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Abstract: This study investigates the optimal projectile/target combination for the production of new neutron-defi-

cient isotopes of superheavy nuclei (SHN). To this end, the dependence of the evaporation residue cross-section

(ERCS) used to synthesize SHN on the mass asymmetry and the isospin of colliding nuclei are analyzed within the

dinuclear system (DNS) concept. The predicted ERCSs for the production of new neutron-deficient isotopes of SHN

were found to be quite large with the g projectile, and the cross-section of SHN decreases slowly with the charge of

compound nuclei owing to the increase in their survival probability, Wg,,. W, is not canceled by the decreasing

probability, PCN, that the system will evolve from a touching configuration to the compound nucleus in competition

with the quasifission process.
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1 Introduction

The production of superheavy nuclei (SHN) in the
laboratory has drawn considerable attention, because it is
related to the existence of an island stability in SHN [1-5]
and depends on its location. Currently, there is a gap
between the SHN synthesized by hot fusion and cold fu-
sion reactions [6-11]. To fully understand the shell ef-
fects and other properties, and to develop theoretical
models that will be able to predict the properties of SHN
located beyond this area, expanding the span of known
isotopes of SHN is extremely important.

In recent years, many efforts were devoted to the in-
vestigation of the synthesis mechanism of SHN [12—26],
and many approaches were proposed to calculate the fu-
sion probability [27—-34]. To date, however, none of these
approaches are predominant [35]. The dinuclear system
(DNS) concept represents one of these approaches [16,
17,36-39]. Based on the DNS model, calculated evapora-
tion residue cross-sections (ERCS) for the cold and hot
fusion reactions leading to heavy and SHN are in good
agreement with available experimental data [40—60].

Selecting the optimal composition of the colliding
nuclei is one of the most important factors for the suc-
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cessful synthesis of SHN. In order to fill the gap, several
isotopes of actinide nuclei can be used as targets. The use
of beams of 368, 40Ar, and “'Ca as the projectiles is also
interesting. Recently, the first measurement of ERCSs in
the complete fusion reaction *°S + *°U and the observa-
tion of ~*Hs has already been performed in experimental
studies [61].

One of the aims of the present study is to investigate
several fusion reactions leading to the formation of the
same compound nucleus of unknown isotopes of SHN,
and those between already obtained SHN in cold and hot
fusion. Usually, fusion hindrance is smaller for the mass-
asymmetric reaction system, and hence the correspond-
ing cross-section may be enhanced. Once the best pro-
jectile is selected, to find the optimal conditions of syn-
thesis, it is necessary to study the dependence of the
ERCS on the isospin composition of colliding nuclei. In
the present study, the influence of the target neutron num-
ber on the capture cross section, fusion probability, and
survival probability for the reactions s +

vestigated in detail. In addition, we systematically study
the ERCSs of the *°S bombarding targets of the actinide
isotopic chain. The aim of our study is to predict the
ERCSs of unknown neutron-deficient isotopes of SHN.

* Supported by the National Natural Science Foundation of China (11705055), Hunan Provincial Natural Science Foundation of China (2018JJ3324) and Excellent

Youth Fund of Hunan Provincial Education Department (17B154)
1) E-mail: baoxiaojun@hunnu.edu.cn

©2019 Chinese Physical Society and the Institute of High Energy Physics of the Chinese Academy of Sciences and the Institute of Modern Physics of the Chinese

Academy of Sciences and IOP Publishing Ltd

054105-1



Chinese Physics C Vol. 43, No. 5 (2019) 054105

2 Theoretical framework

The evaporation residue cross-section (ERCS) in
heavy-ion fusion reactions is calculated as the summa-
tion over all partial waves J [16,17],

ah?
e (Eem) =5 p— ) 2J+ DT (Eem. )
c.m. J=0
XPCN(Ec.m.,J)Wsur(Ec.m.’J)’ (1)

where E., is the incident energy in the center-of-mass
frame. T(E.m.,J) is the transmission probability of the
two colliding nuclei overcoming the Coulomb potential
barrier in the entrance channel to form the DNS. The cap-

il @I+ DT (Eem.J) is
2#Ecm - c.m.»
calculated with an empirical coupled-channel approach
[23, 62]. The Pcn is the probability that the system
evolves from a touching configuration to the compound
nucleus in competition with the quasifission process. The
last term Wy, is the survival probability of the formed
compound nucleus, which can be estimated with a statist-
ic method [63].

ture cross-section o, =

2.1 Capture cross section

The capture cross-section is:
nh?
2pEcm.

Ucap(Ec.m‘) =

Z(zu DT (Ecm., ), ()
J

where the transmission probability can be written as
T(Ecm.,J) =

1

ff(B) 5 dB,

1 +exp —2—”[E B+
ho(J) | ™ 2uR2,

3)
where hw(J) is the width of the parabolic Coulomb barri-
er at the position Rg(J), and an empirical coupled channel
method is used via a barrier distribution function, which
is taken as an asymmetric Gaussian form [55]. The nucle-
us-nucleus interaction potential with quadrupole deforma-
tion was used, which is addressed in detail in Ref. [52].

