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Two actinide isotopes, >* Am and **Cm, produced and chemically purified by the HFIR/REDC complex
at ORNL are candidates for target materials of heavy-ion fusion reaction experiments for the synthesis of new
superheavy elements (SHEs) with Z > 118. In the framework of the dinuclear system model with a dynamical
potential energy surface (DNS-DyPES model), we systematically study the **Ca-induced reactions that have
been applied to synthesize SHEs with Z = 112118, as well as the hot-fusion reactions with >*! Am and **Cm
as targets, which are promising for synthesizing new SHEs with Z = 119-122. Detailed results including the
maximal evaporation residue cross section and the optimal incident energy for each reaction are presented and

discussed.
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I. INTRODUCTION

Exploring the upper limits of nuclear charge and mass and
synthesizing new superheavy elements (SHEs) have been at
the forefront of nuclear physics research for decades [1-15].
Both macroscopic-microscopic models and self-consistent
microscopic models predict proton magic numbers beyond
Z =82, e.g., 114, 120, and 126, and neutron magic numbers
beyond N = 126, i.e., 184; the nuclei with and around these
magic numbers have relatively high stability with respect to
spontaneous fission, forming an “island of stability” of su-
perheavy nuclei (SHN) beyond the mainland in the chart of
nuclides [16-28]. In addition, a shoal of SHN around Z = 108
and N = 162, in between the mainland and the elusive is-
land of stability, has been predicted and studied extensively
[29-35]. Meanwhile, much effort has been made to study the
synthesis mechanism of SHN both theoretically and experi-
mentally.

Currently, as is known to us, the fusion-evaporation reac-
tion of heavy ions is a feasible approach to synthesize SHN
(new SHEs in some cases) in the laboratory. By means of
cold-fusion reactions, SHEs with Z = 107-113 have been
successfully synthesized [1,5,7], while those with Z = 112—
118 have been produced via hot-fusion reactions [10]. A
number of theoretical models have been developed to describe
heavy-ion fusion-evaporation reactions for the synthesis of
SHN. Based on different models, such as the dinuclear system
(DNS) models [36-56], the multidimensional Langevin-
type dynamical equations [57,58], the fusion-by-diffusion
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models [59-66], the two-step model [67], and several em-
pirical approaches [68—77], many heavy-ion reactions have
been investigated for the synthesis of new SHEs with Z >
118. One of the main challenges in applying hot-fusion
reactions to synthesize SHEs beyond Og is that the evap-
oration residue (ER) cross sections are extremely small—it
has been shown that the upper limits are merely several
tens of fb.

Among these theoretical models, our research interests lie
in the DNS model. In this model, after they overcome the
Coulomb barrier the two reacting nuclei touch each other
and form a DNS. The two nuclei in the DNS keep their
individualities and nucleon(s) may transfer from one nucleus
to the other. The concept of DNS was first proposed to study
the mechanism in deep inelastic heavy-ion collisions [78].
This concept was later adopted to deal with the competition
between complete fusion and quasifission during the fusion
process [79,80]. By considering the evolution of dynamical
deformations of the two nuclei in the DNS, the dinuclear
system model with a dynamical potential energy surface
(DNS-DyPES model) was developed and used to describe the
fusion dynamics and synthesis of SHN [44]. Some hot-fusion
reactions for synthesizing SHEs with Z = 118-120 have been
studied with this model [44,81].

In the cold-fusion reactions, 2°®Pb and 2%Bi are used as
targets, while in the hot-fusion reactions, “*Ca projectiles are
adopted. In an attempt to synthesize new SHEs with Z =
119 and 120 at GSI, Darmstadt [82], the *°Ti isotope was
chosen as the projectile material. In that experiment, neither
of these targeted SHEs was observed. Clearly, other than the
currently tested reaction systems, more feasible combinations
of projectile and target nuclei are in demand for the synthesis
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of new SHEs. Besides °Ti, the heaviest stable isotopes of
several elements, namely 54Cr, PMn, 8Fe, and >°Co, can be
alternatives for the **Ca projectiles. In the meantime, there are
already inventories of gram quantities of >*! Am and ***Cm at
ORNL which were produced and purified by the HFIR /REDC
complex [83,84]. These two isotopes are promising candidates
for targets as substitutes for the tested ***Am and 2*>?*8Cm.
The above-mentioned candidates for projectile and target nu-
clei provide a series of promising reactions for synthesizing
new SHEs with Z = 119-122. In this work, we study these
reactions within the DNS-DyPES model and present detailed
results.

