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Possibility to synthesize Z = 120 superheavy nuclei with Z > 20 projectiles
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Evaporation residue cross sections (ERCSs) for heavy-ion fusion reactions are calculated by using the dinu-
clear system model combined with the statistical model. The calculated results reproduce well the experimental
trends of the 3n and 4n channel cross sections of *Ca + 23U, *Ca 4 ***Pu, and **Ca +>**Cm. To synthesize a
new element Z = 120, we predicted evaporation residue cross sections for four reaction systems (**Cr + 2*Cm,
BFe + 2*Pu, *Ni 4 23y, and *Ti 4 2*Cf) to select the most promising projectile-target combinations. From
detailed analysis of the evaporation residue cross section of synthetic superheavy nuclei, we found that the
34Cr 4 28Cm reaction is optimal and the maximum cross sections of the 3n and 4n channels are 17.58 and 1.09
fb. However, we also noticed that the ERCSs for the *Cr 4+ 2*Cm reaction channel predicted by our model and
various other approaches are all in the range of a few femtobarns, which appears to be below the detectable limit
of the currently available facilities. Thus, an increase of beam intensities, detection techniques, and efficient
separation are needed to synthesize Z = 120 superheavy nuclei.
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I. INTRODUCTION

In the last few decades, to explore the charge and mass limit
of the nucleus [1,2], low-energy heavy-ion fusion reactions
have been widely used to synthesize superheavy nuclei. Two
different experimental methods [3-5] have been used to syn-
thesize superheavy nuclei: The hot-fusion reaction performed
mainly at the Joint Institute for Nuclear Research-Flerov Lab-
oratory of Nuclear Reactions, Dubna, and the cold fusion
reaction performed mainly at GSI, Darmstadt [5-7], and at
Rikagaku Kenkyusho, Japan [8]. Using the cold fusion ap-
proach, the nuclei with Z = 107-112 have been synthesized
[5-8], and the hot-fusion reaction has led to the discoveries
of elements with Z = 113-118 [9-12]. So far, considerable
progress has been made in experimental and theoretical re-
search in the field of superheavy nuclei [13,14].

Several recent studies have suggested some projectile-
target combinations may be the efficient method for the
production of new superheavy nuclei (Z =119 and 120).
However, the actual possibilities to achieve this objective must
be carefully examined. For experimentalists, it is crucial to
choose the most promising projectile-target combination. Up
to now, the synthesis of superheavy nuclei with Z > 118
has faced many experimental challenges. For example, fu-
sion evaporation reactions using projectiles heavier than *8Ca
would be required because 2*°Cf is the heaviest known target.
To synthesize new elements beyond oganesson (Z = 118),
heavier beams such as °Ti, >*Cr, 8Fe, and ®Ni have been
adopted by experimentalists and theorists. Experimentally, at-
tempts to produce Z = 119 and 120 have been made in the last
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decade in different laboratories, using various combinations
of projectile and target nuclei. However, no events have been
observed [15-24].

Theoretically, various theoretical models have been de-
veloped to predict the evaporation residual cross sections.
However, these predicted cross sections differ by 1-5 orders
of magnitude and also the excitation function peak energies
differ by several MeV for a fixed projectile-target combina-
tion. Inspired by experimental data and significantly different
theoretical results obtained from various theoretical models,
we selected four projectile-target combinations for theoreti-
cal calculations, >*Cr + 2*¥Cm [25-28], *®*Fe + 2**Pu [29-31],
®Ni+ 28y [29,31-33], and Ti+**Cf [25,26,28,31,34],
aiming to select the optimal projectile-target combination for
the synthesis of Z = 120.

