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Theoretical studies on the properties of heavy and superheavy nuclei,
performed in recent years, are shortly reviewed. Such properties as mass
and half-lives are discussed. Even-even nuclei with proton number Z =
82-120 and neutron number N = 126-190 are considered. Prospects for
synthesis of still heavier nuclei, than obtained up to now, are outlined.

PACS numbers: 25.85. Ca, 21.10. Tg, 24.75. +i, 27.90. +b

1. Introduction

The objective of the present paper is to give a short review of recent
theoretical studies on the properties of heaviest nuclei. Such properties like
mass, modes of decay and respective half-lives are discussed. Even-even
nuclei with proton number Z = 82-120 and neutron number N = 126-190
are considered.

We concentrate on the studies performed in a macroscopic-microscopic
approach [1-8]. Reviews of somewhat earlier studies done in this approach
have been given in [9, 10].

Properties of heaviest nuclei are also studied by fully microscopic meth-
ods, like Hartree-Fock-Bogolubov [11, 12], Relativistic Mean Field [13, 14]
or Skyrme-Hartree-Fock [14] approaches.

The theoretical studies are closely connected with, and motivated by, an
intensive experimental activity in this field [15-27]. The three new elements:
110,111,112 and new (heavy) isotopes of the elements 106 (Sg), 107 (Ns),
108 (Hs) and 109 (Mt) have been obtained in these experiments.

* Presented at the XXXI Zakopane School of Physics, Zakopane, Poland, September
3-11, 1996.
** Work supported by the Polish Committee for Scientific Research (KBN), grant
no. 2 P03B 156 08.
(21)



22 A. SOBICZEWSKI

2. Specific features of heaviest nuclei
2.1. Instability

All nuclei of the considered region are unstable, i.e. radioactive. As we
are interested in the nuclei which are not too far from the (-stability line,
their main decay modes are a-decay and spontaneous fission. Both modes
are discussed in the present review. Half-lives of the heaviest nuclei already
observed, those with the atomic number Z = 110,111,112, are short. They
are in the milli- or even microseconds region.

2.2. Deformation

Most nuclei of the considered region are, or are expected to be, deformed.
This is because their outer nucleons fill up large nuclear shells. For protons,
this is the shell between the last experimentally known magic number Z =
82 and the theoretically predicted [28, 29] number Z = 114. Thus, the
shell is as large (32 protons) as the largest experimentally observed proton
shell between Z = 50 and 82. For neutrons, this is the shell between the
last experimentally known magic number N = 126 and the theoretically
predicted [28, 29] number N = 184. If the predictions are correct, this shell
would be the largest neutron shell (58 neutrons) of all those considered up
to now. The largest experimentally observed shell is between the magic
numbers: N = 82 and N = 126 (i.e. 44 neutrons).

A specific feature of the deformation of considered nuclei is that high-
multipolarity components of it are important for these nuclei. For example,
the deformation of the multipolarity A = 8, g, may increase the shell cor-
rection to energy of the nuclei by up to about 0.5 MeV [4]. Such an increase
in the shell correction to energy of a nucleus may lead to the increase of the
spontaneous-fission half-life Tyt of it by about two orders of magnitude [3].

2.3. Essential role of shell effects

Shell effects are important for all nuclei. Their role for the heaviest nuclei
is, however, essential, as many of them would simply not exist without these
effects [30].

The analysis of shell effects, performed in [30], has shown that these
effects elongate the a-decay half-lives T, by up to about 5 orders of magni-
tude, and the spontaneous-fission half-lives Ti; by up to about 15 orders of
magnitude.

A particular feature of the considered region of nuclei is that some de-
formed nuclei show shell effects which are similarly strong as the effects
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observed in spherical magic nuclei, i.e. that we observe deformed shells in
these nuclei. Specifically, effects of the deformed neutron shell at the neu-
tron number NV = 152 are experimentally observed for a long time. There is
also an increasing experimental evidence for the existence of the deformed
shells at N = 162 and Z = 108, predicted theoretically. The nucleus 270108
(*"%Hs) is expected theoretically [31, 1] to be a doubly magic deformed nu-
cleus.

