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Abstract. Recent theoretical studies of the stability of heavy and
superheavy nuclei are shortly reviewed. Even-even nuclei with
proton number Z =82 — 120 and neutron number N=126-190
are considered. The important role of the shell structure in
nuclear stability was illustrated. Much attention is given to
deformed superheavy nuclei, which are expected to be on the
way to the long-discussed, hypothetical spherical superheavy
nuclei.

1. Introduction

An intensive activity, both experimental and theoretical, is
evident in the field of synthesis and also in studying the
properties of heaviest nuclei. A review of somewhat earlier
experimental results, as well as findings of more recent
experiments, may be found, for instance, in Refs [1—-11].

The objective of the present paper is to give a short review
of recent theoretical studies on heaviest nuclei. A survey of
earlier results may be found in Refs [12, 13]. The studies
presented here are based on the macroscopic-microscopic
description of nuclear properties. A discussion of the results
obtained in a fully microscopic (Hartree — Fock — Bogolubov)
approach has been presented in Ref. [14].

The theoretical studies described in this review are closely
connected with the experimental research on the heaviest
nuclei. They aim at describing the existing experimental
results and also at a prediction of the properties of nuclei
not yet observed. It will be seen that they mainly concentrate
on solving the problem of stability of these nuclei.

2. Essential role of shell effects

It is known that nuclei, much like the atoms, possess shell
structure. Effects of this structure are important for all nuclei.
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Their role for heaviest nuclei is, however, all the more
essential, as many of them would not simply exist without
these effects.

The objective of this section is to illustrate the important
contribution of shell effects to the stability (half-lives) of
heaviest nuclei. The illustration is based on the results of Ref.
[15] wherein an extensive quantitative analysis of shell effects
in these nuclei has been performed. Even-even transthorium
nuclei have been examined in that paper.

Figure 1, taken from Ref. [15], shows the experimental,
T2, and smooth (macroscopic), Ty, o-decay half-lives
(given in seconds), both on the logarithmic scale. The smooth
half-life 7%, was calculated by a model (of the liquid drop type)
of a nucleus, which did not allow for any shell structure.
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Figure 1. Logarithm of experimental (expt) and smooth (Y) a-decay half-
lives (in seconds) [15].

Thus, the difference between two half-lives is indicative of
the shell effect in the a-decay of a nucleus. One can see that for
all heavy nuclei, excepting the two lightest uranium isotopes,
the shell effect elongates the half-life. The latter enhances by
2 -5 orders of magnitude for most of the nuclei considered.

Even larger shell effects were found in the spontaneous-
fission half-lives T. This is shown in Fig. 2, where logarithm
of Ty, both experimental and calculated in a macroscopic
model without considering any shell effects, is given. It is seen
that the shell effect delays the fission process in all the nuclei
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Figure 2. Logarithm of experimental (expt) and macroscopic (Y) sponta-
neous-fission half-life 7, given in seconds [15].

considered, except only for a few lightest ones (isotopes of
uranium). The delay increases from several orders (Pu
isotopes) to about 15 orders of magnitude for the nucleus
200106, which has the largest Z among the even-even nuclei
with measured Ty. For such a heavy nucleus like 290106, with
Tt of the order of a few milliseconds, this elongation makes
up practically the whole half-life of these nuclei. In other
words, they would not exist without shell effects, as already
mentioned above.

The mechanism by means of which practically the whole
half-life of a very heavy nucleus is made up by shell effects is
illustrated in Fig. 3. The figure displays the spontaneous-
fission barrier of the 24108 nucleus, i.e. the dependence of the
ground-state energy of this nucleus on its quadrupole-
deformation parameter f,. For each f,, the energy is
minimized with respect to the hexadecapole-deformation
parameter f3,. The total fission barrier (Y + SHELL), having
regard to shell effects, is shown by solid line and its smooth
part (obtained by the Yukawa-plus-exponential model (Y)
[16]), by dashed line. The smooth barrier calculated with
another macroscopic model (liquid drop, LD [17]) is also
shown (dotted line) for comparison. One can see that a
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Figure 3. Total fission barrier (Y + SHELL) and its smooth part, obtained
by the Yukawa-plus-exponential (Y) and by the liquid-drop (LD) models,
for the 24108 nucleus [15].

