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The relativistic mean field theory with the scalar selfinteraction has been applied
to the self-consistent calculation of ground state properties of superheavy nu-
clei. The binding energies, single particle proton and neutron levels, densities and
other observables are analyzed for nuclei with large proton and neutron numbers.
The positions of the magic gaps in the superheavy region are evaluated and com-
pared with other self consistent calculations. The implications on the stability of
superheavy nuclei are discussed.

1. Introduction

The discoveries of several new superheavy clements with atomic numbers as large as
Z = 112 have been reported recently [1, 2, 3, 4, 5, 6]. Thesc elements arc already very
close to the alleged island of stability in the superheavy region (Z=114). Although the
synthesis and detection of new superheavy nuclei is confronted with enormous difficul-
ties, experimental efforts arc being made currently at the laboratories in GSI, Dubna,
Berkeley and GANIL {7].

Among various theoretical approaches to the heaviest clements, the macroscopic—
microscopic methods [8, 9, 10] are most often used to calculate and predict the properties
of superheavy nuclei: Usually, one of the variants of the liquid drop model is used as
the macroscopic part of this approach. The microscopic part usually involves models
based on a single-particle picture: The detailed review of the macroscopic-microscopic
approaches can be found clsewhere (sce e.g. [9] and references therein). However,
the macroscopic-microscopic approach, despite its success, is only an approximation
to the self-consistent theorics (c.g. Hartree-Fock) and suffers from the lack of their
self-consistent coupling between the macroscopic and microscopic contributions to the
total encrgy. In particular, the macroscopic-microscopic method requires some a priori
knowledge about the densitics and single--particle potentials expected. _This may break
down when extrapolating into the unknown region of superheavy nuclei where more
complicated density dependences may occur. Such effects are naturally included in the
sclf-consistent nuclear models.
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The models based on self-consistent theorics (c.g. Skyrme-Hartree-Fock or rela-
tivistic mean-field approaches) are certainly much more suitable for the calculations of
structure of nuclel. Until very recently, however, the self-consistent. models Were ap-
plicd only scarcely for large-scale calculations of superheavy nuclei; their applications
were limited mostly to calculations of some specific features of superheavy nuclei. In
addition, the predictive power of the effective interactions used was not sufficient for
reliable conclusions.

Recently the ground-state. properties of the superheavy clements with 18< Z <
128 and 150 < N < 192 were investigated using the Skyrme-Hartree-Fock method
[11} and the relativistic Hartree-Bogoliubov calculations were performed for nuclei with
Z =110~114and N = 154—190 [12]. Both studies have demonstrated the ability of the
current self-consistent approaches to be competitive with the macroscopic-microscopic
methods for the calculations of superhcavy elements.

The nonlinear relativistic mean—ficld theory (RMFT) [13] has alrcady been proven
to be a reliable tool for the calculations of ground-state propertics of finite nuclei in
the vicinity of the valley of stability (sce c.g. [15] and references therein). The aim
of the present work is to apply the RMFT theory to the prediction of propertics of
exotic superheavy elements and to study the problem of their shell stability. The paper
Is organized as follows. The relativistic mean field theory is briefly deseribed in Sec.
2. Sce. 3 is devoted to the results obtained and their discussion. In subscction 3.1
the single-particle structure of the superheavy nuclei is investigated.  Subsection 3.2
contains the results concerning the density distributions of superheavy clements. Q,
values and implications for the stability of superheavy nuclei are discussed in subscction
3.3. Eumzeﬁdcs&,pmmccm arc contained in Scc. 4. . .

2. RMFT

Our starting point is the Lagrangian density which includes the baryon field. (1)),
neutral scalar and vector meson fields (0, w), the isovector p meson field together with
an electromagnetic interaction in a renormalizable ficld theory.  In addition, the cubic
and quartic self-interactions of the scalar meson field have been added to allow the
model enough flexibility in momoigzm nuclear properties.