The paper is organized as follows. The theoretical frame-
work of the DNS-DyPES model is briefly formulated in
Sec. II. In Sec. III, we present systematic calculation results
and discussion of some *3Ca-induced hot-fusion reactions for
the synthesis of SHEs with Z = 112-118 and reactions with
2Am and ?**Cm as targets for Z = 119-122. We make a
summary of this work in Sec. I'V.

II. THEORETICAL FRAMEWORK

The synthesis process of a SHN by a heavy-ion fusion
reaction can generally be divided into three successive stages
[85]. In the first stage a capture process occurs, namely, the
projectile and target nuclei overcome the Coulomb barrier
between them, leading to the formation of a composite system.
In the second stage, the system undergoes fusion towards a
compound nucleus (CN), which competes against quasifis-
sion. In the third stage, the excited CN cools down through
neutron emission and survives against fission. Within such a
theoretical framework, we calculate the ER cross section as
sum over partial waves,

OR, n(Eem.) = Z o'cap(Ec.m., DPen(Eem,, J)
J

X Wur,xn(Ec.m.» ), ey

where E. 1, is the incident energy in the center-of-mass frame
and J is the relative angular momentum between the projectile
and target nuclei. In this work, we calculate the capture cross
section o¢,p With an empirical coupled-channel approach. The
fusion probability Pcy is determined within the DNS-DyPES
model [44]. The survival probability Wy, v is calculated with
a statistical model.

The capture process can be treated as a problem of
penetration through the Coulomb barrier between the nu-
clei. The barrier splits into a set of discrete barriers when
the relative motion is strongly coupled with the inelastic
excitation channels [86]. Such effect can be treated with
empirical coupled-channel models [2,87,88] in which the
dynamical deformations of the interacting nuclei are taken
into account. The capture cross section for a partial wave J
reads

2

2UEem,

Ucap(Ec.m.v J)= 2J + DT (Ecin., I), )

where the transmission probability is formulated as

T(Ec.m.v J) Z/dBf(B)

2w -
X {1+6Xp|:m(BeH_Ec.m.)]} . 3)

2
Bar= B+ 5+ 1), o

uRg
w is the reduced mass of the nuclei, B and Ry are the height
and the position of the barrier, B is the height of effective
barrier, hiwg is the width of the barrier under the parabolic
approximation. We take an asymmetric Gaussian function [2]

L el (5524)). B < B
fB) == x 5)

exp[—(£582)"], B > By

as the form of the barrier distribution, with B,, = (By + Bs)/2,
Ay = (By — Bs)/2, and A = Ay — 2 MeV. By is the height
of the barrier between two colliding nuclei without dynamical
deformations. When the dynamical deformation is considered,
a two-dimensional potential energy surface can be calculated,
and the height of the saddle point is Bs. By, is the central value
of the barrier distribution, and the function f(B) is normalized
with the coefficient N. The nuclear and Coulomb parts of
the potential are calculated with the Wong formula [89]. The
capture cross section of the reaction can be calculated as

O'caplure(Ec.m.) = Z Ucap(Ec.m.’ J). (6)
J

The fusion probability is calculated with the DNS-DyPES
model [44]. Within the DNS framework, once the projectile
is captured by the target, an initial DNS forms. A series
of nucleon transfer occurring successively in such touching
configurations may finally lead to the complete fusion of
the system. This process is modeled by a diffusion of the
DNS in the mass asymmetry degree of freedom, defined as
n=(A; —Ay)/(A; + Ay) (A; and A, are mass numbers of the
nuclei composing the DNS). The DNS may also evolve along
the relative distance of the nuclear centers of mass R, resulting
in the decay of the system, namely quasifission. The evolution
of the DNS dominated by the two competing mechanisms can
be described by a master equation,

