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Predictions of synthesizing elements with Z = 119 and 120 in fusion reactions
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Within the framework of the dinuclear system model, the experimentally accessible projectile-target combi-
nations are predicted for the production of new superheavy elements with Z = 119 and Z = 120. The entrance
channel effect and the isotopic dependence of targets and projectiles on the capture, fusion, and survival stages
of the fusion reaction are discussed. The reactions **Sc +2*Cf and **V + **Cm are found to be promising
candidates for the synthesis of the element with Z = 119, achieving the maximal evaporation residue cross
sections of 0.288 pb at an incident energy of 211.2 MeV and 0.237 pb at an incident energy of 226.2 MeV,
respectively. Meanwhile, the element with Z = 120 can be synthesized through the reaction **Ti + ***Cf with a
maximal evaporation residue cross section of 0.040 pb at 221.8 MeV.
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I. INTRODUCTION

One of the forefront issues in nuclear physics is explor-
ing the eighth period of the periodic table and achieving the
location of next shell closure beyond Z = 82 and N = 126.
The macroscopic-microscopic method, the Skyrme-Hartree-
Fock theory, and the relativistic mean-field theory predict the
proton shell at Z = 114, 120, 124, or 126 and the neutron
shell at N =172 or 184 [1-4], and the island of stability
is expected to be near this region [5]. By synthesizing new
superheavy elements (SHEs), the location of the island of
stability can be precisely determined, and the shell structure of
superheavy nuclei can be further investigated. Through cold
fusion reactions based on 2%Pb or 2°Bj targets, the SHEs
with Z = 107-113 were synthesized at GSI and RIKEN [6,7].
However, It was observed that the evaporation residue (ER)
cross section decreases exponentially with the increase of the
charge number of the compound nucleus [8]. In response
to this challenge, researchers in Dubna shifted their focus
to hot fusion reactions utilizing a “*Ca beam and actinide
targets, leading to the successful synthesis of SHEs with
Z = 114-118 [9-13]. This achievement marks the completion
of the seventh period of the periodic table.

To date, modern accelerators such as RILAC of RIKEN
[14], DC-280 and U-400 of the SHE Factory in Dubna
[15,16], SFC of HIRFL, and UNILAC of GSI [17,18] have
achieved significant progress in the synthesis of new isotopes
with Z < 118 [6,8,19-24]. Moreover, several attempts also
have been made to synthesize the SHEs with Z = 119 and
120. Initially, Dubna attempted to synthesize the SHE with
Z = 120 using the reaction ®Fe 4 ***Pu in 2009 [25], yet
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no corresponding o decay chain was observed. In 2016, GSI
attempted to synthesize the element with Z = 120 through the
reaction >*Cr + ***Cm [26] and observed three « decay chains
related to 29120. Unfortunately, these were later identified
as random events [27]. Additionally, GSI searched for the
new elements Z = 119 and 120 via reactions “’Ti + >*Bk and
S0Ti 4+ 249Cf in 2020 [28], but no evidence confirming the dis-
covery of new SHEs was detected. In 2022, RIKEN extracted
the quasielastic barrier distribution of reaction >'Vv 4 >*¥Cm
and deduced the optimal reaction energy to synthesize el-
ement 119 for this reaction [29]. The synthesis of new
superheavy nuclei has encountered various challenges, includ-
ing the short half-lives and high instability of both the target
materials and the synthesized nuclei [30,31]. Moreover, the
ER cross section, which is typically in the order of picobarns
[32], has reached the limitation of experimental detection.
Hence, it is essential to construct accurate theoretical predic-
tions of the proper reaction systems and incident energies for
future experiments.

Based on ample experimental data, many theoretical ap-
proaches describing fusion-evaporation reactions have been
developed, such as the improved quantum molecular dynam-
ics ImQMD) model [33,34], the fusion-by-diffusion (FBD)
model [35-37], the cluster dynamical decay model [38], the
time-dependent Hartree-Fock (TDHF) theory [37,39—41], the
two-step model [42—44], and multidimensional Langevin-type
dynamical equations [45-47]. The dinuclear system (DNS)
model was also proved to be reliable in describing the pro-
duction of new SHEs [48-59]. Within the DNS model, the
fusion dynamics is viewed as a diffusion process occurring
along proton and neutron degrees of freedom. The process of
nucleon transfer is coupled to the relative motion by solving
a group of master equations, governed by the potential energy
surface with consideration of nuclear structure effects [53].
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In this paper, the reliability of the DNS model has been
tested by comparing the theoretical results with experimen-
tal data. Considering the feasibility of experimentation, we
choose actinide targets that have been practically used in
experiments with corresponding stable projectiles to predict
the synthesis of new SHEs with Z = 119 and 120.

This article is organized as follows: In Sec. II, we in-
troduce the theoretical details of the DNS model and verify
the reliability of this model. In Sec. III, the maximal ER
cross sections and optimal incident energies corresponding to
the synthesis of the new isotopes are predicted. The isotopic
dependence of targets and the entrance channel effect for syn-
thesizing the SHE with Z = 119 and the isotopic dependence
of projectiles are systematically discussed. Finally in Sec. IV
we present a summary of this work.

