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For the first time, within the framework of the dynamical cluster-decay model (DCM) by Gupta and col-
laborators, we provide reasonable estimations for cross sections of nuclear systems which will give rise to new
superheavy elements. The important point and the new approach presented in this contribution are the theoretical
calculations done without tracking any reference to experimental data; i.e., these are independent calculations.
We will provide a method for reasonable estimates for the cross sections of unobserved possible decay channels
in a nuclear reaction. We will demonstrate the capability of the DCM to give a probable/sensible range of
the cross section. This exercise of theoretical calculations within the DCM may benefit experiments for the
discovery of new superheavy elements. Our results can provide hints to the experimentalist to choose proper
incoming channels in order to perform experiments. We have applied this new strategy to calculate the cross
sections of the already studied compound nuclei Z = 116 and 118 via hot fusion reactions, and observed that
our calculated range of cross sections has given values within the reach of experimental studies. Both compound
nuclei were studied earlier by one of the authors for the angle ® = 0°, including quadrupole deformations, f,;
alone with “optimum” orientations (6y.). Here, we consider the same specifications in order to study the new
approach using the DCM. The principal aim of this work is to study the capability of the DCM to determine the

cross sections for new elements, where experimental data are not available.
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Introduction. Researchers are pursuing new discoveries of
superheavy elements (SHEs) and much experimental progress
has been made regarding their synthesis and related stability
aspects. At present the heaviest element observed is Z = 118,
known as ognesson (Og). Both theoreticians and experimen-
talists are working in this field to find the feasible incoming
channels for the synthesis of new superheavy elements. In
nuclear physics, several theoretical models exist which move
in this direction to give predicted cross sections. In this work
we discuss the predictions of new elements within the frame-
work of the dynamical cluster-decay model (DCM). The focus
of this work is to examine the most desirable characteristic
of the DCM, i.e., its capability of calculating realistic or
approximate cross sections for the discovery of new super-
heavy elements. This will give us an idea which incoming
channel will accommodate new discoveries. We have taken
two reactions forming Z = 116 (A =293) [1] and Z = 118
(A = 297) [2] through the incoming channels 2**Cm + *¥Ca
and **Cf + *8Ca, respectively. The experimental cross sec-
tions are 0.3:1):27 pb for the 3n decay channel and 0.9 pb
for the 2n decay channel in Z = 118 and 116, respectively.
Now, we have to check whether or not our estimations are
close to these numbers. The purpose using these two reactions
is to cross-check our results and consequently to verify the
applicability of our model. Because these reactions are exper-
imentally known, it will help us to test our new procedure.

2469-9985/2022/106(3)/L031601(6)

L031601-1

In this study we have applied the coplanar degree of
freedom (azimuthal angle; ® = 0°) (see Fig. 1) along with
the higher-multipole deformations 8;; (A =2,3,4;i =1, 2),
using the DCM. In our previously published paper, we dis-
cussed the proficiency of the neck-length parameter (or AR
or reaction-time scale) in order to calculate the cross sec-
tions for still unobserved decay channels [3]. Again in this
contribution we are talking about the same capability of
AR, but with a new idea. More specifically, in this work
we are calculating AR without pursuing the experimental
number, in order to check, without any experimental data,
whether or not this parameter is capable of giving any logical
number.

We have calculated the cross sections of decay channels up
to the allowed maximum limit of AR, i.e., =2 fm. The neck-
length parameter (AR), or equivalently the barrier lowering
parameter (an inbuilt property of the DCM) [4], is the back-
bone of our model. In order to study the relative contributions
of various components (evaporation residues (ERs), fusion-
fission (ff), and quasifission (qf or capture) to the fusion cross
section (Ofusion), Gupta and Collaborators [5-9] introduced
the concept of relative preformation probability Py of various
decay products, in their so-called the dynamical cluster-decay
model. This statistical factor (Py) gives the structural informa-
tion of a compound nucleus (CN). Because of this factor the
DCM is more reliable than other fission models.
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FIG. 1. Schematic configurations of two (equal/unequal) axially
symmetric deformed, oriented nuclei, lying in the same plane and for
various 6, and 6, values in the range 0° to 180°. The 0’s are measured
counterclockwise from the colliding axis and the angles « clockwise
from the symmetry axis. For details see Ref. [27].

