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The optimal projectile-target combination and bombarding energy for the production of the new superheavy
element (SHE) Z = 119 are predicted within the framework of a dinuclear system (DNS) model, in which
the evaporation residue cross section (ERCS) is the product of capture cross section, fusion probability, and
survival probability. To this end, the effects of mass asymmetry and isospin effect of target nucleus on the ERCS
are analyzed. It is found that the ERCS for the production of SHE Z = 119 is relatively large with the **Sc
projectile, while the ERCS in most cases decreases slowly with increasing neutron number of the target nucleus.
We hope these predictions will shed new light timely for the recent experiments on the synthesis of the Z = 119

superheavy element.
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I. INTRODUCTION

The synthesis of new elements Z > 119 is a frontier subject
that many theorists and experimenters have devoted them-
selves to in recent years. To date, the synthesis of superheavy
nuclei (SHN) with Z = 110-113 by using cold fusion reac-
tions [1,2] with 2%®Pb and 2*Bi targets and with Z = 113-118
by hot fusion reactions [3-5] of 48Ca with actinide targets
have been reported. For the synthesis of the new element
Z = 119, not only can the eighth period of the periodic table
be opened, but also a step is taken towards finding the “stable
island” of SHN. It is worth noting that the ERCS used to
produce SHN is very weak, limited to a few picobarns (1 x
10~'2 barns). For the synthesis of the element Og (Z = 118),
the ERCS maintains just O.Sf(l)jg pb [4]. These limited cross
sections strongly depend on the projectile-target combination
and beam energy. Therefore, theoretical research on the ERCS
of superheavy element (SHE) Z=119 is particularly impor-
tant for finding a favorable reaction and the optimal beam
energy.

In recent years, many theoretical models have been pro-
posed to study the mechanism of fusion evaporation reactions.
They include the two-step model [6], the macroscopic dynam-
ics model [7,8], multidimensional Langevin-type dynamical
equations [9-14], the time-dependent Hartree-Fock theory
(TDHF) [15], the extension time-dependent density-matrix
theory (TDDM) [16], and the DNS model [17-26]. The
above-mentioned models enable systematic investigation and
comparison of production cross sections among possible com-
binations and predict favorable ones within each specific
model. However, because different models are based on differ-
ent physical images and assumptions, each model has its own
advantages and disadvantages. The DNS model is one of the
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models in which the nucleon transfer is coupled to the relative
motion by solving a set of microscopically derived master
equations (ME) that distinguish protons and neutrons [20,27].
In the DNS conception the formation of SHN is discussed as
a competition between quasifission and complete fusion, and
the cross sections are calculated including nuclear structure
effects; these are the advantages of the DNS model. However,
it is assumed that each of the two touching nuclei always
keeps its own identity with its ground-state deformation [28].
Actually we know that there are nuclear and Coulomb interac-
tions between the nuclei. Nuclei get deformed gradually due
to the strong nuclear and Coulomb interactions. This deforma-
tion is not negligible, because it will alter the masses of nuclei,
as well as the interactions between them, so that it will influ-
ence the further evolution of the system. The DNS conception
has to be improved. The time-dependent dynamical deforma-
tion was studied numerically in Ref. [23], where the fragment
deformations are coupled with nucleon transfer for heavy ion
fusion reactions to form SHN. Subsequently, the evolution
of fragment deformations during deeply inelastic heavy-ion
collisions is considered as a dissipative process governed by
the Fokker-Planck equation (FPE) under the corresponding
driving potential, and analytical solutions are obtained for
interaction time-dependent mean fragment quadrupole defor-
mations in Ref. [29]. Quite recently, due to the computation
restriction for solving the multivariable ME, and to further
develop the DNS model, the two-variable ME (the variables of
the proton and neutron number of the projectile-like fragment:
Zy, Ny) were combined with the analytical time-dependent
solutions of the FPE for mean fragment deformations to treat
the four variables in the process of the compound nucleus
formation in Ref. [30]. The DNS model has been further
developed, although there are still some shortcomings, but
it has enough ability to predict the ERCS of new SHE. In
this paper, within the DNS model, we systematically calculate
the ERCS of isotopes with Z = 112-118 in a *Ca induced
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reaction and compare them with the corresponding experi-
mental data. The results show that the ERCS calculated within
the error range is consistent with the existing experimental
data. This also directly illustrates the reliability of the DNS
model.