II. THE MODEL

In the DNS model, the fusion-evaporation process can be
elucidated through a three-step process, including capture,
fusion, and survival stages. Initially, the formation of a din-
uclear system occurs when the colliding nuclei overcome
the Coulomb barrier height V. Subsequently, the dinuclear
system undergoes nucleon transfer and forms a compound
nucleus. Finally, to attain the ground state, the excited com-
pound nucleus deexcites via fission or evaporating particles.
Therefore, the ER cross section can be calculated over the
partial waves J as follows:

2

2uEem.

oR (Eem.) = > )+ DT (Ecm., J)

J
x Pon(Eem., ) Wsur (Ecm.» J), ()

where E. . denotes the center-of-mass energy. T (Ecp.,J)
is the transmission probability for overcoming the Coulomb
potential barrier to form a DNS. Pen(Ecnm., J) represents the
complete fusion probability [60], and Wy (Ec ., J) represents
the survival probability of the compound nucleus [61].

22,6
Ve(R, Bi, B2, 01,02) =

The nuclear potential Viy can be written as [67]:

A. Transmission probability and capture cross section

For the fusion reactions, the transmission probability
T (Ecm., B, J) can be calculated by the Ahmed formula with
the reduced mass u [62,63]:

1— -4
T(Eem. B, J) = Xp(—dzeo) @)
1 4 exp[2m (B; — )]
where
o 2MEc.m.a
= a
and

\/ZM(B + g+ 1))

B = W aum,

and ay is the Morse parameter [64]. The nucleus-nucleus
interaction potential with quadrupole deformation can be writ-
ten as [53]

VR, B, o, 01, 62) = 1C1 (81 — BY) + LCa (B — BY)
+ Ve(R, Bi1, B2, 61, 62)
+ W(R, B1, B2, 01, 6>). 3)

Here Bi (B2) and BY (BY) are the parameters of dynamical
quadrupole deformation and static deformation for the projec-
tile (target). 6, (6,) is the angle between the collision direction
and the symmetry axes of the statically deformed projectile
(target). C;, are the stiffness parameters of the nuclear sur-
face, which are calculated with the liquid drop model [65]:
5 3 Z?re?
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where A is the level of the dynamical deformation. Here
we only consider the quadrupole deformation (A = 2). The
Coulomb potential V¢ can be calculated from the Wang for-
mula [66]:
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Considering the barrier distribution, the transmission proba-
bility can be expressed as

T (Eem.J) = / FBYT (Eem., B.J)dB. ™

Here

fB) = N &P

s

is the barrier distribution function with an asymmetric Gaus-
sian form. The barrier distribution parameters By, A, and A,
are given by the fitting for the spherical and deformed systems
[68] and N is the normalization coefficient. The capture cross
section o¢,p can be represented by the following formula [69]:

(

Th?

Ucap(Ec.m.) = 2ME

Z(zf + DT (Eem, ). (8)
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B. Fusion process and the fusion probability

The complete fusion probability Pen(Ecm., J) can be eval-
uated by considering the fusion process as a diffusion of
dinuclear system in the mass asymmetry degree n = (Ap —
Ar)/(Ap + Ar). For a fragment (Z;, Ny) with the excitation
energy E; at the instantaneous time 7, the distribution func-
tion P(Z;, Ny, E}, t) can be obtained by the following master
equation:

dP(Zy, Ny, Ey, t)
dt

= Z Wz, Nz (1)

z;
X [dz, N, P(Z}, N1, Ey, t) — dg v, P(Zy, Ny, E) L 1)]
+ZWZ|,N1;Z],N1’([)

N]
X [dz, N, P(Z1, N, E\, t) — dz, nP(Zy, Ny, E)L 1)]
— [Ag(O@)) + A (OE)IP(Zy, Ny, Ey, ). 9

In this formula, Wz, v,.z v, represents the mean transition
probability from (Z;, Ny) to (Z{, Ny) [70], dz, x, indicates the
microscopic dimension for the corresponding macroscopic
variables. A and Ags denote the quasi-fission and fission
probabilities [71,72], respectively.

In the fusion stage, the nucleon transfer process is driven
by the potential energy surface defined as [73]

U(Zi,N1,Z2, N2, R, B1, B2)
= Eg(Z, N1) + Eg(Z,, N,) — Eg(Z,N)
+ Ven(Zi, Ni, Z5, N2, R, B1, Ba). (10)

Here, Eg(Z, N), Eg(Z1(2), Ni(2)) are the binding energies of
the compound nucleus and the projectile (target) given by
the macroscopic-microscopic model [2]. Ve represents the
nucleus-nucleus interaction potential, which comprises the
Coulomb potential and the nuclear potential, defined as fol-
lows:

Ven(Zy, N1, Z>, Na, R, B, B2)
=Vc(Zi,N1, 2>, N2, R, By, B2)
+W(Zi,Ni,Z,, N2, R, B1, Ba). (11)

In the fusion process, the nucleon transfer process occurs at
the bottom of the potential pocket. This minimal trajectory of
the potential energy surface along the degree of 1 is defined as
the driving potential. The fusion probability can be obtained
by summing the distribution probabilities of the fragments
that cross the Businaro-Gallone (B.G.) point (the highest point
of the driving potential). The gap in the driving potential
between the B.G. point and the incident point is defined as
the inner fusion barrier Bg,s = U (n.g.) — U (n;). If the system
manages to overcome the inner fusion barrier, the compound
nucleus is formed; otherwise, the quasifission process occurs.
Thus the fusion probability can be expressed as follows [74]:

Pon(Ecm., J) = /f(B)PCN(EC.m.a J, B)dB. 12)

Here, Pon(Ec.m., J, B) is the formation probability of the com-
pound nucleus, which is given by

PCN(Ec.m., Js B)
ZpG. Np.