2.2 Fusion probability

The fusion dynamics are described as a diffusion pro-
cess by numerically solving a two-variable master equa-
tion (ME) in the corresponding potential energy surfaces
[23, 53]. The temporal evolution of the probability distri-
bution function P(Z;,N,,&1,t) for fragment 1 with Z; and
N, with the local excitation energy &; at time ¢ is de-
scribed by the following ME:

dP(Zi,Ny,€1,1)

" = Wz nz,m (0 X [dz, 5, P(Z], N1, ] 1)
2

—dy N, PZ, Ny e D+ D Wa iz, ()
N
X[dz, N, P(Z,N},€1,0)—dz N P(Z1,Ny,&1,1)]
= [Agr(O@) + Ap (O IP(Z1, Ny, €1, 1),
(4)
where Wz v,z ~; is the mean transition probability from
channel (Z;,N)) to (Z1,N1), and dz, n, denotes microscopic
dimensions corresponding to the macroscopic state
(Z1,N)) [18, 27, 64, 65], which is shown later. &; denotes
the local excitation energy and is likewise shown later.
The sum is taken over all possible proton and neutron
numbers that fragment Z{, N| may assume, but only one
nucleon transfer is considered in the model.

The probability P(Zi,Ny,&1,t) distributed in the bot-
tom of pocket has the possibility to decay out of the DNS,
i.e., the evolution of the DNS along the variable R leads
to the quasifission of the DNS, with the corresponding
quasifission rate A%fzv(@)' In order to consider the influ-
ence of the DNS decay on the probability distribution
P(Z,N1,&1,1), we need to include the effect of the quasi-
fission rate on the ME. The quasifission rate A4 in Eq.
(10) is estimated with the one-dimensional Kramers for-
mula [66, 67].

; w r\’ r
AJ @) =—— |5 Pay? = o
Z,N( ) 2 ewBe (2h2) + (w®ar) o

By(Z,N) )
OZN) )

The quasifission barrier By measures the depth of the
pocket of the nucleus-nucleus interaction potential. The
quasifission barrier By decreases with increasing Z, and
for near symmetric configurations there is no minimum
of the nucleus-nucleus potential [46, 48]. In the present
study, in the case where the nucleus-nucleus interaction
potential has no minimum, we assumed that the height of
the quasifission barrier By is 0.5 MeV. The temperature
O(Z,N) of the DNS is calculated with the expression
®(Z,N) = Ve/a where & depicts the local excitation en-
ergy of the DNS. The level density parameter is calcu-
lated with the expression a = A/12 MeV~!. Here, w is the
frequency of the harmonic oscillator approximating the
potential along the internuclear distance around the bot-
tom of the pocket. The frequency w® is the frequency of
the inverted harmonic oscillator approximating the inter-
action potential of two nuclei along the internuclear dis-
tance around the top of the quasifission barrier. The
quantity T denotes the double average width of the con-
tributing single-particle states. In the present study, con-
stant values ' =2.8 MeV, 7wP =2.0 MeV, and hw =3.0
MeV were employed.

X exp (— (%)
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Solving Eq. (4) numerically, the temporal evolution
of the probability distribution P(Z,,Ny,&1,1) to find frag-
ment 1 (Z; + N) with excitation energy & at time ¢ is ob-
tained. All the components on the left side of the Busin-
aro-Gallone (BG) point contribute to the compound nuc-
lear formation. The fusion probability represents the Z-N
configuration at the BG point, beyond which the system
falls into the fusion valley in the potential energy surface
as a function of the mass-charge asymmetry parameter.
Therefore, the fusion probability Pcy is the summation of
P(Z{,Ni,e1,1) from (Zl =1,N; = 1) to (ZBG,NBg) conﬁgur—
ations. The compound nucleus formation probability at
the minimum of the nucleus-nucleus potential (B,,),
which corresponds to a certain orientation of the collid-
ing nuclei in the entrance channel, and for the angular
momentum J, is given by

Zsg Nig
PeN(Eem,J,Bn) = ) > P(Z1,Ni,&1,Tii Ba). (6)
=LN,=1
The interaction time 7y, (this will be shown later) in the
dissipative process of two colliding nuclei is dependent
on the incident energy E.n, J and B, and it is determ-
ined by using the deflection function method [68]. Fi-
nally, we obtain the fusion probability Pcn(Eem.,J) as

Pen(Eem.,J) = f JBm)PcN(Eem., J, Bp)dBy, — (7)

where the barrier distribution function is provided in an
asymmetric Gaussian form [18].

In order to numerically solve Eq. (4), interaction time
and local excitation energy are needed as input. The time
interval between formation and break of the composite
system is defined as the interaction time 7. As shown in
Fig. 1 in Ref. [68], during this process the composite sys-
tem rotates about its center of mass. On the one hand, for
a given value J; of the incident angular momentum,
Tine(J;) 18 determined by the rotation of the composite sys-
tem through the angle

AI(J) == =T - O)), (®)

where the Coulomb angles ¢; and ¢ are given by Cou-
lomb trajectories in the entrance and exit channels with
the corresponding the energies E;, Ey and the angular mo-
menta J;, J values, respectively.

2bip) /R + i) 1

—arcsin ———, (9)
"4+8i2(f) 1[(2/&?,‘@))2-}-1

where giH = O//(Ec,m,bi(f)), a = ZPZTez, and b,’(f) = h.]i(f)/
2uEcm..

