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Abstract

In the synthesis of new superheavy nuclei, the various long half-lives of Pu and
Cm isotopes render them promising as target materials for the fusion reactions.
An investigation into the isotopic dependence of the actinide targets is important
to select optimal reaction systems. Based on the dinuclear system model, the
influential factors on the isotopic dependence are investigated for the reactions
48Ca+239,240,242,244Pu. The reaction systems with the 242—248Cm targets
and the 45Sc, 50Ti, 51V, 54Cr, 55Mn projectiles are investigated for the syn-
thesis of new isotopes 284—290Ts, 289—293,2950g, 290—296119, 293—299120,
294—300121. The isotopic dependence of the Cm targets reveals an ascend-
ing trend of the maximal ER cross section coupled with an odd-even effect
as the neutron number of the target increases, and the 247Cm target emerges
promising in future experiments. The optimal reactions for producing new super-
heavy elements with Z = 119-121 are predicted to be the reactions 51V+245Cm,
54Cr+247Cm and 55Mn+247Cm with the maximal ER cross sections of 144 fb,
0.877 fb and 0.052 fb, respectively
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In the synthesis of new superheavy nuclei, the various long half-lives of Pu and
Cm isotopes render them promising as target materials for fusion reactions.
An investigation into the isotopic dependence of actinide targets is important
for selecting optimal reaction systems. Based on the dinuclear system model,
the influential factors on the isotopic dependence are investigated for the re-
actions 48Ca+239 240 242 244py; - The reaction systems with the 242-248Cm tar-
gets and the #°Sc, 59Ti, 51V, 54Cr, %Mn projectiles are investigated for the
synthesis of new isotopes 2847290y 289-293 295 §7{290-296}$119, ${293-
299}$120, $7{294-300}$121. The isotopic dependence of the Cm targets reveals
an ascending trend of the maximal ER cross section coupled with an odd-even
effect as the neutron number of the target increases, and the ?4"Cm target
emerges as promising for future experiments. The optimal reactions for pro-
ducing new superheavy elements with Z = 119-121 are predicted to be the
reactions °1V+4+245Cm, 54Cr+2*"Cm and %°Mn+24"Cm with the maximal ER
cross sections of 144 fb, 0.877 fb and 0.052 fb, respectively.

Keywords: Superheavy nuclei, Dinuclear system model, Fusion reaction, Iso-
topic dependence

Introduction

The synthesis and investigation of unknown superheavy elements (SHEs) can
reveal the shell structure and decay properties near the predicted “island of sta-
bility” [?]. Over recent decades, remarkable advancements have been achieved
in the synthesis of new SHEs with Z = 114-118 through fusion reactions with the
48Ca projectile and actinide targets [?]. To date, modern accelerators coupled
with sensitive detection techniques have made notable progress in the synthesis
of new superheavy nuclei [?]. Despite these advances, a significant gap remains
unfilled in the superheavy nuclei region, necessitating continued experimental
and theoretical investigations.

For synthesizing new superheavy nuclei, the *®Ca-induced fusion reactions en-
counter constraints due to the limited amount of experimentally feasible Bk and
Cf targets. Consequently, employing combinations of Cm targets and heavier
stable projectiles can serve as alternatives for future experiments. The mixed-
Cm target material was produced via irradiation of plutonium targets at the
Savannah River Site, with subsequent recovery at the Oak Ridge National Lab-
oratory [?]. With long half-lives ranging from decades to millions of years,
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many Pu and Cm isotopes have been extensively applied as target materials in
fusion reactions aimed at synthesizing new isotopes [?, ?]. In 2022, the reaction
51V4-248Cm was attempted to synthesize the new element with Z = 119, and
the optimal reaction energy for this reaction was estimated [?]. These experi-
ments reveal the critical influence of the target neutron excess on the maximal
ER cross sections, indicating the necessity for further research into the isotopic
dependence of target materials.

Based on experimental results, a variety of theoretical models, including both
macroscopic [?] and microscopic approaches [?], have been developed. Among
these, the dinuclear system (DNS) model has proven reliable for investigating
fusion-evaporation reactions [?]. Within the framework of the DNS model, the
fusion-evaporation process is divided into three stages: initial formation of the
DNS upon overcoming the Coulomb barrier by the colliding nuclei; subsequent
production of a compound nucleus through nucleon transfer from the lighter
projectile to the heavier target; and finally, synthesis of a superheavy nucleus
via neutron evaporation by the excited compound nucleus to reach the ground
state.