=Y Y PIZi, N\, Et, ti(Eem, J, B, (13)

Zi=1N;=1

with the interaction time i (E. ., J, B) obtained through the
deflection function method [75].

C. The survival probability of excited compound nucleus

In the survival stage, the excited compound nucleus can
deexcite through particles and y-ray emission or through fis-
sion. With the negligible impact of y-ray and charged-particle
emission, the primary competition lies between fission and
neutron evaporation [52]. When x neutrons are evaporated, the
survival probability can be calculated by the statistical model
as

. . - Co(ES, J)
vvsur(ECNax»J):P(ECviaJ)l | [ i|
i=1

Fn(Ei*’ J) + Ff(E,‘*s J)
(14)

P(EZ\, x, J) represents the realization probability [76] when
the compound nucleus evaporates x neutrons with the ex-
citation energy Efy. E/ is the excitation energy before
evaporating the ith neutron, which can be given by E}, | =
E} — B! — 2T;, with the initial excitation energy E| = E(. BY
is the separation energy of the ith neutron [2] and 7; = /E;/a
is the nuclear temperature before evaporating the ith neutron.
The level density parameter a can be taken as a = A/12 MeV
or the expression dependent on the shell correction and the
EZ\ values [58].

The partial decay widths for the evaporation of neutron can
be estimated by the Weisskopf-Ewing theory [77]:

25y + )m,
L(E*.T) = <52+_>m
w2htp(E*, J)

X / ep(E* — By — &, N)oiny(e)de,  (15)
II!

where I, =[0,E* —B, —8 — 11. § =0, A, or 2A for the
odd-odd, odd-even and even-even nuclei; A = 12/ /A MeV.
B, denotes the neutron separation energy. The level density
p is calculated with the Fermi-gas model [78] and o,y repre-
sents the inverse reaction cross section for the particle v with
the channel energy ¢ [79].

The fission decay width I'y can be calculated with the Bohr-
Wheeler transition-state method [52]:

1
'(E*,J) = —————
D) = e )
E*— By —¢,J)d
X/ pr( r—¢,J)de a6
. T+ exp[—2n(E* — By — &)/ho]
with Iy = [0, E* — Bf — 8§ — L]. Here as/a = 1.1 is related to

ar .
the rate of nuclear structure evaluation from the ground state

to the saddle point [80,81].

014622-3



ZHANG, ZHANG, ZOU, WANG, ZHU, AND ZHANG PHYSICAL REVIEW C 109, 014622 (2024)

N (é) 18O 292860 C k] 2?'(1,') BOq 2Py Fxn 3
107g 3n T 10g E
1F 4n ] 1F ]
= 10k .. s 1 10 z
% looé.v 2n.exp _; 100;' é
61_1 71:0 3n.exp ] ~1F ]
10 Fm  dnexp < 10 F 1
HE Sn.ex ] HE 3
10 2§'A ep, - 10 25 3
1073:' L ] 1073:' e :

20 30 40 50 20
(o2F (©“Cat™Pu—®twFlixn 1 oE(d) "Cat P Am— oMot
~ 10'E 1 10'F
2 3 oF 3
: 1
° 10 E 410 E
10 { 107k
73:| L1 73:1 L1 3

10 20 10 20
¥ oreveomensan e IR T ETRE Tme S
i i
~ 10F 1 10E ST E
< 3 s : 3 : p E
< 10°k et 1 10°F ekt s
& . i g X ] F E
10 2 N, § 10F [/ .5
10k ; g 107k
10 3 ST .

20 30 40 50 20 30 40 50

e -(g') BCgt29Bk—2Tstxn _ 102;
~ 10'F {1 10'F
2 3 oF 3
= 1O
° 10 F 110 F
107 {107k
10 b 107t =

E . (MeV)

FIG. 1. Comparison of the calculated results with the available experimental data [9,11,23,86-96]. The calculated ER cross sections in the
2n, 3n, 4n, and 5n channels are denoted by the red dashed lines, black solid lines, blue dash-dot lines, and green dotted lines, respectively. The
black arrows denote the positions of the Coulomb barrier heights in side-side collisions V5% [29,97]. The experimental data for the 2n-, 3n-,
4n-, and 5n-emission channels are presented by the solid red inverted triangles, black circles, blue squares, and green triangles with the error
bars, respectively.

Considering the temperature dependence [82,83], the fis- 2 2
sion barrier of the rotating nucleus can be written as follows: |\ "
g.s. s.d.

)J(J+ 1), a7

Bi(E*,J) = Bf°(1 — xipT}? . : .
f )= B (1 - xT) where the macroscopic part BFP and the microscopic part BM

4 BY(E* =0.7) _ E_* are determined by the liquid-drop model and the microscopic
f =, J)exp Ep shell correction [2]. The temperature dependent parameter
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TABLE I. Some feasible reaction systems for producing isotopes with Z = 119 via the DNS model and other theoretical models. The

half-lives of corresponding targets are taken from Ref. [100].