The essential ingredient of the model is the determin-
ation of the deflection function O(J;) from the experi-
mental angular distribution. However, this is achieved by
introducing the parametrization [69]

() = arcsin
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Fig. 1. Mean interaction times are shown as a function of in-

250 246

cf, “Ar + *Cm,
and *'Ca + **’Pu reactions with corresponding excitation en-
ergy Eqy =40 MeV.

cident angular momentum J for S +

5\
0y = @c(fi)—ﬁ@)grj—l(—) : (10)
ar :B
The first term on the right-hand side is the Coulomb de-
flection function. The second term describes the devi-
ation from the Coulomb deflection function due to nucle-
ar interaction between the projectile and target. The para-
meters ¢ and 8 are determined by a fit of the differential
cross-section obtained from experimental data. The ini-
tial angular momentum is assumed as J; = J. The details
of 6 and B are given in Ref. [70]. The grazing angular
momentum Jg can be expressed:

Jor = 0.22Rinc[Ared(Ecm. — V(Rine))1'2, (11)

where V(R;,) denotes the interaction barrier at the inter-
action radius Rjy. Areq 1S the reduced mass.

During this process, the composite system rotates
about its center of mass. The relation between AY and 7,
is given by the integral

wod9 (T R
rwuy= | @<= d 12
() fo "ar fo T (12)

with the time-dependent angular momentum J() and rel-
ative moment of inertia {(f). The dissipation of the rel-
ative angular momentum < J(¢) > is described by

<J@) >= Ja+ (Ji = Js) exp(=t/7)), (13)

where the limiting value J given by the sticking condi-
tion is Jg = Ji£°, /{0, The relaxation time 7, is 1.5x 1072!
s. For the relative and total moments of inertia, we as-
sume the rigid-body values: (il =uR* (2, = pR?) and

é' — R2 % 2 % 21 A0 _ 2 g 2 g 2 .
ot = M +5m1Rl + szR2 Lot = MR+ 5mlRl + 5m2R2 ;
where m;, my, u, Ry, R, are the masses, the reduced mass,
and radii of the fragments, respectively. Ry is the radius
of the rotating composite system two nuclei form at close

contact. The coupled Egs. (8)—(13) are solved by itera-

054105-3



Chinese Physics C Vol. 43, No. 5 (2019) 054105

tion to obtain the interaction time 7.

For the subsequent three s + 250Cf, OAr + 246Cm,
and “'Ca + **Pu reactions, the average interaction times
are calculated by the deflection function method [68-70].
In Fig. 1, we plot the mean interaction time as a function
of the incident angular momentum J with the correspond-
ing excitation energies E’y =40 MeV. Fig. 1 shows that
the interaction time of the composite system is long for
partial waves with a small incident angular momentum J.
Moreover, we found that the interaction time decreases
with increasing J. In Fig. 1, we also observe the decrease
of interaction time with decreasing mass asymmetry in
the entrance channel with the special excitation energy
and angular momentum J. This is because the Coulomb
repulsion increases gradually with the decrease in mass
asymmetry.

The local excitation energy is defined as [18, 71]

e =Ex—[U(Z,N\,Z2,N2,B1.82,J)
= U(Zp,Np,Zr,Nr.Bp.Br,J)], (14)

where the dissipation energy E, of the composite system
is converted from the relative kinetic energy loss. The
dissipation energy E, is related to the minimum of the
nucleus-nucleus potential (B,,) and is determined for each
initial relative angular momentum J by the parametriza-
tion method of the classical deflection function.

_<J) > (=< J0) > +1)A?

Ei=Ecm —Bn = < Ena(J,1) >,
2élrel
(15)
A 7/
< Erg(J, 1) >= E;ad exp[— nt ] (16)
Trad

Trad denotes the relaxation time of the dissipation of the
radial kinetic energy. The quantity £’ , denotes the initial
radial kinetic energy at the interaction radius. The radial
energy at the initial state is Eﬁa 1(0) = Ecm = By — EJi(Ji+
A% /(241). The initial angular momentum is assumed to
be J;=J. The value of g is 3x1072% s [69]. Fig. 1
shows that the angular momentum is within the range of
our research, and that the interaction time ‘rﬂl . is much lar-
ger than 7.,4. Therefore, for the current three reaction sys-
tems, the < Epq(J,1) > value at Ef =40 MeV is infin-
itely close to zero.

The second term of Eq. (14) is the driving potential
energy [16-18] of the system for the nucleon transfer of
the DNS, which is:

U(Z1,N1,B1,82,J) =B(Z,N1,B1) + B(Z, N2, 52) — B(Z, N, 5)
+Uc(Z1,23,B1,2)
+UN(Z1,N1,Z3, N2, B1,2,J)