3. Theoretical description

As already mentioned in the Introduction, properties of heaviest nuclei
are usually described in a macroscopic-microscopic approach, although a
purely microscopic Hartree—Fock—Bogolubov formalism is also used.

In the macroscopic-microscopic calculations, the results of which are
reviewed in this paper, the macroscopic part of the energy of a nucleus is
described by the Yukawa-plus-exponential model [32]. The microscopic part
is the Strutinski shell correction, based on the Woods—Saxon single-particle
potential [33].

The a—decay half-lives are described by the phenomenological formula
of Viola and Seaborg, but with its free parameters readjusted to account
for recent data. Details of the calculations are given in (1, 4].

The spontaneous-fission half-lives are analyzed in a dynamical way, with
the mass tensor (describing the inertia of a nucleus with respect to its de-
formation) taken into account. Details of the calculations are given in [3].

The 4-dimensional deformation space {8,}, A = 2,4, 6,8, is used where
B are the usual deformation parameters, appearing in the expression for
nuclear radius (in the intrinsic frame of reference) in terms of spherical
harmonics.

4. Main theoretical results
4.1. Shell correction

Shell correction to the ground-state mass of a heavy nucleus gives us a
first orientation in the stability of this nucleus. Figure 1, taken from [4],
shows the shell correction, Ejp, calculated for the large region of nuclei under
consideration. One can see that Fg, has three minima in this region. The
first one, which is the deepest (Fs,=-14.3 MeV), is obtained for the doubly
magic spherical nucleus 2°°Pb. The second one (Ey,=-7.2 MeV) appears
at the nucleus 27°108,63, which is predicted [1, 31] to be a doubly magic
deformed nucleus. The third minimum, with the same depth (Eg,=-7.2
MeV) as that of the second minimum, is obtained for the nucleus 29611489,
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which is close to the nucleus 2%8114;g4 predicted [28, 29] to be a doubly magic
spherical nucleus, the next one to the last experimentally known 2°8Pb. The
problem of existence of spherical superheavy nuclei is being considered for
already about 30 years [34]. Besides these three minima, there appears a
rather wide plateau around the nucleus 2**Fm, which, although having a
smaller (in absolute value) shell correction (Fsy=-5.2 MeV) than the nucleus
270108, may also be considered as a doubly magic deformed nucleus [1, 31].
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Fig. 1. Contour map of the shell correction to energy, Egy. Crosses denote the
heaviest nuclides synthesized up to now [4].

One can see in Fig. 1 that some of the already synthesized nuclei profit
by 6~7 MeV in their binding energy from the shell correction. Without this
profit they could not exist, as discussed in Sect. 2.

The appearance of the region of nuclei around the second minimum
(deformed superheavy nuclei) constitutes the main change in our view of
stability of heaviest nuclei in recent years. Before, it was believed for a long
time that spherical superheavy nuclei, predicted to be situated around the
third minimum, would constitute an island, separated from the usual penin-
sula of relatively long-lived nuclei by an “ocean” of full instability. After
the appearance of the deformed superheavy nuclei, however, the peninsula
is expected to be extended, to include also the spherical superheavy nuclei.
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4.2. Mass

It is interesting to see how well are the experimental masses reproduced
by the theoretical ones, calculated with the shell correction given in Fig. 1.
This is illustrated in Fig. 2, taken from [5], which shows the discrepancy
between the calculated and experimental masses. One can see that for most
of the considered nuclei this discrepancy is within the limits £0.25 MeV,
i.e. it is not large. The largest discrepancy is obtained for the doubly magic
nucleus 2°8Pb. The theoretical binding energy is too small for this nucleus
by about 1 MeV. One can also see that the isotopic dependence of the
theoretical mass is not correct, except only the isotopes of uranium, and it
varies from one element to another.
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Fig. 2. Discrepancies between masses calculated in [4] and experimental ones [5].

4.3. Half-lives of deformed superheavy nuclei

Figure 3 shows the spontaneous-fission and a—decay half-lives, Ty and
T, respectively, calculated for deformed superheavy nuclei situated around
the nucleus 27°108. One can clearly see the effect of the deformed N = 162
shell. A weaker effect of the N = 152 shell is also seen, especially for lighter
elements. These effects make the systematics of the half-lives quite complex.