T Based on the IUPAC recommendations of 1994, the nomenclature of
some transfermium elements looks as follows: No(Z = 102), Db(104), Rf
(106), and Ha(108). (Scientific editor’s note)

significant height (about 6 MeV) of the fission barrier is
obtained only after inclusion of shell effects. Without them,
no fission barrier (Y and LD) appears. It should be added
here that shell effects are also important after the fission
barrier penetration, down to the scission point, as has been
shown in Refs [18 —21].

Figures 1-3 illustrate a very important part of shell
effects in the properties of heaviest nuclei, particularly in
their stability. Simultaneously, they point to a strong depen-
dence of shell effects on the proton Z and neutron N numbers.
This gives an implication for the theory that each nucleus
should be treated individually (i.e. without any averaging
over a number of nuclei) under a theoretical analysis. The
strong dependence of shell effects also on the deformation of a
nucleus, illustrated in Fig. 3, requires a careful treatment of
this deformation in the analysis. In other words, the con-
sideration of the properties of a heavy nucleus should be
performed in a sufficiently large, multidimensional deforma-
tion space [22—24].

3. Theoretical methods

As already stated in the Introduction, extensive studies of
stability of heavy and superheavy nuclei are based on the
macroscopic-microscopic approach. Although relatively sim-
ple, this approach allows one to describe a number of nuclear
properties, in particular the nuclear mass [25], quite well. The
macroscopic-microscopic approximation has underlain the
works reviewed in this paper. However, pure microscopic
approaches consisting in the self-consistent Hartree— Fock —
Bogolubov calculations with the use of effective two-body
forces, were also taken in the literature (e.g., [26, 14]).

In the macroscopic-microscopic calculations reviewed in
this article, mass of a nuclide is defined as a sum of the
macroscopic part, described by the Yukawa-plus-exponential
model [16], and the microscopic part, which allows for the
shell correction. The latter is obtained by the Strutinsky
procedure [27] and is based on the Woods—Saxon single-
particle potential [28].

The a-decay half-life T, is calculated by the phenomen-
ological formula of Viola and Seaborg [29] with four
adjustable parameters refitted to account for new data [30].

Finally, the spontaneous-fission half-life T is calculated
on a basis of the dynamical approach [31—33]. It consists in
the search for a one-dimensional fission trajectory in a
multidimensional deformation space, which minimizes the
action integral corresponding to the penetration of a nucleus
through the fission barrier. The inertia tensor appearing in the
integral and describing the inertia of a nucleus with respect to
its deformation is calculated in the cranking approach (e.g.,
Refs [34—36)).

A more detailed description of these methods may be
found, for instance, in Refs [23, 12, 37].

4. Main results

4.1 Shell correction to a mass

As described in Section 2, shell correction refers to the main
factor influencing the stability of heaviest nuclei. This
phenomenon has been discussed in a number of papers, e.g.,
Refs [38, 39, 15, 13]. In particular, shell correction to the
ground-state mass of a nucleus forms a first notion about the
stability of this nucleus.
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Figure 4. Contour map of the shell correction to energy Eg,. Crosses ;
denote the heaviest nuclides synthesized up to date [40]. . .
1