=Qge +Uc(Z1,25,01,52)
+ Un(Z1,N1,22, N2, 81,82, 7),
17)
where Z=27,+7Z, and N =N, +N,, and B;(i=1,2) and B

represent quadrupole deformations of the two fragments
and the compound nucleus, respectively. The B(Z,,Ny,51),
B(Z,,N3.B,), and B(Z,N,p) are the binding energies of two
deformed nuclei and the compound nucleus [72], respect-
ively.Thngg(Qgg = B(Z,,N\,B1)+ B(Z,,N»,5,) — B(Z, N,ﬁ))
denotes the ground state Q value. In the present study, the
deformation parameters and binding energies are taken
from Refs. [73, 74]. Wong's formula [75] is adopted to
calculate the Coulomb interaction, and the nuclear poten-
tial is calculated with Skyrme-type interaction without
considering the momentum and spin dependence [76].
Here, the inner fusion barrier appears on the driving po-
tential energy surface during the evolution of the mass
(charge) asymmetry axis. The inner fusion barrier is de-
termined by the difference between the maximum value
of the driving potential and its value at the point corres-
ponding to the initial charge asymmetry of the con-
sidered reaction. To form a compound nucleus, the inner
fusion barrier must be overcome.

In Eq. (4), Wz n,.z.N» dz, N, Agr, and Ag are all de-
pendent on the local excitation energy of the DNS. The
transition probability is related to the local excitation en-
ergy, and the neutron transition probability
Wz, N, BB 2., N, . > €an be written as [64, 65]

Tmem(ZI,Nl,gl;ZlyN{»sll)
W2dy, ndy, N
X > 1< 21, N7, &LV IVOIZ1, Ny e, > P
[
(18)

where i denotes all remaining quantum numbers. The
memory time Tpem

Tmem(Z1,N1,£13Z1,N},&}) = EN27{< V(1) >z, 0, ¢,
+< VA >z e (19)

Wz nizon (D) =

can be interpreted as the coherence time for the trans-
itions between the subsets (Z,N1,e1) and (Z;,N],&)) [64,
65], where < V2(t) >z v, and < V2(t) >z n. stand for
the average expectation value with Z;,N1,e; and Z;, N{, €]
being fixed, respectively. Thus, the memory time 7yem
depends on the neutron number N;, proton number Z,; ,
and the local excitation energy &;. For the *S + *Cf re-
action, the memory time Tyem(Z=16,N=20;Z =16,
N = 21) is 0.75x1072> s when the excitation energy
E¢y =40 MeV.

The transition probability of Eq.(18) can be written as
Tmem(Z]’Nhs];Zl,N;,g,])

h*dy, n,dz, N,

X{[w11(Z1,N1,£1;€))
+wn(Z,Ni,&1;8)10N8 N,

Wz nizon () =

+w12(Z1, N1, €15;€))0N N, -1
+wi2(Z, Ny, e1:8)0n n+1) (20)
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where
Wi (Z1,NLee) = Y 1< ZuNLEGL T VigelZ, Niensi > P
TN
:dZ,,Nl < Vk’kr Vlzk’ >
(21)
The averages in Eqgs. (18), (19), and (21) are carried out

by using the method of spectral distributions [77, 78]. We
obtain

1
<VikVip >= I Ul gi8i A AerAeye

X

1
A2+ < (Aeg+ As,%,)] . (22)

which contains some fixed independent parameters Uy (r)
and A (1). In the present work, the strength parameters
Ui (¢) are assumed as [64]
g3 gl
1 &

Unie (1) = PR .811(/3'811/3 2V
In our calculation A;{(£) = A12(f) = Ap(r) = A () = 2, and
the dimensionless strength parameters y;; = y12 = y» =
v21 = 3 are assumed. Owing to the excitation, a valence
space Ag;, forms symmetrically around the Fermi surface.
Only the particles in the states within this valence space
are actively involved in the excitation and transfer [64, 65].

48k Ak Ak
A = -, =&—, = — k: 1,2 . 24
£k ‘,gk &= 8- 8k 12( ) (24)

Here ¢ deontes the local excitation energy of the DNS.
The microscopic dimension is [64, 65]

dzl,N,(ml,m2)=( M )( N ) (25)

m mp

(23)

There are N, =giAg; valence states and my = Ni/2
valence nucleons in Ag;.

2.3 Survival probability

The survival probability of the compound nucleus at
excitation energies is a probability for the compound sys-
tem to resist fission decay in the form of emission of light
particles and y-decay. For the sake of simplicity, the
present work as well as other Refs. [24-26] consistently
neglect the y-decay width and other charged particles at
high excitation energies of interest in hot fusion reactions,
compared with the evaporation of successive emission
neutrons. The survival probability of the excited com-
pound nucleus in the de-excitation process, by means of
the neutron evaporation in competition with fission, is ex-
pressed as follows:

War(Egn %) = F(Eg 6D |

[ TW(E;J)
i=1

(B, D+T (B D) |,
(26)

where F(E(.y.x,J) is the realization probability of the xn
channel at the excitation energy Ely(Ecm. +Q) of the
compound nucleus with angular momentum J, i the in-
dex of evaporation step, I', and I'y are the partial widths
of neutron emission and fission.

The partial width for emission of a neutron from a
compound nucleus with the excitation energy Ej is given
by the Weisskopf formula

Ey—B,—6,
&My Tiny f
=—> 7" (Eo— B, —0,—¢)ede,
m2h%po(Eo — 6) Jo o v
(27)

where m, and g are the mass and spin degeneracy of the
emitted neutron, respectively; o,y is the cross section for
the formation of the decaying nucleus in the inverse pro-
cess; po(Eg— &) is the level density of the parent nucleus
at the thermal excitation energy corrected for its pairing
energy 6o, and p,(Eg— B, —6,—¢) is the corresponding
level density of the daughter nucleus after emitting a
neutron. B, and §, are the neutron separation energy and
the pairing energy of the daughter nucleus, respectively.

