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Abstract

The evaporation residual cross sections (ERCSs) of these reactions were calculated by using '*Sm, 160-164Dy, 165Ho,
166y, 169Tm, 171174y, 175y, 176-1801f, 181T,, 180182y and 187Re targets with “°Ar projectiles in the theoretical framework of
the dinuclear system (DNS) model. The de-excitation process of the compound nucleus was theoretically calculated using
two different statistical models, namely the statistical model 1 and statistical model 2 (GEMINI++ model). The calculated
ERCSs were also compared with the experimental data. The ERCSs of synthesizing new proton-rich nuclides were investi-
gated based on the fusion evaporation reaction. Predictions were made for the ERCSs of new isotopes of Pu, Cm and Bk in
the heavy nuclei region, while the new isotopes of Ds, Cn and Fl are predicted in the superheavy nuclei region of Z > 104.
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1 Introduction

The synthesis of new elements and nuclides is a popular
topic in the nuclear physics field [1-3]. This is not only of
great significance for understanding the structure of mat-
ter, but also provides important information for understand-
ing the evolution of the celestial environment, making it an
essential means of exploring nature. Heavy-ion fusion evap-
oration (FE) reactions play a crucial role in the synthesis of
new elements [3, 4] and nuclides [5, 6]. In such reactions
[7, 8], heavy ions are accelerated by a heavy-ion accelera-
tor and collide with target nuclei [9, 10], leading to nuclear
fusion and subsequent evaporation processes that result in
the synthesis of new nuclides [11, 12].
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The FE reaction has made great progress in experi-
ment. In 1975, 4*Ar beams with energies up to 225 MeV
from the Dubna U-300 cyclotron bombarded 2**Pb and
206ph targets, and >**Fm was synthesized [13]. The 2*°Pb
and 2”Bi targets were bombarded with “°Ar beam from
the GSI Universal Linear Accelerator (UNILAC) acceler-
ator to form 2**Fm and >*’Md in the FE reactions in 1981
[14]. Similarly, the successful synthesis of new nuclides,
245Md and 2*°Md, was achieved via *°Ar + 2Bi combi-
nation at the GSI Laboratory in 1996 [15]. An enriched
204Pb target was bombarded with “°Ar beams from the
GSI UNILAC accelerator, forming *'Fm in the (3n) FE
reaction in 2008 [16]. The new neutron-deficient iso-
tope 217U was produced in the bombardment of the '82W
target with **Ar ions and identified using a recoil-a-a
correlation method in 2000 [17]. In addition, China has
also made some achievements in the synthesis of new
nuclides by using *°Ar in recent years, such as the team
of the Institute of Modern Physics of the Chinese Acad-
emy of Sciences (IMPCAS) successfully synthesizing
the new uranium isotopes, >'>219U, using the projectile-
target combination 4OAr + 180W in 2015 [18, 19]. Since
2017, the IMPCAS has devoted itself to the synthesis and
study of Np radioisotopes and has successively synthe-
sized a series of new neutron-deficient isotopes 22%-223.224
Np through the FE reactions “°Ar + 135187Re [20-22].
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Recent results from Dubna for the *°Ar + 233U reaction
[23] demonstrated that “°Ar beam can also be used for the
synthesis of superheavy nucleus.

In theoretical studies, many models have been developed
to understand the formation mechanism of heavy and super-
heavy nuclei in FE reactions [24-28]. This study is based on
the dinuclear system (DNS) model [29-32]. The synthesis
of heavy and superheavy nuclei is a complex dynamic pro-
cess involving competition between fusion and quasi-fission.
The fusion and quasi-fission processes can be viewed as the
evolution of the DNS model along the two main degrees of
freedom: the relative motion of nuclei in the interaction
potential for the formation of DNS and the decay of the DNS
(quasi-fission process) along the elongation degree of free-
dom (internuclear motion); the transfer of nucleons between
two nuclei in the mass asymmetric coordinate system

