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Conspicuous role of the neck-length parameter for future superheavy element discoveries
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‘We brought to light the primordial importance and relevance of the neck-formation/neck-length parameter
defined within the two center shell model, especially for the synthesis of new superheavy elements. We have
implemented the quantum mechanical fragmentation theory in the dynamical cluster-decay model for the decay
of a hot and rotating compound nuclear system. This theory provides a central idea to understanding the nucleus-
nucleus collisions and the subsequent decay processes together such as fission and evaporation residue, etc. Our
recently published result in the case of Z = 116 and 118 has became a thrust of this work; we have successfully
predicted the practical range of the cross sections of decay channels without tracing the experimental data.
Henceforth, we can show that the neck-length parameter has a genuine power to predict the approximate cross
section values for unknown decay channels. Such calculations may be useful for guiding experimentalists to
choose adequate systems for the production of future superheavy elements
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Introduction. The search for new superheavy elements
(SHE) continues to inspire contemporary nuclear physics re-
search. Numerous theoretical studies have been performed
and many more are being done, e.g., using the dinuclear
system model [1-3], fusion-by-diffusion (FBD) model [4]
based on the different set of parameters, and certain groups
are working on the dynamical multidimensional stochastic
(DMS) approach, based on Langevin equations. A few groups
have performed promising work regarding light heavy-ion
fusion reactions using the extended Hauser-Feshbach method
(EHFM) [5]. An important point has been shown about
the successful observation of missing charge distributions in
heavy-ion reactions. Other studies [6] also worked for the pre-
dicted fission component in reactions involving lighter nuclei.
These results make our work more convincing especially for
the prediction of unobserved decay channels. In this Letter,
within the framework of the dynamical cluster-decay model
(DCM) [7-9], the important role of the neck-formation/neck-
length parameter (AR) has specifically been defined. After
getting recent results [10,11] based on the DCM approach,
we are confident about the determined production rates in the
case of SHEs, which may be considered for new experimental
studies. A recent study in the cases of Z = 116 and Z = 118
[11] has proven that with the help of AR we are able to predict
the unexplored cross section values for the expected decay
fragments. In these cases, our model predicted cross sec-
tion values reproducing, with high precision, the experimental
verified numbers. Here, on the basis of the AR parameter, the
DCM is shown to be a good contributor for future research
for SHE. We work within the format of the DCM, based on a
quantum mechanical description of the fragmentation theory
(QMFT) [12-16], where a complete description of both fusion
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and fission processes is achieved successfully by introducing
two dynamical collective coordinates of mass (1,4) and charge
asymmetries (1z or ny) [15], within the asymmetric two cen-
ter shell model (ATCSM) [16]. These two coordinates connect
very well with the experiments and are an effective way to
study heavy-ion reactions (HIR) because they help to account
for the experimentally measured quantities, like yields and
cross sections. QMFT has been successfully used to describe
the dynamics of the compound nucleus in equilibrated as
well as nonequilibrated exit channels. This theory provides a
description for both cold and hot fission processes but even
better for hot fission. In the DCM, preformation probabil-
ity (Pp) is a statistical quantity which sets this model apart
from the other fission models. This factor explains the struc-
ture information about a compound nucleus during nuclear
reaction and is able to suggest probable targets and projec-
tiles in HIR for future synthesis of heavy and superheavy
isotopes.

The dynamical cluster-decay model based on fragmentation
dynamics. In this section we will briefly resume the DCM
and its main characteristics. The DCM is an application of the
QMEFT based on the two center shell model (TCSM) [16]. As
mentioned in the introduction, the unifying aspect of QMFT is
to join two processes, i.e., nucleus-nucleus collision (fusion)
and subsequent decay [fission/evaporation residues (ERs)].
This theory is used to select the appropriate projectile and
target nuclei for the production of new elements. We are using
this feature to make predictions for future discoveries in the
case of new superheavy elements with the allowed range of
the neck-length parameter (AR). This opinion will be helpful
to demonstrate the significant role of the neck-length param-
eter in giving authentic values. In the QMFT, the collective
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FIG. 1. A nuclear shape parametrized in the asymmetric two-center shell model for protons and neutrons (see Refs. [15,16]).