Isotope Reaction Tl‘;‘;"et E.m. (MeV) E¢y (MeV) ogr (pb) Reference
0119 *$Am(*Cr, 3n) 7.36 x 103 yr 231.7 35.0 0.017700% This work
#1119 *#Cf(*Sc, 3n) 351.00 yr 211.2 35.0 0.28870%53 This work
2 CcmE0v, 3n) 18.10 yr 229.6 34.0 0.087%0% This work
2Bk (*°Ti, 4n) 330.00d 2234 44.0 0.01679%% This work
2119 2Bk (*Ti, 3n) 330.00d 2134 34.0 0.1437923 This work
#Cm(*'v, 3n) 8.42 x 10° yr 2274 34.0 0.0467 0% This work
#Cm('v, 3n) 18.10 yr 232.9 34.0 0.0240:-043 This work
3 Am(Cr, 3n) 7.36 x 10° yr 237.4 34.0 0.02175:9%8 This work
23119 H5Cm (v, 3n) 4.71 x 10% yr 226.2 33.0 0.2379437 This work
#CmE'v, 3n) 8.42 x 10° yr 230.8 33.0 0.136+0247 This work
B Am(¥Cr, 3n) 7.36 x 10° yr 237.7 33.0 0.097+5.078 This work
HIBK(*Ti, 4n) 330.00d 227.7 42.0 0.014+0:-537 This work
3 Am(**Cr, 4n) 7.36 x 10° yr 248.9 42.0 0.002+0:003 This work
24119 BK(*Ti, 3n) 330.00d 219.7 34.0 0.029+0:0% This work
#Cm('v, 3n) 471 x 10° yr 230.7 34.0 0.023F0:-043 This work
Cm(Ov, 4n) 3.48 x 10° yr 231.0 40.0 0.01070:027 This work
2 Am(4Cr, 3n) 7.36 x 10% yr 2434 0.002 [101]
*Am(*Cr, 3n) 7.36 x 10° yr 239.9 33.0 0.007+90:2 This work
¥5119 Cm(v, 3n) 3.48 x 10° yr 223.0 32.0 0.173%03% This work
Bk (*Ti, 3n) 330.00d 2209 33.0 0.09175%8 This work
29BK(OTi, 4n) 330.00d 236.2 437 0.057 [102]
2Bk (Ti, 4n) 330.00d 232.8 0.036 [36]
9BK(°Ti, 4n) 330.00d 243.6 0.006 [101]
9Bk (Ti, 4n) 330.00d 234.2 0.035 [103]
9BK(°Ti, 4n) 330.00d 236.0 0.064 [104]
2Bk (Ti, 4n) 330.00d 232.6 0.036 [105]
BK('Ti, 4n) 330.00d 231.8 40.0 0.01010:022 This work
2Ccm(C'Vv, 4n) 3.48 x 10° yr 248.6 0.001 [101]
#Cm(ly, 4n) 3.48 x 10° yr 236.1 0.006 [105]
28CmEly, 4n) 3.48 x 10° yr 237.0 0.010 [104]
Cm('v, 4n) 3.48 x 10° yr 235.0 40.0 0.01370:-5% This work
2119 *Pu(**Mn, 3n) 8.00 x 107 yr 240.1 320 0.0107 0005 This work
29BK(Ti, 3n) 330.00d 233.6 41.1 0.039 [102]
2Bk (*Ti, 3n) 330.00d 225.2 0.030 [36]
9BK(*°Ti, 3n) 330.00d 226.0 0.048 [101]
BK(*°Ti, 3n) 330.00d 223.1 0.035 [103]
BK(*"Ti, 3n) 330.00d 225.0 0.031 [105]
BK(*"Ti, 3n) 330.00d 224.0 0.012 [104]
BK(*"Ti, 3n) 330.00d 225.8 34.0 0.008 0013 This work
Ccm('v, 3n) 3.48 x 10° yr 230.1 0.001 [101]
emElv, 3n) 3.48 x 10° yr 228.3 0.003 [105]
emElv, 3n) 3.48 x 10° yr 227.0 0.005 [104]
*Cm('v, 3n) 3.48 x 10° yr 229.0 34.0 0.0137905 This work

xLp = 0.04 [82]. Ep = 25 MeV [56] is the shell damping
energy which is responsible for the diminishing shell effects
as the excitation energy of the compound nucleus increases.
Jg.s. and Jg 4. are the moments of inertia of the compound nu-
cleus in the ground state and at the saddle point, respectively
[84,85].

D. Verification of the DNS model

In order to verify the reliability of utilizing the DN'S model
for predicting the ER cross sections of synthesizing the new
superheavy nuclei, the theoretical results based on the DNS
model are compared with the corresponding experimental
data for the fusion reactions **Ca + 238 — 286=*Cp 4-xn,
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TABLE II. The same as in Table I, but for producing isotopes with Z = 120.