Based on the reliable predictive ability of the DNS model
and the urgent international desire to find favorable conditions
for synthesizing new SHE Z = 119, we have done some work
on this. We calculate several possible reactions (with stable
and neutron-rich projectiles of Z = 20-25 and targets with
half-lives longer than 20 days) leading to the formation of
SHE Z = 119, and compare their cross sections to find the op-
timal projectile-target combination. Our results demonstrate
that the ERCS for the production of SHE Z = 119 is found
to be quite large with the **Sc projectile. In order to further
find the best synthesis conditions, we research the influence
of the target neutron number on the capture cross section,
fusion probability, and survival probability for the reactions
#5Sc + 248-252Cf in detail. The purpose of our research is to
predict the optimal projectile-target combination and beam
energy for the synthesis of SHE Z = 119. This article is orga-
nized as follows. In Sec. II, we introduce the DNS model. In
Sec. II1, numerical results are presented and discussed. Sec. IV
is a brief summary.

II. THEORETICAL FRAMEWORK

Under the DNS model, the process of synthesis of SHN is
divided into three steps: capture, fusion, and survival. First,
two nuclei form a dual-nucleus system by overcoming the
Coulomb barrier. This process is described by the capture
cross section. Second, the dinuclear system fuses to a com-
pound nucleus; in this step, there is a competition between
the formation of a compound nucleus and the occurrence of
quasifission. This process is described by the fusion cross
section. Finally, the excited composite nucleus returns to the
ground state by emitting three or four neutrons, competing
with the process of fission. We use the statistical model to
calculate the survival probability. In the DNS concept, the
ERCS is expressed as [29,31,32]

Th?
2UEc .

oER(Eem) = > QI+ DT (Eem, J)
J

XPCN(Ec.m.» J) X Wiur(Ec.m.v J) (1)

In this formula, E,.,, represents the center-of-mass incident
energy, T (E.,..,J) is the transmission probability; it means
the probability that the colliding nuclei overcome the potential
barrier and form a dinuclear system. Pey (E. .., J) is the fusion
probability. Wy (E. ., J) is the survival probability of the

J
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Here 6; represents the angle between the symmetry axis of the
ith nucleus and the collision direction. 8; and R; respectively

formed excited compound nucleus [33]. The sum is over all
partial waves J.

A. Capture cross section
For the heavy ions fusion reactions, the transmission prob-

ability T(E,,,.,J) can be calculated by the Hill-Wheeler
formula [34]:

1
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In this formula, w(J) represents the width at the position
Rg(J) of the Coulomb barrier of the parabola. Considering
the quadrupole deformation, the nucleus-nucleus interaction
potential can be written as [35]

V(r, Bi, B2, 61, 62) =Vc(r, B1, B2, 61, 602)
+ Vi (r, By B, 61, 6)+1C1 (81 — BY)’
+1G(8 - B)’. 3)

Here B;(B,) is the parameter of dynamical quadrupole de-
formation for the projectile (target). BY(BY) is the parameter
of static deformation for the projectile (target). 0;(6,) is the
angle between radius vector 7 and the symmetry axes of the
statically deformed projectile (target). C; , are the stiffness
parameters of the nuclear surface, which are calculated with
the liquid drop model [36]:

T(Ecm,a J) =
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where A is the level of the dynamical deformation. Here
we only consider the quadrupole deformation (A = 2). o is
the parameter of surface tension, satisfying the relationship
471R(2)a = a,A%/3; the parameter of surface energy a; = 18.32
MeV. The expression of the Coulomb potential can be written
as [37]
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The expression of the nuclear potential can be written as [38]

—1
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represent the quadrupole deformation parameter value of the
ith nucleus and the value of the nucleus radius.

(
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Considering the coupling channel effect through the poten-
tial barrier distribution function, the transmission probability
can be written as [39]

T(Een D)= [ FB)T Eep B, )
f(B) is an asymmetric Gaussian distribution function:
B \2
jivexp —(BA—If’") B < B,
fB=1" e (8)
~ €Xp —(A—z'") B > B,,.

Here, B,, = 22 By is the height of the Coulomb barrier at
waist-to-waist orientation, By is the minimum height of the
Coulomb barrier with variances of dynamical deformation S,

and B, and N is the normalization constant.

