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Abstract The effects of mass asymmetry on the produc-
tion of superheavy nuclei (SHN), within the dinuclear
system model, are investigated in this study. It is observed
that the fusion probability decreases with decreasing mass
asymmetry. A total of 192 possible combinations of pro-
jectiles from O to Ti and targets with half-lives longer than
30 days for producing SHN 2%4Db, 29Db, 267Sg, 298Bh,
268G0 269Bh, 27'Hs, 2IMt, 2?Hs, 22Mt, 23Mt, 2Ds,
2775ps, 215Rg, 776Ds, 7°Rg, 27Rg, 28Cn, 27°Cn, and 2Cn
are examined. Further, the optimal combinations and
incident energies for synthesizing these nuclei are pre-
dicted. Most of the cross sections for production of SHN
are larger than 10 pb; therefore, the process can be carried
out with the available experimental equipment.
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1 Introduction

In recent years, the synthesis of superheavy elements
(SHEs) has been developed considerably, both experi-
mentally and theoretically [1-3] and the periodic table of
elements has been significantly extended. After the first
successful synthesis of element 117 in 2010, all the ele-
ments in the seventh row of the periodic table have been
discovered by mankind [3-10], which marks a great
advancement in man’s cognition of the micro-world and a
milestone in the evolution of the synthesis of SHEs. At
present, efforts are being made to synthesize superheavy
nuclei (SHN) experimentally. The elements from 107 to
113 were synthesized at GSI and RIKEN in cold fusion
reactions [3—-6], and the elements from 114 to 118 were
produced at Dubna in hot fusion reactions using a neutron-
rich projectile nucleus “8Ca [1, 7-9]. Presently, scientists
are interested in the production of SHEs with Z > 119,
which will be a tremendous breakthrough in the field of
nuclear physics. However, in the synthesis of SHEs, the
cross sections decrease with the increase in the charge
number of the nuclei and are close to or even far below the
order of pb, which makes the process very difficult.

In addition, the production and measurement of the
isotopes of already-known SHEs, which have not yet been
synthesized, is important, as they can provide information
on the trends of the decay properties along the neutron axis
approaching the proposed neutron magic number, includ-
ing the “island of stability.” The synthesis of new SHN can
greatly extend the map of the nuclides. According to the
theory of nuclear structure [11-13], there is a double magic
SHN, the nuclei in the neighborhood of which are rela-
tively stable. In order to accurately locate the “island of
stability,” more experimental data need to be available;
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therefore, the synthesis of more SHN is evidently impor-
tant. At present, the main method used in the synthesis of
SHN is the heavy-ion fusion evaporation reaction; hence,
theoretical study of the process is essential for appropriate
performance of the experiments [14-27]. Although the
ability to predict the production cross sections and incident
energies is limited for theoretical models, it is still bene-
ficial to investigate all the possible combinations system-
atically and predict the favorable ones for producing SHN
[28].

In Fig. 1, the blue crosses represent the nuclei that will
be investigated in this work. Due to the transition from the
cold fusion reactions to hot fusion reactions, the SHN in
this region are not synthesized yet. In this study, the effect
of mass asymmetry on the fusion probability and cross
sections of the reactions 26Mg + 28Cm, 368§ 4 238y,
48Ca + ??%Ra, which lead to the same compound nucleus
274Hs*, is investigated first. In view of the long duration of
the experiments and production rate, combinations of
stable projectiles and targets with half-lives longer than 30
days are considered to be suitable. All possible combina-
tions of projectiles from O to Ti and targets with half-lives
longer than 30 days for producing SHN 2%‘Db, 20°Db,
267gg, 268Bh, 2085g, 209Bh, 27IHs, Y'Mt, 22Hs, 2ML,
3Mt, 24Ds, 75Ds, P5Rg, 7°Ds, Y°Rg, 2'Rg, 28Cn,
2Cn, and 2%°Cn are examined, and some optimal combi-
nations and incident energies for synthesizing these nuclei
are suggested.