The fusion-fission process could be said to be well estab-
lished in light and medium mass dinuclear systems [10], and
both BUSCO and GEMINI codes can be used for the ff process,
as done in Ref. [11], though with not much success. This
failure may be because the statistical fission models, for which
the fission-decay of a CN is determined by the phase space
(level density) available at the saddle- or scission-point config-
uration, are lacking in terms of not including more explicitly
the structure effects of the compound nucleus (CN). Using
Py, the proposed DCM treats all the processes of evaporation
residues (ERs), IMFs, and ff within the framework of the
statistical model of the decay of hot and rotating nuclei.

In the case of SHEs, we need to study an important quan-
tity, compound nucleus survival probability (Py,y), which
helps us to get an idea about the survival of the compound
nucleus against fission, i.e., the probability of a fused system
deexciting by emission of neutrons or light particles or evap-
oration residues (ERs) rather than fission. In the present work
we are dealing with ERs and the ff region simultaneously, and
both are very important for new synthesis. In a recent study,
authors of the Ref. [12] discussed their dynamical investiga-
tion to understand the fission process based on the analysis
of Langevin trajectories in nuclear deformation space. This
study will be helpful for us if we would like to discuss our
results with compact theta (6) and noncoplanar configurations
(® # 0). The aim of this study is to give sensible predicted
cross sections in the case of unobserved new elements. A
number of theoretical works have been published studying
synthesis of SHEs, but our idea is somewhat different.

In the case of Z = 120 [4] we have calculated the evapo-
ration residues using the approach of Ref. [13], and we found
there is a similarity between the AR of Z = 118 and Z = 120
(discussed in the calculations section). In our calculations, we
have followed the important theoretical concepts concerning
the synthesis of SHEs to determine the values of AR. That
is, we determine whether or not evaporation residue decay is
possible in the case of SHEs, and and the number and type of
ERs. Using the DCM, we have already studied a number of

reactions for superheavy elements and all results are in good
agreement with the experimental data. Therefore, from the
DCM literature on SHEs, we have found a particular range
for the neck-length parameter, which always is different for
light mass systems compared to heavy mass and superheavy
elements. Another important point of this work is considering
proper incoming channels for the synthesis of new SHEs. We
have published a few papers regarding compound nucleus
fusion and survival probability, Pcy and Py, respectively
[14—17]. On the basis of these quantities we can decide about
the probable target and projectile combinations to consider for
new discoveries.

The dynamical cluster-decay model (DCM). The dynam-
ical cluster-decay model (DCM) of Gupta and collaborators
[8,9] is based on the dynamical or quantum mechanical frag-
mentation theory (QMFT), in turn based on the two-center
shell model (TCSM), used as an average two-body poten-
tial within the Strutinsky macroscopic-microscopic method.
This theory uses the collective coordinates of mass (and
charge) asymmetries n (and 7nz) [n = (A — A2)/(A] + A»),
nz = (Zy — 2,)/(Z, + Z)], and relative separation R, with
multipole deformations up to hexadecupole B;; (A = 2, 3, 4;
i = 1,2) and orientations 6;. In terms of these coordinates,
we define the compound nucleus decay cross section for £
partial waves as the compound nucleus decay/formation cross
section of fragments for £ partial waves, within the DCM for
each pair of exit/decay channels:

T o vpp, ko 2R
O =13 2 CLFDRP k=\[=5" (1)
=0

where P, is the fragment preformation probability, referring to
the n motion at fixed R value, and P is the the barrier penetra-
bility, referring to R motion for each 7 value, both dependent
on T and £. The reduced mass u = mA;A,/(A; + Ay) with
m as the nucleon mass. £y, is the maximum angular mo-
mentum, defined for light-particle evaporation residue cross
section ogg — 0. Then, it follows from (1) that

