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Properties and synthesis of the superheavy nucleus 3}5FI
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The one-nucleon separation energy S,, two-nucleon separation energy S,,, one-proton separation energy S,
two-proton separation energy S,,, a-decay energy Q,, a-decay half-life and spontaneous fission half-life of
Z = 114 isotopes and N = 184 isotones are calculated by the finite-range droplet model (FRDM2012). It is
found that N = 184 is a neutron magic number, and Z = 114 is a proton magic number. The properties of
Z = 114 isotopes and N = 184 isotones provide a vital signal that ﬁiF] may be a spherical double-magic nucleus
and also the center of the stability island of superheavy nuclei. Based on this, we began to investigate the optimal
conditions for the synthesis of superheavy nucleus 2}5Fl within the dinuclear system model. To produce such
neutron-rich compound nucleus, we consider using the extremely neutron-rich radioactive beams to bombard
actinide targets. The evaporation residue cross section of superheavy nuclei synthesized by radioactive beam

is analyzed in detail. Finally, we suggest that for the synthesis of %?EFI, the radioactive beam-induced fusion

reaction %*Ti + 2% in the 4n evaporation channel with an excitation energy of 43 MeV is optimal.
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I. INTRODUCTION

Since the theory predicted the existence of “island of sta-
bility” [1-3] in the 1960s, the properties and synthesis of
superheavy nuclei (SHN) have always been a hot topic in
the field of nuclear physics. With the progress of science and
technology, great experimental success has been achieved dur-
ing the past three decades. To date, SHN with Z = 107—112
have been synthesized by using cold fusion reactions at the
GSI laboratory [4], while SHN with Z = 113—118 have been
synthesized by using hot fusion reaction at Dubna and RIKEN
[5,6]. The island of stability may be composed of hundreds
of superheavy elements with relatively stable properties, and
may be synthesized in the laboratory. However, the central
position of the island of stability has not been observed in
the laboratory. To accomplish this task, we must further un-
derstand the structural properties and synthesis mechanism
of SHN. To precisely reproduce the experimental data, the
reliability of basic nuclear data, such as the masses and de-
formations of colliding nuclei, are very important. In this
work, we choose to use the FRDM2012 data [7], which are
widely used. The data are composed of macroscopic droplet
terms and a microscopic shell correction terms. The macro-
scopic term is calculated by using the finite-range droplet
model (FRDM), while the shell term is calculated by using
the folded-Yukawa single-particle potential. In general, the
physical properties obtained by FRDM2012 provide a positive
signal that $75FI [8,9] is the center of the stability island of
SHN. Even if the stability cannot reach the level of 2Pb, as
long as its lifetime is not as fleeting as other similar elements,
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we will certainly find the potential use of this superheavy
element. It will no longer be a “mirage” that can only exist
for a few milliseconds in the laboratory.

As we know, the ratio of neutron to proton of the heaviest
known double magic nucleus 2®®Pb is 1.54. The ratio of neu-
tron to proton of the next double magic nucleus 375Fl predicted
by FRDM2012 is 1.61. Such a neutron-rich nuclide brings
great difficulties for the laboratory to select the appropriate
projectile-target combination to synthesize it. Currently, the
vast majority of SHN synthesized in the laboratory are neutron
deficient, and there is a gap in the SHN synthesized by cold
fusion and those by hot fusion. Therefore, the research on
synthesis of neutron-rich nuclei by radioactive beam is so
meaningful that it can offer us some innovative ideas about
the synthesis of 375F1 and help us to find the center of the
stability island of SHN. Nowadays, there are many modern
radioactive-beam facilities [ 10—12], such as the Argonne Tan-
dem Linac Accelerator System (ATLAS), the Facility for Rare
Isotope Beams (FRIB), the Heavy Ion Research Facility in
Lanzhou (HIRFL), and the Second Generation Production
System of Online Accelerated Radioactive Ions (SPIRAL2)
project of the French Large Heavy Ion Accelerator (GANIL).
Although these modern radioactive-beam facilities can only
produce weak-intensity beams, it is still necessary to system-
atically study the radioactive beam-induced fusion reaction,
which will provide a lot of useful information for future
experiments.