Isotope Reaction T]l;;ga E..n (MeV) Ely (MeV) ogr (pb) References
#2120 *CE(*Ti, 3n) 351.00 yr 221.8 36.0 0.0407 0052 This work
*Cm(*°Cr, 3n) 8.42 x 10° yr 236.6 36.0 0.01175008 This work
23120 HCE(*'Ti, 3n) 351.00 yr 2225 36.0 0.01470:023 This work
24120 CE(**Ti, 3n) 351.00 yr 227.6 36.0 0.0107005 This work
295120 2CtOOTi, 4n) 351.00 yr 241.5 434 0.045 [102]
2CE(OTi, 4n) 351.00 yr 239.3 0.006 [36]
2CE(OTi, 4n) 351.00 yr 241.3 0.003 [103]
2Cf(OTi, 4n) 351.00 yr 252.1 0.0007 [101]
(0TI, 4n) 351.00 yr 240.0 0.029 [104]
CECOTi, 4n) 351.00 yr 240.7 0.0003 00007 This work
296120 2Ct(OTi, 3n) 351.00 yr 236.6 38.5 0.042 [102]
2Cf(°OTi, 3n) 351.00 yr 229.1 0.006 [36]
2Cf(°OTi, 3n) 351.00 yr 234.1 0.008 [101]
M OTi, 3n) 351.00 yr 2274 0.020 [103]
2 (OTi, 3n) 351.00 yr 232.8 0.023 [106]
2 Cf(OTi, 3n) 351.00 yr 228.9 0.020 [104]
M Cf(OTi, 3n) 351.00 yr 231.7 0.0023750057 This work
2BKEY, 4n) 330.00d 253.3 0.0002 [101]
2BKEY, 4n) 330.00d 242.0 0.0018 [104]
BK(C!Y, 4n) 330.00d 241.0 0.00090:00506 This work
27120 2Bk, 3n) 330.00 d 234.9 0.001 [101]
29Bk('V, 3n) 330.00d 230.0 0.0014 [104]
29Bk(*'V, 3n) 330.00d 233.0 0.001570:0024 This work
298120 28Cm(4Cr, 4n) 3.48 x 10° yr 248.9 0.0005 [36]
28Cm(4Cr, 4n) 3.48 x 10° yr 250.1 0.005 [103]
28Cm(*Cr, 4n) 3.48 x 10° yr 261.7 0.0003 [101]
28Cm(Cr, 4n) 3.48 x 10° yr 248.9 0.0005 [105]
28Cm(C*Cr, 4n) 3.48 x 10° yr 248.4 0.01 [106]
2Cm(4Cr, 4n) 3.48 x 10° yr 250.0 0.003 [104]
28Cm(4Cr, 4n) 3.48 x 10° yr 250.1 0.0006-0:-0013 This work
29120 2Cm(*Cr, 3n) 3.48 x 10° yr 240.8 0.0007 [36]
2Cm(*Cr, 3n) 3.48 x 10° yr 244 4 0.0008 [101]
28Cm(**Cr, 3n) 3.48 x 10° yr 238.2 0.002 [103]
2Cm(C*Cr, 3n) 3.48 x 10° yr 240.7 0.0007 [105]
2Cm(*Cr, 3n) 3.48 x 10° yr 240.0 0.0006 [104]
28Cm(4Cr, 3n) 3.48 x 10° yr 242.1 0.0004+-000¢ This work

48Ca + 242Pu N 290—an1 +xn, 48Ca + 244Pu N 292—an1 +xn,
BCa+Am — 2'"Mc 4-xn, BCa+2YCm —
293=xn] .y 4xn, BCa+2Cm — 20~y + xp,
BCa+4 2Bk — 27"Ts + xn and BCa+2YCf —
297=¥1Qg 4 xn, as shown Fig. 1. The presence of theoretical
computational uncertainties can be attributed to the subjective
determination of the Ep range [98,99].

Figure 1 illustrates a reasonable agreement between the ER
cross sections calculated by the DNS model and experimental
data, with the deviations well within acceptable error margins.
The DNS model predicts a maximal ER cross section of

1.411”5:2?} pb for the reaction *3Ca + 238U — 28=¥"Cn 4xn at
the 3n-emission channel with E¢y = 36.0 MeV and 0.42+05
pb for the reaction **Ca+?*Cf — 2""Og + xn at the
3n-emission channel with Efy = 33.0 MeV, which agrees

well with the experimental value of 2.57% pb with Efy =

33.0-37.0 MeV for the former reaction and O.Sfég pb with
Efy =32.1-36.6 MeV for the latter at the same neutron-
emission channel. Notably, the subjective selection range of
Ep can result in an order of magnitude error range in the
calculated ER cross sections. As the number of evaporated
neutrons increases, the influence of Ep intensifies, resulting in
an expanded error range. However, it is worth noting that the
optimal incident energies are not sensitive to the Ep range.
In Fig. 1, it also reveals that the Coulomb barrier heights
in side-side collisions (VBSide) are close to the optimal in-
cident energies, which is consistent with both experiments
and theoretical outcomes in Ref. [29,97]. These results pro-
vide strong support for the application of the DNS model
in predicting the optimal projectile-target combinations and
the corresponding incident energies for synthesizing unknown
SHEs.
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FIG. 2. (a) The predicted maximal ER cross sections for pro-
ducing the isotopes of the SHE with Z = 119 (red solid line) and
120 (black dash-dot line). (b) The B, of the compound nuclei which
form the isotopes with Z = 119 (red solid lines) and 120 (black
dash-dot lines). (¢) The BY' of the compound nuclei which form
the isotopes with Z = 119 (red solid lines) and 120 (black dash-dot
lines).