A-A
Ulrws
system and leads to the formation of compound nuclei (CN).
It is assumed that the two contacting nuclei always maintain
their ground-state characteristics in the DNS [33-35]. In
fact, the nuclei in the DNS are gradually deformed by the
strong nuclear and Coulomb interactions between them. This
deformation alters the masses of the nuclei and the interac-
tions between them, which affects the further evolution of
the system [36]. Therefore, it is usually not negligible. The
concept of DNS must be improved by decreasing the approx-
imation used to simplify the calculation. In this study, we
numerically investigate the time-dependent dynamical defor-
mations of interacting nuclei, which are coupled with
nucleon transfer the nucleon transfer in the heavy-ion fusion
reaction to form superheavy nuclei (SHN). In Ref. [37], it
was mentioned that in addition to the asymmetry degree
variables of neutrons and protons, quadrupole deformations
of interacting nuclei are also taken as a dynamic variables
and construct a new four-variable master equations. This
means that the deformation and the nucleon transfer are
always regarded as diffusion processes controlled by the
master equation in the potential energy surface of the
system.

Theoretical calculations were performed using the
combination of the DNS + statistical model 1, as well as
the combination of the DNS + statistical model 2 (GEM-
INI++ model). The evaporation residual cross sections
(ERCSs) for FE reactions were calculated by using 4
Sm, 160.164Dyy 165 160Ey 169y 171174y 175y 176-180pyf,
181Tq, 180.182% and '87Re targets with *°Ar projectile and
the results were compared with available experimental
data. The remainder of this paper is organized as follows.
In Sect. 2, we give a brief description of the theoretical
framework. The results and discussion are presented in
Sect. 3. A summary is concluded in Sect. 4.

, which is the process of diffusion of the excited
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2 Theoretical framework

In theoretical studies, the FE reaction process can be divided
into three successive phases. The first phase is the capture
process, which can be evaluated using the capture cross sec-
tion. The second phase is the evolution of the DNS from
the contact configuration to the formation of a compound
nucleus, which can be evaluated using the fusion probabil-
ity. The final stage involves the excited compound nucleus
undergoing evaporation of light particles to prevent fis-
sion, which can be evaluated using the survival probability.
Finally, ERCSs of residual nuclei is obtained. In the DNS
concept, the ERCS is calculated as the sum of all partial
waves [24, 25, 38].

h?

ORR = 5
2uE

X 2(2‘] + 1)T(Ec.m.’‘])PCN(Ec.m.’J)‘/Vsur(Ec.m."])
J

where E_,, and J are the incident energy and angular
momentum in the center of mass coordinate system. The
penetration probability T'(E_ , ,J) is the probability that the
collision system overcomes the Coulomb barrier [39], and
Pcy and W, denote the fusion probability and the survival
probability, respectively.

The o, is calculated using the empirical coupled-chan-
nel approach. Different potential distribution functions are
constructed based on the different coupling modes between
the projectile and target. They are divided into three cases:
a fusion reaction involving two spherical nuclei, reactions
with two statically deformed nuclei, and reactions with a
combination of one spherical nucleus and one statically
deformed nucleus, as described in detail in Ref. [40]. For a
given center-of-mass energy E_, , the o ,, (E ,,,J) can be

expressed as [41]: -

2
Ec.m.",) = ZZEh

c.m.

Ucap(

> @I+ DT(E, . ), )
J

where pu denotes the reduced mass of the projectile and target
nuclei. T(E, ,, ,J) is the penetration probability of the two
colliding nuclei that overcome the Coulomb barrier in the
entrance channel.

By numerically solving the four-variable master equa-
tions in the corresponding potential energy surface, the
time evolution of the probability distribution function
P(Z,,Ny, P12, B3, 0. 0,, €, 7y,,) under the directional angles
(6, and 60,) can be obtained, which are mentioned in detail in
Ref. [42—44]. Finally, the fusion probability Py is given by
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where Ngg and Zyg are the Businaro-Gallone points. The
quantities Z; and N, represent the number of protons and
neutrons in the fragment 1, respectively, with excitation
energy €,. The §,, (i = 1,2) denotes the quadrupole defor-
mations of the fragments. The integral of 8 represents the
weighted average of directional angles from 0° to 90°. p,(#,,)
=1/h; denotes the density of the discrete dots with the step
length A, (i = 1,2). The interaction time z;,, in the dissipa-
tive process of two colliding nuclei is determined using the
deflection function method [45].