Our aim in this paper is to investigate the structural prop-
erties of 775F1 and its synthesis mechanism. The paper is
organized as follows: In Sec. II, the latest improved for-
mula for calculating the o decay half-life proposed by Deng
et al. is introduced. In addition, we also introduce an im-
proved Swiatecki formula to calculate the spontaneous fission
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half-life of SHN. Finally, we describe the dinuclear system
(DNS) model with sufficient ability to predict the evaporation
residue cross section (ERCS) of fusion reactions. In Sec. III,
we systematically calculate the one-nucleon separation energy
Sy, two-nucleon separation energy S»,, one-proton separation
energy S,, two-proton separation energy S, c-decay energy
Q. x-decay half-life, and spontaneous fission half-life of Z =
114 and N = 184 isotopes, which can be used as a powerful
evidence to prove that the center of the stability island of SHN
is 37F1. The maximum ERCS of the optimal reaction for the
synthesis of superheavy nucleus }5Fl is discussed. The in-
fluence factors of ERCS of superheavy nuclei synthesized by
radioactive beam are also analyzed. In Sec. IV, we summarize
our work.

II. THEORETICAL FRAMEWORK

In experiment, @ decay is the dominant decay mode of su-
perheavy nuclei [13-19]. Therefore, detecting a-decay chains
of synthesized superheavy nuclei is an important way to iden-
tify them [20,21]. In this paper, we use the improved Royer
formula with only eight parameters, as proposed by Deng
etal. [22]. This formula considers the contribution of centrifu-
gal potential and the blocking effect of unpaired nucleons. It
is more precise and simple than the original ones and its other
improvements. The expression of the formula can be written
as

V4
log,oTi2 = a+ bAY*VZ + ¢

+dil+1)+h (1)
where A, Z, and Q, represent the mass number, proton num-
ber, and «-decay energy of parent nuclei. / is the angular
momentum taken away by the « particle. The minimum an-
gular momentum [, carried away by « particles can be
obtained according to the conservation laws of angular mo-
mentum and parity. The values of the adjustable parameters
are a = —26.8125, b = —1.1255, ¢ = 1.6057, d = 0.0513.
The values of A for different o-decay cases are expressed as

0 for even-even nuclei

h— 0.3625 foreven Z, odd N nuclei ?)
0.2812 for odd Z, even N nuclei
0.7486  for doubly odd nuclei.

The blocking effect & of the doubly odd nuclei is greater than
that of the odd-A nuclei, because the doubly odd nuclei have
two nucleons that are not paired and the odd-A nuclei have
only one nucleon that is not paired.

Spontaneous fission is another common decay mode of
SHN. It is a process in which a heavy nucleus sponta-
neously splits into two or more lighter nuclei, releasing several
neutrons and generating huge energy when splitting. In the
laboratory, spontaneous fission is one of the key factors af-
fecting the lifetime of new superheavy elements and nuclides.
Therefore, to better describe the structural properties of SHN,
it is necessary to study its spontaneous fission. In this paper,
we use an improved Swiatecki formula; the expression of the
formula can be written as [23]

log Ty ;> = 1146.44 — 75.3153Z% /A

+ 1.63792(Z%/A)* — 0.0119827(Z% /A)?
+ B£(7.23613 — 0.09470227% /A)

0, Z and N are even
+ {1.53897, Aisodd 3)
0.80822, Z and N are odd.

In this formula, Z is the proton number, N is the neutron
number, and By is the theoretical shell correction value of the
limited range droplet model FRDM2012.

Finally, we briefly introduce the DNS model [24-37]. The
DNS model couples nucleon transfer with relative motion
by solving a set of microscopically derived master equa-
tions (MEs) that distinguish protons and neutrons. Using this
model, many teams have done a lot of work and verified its
reliable prediction ability. In the DNS concept, the ERCS is
expressed as [38]

i
2uEc .

our(Eem.) = > @I+ DT (Eem.. )
J

X PCN (Ec.m» J)Wsur(Ec.m.’ J) (4)

In this formula, E. . is the center-of-mass incident energy,
T (Ecm., J) is the transmission probability of the system over-
coming the Coulomb potential barrier to form a dinuclear
system. PoN(Ecm., J) is the fusion probability. Wy (Ecm., J)
is the survival probability of the formed compound nucleus,
which can be estimated with a statistic model. The fusion
dynamics are described as a diffusion process by numeri-
cally solving a set of two-variable MEs in the corresponding
potential-energy surfaces. The time evolution of the distribu-
tion probability function, P(Z;, N, E1, t), at time ¢ to find Z,
protons and N; neutrons in fragment 1 with excitation energy
E1, it can be described by the following master equation:

dP(Z,Ny, Ey, 1)
dt

= ZWZI.NI;Z’l,Nl Oldz NP(Z'\, Ny, Ey, 1)
Z'

—dz, NP(Z, Ny, Eq, 1)]

