions of both QF and FF pro-
cesses. In other words, we can express o,cn as the sum of
ogr and oge. Thus, we examined CN-fission. The frag-
ments chosen for **No" nuclei were within the limits of

10! T T T T T T T T T

o f SR _f
10" LY ';

o R ™ 155G

102 kb i i N h

B\, G i :.-\ s §

=103 \ /£ KT ]

E 10 r ! 90 S W fss z

C Y e

2 PR gk \

S N N ]

s10°F I ¢ i &Y by 1

E o7 A e S 55 V57 I L

) E [FA LN . o3t 3

1 o A T=1.64 MeV ‘. b E

T S A _ . )

& 1 —---T=193 MeV Gl
10° F ; i S
oof ot 0Ca+2pb N0 A A, i} ]
10" :‘":l' L 1 L 1 L 1 N 1 "‘.‘ 3

80 100 120 140 160 180
Fragment Mass A, (i=1,2)
Fig. 3. (color online) Fragment preformation probability, P,

versus the fragment mass A; (i = 1,2) for the decay of **No"
nuclei including the p,-deformation effects, plotted with a
fixed neck-length parameter and the highest value of the angu-
lar momentum.
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A/2 £ 20 for correspondence with existing data.

In the QF phenomenon, the projectile is captured by
the target nucleus and a non-equilibrated compound sys-
tem is formed. This system remains confined within the
potential well for a brief period. The QF contributions are
calculated by considering the most probable fragments
that appear on the shoulders of the preformation probabil-
ity, Py, from Fig. 3, and their complementary fragments,
and further considering the preformation probability of
each fragment on the peak and distributing the probabil-
ity among all the considered fragments. The FF process
results in the formation of a mononucleus that has suc-
cessfully withstood the QF process. Of note, the angular
momentum of the mononucleus is significant. At high an-
gular momentum, the rotating system's fission barrier be-
comes insignificant because of the enhanced rotational
energy. Therefore, a highly energetic and rapidly rotating
nucleus experiences rapid fission, resulting in the produc-
tion of two fission fragments, which resemble those pro-
duced in the FF process. For fission fragments (A, =
90-124 and the complementary fragments), the Sch-
rodinger equation must be solved to obtain the P, for FF.
The ¢ values range from {p¢ to ., Where s denotes
the angular momentum at which the fission barrier ceases
to exist. In this case, the possibility of barrier penetration
is deemed to be maximal, i.e., P = 1. Clearly, Table 1
shows that the contribution of the CN process from ff
first increases and then decreases as we move from low-
est to highest E.,,, whereas in nCN processes, i.e., QF
and FF, the contribution is large at higher energies. Fur-
ther, Table 1 provides the estimated cross-sections for the
DCM, together with the associated values of AR, T, and
Cmax values, E¢y and E.,,, and Oepue Obtained by em-
ploying the ¢-summed Wong model for the decay of the
*¥No" nucleus. The DCM-derived cross-sections of the
ff, QF, and FF processes and capture cross-sections show
excellent concordance with the experimentally obtained
data at all energy levels. Moreover, we obtained the 2n
channel evaporation cross-sections for >**No" nuclei. The
aforementioned observed cross-sections were determined
by the optimization of AR. Accounting for the contribu-
tion of AR in the decay process is crucial because it leads
to shape elongation in the compound system, resulting in
the development of a neck between the nascent frag-

Table 1.