dP(Ay, /
(d; 1) = ;WA,A;(I)[dAI(t)P(A 1) — da (DP(Ay, 1)]
—A(OPALL D). ™

Note that the total mass number of the DNS is constant, thus
the mass number of one nucleus is enough to distinguish dif-
ferent DNSs. P(Ay, t) is the probability distribution function
of the DNS (A, Ay) at time . Wy, 4, (1) is the mean transition
probability between the DNS (A;, A,) and the DNS (4], A)).
dy, (1) is the microscopic dimension. A?fl (¢) is the quasifission
rate along the R degree of freedom. For a more detailed
interpretation of the master equation and its numerical solu-
tion methods, the readers are referred to Refs. [87,90].
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The dynamical deformations of the two colliding nuclei
have a significant impact on the driving potential of the system
during the fusion process. In the DNS-DyPES model, we
assume that the dynamical deformation §8(¢) evolves in an
overdamped form,

8B(t) = 8Bmax (1 — e7/™er), ®)

By minimizing the total intrinsic energy of the DNS, we de-
termine the maximal deformation 8 8y.x. The relaxation time
for shape 7qer = 40 X 1002 5 [91]. As a consequence of the
shape relaxation, the driving potential V evolves in the same
time scale. A formula is applied in numerical procedure to
reduce computing cost,

5B()
8 Bmax

under the assumption that the potential energy varies linearly
with the deformation.

The fusion probability for a partial wave J can be calcu-
lated as the probability sum over the DNSs with A| no greater
than that at the Businaro-Gallone (BG) point,

Vit)=V(t=0)— Ve=0)—ViE=00)], 9

A1=Apc

Pex(Eem.J)= Y P(Eem.JiA1 ). (10)
A1=0

where t;, is the interaction time of the nuclei in the DNS.
Then, we can calculate the fusion cross section of the
reaction as

Ofusion (Ec‘m.) = Z Gcap(Ec.m,a J)PCN(Ec.m» J) (1 1)
J

At a certain incident energy E. , , the fusion probability aver-
aging all partial waves is defined as

Otusion (Ec.m.)

Pen(Eem) = .
o Ocapture (Ecm.)

12)
The CN formed in a heavy-ion fusion reaction has a rather
large excitation energy E*. The excited nuclei may decay
through fission or emission of light particles and y rays. The
emission of light charged particles is strongly hindered by
the Coulomb barrier, while the partial width for the emis-
sion of y rays is much smaller than that of the neutron at
an excitation energy larger than neutron separation energy.
Therefore, whether the hot CN may survive mainly depends
on the competition between neutron evaporation and fission.
Within a statistical model [92,93], the survival probability of
a partial wave with x-neutron (xn) emission is formulated as

(EF, )
J) 4+ Te(EF,T)

Waur,on(Eem.. 1) = Po(E*. J.0) [ |
LT (E;

13)

The width of neutron emission I'y, is calculated with the evap-
oration model [87]. The width of fission I'; is calculated with
the Bohr-Wheeler formula [94]. The realization probability
P;;. is calculated by the method proposed in Ref. [95]. The
values of fission barrier and neutron separation energy are
taken from Refs. [96-98]. We define the survival probability

of the CN by averaging all partial waves,

OER, xn (Ecm.)

snmem Otusion (Ec.m.)

(14)

III. RESULTS AND DISCUSSIONS

In this section, we systematically study the hot-fusion
reactions, which we mentioned in Sec. I by using the
DNS-DyPES model. First, we investigate a typical reaction
system, *8Ca + 2*Cf, and illustrate the capture cross section,
driving potential, fusion probability, and survival probability.
Second, we study all the 48Ca-induced reactions that have
been applied successfully to synthesize SHEs with Z = 112—
118 and compare the results with experimental data. Finally,
we investigate reaction systems with promising candidates for
the projectiles and targets in which new SHEs with Z = 119—
122 may be synthesized.

A. A typical hot-fusion reaction *Ca +>*Cf

We calculate the capture cross section, driving potential,
fusion probability, and survival probability for the hot-fusion
reaction **Ca 4 2*’Cf and show the results in Fig. 1 and Fig. 2.
At energies much lower than the central value of the barrier
distribution By,, the reacting system mainly tunnels through
the Coulomb barrier with pretty low tunneling probabilities,
leading to very small capture cross sections, see Fig. 1(a).
As the incident energy E. increases, the capture cross
section dramatically increases around By, and then saturates
gradually.

