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The entrance channel effect on the synthesis of a superheavy element 119
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Abstract: In this study, we investigated the entrance channel effect on the evaporation residue cross section of a su-
perheavy element **119. Using 29 projectile-target combinations, we investigated the role of the entrance channel
on the 3n and 4n evaporation channels in hot combinations. This effect can be evaluated based on the entrance chan-

nel asymmetry and Q value of complete fusion. We calculated the variation of the maximum evaporation residue
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cross  sections (o-%‘f"and o) with |Q] for the reactions

=420y 425224 Bg | and 355452Mn +241:242.244 py . With an increase in |0, o'g‘fx and o'fnax increase. In addition,
we studied the role of asymmetry and mean fissility parameters in the synthesis of the superheavy element. The ob-

tained results in this study can be utilized in future studies.
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I. INTRODUCTION

The study on the formation of superheavy elements
via heavy ion fusion reactions is an interesting topic in
nuclear physics. Heavy ion fusion reactions can be adop-
ted to study the different properties of the compound nuc-
leus [1-5]. Using projectile and target nuclei, the com-
pound nucleus can be formed. To obtain a heavy nucleus,
a heavy projectile is required to be fused with a heavy tar-
get. There are two experimental methods for synthesiz-
ing superheavy elements. The cold fusion method is used
to synthesize superheavy elements with Z = 107-112 [6,
7]. Another method is the hot fusion reaction method,
which is used to produce elements with Z = 113-118 [8-
12]. It should be noted that an element with Z = 113 was
also produced via the cold fusion reaction [13, 14].

For the synthesis of a superheavy element with Z =
119, Zagrebaev and Greiner experimentally relz)orted the
upper cross sectional 50 fb in the reaction OTir 49Bk, and
no indication for the discovery of an element with Z =
119 was observed. Recently, Khuyagbaatar et al. [15] in-
vestigated the production of superheavy elements with
Z = 119 and 120 in the reactions " Ti+’ Bk and
*Ti+Cf. They discussed the nonobservation of the ele-
ments (with Z = 119 and 120) using the concept of fu-
sion evaporation reactions, addressing different theoretic-
al calculations on the fission barrier heights of super-
heavy elements. Different theoretical works exist with
different models such as the multidimensional stochastic
[16, 17], dinuclear system [18, 19], and fusion-by-diffu-
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sion models [20, 21]. In Ref. [22], within the dinuclear
system model, the pzrzoducti%l of glsaz%sium iggtopes is3§tud—
%i;d in ;t?% reaczt318()ns40 Ne ;2 Cf, ’48Mg -52-26 24Cm, " Si +
Pu,”” S+ 77U, "Ar+Th, and "Ca+" Ra.

It is clear that synthesizing superheavy nuclei is very
difficult experimentally because the evaporation residue
cross section of these reactions is negligible. Con-
sequently, the study on the effective parameters of evap-
oration residue cross section is crucial. These parameters
are different, and they include incident energy, combina-
tion of the projectile and target, deformation of the collid-
ing nuclei, etc. Recently, we calculated the evaporation
residue cross section for superheavy elements with Z =
120, considering the projectile and target deformations
[23].

In heavy ions collision, the quasifission processes oc-
cur on short time scales at approximately 107 [24-26],
while fusion-fission usually occurs on longer time scales,
from approximately 10 "’ to 10'® s. There is a close rela-
tionship between the production of superheavy elements
and entrance channels. In other words, the effects of en-
trance channel and the competition between the quasifis-
sion processes and complete fusion can facilitate the elu-
cidation of heavy ion collisions. This subject has been
studied in several publications [27-30]. In addition, sever-
al studies exist on the influence of the neutron numbers of
projectile and target on the evaporation residue cross sec-
tions in hot fusion reactions [31-34].

In this study, using the Coulomb and proximity po-
tential, we investigated the role of the entrance channel of
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colliding nuclei on the evagoration residue cross section
of a superheavy element *®119 formed in heavy ion fu-
sion reactions. We also investigated the relationship
between the mean fission parameter, quasi-fission, and
evaporation residue cross section. This paper is organ-
ized as follows. In Sec. II, the theoretical method is
provided. Then, the obtained results are presented in Sec.
III. Finally, the summary and conclusion of our results
are provided in Sec. I'V.

II. THEORETICAL METHOD

A. The potential

The potential between the target and the projectile can
be calculated based on the Coulomb and proximity poten-
tial model as [35]

R+ 1)

V(T)ZVC+VP+W,

(M

where, / is the angular momentum, » represents the dis-
tance between the centers of the projectile and target, and
1 is the reduced mass. The Coulomb potential is given as

ZpZre*
ve= 2 @

—1.7817 +0.9270z + 0.0143z% — 0.097°
®(z/b) ={ —1.7817+0.9270z +0.01696z2 — 0.051487>

—4.41exp(—z/0.7176)

B. The evaporation cross section

By multiplying three quantities, the capture cross sec-
tion, fusion probability, and survival probability, we can
calculate the evaporation cross section for a superheavy
element as [37]

U-Erll{(Ecm) = Ucap(Ecm)PCN(Ecm)stlfr(E*al)‘ (8

This is an estimation because the total process of the
compound nucleus formation and decay is separated here
into three single reaction stages even if they are related to
each other; in addition, they are treated and evaluated
separately. In the fusion of heavy nuclei, it is the fission
channels that considerably determine the dynamics of the
total process; the fusion probability value can be signific-
antly smaller than unity, whereas its exact calculation is
difficult. Furthermore, currently, there is no agreement
for the mechanism of the compound nucleus formation it-
self, and relatively different, occasionally opposite in
their physics sense, models are used for the description.
In contrast to the excessively available data in the

where, Zp and Zy are the atomic numbers of the pro-
jectile and target, respectively.
Vp is the proximity potential given by [36]

C1C,
C] +C2

Vp= 47ryb( )(D(Z/b), 3)

where z is the short separation distance and the nuclear
surface thickness is given as b=~ 1fm. In addition, the
surface energy constant is expressed as

N-2Z\2
y=0.9517 [1 - 1.7826(T) ]MermQ, @)

where, N, Z, and A4 represent the neutron, proton, and
atomic numbers of the parent nucleus, respectively. C;
can be calculated as

b2
Ci=Ri- 2 (5)
with
Ri=124A!7-0.76+0.84;'". (6)

The universal function ®(z/b) can be calculated as [36]

z<0,
0<z<1.9475, (7)
z>1.9475.

[
study on the initial stage of the heavy ion fusion reac-
tions and the processes of statistical decay of weakly ex-
cited compound nuclei, an accurate description of these
reaction stages in the synthesis of superheavy elements is
also difficult, which introduces an additional uncertainty
in the cross section calculations of the evaporation
residue formation. Here, the uncertainty is related with
the convolution of the mechanisms of the first and last re-
action stages, as well as with the fact that a number of
quantities and nuclear specifications are not properly de-
termined in this region.