II. THEORETICAL FRAMEWORK

In the dinuclear system (DNS) concept, the evaporation
residue cross section (ERCS) is calculate as the summation
over all partial waves J [35],

orr (Ecm.) = Z O'cap(Ecm.’ DPeN(Ecm., Wi (Ecm., J),

J
ey

where E. . is the incident energy in the center-of-mass frame.
The capture cross section o is calculated with an empir-
ical coupled-channel approach. The Pcyn is the probability
that the system evolves from a touching configuration to the
compound nucleus (CN) in competition with the quasifission.
The last term Wy, is the survival probability of the formed
compound nucleus, which can be estimated with a statistics
model.
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The capture cross section ocap(Ecm.) at a given center-of-
mass energy E. . can be written as [36]

2

2UE:m.

Y QI+ DT (Eem, ), (2)

J

Ocap (Eem) =

where E., and J separately represent the incident energy in
the center-of-mass system and the angular momentum. The
T (Ecm.,J) is the penetration probability of the two collid-
ing nuclei overcoming the Coulomb potential barrier in the
entrance channel. The capture cross section O¢,p(Ecm.) can
be estimated using the empirical coupled-channel method.
According to the different coupling modes between the target
and the projectile, we construct different barrier distribution
functions. There are three cases: (i) fusion reactions involving
two spherical nuclei, (ii) reactions with two statically de-
formed nuclei, and (iii) reactions with the combination of one
spherical nucleus and one statically deformed nucleus, which
are addressed in detail in Ref. [37].

The Pen(Ecm., J) in Eq. (1) is the probability of the evolu-
tion of the system from the contact configuration to the forma-
tion of the composite nucleus. The time evolution of the prob-
ability distribution function P(Z;, Ny, Bi2, B2, 61, 02, €1, 1) at
a fixed directional angle (6, and 6,) can be obtained by solving
the master equation for the four variables in the corresponding
potential energy surface [38], which is addressed in detail in
Ref. [39].

Finally, the fusion probability is given by

Zpg  NsG

0 oo pm/2 /2
PextEen. =3 3 [ [ [ sinovan [
0 0 0 0

Zi=1 Ni=1
x P(Zy, N1, B2, B2, 01, 02, Tint)
x p1(B12)p2(B22)d Bi2d B2 sin 6,d6,,  (3)

where Npg and Zpg are the Businaro-Gallone (BG) points.
The interaction time tj,; in Eq. (3) determines how far the
system travels along the potential energy surface, and the
interaction time tj, in the dissipative process of two colliding
nuclei is determined by using the deflection function method.

The survival probability Wy (Ecm.,J) in Eq. (1) of the
compound nucleus can be calculated using a statistical
method. The survival probability of the excited compound nu-
clei during deexcitation by evaporation of neutrons competing
with fission is expressed as follows:

\ \ - Tu(E}, J)
War(Eéy, X, 1) = F(Egy. X, J)]"[[ }
i=1 i

Fn(Ei*7 J) + Ff(El’*a J)

“

where F(EZy, x,J) is the realization probability [40] of the
xn channel at the excitation energy E&y(Ecm. + Q) of the
compound nucleus with the angular momentum J, and i is the
index of the evaporation step. The partial widths of neutron
emission and fission are I', [41,42] and I"y [43].

The level density is calculated using the back-shifted
Fermi-gas model,

(2J + Dexp [2v/aU — £451]
24ﬁo3a1/4U5/4

pU,J) = ; (&)

with 02 = Oh—ﬁ Origia = 2m,AR?, and U = E — 5. The
back-shifts § = —A(odd-odd), O(odd-A), and A(even-even),
respectively, are related to the neutron and proton pairing gap
A =1/2[A(Z,N)+ Ap(Z,N)].

The dependence of the level-density parameter a on the
shell correction and the excitation energy was proposed as

f(U)}

alU,Z,N) = Zz(A)[l + Eq (6)
with @(A) = aA + BA?? and f(U)=1—exp(—ypU). It
should be noted that the differences between the correspond-
ing level-density parameters are primarily due to different
shell corrections. Thus, these parameters should be used at the
same shell correction energies. The parameters o = 0.1337,
B =—0.06571, and yp = 0.048 84 [44] determined by fit-
ting to experimental level-density data with the help of
the microscopic shell correction from FRDM95 [45] are
adopted to calculate the level density used in the evaporation
calculations.

