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1. Introduction

The investigation of transfermium elements expands our knowledge of
the single-particle structure, location of the shell closures, and decay modes
of heaviest nuclei. The experiments on complete fusion reactions with 4*Ca
beam and various actinide targets were successfully carried out at FLNR
(Dubna), GSI (Darmstadt), and LBNL (Berkeley) [1-7] in order to synthe-
size superheavy nuclei with Z = 112-118.

The further extension of the superheavy region could be reached with
complete fusion reactions with projectiles ®°Ti and ®*Cr, and actinide tar-
gets. New isotopes of heaviest nuclei could be produced either in complete
fusion reactions with stable and radioactive beams or in the multinucleon
transfer reactions. Each way has to be studied to choose the optimal one
for certain new nucleus or isotope.

* Presented at the XXII Nuclear Physics Workshop “Marie and Pierre Curie”, Kazimierz
Dolny, Poland, September 22-27, 2015.
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Although the low cross sections for production of superheavy nuclei of-
fer rather restricted nuclear-structure information, in recent years a set of
the experimental data on the structure of the heaviest nuclei has been con-
siderably increased. The structure of superheavies crucially influences their
evaporation residue cross sections [8].

The systematic of cross sections and half-lives of the SHE obtained in
Dubna with 8Ca induced reactions reveals the increasing stability of nuclei
approaching the spherical closed shell N = 184. No discontinuity is observed
when the proton number 114 is crossed at the neutron numbers 172 to 176.
As known, the shell at Z = 114 disappears in the relativistic and nonrela-
tivistic mean field models [9,10]. The island of stability close to the element
Z =120, or 124, or 126 and N = 184 was predicted within these models. If
these predictions are correct, the survival probability of compound nucleus
with Z > 120 may be higher than that of compound nucleus with Z = 114
if the shell closure at Z > 120 has a stronger influence on the stability of
the SHE than the subshell closure at Z = 114. Then, there is some hope to
synthesize new SHE with Z > 120 by using the present experimental setup.

2. Trends of survival probabilities

The dinuclear system (DNS) model [11] is successful in describing fusion—
evaporation reactions especially related to the production of superheavy nu-
clei. In the DNS model, the compound nucleus is reached by a diffusion of
nucleons from the light nucleus to the heavy one. The evaporation residue
cross section is written as

Umn(Ecm) = UF&TS(E )Wmn(Ecmano)a (1)

where the effective fusion cross section

wh?

MEcm
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depends on the probability Pon of complete fusion, which takes into account
the competition between complete fusion and quasifission, and capture cross
section. In (1), Wgy, is the survival probability [11]. Here, the collisions of
deformed nuclei are taken into account at any orientations. The effective
nucleus—nucleus potential

Vi(R,0;) = W(R,0;) + Vo(R,0;) + h*J(J +1)/(23)
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is calculated as a sum of nuclear Vi, Coulomb Vi and centrifugal interactions
(3 is the moment of inertia) and approximated near the Coulomb barrier at
R = Ry by the inverted harmonic-oscillator potential with the barrier height
Vi(Ry, ©;) and frequency w;(©;). The angular momentum dependence of
survival probability is taken into account as in Ref. [8].

Using Eq. (1), one can extract the value of survival probability at zero
angular momentum from the experimental cross section o4y (Eem) as

Wan(Eem, J = 0) = 0559 (Eem) | 088 (Berm) (3)

With the reduction to the zero angular momentum, the survival probabil-
ity becomes independent of the projectile-target combination. The fusion
probability and, correspondingly, the effective fusion cross section affs (Eem)
decreases by about 2 orders of magnitude with increasing the charge number
of compound nucleus from Z = 112 to Z = 118 (Fig. 1). The contribution
of quasi-fission to the reaction cross section strongly increases with Z due
to the increasing Coulomb repulsion in the DNS.
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Fig. 1. Effective fusion cross section as a function of mass number of compound
nucleus in **Ca-induced fusion reactions at E., corresponding to the maximum
yields in the 3n evaporation channel. Actinide targets are indicated.