The capture cross section can be evaluated using the
sum of the cross section for each partial wave / as

7T (o]
Oeap = 15 T2 (20 + DT(E. D, 9)

2uE

2
target and projectile systems. In addition, T(E,[) is the
penetration probability of the /th partial wave, which can
be calculated using the Hill-Wheeler formula [38]

where, k = and u denote the reduced mass of the
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T(E.D) = {1 +expl2n(E, - E)/hrl) (10)

Substituting the penetration probability in Eq. (9) by an
integral, Wong obtained the following relationship for the
capture cross section [39]

2

w
Tcap = ()Z—Eoln{l +exp[2n(E —Eo)/hwo]}, (11)

here E, is the barrier height. Ry is the barrier radius and
can be calculated as

v\
I

The curvature of the potential can be calculated as

1(d2V(r)
/:( dr2 )r=R0. (13)

hwo =h
Based on Ref. [40], we evaluated the fusion probability
by the following relationship:

exp(—c(Xe — Xhr))
Pen = ———————F=» (14)
E,-E ]

1 +exp

where A is an adjustable parameter. Ej; is the excitation
energy of the compound nucleus when the center of mass
beam energy is equal to the Coulomb and proximity en-
ergy. x. can be evaluated as

_[ @4

Xe = [—(ZZ/A)CFJ[I—a+af(K)], (15)

here @ = 1/3 and (Z%/A) is given by

2
(Z2/A)eric = 50.883 [1 - 1.7826(%) } (16)

4
fK) = ———7 (17)
K24+ K+—+—
K2 K
K =(Ap/Ar)'. (18)

Equation (14) was proposed by Zagrebaev to investigate
the cold fusion reactions; however, this equation has also
been adopted in various studies for the hot fusion reac-
tions. For the best fit to the cold fusion reaction, it is in-
ferred that the values of ¢ and x. are 136.5 and 0.79, re-

spectively. For the hot fusion reaction, the best fit for
Xe < 0.8 is ¢ =104 and xu, = 0.69; while for x. > 0.8, the
values are ¢ = 82 and xy,, = 0.69 [41].

We calculated the value of the survival probability
under the evaporation of the x neutron as [42]

L =X T,
Wiur = Pu(E ¢ ) ( ) P ( 1 9)
sur CN !:0[ rn + rf LB

where the index i is the number of emitted neutron, and
I', and I'; present the decay widths of the neutron evap-
oration and fission, respectively. Vandenbosch and Huiz-
enga suggested that I',/T's can be calculated as [42]

I, 4AYPag(E"-B,)

Ty Koau[2a,”(E* = B2~ 1]
xexp[2al/*(E* — B,)'?
~2a*(E" - Bp)'"), (20)

here k=9.8 MeV, and a,=A/10 represents the level
density parameter for the neutron evaporation channel.
The level density parameter for fission is af =1.1a,. In
addition, B, and B represent the neutron separation en-
ergy and fission barrier, respectively. By is evaluated us-
ing the shell correction as

Bf(E") = BY® + Sexp(~E" | Ep), (21)

where B}” is the liquid drop fission barrier that is equal
to zero for heavy elements with Z > 109, and the shell
correction, S, is obtained from Ref. [43]. In addition, the
shell damping energy, Ep, is evaluated as

Ep=5.48A3/(1+13A713). (22)

In Eq. (19), Pum(E{y) is calculated based on the method
presented in Refs. [42, 44, 45] as

P (Eéy) = Plx]—-Plx+1], (23)

where P(x) is the probability that at least x neutrons are
evaporated at a given E*and can be calculated by the fol-
lowing relationship

Plx] = 1—exp(-A/T) |1+ 23 (Ax,/'T) ] (24)
L
with
Av=Eq - Bi (25)
k=1
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here By is the evaporation neutron separation energy and
T = E_EN
(2an)

We theoreticall; investigated the formation of the su-
perheavy element 119 using the Coulomb and proxim-
ity potential models. We selected 29 reactions with differ-
ent targets and projectiles, including convenient half
lives. The evaporation residue cross section of the 3# and
4n channels is calculated. The entrance channel influ-
ences the production of the superheavy element via the Q
value and entrance asymmetry. The mass and neutron
asymmetries are defined as a4 =(Ar—Ap)/A and
ay = (Nr— Np)/N, respectively. The effect of the en-
trance channel is studied in comparison with the evapora-
tion residue cross sections for the reactions triggering the
formation of the same compound nucleus. The calculated
results are presented in Figs. 1 to 12 and Table 1.

In Fig. 1, we display the variation of the potential en-
ergy with the distance between the projectile and the tar-

get for the reactions “~#Ti+247-249Bk, 69-5Fe+
236-239Np, 44-42Cq 4252254 Bg | and 555452\ 4241242244 py

1. RESULTS

In these reactions, with an increase in the entrance chan-
nel (mass or neutron) asymmetry, the fusion barrier
height increases; however, the barrier radius decreases.
The capture cross section as a function of energy is plot-
ted in Fig. 2 for these reactions. The maximum capture
cross section is related to the reaction *Ti+ *Bk. The
vertical arrows demonstrate the excitation energies of
E* = Ey+ Q for different reactions. The neutacg)n asym-
E{letr};48 paramet%rs 2g)r the reactions, Ti+" Bk,

Ti+ "Bk, and "'Ti+ Bk, are 0.668, 0.675, and 0.682,
respectively. Because the reaction “Ti+YBk has the
highest Q value at energies below the Coulomb barrier,
the capture cross section is larger. In addition, the neut-
ron asymmetry via the barrier hight, barrier radius, and
curvature of the potential influence the capture cross sec-
tion. In other words, owing to the effects of the Q value
and Coulomb barriers, the capture cross sections are dif-
ferent. By increasing the energy, the capture cross sec-
tion increases at low energies and then reaches the max-
imum value at higher energies. The same results can be
concluded for other reactions.

The probability of the compound nucleus formation
with the excitation energy is calculated in Fig. 3. At
lower energies, with the increase in the Q value, the prob-
ability of the compound nucleus formation increases. At
higher energies, the obtained results for the formation
probability are approximately close together. It should be
noted that in Fig. 3, the reaction *“Ca+*"Es exhibits the
highest fusion probability.

In Fig. 4, we have demonstrated the 3»n evaporation
residue cross sections as a function of energy for the reac-
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tions 60-57 g 4236-239 N,
M-420y 4252254 B¢ and 555452Mp 4241242244y For each
of these reactions, the maximum value of the evaporation
residue occurs for the case where the Q value is the
highest. In addition, owing to the increase in the asym-
metry parameter, the maximum cross section of the 3n
evaporation residue is created at larger energies. We can
observe that the evaporation residue cross sections reach
the maximum value at the energy of approximately
E* = Ey+ Q. The obtained results for the 4n evaporation
residue are presented in Fig. 5. The same results can be
inferred from Fig. 5, in comparison with Fig. 4.

In the aforementioned reactions, the difference
between the mass asymmetry parameters is low. Con-
sequently, to investigate the role of mass asymmetry, we
compared the obtained results for the reactions *'Ca+" Es
and Fe+236Np The mass asymmetry parameters for
these reactions are 0.702 and 0.594, respectively. The cal-
culated results are presented in Fig. 6. For the reaction

“Ca+"Es, the fusion probability is higher than that for
the reaction Fe+236Np In other words, for the reaction
with larger asymmetry parameters, the fusion probability
is higher than that for the reaction with lower asymmetry
parang:%ers The capture cross section for the re%cétlon

“Ca+"Es is lower than that for the reaction Fe+ Np
The barrier height and Q value for the reaction “'Ca+""Es
are 206.747 and 168 723 MeV, respectively; however, for
the reaction “Fe+" Np, the barrier height and Q value are
248.424 and 222.583 MeV, respectively. Consequently,
at energies below the Coulomb barrier, the capture cross
section for the reactlon Cpe+” Np is larger than that for
the reactlon Ca+" Es. The maximum o3, values for the
reactions “'Ca+ " Es and Fe+236Np are 169.97 and 11.0
MeV, respectively, whereas for the maximum oy, values,
we have 42.15 and 0.03 fb, respectively. It can be in-
ferred that for the combinations with the large discrep-
ancy of mass asymmetry, the effect of the mass asym-
metry on the evaporation residue cross section is elucid-
ated.

