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1 Introduction

Synthesis of heavy and superheavy nuclei using the
fusion evaporation reaction [1-3] and multinucleon trans-
fer reaction [4, 5] is one of the major aims of low-energy
heavy-ion physics. Theoretically, the evaporation residue
cross section (ERCS) of heavy and superheavy nuclei can
be divided into the product of three factors [6-8]. One of
the critical factors is the survival probability of the com-
pound nucleus against fission in the deexcitation process
[9-15]. In addition, the deexcitation process of primary
fragments produced by multinucleon transfer is directly
related to the survival probability [16, 17].

To describe the deexcitation process of an excited
compound nucleus, two common approaches are used to
describe the fission process, namely the dynamical [18-
20] and statistical [21-25] approaches. In addition, both
approaches need to consider the change in the nuclear
structure (shell structure) with the excitation energy. In
this article, statistical models are used, and two different
ways of considering the influence of shell effect washout
with the excitation energy on the survival probability are
analyzed. One approach involves the modification of the
Fermi-gas level density parameter suggested by Ignatyuk
[26].

Another approach assumes the smearing of micro-
scopic shell effects with excitation energy in the nuclear
binding energies (effective compound nucleus ground
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state) and the potential energy surface [19, 20]. If the
ground state of the binding energies and potential energy
surface is converted into an effective potential energy
surface, the influence of the excitation energy on the shell
effect can be introduced in the microscopic part of the
macroscopic-microscopic model. Moreover, to consider
the self-consistency caused by the change in the zero-po-
tential energy reference point, we need to calculate the
neutron separation energy based on the nuclear binding
energy containing temperature effects.

The uncertainty of survival probability calculated
based on statistical models mainly comes from two as-
pects. On the one hand, the survival probabilities of xn
neutron evaporation channels is particularly sensitive to
the model input or related parameters [10, 27-30]. For ex-
ample, the level density parameters, fission barriers and
neutron separation energies, and transmission coeffi-
cients should be known to be accurately sufficient. In
contrast, many approximations are involved when calcu-
lating the survival probability [18-21, 24, 25]. Thus, a re-
action system with a sufficiently large number of pro-
jectile-target combinations should be considered within
the same set of parameters and assumptions. In addition,
by comparing the theoretical calculations with the avail-
able experimental data, one can clearly see whether the
parameters are reasonable.

In the present work, we calculated the evaporation re-
sidual cross section of some superasymmetric reaction
systems. In addition, as all the projectile-target combina-
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tions selected in the considered reactions have relatively
higher asymmetry, we can therefore assume the absence
of a dynamics hindrance factor in the process of fusion,
1., Pcn ~ 1. In addition, if the theoretical calculation of
the capture cross section is in good agreement with the
experimental data, then this unique set of experimental
data will impose sufficiently strong constraints to unam-
biguously verify the basic assumptions underlying the
calculations of the survival probabilities.

2 Theoretical framework

The ERCS of the compound nucleus can be defined
as follows [6-8]:

J,

oercs(Ecm) = Z O capture (Ecm.,J)
J=0

XPCN(E*CNyJ)Wsur(EéNsJ)’ (1)

where ogrcs is the product of the capture cross section

Ocap, fusion probability Pcn, and survival probability
Wsur, and E.p is the incident energy in the center of
mass system. El and J separately represent the excita-
tion energy and spin angular momentum of the com-
pound nucleus, where Eiy=Ecm +Q, Q=M(P)*+
M(T)c* = M(C)c?, M(P), M(T), and M(C) represent the
mass of the projectile nucleus, target nucleus, and com-
pound nucleus, respectively.

The capture cross section ocap(Ecm.,J) in Eq. (1) is
determined by the penetration probability T (E.,.,J) of
the two colliding systems overcoming the Coulomb po-
tential barrier in the entrance channel to form the DNS.
The corresponding expression is defined as [31]:

ﬂhz /2
f sin 91 d@l
2,UEC‘m. 0

o-cap(Ec.m.s J)=

/2
0
@)

where T(E..,J,01,60,) denotes the transmission probabil-
ity, which can be expressed as [32, 33]

1

T(EC.m,7 Ja 9] ’ 92) =

where fiw(J) is the width of the parabolic Coulomb barri-
er at position Rg(J), and B(6,,6,) is the orientation de-
pendent barrier.

The Pcen(E*,J) term in Eq. (1) is the probability that
the dinuclear system evolves from a touching configura-
tion to form a compound nucleus [6]. Furthermore, the
fusion probability Pcn (E*,J) depends on the competition
between the complete fusion and quasifission process.
However, there is almost no effect of the dynamical fu-
sion hindrance on the collision of superasymmetric reac-
tion systems. Our calculations assume that the fusion
probability Pcn =~ 1. However, if the asymmetry de-
creases and tends to a symmetrical system, then the
quasifission channel will become increasingly important,
i.e., Pen < 1.

The Wy (E*,J) term in Eq. (1) represents the surviv-
al probability of the excited compound nucleus with a
certain excitation energy E* and angular momentum J
[7]. Furthermore, the survival probabilities of excited
compound nuclei in the process of deexcitation via neut-
ron evaporation, y-ray emission, and light particle evap-
oration in competition with fission can be estimated with-
in the statistical evaporation model. The most note-
worthy point is that the excited compound nuclei are gen-
erally considered to be cooled mainly by neutron evapor-
ation and fission in the medium excitation energy range

2r h
1 +exp{—m [Ec.m, - B(61,0,) - e JUJ+1)

)

2

B

(Eiy =10-60 MeV).

The survival probability of neutron deficient com-
pound nuclei is an interesting research topic because
many fusion reactions of heavy nuclei lead to the forma-
tion of a neutron-deficient compound nucleus. In addi-
tion, the production of heavy [34-36] and superheavy
nuclei [37-39] in fusion reactions accompanied by the
evaporation of charged particles has been discussed pre-
viously in theoretical and experimental studies. Further-
more, there is experimental evidence that the evaporation
of charged particles in the deexcitation of neutron defi-
cient compound nuclei successfully competes with neut-
ron emission [7]. In fact, it is necessary to take into con-
sideration the evaporation channels of charged particles
when calculating the survival probability at high excita-
tion energies. We will study these effects in further stud-
ies.