ments. The presence of a neck region in the dinuclear sys-
tem allows for the free movement of nucleons between
the nuclei. This creates an opportunity for significant exit
channels by altering the interaction barrier [75, 76]. The
flow of mass drift and the adjustment of the barrier are
governed by the neck length, AR. According to Fig. 4,
there is a clear correlation between the increase in AR and
an increased E.,, . Further, as a result of its lower-barrier
characteristics, the extended GSkI force necessitates a
greater AR value, but it remains within the maximum al-
lowable value. The value of AR gives an idea about the
temporal scale of the fragments' reaction time; that is, the
reaction time will be faster when the value of AR is high-
er. Because the QF process takes place faster than the ff
and FF, AR is slightly higher for QF than the ff and FF.
Further, the impact of different entrance channel mass
asymmetries on the synthesis of *’No” nucleus was as-
sessed. This was achieved by considering two different
incoming channels: **Ca + *Pb and *Ni + "W, at dif-
ferent E.,, = 187.04 and 231.38 MeV. A comparison of
the fragmentation potential, V (in MeV), is presented
versus fragment mass in Fig. 5. The fragmentation poten-
tial shows a roughly identical variation for both entrance
channels, with a slightly greater magnitude seen for the
#Ca + *Pb case compared to **Ni + "*W. The deforma-
tion effect shows the asymmetric nature of the fragmenta-
tion potential for both considered entrance channels in the
analysis. According to the calculations based on the
DCM, the fragmentation characteristics of ER, IMEF,
heavy HMF, and fission fragments are nearly identical.
This means that the choice of entrance channel does not
have any significant impact on the fragmentation behavi-
or. Furthermore, the minima in the fragmentation poten-
tial for both entrance channels show a similar pattern.
The results are elucidated in relation to the relative pre-
formation probability, P,. Figure 6 illustrates the com-
puted preformation probability for the decay of **’No” at
different ¢,,,x values and their corresponding E.,, values.
As shown, the preformation probability shows a slight
variation in magnitude for the different entrance chan-
nels, whereas the structure remains almost similar and
even overlaps each other in the fission region irrespect-
ive of the choice of entrance channels. Additionally, both
cases have almost symmetrical fission peaks, and the con-

DCM-measured evaporation residue, o,, fusion-fission, o, quasi-fission oqr, and fast fission, o cross-sections; as well

as capture Cross-sections, oy, ; as calculated using the (—summed Wong Model for 2%No" nucleus at different E.,, , along with the
relevant AR, T, and {max values, compared with experimental data [36].

DCM

DCM Expt. DCM Expt. DCM Expt.

Eem. Eex r tmax DR oo T O'g‘xpt' ARgr R OQF ARpr  Opp Ok O capt. O capt.
MeV  Mev Mev [ /fm /nb /mb /mb /fm /mb /mb /fm /mb /mb /mb /mb
187.03 49 135 123 214 000771 160.11 159 227 5349 53 - - - 2120 212
20967 73 1.64 134 221 113 30625 305 229 6290 62 158 25335 253 62735 620
23819 101 193 147 222 442 28023 280 230 79.10 79 177 57544 572 93996 931
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tributing fission fragments remain the same. Furthermore,
the fragments with maximum probability to be pre-
formed, i.e., '*Sn and its complementary fragment '*Te
are close to Z =50 and N = 82 magic shell closure. Table
2 provides information related to the various decay
modes and their corresponding cross-sections, €p., val-
ues, neck length parameter for for both incoming chan-
nels obtained using the GSkI force parameters. Table 2
clearly demonstrates that the ¢, values and the AR are
comparable for both incoming channels. This suggests
that the decay of *°No" is not influenced by entrance
channel effects. In addition, the calculations reveal that
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Fig. 4. (color online) Neck length parameter, AR (fm), with

respect to E.,, (MeV) optimized for ff, QF, and FF using the
GSKI Skyrme force.
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Fig. 5. (color online) Variation of Fragmentation potential,

V(Ay), for the parent nucleus *’No" formed in the **Ca + 2*Pb
and *Ni + "W reaction channels at €, values and best-fit-
ted values of the neck length parameter, AR.

the contribution of the CN ff process is greater in the case
of the *Ca + 2%Pb reaction, whereas the nCN QF process
appears to compete with ff in the *Ni + "W reaction
channel. Ultimately, the investigation of the decay of
2No" resulting from the collision of */Ca and *Ni beams
with ?Pb and '"°W targets, respectively, was carried out
using the DCM framework, considering the impact of de-
formation. From the findings, it can be concluded that the
decay process is independent of formation approach or
range of excitation energies.

B. Fusion-fission (ff) and quasi-fission (QF) lifetimes:

This subsection focuses on the lifetimes of the ff and
QF processes. Fission is a dynamic phenomenon where
the nucleus undergoes deformation until it reaches a point
of scission. Regarding significance, the timescale of the
induced fission process is crucial, both theoretically and
experimentally, because it is key to comprehend the nuc-
lear reaction process. The overall duration of a fission
process can be conceptually separated into two primary
components: the time required for the nucleus to cross the
saddle point, and the time it takes for the nucleus to de-
form from the saddle point to the scission point. The QF
barrier depends upon the Z;Z, product, which in turn in-
fluences its lifetime. Hence, the available time may not be
sufficient for conversion into a CN, resulting in the oc-
currence of the QF process. As a result, the duration of a
partially equilibrated nuclear complex should be shorter
than that of a fully equilibrated compound nuclear chan-
nel. Thus, the fission rate and fission lifetime for the
asymmetric reaction, such as “*Ca + 2*Pb, *Ca + *Pb
and symmetric “Ni + "W reactions, which leads to the
formation of **No” and **’No” having Z = 102 nuclei,
were calculated. Table 3, shows the comparison of ff and
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Fig. 6. (color online) Same as Fig. 5 but the preformation

probability, Py, varies with fragment mass, A; (i = 1,2).
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Table 2.