Hamiltonian is proposed as

H(n,R) =E(n) + ER)+E(, R)
+Vm)+ VR + VR, ey

where the potential V' is obtained using the Strutinsky method
(based on an approximate liquid drop model [17] and the
ATCSM [16]) by minimizing it in R and 5. So far we
have been using quantized motion in the mass and charge
asymmetries and handled the relative motion classically. 14
and 7z both define the nuclear reaction processes very well
in ATCSM. In addition to these, the other commonly used
coordinates are relative distance R, or, equivalently, length
A =1L/2Ry (£ is the total length of the system and R, the
radius of the corresponding spherical nucleus), deformation
coordinates 81 and f3;, and neck coordinate € (see Fig. 1). The
parameters €, 1, 8, and n are determined by minimizing the
potential energy (using the Strutinsky shell correction method
[18]) for a given pair of R and n values. The important point
to mention here is about the process on how minimization is
performed within this methodology; i.e., for each compound
nucleus, deep minima occur in the potential energy at only a
few n values and these minima are not only stable in 1 but also
no new minima appear after the two nuclei overlap to form a
compound system.

Here, we are using the numerical solution of the stationary
Schrodinger equation in the form of n4 or nz. In the first
approximation, with the assumption that the coupling between
na and 7z is weak, we can take advantage of quantization in
each of these coordinates separately and write the stationary
Schrddinger equation as

" o 1 9 o9 19
2,/3,7,’ 877 ‘/B'l’l 87) ZVBRR oR ' Bgrr JoR
+Vm)+ VR, @

where n = n4 or nz. The value of R is fixed at the post-
saddle point. Then, after proper evaluations, the mass or

charge distribution yields are given by |pr(,,Z)(nA)|2 or
|WR(nA)(772)|2~ Since lp,(e”) are the vibrational states in the
potential V, in addition to v = 0, higher states with v =
1,2, 3,...could also contribute. We consider these effects
through a Boltzmann-like function

el = > [y exp (— EYV/T). 3)
v=0

where T is the nuclear temperature and related to the excita-
tion energy via

E* =(A/a)T* — T (in MeV) “4)

with the level density parameter a = 11 for SHE (for others
a = 8-9), depending on mass A of the compound nucleus
(CN). Further, the DCM, extended to include deformation and
orientation effects of the two incoming or outgoing nuclei,
also contains the effects of angular momentum ¢ and temper-
ature 7. Assuming that, in the entrance channel, a (excited)
CN is formed with the CN fusion probability (Pcy) equal to
one, for all ¢ partial waves, the CN decay or the fragments
production cross section is

T o 2 1 . 2uEc .
O4.4) = 75 Z( L+ DPP; k= >—, (5
K= h

where Py is the fragment preformation probability, referring
to the n motion at fixed R value, and P the barrier penetra-
bility to the R motion for each n value, both dependent on
T and ¢. The details of our theoretical model are given in
Refs. [10,11,19-23].

Results and discussion. Our group successfully studied
many reactions forming light, heavy, and superheavy elements
using the references of experimental data. For the last few
years we have been noticing in our calculations that our model
can identify the hidden/unobserved channels too, by calculat-
ing the realistic cross section values. The DCM is competent
to evaluate the production probability with the assistance of
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FIG. 2. Variation of neck-length parameter (a) for 105Ag* [19] (E* = 54.067 MeVi; star symbols and E* = 40.959 MeV; circular symbols),
for individual decay channels. (b) 22°Th* [24] similar to (a) but showing the quality of the DCM for a different category of the mass regions.
(c) 2*SBk* [25] with the variation of oy and o,cy in the opuon, and in (d) branch, we have shown a few nuclei, i.e., Pt*, Og*, F1*, Cn*, No*, and
Fr* governed via different decay channels (ER and ff). In the case of all studied compound nuclei the DCM calculations are in the agreement
with experimental data. Specially, Pt* [10] and Og* [11] compound nuclei show a very good agreement, with a strong evidence of AR ability

to predict sensible cross sections for possible decay channels or predict the unobserved channels.

AR. In this work we share this feature of our model for the
benefit of getting supportive ideas for the synthesis of new
superheavy elements. The DCM predicts reasonable fusion
cross sections and can propose promising projectile-target
combinations.