The article is organized as follows: In Sect. 2, a
description of the DNS model is given; Sect. 3 details an
analysis of the results of calculation and a prediction of the
optimal combinations for synthesizing several SHN in the

gap region; Sect. 4 presents the summary and the
prospects.
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Fig. 1 (Color online) The nuclides in the superheavy area with Z =
105-118. The blue crosses represent the nuclei that will be
investigated in this study

@ Springer

2 Theoretical description

According to the concept of the DNS model, the com-
plete fusion reaction is described as a diffusion process. All
the nucleons of the projectile are transferred to the target
and form a compound nucleus. This process is accompa-
nied by the dissipation of energy and angular momentum.
The evaporation residue (ER) cross section of the super-
heavy nucleus under the incident energy E. . in the center-
of-mass frame can be written as [21, 24, 29-34]:

h? &

e 22 T e ) 0

OER (ECAm4) =

PCN (Ec.m. ) ]) Wsur(Ec.m. ) J)a

where T(E, ., J) is the probability that the collision system
overcomes the Coulomb barrier and forms the dinuclear
system [35]. Pcn(Ecm., J) is the fusion probability.
Waur(Eem., J) is the survival probability of the compound
nucleus.

The fusion process described as a diffusion process can
be understood by numerically solving the master equations.
The time evolution of the distribution probability function
P(Zy,Ny,t) for fragment 1 with the mass number A; and
excitation energy E at time ¢ is described by the following
master equations [17, 24]:

dP( Zl,Nl, ,
ZWZINIZ 1\/1 [d21N1 (Z17N17t)

— de“NIP(Zl,Nl,I)]
+ Z WZl,Nl iZ1,N

- dZ]’N;P(ZhNht)]
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The potential energy surface (PES) of the DNS in the
fusion process is defined as:

()[dz, v, P(Z1, N, 1) (2)

U(Z\,N1;Z, N2, R) = Eg(Z1,Ny) + Eg(Zy, N>)

3)
— Eg(Z,N) + Vc(R) + Vn(R),

where Z=7,+2, and N=N;+ N, . Eg(Z,N;) and
Eg(Z,N) are the binding energies of the fragment i and the
compound nucleus, respectively. V¢ and Vy are the Cou-
lomb potential and nuclear potential, respectively [24].
After the capture process, the DNS is formed. For the
formation of the compound nucleus (CN), the projectile
should overcome the inner fusion barrier By, defined as
the difference between Upg, the highest point called
Businaro—Gallone (B.G.) point on the left of U(#), and the
potential at the entrance. Hence, summing up the
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probability on the left side of the B.G. point, the fusion
probability of the DNS is given by [17, 28, 36],

ZgG  NaG

PCN(J) = Z Z P(Z],N],El (J)7Tint(‘])) : (4)

Z=1N;=1

The compound nucleus formed in the fusion reaction is
unstable because of its high excitation energy and usually
cools down by emitting 7y-rays, evaporating particles
(neutrons, protons, o and other light charged particles) and
fission [37-39]. This process is described by a statistical
model. Subsequent to the fission of the composite nucleus,
the survival probability of the SHN after evaporation of x
neutrons (considering only neutron evaporation and fission)
can be written as:

Wsur<EéNax7J) = P(EéN7x7 J)

TW(E.J) (5)
* 1l [rn(Ef,J) +TH(Ef, )]

X

where J and E*cn are the spin and excitation energies of
the compound nucleus, respectively. The relationship
between the excitation energy and incident energy in the
center-of-mass frame is E¢y = Ecm + Q. The nuclear
ground state masses are taken from [40]. I',(E;,J) and
I't(Ef,J) are the widths of the ith neutron evaporation and
fission, respectively. The solution is described later. E} is
the excitation energy of the compound nucleus before
evaporation of the ith neutron, which satisfies the following
relation: Ej , = Ef — Bjn —2T;. B;n is the evaporation
energy of the ith neutron. 7; is the temperature before
evaporation of the ith neutron, given by the relation
E! = aT2 —T;. The realization probability for neutron
evaporation P(Ecn*,x,J) can be obtained from Ref. [34].