Experiments reveal that the evaporation residue (ER) cross sections of fusion
reactions exhibit remarkable sensitivity to the selection of target material [?, ?].
The isotopic dependence of the target not only affects the ER cross sections for
synthesizing new superheavy nuclei but also influences their decay properties
and the feasibility of observation for a sufficient duration to study their chemi-
cal and physical properties. As a result, to search for optimal projectile-target
combinations, it is necessary to investigate the isotopic dependence of target
materials. Based on the DNS model, this paper discusses the isotopic depen-
dence of targets and investigates the potential for extending the superheavy
nuclei region with Cm targets.

This article is organized as follows: In Sec. II, we describe the theoreti-
cal framework of the DNS model. The reliability of the DNS model has
been examined based on ample experimental results of the fusion reactions
480239 240 242 244Pyy  with an investigation into the influential factors of the
isotopic dependence. Additionally, the experimental results of the reactions
BCa+24% 248Cm are compared with theoretical calculations. The combinations
of the ?427248Cm target and the %°Sc, °0Ti, 'V, 54Cr and °°Mn projectiles
are investigated for extending the superheavy nuclei region with Z = 117-121,
presenting the maximal ER cross sections and corresponding incident energies.
The isotopic dependence of the Cm targets has been discussed in the capture,
fusion and survival stages in detail. In Sec. IV, a summary of this work is
provided.

Theoretical Descriptions

Within the framework of the DNS model, the ER cross section as a function of
the center-of-mass energy F, ,, is calculated by summing over the contributing
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partial waves J:

™

UER(Ec.m.) = %T 2(2‘] + I)T(Ecm7 J) X PCN(ECJTL.? J)Wsur(Ec.m.7 J)7

In this formula, T(E. ,, ,J) is the transmission probability for forming the din-
uclear system. Paon(E.,, ,J) denotes the probability of complete fusion into
a compound nucleus [?]. W_,,.(E.,, ,J) represents the probability that the ex-
cited compound nucleus survives against fission [?]. The interaction potential

of the colliding nuclei is given as [?]:

1 1
V(R, By, Bs,6y,0,) = 501(51_5?)2"‘502(52_58)2+VC(R7 By, By, 01,02)+ VN (R, By, Ba, 01,65).

Here €' 5 denotes the stiffness of the nuclear surface predicted by the liquid drop
model [?]. The deformation parameters 3; , represent the dynamic quadrupole
deformations of the projectile and target nucleus, while 3, indicate their static
deformations. Vg is the Coulomb potential calculated via the Wong formula [?].
Vy denotes the nuclear potential given by the double-folding potential [?].

The transmission probability that represents the capacity of colliding nuclei to
surpass the Coulomb barrier is determined by:

T(E, . J) = / {(BT(E, .. B, J)dB.

T(E.,,,B,J) is given by the Ahmed formula [?]. The barrier distribution f(B)
is taken as an asymmetric Gaussian function with parameters given in Ref. [?].
The capture cross section 0., is presented as follows [7]:

T
Ucap(Ec.m.) = %T 2(2‘] + 1)T(Ecm7 J)

c.m.

In the DNS model, it is assumed that the two touching nuclei maintain their
individual identities along with their ground state characteristics and deforma-
tions. The fusion mechanism is considered as a diffusion process along the mass
asymmetry degree n = (A; — A,)/(A; + A). The nucleon transfer process with
the dissipation of kinetic energy and angular momentum occurs at the valley of
the potential energy surface defined as the driving potential [?]. To form a com-
pound nucleus, the dinuclear system must possess sufficient energy to overcome
the inner fusion barrier By,,, which is the energy difference between the inci-
dent point and the point of maximum driving potential (B.G. point). Therefore,

with the interaction time 7,,,,(J) given by the deflection function method [?], the
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fusion probability is obtained by the summation of the distribution probabilities
of fragments that successfully overcome the inner fusion barrier:

PCN(Ec.m.7J) = Z Z P(ZlleaElaTmt(‘]))a

ZB,G. NB,G.

Here the distribution probability P(Z;, Ny, E;,t) is determined through the
resolution of a set of two-dimensional master equations [?]:

dP(Zy, Ny, By, t) /
! dtl ! = Z WZl,Nl;Z{,Nl(t)X[dZi,N{P<ZlvN17E17t>_dZ17N1P(Z17vaElat)]X[le,N{P(ZlaNl/al
Z1Ny

] s s y
Wz, n,;z;,n, denotes the mean transition probability from (Z;, Ny) to (Z1, Ny)
[?], dz, n, is the microscopic dimension associated with (Z;,N;). A,y and
Ay represent the quasi-fission and fission probability obtained via the one-
dimensional Kramers formula [?].