In Fig. 7, for clarlty, we demonstrated the results for
the reaction “'Ca+**Cm. Here, we presented the fusion
probability, capture cross section, and survival probabil-
ity. In addition, the 3n and 4n evaporation residue cross
sections as a function of excitation energy are calculated.
At energies lower than Ej+ Q, the evaporation residue
cross section decreases because the capture cross section
and fusion probability are small. At energies higher than
Eo+ Q, the evaporation residue cross section decreases
because the survival probability decreases.

To better investigate the influence of the Q value, we
demonstrated the variations in the maximum value of the
evaporation residue cross section with the |Q| in Fig. 8.
As observed from Fig. 8, with an increase in |Q|, the max-
imum value of the evaporation residue cross section for
the 3z and 4n channels increases. In this study, the O val-

49—47Ti +247—249 Bk
2
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“Ca+™*Cm. Solid and dashed curves are results for the 3n and

4n channels, respectively. Experimental data are obtained
from Ref. [56].

ues are obtained from Ref. [43]. To study the role of mass
table on the evaporation residue cross section, we used
the mass based on Ref. [46] for the reaction “Ti+**'Bk.
The obtained results are presented in Fig. 9. The |Q| val-
ues based on Refs. [43] and [46] are 187.62 and 182.19
MeV, respectively. It is clear that the Q value has an im-
portant effect on the evaporation residue cross section.
The evaporation residue cross section based on the Q
value of Ref. [43] is higher than that based on Ref. [46].

The obtained results for all reactions are presented in
Table 1. Among all reactions, the “Ca+’ Es combina-
tion has the maximum value (169.97 fb) for the evapora-
tion residue for the 3n channel. The asymmetry paramet-
er and |Q| for this reaction are 0.662 and 192.012 MeV,
respectively.

There are different processes in the heavy ion reac-
tions that hinder the fusion process, such as deep inelast-
ic, quasifission, and fast fission processes. Quasifission
occurs when the dinuclear system starts to break down in-
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to two fragments without attaining the compound nucle-
us formation. In other words, the quasifission competes
with the compound nucleus formation. The effective en-
trance channel fissility is defined as

AZpZr
A+ A ) x (ApA)!3

2
50.883 {1 - 1.7826(14_722)

Xeff = : (26)

The mean fissility that indicates the appearance of the
quasifission can be calculated as [47, 48]

Xm =0.25xcN +0.75x e, (27)
where ycn is the compound nucleus fissility that indic-
ates the stability of the compound nuclei against the fis-
sion as

Z2/A
XCN = o2 (28)
50.883 [1 - 1.7826(_—)
A
1000 - TTi+2°BK
3n
1004

-
o
1

Cross section(fb)
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47Ti+24QBk
4n
g
81
3
[0
2]
17
S
(@]
\
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Fig. 9. Comparison of calculated results for different O val-
ues. Solid and dashed curves are the obtained results using the
O value based on Ref. [43] and Ref. [46], respectively.

The reactions studied in this research have
xcn = 1.009. Consequently, the mean fissility depends
solely on the effective entrance channel fissility. It is
clear that the possibility of the quasifission depends on
the asymmetry of the entrance channel. The critical asym-
metry parameter is defined as

0 xcn < 0.396,
CR
Ay = XCN — 0.396
.12\ |—— 0.396.
Vyen—0.156 YN~

If we have @ <SR, the quasifission process can oc-

cur. Here, we have a$® = 0.949. Because aSR is the same
for the suggested reactions, we use another parameter
(xm) to investigate the quasifission process. As men-
tioned in Ref. [48], the quasifission becomes primary for
Xxm >0.765. We present the mean fissility for all reac-
tions in Table 1. The lowest and highest values of y,, are
0.7953 and 0.9229, related to the reactions 33Ti+57% Bk
and 1] Ga+33° Ra, respectively.

Figure 10 presents the maximum values of the 37 and
4n evaporation residue cross sections as a function of
mean fissility. It is important to note here that as mean
fissility increases, the maximum value of evaporation
residue cross section decreases. It can be inferred that

29

—~10000

100+

Maximum cross section(fb
N
!

0.80 0.90 0.95

0.01+

Maximum cross section(fb)

0.85 0.90

Xm

O.ISO 0.95

Fig. 10.  Variations of the maximum evaporation residue
cross section versus the mean fissility. Solid curves represent
the second order fit for the theoretical results.
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Table 1. Obtained results for 3n, 4n channels evaporation. Columns two, three, four, and five are | Q |=| (Mp + My — Mcn)c? | [43], the
mass asymmetry, neutron asymmetry, and mean fissility, respectively. The position of the maximum value of the 3n channel (£;,) and

the maximum value of the evaporation residue of the 3n channel (o}*) are presented in the sixth and seventh columns. In addition, the
results for the 4n channel (E;, and o}*) are presented in columns eight and nine.

Reaction |Q|/MeV  ap=(Ar—Ap)/A  any=(Nr—-Np)/N Xm E%, /[MeV o [fb E}, /[MeV o /b
BAr+18Md -2 119 147.576 0.7432 0.7740 0.8049 45.26 54.26 46.17 125.84
3B Ar+20Md - 119 138.229 0.7567 0.7966 0.8160 55.92 0.03 58.13 0.27
K+ Fm -6 119 149.766 0.7364 0.7740 0.8243 52.02 0.07 55.32 0.54
39Ca+232Es 52 119 168.723 0.7027 0.7288 0.8230 39.36 169.97 41.82 42.15
39Ca+333Es -2 119 163.944 0.7094 0.7401 0.8277 44.63 2.92 45.59 5.77
32Ca+234Es 50 119 161.105 0.7162 0.7514 0.8326 48.01 0.24 48.57 0.93
30Sc+30Cr -2 119 175.138 0.6891 0.7175 0.8369 40.71 25.64 42.61 4.74
$Sc+21cf -6 119 171.484 0.6959 0.7288 0.8414 44.86 25 45.78 1.44
ST+ Bk >0 119 187.62 0.6689 0.6949 0.8445 35.59 106.3 40.17 4.7
33Ti +238 Bk -7 119 184.96 0.6756 0.7062 0.7953 38.49 10.5 41.35 2.2
DT+ Bk -0 119 179.635 0.6824 0.7175 0.8012 44.25 0.12 45.27 022
SV Cm -6 119 194.295 0.6554 0.6838 0.8566 34.82 27.64 39.93 0.53
IV +HECm -6 119 193.332 0.6621 0.6949 0.8607 39.61 10.62 41.93 04
2Cr+22 Am -0 119 206.014 0.6351 0.6610 0.8642 32.63 70.34 39.06 0.21
ACr+3E Am -6 119 202.659 0.6418 0.6723 0.8701 35.08 12.02 40.13 0.13
BMn+3 Pu 2119 209.304 0.6283 0.6610 0.8791 35.31 0.98 40.09 0.04
JeMn+3Pu 20119 205388 0.6351 0.6723 0.8830 39.41 0.04 41.82 0.013
3iMn+3;4 Pu—2° 119 195.450 0.6486 0.6949 0.8912 50.37 1.02x105 50.91 6x1075
SOFe+3°Np—»2° 119 222.583 0.5945 0.6185 0.8789 30.55 11.0 38.00 0.03
SFe+23" Np -2 119 220.340 0.6013 0.6271 0.8823 31.46 3.4 38.9 0.02
BFe+a¥Np -2 119 219.248 0.6081 0.6384 0.8859 32.55 1.8 392 0.015
S#Fe+33 Np -2 119 215.418 0.6148 0.6497 0.8896 34.95 0.28 40.3 0.007
$9Co+333U -2 119 223.753 0.5912 0.6214 0.8975 3391 027 39.61 0.0016
3$Co+27U -6 119 221.387 0.6013 0.6384 0.8996 36.3 0.05 40.41 0.001
84Ni+532Pa —2%6 119 235.700 0.5675 0.5932 0.8991 30.83 0.49 38.93 73%x1074
SINi +23 Pa -296 119 232.572 0.5743 0.6045 0.9023 31.98 0.02 38.31 5.3%x1074
S5Cu+3! Th 26119 237.995 0.5608 0.5932 09116 3242 0.04 39.1 1.2x1074
10Zn+220 Ac 5 119 249.804 0.5270 0.5480 0.9114 30.19 0.50 37.68 5.7%x1075
Ga+22Ra - 119 252.695 0.5202 0.5480 0.9229 30.90 0.007 8.33 2%x1075