III. RESULTS AND DISCUSSION

A. The analysis of maximal ER cross sections for synthesizing
the SHEs with Z = 119 and 120

To select conducive projectile-target combinations for syn-
thesizing the SHEs with Z = 119 and 120, a systematic
evaluation of the combinations involving experimentally fea-
sible actinide targets and stable projectiles is conducted within
the DNS model. The maximal ER cross sections and the
optimal incident energies of the feasible reaction systems
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FIG. 3. The calculated capture cross sections (a), fusion proba-
bilities (b), and ER cross sections (c) of the reactions **Sc + >*°Cf
(solid lines) and 3V 4 2**Cm (dash-dot lines). The ER cross sec-
tions in the 3n- and 4n-emission channels are denoted by the blue
and red lines, respectively. The calculation uncertainties are given by
the shaded areas.

predicted by the DNS model and other theoretical models
are presented in Table I. Notably, for the synthesis of a
new element with Z = 119, the reaction ¥Sc + 2*°Cf is pre-
dicted to be optimal by the DNS model, with a maximal
ER cross section of 0.288 pb and optimal incident energy of
211.2 MeV. Besides, we predict V-induced reactions to be
viable in the synthesis of the isotopes with Z = 119, such
as the reaction *°V +2**Cm vyielding a maximal ER cross
section of 0.237 pb with a corresponding incident energy of
226.2 MeV.

014622-7



ZHANG, ZHANG, ZOU, WANG, ZHU, AND ZHANG

PHYSICAL REVIEW C 109, 014622 (2024)

45Q 424990
50\ +244Cmpy

25
20
15
10

5

0
sl
09

Udri (MGV)

—0.6 —0.5 -0.4

n

-0.8 —-0.7

FIG. 4. The driving potential as a function of mass asymmetry.
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represented by the green solid line arrow and red dashed line arrow,
respectively.

In Table I, we also compare the optimal incident ener-
gies and maximal ER cross sections of this work with other
theoretical models for producing new isotopes 2°+2%0119 via
the reactions °Ti + 2*’Bk, 'V +2*8Cm, and **Cr + **Am.
It is evident that the 4n-emission channel of the reaction
0Ti 4 2%Bk is advantageous in the synthesis of new element
with Z = 119, where the predicted ER cross sections spans
from 0.010 to 0.064 pb, aligning with the optimal incident
energies in the range of 231.8 to 243.6 MeV.

Regarding the production of the SHE with Z = 120, the
maximal ER cross sections and the optimal incident energies
of some feasible reaction systems predicted by the DN'S model
and other theoretical approaches are presented in Table II.
It indicates that the ER cross sections for producing iso-
topes with Z = 120 exhibit relatively lower values, and the
DNS model predicts that the Ti-induced reactions are more
promising, with the maximal ER cross section to be 0.040
pb achieved through the reaction “°Ti 4 >*°Cf at an incident

energy of 221.8 MeV. Additionally, the maximal ER cross
sections of the reactions *”*Ti 4+ 2*Cf are also above 10 fb.

From Table II, the theoretical results of different models
for the synthesis of new isotopes 2>2°120 via the reactions
0T 4 249¢f, Sty + 2Bk, and **Cr 4+ 2**Cm are also com-
pared. Most models predict that the 3n-emission channel of
the reaction *°Ti 4 2*’Cf is favorable for producing Z = 120,
with the predicted ER cross sections ranging from 0.0023 to
0.042 pb and the optimal incident energies ranging from 227.4
to 236.6 MeV.

From Tables I and II, it is suggested that the calculated
maximal ER cross sections of this work agree with other
theoretical predictions within the error range. It is essential to
note that the optimal incident energies of the same reaction
system predicted by different theoretical models exhibit a
discrepancy ranging from 0.2 to 13.6 MeV. The difference
in the theoretical predictions arises from distinct interpreta-
tions of the physical processes underlying fusion-evaporation
mechanisms. Besides, different mass tables provides distinct
Physical quantities, including the Q, Ep, B?’l, and B, values,
which impact the theoretical results.

In comparison to the synthesis of the SHE with Z = 120,
the projectile-target combinations synthesizing the SHE with
Z = 119 generally exhibit larger maximal ER cross sections.
To further discuss this difference, we have plotted the maximal
ER cross sections and B,, and B values for producing the new
isotopes with Z = 119 and Z = 120 in Fig. 2.

From Fig. 2(a), it can be observed that the maximal ER
cross sections for producing isotopes 2129329119 are en-
hanced. This enhancement can be attributed to the compound
nuclei involved in the formation of these isotopes, which
exhibit relatively lower B, in Fig. 2(b). Consequently, these
compound nuclei are more inclined to undergo deexcitation
via neutron emission rather than fission. Moreover, Fig. 2(a)
also reveals a suppression in the maximal ER cross sec-
tions for producing isotopes with Z = 120 comparing to those
with Z = 119. This is mainly due to the reduced BM values
of the compound nuclei with Z = 120 in Fig. 2(c). As a
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FIG. 5. The predicted ER cross sections of the reactions 3'V +2*Cm (a) and °'V +2*Cm (b). The 3n- and 4n-emission channels are
indicated by the blue solid and red dotted lines, respectively. The ER cross sections of the 31 + 4n channels in the reaction *'V +2**Cm are
indicated by the black dash-dot line. The optimal reaction energy of the reaction >'V 4+ 2**Cm in the 3n + 4n channels from Ref. [29] and from
this work are represented by the green dashed and black dash-dot lines, respectively. The calculation uncertainties are given by the shaded

areas.
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ities in the 3n- and 4n-emission channels are denoted by the blue and
red lines, respectively.

consequence, the elevated probability of fission hinders the
survival of compound nuclei. In light of these results, for
forthcoming experiments aimed at synthesizing the new el-
ements with Z = 119 and 120, we hope for a focus on the 3n-
and 4n-emission channels of the compound nuclei with higher
BM and lower B, values.