In Fig. 2, the extracted values of W3, and Wy, increase with Z beyond
expected magic proton number Z = 114. This indicates an increase of the
stability of SHE beyond Z = 114. The experimental error bars are the origin
of the error bars in the deduced W,.,,. Since the fission barrier is determined
by the shell correction energy, the absolute value of the shell correction
energy is expected to increase with Z. The shell correction energy strongly
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depends on that how the neutron and proton numbers of the compound
nucleus are close to the magic proton and neutron numbers. The found
experimental trend of @Q,-values in the a-decay chains also indicates the
monotonic increase of the amplitude of the ground state shell correction
energy with charge number in the region Z = 112-118 [12]. One can expect
increasing stability of nuclei approaching the closed neutron N = 184 shell.
However, in Fig. 2 W3, (335116) < W3, (395118). This probably indicates
that Z = 114 is not a proper proton magic number and the next doubly
magic nucleus beyond 2°®Pb is the nucleus with Z > 120. The shell closure
at Z > 120 may influence stronger on the stability of the SHE than the
sub-shell closure at Z = 114. Note that the experimental uncertainties seem
to be too small to overcome the trends presented in Fig. 2.
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Fig.2. The survival probabilities of SHE in 3n-and 4n-channels, extracted from

the experimental o2P [1], as functions of mass number of the compound nucleus.

For the reaction **Ca+233U, the experimental o5." from Ref. [12] is used as well.

3. Properties of superheavy nuclei

The microscopic—macroscopic approaches provide a powerful tool for sys-
tematic calculations and predictions which are important for the experiments
planned. One of these approaches is based on the two-center shell model
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(TCSM) [13]. Calculating the quadrupole and hexadecapole moments, one
can find the relationship between the deformation parameters used in the
TCSM, and the parameters of quadrupole 85 and hexadecapole 34 deforma-
tion used in the models of Refs. [14,15]. The ground state of the nucleus
is resulted from the calculation of the potential energy surface as a func-
tion of deformation parameters [16]. The ground state of 24*Fm is found
at B2 = 0.26 and B4 = 0.03. For comparison, in Ref. [15] f2 = 0.235 and
B4 = 0.049 for this nucleus. The ground state of 2"°Hs is found at 8y = 0.25
and B4 = —0.03. In Ref. [15], B2 = 0.231 and 4 = —0.086 are predicted
for this nucleus. While in 268:269.270.271 g~ the microscopic corrections in
Ref. [15] are —5.95, —6.38, —6.54, and —6.64 MeV, respectively, we get
—5.75, —6.37, —6.1, and —6.0 MeV. So, the performed modification of the
TCSM for nuclear structure calculations seems to be well confident.

As seen in Fig. 3, the calculated @), are in a good, within 0.3 MeV,
agreement with the available experimental data. The shell effects at Z = 114
and N = 172-176 provide rather weak dependence of @, on N. The strong
role of the shell at N = 184 is reflected in the well pronounced minimum
of Q. For comparison, the Q,-values predicted in Ref. [15] are shown in
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Fig.3. Calculated a-decay energies (symbols connected by lines) are compared
with available experimental data (symbols) [1,2,4,6] for nuclei with Z > 107.
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Fig. 4. As in our case, the dependence of (), on N becomes weaker at
N = 172-176 with the data of Ref. [15]. The small role of N = 184 and
Z = 120-126 is seen in Fig. 4. The phenomenological model [17] results
in no shell effects at N = 162 and at N = 172-176. However, as in our
calculations, there is a strong evidence of the shell closure at N = 184.
The details of our calculations are presented in Ref. [18]. The paring was
treated with the BCS approximation. For odd-masses, the blocking effect

was effectively taken into account [18].
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Fig.4. a-decay energies (symblos connected by lines) calculated with the macro-
scopic—microscopic model [15] for nuclei with Z > 107.

