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ABSTRACT

Introduction: In the present study, we evaluate the nucleon evaporation, alpha decay, and fission
widths in the fusion-fission of the 3¥Ni+231Cf and the ®4Zn + 248Cm reactions for the synthesis of
the super-heavy 399312126 nuclei. Methods: The feasibility of the synthesis of the 399312126 iso-
topes via the mentioned systems is investigated based on the widths. The widths in the excitation
energy range of E* = 10 — 100 MeV are calculated in the scope of the statistical model, in which the
level density is calculated by using the Fermi-gas model. By employing the LISE++ code, the level
densities the compound nuclei, 399312126 nuclei, are calculated to be about 10° — 105 (MeV—1)
in the energy range of interest. Results: The lifetime of the compound nuclei, 39312126 nuclei,
which are estimated based on the total width, is about 10722-10729 s. The fission has the largest
width compared to those of the alpha decay and nucleon evaporations. Hence, the 3Ni+23!Cf and
the ®Zn + 2*5Cm combinations are appropriate to the study of the mass distribution. In addition,
the large alpha decay widths suggest the 399312126 isotopes be the alpha-decay nuclei. Conclu-
sion: The results are expected to be useful for considering measurements at facilities in the near
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INTRODUCTION

Recently, super-heavy elements with atomic numbers
up to Z = 118 have been experimentally discovered

so far!-6.

However, the number of isotopes is not
diversified, and the production mechanism of super-
heavy nuclei has not been revealed up to date. It
is thought that, for heavy nuclei, the fusion mech-
anism can be proceeded through three main stages:
(i) Coulomb barrier penetration of the projectile for
the capture of target, (ii) competition of compound
nucleus formation and quasi-fission processes, and
(iii) survival probability of excited compound nucleus
by light particle evaporation against fission as shown
in Figure 1. There is a competition between fusion
and quasi-fission processes in the interaction of heavy
nuclei’=%. If the fusion is dominant over the quasi-
fission, super-heavy nuclei can be produced. Once a
hot compound nucleus is formed, it can de-excite via
evaporation or fusion-fission to exist in more stable
states. Therefore, it is necessary to study the probabil-
ity of each stage to understand the interaction mech-
anism of heavy nuclei. Notice that it is possible for
the appearance of the new doubling-magic numbers
during the fission of super-heavy nuclei. The fission
is also one of the routes reaching to the neutron-rich
heavy region.

It should be noted that the cross section for the syn-
thesis of new super-heavy elements with Z greater
than 118, which is important for understanding the
fusion mechanism, has large uncertainty. Since the
fusions of the ¥Ni + 2! Cf and the ®*Zn + 2*8Cm
combinations, respectively, lead to the unknown
309.3121 26 nuclei, they can be candidates for discover-
ing new super-heavy elements with the atomic num-
bers up to Z = 126. The cross section relevant to the
penetration of the Coulomb barrier and leading to
a contact between two colliding nuclei (process (i))
can be precisely determined in a coupled-channel cal-

10,11 The probability of neutron emission

culation
from excited compound nuclei to form super-heavy
nuclei can be calculated within the statistical model
approach (process (iii)) >3, It is believed that the
fusion-fission and quasi-fission give different fission
properties in these reactions. Hence, the fusion prob-
ability can be determined by evaluating the fusion-
fission properties in the fusions of the *3Ni + 2!Cf
and the *Zn + 2*8Cm systems.

In order to investigate the mentioned problems, the
measurements of the concerned fusions are proposed
to obtain cross sections of the synthesis of elements
with Z > 118 and to reveal the mass distribution in the
fission process. In the previous studies”$, the 8Ni +
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Figure 1: (Color online) Three stages in the synthesis of the super-heavy nuclei. The fusion-fission and light
particle emission in the third stage are concerned in this study.

251Cf and the *Zn + >*8Cm combinations have been
suggested for evaluating the fission properties due to
their small fusion cross sections. Because the syn-
thesis cross section strongly depends on the probabil-
ity of related processes, it is necessary to evaluate the
compound formation and survival probabilities. No-
tice that the probabilities of the light-particle evapo-
ration and fission are characterized by the decay- and
fission-widths. Therefore, in this study, the widths of
the neutron/proton evaporation, alpha emission, and
fission in the de-excitation of the compound nuclei,
309312196 which are formed by the 58Ni + 21 Cfand
the Zn + 2*8Cm combinations, were evaluated. Be-
sides, the level densities and lifetimes of the super-
heavy 3%%-312126 nuclei were also estimated.