DCM-calculated fusion fission, o, quasi-fission, oqr, and fast-fission, ogr , cross-sections; as well as capture cross-sec-

tions ocp. calculated using the ¢-summed Wong Model in the decay of *’No" nucleus formed in *Ca + **Pb and *Ni + "W reaction

channels at different center-of-mass energies, E. . , with the best fitted neck length AR, T, and ¢y, values.

Reaction Ec¢m /MeV Eg/MeV T/MeV Cimax /1 ARg/fm og/mb ARqr/fm oQr/mb Ocapt./mb
4Ca + 2%pp 187.04 38.69 1.19 85 2.19 109.34 2.33 27.23 140
%N + 18°W 231.38 40 1.21 86 2.10 22.54 2.41 66.99 89.7
Table 3. Comparison of fusion—fission lifetime, ¢, and quasi-fission lifetime, rqr, for different formation reactions of 2%No" and

20No" at different excitation energies using the DCM and DNS approach.

Reaction Ecm./MeV El/MeV T/MeV g (DCM)/s™! ¢ (DNS)/s™ 7oF (DCM)/s™ 7qr (DNS)/s™
“Ca + 2pb 187.03 49 1.35 1.64 x 107" 498 x 107" 3.42x107 541 %102
209.67 73 1.64 6.91 x 10716 239x 107" 3.68 x 107! 3.12% 107
238.19 101 1.93 1.52x 107" 1.45x 107" 3.93x 10 2,14 x 107
#Ca + 2P 187.04 38.69 1.19 549 x 1077 1.50 x 107" 3.01 x 107! 1.46 x 1072
#Ni + %W 231.38 40 1.21 4.85x1077 1.18 x 107" 1.18 x 1072 1.41 x 107

QF lifetime 7¢ / Tor using the EYy within the DCM and
DNS approaches [73, 74]. The DCM and DNS ap-
proaches use different parameters to calculate the life-
time, thus leading to the observed difference in mag-
nitude. In the DCM, the lifetime depends on three major
factors, i.e., the preformation probability, Py, penetrabil-
ity, P, and barrier assault frequency, v,, whereas in DNS
approach is greatly influenced by the charge number of
the projectile and target nuclei, beam energy, efc. As
shown in Table 3 , the calculations carried out for the
DNS cases are consistent with the trend that lifetime de-
creases with the increase in the excitation energy Efy,
whereas in DCM analysis, the lifetime remains almost
constant. There is a noticeable trend that ff and QF life-
time 74 / Tqr decreases with increase in the Efy. There-
fore, the stability of a massive CN decreases as its excita-
tion energy increases, primarily because the fission barri-
er is reduced. On comparing the lifetimes obtained using
the DCM and DNS approaches, there is a small mag-
nitude difference for the ff channel, whereas the QF life-
times are almost the same for both approaches. Thus, the
chance for survival of the large CN decreases as the fis-
sion barrier falls with the increase in the E¢y of the res-
ulting compound system.

IV. SUMMARY AND CONCLUSIONS

Using the DCM, the competing decay mechanisms
(ff, QF, and FF) leading to ******No" isotopes having Z =
102 nucleus reactions were investigated using CN and
nCN processes. The investigation was conducted at incid-
ent energies around the barrier, considering the quadru-
pole deformation using the optimum orientation ap-
proach. The calculated ff, QF, FF, and capture cross-sec-
tions showed satisfactory agreement with the experiment-
al data. The existence of the nCN channel is regulated by
the capture process. Further, the CN formation probabil-
ity (Pcn < 1) clarifies that nCN processes, such as QF and
FF, compete with the CN ff process. A comparative ana-
lysis was conducted to assess the fragmentation and pre-
formation profiles of the isotopes **No" and **No". The
contribution of QF and FF start competing with the ff
process at energies around the barrier because of the re-
duction in the fission barrier. The most probable frag-
ments in mass distribution have been identified near the
magic shell closure at Z= 50 and N = 82 leading to asym-
metric fragmentation. Finally, the ff and QF lifetimes
were estimated and compared with the DNS approach.
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