+ Y Wanazw, Oldz 5 P(Zy, N1 1)
N’y

—dz, v, P(Z1, Ny, Eq, 1)]
—{(AY[O@)] + A [OWP(Z1, Ny, Er, 1) (5)

Here Wy n,.z7,n, 1S the mean transition probability from
the channel (Z;,Ny) to (Z'y, Ny), while dy, 7, denotes the
microscopic dimension corresponding to macroscopic state
(Z1, Ny). All possible proton and neutron numbers of the
fragment 1 is taken into the sum, but only one nucleon transfer
is considered in the model (N'y = N; £ 1,Z'1 =Z; = 1). The
evolution of the DNS along the distance between nuclei R
leads to quasifission. The quasifission rate A%/ and fission rate
AY* are estimated with the one-dimensional Kramers formula.
In Eq. (5), Wz, ny:zr, s ANy 2y A% and A5 all depend on the
local excitation energy of the DNS, which is defined as

E*ZEX_U(N11219N29Z27R5 ﬁ]a ﬂva)v (6)

044601-2



PROPERTIES AND SYNTHESIS OF THE SUPERHEAVY ...

PHYSICAL REVIEW C 106, 044601 (2022)

where the excitation energy E, of the composite system is con-
verted from the relative kinetic-energy loss, which is related to
the Coulomb barrier and is determined for each initial relative
angular momentum J by the parametrization method of the
classical deflection function. U (N, Z;, N, Z», R, B1, B2, J) is
the driving potential energy of the system for the nucleon
transfer of the DNS, which is

U, Z1, N2, 25, R, B, B2, )
= BN\, Zy, B1) + B(NV2, 22, B2)
—[BWN, Z, B) + Vie (D] + Uc(Z1, Za, B, B2, R)
+Un(N1, Z1, N2, 23, R, B, B2, J), (7

where N=N+N, and Z=Z7Z,+2,. B (i=1,2) and B
represent the quadrupole deformation of the two fragments
and compound nucleus, respectively. R is the distance be-
tween nuclei at which the interaction potential between the
two nuclei, U¢ 4 Uy, has the minimum value. B(Ny, Z, 81),
B(N», Z,, B2), and B(N, Z, ) are the binding energies of two
deformed nuclei and compound nucleus, respectively. U¢, Uy,
and VEN are the nuclear, Coulomb interaction potential and

rot
the centrifugal energy, respectively.

III. RESULTS AND DISCUSSION
A. Z = 114 is the proton magic number

Through the separation energy, we can obtain information
about the shell structure, especially the separation energy of
two nucleons are useful for finding new magic numbers in
superheavy nuclei. In addition, for superheavy nuclei, o decay
is the main decay mode. o decay as an important probe for
studying superheavy nuclei provides some important nuclear
structure information. Therefore, it is also very important to
determine the magic number by a-decay energy and «-decay
half-life. Based on this, in Fig. 1, we systematically calculated
the one-proton separation energy S,, two-proton separation
energy S»,, a-decay energy Q, and «-decay half-life of the
N = 184 isotopic chain by the FRDM?2012.

From Fig. 1(a), we notice that the values of S, and S;, show
a decreasing trend with an increase in the proton number. In
addition, S, shows an obvious even-odd stagger effect. More
importantly, it can be found that both have a larger downward
slope between Z = 114 and Z = 115, implying that for the
N = 184 isotopic chain, the Z = 114 nucleus is more stable.
In Fig. 1(b), the calculated value of Q, tend to increase with
the increase of the proton number. It is worth noting that the
value Q, increases more dramatically as the proton number
increases from 114 to 116. In Fig. 1(c), the calculated value
of the «-decay half-life tends to decrease with the increase
of the proton number. Its general trend is opposite to that
of In Fig. 1(b), and the predicted a-decay half-life decreases
sharply when the proton number Z is greater than 114. The
strong shell effect once again verifies the conclusion that
Z = 114 may be the proton magic number.