The full Ladrangian density reads:

L = P(iy 0" — M)y
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where the symbols used have their usual meaning [14]. . .
The first line of eq.(1) describes the nucleon (1) part of the h@mgsm_ms density. Hro
sccond line is the standard scalar o-meson term with cubic and quartic selfinteractions
1

U(0) = 350 (g00)° + 160(g00)". @)

The strengths of these selfcouplings are given by the dimensionless oo:.mgbmm by, and
¢s- The third line contains the vector w-meson part of £. The fourth line movwommswm
the contribution of the isovector p field and the last line describes the electromagnetic
interaction. The field tensors are given by usual expessions

W = B — Bt
[ o"p" - 0" p* @)
Freo= 9r4v - §vAr,

I

In the following we restrict oursclves to the mean field (i.e. meson mm_a.m are replaced
by their expectation values) and no-sea (i.e. we neglect the mmanam. of m:i@.wg_.n_omv.mv-
proximations. In addition, we suppose the spherical symmetry which greatly simplifies
numerical evaluations. As a consequence, only the time-like components (wq(r) and
poo(r)) of the vector meson fields w, and Puv survive. The space-like components
vanish identically. . .

Using the usual ansatz for the Dirac &:ﬁm»@ﬁﬂ&m spinors [14]

11 iGy(r)®jm ()
Vo) = tmtr) = 2| il @

with [ H JE1/2forl=jF1/2 and ¥/, (1) UQ.B@ the spinor spherical harmonics [14]
we obtain the following coupled pair of radial Dirac equations for the upper (G4) and
lower (F,) components

Am + mv Galr) = [M~U(r) = V(r) +ea] Fa(r), 5)
dr " r . ;

Awﬂ - WV Fu(r)

The scalar potential U(r) is given simply by

[M —=U(r) + V{r) — ea] Ga(r). ‘ (6)

Il

U(r) = goo(r), (7)
while the vector potential V(r) has a more complicated structure,
1- q.uv
V(r) = guwo(r) + g,73p00(r) + rmlm.»o?v. (8)

Here o denotes the spin and angular quantum numbers and « is the Dirac quantum
number given by

IIC..TH\mvmcnk.HN+H\w
znﬁ +(G+1/2) for j=1-1/2. (9)
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The quantity 73 = 41 for neutrons and 73 = —1 for protons.
The meson and photonGelds obey the radial Laplace equations
d? o 9 )
o2~ Mo [ro(r)] = —g,r Abw?v ~ b M [goo(r)]” - ¢, Fnil_,@ , (10)
&’ 2
% -m, T.Eo?.v”_ = —g.TpB Aﬁ.y AHHV
@ 2 (3)
@z "M ) [rpoo(r)] = ~g,rp® (), (12)
&N
g2 P = —erpP(r), (13)
where the sources are determined by the corresponding densities in the static nucleus
Namely, .
occ. occe. AM +Hv
_ o _ o . ;
ps(r) M Va(r)¥a(r) = M - (Ga(r) = F2(n)], (14)
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where we adopt the following single-particle wave function normalization

| \c T[@) + R dr = 1.

An expression for the total energy of the finite system can be derived

(17)

(18)

from the

Lagrangian (1) in the standard way [14, 15]. After some manipulations we finally

obtain the following formula

1

3 eq\_NEQQ?.:u

. 1
Ermpa = MUS? +1)e, + 5 \&n 9o0(r)ps(r)

o

1
= 50l8. 00" ~ g (r)n (1) - edy(r)pPr)

(19)

In @.&Q;EF this cnergy should be corrected for the spurious centre-of~mass (c.m.)
motion. The nonrelativistic harmonic oscillator estimate for the c.m. CNergy correction

= BT A8 e e
Eery = 414 /3 was used. In the case of the calculations of the open she

Il nucled,
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Table 1.Coupling constants and masses for the non-linear parameter set NL-SH [16] and derived
nuclear matter properties.