III. NUMERICAL RESULTS AND DISCUSSIONS

To test the reliability of the DNS model, we now present
the results of the theoretical calculation of the excitation func-
tions for the **Ca-induced reactions with the target nuclei
238y, %Py, and ***Cm and compare them with the available
experimental data in Fig. 1, where the displayed error bars cor-
respond to the statistical uncertainties only. For *3Ca 4 23%y
[4,46], *Ca + **'Pu [4,46-49], and **Ca +***Cm [4,46,50],
taking into account the experimental uncertainties one can
say that the agreement between our calculated ERCSs and
the experimental data is good for most of the evaporation
channels, especially in the 3n and 4n emission.

The above results give us the confidence to predict the
ERCSs of fusion reactions leading to new superheavy nuclei,
we calculate the evaporation residue cross section for the tran-
sition from *3Ca to the fusion of the heavier projectiles (*Ni,
BFe, Cr, 5OTi) with the target nuclei 38U, 244py, 28Cm,
2499Cf), which is a possible alternative route to synthesize new
superheavy nuclei. The present calculations for all reactions
were performed with one set of parameters and with the same
assumptions.

From Fig. 2(a), one can see that, when the **Ca projectile
is replaced by ®*Ni, the ERCS 3n and 4n channels drop by 4
orders of magnitude. The maximal ERCSs of the 3n and 4n
channels are 0.10 and 0.02 fb for the ®*Ni+ 23U reaction,
respectively. The above ERCSs are 3 orders of magnitude
below the present experimental technique limit (greater than
0.1 pb [5]). Note that efforts to synthesize the superheavy
nucleus Z = 120 with the ®Ni + 233U reaction at GSI were
unsuccessful [4,32].

The ERCSs for the 3n and 4n channels in the ¥Fe + 2**Pu
reaction leading to the formation of 2*° 120 and >*® 120 isotopes
are evaluated, and the excitation functions of the ERCSs are
shown in Fig. 2(b). The maximum ERCSs in the 3n and 4n
evaporation channels are 4.11 and 0.36 fb, respectively. The
above ERCSs are 2 orders of magnitude below the present ex-
perimental technique limit (greater than 0.1 pb [5]). In Dubna,
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FIG. 1. The calculated ERCRs compared with the available experimental data for the reactions BCa+ B8y [4,46), *¥Ca + ***Pu [4,46-49],
and ¥*Ca +2Cm [4,46,50]. The measured ERCRs of the 3n, 4n, and 5n channels are denoted by red squares, blue circles, and dark cyan
triangles, respectively. The corresponding theoretical values are represented by solid red lines, solid blue lines, and solid dark cyan lines.
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FIG. 2. The evaporation residue cross sections of BCa+ 2%y, “®Ca+*Pu, and ®Ca+2*Cm (dashed lines) and of %4Ni + 238,
BFe + 2**Pu, and **Cr + ***Cm (solid lines) at 3n, 4n, and 5n channels are denoted by red, blue, and dark cyan lines, respectively.
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FIG. 3. The (a) calculated fusion cross sections and the (b) fusion probabilities as functions of excitation energy for the reactions
#Cr 4 28Cm, BFe + 2**Pu, and %Ni 4 23U are represented by red, blue, and dark cyan lines, respectively. The (c) survival probabilities
are functions of the excitation energy of the compound nucleus. The 2n, 3n, 4n, and 5n channels are represented by black, red, blue, and dark

cyan lines, respectively.

attempts to synthesize superheavy nuclei with Z = 120 using
the *Fe 4 2**Pu reaction were unsuccessful [19].