B. The entrance channel effect for the synthesis
of the SHE with Z = 119

As previously discussed, for the synthesis of the SHE with
Z = 119, the reaction ¥Sc + 2*°Cf stands out with the largest

10 - - - - -
= O
AT}+249Cf
2
=10} :
|54}
©
10 " : ! r 7
46 47 48 49 50

A

FIG. 7. The predicted maximal ER cross sections for producing
the isotopes of the SHE with Z = 120 with >*Cf target and “~°Ti
beams.

maximal ER cross section of 0.288 pb. Notably, this value
exceeds that of the >V + 2**Cm reaction, even though both
reactions form the same compound nucleus. To gain deeper
insights into the effect of the entrance channel, the capture
cross sections, the fusion probabilities, and the calculated ER
cross sections of the reactions **Sc 4 2*°Cf and *°v 4 ***Cm
are plotted in Fig. 3.

Owing to the increasing probability of overcoming the
Coulomb barrier and the inner fusion barrier, both the capture
cross sections and fusion probabilities elevate with rising E¢y.
In Fig. 3(a), it is apparent that the capture cross section for
5S¢ +249Cf s relatively suppressed, which is attributed to
the higher Vg + Q value. However, this discrepancy decreases
when EZ exceeds Vg + Q, as the partial cross sections con-
tribute at the larger angular momentum. Figure 3(b) reveals
that the fusion probability of the reaction °V +2*Cm is
enhanced in the low-Ef region owing to the much lower
Q value. With relatively lower mass asymmetry, the incident
point of the reaction **Sc 4 2*°Cf is closer to the B.G. point,
resulting in By, of the reaction BSc+24Cf (8.79 MeV)
being lower than that of the reaction *°V 4 2*Cm (10.72
MeV), as shown in Fig. 4, and heightened likelihood of
nucleon transfer process along the n degree. Therefore, the
fusion probability of the reaction *3Sc + 2*’Cf surpasses that
of the reaction *V +2*Cm in the high-EZy region, result-
ing in the enhancement of ER cross sections as plotted in
Fig. 3(c).

Furthermore, for synthesizing the same isotopes 22119 and
293119 via the 3n-emission channels, the ER cross sections us-
ing *°V projectile are about two times lager than using the
1y projectile. This difference can also be attributed to the
enhanced fusion probability of the >*V-induced reactions ow-
ing to the low mass asymmetry. It is evident that the reduced
By arising from the decreased mass asymmetry can highly
enhance the fusion probability, and the reaction systems with
lower mass asymmetry can therefore enhance the yield of
desired isotopes.
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C. The isotopic dependence of targets for the synthesis
of the SHE with Z = 119

As is evident in Table I, a variety of Cm targets can be
practically used to synthesize the new isotopes 2°'"2°¢119 with
detectable maximal ER cross sections. Among the Cm-based
fusion reactions, the reaction *°V + 2**Cm is promising, with
the highest maximal ER cross section of 0.237 pb in the
3n-emission channel. In Fig. 5, we present the predicted ER
cross sections of >y +243248Cm. Our results indicate that
the maximal ER cross section of the reaction 'V +2*Cm
in Fig. 5(a) is about one order of magnitude higher than that
of the reaction 'V +2*Cm in Fig. 5(b). Remarkably, by
investigating the V3% value extracted from the quasielastic
barrier distribution measurement and the experimental data
for the ER cross sections of 3n + 4n channels in the reac-
tion **Ca + 2*¥Cm, a possible connection between the optimal
incident energy and the V5% is found in Ref. [29], and the
optimal reaction energy for producing the element with Z =
119 via the reaction 3!V 4 2*%Cm is estimated to be 234.84_'%:2

MeV with corresponding excitation energy of 40.31“}:2 MeV
near the 4n-emission channel. This result is consistent with
our calculation of 234.0 MeV with an excitation energy of
39.0 MeV as shown in Fig. 5(b). As the fusion reaction
embodies a complex interplay of the capture, fusion, and
survival stages, to further investigate the isotopic dependence
of Cm targets, the capture cross sections, fusion probabilities,
and survival probabilities of the reactions 3!V +24248Cm are
discussed in Fig. 6.

In Fig. 6(a), the capture cross sections for both 3! V-induced
reactions are quite similar. This similarity arises from the
relatively close Vg and Q values. However, a contrast emerges
in Fig. 6(b), where the fusion probability of the reaction
Sy 4 25Cm exceeds that of 'V 4+ 2*Cm by an order of mag-
nitude. This can be attributed to the relatively lower Bg,s of the
reaction >'V + 2% Cm (11.55 MeV), which is 2.53 MeV lower
than that of the reaction 'V +2*8Cm. As a result, the fusion
probability of the reaction >'V + 2*8Cm is lower, especially in
the low-EZ region.