Survival probability is important for evaluating ERCS. In
the de-excitation process of the CN, two different statistical
models are employed for theoretical calculations: statistical
model 1 and statistical model 2 (GEMINI++ model). In model
1, similar to neutron evaporation, the probability in the channel
of evaporating the x-th neutron, the y-th proton and the z-th «
particle is expressed as [46]

Sur(ECN,x »zJ)=
= LL(E:T)
LS )

P( CN’x y,Z,J)
L (E ) T,(ErJ) @)
LT i T D)

where P(E, CN,x v,z,J) denotes the realization probability
when the excitation energy of the compound nucleus is E’y
and its angular momentum is J. The total width I',,, for CN
decay is the sum of the partial widths of particle evaporation
I',, (m = n, p, a, y for neutron, proton, & particle, and y emis-
sion, respectively), and fission I';. The excitation energy E*
before evaporating the s-th particle is evaluated by

sk
EY+1

=E; - B} - B - B{ - 2T, )

with the initial condition E} = E¢ and s = i + j + k. The B},
BJ‘.’, B} are the separation energy of the i-th neutron, j-th

proton, k-th a particle, respectively [47]. The relationship
between the compound nuclear temperature T, and the exci-
tation energy can be expressed as

Ef=aT! - T, (6)

The probability P( éN,x v,z,J) of evaporating x- neutrons

y-protons, and z-a particles at the excitation energy E¢, and
angular momentum J is calculated using the Jackson formula
[48].

P(Efys 5, 0) = 1A, 25 = 3) = [(A,, 1,25 — 1), %

where the quantities / and A are given by:

z
I(z,m) =% ./o u"e "du, ®)
Ex. =Y B
A, =—SN Tzz—l i ©)

L

where B is the separation energy of the evaporation of the
i-th particle and s(x,y,2) = x+y +z.

The particle decay widths are evaluated with the Weis-
skopf’s evaporation theory [49] as

L (E*,J)=(2s, +1)W

X/E B ep(E* =B, —6,— E,,—€,J) (10)
0

X 0, (€)de.

Here, s,, m, and B, are the spin, mass, and bind-

ing energy of the evaporating particle, respectively.
p(E* =B, — 0o, — —¢g,J) represents the level density of
the residual nucleus after the parent nucleus with excita-
tion energy E* evaporates a particle with kinetic energy e.
The level density parameter a is obtained from Eq. (14).
For neutron evaporation, where the compound nucleus is a
nucleus with an odd mass number A (the neutron number is

odd), 6, is equal to 12/\/2, and in other cases, it is set to 0.
Rotational energy can be expressed as E,, = J(J + 1)h?/2¢.
The moment of inertia is given by & = 0.4MR?, where M
and R represent the mass and radius of the nucleus, respec-
tively. The inverse cross section is given by o;,, = nR%T(v)
with the radius of R, = 1.21[(A —A)!/3 +Ay3], and
A, is the mass number of the evaporated particle. The
penetration probability is set to unity for neutrons and
T(v) = (1 + exp(r(Va(v) — €)/hw))~! for charged parti-
cles with 7w = 5 and 8 MeV for protons and «a particles,
respectively.

The coulomb barrier calculation in the case of emission of
charge particles, which can be as

ZonoiZ; &2

(AL +A”3)

Ve= (11)

Here, for proton emitting r, = 1.7 fm, and for a emitting r, =
1.75 fm, this is described in detail in Ref. [50].

The fission width can be calculated with the Bohr-Wheeler
formula as [51]
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1 E*_Bf_EYOI_é_ét_i
I'E*,J) = ————
(£ 2npf(E*,J)/o

p(E* — By — 6; — E., — €,J)de
1 + exp[—27(E* — B; — 6; — E,,, — €)/ha]

12)

Here, we take i = 2.2 MeV for all the nuclei consid-
ered [52], &; is the correction for the fission barrier in neu-
tron evaporation, and &; = 0 in other cases. The a; = 1.1a.
The pairing correction energy & is set to be —12/4/a (odd-
odd), 0(odd-A), —12/ \/Z (even-even), respectively. By is the
fission barrier, consisting of the macroscopic and micro-
scopic parts; more details are provided in Ref. [47].