Masses Coupling constants
mg = 526.059 MeV 9o = 10.444

by = 0.0012746

¢co = —0.0013308
m, = 783.000 MeV ’ go = 12.945
M, = 763.000 MeV 9, = 4.383
M = 939.000 MeV
Nuclear matter properties.

P ] 0.146 fm™3
(E/A)oo . - 16.43 MeV
K - ‘ 355 MeV
J 36.1 MeV
M*/M 0.60

the schematic BCS pairing was applied using a constant pairing gap formalism and the
pairing energy has been added to the total cnergy. ,

The sct of equations presented in this section have to be solved by iteration up to
the sclf-consistency is achieved.

The RMFT calculations have been performed using the NL-SH [16] parameter set.
Tha values of the parameters and the nuclear matter properties obtained in the calcu-
lations using them are listed in Table 1. This set gives a very good description of nuclei
along the stability line as well as of neutron-rich nuclei. This can be largely attributed
to the proper isovector properties of the parameter set used with an asymmetry energy
J ~ 36 MeV.

3. Results and discussion

3.1. Single—particle levels

The single-particle level structure close to the Fermi surface strongly influences the
stability properties of nuclei at the ground-state. The position of the magic gaps in the
superheavy nuclei region is of great interest as it is believed that around the doubly
magic nuclei the island of stability should exist. These expectations are based primarily
upon phenomenological models such as the Woods-Saxon single-particle potential with
the universal variant of parameters {17} or the folded—Yukawa single-particle potential
(8,9, 10]. The 2=114 and N=184 arc expected to be the magic numbers in the region
of the superheavy clements.

The superheavy nuclei are expected to be axially and reflection synmunetric or spheri-
cal in their ground state {19]. The :E.Q.cmnoEni:inncmnc?n calculations have indicated
that the isotones along the N=184 line are spherical [9] and the isotopes with Z=114
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Single-Particle Levels of Nuclei with Z=114
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Fig. 1. Spherical neutron and proton single particle levels in 2%8114,5, and 312114525 nuclei
predicted in the RMFT approach.

are spherical [19] or only weakly deformed [9]. We have thus restricted our calculations
to spherical nuclei only, which are much casier maintained.

We have performed a rather extensive study of the spherical single-particle spectra
for the superheavy nuclei using the RMFT approach with the N L-SH parameters. The
results obtained are illustrated in F ig. 1 for the *114 and 3#2114 nuclei. This figure
exhibits general features of the proton and neutron single-particle levels obtained in
our calculations.

For the neutrons, the big shell gap at N =184 can be seen. The next large spherical
shell closure is predicted at N =228. These results agree well with other self-consistent
calculations (both, relativistic: and nonrelativistic) [11, 12, 18] and phenomenological
wwcaomgom [8],which also predict the neutron magic numbers at superheavy nuclei re-
gon to be N=184 and N=228. However, below N=184, two smaller mmvw<m0n N=164
and N=172 can be seen in our calculations.

For the protons, we found the large shell gap at Z=138. The proton numbers. Z=114
and Z=120 also exhibit large gaps around 1.8 MeV. Smaller, however, stiil well profound
shell gap can be seen at Z=106. The results obtained agree with the phenomenological
calculations [19, 8], where the magic gap at Z=114 was observed, and arc consistent
with other RMFT calculations in which the shell closure at Z=114 {12, 18] and Z=120
[18] were also predicted. However, we have not obtained any :::A.N.mc: of the shell
closure at Z=126 as in rof. [11], where the extensive Skyrme-Hartree-Fock calculations
of superheavy nuclei with various Skyrnie forces were performed.

The present RMFT caleulations suggest that the 2%%114,4, and 391120, 44 nuclei
are of doubly magic character; the next doubly magic supcrheavy nucleus should be
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Fig. 2. Proton (thick line) and neutron (thin line) densities for the **114 nucleus as predicted
by RMFT with the NL-SH parameters.