THEORETICAL FRAMEWORK

As shown in Figure 1, the compound nucleus may de-
excite via light-particle evaporation or fusion-fission
processes. There is a competition between these pro-
cesses. The emission of the light particles such as neu-
tron, proton, or alpha is the main path of the evapo-
ration. The fusion-fission proceeds with fragmenta-
tion to produce lighter isotopes. The destruction of
the compound nucleus strongly depends on the prob-
ability of the decay via a certain decay mode. The de-
cay probability, P;, in an interval time, At, can be de-
scribed in terms of the partial decay width, I';, as
I

P = fﬂt (1)
where i= 6.5821x 1022 MeV.s is the reduced Planck’s
constant. The partial width can be evaluated by the
Weisskopf formula 4:

E*—Ep; (E*
(25i+1) /0 E,-a,-’:)'((E?)) dE;

mi
h2

L= 2)

2
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in which m;, s;, and E; are the mass, spin, and energy
of the emitted particle, respectively; E* and Ep; de-
note the excitation energy of the compound nucleus
and the threshold of the particle emission; o; is the
cross section for the compound-nuclide formation via
the channel of the emitted particle and daughter nu-
cleus; r;(E*p) and r; (E*) are the level densities of the
daughter and compound nuclei at excitation energies
Ep* (after emission) and E* (before emission), respec-
tively.

The fission width, which reflects the fission proba-
bility of the compound nucleus, estimated based on

Bohr-Wheeler method, is given by 131°:

dE

E'~B; pe(E* — By —E
1/ 1 ps( s —E) 3)

If=—
7" am o p(E*)

where B 7 is the fission barrier, which can be obtained
from Ref.'®17; E and p; are the kinetic energy of the
fissioning system and the level density of the fission-
ing nucleus '8 in the saddle configuration at given ex-
citation energy, respectively. Subsequently, the total
width of the de-excitation is defined as:

Diota = Lili + l—‘f (4)

The level density, p(E*), can be described in terms
of rotational (K,.) and vibrational (K,; ) parame-
ters, and the non-collective internal nuclear excita-
tion, pjur.(E*), as 1821

P (E*) = Krot. +Kvib. +pintA(E*) (5)

The coefficents of the rotational and vibrational effects
are given by

Kror. = {

1 (E;A> f(Ba, By) for deformed nuclei
(6)

1 for spherical nuclei
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and
E* _ A\ 2/3
K,ip ~ exp <0.0555 (A ) (7)
a

where I and a denote the rigid-body inertia moment

and nuclear level-density parameter in the Fermi-gas

model 2021

, respectively. Notice that the level density
is considered under point of view of the equidistant

model??. The pairing energy is simply calculated by

0 (odd — odd)
124712 (0dd — A)
24A~1/2 (even — even)

A= in MeV. (8)

The deformation-dependent function, f{8,,84), is de-
scribed in terms of the coefficients of quadrupole (f;)
and octupole (84) deformations as

S
f(B2, Ba) =1+ Eﬂz

)
457 1557
>3 B3+ 7 B2Bs

The non-collective internal nuclear excitation is de-
termined by

pint.(E*) = (10)

Sv/ma VA E — A) S exp (2\ [a(E* — A))

Since the lifetime reflects the existence of the com-
pound and/or residual nuclei in the fusion-fission
stage, this factor plays an important role in investi-
gations of the fission. The mean lifetime, 7, of excited
nuclei can be determined based on the total width as
. h
Iﬁtotal

(11)

RESULTS

The decay widths of neutron, proton, alpha, and fis-
sion in the excitation energy range of E* = 10 -100
MeV were calculated by using Equations (2) and (3).
Since the rotation energy, E,., is much smaller than
the value of E.,. + Q, the E* = E;,. + Q — Epy. is ap-
proximately equal to E* = E,. + Q where E, and
Q are the reaction energy in the center-of-mass frame
and the Q-value of the fusion, respectively. The Q-
values of the > Ni + 2! Cfand the % Zn + 2*8Cm reac-
tions are -249.6 and -260.2 MeV, respectively. Obvi-
ously, the fusions of these combinations are endother-
mic reactions because of high Coulomb barriers of
the high-Z heavy-nuclide interactions. The nuclear
level density was computed based on the Fermi-gas
model with a consideration of the equidistant space
model, as mentioned above. Notice that the LISE++

23,24

code was employed for the level density calcula-

tion. In this calculation, the shell and pairing correc-
tions '8 were included. 'The level density parameters
of a were found to be about 39.5 and 40.1 for the
309126 and the 312126 isotopes, respectively. The esti-
mated nuclear level densities of these nuclei are shown
in Figure 2. By taking the calculated level density,
the particle decay and fission widths were determined.
The quantitative results of these quantities are pre-
sented in Tables 1 and 2. A comparison of the widths
is shown in Figure 3.