The survival probability of vaporizing xn neutrons
can be expressed as:

x r,(E:
Wour (Ecm.) = Pxn (EEN) l_[ "( l )

—
o1 Tu(E;)+Te(E7) @

where P, is the probability of vaporizing xn neutrons at
a given excitation energy Ely [40]. I, and I’y are the
neutron evaporation width and fission width, respect-
ively. E; is the compound nuclear excitation energy be-
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fore vaporization of the ith neutron.

The partial width for the emission of a neutron from a
compound nucleus with the excitation energy E is given
by the Weisskopf formula [41]

_ 8MyuOiny
w1 po(Eo — 80)

where m,, and g are the mass and spin degeneracy of the
emitted neutron, and o7,y is the cross section of the de-
caying nucleus formed in the inverse process. The
po(Eo—dp) term is the level density of the parent nucleus
at the thermal excitation energy of its corrected pairing
energy &g, and p,(Eo— B, —6,—¢) is the corresponding
level density of the daughter nucleus after emitting a
neutron. B, is the neutron separation energy, and ¢, is the
pairing energy of the daughter nucleus.

The fission width can be expressed in terms of the
transition state theory as [18]

E,—B,—0,
f Pn(Eo— B, —0,—¢)edg, (5)

BW 1 Ey—B;—6;
P =g —— f pi(Eo— By —6r —e)de, (6)
T 2rpo(Eo - 60) Jo :

where p¢(Eog— By — 8¢ —¢) is the level density of the fissile
nucleus at the saddle configuration.

The back-shift Fermi-gas model is used to determine
the level density [42],

27+ exp[2 VaU - 2420
24V2g3a 4 US4

pU,J) = @)

Oriei 2
where o2 = —2d 5mL,AR and U=E-6.

The back shl?ts 6= —A (odd-odd), 0 (odd A), and A
(even-even), respectively, are related to the neutron and
proton pairing gap A =1/2[A,(Z,N)+A,(Z,N)] obtained
from the mass differences of the neighboring nuclei.

One way to consider that the washing out of shell ef-
fects with increasing excitation energy is introduced in
the nuclear level density parameter is by proposing an ex-
ponential function. The dependence of the level density
parameter a on the shell correction and excitation energy
was initially proposed as

®r1gld =

a(U,Z,N) = a(A) |1+ 0Wpen

f )} ®)
with a(A) = @A +BA*3 and f(U)=1-exp(—ypU). The
values of the free parameters «, 8, and y are determined
by fitting to the experimental level density data [42]. The
fission barrier By = BEP + BM(E* = 0) remains constant.
The fission barrier height By in Eq. (6) consists of the
liquid drop B and microscopic BY' parts in the macro-
scopic-microscopic approach. The liquid drop part was
calculated according to the angular momentum depend-
ent macroscopic fission barriers described by the finite
range liquid model [43]. The microscopic value

BM = swsaddle — sWE s the difference between the shell

correction energy of the saddle point and shell correction
energy of the ground state [44]. In addition, the systemat-
ics analysis shows that the values of 6W5§dﬁle are close to
zero for the nuclei with 80 < Z < 100 [24]. Therefore, the
present theoretical calculations can be used to experi-
mentally determine the measured values of the fission
barrier when we assume the shell correction energy of the
saddle point as sW5dle = 0 [24].

Another way to consider the washing out of shell ef-
fects with increasing excitation energy is to focus on the
dependence of the fission barrier on the excitation energy.
This energy dependence can be attributed to an effective
compound nucleus ground state, where the ground state
shell correction is washed out by the excitation energy.
Therefore, the dependence of the fission barrier on the

excitation energy is given by the following formula:
Br(E¢y) = B® + BY! (E¢y = 0)exp|-E¢n/Ep|  (9)

Ep is the shell damping factor that describes the decrease
in the shell effect with increase in the nuclear excitation
energy.

From a theoretical point of view, the washing out of
microscopic effects with the excitation energy in the level
density should be equivalent to smearing microscopic ef-
fects on the effective potential energy surface [28]. To
ensure self-consistency in the calculation, we need to cal-
culate the neutron separation energy through the effect-
ive compound nucleus ground state. For FRDM1995
[44], the dependence of the nuclear binding energies on
the excitation energy can be expressed as

E(N,Z) = Enac(N,Z) + Enicexp|~E¢y/En|,  (10)

where usually Ey,;. is tabulated, and Ep is the effective
shell damping energy.

3 Numerical results and discussion

Figure 1 shows the capture cross section oc,p as a
function of the excitation energy Ely. In addition, we
compared the theoretical calculations of the capture cross
sections with the experimental data for the reaction sys-
tem 12C+194Pt, 12C+198Pt, 19F+1SSOS, 160+208Pb’
2C+26y, 2C+238U |, and '°0+238U. It can be clearly
seen from Fig. 1 that the theoretical results are in good
agreement with the experimental data for the seven reac-
tions. The values of the capture cross sections are calcu-
lated within a factor of three.

It is necessary to determine the effective value of the
level density parameter a in Eq. (7) and Ep in Egs. (9,
10) to calculate the survival probability using Eqs. (5-7)
and Eqgs. (9, 10). The value of the level density parameter
in Eq. (7) is an asymptotic value a = 0.073A +0.0954%/3 in
the calculation presented in this article. In addition, the
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Fig. 1.
excitation energy for seven reactions. The experimental
data for 12C+194Pt [45], 12C+198Pt [45], 19F+1880s [46],
160+208pp [47], 2C+26U [48], 2C+¥8U [49] , and
160+238U [49, 50] are denoted by open circles.

ratio as/a, could, in principle, be a free parameter.
However, the constant value as/a, =1.02 was used to
control the variables from heavy to superheavy nuclei.
The damping factor Ep denotes the speed of scouring of
the shell correction with excitation energy (temperature
effects) in Egs. (9) and (10). Furthermore, the depend-
ence of the Ep value on the excitation energy changes
rapidly with the proton and neutron numbers. To illus-
trate the influence of the damping factor value Ep on the
survival probability, the values Ep = 16.5 MeV and Ep =
25.0 MeV were chosen to describe the speed of washing
out of the shell correction with the excitation energy in
Egs. (9) and (10).