B. Complete fusion probability

In order to obtain the probability of fusion in the DNS
model, we describe the fusion process as a diffusion pro-
cess by numerically solving a set of master equations in the
potential energy surface (PES). The time evolution of the
distribution probability function [27], P(Z;, N, E}, t), at time
t to find Z; protons and N; neutrons in fragment 1 with
excitation energy E1, can be described by the following master
equation:

dP(Zi, N, Ey, 1)
dt
=Y Wy nzm (@) X [dg v P(Z'1, Ny, By 1)
VAN
—dz, NP(Z1, Ny, Eq, 1)]

+ ZWZI,M;ZI,N/IU) X [dz, ;P(Z1,N'1, Ey, 1)
N’y

—dz, N P(Z1, N1, Ey, 1)]
—(AY[OM)] + AT [OWNP(Zi, Ny, Er,t).  (9)

Here Wy n,.z7,n, 1s the mean transition probability from
the channel (Z;,Ny) to (Z'y, Ny), while dy, 7, denotes the
microscopic dimension corresponding to macroscopic state
(Z1, Ny). All the possible proton and neutron numbers of the
fragment 1 are taken into the sum, but only one nucleon trans-
fer is considered in the model (N1 =N, £ 1, Z/1 =7, £ 1).
The evolution of the DNS along the distance between nuclei R
leads to quasifission. The quasifission rate A%/ and A/* fission
rate are estimated with the one-dimensional Kramers formula.

The dissipated energy from the relative motion and the PES
of DNS determine the excitation energy E|; the PES is defined
as

U, Zi5N2, 25, R, Brs B2, )
= B(Zi, Ny, B1) + B(Z2, N2, B)
—[B@Z. N, B) + Vo' (D] + Uc(Zi, 2o, 1, B2, R)
+UN(N1, Zy, Ny, 21, B2, J). (10)

where N=N+N,andZ =7+ 7Z,; Band B; (i = 1, 2) are
the quadrupole deformations of the composite nucleus and

the two fragments, respectively. B(Z, N, 8), B(Zi, Ny, B1),
B(Z,, N;, B,) are the binding energies of compound nu-
cleus and the two deformed nuclei, respectively. Us means
Coulomb energy, Uy means nuclear interaction potential, and
VSN means centrifugal energy.

Under the Coulomb barrier B, the formation probability of
the compound nucleus can be expressed as

Zpc  NpG

Pey(Eem.J.B)=Y_ > P(Zi.Ni.Ey. tw). (11

Zi=1N;=1

Npg and Zpg are the neutron number and charge number at
the Businaro-Gallone (BG) point. The interaction time Ty is
dependent on the incident energy E. ., J, and B, which are
determined using the deflection function method. The fusion
probability can be written as

Pen(Ecm., J) = /f(B)PCN(EC.m.9 J,B)dB. (12)

C. Survival probability

The deexcitation process of the composite nucleus in the
excited state is achieved by evaporating light particles and
gamma radiation; this process competes with the fission pro-
cess of the excited state nuclei. The survival probability of
emitting x, neutrons can be written as

) ) : Tu(EF,J)
‘/I/Sur(ECvi’J):P(ECNv-st)l | |: ]
i=1

Cu(ES, D+Tp(EF,JT)
13)

In the formula, Efy = E.,,. + O, where Ef, represents the
excitation energy of the composite nuclei. E represents
the excitation energy of the ith neutron before evaporation.
[u(Ef,J) and T'p(ES,J) represent the partial wave decay
widths of an evaporating neutron and fission respectively [35].

III. RESULTS AND DISCUSSION

A. Verify the DNS model

In order to prove the predictive ability of the DNS model,
we systematically calculate the ERCS of isotopes with Z =
112-118 in a “*8Ca-induced reaction, and compared them
with the corresponding experimental data [4,40—44]. Figure 1
shows a comparison of the calculated ERCS with the ex-
perimental data in the reactions **Ca + 2%y, *8Ca + 2"Np,
48Ca + 242Pu, 48Ca + 244Pu, 48Ca + 243Am, 48CEI + 245CHI,
“®Ca +*8Cm, **Ca+2*Bk, and **Ca+?**Cf. The ERCS
calculated by the DNS model can describe the experimental
values well within the error range. Especially for the reactions
48Ca + 242Pu, 48Cﬂ 4 244Pu, 48Ca + 243Am, 48CEI 4 245CH1,
these results coincide well with the experimental data.

B. Influence of the mass asymmetry on ERCS

We calculate the ERCS of the reactions that can produce
the same compound nucleus in Fig. 2. Our results show that
the ERCS decrease by about two orders of magnitude with
increasing charge number of the projectile. This is due to the
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FIG. 1. Calculated ERCS compared with available experimental
data. Measured ERCS of the 2n, 3n, 4n, and 5n channels are denoted
by black square, red circle, blue normal triangle, and pink inverted
triangle, respectively. Calculated results are denoted by solid lines.

strong decrease in fusion probability with decreasing mass
asymmetry in the entrance channel. As shown in Fig. 2, the
use of a °'V beam is less favorable than **Sc. This is at-
tributable to a lower fusion probability of the >'V 4 2**Cm
fusion reaction. Our calculations also demonstrated that the
use of a >Mn beam instead of *Sc decreases the ERCS,
owing to a lower fusion probability. In order to clarify the
changes in the fusion probability of these reactions, we must
analyze their driving potential.