In Fig. 6(c), It can be observed that the survival proba-
bilities in the 3n-emission channels for the two *'V-induced
reactions are relatively similar, which can be attributed to

the relatively small difference in B, and B?’[ values of the
corresponding compound nuclei. With the enhancement of
the fusion probability, the maximal ER cross section of the
reaction >'V 42 Cm appears in the 3n-emission channel,
and is about an order of magnitude higher than that of the
reaction 'V + 2*8Cm. Furthermore, Fig. 6(c) also reveals that
the survival probability of the reaction >'v 4 2*Cm in the 4n-
emission channel is higher. This can be ascribed to the much
lower B, value of the compound nucleus, leading to a higher
probability of deexcitation via neutron emission. Additionally,
the increasing Efy also amplifies both the capture cross sec-
tion and fusion probability. Consequently, the optimal incident
energy is achieved at the 4n-emission channel for the reaction
Sty 4 28Cm.

D. The isotopic dependence of projectiles for the synthesis
of the SHE with Z = 120

Among the limited projectile-target combinations for syn-
thesizing the SHE with Z = 120 in Table II, the reaction
4Ti +2Cf has the largest maximal ER cross section of
0.040 pb, at an incident energy of 221.8 MeV in the
3n-emission channel. Additionally, the maximal ER cross
sections of the reactions *"**Ti+2%Cf are also above the
detection limit of 0.010 pb. These results suggest that
the Ti-induced reactions with lower Coulomb repulsion are
promising options for synthesizing the SHE with Z = 120.
In Fig. 7, the calculated maximal ER cross sections of the
reactions “*OTi +2%Cf are plotted. It is evident that the
maximal ER cross section has an obvious decreasing trend
with increasing neutron richness of the Ti projectile.

To further discuss the isotopic dependence of the Ti
projectiles on the maximal ER cross sections, Fig. 8 dis-
plays the calculated ER cross sections of the reactions
46.48.50Tj 1. 299Cf. One can observe that the optimal incident
energies of these reactions appear in the 3n-emission chan-
nels. To further discuss the isotopic dependence of projectiles,
the capture cross sections, the fusion probabilities and the
survival probabilities of the reactions ¢43-39Ti 4-24°Cf are
plotted in Fig. 9.

As the neutron number of the projectile increases, the cap-
ture cross sections have a rising trend as plotted in Fig. 9(a)
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FIG. 9. The calculated capture cross sections (a), fusion proba-
bilities (b), and survival probabilities (c) of the reactions *STi 4 2*Cf
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lines). The survival probabilities in the 3n- and 4n-emission channels
are denoted by the blue and red lines, respectively.

owing to the the diminishing Vi + Q values [55]. In the fusion
stage, the heavier projectile increases the mass asymmetry,

resulting in the increased By, and the fusion probability
is suppressed by several orders of magnitude, as shown in
Fig. 9(b). In Fig. 9(c), one can observe that the survival
probabilities rise with heavier Ti beams, due to the enhanced
stability of the compound nucleus when the neutron number
approaches the predicted closed neutron shell with N = 184.
Despite the suppression in the capture and survival stages, The
maximal ER cross section of the reaction *°Ti + 2**Cf remains
relatively large because of the strongly enhanced fusion prob-
ability. Given the enhancement in the fusion stage resulting,
the reaction *°Ti 4+ 2*’Cf can be considered for future experi-
ments to synthesize the element with Z = 120.

IV. CONCLUSION

In this paper, the calculated ER cross sections within the
DNS model are examined with the experimental data of the
reactions ¥Ca + B8y, 242.24py, 28 Am, 24 28Cm, 2*Bk, and
29Cf. The calculated results are found to be consistent with
the experimental data within the error ranges. This work at-
tempts to synthesize the SHEs with Z = 119 and 120 using
stable projectiles with Z > 20 and experimentally feasible
actinide targets, and the analysis of projectile-target combi-
nations reveals that the element with Z = 119 is expected to
be produced via the reactions BSc +2Cf and *°V + *Cm,
achieving maximal ER cross sections of 0.288 and 0.237
pb with corresponding incident energies of 211.2 and 226.2
MeV. The fusion reaction “°Ti + 2*Cf is a promising option
to synthesize the new element with Z = 120, reaching a max-
imal ER cross section of 0.040 pb at the incident energy of
221.8 MeV. The isotopes with Z = 119 and 120 are suggested
to be synthesized via the 3n- and 4n-emission channels of
the compound nuclei with low B, and high BY values. For
the synthesis of the SHE with Z = 119, the entrance channel
effect and the isotopic dependence of the Cm targets are
discussed. Our findings reveal that the reaction systems with
low mass asymmetry and the neutron-deficient Cm targets
can be employed to enhance the maximal ER cross sections.
Furthermore, the isotopic dependence of the Ti beams for the
synthesis of the element with Z = 120 is also investigated,
suggesting that the raised fusion probability from the em-
ployment of the neutron-deficient “*Ti beam can enhance the
maximal ER cross section.
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