If the temperature-dependent effective potential en-
ergy surface is considered, then the damping of the shell
effects will affect the decay width of fission and decay
width of neutron emission as per Egs. (9) and (10). To il-
lustrate the influence of the neutron separation energy
calculated by the effective compound nucleus ground
state on the survival probability, Fig. 2 shows the ERCSs

‘]()'1 T T T TTrrTT |"_10-3.
[ 12 4236 —248Cf ] [
@)
107 F
i)
S
i
[¢) 10-3 -
R I | A T ST Y 1 y 1
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Fig. 2. (color online) Calculated ERCSs obtained with and

without considering the influence of temperature effects on
the neutron separation energy are denoted by solid and
dashed lines, respectively.

of the reactions 2C+23°U and '20O+2*Cm, when not
considering (dashed lines) and considering (solid lines)
the influence of the excitation energy on the neutron sep-
aration energy. It can be observed that the magnitude of
the ERCSs shows no significant change when one con-
siders the influence of the excitation energy on the neut-
ron separation energy. However, we still need to evaluate
the neutron separation energy through the effective com-
pound nucleus ground state to ensure self-consistency of
the calculation.

Figures 3-5 show the ERCSs of the projectile-target
combination reaction system with large asymmetry in the
2n-5n channels by considering the washing out of micro-
scopic effects with excitation energy in the potential en-
ergy surface. The measured ERCSs of the 2n, 3n, 4n, and
5n channels are denoted by filled (black) circles, filled
(red) squares, filled (blue) triangles, and filled (green)
pentagrams, respectively. The calculated results with the
damping factor values Ep = 25.0 MeV and Ep = 16.5
MeV are denoted by dashed and solid lines, respectively.
It can be clearly observed from Fig. 3 that there is nearly
no difference between the results of the two calculations.
If the experimental uncertainties are considered, then it
can be stated that the ERCSs obtained by estimating the
survival probability using two different damping factors
can basically reproduce the experimental ERCSs with
charge number Z =82-90. In particular, the theoretical
estimation of the 3n, 4n, and 5n evaporation channels
shows good agreement with the experimental data.

However, it can be clearly seen from Figs. 4, 5 that
there are some differences in the magnitude of the ERC-
Ss obtained with two different damping factors to calcu-
late the survival probability. In Fig. 4, the difference in
the ERCSs for the 2n and 37 evaporation channels is ap-
proximately a factor of 3, while the 4n and 5n evapora-
tion channels can cause an order of magnitude uncer-
tainty. Furthermore, compared with Fig. 4, the difference
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Fig. 3. (color online) Comparison between the calculated

ERCSs with the available experimental data for the reac-
tions YF+181Ta [51, 52], 2C+1%4Pt [53], 12C+198Pt [53],
19F+1880g [46], 22Ne+!19Pt [54], and '*O+208Pb [55]. The
calculated results with the damping factors Ep = 25.0 MeV
and Ep = 16.5 MeV are denoted by dashed and solid lines,
respectively.

between the calculated results obtained with different
damping factors in Fig. 5 is further increased. This is be-
cause the component with the macroscopic and micro-
scopic parts of the fission barrier By =B +BM has
changed, and the contribution of shell correction in the
fission barrier increases as the number of charges Z in-
creases from actinide nuclei to superheavy nuclei.

Taking into account the experimental uncertainties, it
can be seen from Figs. 3—5 that there is good agreement
between our calculated ERCSs (solid lines) and experi-
mental values for most of the evaporation channels. In
fact, we would like to point out that although some exper-
imental data in Figs. 4, 5 do not conform to the calcula-
tions denoted by the solid lines, most of the data are still
consistent, which validates the use of this set of paramet-
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Fig. 4. (color online) The same comparison as presented in
Fig. 3, but the ERCSs for the reactions '2C+2>U [56],
2C+236U [56], 2C+238U [56] and '9O+238U [50] in the
2n-5n channels.

ers (a =0.0734 +0.0954%/3 and Ep = 16.5 MeV) to calcu-
late the survival probability.

As mentioned above, the washing out of shell effects
with increasing excitation energy is introduced in the
nuclear level density parameter by proposing an exponen-
tial function. To calculate the survival probability using
Egs. (5-8), it is necessary to determine the effective value
of the parameters a, B8, and y. In the present work,
a=0.1337, B=-0.06571 and yp = 0.04884 in Eq. (8) are
determined by fitting the experimental data of level dens-
ity based on the microscopic shell correction from
FRDM1995 [42]. Therefore, these parameters should be
used at the same shell correction energies to calculate the
survival probability. This is because the differences
between the corresponding level density parameters are
mainly related to different shell corrections.

To illustrate the influence of the asymptotic value of
the level density parameter a(A) on the survival probabil-
ity, the values @ =0.073 and $=0.095 in Eq. (8) were
also chosen to describe the level density parameter. In ad-
dition, the value yp = 0.04884 was chosen to describe the
speed of washing out of the shell correction with the ex-
citation energy. Furthermore, it should be noted that even
if the shell correction is determined, the present three
parameters are not obtained by fitting the experimental
data of level density.

Figures 6—8 show the ERCSs of the projectile-target
combination reaction system with large asymmetry in the

094102-5



Chinese Physics C  Vol. 44, No. 9 (2020) 094102

180+2480m _)266Rf
OGN
\ \

\ Y|
30 40 50 60 70

107

30 40 50 60 70
107 102
249 267 248 267

O+ Bk—> Db “F+*cm—*"Db

BOPESN I C ‘
107 F // NIIRN < 10-4

—~~
o)
€ i
= I |
10°F \ \\\\ 1 10°

10 Y -
10

30 40 50 60 70 30 40 50 60 70

2 2
10 249 ' 267 10

O+ Cf— Sg

(e) ;

248 270

Ne+ Cm—’ Sg]
E(f) .