with an increase in the mean fissility, the quasifission be-
comes dominant. We obtained the following relation-
ships for evaporation residue cross sections versus the

We checked Egs. (30) and (31) for the reactions

50,.. 249
Ti+

501
Ti+

Bk,
249

48
Ca+

252

48
Cat

254

Es,

47 249

Ti+  Cf,
Cf. The obtained results for 3n channel are 25.92,

and

mean fissility as

— 2 —
O-g:lax 10 310.23y2 +497.467x,, 197.58’ (30)
and
; _ 2 _
O_AI&&X 10 274.834y> +435.622y,,~171.211 ) (3 1 )

70.20, 70.07, 13.36, and 24.77 fb, while the results for the
4n channel are 6.46, 23.68, 23.47, 3.16, and 6.14 fb. Egs.
(30) and (31) are important because they determine the
relationship between the maximum evaporation cross sec-
tion and the quasifission process (via mean fissility).

It should be noted that the synthesis of superheavy
elements is influenced by dynamical effects such as fric-
tion, inertia mass, and the dissipation of the kinetic en-
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. . . 10+
ergy. These effects have been investigated in several
. . 14
studies [49-52]. The formation of a superheavy nucleus = {
can be dynamically evaluated using multidimensional s 014 h
. . . . =3 -
Langevin equations. Nuclear dissipation delays fission, £ 0014 !
which enhances prescission particle multiplicities and 2 sl
o 1E-3
evaporation residue cross sections relative to the stand- g 1e4l
ard statistical model predictions. In Ref. [52],it is in-
. . . 1E-51
ferred that the evaporation residue cross section is a very
s ot 1E-6 ; ; ; ; ; ,
sensitive probe for nuclear fI‘lC‘[lOIl.'The de.ca'y of super- 25 30 35 40 45 50 55
heavy elements can be evaluated using statistical models, E*(MeV)
0. o
10+
a M g
e z ]
S 0.1 S
= o
o
2 0.01- §
@ 2 0.1+
£ 1E39 5
1E-4 1
0.01
1E-5 ; ; ; ; ; ; .
25 30 35 40 45 50 55 60
E'(MeV)
10
10-
—_ — 14
g g
5 S
3 1] B 041
3 g 0.1
(2}
o \ ©0.01
0.1 \
\
; . 1E-3
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E'(MeV)
10- 10
2 g
g M 5
5 S 0.1
3 3
2 011 g
g £0.014
0.01- 1E-31
28 32 36 40 44 48 52 30 36 42 48 54 60
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. . . 48 237,
Fig. 11. Comparison between the theoretical results of the Fig. 12.  Same as Fig. 11 but for the reactions ~Ca+" Np,
i ' ~ ®Catmru d “Ca+*”Bk. Experimental d b-
3n and 4n channels with the experimental data (solid and open a Pu, an a . Experimenta ?2123 3“2348 Y
squares) [11, 54, 55] for the reactions “*Mg+"*Cm, **Ca+"*U, tained from [10, 55-57], for the reactions ~Mg+ "Cm,
and ®ca+**pu. ®cat+™*U, and ¥cat+*Pu.
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where the Kramers factor plays a decisive role [30, 53].
The Kramers factor depends on the nuclear friction coef-
ficient, and it is inferred as a constraint in the phase space
around the saddle point owing to friction.

We checked the reliability of the model by compar-
ing the evaporation residue cross section and the experi-
mental data for the reactions 26Mg+248Cm, “ca+ U,
“cat™*Pu, “ca+”'Np, *Cat?#224py, and *Ca+’’Bk.
The results of the 3n and 4n channels are presented in
Figs. 11 and 12. The solid and open squares represent the
experimental data for the 3n and 4n channels, respect-
ively. The agreement between theoretical results and ex-
perimental data is satisfactory.

IV. SUMMARY AND CONCLUSION

We theoretically studied the effect of entrance chan-
nel on the production of supherheavy 2°°119 via the cal-
culation of the evaporation residue cross sections for the
3n and 4n channels. The synthesis of superheavy ele-
ments significantly depends on the entrance channel ef-
fects. The asymmetry parameter and the Q value play im-
portant roles in the formation of superheavy elements.
With an increase in the asymmetry parameter, the evapor-
ation residue cross section of the 3n and 4n channels de-
creases. In addition, with an increase in |Q|, the evapora-
tion residue cross section increases. There are linear rela-
tionships between log,oo5™* and log,,o;™* with the |Q]

value, for the reactions *~4Ti+247-249Bk, ©0-5TFey
236-239N, M-42Cq 4252254 g and 355452Mn g 241.242.244py
The major distinction is owing to the different capture
and fusion probabilities.

The sensitivity of the evaporation residue cross sec-
tion to the mass models was investigated. It was ob-
served that a change in the Q value can trigger signific-
ant changes in the evaporation residue cross section.
Hence, such changes must be considered while calculat-
ing the evaporation residue cross section.

We investigated the role of mass asymmetry using the
comparison of results for the reactions “Ca+’ Es and
60Fe+236Np. It was inferred that the reactions with larger
mass asymmetries are more desirable for fusion than
those with smaller mass asymmetries.

It should be noted that in heavy ion reactions, the role
of quasifission is important and should be considered.
This inference is expressed by the mean fissility paramet-
er. By increasing the mean fissility parameter, the fusion
probability decreases. In other words, for the reactions
with larger values of the mean fissility parameter, the
probability of the quasifission process increases. The
quasifission probability is significant as it facilitates the
probability analysis of the compound nucleus formation
in the synthesis of superheavy nuclei. In general, to study
the formation of superheavy elements, it is crucial to con-
sider the three quantities as the asymmetry parameters, Q
value and mean fissility.