The level density was calculated using the back-shifted
Fermi-gas model [53]. The excitation energy is replaced
with the equivalent excitation energy U = E — 6. The energy
level density is expressed as

@J + Dexp [2\/aU - %]

244/263al/4US/4

p(U,J) = , 3)

0. .
. 2 . rigid U _ 2 2
with o = W \/;, ®rigid = gmuAR .

The selection of the level-density parameter in Eq. (13)
is crucial, as it should be applied to both the low and high
excitation energy regions. Only in this way can statistical
model 1 be more rationally utilized to describe the de-exci-
tation and fission processes of nuclei in the excited state. It
is closely related to the excitation energy of the nucleus and
shell correction.

a(U,Z,N) = Ez(A)[l +EshJ%] (14)
a(A) = aA + pA*/3 15)
JWU) =1-=exp(-rpl) (16)

The a(A) is the asymptotic Fermi gas value of the level den-
sity parameter at a high excitation energy. It is worth noting
that in Fermi gas models of the same type, different level
density parameters mainly depend on the different shell
corrections. Under the condition that the shell corrections
are given by a certain mass formula, the values of the level
density parameters are finally extracted by fitting all nuclei
with experimental values of the level densities. In this study,
the microscopic shell corrections from FRDM95 [54] were
used to fit the experimental level density data, resulting in
parameters @ = 0.1337, f = —0.06571, y,= 0.04884 [55].
Another statistical model used in this study was GEM-
INI++, which is an improved version of the GEMINI
statistical decay model developed by R. J. Charity [56] to
describe the formation of complex fragments in heavy-ion
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fusion experiments. The de-excitation of the compound
nucleus occurs through a series of binary decays until
particle emission is energetically forbidden or impossible
owing to competition with y-ray emission. The evaporation
process of light particles was described using the Hauser-
Feshbach model in GEMINI++. In statistical model 1 and
the GEMINI++ model, the same fission barrier was used.
However, there are differences in the calculation methods
for fission widths. In the GEMINI++ model, the Bohr-
Wheeler formulism is used for symmetric fission [57]. For
mass asymmetric fission outside the symmetric fission peak,
the Moretto formalism is used. For statistical model 1, only
Bohr-Wheeler’s formula was used. In addition, there are dif-
ferences in the treatment of level density and the parameters
of level density between the two models. In GEMINI++, the
level density is calculated using the Fermi gas model:

p(E*,J) ~ exp2V/a(U)U). an

The level density parameter a(U) is also related to the excita-
tion energy. The excitation energy dependence is parameter-
ized as follows:

A

koo = (koo = ko) eXp(—7 Iikn ;—j)’ (18)

a(lU) =

where k, = 7.3 MeV, and the asymptotic value at high exci-
tation energy is a(U) = A/k,, (k,, = 12 MeV). The param-
eter k¥ defines how fast the long-range correlations wash
out with the excitation energy. However, the fitting range
of k is small, and the maximum compound nucleus is only
A =224 [58]. The de-excitation process in this study was
simulated using the GEMINI++ model, and the default
parameters of this model were used for the calculations.

3 Numerical results and discussions

3.1 Production cross sections of heavy isotopes
in “°Ar induced reactions

A variety of new nuclides have been successfully syn-
thesized in the proton-rich regions. Nevertheless, many
unknown nuclides in this region are waiting to be explored.
To further evaluate the potential of “°Ar projectiles in the
synthesis of new nuclides, we will continue to use “°Ar
as projectiles in subsequent theoretical calculations. The
ERCSs for “°Ar-induced reactions with target nuclei '4*Sm,
160,164y 165K, 166Ey, 169Ty 171174y'h 175y, 176-180f, 181
Ta, 13%182W and '8’Re are presented in Figs. 1-5, and com-
pared them with available experimental data [18, 19, 21,
22,59-61].
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Fig.1 (Color online) The 1449, 160Dy, 164Dy, 165Ho, 19Er, 169Tm
targets were used with “°Ar projectiles, the solid line indicates the
ERCSs calculated with the DNS + statistical model 1, and the dashed
part indicates the ERCSs derived using the DNS + GEMINI++
model. The different channels 2n, 3n, 4n, 5n, and 2n+3n are repre-

sented by black, red, blue, dark cyan, and pink, and the corresponding
experimental data [59-61] are represented by hollow right-triangles
(2n), up-triangles (3n), squares (4n), pentagons (5n), and down-trian-
gles (2n+3n), respectively. The arrows show positions of the corre-
sponding Coulomb barriers