Neck-length parameter: how does it work? In this Let-
ter we have proposed the answer to a question: What is
the importance of the neck-length parameter in the DCM?
This parameter represents the clear probability of decay frag-
ments breaking off from the compound nucleus during the
decay process. Here, the neck-length parameter (AR) is the
separation distance between surfaces of two fragments that
assimilates deformation and neck formation effects between
two nuclei. Figure 1 shows the explicit description for the
concept of neck formation. When two decay fragments move
away from each other during fission, a pull is created on them
and a neck starts to form (along the z axis in Fig. 1). After fis-
sion, when the compound nucleus segregates into two separate
fragments, the integration extends only to that point on the z
axis where the fragments end; i.e., the potential becomes zero
(V = 0) when the decay fragments are not subjected to any
forces. In the DCM, AR is the principal parameter working
in conjunction with the preformation (£y) and penetration (P)
probability. These parameters are directly related to each other
and control the output of the DCM calculations very well.
Every parameter has a real impact in the calculations. Using
the proximity limit of AR ~ 2 fm, we are able to give the in-
formation of the mass dispersion potential V|, obtained from
ATCSM. This procedure shows the potential energy minima
(PES) for the possible target-projectile combinations. During

the decay processes all the fragments move under each other’s
influence up to the Coulomb range. This process can also be
understood in the form of Py. Note the preformation probabil-
ity Py is a quantum-mechanically normalized quantity; thus a
small change due to one fragmentation will affect the yields of
all remaining fragments. As long as the decay channels do not
cross the barrier, they remain under each other’s influence, so
the distance (AR value) of their exit will not be autonomous.
This influence of AR gives the approximate output of cross
section values. Here, we are claiming to give a range of the
neck-length parameter, within which achievable target to pro-
jectile (t-p) combinations can be found. This is a noticeable
quality of the DCM, where all the decay fragments are treated
on equal footing (simultaneously). This method is quite good
to calculate the cross sections of known and unknown (but
possible) decay fragments.

Calculated results. In almost all the DCM-based studies,
including heavy and superheavy elements, calculated results
are in good agreement with the experimental data (see Fig. 2).
We have several pieces of evidence of the capability of AR to
address the nearly perfect cross section values for every single
decay channel. This imparts useful inputs for assisting future
discoveries and may be important for further experiments.

We note the following regarding the DCM-based calcula-
tions: The simultaneous observation of all decay fragments
during the fission process strengthen this model with the
capability to explain nuclear fragmentation within the frame-
work of preformation probability (Fy). The DCM is applicable
for all mass regions as light to heavy and superheavy. In
this Letter our main focus is on the synthesis of superheavy
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discoveries and how AR can be helpful for future
experimental studies. In the cases where a compound nucleus
is formed via permissive t-p combinations with a high per-
centage of Pcn, ogr is found to be dominant. In that case, AR
will follow a trend: AR increases systematically from ff to ER;
i.e., AR is largest for ER (occurs first than ff), and smallest for
the ff region. As, we know, the CN de-excites by evaporating
nucleons (“fusion-evaporation”, or ER) or by fission (“fusion-
fission” or ff). But the nuclear system can also reseparate
before CN formation thus resulting in quasifission (qf) and/or
capture and/or nCN. In the case of SHE, the capture cross
section or total fusion cross section is then the sum of gf, ff
and ER cross sections: Ofysion = 04f + 0y + Ogr, Where the
Otusion ~ 04¢. For light nuclear systems, ofusion ~ Ogpr. But in
very heavy (or SHE) systems the strong Coulomb repulsion
and large angular momenta lead to tiny probabilities for CN
formation and survival, and with this to the tiny values of ogg.
This clears up the fact about the consequence of the small ogg
(e.g., in pb for SHE), compared to o¢¢ and o,¢ (in mb), lead-
ing to lower calculated CN formation probability (Pcy). The
higher cross section of ERs always gives the indication about
the stability of the compound nuclei. However, an increase in
the Coulomb repulsion between the interacting nuclei brings
out the quasifission (qf) and deep inelastic processes, which
firmly suppress the formation probability of the compound
nucleus. In this work our main focus is on SHE discoveries,
and our DCM result from [11] enabled us to move further with
a trend of AR (from ff to ER). With a considerable contribu-
tion of qf, the drift of AR for gf will lie in between ER and
ff. These results are also in agreement with earlier results for
lighter-Z superheavy nuclei [26,27]: the neck-length parame-
ter increases systematically from ff to ER; i.e., AR is largest
for ER, smallest for the ff region, and lies in between for qf.
Note: we are not saying that this trend will remain for every
element forward, but this trend may be possible for future
SHE:s. Different AR’s (equivalently, relative separations) for
the three processes predict that the processes ER, ff, and qf
happen in different time-scales.