Notice that the branching ratios of the partial widths
to the total ones, I';/T,q, describe the probabili-
ties of decays or fission in the destruction process of
the compound nucleus. To investigate the observa-
tion probability of the light particle emission and the
fission from the 399312126 nuclei, we evaluated the
branching ratios of I'; /T, for the alpha decay, 1n-
, 1p-evaporations, and fission with excitation ener-
gies up to E* = 100 MeV for the 33Ni + 2! Cf and the
647n +248Cm combinations. A comparison of the ra-
tios is shown in Figure 4. The total width is the sum
of the evaporation and fission widths, as described
We found that the total widths
are approximately equal to the fission ones. Taking

in Equation (4).

the total widths into Equation (1), the probabilities
for destroying the compound nuclei, 3312126, via
all channels in an interval of one second, were esti-
mated. These values are presented in the last columns
of Tables 1 and 2. The probabilities for 1n-, 1p-
evaporations, alpha decay, and fission in a unit of time
can also be calculated based on the decay and fission
widths, I';, by usingEquation (1).

The survival time scale of the compound nuclei can be
evaluated by using the mean lifetime, which is calcu-
lated by Equation (11). The results are presented in
Figure 5, Tables 1 and 2. It was found that the life-
times of the concerned compound nuclei are in the
range of T = 10722 — 10727 in the excitation energy
range of E* = 10 - 100 MeV.

DISCUSSIONS

The level densities of the excited 30312126 isotopes
were estimated to be about 10° - 10°9 (MeV~!) in
the excitation energy range of E* = 10 - 100 MeV, as
can be seen in Figure 2. It is found that the densities
are reduced by the pairing and shell corrections. The
reduction of a few factors is observed for the 399126
isotope while it is about 1 - 2 orders of magnitude for
the other. This discrepancy can be understood by the
different energies A, in the pairing correction. As de-
scribed in the previous section, A = 12A-1/2 for the
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Figure 2: (Color online) Nuclear level densities of the 37°126 (left panel) and the 3'2126 (right panel) nuclei
were calculated based on the Fermi-gas model with the equidistant space model. The pairing and shell

corrections were considered in the calculations.
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Figure 3: Color online) Comparisons of the partial decay widths of the light particle emissions and the fis-
sion width of the fission channel in the synthesis of the >*° 126 (left panel) and the 312126 (right panel) nuclei.

even-odd 399126 isotope while it is 24A~!/2 for the
even-even 12126 nucleus.

As can be seen in Figures 3 and 4, the partial widths
are rapidly (slightly) increased by excitation energies
in the range of E* < 40 (E* > 40) MeV. This result
is explained by the weak survival of the compound
nuclei at high excited states. It is also observed that
the fission emerges as a dominant over the other de-
excitation processes. The fission widths are about 2 —
6 and 4 - 8 orders of magnitudes higher than those
of the alpha decay and neutron (or proton) evapora-
tions, respectively. The neutron widths are also larger
than those of the proton emission. These results in-
dicate that the de-excitation of the compound nu-
clei easily proceeds via fission and alpha decay rather
than nucleon evaporations in the competition of de-
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excitation channels in the third stage described in Fig-
ure 1. For measurement techniques, however, fis-
sion is not appropriate to identify new elements in the
super-heavy nuclide production. Subsequently, alpha
decay and neutron emission can be preferred to ob-
servations in laboratories. On the other hand, the re-
sults show the fact that the fragmentation strongly oc-
curs, and it overlaps the light particle emission in the
synthesis of the super-heavy nuclei. Hence, the frag-
mentation can be considered as the main source for
the production of the medium nuclei, i.e., Fe-U iso-
topes. The dominance of the fission and alpha decay
can be understood by the Coulomb repulsion of the
high-Z elements. However, this reason is not relevant
to the proton evaporation because the 1n-emission
width is much larger than that of the 1p-evaporation
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Table 1: Partial decay widths of neutron (I, ), proton (I', ), alpha (I'y, ), and fission (I'; ) for the 309126 isotope.
The lifetime (7) and decay probability (P) in an interval of At = 1 second were calculated based on the total width