LI I N B N O I I I

Er(a) 180w(40 Ar,xn)zzo"‘U

50

Fig.2 (Color online) The oW, 182W and '$"Re targets were used with
40Ar projectiles. The different channels 2n, 3n, 4n, 5n are represented

The survival probabilities were calculated using two dif-
ferent statistical models for comparison. In Figs. 1-5, the
solid lines indicate ERCSs calculated via the DNS + statisti-
cal model 1, the dashed lines indicate ERCSs derived using
the DNS + GEMINI++ model, and hollow symbols indicate
the relevant experimental data. The arrows show positions of
the corresponding Coulomb barriers. The difference is that,
as shown in Figs. 1 and 2, there is only the evaporation of
pure neutrons and in Figs. 3-5 the evaporation of charged
particles are included.

LI I N I B N N I

(b) 182W(40 Ar,XIl)zzz_XU

LI I N B N I I O Y

© 3Re(*Ar,xn)2"*Np

5n

60 70 8 9040 50 60

E'(\(MeV)

by black, red, blue and dark cyan, and the corresponding experimen-
tal values [18, 19, 21, 22] are represented by hollow up-triangles (3n),
squares (4n), and pentagons (5n), respectively

As can be seen in Fig. 1, the results of DNS+ statistical
model 1 are slightly higher than those of DNS + GEM-
INI4++ model. The results obtained by DNS + statistical
model 1 and the DNS + GEMINI++ model were in good
agreement with the experimental data for most evaporation
channels of these reactions.

In the context of collision orientation, we have taken
into account a weighted average over the range of
0° to 90°. As shown in Eq. 3, where the integral over
the 0 reflects the average effect of different collision
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Fig.3 (Color online) The '7"174Yb isotopes were used with “°Ar
projectiles. The different channels 2n, 3n, 4n, 5n, 2n+3n, 3n+4n and
4n+5n are represented by black, red, blue, dark cyan, pink, purple
and cyan, and the corresponding experimental data are represented

orientations. Consequently, the barrier height we calcu-
lated was an average value rather than a distribution. Fur-
thermore, in the calculation of the fusion probability, the
interaction time (7;,) is required as an input. It can be seen
from Eq. (11) in Ref. [62] that there is a value only when
the incident energy (E, , ) is greater than the barrier. This
also explains why the experimental data in the sub-barrier
region cannot be reproduced.

Taking the reaction “°Ar + '8'Hf as an example, Hinde
et al. demonstrated, based on experimental data, that the
fusion probability for °Ar + '3°Hf in above-barrier col-
lisions is 0.15 [63]. The DNS model used in this study
successfully reproduced the fusion probabilities at ener-
gies above the barrier but failed to describe the sub-bar-
rier region. Both the experimental data and calculations
using alternative models suggest that in the sub-barrier
region, the fusion probabilities are not significantly lower

@ Springer

*CN(MGV)

by up-triangles (3n), down-triangles (2n+3n), thombus (3n+4n), left-
triangles (4n+5n), and pentagons (5n), respectively. The hollow sym-
bols and solid symbols represent the experimental data from Ref. [59]
and Ref. [61]

than those at higher energies. This indicates that for the
reactions involving “’Ar + X considered in this study, the
fusion probability is a slowly varying function of energy.
Consequently, it is feasible to calculate the fusion prob-
ability within the energy range where the model is appli-
cable. These calculations can then be extrapolated to lower
energy levels starting a few MeV above the Coulomb bar-
rier, using a physically functional form (here, we perform
linear fitting processing on the fusion probabilities in the
above barrier region).