Figure 2(c) shows the predicted excitation function of xn
ERCSs for the reaction >*Cr 4 2*Cm. The maximal ERCSs
of the 3n and 4n channels are 17.58 and 1.09 fb, respec-
tively. In Fig. 2(c), one can see that the ERCSs for >*Cr
and heavier projectiles with actinide targets are significantly
lower compared to those of the **Ca-induced reaction of the
same target reaction systems. The evaporation residual cross
section in the 3*Cr 4 2**Cm reaction system is approximately
3 orders of magnitude smaller than the measured result in
the “¥Ca + 2**Cm reaction system. A new experimental study
found [17] that the fusion probability of the >*Cr 4 >**Cm
reaction decreases by a factor of 103 times compared to that of
the *Ca + 2**Cm reaction. Among the reactions they studied,
34Cr 4 2Cm was the most favorable for producing Z = 120
superheavy nuclei. Unfortunately, none of these experiments
provided strong evidence for synthesizing new superheavy
nuclei [17,18,22,24].

Similarly, in the heavy region, experimental results show
strong influence of the entrance channel on the evaporation
residue cross section. The xn excitation functions measured
using the °Ti- and 3*Cr-induced reactions were compared
those measured results for the **Ca-induced reactions with
122Dy . Experimental results show that the evaporation residual
cross section in the >*Cr + '®*Dy reaction system is approxi-
mately 2 orders of magnitude smaller than the measured result
in the ¥*Ca + 92Dy reaction system [51]. In the superheavy
region, note that the evaporation residue cross section ob-
tained from theoretical results for >*Cr and heavier projectiles
with actinide targets was significantly lower compared to that
of the **Ca-induced reaction.

The estimation of fusion cross sections, fusion probability,
and survival probability are shown in Fig. 3; these quantities
have also been estimated by other authors and are useful for
comparison. Based on the present results in Fig. 3, one can see
that the main differences in the evaporative residue cross sec-
tion of reactions **Ni + 238(, 8Fe + 2**Pu, and *Cr + 2*Cm

leading to superheavy nuclei with Z = 120 could be strongly
due to their entrance channel effects (capture cross section and
fusion probability). One can argue that the 3*Cr +2*3Cm re-
action with the smallest Z,Z, might be the most preferable for
the making of the superheavy nuclei with Z = 120.

To illustrate the uncertainties in the predictions of the su-
perheavy nuclei (SHN) production cross sections, we gather
the anticipated findings from various models concerning the
Cr+428Cm reaction. Zagrebaev et al. [27] projected a
nearly equivalent low cross section for the 3*Cr 4 2*3Cm re-
action, with respective values of 15 and 28 fb. To calculate the
survival probabilities, their work employed the fission barriers
and other attributes of the SHN forecasted by the FRDM1995.
Liu and Bao [26] using the modified fusion by diffusion model
obtained 12 and 34 fb, respectively. According to the DNS
model utilized by Nasirov et al. [28], nearly identical cross
sections were obtained, with the maximum of ERCSs in the
3n and 4n channels being 16 and 14 fb, respectively. Their
work adopted the the fission barrier heights [52] based on
the Warsaw macroscopic-microscopic model [53] to calculate
the survival probabilities. It can be observed that the ERCSs
for the >*Cr 4+ >**Cm reaction channel predicted by various
theories are all in the range of a few femtobarns, which ap-
pears to be below the detectable limit of the currently available
facilities.

Although all these theories give almost the same ERCS for
the *Cr 4 2**Cm reaction, a simple consistent result obtained
from various theoretical results is not sufficient to reveal the
essential substances of the phenomena involved. Actually, the
fact is that all the above theories have provided approximately
the same product ocapPonWsur. We observed that each of the
factors in Eq. (1) that affect the production of new heavy
nuclei using complete fusions reactions has uncertainties.

Theoretically, the capture cross section in Eq. (1) is one
of the important components in the synthesis of superheavy
nuclei. The capture cross sections have been explored exten-
sively, and most of them have tested a number of experimental
data of capture cross sections; however, most do not lead

014604-4



POSSIBILITY TO SYNTHESIZE Z = 120 SUPERHEAVY ...