For the evaporation of x neutrons, the survival probability is given by the sta-
tistical model:

. . L, (£, J)
Wsur(ECN7x7J):P(ECN7:E7J)H|:F (E* J)+Ff(E* J) ’

where P(Ef , x, J) is the realization probability of emitting « neutrons at exci-
tation energy E¢y [?]. E; denotes the excitation energy before evaporating the
i-th neutron. The partial decay width for neutron evaporation I',, and the fission
decay width I'; are determined employing the Weisskopf-Ewing theory [?] and
the Bohr-Wheeler transition-state method [?], respectively. In the calculation
of I'y, the fission barrier of the rotating nucleus is expressed as:

E* h2J(J+1 h2J(J +1
By(B, J) = BYP(1—2, p T BY(B* = 0, J)exp () exp [~ 122+ D] gy [MIU £ 1]
’ ED 2‘]5].5. 2Js.d.

Here, BJ%D denotes the macroscopic part determined by the liquid-drop

model. B;‘/f is the microscopic shell correction [?]. z,, and E[, represent the
temperature-dependent parameter and the shell damping energy, respectively,
as defined in Ref. [?]. J,, and J,, are the moments of inertia of the
compound nucleus in the ground state and at the saddle point, respectively
[?, ?]. In this work we analyze uncertainties arising from the parameterized

Ep[2,7,7.
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Results and Discussion
A. The Isotopic Dependence of Reactions with 239,240 242 244py Targets

Given the large amount of available experimental data, Pu-based hot fusion
reactions serve as a crucial assessment for theoretical models. Typically, a higher
neutron excess in the target leads to an enhanced maximal ER cross section.
Fig. 1 presents both experimental and theoretical maximal ER cross sections
of the 3n- and 4n-emission channels for the reactions 48Ca-239 240 242 244py
An ascending trend is observed in both experimental and theoretical maximal
ER cross sections with increasing neutron number in the target. Notably, the
maximal ER cross sections of the 4n-emission channel increase more rapidly
compared to those of the 3n-emission channel as the neutron number of the
target rises.

To understand the isotopic dependence of the target, thorough investigations
of the capture, fusion, and survival stages are required. Fig. 2(a) presents the
capture cross sections of the reactions 3Ca+239,240 242 244py 4t Efy = 35,
40 and 45 MeV. It reveals that the capture cross sections increase with rising
E¢  due to the enhanced probability for the colliding nuclei to overcome the
Coulomb barrier. A slight declining trend in the capture cross sections can be
observed as the neutron number of the target increases. This can be attributed
to the effect of the Coulomb barrier. Fig. 2(b) illustrates the excitation energies
associated with the Coulomb barriers V; + @) for these reactions. It is evident
that the Vj + @ values exhibit an upward trend as the neutron number of the
target increases, resulting in the aforementioned decreasing trend in the capture
cross section.

For the fusion stage, Fig. 3(a) illustrates the fusion probabilities for the reac-
tions 48Ca+239 240 242 244py 4t Ef N = 35, 40 and 45 MeV. It is evident that
the fusion probabilities exhibit a slight decreasing trend with increasing neutron
number of the Pu target. Moreover, as the E{.; increases, the fusion probabil-
ities are enhanced, and the isotopic effect on the fusion probabilities gradually
diminishes. This can be attributed to the influence of the inner fusion barrier.
The formation of the compound nucleus requires overcoming the inner fusion
barrier; otherwise, quasi-fission occurs. At higher E7.y, the impediment from
the inner fusion barrier fades, leading to higher fusion probability and dimin-
ished isotopic dependence. In Fig. 3(b), the inner fusion barrier height B Fus
values of the Pu-based reactions are presented. The By, exhibit a slight vari-
ation, approximately 0.1 MeV, resulting in minimal differences in the fusion
probabilities of less than an order of magnitude.

Fig. 4(a) and Fig. 4(b) display the survival probabilities of the compound nu-
clei formed via the reactions 4Ca+-239,240 242 244py ip the 3n- and 4n-emission
channels at different Ef.,. It is observed that as the E{,, increases, the sur-
vival probabilities diminish, suggesting that the compound nucleus becomes less
stable and is more likely to undergo fission at high E¢, . Additionally, both
Fig. 4(a) and Fig. 4(b) reveal an enhancement in the survival probabilities with
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neutron-rich targets. This trend is due to the enhanced stability of the formed
compound nucleus as it approaches the closed neutron shell.