References

[11 X.J. Bao, Phys. Rev. C 100, 011601(R) (2019)
[2] K. Sekizawa and K. Hagino, Phys. Rev. C 99, 051602(R)
(2019)
[31 J. Khuyagbaatar et al., Phys. Rev. C 99, 054306 (2019)
[4] N. Carjan, F. A. Ivanyuk, and Yu. Ts. Oganessian, Phys.
Rev. C 99, 064606 (2019)
[S1 A. Wakhle, K. Hammerton, Z. Kohley ef al., Phys. Rev. C
97, 021602(R) (2018)
[6] S. Hofmann and G. Munzenberg, Rev. Mod. Phys. 72, 733
(2000)
[71 S. Hofmann, F. P. Heberger, D. Ackermann et al., Eur.
Phys. J. A 14, 147 (2002)
[8] Y. T. Oganessian, V. K. Utyonkov, Y. V. Lobanov et al.,
Phys. Rev. C 74, 044602 (2006)
[91 Y. T. Oganessian, F. S. Abdullin, P. D. Bailey et al., Phys.
Rev. C 83, 054315 (2011)
[10] Y. T. Oganessian, F. S. Abdullin, S. N. Dmitriev et al.,
Phys. Rev. C 87, 014302 (2013)
[11] Y. T. Oganessian and V. K. Utyonkov, Rep. Prog. Phys. 78,
036301 (2015)
[12] V. K. Utyonkov, N. T. Brewer, Y. T. Oganessian et al.,
Phys. Rev. C 92, 034609 (2015)
[13] K. Morita et al., J. Phys. Soc. Jpn. 73, 2593 (2004)
[14] T. Fei, Ch. D.-Han, X. Chang et al., Chin. Phys. Lett. 22,

843 (2005)

[15] J. Khuyagbaatar et al., Phys. Rev. C 102, 064602 (2020)

[16] W.J. Swiatecki, Phys. Scr. 24, 113 (1981)

[17] V. L. Litnevsky, V. V. Pashkevich, G. I. Kosenko et al.,
Phys. Rev. C 89, 034626 (2014)

[18]  Z.-Q. Feng, G.-M. Jin, J.-Q. Li et al., Nucl. Phys. A 816, 33
(2009)

[19] E. Chabanat, P. Bonche, P. Haensel et al., Nucl. Phys. A
627,710 (1997)

[20] Z.H. Liuand J. D. Bao, Phys. Rev. C 76, 034604 (2007)

[21] Z.H.LiuandJ. D. Bao, Phys. Rev. C 83, 044613 (2011)

[22] J. Hong, G. G. Adamian, and N. V. Antonenko, Phys. Rev.
C92,014617 (2015)

[23]  B. Sharifi and D. Naderi, Nucl. Phys. A 991, 121616 (2019)

[24] R. Bock, Y. Chu, M. Dakowski et al., Nucl. Phys. A 388,

334 (1982)

[25] W. Q. Shen, J. Albinski, A. Gobbi et al., Phys. Rev. C 36,
115 (1987)

[26] J. Toke, R. Bock, G. Dai et al., Nucl. Phys. A 440, 327
(1985)

[27] G. Giardina, S. Hofmann, A. Muminov ef al., Eur. Phys. J.
A 8,205 (2000)

[28] T. N. Hao, N. Duy, K. Chae et al., Int. J. Mod. Phys. E 28,
1950056 (2019)

[29] V. S. Ramamurthy and S. S. Kapoor, Phys. Rev. Lett. 54,
178 (1985)

094105-12


https://doi.org/10.1103/PhysRevC.100.011601
https://doi.org/10.1103/PhysRevC.99.064606
https://doi.org/10.1103/PhysRevC.99.064606
https://doi.org/10.1103/RevModPhys.72.733
https://doi.org/10.1140/epja/i2001-10119-x
https://doi.org/10.1140/epja/i2001-10119-x
https://doi.org/10.1103/PhysRevC.74.044602
https://doi.org/10.1103/PhysRevC.83.054315
https://doi.org/10.1103/PhysRevC.83.054315
https://doi.org/10.1088/0034-4885/78/3/036301
https://doi.org/10.1103/PhysRevC.92.034609
https://doi.org/10.1143/JPSJ.73.2593
https://doi.org/10.1088/0256-307X/22/4/018
https://doi.org/10.1103/PhysRevC.102.064602
https://doi.org/10.1088/0031-8949/24/1B/007
https://doi.org/10.1103/PhysRevC.89.034626
https://doi.org/10.1016/j.nuclphysa.2008.11.003
https://doi.org/10.1016/S0375-9474(97)00596-4
https://doi.org/10.1103/PhysRevC.76.034604
https://doi.org/10.1103/PhysRevC.83.044613
https://doi.org/10.1103/PhysRevC.92.014617
https://doi.org/10.1103/PhysRevC.92.014617
https://doi.org/10.1016/j.nuclphysa.2019.121616
https://doi.org/10.1016/0375-9474(82)90420-1
https://doi.org/10.1103/PhysRevC.36.115
https://doi.org/10.1016/0375-9474(85)90344-6
https://doi.org/10.1007/s10050-000-4509-7
https://doi.org/10.1007/s10050-000-4509-7
https://doi.org/10.1103/PhysRevLett.54.178
https://doi.org/10.1103/PhysRevC.100.011601
https://doi.org/10.1103/PhysRevC.99.064606
https://doi.org/10.1103/PhysRevC.99.064606
https://doi.org/10.1103/RevModPhys.72.733
https://doi.org/10.1140/epja/i2001-10119-x
https://doi.org/10.1140/epja/i2001-10119-x
https://doi.org/10.1103/PhysRevC.74.044602
https://doi.org/10.1103/PhysRevC.83.054315
https://doi.org/10.1103/PhysRevC.83.054315
https://doi.org/10.1088/0034-4885/78/3/036301
https://doi.org/10.1103/PhysRevC.92.034609
https://doi.org/10.1143/JPSJ.73.2593
https://doi.org/10.1088/0256-307X/22/4/018
https://doi.org/10.1103/PhysRevC.102.064602
https://doi.org/10.1088/0031-8949/24/1B/007
https://doi.org/10.1103/PhysRevC.89.034626
https://doi.org/10.1016/j.nuclphysa.2008.11.003
https://doi.org/10.1016/S0375-9474(97)00596-4
https://doi.org/10.1103/PhysRevC.76.034604
https://doi.org/10.1103/PhysRevC.83.044613
https://doi.org/10.1103/PhysRevC.92.014617
https://doi.org/10.1103/PhysRevC.92.014617
https://doi.org/10.1016/j.nuclphysa.2019.121616
https://doi.org/10.1016/0375-9474(82)90420-1
https://doi.org/10.1103/PhysRevC.36.115
https://doi.org/10.1016/0375-9474(85)90344-6
https://doi.org/10.1007/s10050-000-4509-7
https://doi.org/10.1007/s10050-000-4509-7
https://doi.org/10.1103/PhysRevLett.54.178
https://doi.org/10.1103/PhysRevC.100.011601
https://doi.org/10.1103/PhysRevC.99.064606
https://doi.org/10.1103/PhysRevC.99.064606
https://doi.org/10.1103/RevModPhys.72.733
https://doi.org/10.1140/epja/i2001-10119-x
https://doi.org/10.1140/epja/i2001-10119-x
https://doi.org/10.1103/PhysRevC.74.044602
https://doi.org/10.1103/PhysRevC.83.054315
https://doi.org/10.1103/PhysRevC.83.054315
https://doi.org/10.1088/0034-4885/78/3/036301
https://doi.org/10.1103/PhysRevC.92.034609
https://doi.org/10.1143/JPSJ.73.2593
https://doi.org/10.1088/0256-307X/22/4/018
https://doi.org/10.1103/PhysRevC.102.064602
https://doi.org/10.1088/0031-8949/24/1B/007
https://doi.org/10.1103/PhysRevC.89.034626
https://doi.org/10.1016/j.nuclphysa.2008.11.003
https://doi.org/10.1016/S0375-9474(97)00596-4
https://doi.org/10.1103/PhysRevC.76.034604
https://doi.org/10.1103/PhysRevC.83.044613
https://doi.org/10.1103/PhysRevC.92.014617
https://doi.org/10.1103/PhysRevC.92.014617
https://doi.org/10.1016/j.nuclphysa.2019.121616
https://doi.org/10.1016/0375-9474(82)90420-1
https://doi.org/10.1103/PhysRevC.36.115
https://doi.org/10.1016/0375-9474(85)90344-6
https://doi.org/10.1007/s10050-000-4509-7
https://doi.org/10.1007/s10050-000-4509-7
https://doi.org/10.1103/PhysRevLett.54.178
https://doi.org/10.1103/PhysRevC.100.011601
https://doi.org/10.1103/PhysRevC.99.064606
https://doi.org/10.1103/PhysRevC.99.064606
https://doi.org/10.1103/RevModPhys.72.733
https://doi.org/10.1140/epja/i2001-10119-x
https://doi.org/10.1140/epja/i2001-10119-x
https://doi.org/10.1103/PhysRevC.74.044602
https://doi.org/10.1103/PhysRevC.83.054315
https://doi.org/10.1103/PhysRevC.83.054315
https://doi.org/10.1088/0034-4885/78/3/036301
https://doi.org/10.1103/PhysRevC.92.034609
https://doi.org/10.1143/JPSJ.73.2593
https://doi.org/10.1088/0256-307X/22/4/018
https://doi.org/10.1103/PhysRevC.102.064602
https://doi.org/10.1088/0031-8949/24/1B/007
https://doi.org/10.1103/PhysRevC.89.034626
https://doi.org/10.1016/j.nuclphysa.2008.11.003
https://doi.org/10.1016/S0375-9474(97)00596-4
https://doi.org/10.1103/PhysRevC.76.034604
https://doi.org/10.1103/PhysRevC.83.044613
https://doi.org/10.1103/PhysRevC.92.014617
https://doi.org/10.1103/PhysRevC.92.014617
https://doi.org/10.1016/j.nuclphysa.2019.121616
https://doi.org/10.1016/0375-9474(82)90420-1
https://doi.org/10.1103/PhysRevC.36.115
https://doi.org/10.1016/0375-9474(85)90344-6
https://doi.org/10.1007/s10050-000-4509-7
https://doi.org/10.1007/s10050-000-4509-7
https://doi.org/10.1103/PhysRevLett.54.178