4 4
OER = Z O(A,.4,) O = ZUm ()
x=1

Ar=1
and
A/2+420
o =2 Y o 3)
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Thus, using Eq. (1) in Egs. (2) and (3), the DCM predicts
not only the total fusion cross section oyygjon, i.€., the sum
of the cross sections of constituents ER, ff, and qf, but also
includes the cross sections of ogg, ofs and o,¢ channels. In
Eq. (1), n and R motions are taken to be decoupled, though
in general they are coupled, as justified in Refs. [18-21], such
that the stationary Schrodinger equation for the coupled n and
R coordinates (with 1z coordinate minimized, and hence kept
fixed) is given by

H(n, R)Y(n, R) = E¥ (1, R) “
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FIG. 2. Scattering potential V (R) for 3n emission from *’Og*
formed in >*Cf +*3Ca at E.,, = 193.561 MeV, plotted for £, =
1427 and zero values. The definitions of the first turning point R,,

equivalently the neck-length parameter, and “barrier lowering” are
also shown.

with the Hamiltonian constructed as

H®n.R) =Em) +ER)+E®".R)
+Vm)+VR)+V(n,R). (5)

Here, E refers to the kinetic energy expressed in terms of
mass parameters B;;; I, j = R, 1 [22-24]. V(n, R, T), the T-
dependent collective potential energy, is calculated as per
the Strutinsky renormalization procedure (B = Vipy + 6U),
using the 7'-dependent liquid drop model energy Vypy (T) of
Davidson ef al. [25]. For the kinetic energy part, the mass
parameters B, used are the smooth classical hydrodynamical
masses [22]. Then, the Hamiltonian (5), for each £ value, on
using the Pauli-Podolsky prescription [26], takes the form

. ”ooa 1 9 ”ooa 1 9
2,/B,m 817 m 377 2'\/BRR oR VBRR JR
+V(m) +V(R). (6)

The Schrodinger equation (4) becomes separable in 1 and
R coordinates, and its solutions are |y (n)|> and |V (R)|?,
respectively, providing the probabilities Py and P of Eq. (1).
Py(A;) is obtained at a fixed R = R, (see Fig. 2), the first
turning point(s) of the penetration path(s) for different ¢ val-
ues. Thus, R, introduces a T-dependent parameter AR(T),
the neck-length parameter, which assimilates the deformation
and neck formation effects between two nuclei [28-30]. Note
that AR introduces an inbuilt property of “barrier lowering”
[8,9]. Next, the penetrability P is given by the WKB integral,
which is solved analytically [31,32], instead of by solving the
corresponding radial Schroédinger equation in R. For detailed
methodology, see Refs. [14,15].

Calculations and results. In this section, we will present
and discuss our calculations using the dynamical cluster-
decay model (DCM) in order to study its application for
the discovery of new elements. We have taken two super-
heavy compound nuclei Z =116 (A =293) [1] and 118
(A = 297) [2], via the incoming channels ***Cm +*¥Ca and
29Cf 4 *8Ca, respectively. In this work, our DCM calcula-
tions have shown potential for the prediction of approximate
and sensible cross sections for new discoveries. We have stud-
ied these reactions within the framework of the DCM along
with the following set of parameters: coplanar degree of free-
dom & = 0°, higher-multipole deformations 8;; (A = 2, 3, 4;
i =1,2), and “optimum” orientations (6. ). In our previous
work for the case of Z = 122 [33], we calculated the cross
sections for unobserved evaporation residues (ERs) at all en-
ergies. There, we had only one experimental data point and at
other center-of-mass energies (E, ,, ) we calculated the DCM-
predicted or estimated cross sections. In the case of '*°Pt*,
we have did similar exercise for one E.,, where we had
data at four other energies, and our DCM-calculated number
followed the same trend other results. Now, In this work we
have taken a different approach: instead of calculating AR by
adjusting to the experimental data (as done in previous contri-
butions), we have extracted the cross sections according to the
values of AR (emerging from the concepts of the DCM). Then
the results of our calculations are in good agreement with the
experimental data. We performed our calculations according
to the theoretical aspects in the case of SHEs and using the
ideas about the decay processes within the framework of the
DCM. In the calculated results for SHEs via the DCM, we
have noticed a particular tendency of neck-length parameter
(AR) to move in a fixed range, i.e., 1.2 to 2.0 fm. The max-
imum value of AR depends upon the penetration probability
P, which can not be unity, and also on the scattering potential
graph, where the area under the curve should be between
the two turning points (R, and R;). Note in Fig. 2 that the
neck-length parameter AR also contains the effects of “barrier
lowering” for each decay channel, defined for each £ as the
difference between Vz(£) and V (R,, £), the actually calculated
and the actually used barriers, as Vg(£) = V(R,, £) — Vg(£)
[8,9].