10‘4r ’7\ N \ 3

8 8
107 3040 50 60 70 19°'30 40 50 60 70

E. (MeV)

Fig. 5. (color online) The same comparison as presented in
Fig. 3, but the ERCSs for the reactions '#O+2#Cm [57, 58],
2Ne+*Pu  [59], BO+2Bk [60], “F+*Cm [61],
BO+249Cf [62, 63], and 2?Ne+>#Cm [64] in the 2n-5n
channels.

2n-5n channels by considering the washing out of micro-
scopic effects with excitation energy in the level density
parameter. The measured ERCSs of the 2n, 3n, 4n, and
Sn channels are denoted by filled (black) circles, filled
(red) squares, filled (blue) triangles, and filled (green)
pentagrams, respectively. The calculated ERCSs with the
two sets of parameters selected above are marked with
solid lines (@ =0.1337, B=-0.06571, and yp = 0.04884)
and dotted lines (@ =0.073, 8=0.095, and yp = 0.04884),
respectively, and compared with the available experi-
mental data. It can be clearly observed from Fig. 6 that
the calculation results of the two groups of parameters are
almost identical. The theoretical estimation of the 3n, 4n,
and 5n evaporation channels shows good agreement with
the experimental data.

It can be seen from Figs. 7, 8 that the difference
between the results calculated with the two sets of para-
meters increases with increase in the number of com-
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1107
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*
E.,(MeV)
Fig. 6. (color online) The same comparison as presented in

Fig. 3, but the calculated results with the parameters
a=0.1337, B =-0.06571 , and yp = 0.04884 in Eq. (8) are de-
noted by solid lines, and with the parameters «=0.073,
B=0.095 , and yp=0.04884 in Eq. (8) are denoted by
dashed lines.

pound nuclear charges. With respect to most of the reac-
tion system, the results obtained with the values
@ =0.1337, B=-0.06571, and yp =0.04884 in Eq. (8)
have systematically underestimated the experimental data
for the 5n evaporation channel. In addition, the calcu-
lated ERCSs are systematically shifted towards the high-
er energies by approximately 4—7 MeV as compared with
the experimental data. This effect is also illustrated in
Ref. [24].

It can be seen from Eq. (8) that the level density para-
meter used to calculate the fission width is independent of
the change in the excitation energy. This is because it is
assumed that the shell correction of the saddle point is
equal to zero in Eq. (8), and the locations of the fission
transition points do not change with the excitation energy.
The damping of the shell effects directly influences the
decay width of the neutron emission I',, as opposed to the
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Fig. 7.
Fig. 4, but the calculated results with the parameters
a=0.1337, B=-0.06571 , and yp = 0.04884 in Eq. (8) are de-
noted by solid lines, and with the parameters « =0.073,
B=0.095 , and yp = 0.04884 in Eq. (8) are denoted by dashed
lines.

fission width. Therefore, there is no adjustable parameter
when «, B, and y are determined by fitting the experi-
mental data of level density. However, the asymptotic
value of a(A) (a(A) = @A +BA*/?) and the damping factor
vp in the level density parameter were not consistently
determined in many calculations [22-24]. Moreover, as
the level density parameter in the fission channel was
considered to be constant and independent of the excita-
tion energy, it is possible to use two free parameters in
the calculations: the ratio ay/a, and the coefficient Cy in
the macroscopic part of the fission barrier [22, 23]. In this
case, good agreement between the experiment and calcu-
lation is achieved.

If some additional parameters are not introduced,
some uncertainties might still remain in the calculations
of the fission probability at high excitation energy,
wherein we consider the influence of the washing out of
shell effects with the excitation energy on the level dens-
ity parameter. First, the transition states are well determ-
ined based on assumptions that might be valid in certain
cases. Theoretical research has shown that the locations
of the fission transition points do not significantly change
at a low excitation energy range up to a temperature of 1
MeV. However, there is a dramatic change in the loca-
tions of the transition points above T >1 MeV [65, 66].
Therefore, as the locations of the transition points are a
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(color online) The same comparison as in Fig. 5, but

Fig. 8.
the calculated results with the parameters «=0.1337,
B=-0.06571 . and yp =0.04884 in Eq. (8) are denoted by
solid lines, and with the parameters a =0.073, =0.095 ,
and yp = 0.04884 in Eq. (8) are denoted by dashed lines.

function of the excitation energy at high excitation ener-
gies, they might not be calculated accurately. Second, the
collective motion of the system about the ground state po-
sition should be included at high excitation energies [67].

4 Conclusions

In summary, in this paper, the survival probability of
super-asymmetric reaction systems was calculated by
considering two approximate methods of the washing out
of shell effects with the excitation energy, namely the ex-
citation energy dependence of the energy density para-
meter, and the excitation energy dependence of the fis-
sion barrier and neutron separation energy.

When the calculated ERCSs and experimental data
were compared for 16 reaction systems from heavy to su-
perheavy nuclei, the two calculation results were in
agreement with the experimental data in some reactions.
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Although two different possibilities of the dependence of
washing out of shell effects on the excitation energy were
analyzed, it is difficult to draw a strong conclusion from
the analysis which approximation method is more reli-
able, as there are a large number of adjustable parameters
and assumptions.

Moreover, we can clearly see that the calculation res-

ults of the 5n evaporation channel obtained by consider-
ing the dependence of the energy density parameter on
the excitation energy underestimated the experimental
data. This is because some aspects of physics are missing
from Egs. (6) and (7), which does not allow one to derive
a very accurate description of the fission probability at
high excitation energy.