296

The entrance channel effect on the synthesis of a superheavy element = 119 Chin. Phys. C 45, 094105 (2021)
[30] H. C Manjunatha, N. Sowmya, N. Manjunatha et al., Phys. [44] J.D.Jackson, Can. J. Phys. 34, 767 (1956)

Rev. C 102, 064605 (2020) [45] H. C. Manjunatha, K. N. Sridhar, and H. B. Ramalingam,
[31] L. Zhu, Z.-Q. Feng, C. Li et al., Phy. Rev. C 90, 014612 Nucl. Phys. A 981, 17 (2019)

(2014) [46] H. Koura, M. Uno, and T. Tachibana, M. Yamada. Nucl.
[32] L. Zhu, J. Su, and F.-S. Zhang, Phy. Rev. C 93, 064610 Phys. A 674, 47 (2000)

(2016) [47] J. P. Blocki, H. Feldmeier, and W. J. Swiatecki, Nucl. Phys.
[331] C. Wang, J. Zhang, Z. Z. Ren et al., Phys. Rev. C 82, A 459, 145 (1986)

054605 (2010) _ [48] R.d. Rietz, E. Williams, D. J. Hinde et al., Phy. Rev. C 88,
[34] ;Ih C. %E;Ig];ln;;l’;a(aééi.gl)\l Srldharb, and N. SOmeaa, Nucl. 054618 (2013)

¥S. > . [49] V. 1. Zagrebaev, Y. Aritomo, and M. G. Itkis,, Y. T.

[35] K. P. Santhosh, S. Sahadevan, and R. K. Biju, Nucl. Phys. Oganessian and M. Ohta Phys. Rev. C 65, 014607 (2001)

A 825, 159 (2009) & 4
[36] J. Blocki, J. Randrup, W. J. Swiatecki ef al, Ann. Phys.  L°0) 2{6 ’?82’7((32'0?3')3}“’“’ G. I Kosenko ef al., Phys. At. Nucl,

(N.Y.) 105, 427 (1977) ’ . . .
[37] N. V. Antonenko, E. A. Cherepanov, A. K. Nasirov ef al., (5] D. Nader.l ?lnd S. A. Alavi, NlLCl' Sci. Tlechil29, 161 (2018)

Phys. Lett. B 319, 425 (1993) [52] P. Frobrich and I. 1. Gontchar, Nucl. Phys. A 563, 326
[38] D.L.HillandJ. A. Wheeler, Phys. Rev. 89, 1102 (1953) (1993)
[39] C.Y.Wong, Phys. Rev. Lett. 31, 766 (1973) [53] V.M. Strutinsky, Phys. Lett. B 47, 121 (1973)
[40] V. Zagrebaev and W. Greiner, Phys. Rev. C 78, 034610 [54] J. Dvorak, W. Bruchle, M. Chelnokov et al., Phys. Rev.

(2008) Lett. 100, 132503 (2008)
[41] W. Loveland, Phys. Rev. C 76, 014612 (2007) [55] Y. T. Oganessian, V. K. Utyonkov, Y. V. Lobanov et al.,
[42] R. Vandenbosch and J. R. Huizenga, Nuclear Fission, Phy. Rev. C 70, 064609 (2004)

Academic Press, New York, (1973) [56] Y. T.Oganessian et al., Phys. Rev. C 76, 011601(R) (2007)
[43] P. Moller, A. J. Sierk, T. Ichikawa et al., At. Data Nucl. [571 Y. T. Oganessian, V. K. Utyonkov, Yu. V. Lobanov et al.,

Data Tables 109, 1 (2016)