PHYSICAL REVIEW C 108, 014604 (2023)

10° JLARRAN RS LS AL AL LAAS) AL AL
102 L /"P - -E
—_ ]
< 10' F * 3
E
& ]
S 107 -
© — STy ]
- o= 20 232Th ]
el S2Cr+%Cm 3
102 IV TR PO P PO P T PP
190 200 210 220 230 240 250 260
E, ., (MeV)

FIG. 4. The experimental values for *3Ti+ 23y, 32Cr 4 **2Th,
and **Cr 4 2*8Cm are represented by red squares, blue squares, and
dark cyan squares, respectively [55]. The corresponding theoretical
values are represented by the solid red line, the dashed blue line, and
the dotted dark cyan line.

to the formation of the superheavy nuclei, especially for us-
ing projectiles Z > 20 to synthesize superheavy nuclei [54].
Therefore, it is very important to examine carefully the cap-
ture process for the study of the synthesis mechanism of
superheavy nuclei.

Up to now, there have been no experimentally measured
capture cross sections for the above mentioned three reaction
systems. Very recently, the capture cross sections of
the similar reaction systems 48Ti+238U, S2Cr + 22T,
and *2Cr+2#Cm have been measured experimentally.
As shown in Fig. 4, the theoretical calculations of
BT 4238y, 52Cr+22Th, and 2Cr+2°Cm follow the
trend of experimental measurements [55]. The ratio of
calculated to observed capture cross sections varies from 1.35
to 3.50.

The fusion probability Pcy in Eq. (1) is one of the very
important factors needed to calculate a ERCS; however, the
fusion probability dependence on the excitation energy and
the reaction entrance channel is still not well established.
To calculate the fusion probability, the abovementioned var-
ious approaches and our models require the potential energy
surface as input [26—28]. Various macroscopic-microscopic
models have been widely used to estimate potential energy
surface of the fusion process. However, the calculation of
the multidimensional potential energy surface for the reaction
system is a complicated physical problem, which has not
yet been fully solved. This is because the proper choice of
common degrees of freedom is an important and difficult task.
The number of degrees of freedom should not be too large in
order to allow the numerical analysis of the corresponding of
dynamical equations. This means that the calculated potential
energy surface is the upper limit of the optimum potential that
the nucleus can adopt. Thus, the potential energy surface and
the Pcn of heavy-ion fusion reactions are not fully understood.

The survival probability Wy, in Eq. (1) is affected by
the fission barrier, the neutron separation energy, the level

energy density parameter, the shell damping factor, and so on.
The survival probability of compound nuclei, in particular, is
highly sensitive to the fission barrier. Because our calculated
ERCS is based on some nuclear data, such as nuclear mass,
neutron separation energy, fission barrier (shell correction
energy), and so on, the accuracy of our ERCS calculation
is closely related to the accuracy of the extrapolation. In
addition, these two different approaches to the damping of the
shell effects will bring about quite different predictions of the
survival probabilities [56,57]. In the present work, we adopt
that the washing out of shell effects with increasing excitation
energy is introduced in the nuclear level density parameter by
proposing an exponential function.

Generally speaking, asymmetric systems are more favor-
able for the production of superheavy nuclei because the
fusion probability strongly decreases with increasing the
production of the charge numbers of projectile and target
nuclei Z,Z;. However, since the absolute values of evaporation
residue cross sections are dominated by the production of
fusion and survival probabilities, in some cases the loss in the
fusion probability for a more symmetric system may be com-
pensated by the gain in the survival probability. Therefore,
we also calculated the evaporative residue cross section for
bombarding *°Ti with 2*°Cf.

In Fig. 5, our results of the 290f (SOTi, xn)?°=120 and
2Cm(*Cr, xn)27120 reactions are given. The maximum
ERCSs in 37 and 4n evaporation channels are 2.14 and 0.16 fb
for the °Ti + 2*’Cf reaction, respectively. Recently, a search
for the production of the superheavy elements with atomic
numbers Z = 120 was performed at the gas-filled recoil sep-
arator TASCA at GSI using the “°Ti + 2*Cf reaction. It was
not detected at the cross-section sensitivity levels of 200 fb for
the *°Ti -+ 2*’Cf reaction [2,15,16,22].