References

1 S. Hofmann and G. Miinzenberg, Rev. Mod. Phys., 72: 733
(2000)
2 Y. T. Oganessian and V. K. Utyonkov, Rep. Prog. Phys., 78:
036301 (2015)
3 S. A. Giuliani, Z. Matheson, W. Nazarewicz et al., Rev. Mod.
Phys., 91: 011001 (2019)
4 W. Loveland, Front. Phys., 7: 23 (2019)
5 F.-S. Zhang, C. Li, L. Zhu ef al., Front. Phys., 13: 132113 (2018)
6 W.J. Swiatecki, Nucl. Phys. A, 376: 275 (1982)
7 C. C. Sahm, H. G. Clerc, K. H. Schmidt et al., Nucl. Phys. A,,
441: 316 (1985)
8 R. Yanez, W. Loveland, J. S. Barrett et al., Phys. Rev. C, 88:
014606 (2013)
9 N. Wang, J.-Q. Li, and E. G. Zhao, Phys. Rev. C, 78: 054607
(2008)
10 K. Siwek-Wilczynska, T. Cap, M. Kowal et al., Phys. Rev. C, 86:
014611 (2012)
11 A. K. Nasirov, G. Giardina, G. Mandaglio et al., Phys. Rev. C,
79: 024606 (2009)
12 X.J. Bao, Y. Gao, J. Q. Li ef al., Phys. Rev. C, 91: 011603(R)
(2015)
13 V. L. Litnevsky, V. V. Pashkevich, G. 1. Kosenko et al., Phys.
Rev. C, 89: 034626 (2014)
14 G. G. Adamian, N. V. Antonenko, and W. Scheid, Phys. Rev. C,
69: 011601 (2004)
15 L. Zhu, W. J. Xie, and F. S. Zhang, Phys. Rev. C, 89: 024615
(2014)
16 L.Zhu,J. Su, W. J. Xie et al., Phys. Lett. B, 767: 437 (2017)
17 X.J. Bao, S. Q. Guo, H. F. Zhang ef al., Phys. Lett. B, 785: 221
(2018)
18 I I. Gontchar, P. Frobrich, and N. 1. Pischasov, Phys. Rev. C, 47:
2228 (1993)
19 L I. Gontchar and P. Frobrich, Nucl. Phys. A, 575: 283 (1994)
20 J. Randrup and P. Méller, Phys. Rev. C, 88: 064606 (2013)
21 N. Bohr and J. A. Wheeler, Phys. Rev., 56: 426 (1939)
22 W. Reisdorf, Z. Phys. A, 300: 227 (1981)
23 W. Reisdorf and M. Schadel, Z. Phys. A, 343: 47 (1992)
24 K. S.-Wilczynska, 1. Skwira, and J. Wilczynski, Phys. Rev. C, 72:
034605 (2005)
25 J.P. Lestone and S. G. McCalla, Phys. Rev. C, 79: 044611 (2009)
26 A. V. Ignatyuk, K. K. Istekov, and G. N. Smirenkin, Sov. J. Nucl.
Phys., 29: 450 (1979)
27 G. G. Adamian, N. V. Antonenko, S. P. Ivanova ef al., Phys. Rev.
C, 62: 064303 (2000)
28 A.S. Zubov, G. G. Adamian, N. V. Antonenko ef al., Phys. Rev.
C, 65: 024308 (2002)
29 G. Mandaglio, G. Giardina, A. K. Nasirov et al., Phys. Rev. C,
86: 064607 (2012)
30 X.J.Bao, S. Q. Guo, J. Q. Li et al., J. Phys. G: Nucl. Part. Phys.,
44: 045105 (2017)
31 C.Y.Wong, Phys. Rev. Lett., 31: 766 (1973)
32 D.L.Hill and J. A. Wheeler, Phys. Rev., 89: 1102 (1953)
33 V.1 Zagrebaev, Phys. Rev. C, 64: 034606 (2001)
34 A.S. Zubov, G. G. Adamian, N. V. Antonenko et al., Phys. Rev.

C, 68: 014616 (2003)

35 P.-H. Chen, Z.-Q. Feng, J.-Q. Li et al., Chin. Phys. C, 40: 091002
(2016)

36 P.-H. Chen, Z.-Q. Feng, F. Niu et al., Eur. Phys. J. A, 53: 95
(2017)

37 Juhee Hong, G. G. Adamian, and N. V. Antonenko, Phys. Rev. C,
94: 044606 (2016)

38 Juhee Hong, G. G. Adamian, and N. V. Antonenko, Phys. Lett. B,
764: 42 (2017)

39 A. V. Karpov, V. A. Rachkov, and V. V. Saiko, Phys. At. Nucl.,
15: 247 (2018)

40 J. D. Jackson, Can J. Phys, 34: 767 (1956)

41 V. Weisskopf, Phys. Rev., 52: 295 (1937)

42 T. Rauscher, F.-K. Thielemann, and K.-L. Kratz, Phys. Rev. C,
56: 1613 (1997)

43 A.J. Sierk, Phys. Rev. C, 33: 2039 (1986)

44 P. Moller, J. R. Nix, W. D. Myers et al., At. Data Nucl. Data
Tables, 59: 185 (1995)

45  A. Shrivastava, S. Kailas, A. Chatterjee et al., Phys. Rev. C, 63:
054602 (2001)

46 K. Mahata et al., 720: 209 (2003)

47 C. R. Morton, D. J. Hinde, J. R. Leigh et al., Phys. Rev. C, 52:
243 (1995)

48 T. Murakami, C.-C. Sahm, R. Vandenbosh et al., Phys. Rev. C,
34: 1353 (1986)

49 V. E. Viola and T. Sikkeland, Phys. Rev., 128: 767 (1962)

50 K. Nishio, H. Ikezoe, Y. Nagame ef al., Phys. Rev. Lett, 93:
162701 (2004)

51 D. J. Hinde, J. R. Leigh, J. O. Newton, Nucl. Phys. A, 385: 109
(1982)

52 R.J. Charity et al., Nucl. Phys. A, 457: 441 (1986)

53 A. Shrivastava, S. Kailas, A. Chatterjee et al., Phys. Rev. Lett.,
82: 699 (1999)

54 A. N. Andreyev, D. D. Bogdanov, V. I. Chepigin et al., Nucl.
Phys. A, 620: 229 (1997)

55 R. N. Sagaidak, V. I. Chepigin, A. P. Kabachenko et al., World.
Sci. P, 323: (1998)

56 T. Sikkeland, J. Maly, and D. F. Lebeck, Phys. Rev, 169: 1000
(1968)

57 M. Murakami, S. Goto, H. Murayama et al., Phys. Rev. C, 88:
024618 (2013)

58 Y. Nagame ef al., J. Nucl. Radiochem. Sci., 3: 85 (2002)

59 A. V. Gorshkovet et al., Seventh Workshop on the Chemistry of
Heaviest Elements, Johannes University of Maiz, Gutenberg,
Germany, October 11-13, 2009 (unpublished)