It should be clear that if any of the decay fragment is ob-
servable at a large distance (AR) it will occur more promptly
than other consecutive decay channels in a nuclear reaction.
Figure 1 demonstrates this fact via the neck formation, along
the z axis when fragments move apart under the influence of
the potential. At a specific distance (AR) they will become
free from any type of pull and different AR yield different
cross section values. Figure 2 displays a description of the
ability of the neck-length parameter to calculate the cross
section of different decay channels (according to the defined
mechanism as shown in Fig. 1, along the z axis). This parame-
ter works very well not only for the CN cross sections (o¢N) of
ER and ff but also for qf/nCN (oycn). In a single CN system,
we may have a different percentage for CN and nCN contri-
butions and AR can help to address both. In this figure, we
have made an effort to explain the effect of AR for different
compound nuclei, as panel (a) the CN '®Ag* [19] shows the
AR values for 2n, 3n, 4n channels and for intermediate mass
fragments (IMFs; A, = 5-13) to calculate the contribution of
CN (ocn) and nCN cross sections (o,cN). It is very interesting
that the calculated values we obtained are almost in accurate

agreement with the experiment. Here, the contributions of CN
and nCN cross sections are obtained at different neck-length
parameters. In Fig. 2(b), similarly as (a), the CN 2?°Th* [24]
have different decay channels (2n, 3n, 4n) with very precise
AR values. This is a very sensitive parameter, and values for
different decay fragments can easily affect each other’s cross
sections. So, simultaneous calculations are extremely neces-
sary for good results. In (c), we present AR for ocn and open
according to the contributed percentage to the total/fusion
cross sections (Oioal = 0cN + onen)- Here, the DCM shows
the capabilities to calculate CN and nCN cross sections from
the individual decay channels or from the total cross section at
different excitation energies.

In this work, the most highlighted feature of the DCM
is displayed in Fig. 2(d) with AR to giving the predicted
cross sections of unobserved decay channels. First, we have
tried our new practice in the case of Pt* [10]. With only the
availability of oggr, we have predicted the corresponding oy at
a particular energy. In Fig. 2, the lower curve for Pt* is shown
as a particular trend, which clearly reveals the predicted num-
ber goes along with the other measured cross section values.
This result is the foundation to predict the cross sections for
unobserved decay channels. Using the same concept, we have
calculated the cross sections in the case of Z = 116 and 118
[11] without adjusting any experimental data. Here, it is worth
noting that the realistic DCM-calculated results are significant
for the existence of AR. In panel (d), we have mixed contri-
butions of AR for ER and ff. Here, we did not consider the
nCN contribution. However, an important point to note here is
that the decay channels with the higher AR show their main
contribution in the compound nucleus formation probability
Pcn. This figure also exhibited a comprehensible vision of
this parameter to calculate the cross section of different decay
channels according to their preformation probabilities. Along
the y axis, we display six compound nuclei, Pt*, Og*, FI*,
Cn*, No*, and Fr* (see Refs. [10,11,26-29]), and all are in
good agreement with experimental data which shows that
the DCM calculations reproduce the experiments with great
accuracy, whether they are evaporation residues or fission
fragments.

Summary and conclusions. In conclusion, on the basis of
this study, our expectation becomes even stronger for the
potential of the neck-length parameter. Here, we have demon-
strated the predictability of the neck-length parameter, which
will be helpful for future superheavy experiments. We are also
able to calculate the values of compound nucleus formation
Pcn and survival Py, probabilities, which suggest research
in the right direction. We show here that AR can be used to
study every type of nucleus, whether the nuclei are heavy or
superheavy or fissioning or nonfissioning. This unique feature
makes the DCM remarkable in the field of theoretical models.
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