A comparison between the calculated Tyt and T, shows that, for Z = 104,
Ty is smaller than T, for all N. For Z = 106, Ty is comparable with T,
for a large number of isotopes (N = 152-164). For higher Z, it is even
larger than T, and for an even larger number of isotopes. This seems to
be the effect of shells, mainly of that at N = 162, to which Ty is more
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Fig. 3. Logarithm of calculated spontaneous-fission (sf) and a-decay () half-lives
(given in seconds), as functions of the neutron number N, for the elements 104—
114. Experimental values are given as full symbols. The horizontal dashed line
indicates about the lowest half-life (1 us) of a nucleus, which can be detected in a
present-day set-up, after its synthesis [3].

sensitive than T,. Only for the lightest isotopes, Ty is shorter than T, for
all elements investigated.

Figure 4 gives a comparison between predicted theoretically [4] and mea-
sured values of a—decay half-lives T, for isotopes of the element 110. The
measured values are taken from [20] for 259261110 and from [26] for 273110
One can see that the measured values seem to confirm the existence of the
predicted neutron deformed shell at N = 162. When comparing the two
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Fig. 4. Comparison between predicted theoretically (open cirles) [4] and measured
(full circles) {20, 26] a—decay half-lives.

kinds of values, one should remember, however, that the theoretical ones
are obtained for even-N isotopes, while the measured values correspond to
odd-N nuclei. Assuming that the theory is about as good for 110 as it is
for the element 106 (Fig. 3), the comparison of two kinds of values gives an
estimate of the odd-neutron effect in the a-decay half-lives of isotopes of
110. One can see that the effect is about one order of magnitude or less.

4.4. Half-lives of spherical superheavy nucle

Figure 5 shows logarithm of the a—decay half-lives T,. Besides the
results for spherical superheavy nuclei (situated around the nucleus 26114),
the figure includes also the results for lighter (deformed) nuclei, to see how
well are the experimental values of T, reproduced by the calculations.

The effects of spherical shells at N = 184 and Z = 114 are clearly seen
in the figure. The effect of the shell at N = 184 is especially large for nuclei
with smaller atomic number Z, as the half-lives, themselves, are large for
these nuclei. As the spontaneous-fission half-life Ty is expected to be larger
than T, for nuclei around the nucleus 2?2114, the latter should be the total
half-life for them. One can see in Fig. 5 that this half-life may be of the
order of about 10 min for isotopes of the element 114 with neutron number
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Fig. 5. Calculated logarithm of the a-decay half-life T, (given in seconds) as a
function of the neutron number N, for the elements 100~-120 [4].

N = 180 — 184. A
Spontaneous-fission half-lives Ty, calculated recently, are discussed in [8].

5. Prospects for synthesis of still heavier nuclei

The heaviest nucleus synthesized up to now is 277112 [25]. It has been
obtained at GSI-Darmstadt in the cold fusion reaction

NZn +2BPb — 281125 — 27112465 + 1n, (1)

in which the excitation energy of the compound nucleus is small and only
one neutron is emitted.

In a near future, synthesis of the elements 113 and 114 is planned. The
element 113 is projected to be synthesized at GSI-Darmstadt in a cold
fusion reaction. One of the two reactions

BZn +29Bi — T113%, — 2113463 + 1n, (2)

or
BZn 42T Bi = 0113% — 8113165 + 17, (3)

is proposed [35].
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The element 114 is planned to be obtained at JINR-Dubna in a hot
fusion reaction, with the use of the “8Ca projectile. One of the proposed
reactions is [36]

wCa+28iPu — 921143,y — 92811400 104+ (3,4)n. (4)

Here, the excitation energy of the compound nucleus is higher than in Eqs.
(2) and (3), and 3 or 4 neutrons are expected to be emitted. The use of the
neutron-rich projectile #¥Ca in the latter reaction, together with the use of
a heavier target, lead to heavier isotopes of 114 than those which could be
obtained in a cold fusion reaction.

Theoretically, all four evaporation residues: 276278113 and 289253114 are
expected to decay by o emission, with half-lives in the microseconds region
for 276:278113 and milliseconds region for 289288114, Thus, they are expected
to live long enough to be observed, if synthesized. The cross-section for their
production, however, is a big problem.
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