Notably, the variation among survival probabilities in the 3n-emission channel
is about an order of magnitude, yet in the 4n-emission channel, the variation is
about two orders of magnitude. This can be attributed to the influence of the
fission barrier height B;‘/[ . Within the DNS model, the survival probability is
determined by the competition between fission and neutron emission. In Fig.
4(c), the Bj‘/ values are presented. It reveals that as the formed compound
nucleus approaches the closed neutron shell N = 184, the B}W value increases,
resulting in suppressed fission probability and thereby enhancing the survival
probability. The impact of the fission barrier is more pronounced in the calcu-
lation of survival probabilities in the 4n-emission channel due to the additional
competition between neutron emission and fission. Hence, with an increase in
the neutron number of the target nucleus, a more significant enhancement in the
survival probability is observed in the 4n-emission channel. The investigation
of the capture, fusion, and survival stages reveals a substantial enhancement
in the survival probabilities of compound nuclei formed by neutron-rich Pu tar-
gets. This enhancement significantly contributes to the observed high ER cross
section.

B. The Synthesis of New Superheavy Nuclei with 242-243Cm Targets

A comparative analysis between experimental and calculated results for the
reactions *8Ca+2*°Cm—2%3~ "Lv+xn and *®Ca+2*Cm—26~ "Lv+xn shows
that theoretical results for both reactions are in agreement with experimental
results in the 3n-emission channel. For the 4n-emission channel, the calculated
ER cross sections are also consistent with experimental data.

Table 1 presents the optimal Cm-based reaction systems for producing new
superheavy nuclei with Z=117-121. The isotopes, reaction systems, optimal in-
cident energy E_ . , Bl ,, and maximal calculated ER cross sections are listed
in columns 1-5, respectively. The table reveals that the maximal ER cross
sections for synthesizing new superheavy nuclei with Z = 117-121 vary signifi-
cantly across different projectile-target combinations. Notably, the ®*V-induced
reactions generally yield higher cross sections compared to the ®Sc- and 3°Ti-
induced reactions, as well as the 1 V- and %4Cr-induced reactions. This can be
ascribed to the varying mass asymmetry values influenced by the mass numbers
of the projectiles.

In Fig. 7(b), a decreasing trend of the fusion probabilities with rising neutron
number of the target can be observed. This isotopic-dependent decreasing trend
in fusion probability, along with the same trend discussed in Fig. 3, can be
attributed to the deviation in the neutron number of the target from closed
neutron shell [?]. Furthermore, an odd-even effect can also be noted, which can
be attributed to the pairing effect in the fusion stage.

Fig. 7(c) presents the survival probabilities of the corresponding reactions in the
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3n-emission channel. As the neutron number of the formed compound nucleus
approaches the predicted closed neutron shell N = 184, the stability of the
compound nucleus is enhanced, leading to ascending survival probabilities with
rising neutron excess in the target. The odd-even effect is also significant, which
primarily comes from the influence of the variance of the fission barrier height.

It is evident that, in the synthesis of new superheavy nuclei via the 2427243Cm

targets, the isotopic dependence on the maximal ER cross section mainly arises
from the survival stages. Here, the odd-even effect, coupled with the high
neutron excess of the target, strongly enhances the stability of the formed com-
pound nucleus. Consequently, the 247Cm target emerges as favorable for future
synthesis of superheavy nuclei.

Summary

In this paper, the predictive reliability of the DNS model on the iso-
topic dependence is examined with experimental results for the reactions
48(Ca-239 240 242 244py - The influential factors on the isotopic dependence
are discussed in capture, fusion, and survival stages, revealing a strong
enhancement in the survival probabilities due to the influence of the fission
barrier height. The feasibility of applying the 242724Cm targets and the stable
projectiles 43Sc, °0Ti, 51V, 54Cr, %*Mn for synthesizing new superheavy nuclei
284290 2897293 295 §7{290-296}$119, $7{293-299}$120, ${294-300}$121
is investigated. For synthesizing new superheavy elements with Z = 119-121,
the optimal reaction systems are predicted to be the reactions °'V+245Cm
— $7{293}$119+3n, *Cr+*7Cm — $7{298}$120+3n and >*Mn+2*"Cm —
$7{299}$121+3n, with maximal ER cross sections of 144 fb, 0.877 fb and 0.052
fb, respectively. The isotopic dependence on the maximal ER cross sections
of the ?427248Cm-based reactions is investigated in detail, indicating that the
isotopic dependence of the Cm targets mainly arises from the survival stages.
This is attributed to the enhanced stability of the formed compound nuclei,
influenced by a higher neutron number when approaching the predicted neutron
shell closure N = 184. The odd-even effect coupled with the high neutron
excess renders the ?*7Cm target promising for future synthesis of superheavy
nuclei.
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