It is evident from Fig. 1 that both statistical models pro-
vide a satisfactory description of the experimental data for
the 3n evaporation channels in the reactions OAr 4+ 14Sm,
“0Ar + 'Er, as well as the 2n + 3n evaporation channel in
the reaction “°Ar + 1Tm. Notably, the GEMINI++ model
effectively reproduces the trend of the ERCS as a function
of excitation energy in the 4n evaporation channel for the
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4 Ar + 1Tm reaction. For the 2n evaporation channel in
the “°Ar + '“Sm reaction, the theoretical results closely
aligned with the experimental data in both the sub-barrier
and near-barrier regions. However, as the excitation energy
increases, the survival probability decreases significantly,
leading to ERCSs that are 2-3 orders of magnitude lower
than the experimental data. By extrapolating the fusion
probabilities using this method, the resulting ERCSs effec-
tively reproduced the experimental data for the sub-barrier
region.

Figure 2 shows the ERCSs for the '80W(*°Ar, xn)*20—*U,
1B27W (Y0Ar, xn)??>~*U, '"¥Re(*°Ar, xn)?*’~Np reactions.
The results of DNS + statistical model 1 were higher than
those of the GEMINI++ model. The computational ERCSs
based on the GEMINI++ model were close to the relevant
experimental data, and these results were in the same range
as the experimental cross sections. However, a noticeable
deficiency emerged in the GEMINI+4 model calculations,
manifesting as a lower number of generated events in these
reactions.

To investigate the effect of different de-excitation pro-
cesses of evaporating neutrons and charged particles on the
ERCSs, we analyze different evaporation channels of the
4OAr 4 171174y, 176-180f 175] y, 181Tq reactions in Figs. 3, 4
and 5. In general, the production of certain isotopes is more
likely to occur in the xn evaporation channel. However, the
pxn and axn evaporation channels allow us to access those
isotopes that are unreachable in the xn channels owing to the
lack of a proper projectile-target combination, as discussed
in detail by Hong et al. [64]. This provides a new perspective
for the synthesis of novel nuclides.

As shown in Figs. 3-5, for most channels of pure neutron
evaporation, the DNS + statistical model 1 calculates ERCSs
that are 1-2 orders of magnitude higher than those of DNS +
GEMINI++ model. There is a difference of approximately
1-2 orders of magnitude between statistical model 1 and
the experimental data, whereas the DNS + GEMINI++
model calculations are within 1 order of magnitude of the
experimental data. Overall, the GEMINI++ model dem-
onstrated superior performance in the neutron evaporation
channels for these reactions. In the pxn evaporation channel,
the differences between the calculations from the DNS +
two statistical models were significantly reduced, and both
were in good agreement with the experimental data. In the
axn evaporation channel, ERCSs calculated using DNS +
GEMINI++ show significantly better agreement with the
experimental data than those calculated using DNS + sta-
tistical model 1.

As mentioned in Sect. 2, the two statistical models dif-
fer in several aspects, which ultimately result in different
survival probabilities for the different reaction systems.
By comparing the ERCSs of the pure neutron evaporation

channels and the charged particle evaporation channels (pxn
and axn) from Figs. 3-5, it is found that for the same projec-
tile-target combination, the differences in ERCSs are mainly
caused by different de-excitation modes. Specifically, these
differences are mainly attributed to survival probability. It is
worth noting that, based on Figs. 1-5, there are certain dis-
crepancies between the theoretical calculations and experi-
mental data for some evaporation channels.

The DNS model divides the fusion evaporation reaction
into three consecutive processes, and the final ERCSs require
comprehensive consideration of the impacts of various fac-
tors. It also involves certain assumptions and the selection
of parameters. For example, our model requires a potential
energy surface as an input when calculating fusion prob-
abilities [65, 66]. However, calculating the multidimensional
potential energy surfaces for the reaction system is a signifi-
cant challenge in physics that has not yet been fully resolved.
In addition, survival probabilities are calculated based on
certain nuclear data, such as nuclear masses, neutron sepa-
ration energies, and fission barriers (shell correction ener-
gies), which are usually extrapolated. For instance, in the
calculation of the ERCSs for fusion reactions to synthesize
SHN, the compound nucleus will evaporate 3—4 neutrons.
When the fission barrier is imprecise, calculation errors in
the neutron decay width and the ratio of fission width to (xn)
de-excitation cascade at each step accumulate [67].