356138,5. Taking into account an obscrved region of enhanced stability for nuclei near
deformed shells Z=106-108 and N=162-164 [7) (sec shell gaps for Z=106 and N=164
in our spherical RMFT calculations), the pronounce shell gap at N=172 opens the
possibility that the 2861147, nucleus may also possesses an enhanced stability. This
is an important fact for scarching the superheavy clements, as the 28611475 may be
reached by a suitable combination of target and projectile nuclci (see [7]), while there
is no such a combination to reach the doubly magic 298114,5, one at present.

3.2. Neutron and proton densities

Nucleon densitics of superheavy elements resemble those of neutron-rich nuclei. In
Fig. 2 we consider the nucleus **114 with Z=114 and N=184. Here we have for the
ratio of the densitics p,/p, ~ 1.5 over the interior of the nucleus and larger for r > 7
fm. The additional neutrons form the neutron skin around the core of the nucleus; its
thickness is ~0.28 fm if measured as a difference of neutron and proton root—mean—
square (rms) radii.

In Fig. 3 we sce the effect of removing 2 valence ncutrons (2v(ds, /2)) from the
98114 nucleus. The neutron density of the 26114 nucleus exhibits 2 strong depression
in the centre of the nucleus, as the s, /2 neutrons contribute mainly to the central region
of the nucleus. This depression reaches almost 30%. One can also see that removing
these 2 neutrons causes 15% depression in the proton density of the 29114 nucleus in
comparison with the 28114 one.

3.3. Implications. for the stability of superheavy elements

One of the most, predominant mode of decay of the superheavy clements is - decay.
The single most important quantity determining the co-decay half-lives is the Qa value
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Fig. 3. Proton and neutron densities of 98114 nucleus {solid lines) in comparison with densities

206 : :
of the **°114 nucleus (dashed lines). One can see a deep central depression due to removing
of two valence neutrons.

of the decay. The energy released by a nucleus with N neutrons and Z protons when it
emits an a particle is given by

Qa(N,2) = BE(2,2) - BE(N, Z) + BE(N - 2,7 - 2), (20)

where BE(N,Z) and BE(N-2,Z-2) stand for the binding energies of the parent and daugh-
ter nuclei, respectively and BE(2,2) is the experimental binding energy of the a-particle
(BE(2,2)=28.296 McV). :

For the region of the enhanced stability the a-decay half-lives would be longer than
for neighbour nuclei. The T, depends on the Q, very sensitively; the change of Q, of
1 MeV may result in the change of T, of scveral orders of magnitude. The a-decay
half-lives may be evaluated by the phenomenological formula of Viola and Scaborg [20]

_om.ﬂHEN+3©%\N+A&+&J . B:,
where Z is the atomic number of the parent nucleus and a, b, ¢, d arc adjusted parameters
given in [21]. Ty, is expressed in scconds and Qa in MeV. : s

We have calculated the Qa - values - for many nuclei of the region of superheavy
clements. The most interesting result is shown in Fig. 4. This indicates that the
RMFT prediction for the Q, value of the #86114,7, nucleus is much smaller than that.
of microscopic-macroscopic predictions. Smaller Qa larger T,; thus the 28911479 nu-
cleus may be a candidate for a new relatively long-living superheavy nucleus. -

4. Summary and conclusions

We have investigated the ground-state properties of superheavy nuclei using the
relativistic mean—ficld approach with the NL-SH paramecters. Predictions have been
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Fig. 4. Qo values for Z=114 isotopic chain as calculated by RMFT in comparison with
microscopic-macroscopic calculations.

made for single-particle spectra, neutron and proton densities. The Qa values have
been calculated for some closed shell nuclei. The results indicate that nuclei with
Z=114 and Z=120 exhibit an enhanced stability. The analysis of Q, values suggests that
the 2861147, nucleus may have longer life-time in comparison with the microscopic-
macroscopic predictions.
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