60 H. Haba et al., Phys. Rev. C, 89: 024618 (2014)

61 J.V.Kratz et al., Radiochim. Acta., 91: 59 (2003)

62 A. Ghiorso, J. M. Nitschke, J. R. Alonso et al., Phys. Rew. Lett,
33: 1490 (1974)

63 V. A. Druin, B. Bochev et al., Sov. J. Nucl. Phys, 29: 591 (1979)

64 Y. A. Lazarev, Y. V. Lobanov, Yu. Ts. Oganessian et al., Phys.
Rew. Lett, 73: 624 (1994)

65 S. G. McCalla, J. P. Lestone, Lestone Phys. Rev. Lett,, 101:
032702 (2008)

66 J. C. Pei, W. Nazarewicz, J. A. Sheikh et al., Phys. Rev. Lett,
102: 192501 (2009)

67 V.M. Strutinsky, Phys. Lett. B, 47: 121 (1973)

094102-8


http://dx.doi.org/10.1103/RevModPhys.72.733
http://dx.doi.org/10.1088/0034-4885/78/3/036301
http://dx.doi.org/10.1103/RevModPhys.91.011001
http://dx.doi.org/10.1103/RevModPhys.91.011001
http://dx.doi.org/10.3389/fphy.2019.00023
http://dx.doi.org/10.1007/s11467-018-0843-6
http://dx.doi.org/10.1016/0375-9474(82)90065-3
http://dx.doi.org/10.1016/0375-9474(85)90036-3
http://dx.doi.org/10.1103/PhysRevC.88.014606
http://dx.doi.org/10.1103/PhysRevC.78.054607
http://dx.doi.org/10.1103/PhysRevC.86.014611
http://dx.doi.org/10.1103/PhysRevC.79.024606
http://dx.doi.org/10.1103/PhysRevC.89.034626
http://dx.doi.org/10.1103/PhysRevC.89.034626
http://dx.doi.org/10.1103/PhysRevC.89.024615
http://dx.doi.org/10.1016/j.physletb.2017.01.082
http://dx.doi.org/10.1016/j.physletb.2018.08.049
http://dx.doi.org/10.1016/0375-9474(94)90190-2
http://dx.doi.org/10.1103/PhysRevC.88.064606
http://dx.doi.org/10.1103/PhysRev.56.426
http://dx.doi.org/10.1007/BF01412298
http://dx.doi.org/10.1007/BF01291597
http://dx.doi.org/10.1103/PhysRevC.72.034605
http://dx.doi.org/10.1103/PhysRevC.79.044611
http://dx.doi.org/10.1103/PhysRevC.62.064303
http://dx.doi.org/10.1103/PhysRevC.62.064303
http://dx.doi.org/10.1103/PhysRevC.65.024308
http://dx.doi.org/10.1103/PhysRevC.65.024308
http://dx.doi.org/10.1103/PhysRevC.86.064607
http://dx.doi.org/10.1088/1361-6471/aa53e8
http://dx.doi.org/10.1103/PhysRevLett.31.766
http://dx.doi.org/10.1103/PhysRev.89.1102
http://dx.doi.org/10.1103/PhysRevC.64.034606
http://dx.doi.org/10.1103/PhysRevC.68.014616
http://dx.doi.org/10.1103/PhysRevC.68.014616
http://dx.doi.org/10.1088/1674-1137/40/9/091002
http://dx.doi.org/10.1140/epja/i2017-12281-x
http://dx.doi.org/10.1103/PhysRevC.94.044606
http://dx.doi.org/10.1016/j.physletb.2016.11.002
http://dx.doi.org/10.1139/p56-087
http://dx.doi.org/10.1103/PhysRev.52.295
http://dx.doi.org/10.1103/PhysRevC.33.2039
http://dx.doi.org/10.1006/adnd.1995.1002
http://dx.doi.org/10.1006/adnd.1995.1002
http://dx.doi.org/10.1103/PhysRevC.63.054602
http://dx.doi.org/10.1103/PhysRevC.52.243
http://dx.doi.org/10.1103/PhysRevC.34.1353
http://dx.doi.org/10.1103/PhysRev.128.767
http://dx.doi.org/10.1103/PhysRevLett.93.162701
http://dx.doi.org/10.1016/0375-9474(82)90492-4
http://dx.doi.org/10.1016/0375-9474(86)90388-X
http://dx.doi.org/10.1103/PhysRevLett.82.699
http://dx.doi.org/10.1016/S0375-9474(97)00147-4
http://dx.doi.org/10.1016/S0375-9474(97)00147-4
http://dx.doi.org/10.1103/PhysRev.169.1000
http://dx.doi.org/10.1103/PhysRevC.88.024618
http://dx.doi.org/10.14494/jnrs2000.3.85
http://dx.doi.org/10.1103/PhysRevC.89.024618
http://dx.doi.org/10.1103/PhysRevLett.33.1490
http://dx.doi.org/10.1103/PhysRevLett.73.624
http://dx.doi.org/10.1103/PhysRevLett.73.624
http://dx.doi.org/10.1103/PhysRevLett.101.032702
http://dx.doi.org/10.1103/PhysRevLett.102.192501
http://dx.doi.org/10.1016/0370-2693(73)90585-6
http://dx.doi.org/10.1103/RevModPhys.72.733
http://dx.doi.org/10.1088/0034-4885/78/3/036301
http://dx.doi.org/10.1103/RevModPhys.91.011001
http://dx.doi.org/10.1103/RevModPhys.91.011001
http://dx.doi.org/10.3389/fphy.2019.00023
http://dx.doi.org/10.1007/s11467-018-0843-6
http://dx.doi.org/10.1016/0375-9474(82)90065-3
http://dx.doi.org/10.1016/0375-9474(85)90036-3
http://dx.doi.org/10.1103/PhysRevC.88.014606
http://dx.doi.org/10.1103/PhysRevC.78.054607
http://dx.doi.org/10.1103/PhysRevC.86.014611
http://dx.doi.org/10.1103/PhysRevC.79.024606