Figure 4, taken from Ref. [40], shows the shell correction
to the mass Eyy, calculated for a large region of heaviest nuclei.
One can see that Eg, has three minima in the considered
region of nuclei. The first one, being the deepest (Es, = —14.3
MeV), is obtained for the doubly magic spherical nucleus
208ph. The second one (Eg, = —7.2 MeV) appears at the
nucleus 27°108,4,, which was predicted [41, 23] to be a doubly
magic deformed nucleus. The third minimum, with the same
depth (Es, = —7.2 MeV) as that of the second minimum, is
obtained for the nucleus 2°114,5,, which is close to the
nucleus 211444 predicted [42, 43] to be a doubly magic
spherical nucleus, the next one after the last experimentally
known 2%Pb nucleus. Besides these three minima, there
appears a rather wide plateau around the >*’Fm nucleus,
which, although having a smaller (in absolute value) shell
correction (Eg, = —5.2 MeV) than the 27°108 nucleus, may
also be considered as a doubly magic deformed nucleus [41,
23]. Crosses in the figure denote the heaviest nuclides
synthesized up to now. The heaviest isotopes of the element
Z = 106 have been obtained in Ref. [6], those of Z = 108 in
Ref. [11], that of Z = 109 in Refs [44, 9], those of Z = 110 in
Refs [8, 45] and, finally, that of Z = 111 in Ref. [9]. The
recently observed 2’7112 nuclide [46] is not yet marked in the
figure.

One can see in Fig. 4 that some of the already synthesized
nuclei feature profit by 6—7 MeV in their mass from the shell
correction. Without this profit they could not exist, as
discussed in Section 2.

The appearance of the region of deformed superheavy
nuclei around the predicted doubly magic 2’°108 nucleus
(*"Ha) constitutes the main change in our notion about
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 doubly magic 2**114
nucleus, would constitute an island separated from the usual
peninsula of relatively long-lived nuclei by an ‘ocean’ of full
instability. After the appearance of deformed superheavy
nuclei, however, the peninsula is expected to be extended, to
include also the spherical superheavy nuclei. This is illustrated
qualitatively in Fig. 5, taken from Ref. [33].

4.2 Mass
It is interesting to see how well are the experimental masses
reproduced by the theoretical ones, calculated with the shell
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Figure 5. Regions of relatively long-lived nuclei: as believed earlier (a), and
expected presently (b) [33].
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Figure 6. Discrepancies between calculated (th) and experimental (expt)
masses [47].

correction given in Fig. 4. This is illustrated in Fig. 6, taken
from Ref. [47], which shows the discrepancy between the
calculated and experimental masses. One can realize that for
the most of the nuclei considered this discrepancy falls within
the limits £0.25 MeV, i.e. it is not significant. The largest
discrepancy is obtained for the doubly magic 2*®Pb nucleus.
The theoretical binding energy is too small for this nucleus by
about 1 MeV. We can also see that the isotopic dependence of
the theoretical mass is not correct, excepting only the isotopes
of uranium, and it varies from one element to another.

4.3 Half-lives of deformed superheavy nuclei

Figure 7, taken from Ref. [37], shows the a-decay and
spontaneous-fission half-lives T, and Ty, respectively, calcu-
lated for deformed superheavy nuclei situated around the
270108 nucleus. One can clearly see the effect of the deformed
N = 162 shell. A weaker effect of the N = 152 shell is also
observed, especially for lighter elements. These effects make
the systematics of the half-lives quite complicated.

A comparison between the calculated T and T, shows
that, for Z = 104, Ty is smaller than T, atall N. For Z = 106,
Ty is comparable with T, for a large number of isotopes
(N = 154—164). For higher Z, itis even larger than T, and for
a larger number of isotopes. This seems to be the effect of
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Figure 7. Logarithm of calculated spontaneous-fission (sf) and a-decay (o)
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 approximately the lowest half-life (1 pus) of
a nucleus, which can be detected in a present-day setup, after its synthesis
[37].

shells, mainly of that at N =162, to which Ty is more
sensitive than T,,. Only for the lightest isotopes, Ty is shorter
than T, for all elements investigated.

4.4 Alpha-decay half-lives for deformed and spherical
superheavy nuclei

As a-decay is the main decay mode for many nuclei analyzed
in Fig. 7, especially those with largest Z, it is interesting to
extend the calculation of T, to even heavier nuclides, to cover
also the region of spherical superheavy nuclei. The results of
such extension are shown in Fig. 8, taken from Ref. [40]. A
rather large region of nuclei with Z =100—120 and
N = 146—190 was considered.