B. N = 184 is the nucleon magic number

In the above calculation, we get that Z = 114 may be a
proton magic number. To find the center of the stability island

N=184 isotopes
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FIG. 1. (a) One and two proton separation energy, (b) «-decay
energy Oy, and (c) the a-decay half-life log, T of the N = 184
isotopic chain.

of SHN accurately, we also calculated the one-neutron sepa-
ration energy S,, two-neutron separation energy S,,, «-decay
energy Q,, and a-decay half-life of the Z = 114 isotopic
chain in Fig. 2. The values of S, and S, decrease with
the increase of neutron number. S, also shows an obvious
even-odd stagger effect. In Fig. 2(a), it can be seen that both
have a relatively large downward slope between N = 184
and N = 185, which means that, for the Z = 114 isotopic
chain, the nucleus is more stable when the neutron number
is 184. In Fig. 2(b), we find that, when N = 184, the slope
of the a-decay energy curve begins to increase sharply. This
change justifies that N = 184 may be the predicted neutron
shell closure. In Fig. 2(c), when the neutron number N crosses
N = 184, the predicted « decay half-life decrease sharply, and
at N = 186, o decay half-life are reduced by more than three
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FIG. 2. (a) One and two nucleon separation energy, (b) «e-decay
energy Q,, and (c) the a-decay half-life log,,T of the Z = 114
isotopic chain.

orders of magnitude. In short, there are signs that N = 184
may be the neutron magic number.

C. The center of the stability island of superheavy nuclei

Through the above analysis, we get that Z = 114 may be
the proton magic number, and N = 184 is the neutron magic
number. As we know, spontaneous fission half-life is one of
the important indicators of the stability of SHN, which means
whether the superheavy nuclei synthesized in the laboratory
can survive stably. To verify that the center of the stability
island of SHN is the double magic number nucleus $15FI, we
systematically calculated the spontaneous fission half-life of
N = 184 isotopic chain and Z = 114 isotopic chain. In Fig. 3,

N=184 isotopes

S

110 115 120

Proton Number

FIG. 3. Spontaneous fission half-life log,, T of N = 184 isotopic
chain.

we can clearly see that for N = 184 isotopic chain, the spon-
taneous fission half-life first increases and then decreases with
the increase of proton number Z, reaching the maximum near
Z = 114. Tt is worth mentioning that the spontaneous fission
half-life of odd A nuclei is greater than that of adjacent even-
even nuclei, which is due to the odd nucleon effect. In Fig. 4,
we can also observe that for Z = 114 isotopic chain, the spon-
taneous fission half-life is relatively long near N = 184. The
calculation of spontaneous fission half-life once again shows
that %?EFI has more stable properties than other superheavy
nuclei and is more likely to be the center of the stability island
of SHN.

D. The evaporation residue cross section for synthesizing
the double-magic nucleus 235F1

In the study, we found that 373F1 has a strong shell effect,

which means that once the nuclide is synthesized in the labo-
ratory, we will easily detect it. At present, some isotopes with
Z = 114 have been synthesized in the laboratory by hot fusion

15
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FIG. 4. Spontaneous fission half-life log,,T of Z = 114 isotopic
chain.
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FIG. 5. Calculated ERCS compared with available experimental
data [4,6]. Measured ERCS of the 2n, 3n, 4n, and 5n channels
are denoted by black square, red circle, blue normal triangle, and
pink inverted triangle, respectively. Calculated results are denoted
by black solid lines, red dashed lines, blue dotted lines, and pink
dash-dotted lines, respectively.

reactions of “*Ca with actinide targets. In Fig. 5, we calculated
the ERCS for the “Ca 4 2*?Pu - 2**Pu reactions by the DNS
model. The model, describing the dynamics of capture of the
interacting nuclei, formation of an excited compound nucleus,
and its final cooling down by the emission of neutrons repro-
duces reasonably accurately the measured ERCS in previous
experiments. This directly shows the reliability of DNS model
and provides a strong basis for us to study the synthesis
conditions of 275Fl.

For the synthesis of SHN 23%FI, the combination of sta-
ble nuclei cannot provide so many neutrons. Therefore, it
is also necessary to study the synthesis mechanism of 375Fl
by radioactive beam induced hot fusion reaction. In some
possible projectile-target combinations, we chose the reaction
%4Ti + 238y, because it has a relatively large ERCS. In Fig. 6,
the calculated ERCS as a function of excitation energy is
shown. We note that the maximal ERCS is 1.89 fb with an
excitation energy of 43 MeV. Compared with the stable beam-
induced fusion reactions, the radioactive beam-induced hot
fusion reactions do not give much ERCS. More regrettably,
the intensity of radioactive beam is lower than the intensity
of the stable beam. However, it is undeniable that in order
to synthesize neutron-rich superheavy nuclei, it is still a very
promising way to use the radioactive-beam-induced hot fusion
reactions.