Here we elaborate on why have we have considerd SHEs
that were already discovered. With this exercise we have
confirmed our claim that the DCM-predicted cross sec-
tions follow the same trend as experiments (this work provides
the cross-check of the DCM calculations. It means our method
and theoretical aspects behind these calculations are in the
right direction.

Figure 3 shows the DCM-predicted cross sections for Z =
116 and Z = 118 compound nuclei. For both Z = 116 and
118, curves are moving towards the higher values of AR, i.e.,
from 1.2 to 2.0 fm, where 2.0 fm was taken as the maximum
value or limit for AR according to the proximity potential.
In the previously published works on the DCM, especially
in the cases of SHEs, we have found that a specific range of
AR works perfectly to reach the experimental data with ade-
quate agreement. In this figure, we have also given two other
numbers (red in color) of experimental data, which exactly
fall within the range of our DCM calculations (these numbers
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FIG. 3. DCM-predicted cross sections at different values of AR
for Z =116 [1] and Z = 118 [2]. Red colored values are the experi-
mental numbers, which fall on the same curve as, or within the range
of, our DCM-calculated values.

have no fixed AR). Here, we have kept the experimental
number only for a comparison, which gives an idea about the
trend of experimental data. In the DCM calculations we have
shown the cross section value at three AR = 1.2, 1.7, and 2.0
fm. Here we mention a point about the AR’s:if we check the
published results for Z = 118 [34], then AR must be within
our mentioned range.

One important point regarding AR that it is a very sensitive
parameter, and in our calculations we have found different
values of this parameter in the simultaneous fitting of differ-
ent decay channels, which we have fixed after a number of
attempts, i.e., for ogg and oy (see Table I). Table I shows
how sensitive AR is, and that it can vary up to four decimal
places if needed. A particular value of AR of a decay channel
can change the cross section value of other decay channels
in the simultaneous fittings. This outcome clearly shows that

during the fission process every decay fragment affects each
other. Table I list three sets of different AR’s but at the same
E. . (or temperature). We are using a range of AR to check
the sensibility of our model in order to predict unobserved
elements without any experimental reference. In the table
it is clearly presented that the neck-length parameter shows
different behavior for different compound nuclei (Z = 116
and 118). The point is to determine which decay fragment
has to be calculated. Then we can check that for the case of
7 = 116 formed via the >*Cm + *¥Ca incoming channel, i.e.,
after the decay of either fragment, we obtain a stable isotope.
Therefore, in this reaction we have checked that after the
emission of 2n from *3116* we get 21116*, which is more
stable among all the isotopes for Z = 116. So, we decided
to calculate the 2n-decay channel, using the DCM. Similarly,
in the case of Z = 118, we have chosen the 3n-decay chan-
nel after the decay from 2°’118*. In the case of Z =116
for the fission region we used in the calculations the same
AR = 0.9 fm, but in the case of Z = 118 we have found two
AR’s, for symmetric and asymmetric fission regions. These
values of AR may vary, but not drastically if we follow the
experimental data. Note that, in the case of Z = 122 formed
via ®Fe +2*8Cm [33], we have observed the oy and o,y
at five energies, where we have tentative data only at one,
E.,. =33 MeV. We have used the same values of AR at
four other energies in order to predict the cross sections, i.e.,
ARpr = 1.242 fm and ARyy = —0.1421 fm. Similarly in the
case of Z = 120 [4] formed via the *Cr + **8Cm reaction, we
have calculated oz and predicted oss. Table II shows the AR
variations using the same approach as in this work for Z =
118. This observation also supports our present calculations
using the DCM for predictions. Table III, gives the numbers
for compound nucleus survival probability Py, [15]. This sta-
tistical quantity defines the probability of excited compound
nucleus reaching the ground state by neutron emission. It will