The fission width can be expressed in terms of the
transition state theory as

BW 1 E\—B;—0,
B :—f (Ey—Br—6r—¢)de, (28
I 2mpo(Eo—60) Jo o= Brmor 29

where p,(Eq— By —dr—¢) is the level density of the fis-
sile nucleus at the saddle configuration. The calculations
of the width of the fission channel are performed, taking
into account the effects of nuclear viscosity and the fis-

sion delay time,
2
(BB
2wsd 2(4)5(1

where the curvatures of the potential at the ground-state
(wgs) and saddle point (wg), and the reduced friction
parameter 8 have been fixed with the default values of
hiwgs =2.0 MeV, hiwg =2.4 MeV and #8=3.0 MeV, re-
spectively.

The back-shift Fermi-gas model at energies of the
hot-fusion reaction of interest is used to determine the
level density,

n

fiwgs
I=— xBY (29
! TU_)Sd f ( )

JJ+1
2J+ l)exp[Z VaU - (2 5 )
g
p(U7‘])_ 24\/§a-3a1/4U5/4 > (30)
. Origi U 2
with o2 = ;:zgld ;, ®rigid = gmuARz, U=E-65. The

back shifts 6 = —A (odd-odd), 0 (odd A) and A (even-
even), respectively, are related to the neutron and proton
paring gap A=1/2[A,(Z,N)+A,(Z,N)], which is em-
ployed from mass differences of the neighboring nuclei
[79]. The dependence of the level density parameter a on
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the shell correction and the excitation energy was ini-
tially proposed as

a(U.Z.N) = a(A) |1+ Ean =~ 31)

f(U)]

with a(A) = aA+BA*3 and f(U)=1-exp(—ypU). It is
worth noting that the differences between the correspond-
ing level density parameters are mainly related to differ-
ent shell corrections, and thus one should use these para-
meters at the same shell correction energies. In the
present study, parameters a =0.1337, 8= -0.06571, and
vp =0.04884 [79] are determined by fitting to experi-
mental level density data with the help of the microscop-
ic shell correction from FRDM95 [80], which is adopted
to calculate the level density using in the evaporation cal-
culations.

We calculated the angular momentum dependence of
the transmission, fusion, and survival probabilities as
shown in Fig. 2 for the reaction 3 + **Cf at incident en-
ergies 169.64 MeV. The values of the three stages de-
crease significantly with increasing relative angular mo-
mentum. Hence, in the following estimation of the ERC-
Ss, we cut off the maximal angular momentum at Ji,x =
30. A similar result is also illustrated in Ref. [81].

0.6

(€Y

S 05}
:

=
&~ 04}

2.00 x 1072

)

1.25 %102

m.

P(E,

0.50 x 1072

1.5x107%

S 1L0x10%F
3

0.5x10°%
3n channel

0 8 16 24 32
J
Fig. 2. Calculated transmission, fusion, and survival probab-
ilities as functions of relative angular momenta in the reac-
tion *°S + *Cf at excitation energies of compound nucleus
of 40 MeV.

3 Numerical results and discussions

Very recently, in order to review our calculated abilit-
ies on the ERCSs to synthesize superheavy nuclei using
DNS model, the hot fusion reactions producing SHN with
Z > 104 are systematically studied [82]. The results of
systematic calculation show that the current theoretical
method can describe the ERCS of SHN. In the present
work, the calculations for all reactions were performed
with the same parameters and assumptions.

3.1 Predictions of probable projectile-target combina-

tions

In order to predict the most suitable projectile-target
combination among the probable candidates, production
cross-sections of new neutron-deficient SHN with
charged numbers Z = 108—114 are analyzed systematic-
ally with *g, “Ar, and “Ca projectiles. In the present
study, based on the framework of the DNS model, we
calculated the ERCSs of the SHN based on the actinide
targets - °Cf, **7*Cm, and *'***Pu with the pro-
jectiles 368, 40Ar, and 44Ca, as shown in Fig. 3. The ERC-
Ss decreases by about one order of magnitude with in-
creasing charge number of projectile from Z=16 to
Z =20. This is due to the strong decrease in fusion prob-
ability Pcny and the increase in the quasifission with in-
creasing asymmetry in the entrance channel.