Additionally, it is important to note that our current model
does not account for pre-equilibrium emission processes
[68]. As is well known, this could be a significant concern at
higher excitation energies. Hence, it may significantly alter
the initial excitation energy distribution of the compound
nucleus, making the theoretical prediction of the multi-neu-
tron evaporation channels unreliable. Therefore, it is now
calculated only for 5n evaporation channels.

Research has revealed that the production of new nuclides
in the superheavy region primarily occurs through the neu-
tron evaporation. The previous discussion shows that the two
de-excitation models yield similar results in the pure neutron
evaporation channels. The theoretical calculation of statisti-
cal model 1 was slightly higher than that of the GEMINI++
model. We found that the GEMINI++ model is able to better
represent the survival process in the Z = 82 — 92 nuclear
region and it also identified limitations of the GEMINI++
model in calculating survival probabilities in the actinide
and superheavy nuclei regions. In addition, the number of
simulations required is substantial, especially in the super-
heavy region where it reaches 1,000,000. Using the GEM-
INI++ model to simulate the de-excitation process is time-
consuming. Therefore, we chose to use statistical model 1
for the generation of cross section prediction in the following
parts B and C.
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«Fig.4 (Color online) The 7°~180Hf isotopes were used with “°Ar
projectiles. The different channels 2n, 3n, 4n, 5n, 2n+3n, 3n+4n and
4n+5n are represented by black, red, blue, dark cyan, pink, purple
and cyan, and the corresponding experimental values [59] are repre-
sented by hollow right-triangles (2n), up-triangles (3n), squares (4n),
pentagons (5n), down-triangles (2n+3n), rhombus (3n+4n), and left-
triangles (4n+5n), respectively

3.2 Production cross sections of Pu, Cm, Bk
proton-rich isotopes in the heavy nuclear
region

Based on the reliability of the theoretical calculations and to
explore the potential of °Ar in synthesizing new isotopes,
we will continue to use *’Ar as the incident particle to fur-
ther predict the ERCSs of new nuclides that could poten-
tially be synthesized in the laboratory. Regarding the selec-
tion of 1840s, 1°2Pt and 17 Au as target materials, the primary
reasons are as follows. First, these targets possess long half-
lives, which ensures their stability over extended periods
during experiments, enhancing efficiency and data reliabil-
ity. Furthermore, when the “°Ar beam bombards these target
nuclei under the current experimental conditions, there is a
possibility of producing new nuclides that are even more
neutron-deficient. Figure 6 shows the relevant theoretical
calculations obtained by the DNS + statistical model 1.

As shown in Fig. 6, for the '30s(*°Ar, xn) **~*Pu reac-
tion system, the maximum cross sections of 3n, 4n and 5n
channels are 266.27, 176.53 and 31.63 pb, respectively,
resulting in the production of 21°~?2Py, and the maximum
ERCS is located in the 3n channel, corresponding to the
excitation energy of approximately 45 MeV. The maximum
cross sections of 3n, 4n and 5n channels for '92Pt(*°Ar, xn)
232-*Cm reaction are 177.34, 40.94 and 5.54 pb, respectively,
resulting in the production of ??’-2Cm. The maximum
ERCS is located in the 3n channel, and the corresponding
excitation energy is approximately 47 MeV. For '’ Au(*°Ar,
xn)>37*Bk reaction system, the maximum cross sections of
3n, 4n and 5n channels are 3193.41, 376.49 and 54.77 pb,
respectively, resulting in the production of 2*?~234Bk. The
maximum ERCS was located in the 3n channel, and the cor-
responding excitation energy was approximately 45 MeV.