In the DNS-DyPES model, the dynamical deformations of
the projectile and the target are considered. When the dynam-
ical deformations develop over interacting time of the two
nuclei, the driving potential decreases as seen in Fig. 2, and
the local excitation energies of DNSs increase. As shown in
Fig. 1(b), the DNS is more likely to fuse as the incident energy
increases. This is because with a larger incident energy, the
DNS has a greater possibility of getting over the inner fusion
barrier along n = (A} — Az)/(A; + Az) when diffusing. We
can see that the complete fusion in such a system is quite
rare to happen—the fusion probability is only ~10~> when
the incident energy is around 250 MeV.

As mentioned in the theoretical framework, the competi-
tion between neutron evaporation and fission determines the
survival of the excited CN. Only when the excitation energy
is larger than the one-neutron separation energy may the CN
cool down by emitting a neutron. Such thresholds in energy
result in peaks in the survival probability, see Fig. 1(c).

B. “®Ca-induced reactions for SHEs with Z = 112-118

With a typical hot-fusion reaction illustrated, we now
present the results of a systematic calculation of the excitation
functions for the “®Ca-induced reactions with target nuclei
23815, 23TNp, 242py, 24Py, 23Am, 25Cm, 28Cm, 2Bk, and
29Cf and compare them with the available experimental val-
ues [99-106] in Fig. 3. These hot-fusion reactions have been
applied successfully in experiments to synthesize SHEs with
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FIG. 1. (a) Capture cross section Ocypure, (b) fusion probabil-
ity Pcn, and (c) survival probability Wy, ., as functions of the
incident energy in the center-of-mass frame E.,, for the reaction
48Ca+249Cf.

Z = 112-118 and are quite appropriate for the examination of
theoretical calculations.

For “8Ca + 238, the calculated ER cross sections of both
3n and 4n channels can reproduce the data well. There is
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FIG. 2. The evolution with time of the dynamical potential en-
ergy surface (DyPES) as functions of the mass asymmetry coordinate
i for the reaction **Ca 4 2*°Cf.

only one experimental value for **Ca +2*'Np in the 3n chan-
nel, the calculation result is almost one order of magnitude
larger than that value. With the >*?Pu targets, the calculation
results almost completely coincide with the data of 2n, 3n,
and 4n channels. Experimental ogg values are available for
3n, 4n, and 5n channels of the reaction **Ca 4 2**Pu. The
calculated ER cross sections of the 3n channel reproduce
two of the experimental values but there is a deviation in
the optimal incident energy; for 4n and 5n channels, the
calculated excitation functions and the data are in good agree-
ment. For *¥Ca 4 2¥ Am, when compared with the data taken
from Ref. [103], the excitation function of the 2n channel
meets one of the data points; the calculated ER cross sec-
tions of the 3n channel reproduce two of the experimental
values but the optimal incident energy of the 3n channel is
underestimated; in the 4n channel, the calculated ogg agrees
with the datum within the error bar. Benefiting from a new
experimental complex at the SHE Factory at JINR, five new
experimental values for **Ca 4+ 2**Am in the 2 and 3n chan-
nels are reported recently [106], shown by the black and
red crosses in Fig. 3(e). Clearly, the calculated excitation
functions can well reproduce the new experimental results.
For *Ca + 2**Cm, the excitation function of the 2n chan-
nel is lower than the data points. In the 3n channel there
are three data points. Our calculation curve meets one of
them, but is lower than the other two. For **Ca + 2*3Cm and
#8Ca 4 2Bk, the results in the 4n channel are in good agree-
ment with the data; but the calculations of the 3n channel tend
to overestimate the ER cross sections. The calculated ogr’s
of the 3n channel for the reaction **Ca + 2*’Cf reproduce the
data well.

On the whole, the DNS-DyPES model can describe the
hot-fusion process and give a satisfactory description on
the excitation functions of the reactions. We must note that
many well-established theories have hitherto given similar
results, despite that they are based on different physical sce-
narios when dealing with such complicated reaction process
[44,46,48-50,63,69-71,75,87,107-112].
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FIG. 3. Calculated excitation functions of the **Ca-induced reactions with target nuclei 2*U, 2’Np, 2#?Pu, 2**Pu, 2 Am, *Cm, 2*Cm,
249BKk, and **Cf producing SHEs with Z = 112-118, compared with experimental values of ER cross sections [99—106]. Data taken from
Refs. [99-105] are shown by black diamonds, red circles, blues squares and green triangles for 2n, 3n, 4n, and 5n channels, respectively. For
2n and 3n channels in the reaction **Ca +2** Am, data given by a recent experiment [106] are shown by black and red crosses in (e).