In Fig. 3(c), the calculated ERCSs are shown for the
production of new neutron deficient isotopes of Fl in the
fusion reactions of *°S with **'Cf targets and for the “Ar +

10*
(a) 36§ + 29Cf (b) 363 + 250Cf
10 _ WAF4+245Cpp . 40Ap 4 246Cm
. 44Ca+24lPu - 44Ca+24zpu
10°
102
@ 10
= 10
© (C) __ 36S 4 BICF (d) _zg S + Zszzgf
40 247 — Ar +24C
10? __ Mé;: 243%5[1 L Czrl + 2“4P1r1n
10°
102 N
N\
4 N
24 32 40 48 56 24 32 40 48 56
Eq (MeV)
Fig. 3. (color online) Evaporation residue excitation func-

tions in production of isotopes of superheavy nuclei Fl in

. 36, 249-252 40 245-248 44
reactions ~ S + Cf, "Ar + Cm, and Ca +
241-244

Pu.
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*Cm fusion reactlon 1ead1ng to the same compound nuc-
leus as in the “'Ca + **Pu reaction. The parameters relev-
ant to the exit channels, such as the neutron separation
energies and the fission barrier heights, are nearly identic-
al for both reactions at the same excitation energy (neg-
lecting small differences in angular momentum of the

compound nucleus after its formatlon) However, as
shown in Fig. 3(c), the use of an “*Ar beam is less favor-
able than *°S. Th1s is attrlbutable to a worse fusion prob-
ability of the “Ar + *’Cm fusion reaction, as the dinuc-
lear system becomes more symmetric, and the fusion
probability decreases. Our calculations also demon-
strated that the use of a “Ca beam instead of *S de-
creases the yield of the same SHN, owing to a worse fu-
sion probablhty Calculatlons were performed for the re-
513(;‘512(3);15 S + 243— 246C A + 239- 242 u, nd Ca
U to produce the superheavy nuclel Cn, as shown in
Fig. 4. The strong dependence of the calculated ERCSs
for the production of SHN on the mass asymmetry in the
entrance channel makes the *°S projectile most promising
for the further synthesis of SHN.

10

(a) 365 +28Cm | (B) 368 + 24Cm
__ 40Ar+29py __ 40Ap 4 240py
102 . #Ca+ 35y __ #4(Ca + 36y
10°
102
~ 10
)
= 10
& {© 38 4 25Cm (d) 368 + 246Cm
R __ 40Ap+24Ipy __ 40Ap 4 242py
10 _ L #Ca+ BTy o #4(Ca+ 38y
10°
1072
10

24 32 40 48 56 24 32 40 48 56

E. (MeV)
Fig. 4.
tions in production of isotopes of superheavy nuclei Cn in

. 36 243-246 40 239-242 44
reactions = S + Cm, Ar + Pu, and Ca +
235*238U

(color online) Evaporation residue excitation func-

3.2 Influence of the target neutron number on ERCSs

The calculated maximal ERCSs, 3nand 4n, and the
corresponding optimal excitation energies of the com-
pound nuclei in the 3n and 4n evaporation channel are
presented in Fig. 5 for the reactions *S + “Puas func-
tions of the mass number 4 of the target, respectively. In
the 31 and 4n emission channel for the *°S + “Pu reaction,
it Fig. 5(b) shows that the maximum ERCSs increases

-119

~120} P
—121} ]
- _m
= -122} m
2 u
S -123
~124. W
—125]
100

(b

10 ¢

o (pb)

—®—3n
0.1t
—O—n

(©

256 2:;»8 24.10 24112 24.14
A
Fig. 5. Isospin dependence from *S + APu hot fusion reac-
tions: (a) Q values for fusion reactions - S + “pu; (b) max-
imal evaporation residue cross sections as functions of tar-
get mass number A, for 3n and 4n emission channels; (c)
corresponding excitation energies of compound nuclei.

with the increase in neutron number to the maximum
value and then decreases with the further increase in the
neutron number. The lower part of Fig. 5(c)indicates that
the excitation energies of 3 and 4 neutron emission de-
crease slowly with the increase in neutron number. To
analyze the trend of the change above, the whole process
of SHN synthesis needs to be investigated in detail. Next,
we investigate the influence of the target neutron number
on the capture cross-section, fusion probability, and sur-
vival probability.

Fig. 6(a) shows that the capture cross-section as a
function of the incident energy is quite close for the three
above-mentioned reactions owing to a slight difference in
Coulomb barriers. Fig. 6(b) shows the capture cross-sec-
tion o,y as a function of the excitation energy of the
compound nucleus. In the lower excitation energy region
E¢y < 37 MeV, the capture cross-sections for the reac-

tions *°S + 236Pu are larger than those of the reaction sys-
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10°
(2)
10" F
:g E
= 10" E
&
36 + 236py
1073 [ 36§ -+ 240py
L y. — - — g+2py
10-° o . . .
140 150 160 170 180
E, .. (MeV)
10°
(b)
101 E
g E
—10"F
&
—— MS + Z%Pu
L Y A,
E — - — ¥g42py
vt /. . .
20 30 40 50 60
Eex" (MeV)
Fig. 6. (a) Calculated capture cross-sections as functions of

. . .36
incident energy in center-of-mass frame for reactions = S +
236, 240, 244 .