3.3 Production cross sections of Ds, Cn, Fl
proton-rich isotopes in the superheavy nuclear
region

Similarly, we predicted the ERCSs of new nuclides in the
superheavy nuclei region that may be synthesized in the
laboratory. In this study, “°Ar was utilized as the projectile
with actinide targets, including 238U, 2**Pu, and 2*%Cm. In the
field of superheavy nuclei research, 233U, 4Py, and ?*3Cm

(a) "Lu(*Arxn)?'™*Ac

< 4n+5n

*'\

N Y
T T T T O T

b) 175Lu(40Ar,an)2 1 S—XRa
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- - -
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I*'
||l|||'|||||

817490 Ar,xn)?21*Pa
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(f) 181Ta(“OAr,Oan)ZZI"‘AC

40 50 60 70 80 40 50

Fig.5 (Color online) The !°Lu and '8'Ta targets were used with “°Ar
projectiles. The different channels 2n, 3n, 4n, 5n, 2n+3n and 4n+5n
are represented by black, red, blue, dark cyan, pink and cyan, and the

60 70

*CN(MeV)

corresponding experimental data [59] are represented by hollow up-
triangles (3n), squares (4n), pentagons (5n), down-triangles (2n+3n),
rhombus (3n+4n) and left-triangles (4n+5n), respectively
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Fig. 7 (Color online) The 2*U, 2*Pu, *%Cm targets were used with
40Ar projectiles, the solid lines indicate the ERCSs calculated with
the DNS + statistical model 1. The different channels 3n, 4n and 5n

are commonly used target nuclei, which have been validated
by numerous experiments, particularly those involving “*Ca
beams. These studies have yielded invaluable data for under-
standing the properties of the superheavy elements.

Figure 7a shows the predicted excitation function of xn
ERCS:s for the reaction 28U(*°Ar, xn) 2*~*Ds. The maximal
ERCSs of the 3n, 4n, and 5n channels were 1.479, 4.813, and
0.188 pb, respectively, resulting in the production of 2737273
Ds. The largest ERCS was located in the 4n channel, with a
corresponding excitation energy of 46 MeV. In particular,
the new nuclide ?’3Ds was produced through the combina-
tion of *°Ar + 238U with a production cross section of ¢ =
0.18 pb at an excitation energy of 49 MeV [23]. There is a
2.67 times difference compared to the theoretical result of

@ Springer

are represented by red, blue and dark cyan, respectively. The relevant
experimental data[23] for the 2*3U(*°Ar,5n)*"*Ds are represented by
hollow pentagons

0.48 pb. In Fig. 7b, the maximum cross sections of the 3n, 4n
and 5n channels of the 2**Pu(*°Ar, xn) 2%4~*Cn reaction are
1.215, 0.897 and 0.019 pb, respectively, resulting in the pro-
duction of 27°=281Cn. The largest ERCS is located in the 3n
channel, and its corresponding excitation energy is approxi-
mately 43 MeV. Similarly, for the 2%Cm(*°Ar, xn)?%~*Fl
reaction system in Fig. 7c, the maximum cross section of 3n,
4n and 5n channels are 1.142, 2.699 and 0.071pb, respec-
tively, resulting in the production of 283285F] and the maxi-
mum residual evaporation cross section is located in the 4n
channel, corresponding to the excitation energy of approxi-
mately 45 MeV. The new nuclides, such as 273~273Ds, 280,281
Cn, 284285], are the most probable isotopes because of their
larger cross sections.
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4 Summary

Despite the fact that many areas of the nuclide chart have
been filled in recent years, many unknown nuclides still
exist in the nuclide chart. To search for proton-rich iso-
topes in heavy and superheavy regions, we systematically
investigated the “°Ar-induced fusion evaporation reaction
in the theoretical framework of the DNS model. Two differ-
ent statistical models were employed to calculate survival
probabilities. The results indicated no significant differ-
ences between the two models in the computations of the
neutron and proton evaporation channels. The GEMINI++
model showed superior performance in the calculations for
a-particle evaporation channels. However, the GEMINI++
model has limitations in the SHN region. Based on statistical
model 1, we used *°Ar as projectiles to predict the ERCSs
of new isotopes of actinide elements such as Pu, Cm and
Bk. The cross sections of new isotopes of Ds, Cn, and FI are
predicted in the superheavy nuclei region of Z > 104. The
production cross sections of 2737273Ds, 279-281Cp, 283-285F]
are 0.488, 4.813, 1.479 pb; 0.019, 0.89, 0.215 pb; 0.071,
2.699, 1.142 pb, respectively. We hope that these results
will inspire further experimental studies on the synthesis of
new isotopes.
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