107! T T T
9 6473 4238 - 29817 44,
107%F 3
. 107°%F
Q
=
b: 10 4L
10°F
10°° L
20 30 40 50 60
& (MeV)

FIG. 6. The ERCS 0%y as a function of excitation energy E&y in
the reaction *Ti + 28U,

E. Influencing factors of the evaporation residue cross section

As we know, the resulting ERCS depends on three pro-
cesses: capture, fusion, and survival. Therefore, we show the
capture cross section, fusion probability, survival probability
as a function of excitation energy for the stable-beam-
induced fusion reaction **Ca+2*Pu and the radioactive-
beam-induced reaction **Ti 4 2*%U in Fig. 7(a). In the lower
excitation energy region, we notice that the capture cross
section o,y increases with the increase of excitation energy.
This is because the higher the excitation energy, the greater
the possibility of overcoming the Coulomb barrier, and thus
the capture cross section increases. In the higher excitation
energy region, the capture cross section changes little with
the excitation energy. In addition, the oc,, for the reaction
#Ca +2*Puy is larger than *Ti+ 23%U, because of the rel-
atively low Coulomb barrier of the former reaction. When
the excitation energy Efy = 40 MeV, the difference between
them becomes smaller. In Fig. 7(b), we can see that the
fusion probability Pcy increases with the increase of excita-
tion energy. This is because, in the binuclear system, high
excitation energy will lead to a large amount of energy dis-
sipation, which will overcome the inner fusion barrier B ;.
In addition, we found that the fusion probability of reaction
#8Ca 4 2*2Pu is three orders of magnitude greater than that of
reaction ®*Ti + 233U. To understand the reason, we calculated
the driving potentials of the two reaction systems in Fig. 8.
In the DNS model, fusion probability depends on the details
of the driving potential, which is decided by the properties
of the nuclei in each dinuclear system and their interactions.
The hindrance in the diffusion process by nucleon transfer to
form the compound nucleus is the inner fusion barrier By,
which is defined as the difference of the driving potential at
the highest barrier called Businaro-Gallone (B.G.) point and
at the entrance position. In other words, in order to occur
a fusion reaction, the dinuclear system must overcome this
potential barrier. The smaller the internal fusion barrier, the
more conducive to the formation of compound nuclei. From
Fig. 8, we can clearly see that the inner fusion barrier By,
of reaction **Ca 4 2*?Pu is 8.78 MeV and that of reaction
%Ti 42387 is 13.4 MeV. Therefore, the reaction **Ca + 2**Pu
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10°

EéN (MeV)

FIG. 7. (a) Capture cross sections are functions of excitation
energy of compound nucleus. (b) Fusion probabilities are functions
of excitation energy of compound nucleus. (c) Survival probabilities
in the 4n channels are functions of excitation energy of compound
nucleus.

is easier for the reaction ®*Ti 4 23U to overcome the internal
fusion barrier By,; and form a compound nucleus, and the
fusion probability is greater.

Figure 7(c) shows the survival probability Wy, in the 4n
channels as a function of the excitation energy of the com-
pound nucleus. With the increase of excitation energy, the
survival probability decreases, because high excitation energy
will destroy the stability of compound nucleus, so that the
survival probability becomes lower. In addition, survival prob-
ability is determined mainly by the difference between the
fission-barrier height and neutron binding energy of the nuclei
for each step of sequential neutron emission.

64T i +238U

-40 _
0 50 100 150 200 250 300

A

FIG. 8. The PES for the reaction **Ca + ***Pu and **Ti + 2®U as
functions of mass number A.

IV. SUMMARY

To find the next spherical double-magic nucleus, which
is also the center of the stability island of SHN, we sys-
tematically calculated the structural properties of nuclides in
Z = 114 isotopes and N = 184 isotones. Various signs show
that 775Fl is a spherical-double magic nucleus and the center
of the stability island of SHN. For such a neutron rich nuclide
as 7J5Fl, there is no stable projectile-target combination to
synthesize it at present. Therefore, we propose to use the
radioactive beam-induced hot fusion reaction **Ti +2*U to
complete the synthesis process. We obtain that the maximum
ERCS is 1.89 fb, which appears when the excitation energy
is 43 MeV in 4n evaporation channels. It is apparent that
the ERCS of *Ti projectile is significantly reduced compared
with *®Ca-induced reactions. This is because, for the stable
beam-induced fusion reaction **Ca + 2*2Pu, the fusion prob-
ability of the radioactive beam-induced reaction *Ti + 2%y
is small, which is mainly due to its small mass asymmetry
and large internal fusion barrier. Nevertheless, the use of
radioactive beams to synthesize neutron-rich $15F1 is still a
very promising way. It is also hoped that some of the results
and discussions in this paper can provide some help on the
experimental synthesis of this new nuclide.
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