Displaying the predictions of other theoretical investiga-
tions could be quite interesting. By employing the DNS model
for *°Ti +2*Cf, Nasirov et al. [28] found that the ERCSs
in the 3n and 4n channels are about 100 and 4 fb, respec-
tively. Zagrebaev and Greiner [31] projected that the cross
sections for the 3n and 4n channels in the *°Ti 4+ *’Cf reaction
would be approximately 40 fb. Siwek-Wilczynska ef al. [34]
obtained the minimum ERCSs for the system 'Ti+2*Cf
are about 6 fb in both the 3n and 4n channels, and for the
3Tj 4 21Cf the minimum ERCS is about 0.70 fb for the 3n
channel and 3 fb for the 4n channel. In the same reaction
channels, Liu and Bao [58] predicted relatively higher cross
sections; they predicted the ERCSs for the 3n and 4n channels
from °Ti + 2*’Cf to be approximately 90 and 50 fb, respec-
tively. Sobiczewski et al. [34,59] indicate that the variation in
these diverse theoretical results must primarily be attributed to
the use of different fission barriers and ground-state masses in
these calculations. Nevertheless, we would like to emphasize
that those are only part of the reasons. In addition, these
two different approaches to the damping of the shell effects
will bring about quite different predictions of the survival
probabilities [56,57]. It can be observed that the ERCSs for
the S°Ti +2*’Cf reaction channel predicted by various theo-
ries are all in the range of a few femtobarns, which appears
to be below the detectable limit of the currently available
facilities.
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FIG. 5. Evaporation residue cross sections of 3*Cr 4 >*3Cm and *°Ti 4- 2*Cf with 3n, 4n, and 51 channels are indicated by solid red lines,

solid blue lines, and solid dark cyan lines, respectively.

IV. SUMMARY

In the present work, the capture cross section ocp(Ecm.)
can be estimated using the empirical coupled-channel method.
According to the different coupling modes between the target
and the projectile, we construct different barrier distribution
functions. For the fusion probability, within the DNS concept,
by taking the deformations of interacting nuclei as indepen-
dent dynamical variables, the evolution of the DNS toward
quasifission and fusion is treated as a diffusion process by
solving four-variable master equations. In this way, the driv-
ing potential for nucleon transfer follows the time-dependent
nuclear deformation to become time dependent; therefore,
actually the evolutions of the four dynamical variables (N,
Zi, Bi, B2) as well as their correlations are treated at the
same time. For the survival probability, we adopt that the
washing out of shell effects with increasing excitation en-
ergy is introduced in the nuclear level density parameter by
proposing an exponential function. Finally, the evaporation
residual cross sections in **Ca-induced hot-fusion reactions
that produce SHN are systematically investigated. The calcu-
lated results reproduce well the experimental trends of the 3n-
and 4n-channel cross sections of *Ca + 238y, *8Ca + *Pu,
and *8Ca + 2*Cm.

For the synthetic new element Z = 120, we predicted
evaporation residue cross sections for four reaction systems
(54Cr+248cm’ 58FC+244PU, 64Ni+238U, and 50Ti+249Cf)
to select the most promising projectile-target combinations.
By detailed analysis of the evaporation residue cross sec-
tions of synthetic superheavy nuclei, we found that the
34Cr 4 2*Cm reaction is optimal and the maximum cross sec-
tions of 3n and 4n channels are 17.58 and 1.09 fb. However,
we also noticed that the ERCSs for the *Cr 4 2*Cm reaction
channel predicted by our model and various other approaches
are all in the range of a few femtobarns, which appears to be
below the detectable limit of the currently available facilities.
Thus, an increase of beam intensities, detection techniques,
and efficient separation are needed to synthesize Z = 120
superheavy nuclei. We hope that some results and discussions
in this paper can provide some help for the experimental
synthesis of new elements.
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