TABLE I. DCM-predicted cross sections with the included B,—f, deformations for the configuration ®, = 0°. The cross sections in
boldface shows the logical number within the experimental range (may include error bar limits). AR is the largest for calculated ERs and
smallest for ff, which suggests that the neutron emissions occurs earliest. We have shown 3-sets of the calculations with different values of AR
within the range of 1.2 - 2.0 fm, especially in the case of 2n for Z = 116 and 3n for Z = 118, with the other valid AR values allowed under

the penetration probability (explained in the text).

Decay AR O_Cal(.x AR O.Calc. AR O.Calc.
channel (fm) (pb) (fm) (pb) (fm) (pb)
245Cm +48Ca N 293116*
1n 0.01 5.012 x 10713 0.01 4.999 x 10713 0.01 4.999 x 1071
2n 1.2 0.8 1.7 6.99 x 10* 2.0 3.35 x 108
3n 0.9 8.917 x 10710 0.9 4241 x 10710 0.9 4.24 x 10710
4n 0.9 5.65 x 10714 0.9 2.701 x 1071 0.9 2.701 x 1071
83-87 0.9 2.05 mb 0.9 2.05 mb 0.9 2.05 mb
127-141 0.9 11.7 mb 0.9 11.7 mb 0.9 11.7 mb
249cf +48Ca N 297118*
1n —0.05 2.127 x 10722 —0.05 2.109 x 1072 —0.05 1.810 x 1072
2n —0.05 2.54 x 10728 —0.05 2.539 x 10728 —0.05 2.114x 10728
3n 1.2 2.00 x 10710 1.7 3.34 x 1074 2.0 1.06
4n 1.2 2.065 x 10710 1.7 1.11 x 1078 2.0 471 x 1073
84-94 -0.35 2.29 x 107" mb —0.35 2.44 x 1071 mb —-0.22 4.03 x 107 mb
121-143 —-0.2 7.80 x 10~° mb -0.2 7.76 x 10~° mb —-0.2 7.43 x 107 mb
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TABLE II. DCM-calculated estimated/predicted cross sec-
tions for Z = 120 formed via the >*Cr + ***Cm reaction for best fitted
AR (see Ref [4]).

TABLE III. DCM-calculated compound nucleus survival proba-
bility Py, for Z = 116 and Z = 118 (for more information regarding
Py, see Table I in Ref. [15]).

Decay channel AR (fm) Cross section (pb) Compound nucleus survival probability Py,
1n 0.2 1.833 x 10712 AR (fm) #7118 116
—18
§Z ??854 8'415()>;810 12 0.249 x 107! 5.963 x 10711
’ ) _10 1.7 0.418 x 107% 5.065 x 107%
4n 1.009 1.343 x 10 20 0.848 x 10-01 2 428 % 10-%
predicted ff 0.5 3.54 (mb) : oo X aex

help us to choose proper target-projectile (t-p) combinations
for new synthesis.

Summary and conclusions. In summary, we have pre-
sented a novel approach to predict the cross sections for
undiscovered SHEs using the dynamical cluster-decay model.
In this work, we have taken every scientific aspect to per-
form our calculations. This theoretical work has estimated
the cross sections for unobserved possible decay channels
in a nuclear reaction using a range of AR for the already
studied compound nuclei Z = 116 and 118 via hot fusion
reactions and our calculated range of cross sections matches
the experimental studies. Also with the help of the com-
pound nucleus survival probability we can suggest a suitable
target-projectile combination to the experimentalists for new
synthesis. We have done calculations only at one energy for
both compound nuclei, using the proximity nuclear interaction
potential of Blocki et al. for a coplanar (¥, = 0°) nuclear
configuration. Our calculations are performed including de-
formation up to hexadecapole with “optimum” orientations

of the hot fusion process. The “barrier lowering” effect is
directly related to the variations of the AR parameter and
these factors give complete information regarding the com-
pound nucleus structure. In this contribution we have tried to
develop a method to predict the cross sections for new element
discoveries.
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