The value of survival probability strongly depends on By — B,,, the differ-
ence between the height By of the fission barrier and the neutron separation
energy B),. The value of By is assumed to be mainly determined by the am-
plitude of the shell correction in the ground state for nuclei with Z > 106.
This assumption could cause the main uncertainty in the definition of sur-
vival probability. At fixed charge number, the predicted values of B,, steadily
decrease in the region of N > 170 with increasing IN. The values of B, pre-
dicted with different models vary within 0.5 MeV and the shell effects or
By cause the difference in the dependencies of By — B, on N. As seen in
Fig. 5, our macroscopic—microscopic approach provides stronger shell effects
at Z = 120-126 than at Z = 114. Since for nuclei with Z = 120-126 the
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values of @, are minimal at Z = 120 (Fig. 3) where the fission barriers are
rather high, the nuclei with Z = 120 and N = 180-184 are expected to be
the most stable nuclei beyond those with Z = 114 and N = 176-178. The
shell closure at Z = 120 is expected to be in accordance with the relativistic
mean-field model as well.
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Fig.5. The isotopic dependence of the value of By — B,, with the TCSM data. The
fission barrier By is assumed to be an absolute value of the shell correction in the
ground state of the nucleus. The results for the isotopes related to the indicated
even charge number Z are shown by symbols connected by lines.

In Fig. 6, the energies of two-quasiparticle states are presented for the
nuclei of o decay chains of 2762%8120. While for nuclei with Z < 118 the
first two-quasiproton states have energies smaller than 1.2 MeV, in 296:298120
the energies of the first two-quasiproton state are at about 1.9 MeV. This
indicates the larger gap in the proton single-particle spectrum. So, the shell
effects become stronger beyond Z = 114.
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Fig.6. Calculated energies of the lowest two-quasiproton states in the indicated
nuclei of a-decay chains of 3°8126 (solid squares), 310126 (open circles), and 32126
(open triangles) nuclei.

4. Expected cross sections

The available experimental ogr for Z < 118 are well described [11] with
our approach. The evaporation residue cross sections at the maxima of
(2-4)n excitation functions and corresponding optimal excitation energies
E¢y calculated with the mass tables of Ref. [15] are presented in Fig. 7 for
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Fig. 7. The evaporation residue cross sections in the maxima of excitation functions
versus charge number Z for the reactions *8Ca, °OTi, ®Cr, *8Fe, 64Ni+ 238U, 244Py,
248Cm, 249Cf. The predicted properties of superheavy nuclei from Ref. [18] are used.
The excitation energies of compound nuclei are given in brackets.
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the reactions *0Ti, 54Cr, 98Fe, 64Ni + 238U, 244Py, 248Cm, 249Cf. The values
of ogr decrease by about two—three orders of magnitude with increasing the
charge number of the target from 92 to 98. Only the projectiles °Ti, 4Cr
result in the production cross section of Z = 114, 116, 118 on the level of the
present experimental possibilities. The stronger shell effect revealed here for
nuclei with Z > 118 result in larger survival probabilities and larger values
of OER-

In Fig. 8, the dependence of ogr on the mass number of the target
nucleus is shown. As in Ref. [19], the isotopic dependence of ogg is rather
weak in the treated interval of A. There is certain interval of mass number
of target nucleus where the product PonWgy weakly changes.
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Fig. 8. The evaporation residue cross sections in the maxima of excitation functions
of the reactions **Ca+4Pu versus A. The excitation energies of compound nuclei
are given in brackets.

5. Summary

The calculations performed with the modified TCSM reveal quite strong
shell effects at Z = 120-126. So, our macroscopic—microscopic treatment
qualitatively leads to the results close to those in the mean-field treatments.
The strong shell effect is at N = 184. If our predictions of the structure
of heaviest nuclei are correct, than one can expect the production of evap-
oration residues 120 in the reactions *°Ti+249Cf and *Cr+2*8Cm with the
cross sections 23 and 10 fb. The Z = 120 nuclei with N = 178-182 are
expected to have @), about 11 MeV and life time of about 1s. These Q.
are in a fair agreement with Ref. [17] and about 2 MeV smaller than in
Refs. [14,15]. The experimental detection of @, for at least one isotope of
Z = 120 nucleus would help us to set the proper shell model for Z > 118.
Note that the definition of maxima of the excitation functions provides the
good test for the predictions of the models as well.
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