http://dx.doi.org/10.1103/PhysRevC.89.034626
http://dx.doi.org/10.1103/PhysRevC.89.034626
http://dx.doi.org/10.1103/PhysRevC.89.024615
http://dx.doi.org/10.1016/j.physletb.2017.01.082
http://dx.doi.org/10.1016/j.physletb.2018.08.049
http://dx.doi.org/10.1016/0375-9474(94)90190-2
http://dx.doi.org/10.1103/PhysRevC.88.064606
http://dx.doi.org/10.1103/PhysRev.56.426
http://dx.doi.org/10.1007/BF01412298
http://dx.doi.org/10.1007/BF01291597
http://dx.doi.org/10.1103/PhysRevC.72.034605
http://dx.doi.org/10.1103/PhysRevC.79.044611
http://dx.doi.org/10.1103/PhysRevC.62.064303
http://dx.doi.org/10.1103/PhysRevC.62.064303
http://dx.doi.org/10.1103/PhysRevC.65.024308
http://dx.doi.org/10.1103/PhysRevC.65.024308
http://dx.doi.org/10.1103/PhysRevC.86.064607
http://dx.doi.org/10.1088/1361-6471/aa53e8
http://dx.doi.org/10.1103/PhysRevLett.31.766
http://dx.doi.org/10.1103/PhysRev.89.1102
http://dx.doi.org/10.1103/PhysRevC.64.034606
http://dx.doi.org/10.1103/PhysRevC.68.014616
http://dx.doi.org/10.1103/PhysRevC.68.014616
http://dx.doi.org/10.1088/1674-1137/40/9/091002
http://dx.doi.org/10.1140/epja/i2017-12281-x
http://dx.doi.org/10.1103/PhysRevC.94.044606
http://dx.doi.org/10.1016/j.physletb.2016.11.002
http://dx.doi.org/10.1139/p56-087
http://dx.doi.org/10.1103/PhysRev.52.295
http://dx.doi.org/10.1103/PhysRevC.33.2039
http://dx.doi.org/10.1006/adnd.1995.1002
http://dx.doi.org/10.1006/adnd.1995.1002
http://dx.doi.org/10.1103/PhysRevC.63.054602
http://dx.doi.org/10.1103/PhysRevC.52.243
http://dx.doi.org/10.1103/PhysRevC.34.1353
http://dx.doi.org/10.1103/PhysRev.128.767
http://dx.doi.org/10.1103/PhysRevLett.93.162701
http://dx.doi.org/10.1016/0375-9474(82)90492-4
http://dx.doi.org/10.1016/0375-9474(86)90388-X
http://dx.doi.org/10.1103/PhysRevLett.82.699
http://dx.doi.org/10.1016/S0375-9474(97)00147-4
http://dx.doi.org/10.1016/S0375-9474(97)00147-4
http://dx.doi.org/10.1103/PhysRev.169.1000
http://dx.doi.org/10.1103/PhysRevC.88.024618
http://dx.doi.org/10.14494/jnrs2000.3.85
http://dx.doi.org/10.1103/PhysRevC.89.024618
http://dx.doi.org/10.1103/PhysRevLett.33.1490
http://dx.doi.org/10.1103/PhysRevLett.73.624
http://dx.doi.org/10.1103/PhysRevLett.73.624
http://dx.doi.org/10.1103/PhysRevLett.101.032702
http://dx.doi.org/10.1103/PhysRevLett.102.192501
http://dx.doi.org/10.1016/0370-2693(73)90585-6
http://dx.doi.org/10.1103/RevModPhys.72.733
http://dx.doi.org/10.1088/0034-4885/78/3/036301
http://dx.doi.org/10.1103/RevModPhys.91.011001
http://dx.doi.org/10.1103/RevModPhys.91.011001
http://dx.doi.org/10.3389/fphy.2019.00023
http://dx.doi.org/10.1007/s11467-018-0843-6
http://dx.doi.org/10.1016/0375-9474(82)90065-3
http://dx.doi.org/10.1016/0375-9474(85)90036-3
http://dx.doi.org/10.1103/PhysRevC.88.014606
http://dx.doi.org/10.1103/PhysRevC.78.054607
http://dx.doi.org/10.1103/PhysRevC.86.014611
http://dx.doi.org/10.1103/PhysRevC.79.024606
http://dx.doi.org/10.1103/PhysRevC.89.034626
http://dx.doi.org/10.1103/PhysRevC.89.034626
http://dx.doi.org/10.1103/PhysRevC.89.024615
http://dx.doi.org/10.1016/j.physletb.2017.01.082
http://dx.doi.org/10.1016/j.physletb.2018.08.049
http://dx.doi.org/10.1016/0375-9474(94)90190-2
http://dx.doi.org/10.1103/PhysRevC.88.064606
http://dx.doi.org/10.1103/PhysRev.56.426
http://dx.doi.org/10.1007/BF01412298
http://dx.doi.org/10.1007/BF01291597
http://dx.doi.org/10.1103/PhysRevC.72.034605
http://dx.doi.org/10.1103/PhysRevC.79.044611
http://dx.doi.org/10.1103/PhysRevC.62.064303
http://dx.doi.org/10.1103/PhysRevC.62.064303
http://dx.doi.org/10.1103/PhysRevC.65.024308
http://dx.doi.org/10.1103/PhysRevC.65.024308
http://dx.doi.org/10.1103/PhysRevC.86.064607
http://dx.doi.org/10.1088/1361-6471/aa53e8
http://dx.doi.org/10.1103/PhysRevLett.31.766
http://dx.doi.org/10.1103/PhysRev.89.1102
http://dx.doi.org/10.1103/PhysRevC.64.034606
http://dx.doi.org/10.1103/PhysRevC.68.014616
http://dx.doi.org/10.1103/RevModPhys.72.733
http://dx.doi.org/10.1088/0034-4885/78/3/036301
http://dx.doi.org/10.1103/RevModPhys.91.011001
http://dx.doi.org/10.1103/RevModPhys.91.011001