C. New reactions with promising projectiles and targets
leading to SHEs with Z = 119-122

The combination of projectile and target nuclei is of great
importance to the experiments in synthesizing new super-
heavy nuclei (SHN) and the maximal ER cross sections in
various reactions may differ by several orders of magnitude.
Hence, it is necessary to study as many as possible untested
reactions that can be carried out practically in laboratory.
For projectiles, the heaviest stable isotopes of elements with
7 = 24-27 are available alternatives for *®Ca. For targets,
the actinide isotopes 2*! Am and ?**Cm mentioned in Sec. I
are promising candidates. We study reaction systems with
these isotopes that may lead to the synthesis of SHEs with
Z =119-122.

For these reactions as well as “**Ca-induced ones discussed
in Sec. III B, the detailed results of the channels with the max-
imal ER cross section for the reactions are listed in Table L.
By investigating all the xn channels of the reaction systems

leading to SHEs with Z = 119-122, we conclude that for each
system, the ER cross section reaches a maximum when the
CN with an excitation energy of 26.0-28.0 MeV cools down
by emitting two neutrons. For the synthesis of SHE with Z =
119, the maximal ogg in the reaction >*Cr + 2*! Am is found to
be 32.0 fb. In the reactions >>Mn + 2*' Am and >*Cr + ***Cm,
SHN 24120 and 2°°120 may be synthesized, respectively, in
2n evaporation channels. With the *' Am target, the maximal
ogr is 17.1 fb; with the >**Cm target, the maximal ogg has
a smaller value of 3.28 fb, however, a more neutron-rich
SHN may be produced in this reaction. The projectile-target
combinations *Mn + ***Cm and *Co + >*! Am are favorable
among the listed paths for synthesizing SHEs with Z = 121
and 122, with the maximal ogr’s being 9.15 fb and 1.45 fb.
For the 3n channels of the reactions **Ca+2*'Am and
¥Ca +2*Cm, we obtain that the maximal ER cross sec-
tions are 7.31 pb with E* =33.0 MeV and 1.49 pb with
E* =34.0 MeV. Based on the dinuclear system concept,
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TABLE L. Calculation results of the channels with the maximal ER cross section for some “*Ca-induced hot-fusion reactions and some new
ones with 2! Am and **Cm targets. We choose the heaviest stable isotopes of elements with Z = 24-27 as alternatives for **Ca projectiles.
For each reaction, the reaction channel with the maximal ER cross section, the optimal incident energy in the center-of-mass frame E. ,, , the
optimal excitation energy E*, the maximal ER cross section ogg, and the corresponding capture cross section ocapure, fusion probability Pew,

and survival probability Wy, ., are listed.

Reaction Channel E... MeV) E* (MeV) Ocapture (D) Pen Wur, xn ogr (pb)
BCa+B3y — BCn+2n 184.11 25.0 0.13 7.79%x1077 9.33 x 107° 9.35
®Ca+2"Np — Nh+2n 190.82 25.0 0.23 2.24x107° 6.84 x 1073 34.7
BCa+2Pu — PRl 420 186.62 24.0 0.12 7.75x10~8 8.57 x 10~* 7.71
BCa+*Pu — ®Fl+3n 192.29 31.0 0.25 4.29%1077 9.80 x 1073 1.06x 10!
BCa+ ' Am — ¥ Mc+2n 194.75 24.0 0.26 2.57%x1077 3.74 x 1074 2.47x10!
BCa+Am — ®PMc+2n 192.08 24.0 0.20 1.39x 1077 8.28 x 10~ 2.27x10!
BCa+2Cm — Lv+2n 196.92 25.0 0.29 1.02x1077 1.87 x 1074 5.55
BCa+2*Cm — *Lv+3n 202.94 34.0 0.45 4.01x1077 5.87 x 107° 1.05
BCa+2Cm — PLv+3n 197.23 30.0 0.31 7.28x10°% 2.26 x 1074 5.13
BCa+ 2Bk — P*Ts+3n 200.73 30.0 0.36 9.46x10~8 2.93 x 10~ 9.89
BCa+29Cf — 0g+2n 197.75 23.0 0.24 7.11x107° 4.72 x 107* 7.90% 10!
H#Cr+2"Am — 2311942n 233.22 26.0 0.45 1.25x107° 5.73 x 1073 3.20x1072
H#Cr+2Cm — 20120 +2n 237.11 27.0 0.51 5.15x1071° 1.24 x 1073 3.28x1073
SMn+*'Am — 2*12042n 242.67 28.0 0.45 4.09x107° 9.22 x 107 1.71x1072
BSMn+*Cm — ¥7121 +2n 245.92 27.0 0.50 2.70x107° 6.73 x 10~ 9.15x1073
BFe +2*'Am — 27121 42n 255.88 27.0 0.56 4.08x10710 7.09 x 10~ 1.61x1073
BPe 4+ 2Cm — 32122 +2n 258.80 27.0 0.60 2.38x10710 475 x 1076 6.73x107*
PCo+*Am — %122 +2n 263.59 28.0 0.45 2.00x107° 1.62 x 1076 1.45x1073
Adamian et al. also studied these two reaction channels [9,45] IV. SUMMARY