Pu. (b) Calculated capture cross-sections are func-

tions of excitation energy of compound nucleus.

tems *°S + “*Pu, because of the large negative Q values
(E¢n = Ecm. + Q) of the former reactions. When the excit-
ation energy increases beyond 37 MeV, the differences
caused by the Q values become less significant, and the
capture cross-sections tend to be almost consistent.
Considering only the effects of mass asymmetry on
the fusion probability, when the neutron number in the
target nucleus increases, the dinuclear system becomes
more asymmetric, and the fusion probability increases
[30, 83]. Fig. 7(a) shows that our calculated fusion prob-
ability is a function of the excitation energy of the com-
pound nucleus for the reaction R T
However, we are aware that during the calculation for
S + Py and *°S + **’Pu, the fusion probability Pcy de-
creases with increasing neutron number in the lower ex-
citation energy region E{y <45 MeV. When excitation
energy increases beyond 45 MeV, the differences
between fusion probabilities among the three reactions
become very small, and the results tend to be consistent.
The irregular behavior of the fusion probability Pcy
changes with increasing neutron number of the targets.
The fusion probability depends on the details of the driv-

10°
(@
107 ¢ = e
_////
L1y -
3 /’ S(;S + 236Pu
1073 F —  — 36§ 4 240py
36§ 4 244py

102 L . . . \
30 36 42 48 54 60
Eoy' (MeV)
Fig. 7. (a) Calculated fusion probabilities are functions of

excitation energy of compound nucleus for reactions S +
236,240 2py (b) Calculated survival probabilities as func-
tions of compound nucleus excitation energy.

ing potential, which is decided by the ground state Q,,
value of the nuclei in each DNS and their interactions
[54]. Therefore, our results show that in addition to the
mass asymmetry, the reaction Q,, value plays an import-
ant role in the fusion probability.

The survival probability of the hot compound nucle-
us is highly sensitive to the value of the neutron separa-
tion energy B, and fission barrier B;. The fission barriers
of the 3n evaporation channel for compound nuclei
22%0pg basically increase with an increase in the neut-
ron number to the maximum value, and subsequently de-
crease with the further increase in neutron number [80].
The survival probabilities of 3n evaporation channel are
shown in Fig. 7(b) for the compound nuclei 272 276 20y,
The survival probabilities increase with the increase in
the neutron number for excitation energies lower than 50
MeV. Therefore, for the 3n evaporation channel, the in-
crease of survival probability of compound nuclei from
*Ds to *"Ds is not cancelled by an decreasing capture
cross-section and fusion probability. The calculated max-
imal ERCSs o3, is larger in the S + *Pu reaction than
in the *°S + 7 ***Pu reactions owing to the larger value of
survival probability. For the 4n evaporation channel, the
change of the target neutron number has little influence
on the fusion probability and capture cross-section. The
variation trend of 4n ERCS with the neutron number of
target nuclei is mainly determined by the survival probab-
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ility. Therefore, the 4n evaporation channel correspond-
ing to the ERCS basically increases with the increase in
neutron number to the maximum value, and then de-
creases with the further increase in neutron number.

3.3 Production cross-sections of neutron-deficient SHN

Figure 8 shows the companson of the calculated
ERCS with the experimental data in the reaction s +
**U. The measured ERCSs of the 3n and 4n channels are
denoted by solid squares and open circles [61], respect-
ively. For the 3n channel, calculated results are closer to
the experimental data. We also realized that one calcu—
lated ERCS of the 4n channel in the reaction *°S + ***U
peaks at the excitation energy of approximately 44 MeV,
which is smaller than the exc1tat1on energy used in the
experiment for ° U( S 4n) *Hs [61]. However, for the
4n evaporation channel, the peak position is not clear ow-
ing to the lack of experimental data. Taking into account
the experimental error bars, we assume that the agree-
ment between our calculated ERCS and the experimental
value [61] is sufficient for the *°S + *U reaction.

The isospin dependence of the ERCS of some SHN is
based on the same assumptions with one set of paramet-
ers. The maximum ERCS, ogr(pb), for 3n and 4n emis-
sion channels out of 368 bombardmg act1n1de isotopic
chains: U Np, Am Cm Bk and “Cf are shown in
Fig. 9 as a function of the mass number of the target.
From Figure 9 shows that the isotopes of target nucleus
with the largest neutron excess are favorable for most
cases of hot fusion with the *°S projectile. Except for the
3n emission channel in the *°S + “Cm reaction, in all oth-
er channels the ERCSs basically increase with increasing
neutron numbers, though sometimes not very distinctly.

Next, we investigate the influence of the target neut-

1000
238U (368’ Xn) 274—XHS
100 b
2
Naw) 10 L
~
<
] L
0.1 - L
30 36 £ 48 54 60

Ecy' (MeV)

Fig. 8.  Excitation functions for *S + U reaction. Calcu-
lated results and experimental data [61] are denoted by lines
and symbols, respectively. Measured ERCSs of 3n and 4n
channels are denoted by solid squares and open cycles, re-
spectively. Calculated 3n, 4n, and S5n channels are indic-
ated by solid, dashed, and dotted lines, respectively.

= 10k O/O/o
&
~
= U
SR Np
(a) (b)
0.1 1 1 1 1 1 1 1
232 234 236 238 235 236 237
100
——_o—=o o
= 10
]
= Am
S 1y —W3n
O—4n © (@)
0.1
241 242 243 242 244 246 248 250
100

o (Pb)
?\

© cf ®
249249 250 251 252
A

247 248

Fig. 9. Isospin dependence of maximal evaporation residue
cross-sections from hot fusion reactions: (a) g + ‘U, (b)
36q , A 36q , 4 36 , 4 36, A

S+"Np,(c) S+ "Am, (d) S +"Cm, (¢) ~ S + "Bk, and
) *S + “Cf as functions of target mass number A4, for 3n
and 4n emission channels.

ron number on ERCS. Similarly to the results of the reac-
tions *°S + “Pu, our calculations show that the capture
cross-sections for the neutron-deficient target nucleus are
larger than in the neutron-rich target nucleus in the lower
excitation energy region for the above projectile target
combinations. We are also aware that durlng the calcula—
t1on the fus1on probab111ty PCN for ° S + U s + Np

*S +“Am, S +“Cm, S + Bk, and S + “Cf, the Py
change w1th 1ncreas1ng neutron number of the target is
not regular. The behavior of the fusion probability Pcn
with increasing neutron number of the targets depends on
the details of the driving potential, which is decided by
the properties of nuclei in each DNS and their interac-
tions.