According to Weisskopf’s theory of evaporation, the
evaporation width of the particle v can be written as [41]:

, (2sy + )m,
T(E'J) = a2
mhp(E*,J) )
X / ep(E* — By — &,J)oiny(e) de,
I,

where s, is the spin, m, is the reduced mass relative to the
remaining nucleus, and B, is the binding energy, of the
evaporating particle v. I, = [0, E* — B, — 6 — i]. The mass
table is obtained from Ref. [40]. 6 = 0, A, 2A for odd—odd,
odd-even, and even—even nuclei, A = 11/ \/Z MeV. oy 1
the inverse reaction cross section for a particle v with
channel energy & [42]. For the neutron, it is given by
Oiny = TR2. R, = 1.16[VVA — 1 + 1].

The width of fission is given by the Bohr-Wheeler for-
mula [43]:

1
B 27Tpt(E*,])

" / pi(E* — By — ¢,J)de
1, 1 +exp[—2n(E* — By — &) /ho]

TH(E",J)
(7)

Here It = [0,E* — By — 0 — ). B(E*,J) is the fission
barrier, which is of the form

By(E*,J) = BM(E* = 0,J)exp (— —*). (8)

Here, Ep = 20 MeV is the shell damping energy. BM is the
shell correction energy which is taken from Ref. [40]. After
obtaining the widths of neutron evaporation and fission, the
final Wy, can be obtained from Eq. (5).

3 Results and discussion

In order to investigate qualitatively the effects of mass
asymmetry on the fusion probability, the driving potential,
which is the minimum value of PES for combinations with
the same mass asymmetry, is shown in Fig. 2, as a function
of mass asymmetry for the reactions 2°Mg + 2*8Cm,
368 4 238U, and *8Ca + ?*Ra, leading to the same com-
pound nucleus 2”#Hs*. Although the systems evolve in both
the proton and neutron degrees of freedom, the mass
asymmetry can still be a good collective degree for esti-
mating the fusion probability. The B.G. point is shown in
this figure. The blue arrow indicates the inner fusion barrier
Biys for the reaction “*Ca + *2°Ra. The inner fusion barrier
plays a main role in the competition between quasifission
and complete fusion. According to the results of the cal-
culation, the inner fusion barriers for the reactions

30 F

20 F

Driving Potential (MeV)

T U080 075 070 065
mass asymmetry 1

Driving Potential (MeV)

mass asymmetry 1

Fig. 2 (Color online) The driving potential of 2’*Hs* presented as a
function of mass asymmetry. The black arrow indicates the B.G.
point. The injection points for the reactions 2°Mg + 2*Cm,
38 + 238U, and *Ca + ?%°Ra are denoted by a triangle, solid circle,
and square, respectively
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368 + 28U and “8Ca + 2%°Ra are Biys,s = 3.6 MeV and
Bypysca = 8.6 MeV, respectively. It is observed that the
injection point of the reaction Mg + 2*8Cm is located on
the left side of the B.G. point, therefore, the fusion prob-
ability for 2°Mg + 2*Cm would be much larger than that
of the other two reactions.

Figure 3 presents the fusion probabilities as a function
of the excitation energy of the compound nucleus in the
reactions Mg + 2*8Cm, S 4 238U, and “8Ca + ??°Ra. It
can be seen from the calculated results that with the same
excitation energy, the fusion probability decreases with
decreasing mass asymmetry. This is because a near sym-
metric system can overcome a high inner fusion barrier for
forming a compound nucleus by nucleon transfer. The
fusion probability for the reaction Mg + 2*8Cm, is close
to 1 and much larger than that of the other two reactions. It
can also be seen that the fusion probabilities for all the
reactions increase with increasing energy.

Figure 4 shows the excitation functions for the reactions
Mg + *Cm, 36S + 28U, and *Ca 4 ?*Ra. The
available experimental data [44—46], which are indicated
by points, are also shown. The curves show the results of
calculation for different evaporation channels. It can be
seen that the calculations duly authenticate the experi-
mental data.

The excitation functions for the reactions >*Ne + 2*Cf,
Mg + 2°Cm, and “8Ca + ?*8Ra are shown in Fig. 5. All
the reactions lead to the same compound nucleus, 276 g, It
can be seen that the cross sections decrease with decreasing
mass asymmetry.