One can clearly see the effects of the neutron shells at
N =152, 162 and 184. The effect of the spherical shell at
N = 184 (especially for Z = 110) is the strongest, the effect of
the deformed shell at N = 162 (especially for Z = 108) is not
much weaker. The effect of the deformed shell at N = 152 is
the weakest. In addition, the effects of the proton shells are
clearly seen. The effect of the spherical shell at Z =114
(especially for isotopes with N ~ 184) is about the same as
that of the deformed shell at Z = 108 (especially for isotopes
with N = 162). The effect of the deformed shell at Z = 100 is
the weakest.

It might be well to point out in Fig. 8 that due to large shell
effects of the doubly magic deformed 27°108 nucleus, its T,
(about 6 s) is not so much shorter than 7, (about 700 s) of the
doubly magic spherical 2114 nucleus, although the latter is
much more rich in neutrons. It is also interesting to note that
the dependence of logT,, on Z for the neutron deformed shell
at N =162 is much different from that for the neutron
spherical shell at N = 184. It is less uniform, less smooth at
N = 162.

logio Ty(s)

Is

1ms

Ips

Figure 8. Logarithm of the calculated o-decay half-life 7, (given in
seconds) as a function of the neutron number N for nuclei with the proton
number Z = 100—120. Experimental values are also shown (by full
circles) [40].

The experimental values of 7', known for 10 nuclei among
those considered in Fig. 8, are reproduced by the calculations
within a factor of 3, on the average. The largest discrepancy
was obtained for the 2°°102 nucleus. The calculated value is
about 8 times larger than the experimental one, for this
nucleus.

Comparison with experimental values also shows that the
calculated T, underestimates the effects of the shells at
N =152 and at Z = 100.

To recognize the relation between the calculated a-decay,
T, and the spontaneous-fission, Ty, half-lives, we show them
in Fig. 9 [47] for isotopes of the 114 element. This element is
planned to be synthesized in a near future, both in Darmstadt

logyy T(s)
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N

Figure 9. Logarithm of both the a-decay (o) and spontaneous-fission (sf)
half-lives (given in seconds) calculated for isotopes of the 114 element [47].
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[48] and in Dubna [49]. The figure shows that T is larger than
T, for a rather large number of nuclei considered. One can
really see that starting from the neutron number N = 162, we
have: Ty > T,. For the heaviest isotope shown (N = 178), Ty
is larger than T, by about 8 orders of magnitude. Addition-
ally, except for a low local maxima of T, at N = 162 and of T
at N = 164, both the half-lives increase with increasing N. The
total half-life (equal to Ty) for the heaviest isotope (N = 178)
amounts to 24 s.

5. Conclusions

In conclusion of this short review of recent theoretical studies
on stability of heavy and superheavy nuclei we can say the
following:

(1) Shell effects are very important for the stability of
heaviest nuclei. According to theoretical analysis, all nuclei
with atomic number Z larger than about 105— 106 exist or are
expected to exist only due to these effects.

(2) Shell effects in deformed superheavy nuclei are large.
They are comparable with the same effects in spherical
superheavy nuclei.

(3) In particular, a large region of deformed superheavy
nuclei, situated around the predicted doubly magic deformed
270108 nucleus, is expected to exist. A number of nuclei in this
region have already been observed. Existence of this region
changes our previous view of the stability of heaviest nuclei.
In particular, spherical superheavy nuclei situated around the
hypothetical doubly magic spherical 2114 nucleus is not
expected any more to form an island in the ‘ocean’ of full
instability, but rather to belong to the extended usual
peninsula of relatively long-lived nuclides. Thus, one expects
presently that all the nuclei on the way to spherical super-
heavy nuclides can be observed, if synthesized at a laboratory.

(4) Many nuclei in the superheavy region are expected to
decay mainly by a-emission. This is important for the
experimental studies of these nuclei, as it makes their
identification easier and more certain. The experimental
observations done up to now support this expectation.