In Fig. 3, it is easy to see from the physical image of
the driving potential that the dinuclear system moves from
the entrance channel position to the left of the BG point.

1
10 15 0 +250C £
— = Aly2M(Cp 3n
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1*4
020
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FIG. 2. Evaporation residue excitation functions in production
of isotopes of superheavy nuclei Z = 119 in reactions **Sc + 2°Cf,
Sy 4+ 2Cm, and Mn + 2°Pu.
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FIG. 3. The PES for the reactions *Sc+ 2°Cf, v +2*Cm,
and >*Mn + 2**Pu as a function of mass asymmetry 7. The arrow in
the figure indicates the entrance channel.

In the process of evolution, there is a potential barrier By,
to prevent this evolution trend. In other words, in order to
trigger a fusion reaction, the dinuclear system must overcome
this potential barrier, which is called the inner fusion barrier.
One can see that the inner fusion barrier of the **Sc 4 2°Cf
reaction is smaller than that of the other two reactions, because
its mass asymmetry is relatively large. That is to say, as the
mass asymmetry increases, the inner fusion barrier of the
dinuclear system becomes smaller, resulting in an increase in
the probability of fusion. Therefore, we predict that the more
suitable projectile-target combinations for synthesizing SHE
Z = 119 are the reactions *Sc +4Cf.

C. Influence of the target neutron number on ERCS

In order to further find the best synthesis conditions, it is
necessary to study the isospin dependence of the ERCS on
the target nucleus. The calculated maximal ERCS and the
corresponding optimal excitation energies of the compound
nuclei in the 3n evaporation channel are presented in Fig. 4 for
the reactions **Sc +“Cf as functions of the mass number A of
the target, respectively. Figure 4(a) shows that the Q values
increase with the increase in neutron number. Figure 4(b)
shows that the maximum ERCS decrease with the increase
in neutron number. Figure 4(c) indicate that the excitation
energies fluctuate between 38 and 40 MeV with the increase
in neutron number. To analyze the trend of the change above,
the whole process of SHE synthesis needs to be investigated in
detail. Next, we investigate the influence of the target neutron
number on the capture cross section, fusion probability, and
survival probability.

Figure 5 shows that the capture cross sections oc,p, as a
function of the excitation energy are quite close to each other
for the five above-mentioned reactions owing to a slight dif-
ference in Coulomb barriers. In the lower excitation energy
region Efy < 40 MeV, the o, for the reaction BSc +28Cf is
larger than those of **Sc 4 24Cf, ¥Sc 4 20Cf, ¥Sc 4 P! Cf,
and “Sc+22Cf because of the large negative Q val-
ues (Efy = E.u. + Q) of the former reaction. When the
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FIG. 4. Tsospin dependence from **Sc +ACf fusion reactions: (a)
Q values for fusion reactions **Sc +4Cf; (b) maximal evaporation
residue cross sections as functions of target mass number A, for
3n emission channels; (c)corresponding excitation energies of com-
pound nuclei.

excitation energy Efy > 40 MeV, the o, tend to be almost
consistent.

Figure 6 shows the fusion probability Pcy as a function of
the excitation energy of the compound nucleus for the reac-
tions ¥ Sc + 248-252Cf. One can see that the fusion probability
Pcy changes irregularly with increasing neutron number in
the lower excitation energy region. However, when excitation
energy increases beyond 30 MeV, the fusion probability Pey
decreases with increasing neutron number. Pcy depends on
the details of the driving potential, which is decided by the
properties of the nuclei in each DNS and their interactions.

Figure 7 shows the survival probability Wy, as a function
of the excitation energy of the compound nucleus. In the
lower excitation energy region E}y < 40 MeV, the survival
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FIG. 5. Capture cross sections as functions of excitation energy
of compound nuclei.
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FIG. 6. Fusion probabilities as functions of excitation energy of
compound nuclei.

probability W, increases with increasing neutron number.
When excitation energy increases beyond 40 MeV, the differ-
ences between survival probabilities among the five reactions
become very small, and the results tend to be consistent.