However, it cannot be presumed that the reaction with
larger value of mass asymmetry is better for producing
SHN. For systems with larger values of mass asymmetry,
the reactions are usually very hot. Therefore, in the de-
excitation process, many neutrons evaporate. This actually
limits the neutron richness of the synthesized SHN.

7 1 1 1 1 1 1 1

20 25 30 35 40 45 50 55 60
E,, (MeV)

Fig. 3 (Color online) The fusion probability for reactions
Mg + **%Cm, S 4 U, and ¥Ca + ***Ra
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Fig. 4 (Color online) The excitation functions for the reactions
26Mg + 2*8Cm (a), 3°S 4 238U (b), and **Ca + ??°Ra (c). The purple
dotted lines, red solid lines, black dashed lines, and blue dash-dotted
lines represent 2n, 3n, 4n, and 5n evaporation channels, respectively.
The red squares, black circles, and blue diamonds represent the
experimental data of 3n, 4n, and 5n evaporation channels, respec-
tively [44-46]
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Fig. 5 (Color online) The excitation functions for the reactions
2Ne + 24Cf (a), 26Mg + 20Cm (b), and *Ca + ***Ra (c¢)

Moreover, due to the limitation of the target, the projectile
cannot be very light. In addition, the mass asymmetry not
only affects the fusion probability, but also has an impact
on the probability of the capture and survival stages.
Therefore, in this study, all the possible combinations are
examined systematically, with stable projectiles of Z = 8—
22 and targets with half-lives longer than 30 days, for
synthesizing the unknown SHN, as shown in Fig. 1.

The cross sections of different projectile-target combi-
nations are compared to obtain the optimal ones for syn-
thesizing the unknown SHN, as shown in Figs. 6, 7, 8, 9
and 10. It can be seen that for producing most of these
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Fig. 6 (Color online) The excitation functions for synthesizing 2%*Db
(a), 2%5Db (b), *7Sg (c), and %8Sg (d). The purple dotted lines, red
solid lines, black dashed lines, and blue dash-dotted lines represent
the 2n, 3n, 4n, and 5n evaporation channels, respectively. The red
squares, black circles, and blue diamonds represent the experimental
data of the 3n, 4n, and 5n evaporation channels, respectively. The red
diamonds represent the largest cross sections
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Fig. 7 (Color online) The same as Fig. 6, but for 268Bh, 209Bh, 271 Hs,
and 2'Mt

nuclei, the maximal ER cross sections are larger than
10 pb. For example, for producing the 2%8Sg, the ER cross
section is close to 1 nb in the reaction 0 + »*Es —
268Sg + 4n with an incident energy of 82.87 MeV. More-
over, for producing the Db, 29Db, 2¢7Sg, 208Bh, 2°Bh,
MY, 27IMy, 22Hs, 22Mt, M, 2Ds, 25Rg, 75D,
26Ds, 27°Rg, ?’"Rg, the most promising reactions are
180 4+ 29Bk — 2Db 4 3n (12 pb at 79.36 MeV),
E 4 20Cm . 2Dp 4+ 4n (5.6 pb at 89.55 MeV),
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Fig. 8 (Color online) The same as Fig. 6, but for 212Hs, 272Mt, 23 Mt
and ?*Ds

T T T T T T T
2 30, 248 275

Si+ "Bk — "Rg+3n
10'F 3n

(=
oy

a (pb)

10 : .
ZZNe +257Fm N 275

=1
-y

T T
Ds +4n 4n (b) 1
-

o (pb)

—_
(=}
vy

o (pb)

! !
T
247

+ T + T
Bk - “*Rg +3n

10" f gi+

a (pb)