E* (MeV) I, (MeV) ') (MeV) To (MeV) Iy (MeV) T (s) P

8.1 5.4E-14 2.4E-14 1.7E-08 3.6E-02 1.8E-20 5.5E+19
12.1 1.7E-09 1.1E-09 1.8E-06 6.9E-02 9.6E-21 1.0E+20
16.2 8.3E-08 5.4E-08 1.6E-05 1.1E-01 6.2E-21 1.6E+20
20.2 7.5E-07 5.0E-07 6.1E-05 1.5E-01 4.5E-21 2.2E+20
24.2 3.3E-06 2.3E-06 1.6E-04 1.9E-01 3.4E-21 2.9E+20
28.3 9.9E-06 6.9E-06 3.3E-04 2.4E-01 2.7E-21 3.7E+20
32.3 2.3E-05 1.7E-05 5.8E-04 3.0E-01 2:2E-21 4.5E+20
36.4 4.7E-05 3.4E-05 9.2E-04 3.6E-01 1.8E-21 5.4E+20
40.4 8.4E-05 6.1E-05 1.4E-03 4.2E-01 1.6E-21 6.4E+20
44.4 1.4E-04 1.0E-04 1.9E-03 4.9E-01 1.3E-21 7.5E+20
48.5 2.1E-04 1.6E-04 2.6E-03 5.6E-01 1.2E-21 8.6E+20
52.0 3.0E-04 2.2E-04 3.2E-03 6.3E-01 1.0E-21 9.7E+20
56.1 4.2E-04 3.1E-04 4.1E-03 7.2E-01 9.2E-22 1.1E+21
60.1 5.7E-04 4.3E-04 5.0E-03 8.0E-01 8.2E-22 1.2E+21
64.1 7.5E-04 5.7E-04 6.1E-03 9.0E-01 7.3E-22 1.4E+21
68.2 9.6E-04 7.3E-04 7.2E-03 9.9E-01 6.6E-22 1.5E+21
72.2 1.2E-03 9.3E-04 8.5E-03 1.1E+00 6.0E-22 1.7E+21
76.3 1.5E-03 1.2E-03 9.8E-03 1.2E+00 5.4E-22 1.8E+21
80.3 1.8E-03 1.4E-03 1.1E-02 1.3E+00 4.9E-22 2.0E+21
84.3 2.2E-03 1.7E-03 1.3E-02 1.4E+00 4.5E-22 2.2E+21
88.4 2.6E-03 2.0E-03 1.4E-02 1.6E+00 4.2E-22 2.4E+21
92.4 3.1E-03 2.4E-03 1.6E-02 1.7E+00 3.8E-22 2.6E+21
96.5 3.5E-03 2.8E-03 1.8E-02 1.8E+00 3.6E-22 2.8E+21
100.5 4.1E-03 3.2E-03 1.9E-02 2.0E+00 3.3E-22 3.0E+21

even though neutron is a neutral particle. This ex-
ception suggests more investigations for the fusion-
fission mechanism.

As mentioned, the partial width of the alpha decay is
much larger than those of In- and 1p-evaporations.
This result indicates that it is possible for the com-
pound nuclei to become the alpha-decay super-heavy
nuclei. This conclusion is also suggested by a previ-
ous study of the alpha-decay half-lives of the Z = 126
isotopes2>. Hence, the observation of the 399312126
nuclei in experiments strongly depends on the alpha-
decay half-lives. By considering the increasing ori-
entation of the widths, the neutron emission process
is predicted to be comparable to the alpha decay in
much higher energy range, ie., E* > 400 MeV. In

other words, for highly excited states of the compound
nuclei, there is a strong competition between the al-
pha decay and neutron evaporation.

Since the fission width is much larger than the widths
of the neutron/proton emissions, the evaporation-
residue cross section should be much smaller than
that of the fission. This result is totally consistent with
that observed in our previous study for the synthe-
sis cross section of the 309312126 nuclei via *3Ni +
251Cfand the ®4Zn + 2*8Cm combinations”$. Notice
that the evaporation cross sections of 309312126 were
found to be extremely small, which is in the order of
zb (102! barn)”8.

For the lifetimes of 30%:312126, it is found that the sur-
vival of the 312126 isotope is longer than that of the
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Table 2: Partial decay widths of neutron (I',), proton (I', ), alpha (I'y, ), and fission (I'; ) for the 312126 isotope.
The lifetime (7) and decay probability (P) in an interval of At = 1 second were calculated based on the total

width.