http://dx.doi.org/10.3389/fphy.2019.00023
http://dx.doi.org/10.1007/s11467-018-0843-6
http://dx.doi.org/10.1016/0375-9474(82)90065-3
http://dx.doi.org/10.1016/0375-9474(85)90036-3
http://dx.doi.org/10.1103/PhysRevC.88.014606
http://dx.doi.org/10.1103/PhysRevC.78.054607
http://dx.doi.org/10.1103/PhysRevC.86.014611
http://dx.doi.org/10.1103/PhysRevC.79.024606
http://dx.doi.org/10.1103/PhysRevC.89.034626
http://dx.doi.org/10.1103/PhysRevC.89.034626
http://dx.doi.org/10.1103/PhysRevC.89.024615
http://dx.doi.org/10.1016/j.physletb.2017.01.082
http://dx.doi.org/10.1016/j.physletb.2018.08.049
http://dx.doi.org/10.1016/0375-9474(94)90190-2
http://dx.doi.org/10.1103/PhysRevC.88.064606
http://dx.doi.org/10.1103/PhysRev.56.426
http://dx.doi.org/10.1007/BF01412298
http://dx.doi.org/10.1007/BF01291597
http://dx.doi.org/10.1103/PhysRevC.72.034605
http://dx.doi.org/10.1103/PhysRevC.79.044611
http://dx.doi.org/10.1103/PhysRevC.62.064303
http://dx.doi.org/10.1103/PhysRevC.62.064303
http://dx.doi.org/10.1103/PhysRevC.65.024308
http://dx.doi.org/10.1103/PhysRevC.65.024308
http://dx.doi.org/10.1103/PhysRevC.86.064607
http://dx.doi.org/10.1088/1361-6471/aa53e8
http://dx.doi.org/10.1103/PhysRevLett.31.766
http://dx.doi.org/10.1103/PhysRev.89.1102
http://dx.doi.org/10.1103/PhysRevC.64.034606
http://dx.doi.org/10.1103/PhysRevC.68.014616
http://dx.doi.org/10.1103/PhysRevC.68.014616
http://dx.doi.org/10.1088/1674-1137/40/9/091002
http://dx.doi.org/10.1140/epja/i2017-12281-x
http://dx.doi.org/10.1103/PhysRevC.94.044606
http://dx.doi.org/10.1016/j.physletb.2016.11.002
http://dx.doi.org/10.1139/p56-087
http://dx.doi.org/10.1103/PhysRev.52.295
http://dx.doi.org/10.1103/PhysRevC.33.2039
http://dx.doi.org/10.1006/adnd.1995.1002
http://dx.doi.org/10.1006/adnd.1995.1002
http://dx.doi.org/10.1103/PhysRevC.63.054602
http://dx.doi.org/10.1103/PhysRevC.52.243
http://dx.doi.org/10.1103/PhysRevC.34.1353
http://dx.doi.org/10.1103/PhysRev.128.767
http://dx.doi.org/10.1103/PhysRevLett.93.162701
http://dx.doi.org/10.1016/0375-9474(82)90492-4
http://dx.doi.org/10.1016/0375-9474(86)90388-X
http://dx.doi.org/10.1103/PhysRevLett.82.699
http://dx.doi.org/10.1016/S0375-9474(97)00147-4
http://dx.doi.org/10.1016/S0375-9474(97)00147-4
http://dx.doi.org/10.1103/PhysRev.169.1000
http://dx.doi.org/10.1103/PhysRevC.88.024618
http://dx.doi.org/10.14494/jnrs2000.3.85
http://dx.doi.org/10.1103/PhysRevC.89.024618
http://dx.doi.org/10.1103/PhysRevLett.33.1490
http://dx.doi.org/10.1103/PhysRevLett.73.624
http://dx.doi.org/10.1103/PhysRevLett.73.624
http://dx.doi.org/10.1103/PhysRevLett.101.032702
http://dx.doi.org/10.1103/PhysRevLett.102.192501
http://dx.doi.org/10.1016/0370-2693(73)90585-6
http://dx.doi.org/10.1103/PhysRevC.68.014616
http://dx.doi.org/10.1088/1674-1137/40/9/091002
http://dx.doi.org/10.1140/epja/i2017-12281-x
http://dx.doi.org/10.1103/PhysRevC.94.044606
http://dx.doi.org/10.1016/j.physletb.2016.11.002
http://dx.doi.org/10.1139/p56-087
http://dx.doi.org/10.1103/PhysRev.52.295
http://dx.doi.org/10.1103/PhysRevC.33.2039
http://dx.doi.org/10.1006/adnd.1995.1002
http://dx.doi.org/10.1006/adnd.1995.1002
http://dx.doi.org/10.1103/PhysRevC.63.054602
http://dx.doi.org/10.1103/PhysRevC.52.243
http://dx.doi.org/10.1103/PhysRevC.34.1353
http://dx.doi.org/10.1103/PhysRev.128.767
http://dx.doi.org/10.1103/PhysRevLett.93.162701
http://dx.doi.org/10.1016/0375-9474(82)90492-4
http://dx.doi.org/10.1016/0375-9474(86)90388-X
http://dx.doi.org/10.1103/PhysRevLett.82.699
http://dx.doi.org/10.1016/S0375-9474(97)00147-4
http://dx.doi.org/10.1016/S0375-9474(97)00147-4
http://dx.doi.org/10.1103/PhysRev.169.1000
http://dx.doi.org/10.1103/PhysRevC.88.024618
http://dx.doi.org/10.14494/jnrs2000.3.85
http://dx.doi.org/10.1103/PhysRevC.89.024618
http://dx.doi.org/10.1103/PhysRevLett.33.1490
http://dx.doi.org/10.1103/PhysRevLett.73.624
http://dx.doi.org/10.1103/PhysRevLett.73.624
http://dx.doi.org/10.1103/PhysRevLett.101.032702
http://dx.doi.org/10.1103/PhysRevLett.102.192501
http://dx.doi.org/10.1016/0370-2693(73)90585-6