with the parameters of nuclear properties taken from several
different mass tables [9,113-115], see Table II. They ob-
tained for the reaction channel “*Ca 4+ 2! Am — ZMc +3n,
ogr = 3.60 pb, 1.91 pb, 2.41 pb, and 0.97 pb with E* =
33.2 MeV, 34.6 MeV, 33.3 MeV, and 31.3 MeV, using mass
tables given in Refs. [113], [114], [115], and [9], respectively;
for ¥Ca+2*Cm — 2 Lv43n, ogg = 0.98 pb with E* =
31.7 MeV using mass table in Ref. [113]. Clearly, nuclear
properties taken from different mass tables, including mass,
neutron separation energy, and microscopic corrections, may
significantly influence the prediction of the maximal ER cross
sections and optimal excitation energies. The above-used nu-
clear properties are from macroscopic-microscopic models
and we are looking forward to nuclear properties obtained
with self-consistent methods [116-118].

TABLE II. Calculation results of the 3n channels for the reac-
tions “*Ca +2*' Am and “®Ca + 2**Cm with nuclear properties taken
from different mass tables. For either reaction, the maximal ER cross
sections ogg, the optimal excitation energies E*, the references, and
the mass tables are listed.

Reaction ogr (pb) E* (MeV) Reference Mass Table

BCa+2*'Am 7.31 33.0 This work [96-98]
3.60 33.2 [45] [113]
1.91 34.6 [45] [114]
241 33.3 [45] [115]
0.97 31.3 [9] [9]

BCa+2*Cm 1.49 34.0 This work [96-98]
0.98 31.7 [45] [113]

In summary, we systematically study a series of hot-fusion
reactions for the synthesis of SHEs within the framework of
the DNS-DyPES model. With the reaction **Ca + >*°Cf, we
show the calculation results for the capture cross section, driv-
ing potential, fusion probability, and survival probability for a
typical hot-fusion reaction system. During the fusion process,
the development of the dynamical deformations of the react-
ing nuclei has a considerable impact on the driving potential.
We calculate the excitation functions of the “®Ca-induced
reactions that have been successfully applied in experiments
to synthesize SHEs with Z = 112-118 and the calculation
results are in agreement with the experiments. Especially for
the reaction **Ca + 2** Am, the excitation functions reproduce
well the latest results given by the new experimental complex
at the SHE Factory at JINR.

With two actinide isotopes *!Am and **Cm as alter-
natives for currently tested targets, a series of promising
reactions for the synthesis of new SHEs with Z = 119-122
are proposed. We investigate these reactions and present
detailed calculation results. We conclude that the reaction
systems *Cr 42! Am, 3Mn +2*'Am, *Mn 4 2**Cm, and
¥Co+ 2" Am are the appropriate choices among the reac-
tions we study in this work for synthesizing new SHEs
with Z = 119-122. The maximal ogr’s in 2n evapora-
tion channels are 32.0 fb, 17.1 fb, 9.15 fb, and 1.45 fb,
respectively.
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