For 3n emission, in most cases, the increases in Wy,
are not cancelled by the decreasing o, and the irregu-
larly changing Pcy with increasing neutron number.
Therefore, the 3n evaporation channel corresponding to
the ERCS basically increases with the increase in the
neutron number. However, for compound nuclei 7* **Cn,
the 3n evaporation channel “Cn corresponding to the
fission barriers [80] basically decreases to the minimum
value with the increase in neutron number, and then in-
creases with a further increase in neutron number. There-
fore, the ERCSs of the reactions *S + “Cm decrease to
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the minimum value with the increase in neutron number,
and then increase with the further increase in neutron
number.

For the 4n evaporation channel, the change of the tar-
get neutron number has little influence on the fusion
probability and the capture cross-section. The variation
trend of the 4n ERCS with the neutron number of target
nuclei is mainly determined by the survival probability.
Therefore, the 4n evaporation channel corresponding to
the ERCS basically increases with the increase in neut-
ron number. Figure 9 shows that the ERCSs of SHN de-
crease slowly with the charged numbers of compound
nuclei from Z =108 to Z = 114 owing to the increase in
survival probability Wy,., which is not canceled by the de-
creasing Pcn.

Currently, there is a gap between the SHN synthes-
ized by cold fusion and those by hot fusion [7]. Consider-
ably large cross-sections (o1, > 1 pb) for many reaction
channels used to fill the gap. For example, as shown in
Figs. 9(b), given the predlcted excitation functlon of xn
ERCSs for the reaction *°S + Np For the °S+” Np reac-
tion, the maximal ERCSs of the 4n channel is 2.74 pb at

Ecm =168.39 MeV (Ecm. —E +Q) It is 17.14 pb at
Eem = 165.11 MeV for the *°S + Np reaction. Through

the analysis of Fig. 5(c) and Fig. 9, we found that the nuc-
267,269 268,272,274-276 273,275,276 274-276, 278280
leus Mt, Ds, Rg, Cn,

Nh, and F1 may be produced. Figure 10 shows
that at fixed charge asymmetry in the entrance channel,
the optimal excitation energy E, of compound nucleus
decreases with increasing neutron excess in the target.
One can expect 1arge ERCSs in the actinide-based reac-
tions with the *°S beam. Moreover, based on the targets
2 237Np, M 243Am, and > 249Bk, the production of odd
SHN with z =109, 111, and 113, are promising.

279-281 281-283

4 Conclusions

To investigate the conditions for the synthesm of new
neutron-deficient SHN, the prOJectlles °s, “Ar, and *Ca
bombarding some actinide isotope chains are systematic-
ally studied within the DNS model. Our results demon-
strate that the strong dependence of the calculated ERC-
Ss for the production of SHN on mass asymmetry in the

60 5
s4]® u [® Np
48 O—O—GQO\O_O Oo— 0 0
0}
Hi-E-uaua I\.__’_..
36
op . . .
232 234 236 238 235 236 237
60
©) —m—3 (d)
541 n
N —O—4n Am Cm
o 48 -
S o— o5 o0 O—O—O—O—O—QO_QO
a2t
%
G| a8 | B EEEEg N
30, . A I
241 242 243 242 244 246 248 250
60
(e) ®
54t Bk Cf
i O—o— 5 |O—0o—o0—5
4t
361 ™ |y = 5 "
30, . N . . .
247 248 249249 250 251 252
A
Fig. 10. Isospin dependence of excitation energies of com-

pound nuclei corresponding to maximal evaporation residue
cross-sections from hot fusion reactions: (a) s + U, (b)
36, A 36, A 36, A 36, A

S+"Np, (¢) S+ Am, (d) S+ Cm, (e) "S + "Bk, and
® S + “Cf as functions of target mass number 4, for 3n
and 4n emission channels.

entrance channel makes the *°S projectile the most prom-
ising for further synthesis of new neutron-deficient SHN.
The influence of the target neutron number on ERCSs in
hot fusion reactions is also investigated. There is a cer-
tain probability to produce new neutron-deficient SHN by
using *S to bombard > *U, PPy, **'Cm, and
Wit Thus, one can expect to produce new neutron-
deficient SHN of the Hs, Ds, Cn, and F1 with ERCS ran-
ging from > 1 pb up to 10 pb. Some new nuclides of Mt,
Rg, and Nh may be produced by the reaction channels
g+ PHINp, 1 Am, *"**Bk with ERCS larger than
1 pb. Hopefully, the results will shed light on the experi-
mental synthesis of new nuclides.
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