094105-13

Physical Review, C 69, 054607 (2004)


https://doi.org/10.1103/PhysRevC.102.064605
https://doi.org/10.1103/PhysRevC.102.064605
https://doi.org/10.1103/PhysRevC.90.014612
https://doi.org/10.1103/PhysRevC.93.064610
https://doi.org/10.1103/PhysRevC.82.054605
https://doi.org/10.1016/j.nuclphysa.2019.05.006
https://doi.org/10.1016/j.nuclphysa.2019.05.006
https://doi.org/10.1016/j.nuclphysa.2009.04.012
https://doi.org/10.1016/j.nuclphysa.2009.04.012
https://doi.org/10.1016/0003-4916(77)90249-4
https://doi.org/10.1016/0003-4916(77)90249-4
https://doi.org/10.1016/0370-2693(93)91746-A
https://doi.org/10.1103/PhysRev.89.1102
https://doi.org/10.1103/PhysRevLett.31.766
https://doi.org/10.1103/PhysRevC.78.034610
https://doi.org/10.1103/PhysRevC.76.014612
https://doi.org/10.1139/p56-087
https://doi.org/10.1016/j.nuclphysa.2018.10.084
https://doi.org/10.1016/S0375-9474(00)00155-X
https://doi.org/10.1016/S0375-9474(00)00155-X
https://doi.org/10.1016/0375-9474(86)90061-8
https://doi.org/10.1016/0375-9474(86)90061-8
https://doi.org/10.1103/PhysRevC.88.054618
https://doi.org/10.1134/1.1586418
https://doi.org/10.1007/s41365-018-0498-6
https://doi.org/10.1016/0375-9474(93)90607-Y
https://doi.org/10.1016/0370-2693(73)90585-6
https://doi.org/10.1103/PhysRevLett.100.132503
https://doi.org/10.1103/PhysRevLett.100.132503
https://doi.org/10.1103/PhysRevC.70.064609
https://doi.org/10.1103/PhysRevC.69.054607
https://doi.org/10.1103/PhysRevC.102.064605
https://doi.org/10.1103/PhysRevC.102.064605
https://doi.org/10.1103/PhysRevC.90.014612
https://doi.org/10.1103/PhysRevC.93.064610
https://doi.org/10.1103/PhysRevC.82.054605
https://doi.org/10.1016/j.nuclphysa.2019.05.006
https://doi.org/10.1016/j.nuclphysa.2019.05.006
https://doi.org/10.1016/j.nuclphysa.2009.04.012
https://doi.org/10.1016/j.nuclphysa.2009.04.012
https://doi.org/10.1016/0003-4916(77)90249-4
https://doi.org/10.1016/0003-4916(77)90249-4
https://doi.org/10.1016/0370-2693(93)91746-A
https://doi.org/10.1103/PhysRev.89.1102
https://doi.org/10.1103/PhysRevLett.31.766
https://doi.org/10.1103/PhysRevC.78.034610
https://doi.org/10.1103/PhysRevC.76.014612
https://doi.org/10.1139/p56-087
https://doi.org/10.1016/j.nuclphysa.2018.10.084
https://doi.org/10.1016/S0375-9474(00)00155-X
https://doi.org/10.1016/S0375-9474(00)00155-X
https://doi.org/10.1016/0375-9474(86)90061-8
https://doi.org/10.1016/0375-9474(86)90061-8
https://doi.org/10.1103/PhysRevC.88.054618
https://doi.org/10.1134/1.1586418
https://doi.org/10.1007/s41365-018-0498-6
https://doi.org/10.1016/0375-9474(93)90607-Y
https://doi.org/10.1016/0370-2693(73)90585-6
https://doi.org/10.1103/PhysRevLett.100.132503
https://doi.org/10.1103/PhysRevLett.100.132503
https://doi.org/10.1103/PhysRevC.70.064609
https://doi.org/10.1103/PhysRevC.69.054607
https://doi.org/10.1103/PhysRevC.102.064605
https://doi.org/10.1103/PhysRevC.102.064605
https://doi.org/10.1103/PhysRevC.90.014612
https://doi.org/10.1103/PhysRevC.93.064610
https://doi.org/10.1103/PhysRevC.82.054605
https://doi.org/10.1016/j.nuclphysa.2019.05.006
https://doi.org/10.1016/j.nuclphysa.2019.05.006
https://doi.org/10.1016/j.nuclphysa.2009.04.012
https://doi.org/10.1016/j.nuclphysa.2009.04.012
https://doi.org/10.1016/0003-4916(77)90249-4
https://doi.org/10.1016/0003-4916(77)90249-4
https://doi.org/10.1016/0370-2693(93)91746-A
https://doi.org/10.1103/PhysRev.89.1102
https://doi.org/10.1103/PhysRevLett.31.766
https://doi.org/10.1103/PhysRevC.78.034610
https://doi.org/10.1103/PhysRevC.76.014612
https://doi.org/10.1103/PhysRevC.102.064605
https://doi.org/10.1103/PhysRevC.102.064605
https://doi.org/10.1103/PhysRevC.90.014612
https://doi.org/10.1103/PhysRevC.93.064610
https://doi.org/10.1103/PhysRevC.82.054605
https://doi.org/10.1016/j.nuclphysa.2019.05.006
https://doi.org/10.1016/j.nuclphysa.2019.05.006
https://doi.org/10.1016/j.nuclphysa.2009.04.012
https://doi.org/10.1016/j.nuclphysa.2009.04.012
https://doi.org/10.1016/0003-4916(77)90249-4
https://doi.org/10.1016/0003-4916(77)90249-4
https://doi.org/10.1016/0370-2693(93)91746-A
https://doi.org/10.1103/PhysRev.89.1102
https://doi.org/10.1103/PhysRevLett.31.766
https://doi.org/10.1103/PhysRevC.78.034610
https://doi.org/10.1103/PhysRevC.76.014612
https://doi.org/10.1139/p56-087
https://doi.org/10.1016/j.nuclphysa.2018.10.084
https://doi.org/10.1016/S0375-9474(00)00155-X
https://doi.org/10.1016/S0375-9474(00)00155-X
https://doi.org/10.1016/0375-9474(86)90061-8
https://doi.org/10.1016/0375-9474(86)90061-8
https://doi.org/10.1103/PhysRevC.88.054618
https://doi.org/10.1134/1.1586418
https://doi.org/10.1007/s41365-018-0498-6
https://doi.org/10.1016/0375-9474(93)90607-Y
https://doi.org/10.1016/0370-2693(73)90585-6
https://doi.org/10.1103/PhysRevLett.100.132503
https://doi.org/10.1103/PhysRevLett.100.132503
https://doi.org/10.1103/PhysRevC.70.064609
https://doi.org/10.1103/PhysRevC.69.054607
https://doi.org/10.1139/p56-087
https://doi.org/10.1016/j.nuclphysa.2018.10.084
https://doi.org/10.1016/S0375-9474(00)00155-X
https://doi.org/10.1016/S0375-9474(00)00155-X
https://doi.org/10.1016/0375-9474(86)90061-8
https://doi.org/10.1016/0375-9474(86)90061-8
https://doi.org/10.1103/PhysRevC.88.054618
https://doi.org/10.1134/1.1586418
https://doi.org/10.1007/s41365-018-0498-6
https://doi.org/10.1016/0375-9474(93)90607-Y
https://doi.org/10.1016/0370-2693(73)90585-6
https://doi.org/10.1103/PhysRevLett.100.132503
https://doi.org/10.1103/PhysRevLett.100.132503
https://doi.org/10.1103/PhysRevC.70.064609
https://doi.org/10.1103/PhysRevC.69.054607
https://doi.org/10.1103/PhysRevC.102.064605