E. (MeV)

Fig. 9 (Color online) The same as Fig. 6, but for >”>Rg, 2”°Ds, 27°Ds,
and ?’°Rg

70 4+ 24Cf — 27Sg +4n (82 pb at 82.01 MeV),
180 4+ 2Es — 205Bh 4+ 4n (160 pb at 84.22 MeV),
80 + 2Es — 2Bh +4n (770 pb at 84 MeV),
30 + 2"Fm — ?"'Hs + 4n (520 pb at 84.56 MeV),
2Ne + 22Es — "Mt + 3n (190 pb at 99.25 MeV),
22Ne + P*Cf — 2?Hs + 4n (190 pb at 101.87 MeV),
328i + Am — 22Mt 4 3n (51 pb at 134.9 MeV),
2Ne + 25Es — 23Mt + 4n (140 pb at 103.52 MeV),
2INe + ¥"Fm — ?™Ds + 4n (23 pb at 104.13 MeV),
08i + 2Bk — 2PRg + 3n (20 pb at 137.64 MeV),
2Ne + ®’Fm — ?PDs 4 4n (20 pb at 104.92 MeV),
2Ne + ¥"Fm — 2°Ds + 3n (9.2 pb at 99.92 MeV),
328i + "Bk — ?°Rg + 3n (10 pb at 139.94 MeV), and
3281 + Bk — ?"7Rg + 3n (18 pb at 139.31 MeV),

@ Springer
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10° r g +24|8Bk N Z7I7Rg 4 3n @ 1 Table 1 The optimal combinations for synthesis of SHN in the gap
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Fig. 10 (Color online) The same as Fig. 6, but for 2’’Rg, ?’3Cn, 2B3Mt 22Ne + 25Es 4n 39 1.4 x 10?
29Cn, and %°Cn (10352
’ 74Ds *'Ne + *7Fm 4n (h0a13) 2.3 x 10!
. . . 275R 3OS' + 248Bk 3n 33 2.0 x 101
respectively. However, it can be seen that for synthesis of g 1 (137.64) :
278-280Cn the ER cross sections are approximately 1 pb;  2™Ds 22Ne + 27Fm 4n t104.92) 2.0 x 10!
therefore, the rea.ctlon is still feas%ble with the .avallable 276 2Ne + 257Fm 3n %0 9.2
experimental equipment. The maximal evaporation cross . e | a7 » .
: . o : . Rg Si + 7Bk 3n . 1.0 x 10
sections, optimal incident energies, and corresponding -
. . 277}{g 3ZSi + 248Bk 3n 32 1.8 x 101
evaporation channels are deduced and presented clearly in (13931)
Table 1. It is found that for synthesizing the isotopes 2’Sg ~ ?*Cn 0si + »Ict 3n 3057 1.7
and 2%8Sg, the target >>*Cf can be used. The 80 is pre-  219¢y 08i + 22Cf 3n t0.22) 1.1
. . . . . 268 :
dicted as a projectile, for producing both the isotopes *Bh 250, 30Gj 4 254Cf 4n ?134486) 3.0

and *°Bh. In addition, the combinations of projectile and
target are the same for synthesizing the >°Ds and 27°Ds,
but in different evaporation channels.

4 Summary

The production of several SHN was investigated sys-
tematically within the dinuclear system model. The mass
asymmetry effects were studied, and it was observed that
the fusion probabilities decreased with decreasing mass
asymmetry. Suitable reactions for producing SHN in the
gap region, as shown in Fig. 1, were predicted by
reviewing the stable beam-induced hot fusion reactions,
and 192 possible combinations with projectiles from O to
Ti and targets with half-lives longer than 30 days, for
producing SHN 264D, 265Dp, 267Sg, 268B}, 268Sg, 2698,
Ty, YIMt, 2%Hs, 22Mt, 2PMt, 24Ds, ¥5Ds, 2Re,
276yg, 276Rg, 277Rg, 218Cn, 2°Cn, and 2°Cn were exam-
ined. The optimal combinations and incident energies for
synthesizing these nuclei were predicted. It was found that
the production cross sections, for synthesizing most of
these SHN, were larger than 10 pb. The predicted cross
section was 920 pb for the production of 2®8Sg; hence, the

@ Springer

Ecn* is the excitation energy where the largest ER cross section
appears in the unit of MeV, E?  is the incident energy in the center-
of-mass frame corresponding to Ecn*

OpERr.max 18 the largest ER cross section in the unit of pb

ON objective nucleus; BC best projectile and target combination; EC
evaporation channel

reaction could be carried out with the available experi-
mental equipment. In future, it would be necessary to carry
out systematic calculations on the production of SHN
within other theoretical models so that a comparison of the
predicted favorable reactions among the different models
can provide valuable information regarding the experi-
mental procedure.
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