In summary, for the reactions B 4+ 28Cf, PSc + ¢,
B 4+ 20Cf, ¥Sc 4+ 22Cf, and “Sc + P2Cf, the excitation
energy corresponding to their maximum ERCS is very high
(about 40 MeV). Under this excitation energy, the capture
cross section oy, and fusion probability Pcy decrease with
increasing neutron number, and the survival probability W,
increases with increasing neutron number. The calculated
maximal ERCS o3, decreases with the increase in neutron
number.

D. Production cross sections of SHE Z = 119

In this work, we analyzed the influence of mass symmetry
and the target neutron number on the maximum ERCS. Our
investigation shows that the reaction **Sc + 2*3Cf is the best
candidate channel for synthesizing the new SHE Z = 119.
In order to make the research more extensive, the maximum
ERCS of some probable candidates for synthesising SHE

Py
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. AN — "Sc+CE
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A - or
N b PSereE
. 4SSC+251Cf
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FIG. 7. Survival probabilities as functions of excitation energy of
compound nuclei (in the 3n channel).

054606-5



JIA-XING LI AND HONG-FEI ZHANG

PHYSICAL REVIEW C 105, 054606 (2022)

“8Ca+"Es 455c+ACH 59Ti,ABK
10° 10° 10°
[ 1 [
g
o 1 1 i N 1
2 10 1 10 1 " 10 1
o
w -—n [ n
b -2 " -2 -2 "
10 10 10
Il Il Il Il Il Il Il Il Il
40F 40F 40F
- /
sl 38F Na_u sl
z 36k 36 6h
iy e
7Y ] KZY ¥ 34k
.y . . . e
252 253 254 248 250 252 247 248 249
A A A

FIG. 8. Isospin dependence of maximal ERCS and excitation en-
ergies of compound nuclei corresponding to the maximal ERCS from
fusion reactions: **Ca + *°Es, *Sc +“Cf, *°Ti +2 Bk, as functions of
target mass number A, for 3n emission channels.

Z =119 are investigated. We observed that the maximum
ERCS of these reactions all appeared in the 3n evaporation
channel. The maximum ERCS for 3xn emission channels out
of ¥Ca, ¥Sc, P°Ti, 5'v, *Cr, and >>Mn bombarding actinide
isotopic chains AEs, ACf, Bk, *Cm, A Am, and Pu are shown
in Figs. 8 and 9 as a function of the mass number of the target.
Figure 8 and 9 show that the isotopes of target nuclei with
smaller neutron excess are favorable for most cases of synthe-
sizing SHE Z = 119. In all cases the ERCS basically decrease
with increasing neutron number, though sometimes not very
distinctly. Finally, for these reactions, we also investigate the
influence of the target neutron number on the capture cross
section, fusion probability, and survival probability. Similarly
to the results of the reactions ASc + 2*3Cf, under the excitation
energy of the compound nucleus corresponding to maximal
ERCS, our calculations show that, for 3n emission, the cap-
ture cross section oc,p and fusion probability Pcy decrease
with increasing neutron number, and the survival probability
Wsur increases with increasing neutron number. Finally, the
3n evaporation channel corresponding to the ERCS decreases
with the increase in the neutron number.
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FIG. 9. Isospin dependence of maximal ERCS and excitation en-
ergies of compound nuclei corresponding to the maximal ERCS from
fusion reactions: 'V +4ACm, **Cr +4Am, »Mn +*Pu, as functions
of target mass number A, for 3n emission channels.

IV. SUMMARY

To investigate the most suitable projectile-target combi-
nation for the synthesis of SHE Z = 119, the projectiles
BCa, Sc, T3, >y, >*Cr, and Mn bombarding some ac-
tinide isotopic chains are systematically studied within the
DNS model. Our results demonstrate that the strong depen-
dence of the calculated ERCS on mass asymmetry in the
entrance channel makes the *>Sc projectile the most promising
for further synthesis of SHE Z = 119. The influence of the tar-
get neutron number on ERCS is also investigated. Our results
demonstrate that, under the excitation energy of the compound
nucleus corresponding to maximal ERCS, the Pry change
with increasing neutron number of the target is relatively
significant. Thus, the 3n evaporation channel corresponding
to the ERCS basically decreases with the increase in the
neutron number owing to the Pry decreasing with increasing
neutron number. Finally, we predict that for the synthesis of
the SHE Z = 119 the maximal ERCS is 0.29 pb, reached by
the reaction **Sc 4+ 2*Cf with an incident energy of 216.77
MeV. Hopefully, the theoretical prediction results will shed
light on the experimental synthesis of this new element.
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