E* (MeV) T, (MeV) I, (MeV) Ty (MeV) 'y (MeV) T (s) P

8.1 1.8E-15 1.6E-18 7.1E-10 3.1E-02 2.2E-20 4.6E+19
121 6.7E-10 5.9E-11 44E-07 6.1E-02 1.1E-20 9.3E+19
16.2 5.1E-08 9.7E-09 6.1E-06 9.7E-02 6.8E-21 1.5E+20
20.2 5.4E-07 1.4E-07 2.9E-05 1.4E-01 4.8E-21 2.1E+20
24.2 2.6E-06 8.0E-07 8.5E-05 1.8E-01 3.6E-21 2.8E+20
28.3 8.2E-06 2.8E-06 1.9E-04 2.3E-01 2.8E-21 3.5E+20
323 2.0E-05 7.5E-06 3.6E-04 2.9E-01 2.3E-21 4.3E+20
36.4 4.1E-05 1.7E-05 5.9E-04 3.4E-01 1.9E-21 5.2E+20
40.4 7.4E-05 3.2E-05 9.1E-04 4.1E-01 1.6E-21 6.2E+20
44.4 1.2E-04 5.5E-05 1.3E-03 4.8E-01 1.4E-21 7.2E+20
48.5 1.9E-04 8.9E-05 1.8E-03 5.5E-01 1.2E-21 8.3E+20
52.0 2.7E-04 1.3E-04 2.3E-03 6.2E-01 1.1E-21 9.4E+20
56.1 3.8E-04 1.9E-04 3.0E-03 7.0E-01 9.4E-22 1.1E+21
60.1 5.2E-04 2.6E-04 3.7E-03 7.9E-01 8.3E-22 1.2E+21
64.1 7.0E-04 3.5E-04 4.5E-03 8.8E-01 7.5E-22 1.3E+21
68.2 9.0E-04 4.7E-04 5.5E-03 9.8E-01 6.7E-22 1.5E+21
72.2 1.1E-03 6.0E-04 6.5E-03 1.1E+00 6.1E-22 1.7E+21
76.3 1.4E-03 7.6E-04 7.5E-03 1.2E+00 5.5E-22 1.8E+21
80.3 1.7E-03 9.4E-04 8.7E-03 1.3E+00 5.0E-22 2.0E+21
84.3 2.1E-03 1.1E-03 9.9E-03 1.4E+00 4.6E-22 2.2E+21
88.4 2.5E-03 1.4E-03 1.1E-02 1.6E+00 4.2E-22 24E+21
92.4 2.9E-03 1.6E-03 1.3E-02 1.7E+00 3.9E-22 2.6E+21
96.5 3.4E-03 1.9E-03 1.4E-02 1.8E+00 3.6E-22 2.8E+21
100.5 3.9E-03 2.2E-03 1.6E-02 2.0E+00 3.3E-22 3.0E+21

other. Besides, the survival probability of these com-
pound nuclei is decreased by high excitation energies.
This can be explained by the stronger deformation of
the nuclei at highly excited states, which de-excite to
more stable states by fission or emissions of light par-
ticles.

CONCLUSION

In this study, the fusion-fission of the 58Ni + 25icf
and the %Zn + 2*3Cm reactions were considered in
the scope of the production mechanism of unknown
super-heavy isotopes, 32312126 The level densities
of these isotopes were calculated based on the Fermi-
gas model. It was found that energy levels of the con-
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cerned nuclei are rapidly increased by excitation ener-
gies. The pairing and shell corrections slightly reduce
the predicted level densities. For the competition be-
tween evaporations and fission in the de-excitation of
the compound nuclei, it was observed that the fission
is strongly dominant over the other processes. This
result leads to a high probability of fragmentation for
the medium-mass isotopes. Hence, the 58Ni + Blcf
and the Zn + 2*Cm combinations can be preferred
to the study of mass distribution in fission. On the
other hand, since the alpha decay width is much larger
than that of the evaporations, the 309312126 isotopes
are also considered to be the alpha-decay super-heavy

nuclei. In addition, it was found that the nucleon
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Figure 5: (Color online) The lifetime of the 3312126 isotopes were calculated based on the total widths in

the enegy range of E*= 10 - 100 MeV.

evaporation mechanism is also a mystery in the super-
heavy nuclide synthesis. Therefore, theoretical and
experimental studies of the synthesis of super-heavy

nuclei are strongly suggested.
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