https://doi.org/10.1103/PhysRevC.102.064605
https://doi.org/10.1103/PhysRevC.90.014612
https://doi.org/10.1103/PhysRevC.93.064610
https://doi.org/10.1103/PhysRevC.82.054605
https://doi.org/10.1016/j.nuclphysa.2019.05.006
https://doi.org/10.1016/j.nuclphysa.2019.05.006
https://doi.org/10.1016/j.nuclphysa.2009.04.012
https://doi.org/10.1016/j.nuclphysa.2009.04.012
https://doi.org/10.1016/0003-4916(77)90249-4
https://doi.org/10.1016/0003-4916(77)90249-4
https://doi.org/10.1016/0370-2693(93)91746-A
https://doi.org/10.1103/PhysRev.89.1102
https://doi.org/10.1103/PhysRevLett.31.766
https://doi.org/10.1103/PhysRevC.78.034610
https://doi.org/10.1103/PhysRevC.76.014612
https://doi.org/10.1139/p56-087
https://doi.org/10.1016/j.nuclphysa.2018.10.084
https://doi.org/10.1016/S0375-9474(00)00155-X
https://doi.org/10.1016/S0375-9474(00)00155-X
https://doi.org/10.1016/0375-9474(86)90061-8
https://doi.org/10.1016/0375-9474(86)90061-8
https://doi.org/10.1103/PhysRevC.88.054618
https://doi.org/10.1134/1.1586418
https://doi.org/10.1007/s41365-018-0498-6
https://doi.org/10.1016/0375-9474(93)90607-Y
https://doi.org/10.1016/0370-2693(73)90585-6
https://doi.org/10.1103/PhysRevLett.100.132503
https://doi.org/10.1103/PhysRevLett.100.132503
https://doi.org/10.1103/PhysRevC.70.064609
https://doi.org/10.1103/PhysRevC.69.054607
https://doi.org/10.1103/PhysRevC.102.064605
https://doi.org/10.1103/PhysRevC.102.064605
https://doi.org/10.1103/PhysRevC.90.014612
https://doi.org/10.1103/PhysRevC.93.064610
https://doi.org/10.1103/PhysRevC.82.054605
https://doi.org/10.1016/j.nuclphysa.2019.05.006
https://doi.org/10.1016/j.nuclphysa.2019.05.006
https://doi.org/10.1016/j.nuclphysa.2009.04.012
https://doi.org/10.1016/j.nuclphysa.2009.04.012
https://doi.org/10.1016/0003-4916(77)90249-4
https://doi.org/10.1016/0003-4916(77)90249-4
https://doi.org/10.1016/0370-2693(93)91746-A
https://doi.org/10.1103/PhysRev.89.1102
https://doi.org/10.1103/PhysRevLett.31.766
https://doi.org/10.1103/PhysRevC.78.034610
https://doi.org/10.1103/PhysRevC.76.014612
https://doi.org/10.1139/p56-087
https://doi.org/10.1016/j.nuclphysa.2018.10.084
https://doi.org/10.1016/S0375-9474(00)00155-X
https://doi.org/10.1016/S0375-9474(00)00155-X
https://doi.org/10.1016/0375-9474(86)90061-8
https://doi.org/10.1016/0375-9474(86)90061-8
https://doi.org/10.1103/PhysRevC.88.054618
https://doi.org/10.1134/1.1586418
https://doi.org/10.1007/s41365-018-0498-6
https://doi.org/10.1016/0375-9474(93)90607-Y
https://doi.org/10.1016/0370-2693(73)90585-6
https://doi.org/10.1103/PhysRevLett.100.132503
https://doi.org/10.1103/PhysRevLett.100.132503
https://doi.org/10.1103/PhysRevC.70.064609
https://doi.org/10.1103/PhysRevC.69.054607
https://doi.org/10.1103/PhysRevC.102.064605
https://doi.org/10.1103/PhysRevC.102.064605
https://doi.org/10.1103/PhysRevC.90.014612
https://doi.org/10.1103/PhysRevC.93.064610
https://doi.org/10.1103/PhysRevC.82.054605
https://doi.org/10.1016/j.nuclphysa.2019.05.006
https://doi.org/10.1016/j.nuclphysa.2019.05.006
https://doi.org/10.1016/j.nuclphysa.2009.04.012
https://doi.org/10.1016/j.nuclphysa.2009.04.012
https://doi.org/10.1016/0003-4916(77)90249-4
https://doi.org/10.1016/0003-4916(77)90249-4
https://doi.org/10.1016/0370-2693(93)91746-A
https://doi.org/10.1103/PhysRev.89.1102
https://doi.org/10.1103/PhysRevLett.31.766
https://doi.org/10.1103/PhysRevC.78.034610
https://doi.org/10.1103/PhysRevC.76.014612
https://doi.org/10.1103/PhysRevC.102.064605
https://doi.org/10.1103/PhysRevC.102.064605
https://doi.org/10.1103/PhysRevC.90.014612
https://doi.org/10.1103/PhysRevC.93.064610
https://doi.org/10.1103/PhysRevC.82.054605
https://doi.org/10.1016/j.nuclphysa.2019.05.006
https://doi.org/10.1016/j.nuclphysa.2019.05.006
https://doi.org/10.1016/j.nuclphysa.2009.04.012
https://doi.org/10.1016/j.nuclphysa.2009.04.012
https://doi.org/10.1016/0003-4916(77)90249-4
https://doi.org/10.1016/0003-4916(77)90249-4
https://doi.org/10.1016/0370-2693(93)91746-A
https://doi.org/10.1103/PhysRev.89.1102
https://doi.org/10.1103/PhysRevLett.31.766
https://doi.org/10.1103/PhysRevC.78.034610
https://doi.org/10.1103/PhysRevC.76.014612
https://doi.org/10.1139/p56-087
https://doi.org/10.1016/j.nuclphysa.2018.10.084
https://doi.org/10.1016/S0375-9474(00)00155-X
https://doi.org/10.1016/S0375-9474(00)00155-X
https://doi.org/10.1016/0375-9474(86)90061-8
https://doi.org/10.1016/0375-9474(86)90061-8
https://doi.org/10.1103/PhysRevC.88.054618
https://doi.org/10.1134/1.1586418
https://doi.org/10.1007/s41365-018-0498-6
https://doi.org/10.1016/0375-9474(93)90607-Y
https://doi.org/10.1016/0370-2693(73)90585-6
https://doi.org/10.1103/PhysRevLett.100.132503
https://doi.org/10.1103/PhysRevLett.100.132503
https://doi.org/10.1103/PhysRevC.70.064609
https://doi.org/10.1103/PhysRevC.69.054607
https://doi.org/10.1139/p56-087
https://doi.org/10.1016/j.nuclphysa.2018.10.084
https://doi.org/10.1016/S0375-9474(00)00155-X
https://doi.org/10.1016/S0375-9474(00)00155-X
https://doi.org/10.1016/0375-9474(86)90061-8
https://doi.org/10.1016/0375-9474(86)90061-8
https://doi.org/10.1103/PhysRevC.88.054618
https://doi.org/10.1134/1.1586418
https://doi.org/10.1007/s41365-018-0498-6
https://doi.org/10.1016/0375-9474(93)90607-Y
https://doi.org/10.1016/0370-2693(73)90585-6
https://doi.org/10.1103/PhysRevLett.100.132503
https://doi.org/10.1103/PhysRevLett.100.132503
https://doi.org/10.1103/PhysRevC.70.064609
https://doi.org/10.1103/PhysRevC.69.054607

	I INTRODUCTION
	II THEORETICAL METHOD
	A The potential
	B The evaporation cross section

	III RESULTS
	IV SUMMARY AND CONCLUSION