The author would like to thank his coworkers: Z Patyk,
J Skalski and R Smolanczuk, in cooperation with whom most
of the reviewed results have been obtained. He is also grateful
to P Armbruster, F P Hessberger, D C Hoffman, S Hofmann,
E K Hulet, Yu A Lazarev, M Leino, G Miinzenberg, V Ninov,
W Norenberg, Yu Ts Oganessian, A G Popeko, S Saro,
M Schédel and A V Yeremin for a very helpful and fruitful
interaction. Support by the Polish Committee for Scientific
Research (KBN), Grant No. 2 P03B 156 08, and by GSI-
Darmstadt is gratefully acknowledged.

References

1. Minzenberg G Rep. Prog. Phys. 51 57 (1988)

2. Hoffman D C, Somerville L P, in Particle Emission from Nuclei

Vol. 3 (Eds D N Poenaru, M S Ivascu) (Boca Raton: CRC Press,

1989) p. 1

Hulet E K et al. Phys. Rev. C 40 770 (1989)

4. Seaborg G T, Loveland W D The Elements beyond Uranium (New
York: Wiley, 1990)

5.  Lougheed R W et al. J. Alloys Comp. 213/214 61 (1994)

Lazarev Yu A et al. Phys. Rev. Lett. 73 624 (1994)

7. Armbruster P, in Proc. Intern. Conf. ‘Nuclear Shapes and Nuclear
Structure at Low Excitation Energies’, Antibes, France, 1994 (Eds
M Vergnes, D Goutte, P H Heenen, J Sauvage) (Gif-sur-Yvette:
Editions Frontieres, 1994) p. 365

8.  Hofmann Setal. Z. Phys. A 350 277 (1995)

(58

B

10.
11.
12.

13.
14.

15.
16.
17.
18.
19.

20.
21.
22.

24.

25.
26.
27.

28.
29.
30.
31.
32.
33.
34.
35.
36.
37.

38.
39.
40.

41.
42.
43.
44.
45.
46.
47.

48.
49.

Hofmann S et al. Z. Phys. A 350 281 (1995)

Ghiorso A et al. Phys. Rev. C 51 R2293 (1995)

Lazarev Yu A et al. Phys. Rev. Lett. 75 1903 (1995)

Sobiczewski A Fiz. Elem. Chastits At. Yadra 25 295 (1994); Phys.
Part. Nucl. 25 (2) 119 (1994)

Moller P, Nix J R J. Phys. 20 1681 (1994)

Berger J F et al., in Proc. 24th Intern. Workshop ‘Extremes of
Nuclear Structure’, Hirschegg, Austria, 1996 (Eds H Feldmeier,
J Knoll, W Norenberg) (Darmstadt: GSI, 1996) p. 43

Patyk Z et al. Nucl. Phys. A 491 267 (1989)

Krappe H J, Nix J R, Sierk A J Phys. Rev. C 20992 (1979)

Myers W D, Swiatecki W J Ark. Fys. 36 343 (1967)

Depta K et al. Mod. Phys. Lett. A 1377 (1986)

Moller P, Nix J R, Swiatecki W J Nucl. Phys. A 469 1 (1987); Nucl.
Phys. A 492 349 (1989)

Pashkevich V'V Nucl. Phys. A 477 1 (1988)

Cwiok S et al. Nucl. Phys. A 491 281 (1989)

Sobiczewski A et al. Nucl. Phys. A 485 16 (1988)

Patyk Z, Sobiczewski A Nucl. Phys. A 533 132 (1991)

Smolanczuk R, Klapdor-Kleingrothaus H V, Sobiczewski A Acta
Phys. Pol. B24 685 (1993)

Patyk Z et al. Acta Phys. Pol. B 27 457 (1996)

Berger J F, Girod M, Gogny D Nucl. Phys. A 502 85¢ (1989)
Strutinsky VM Nucl. Phys. A 95 420 (1967); Nucl. Phys. A 122 1
(1968)

Cwiok S et al. Comput. Phys. Commun. 46 379 (1987)

Viola V E, Jr., Seaborg G T J. Inorg. Nucl. Chem. 28 741 (1966)
Sobiczewski A, Patyk Z, Cwiok S Phys. Lett. B224 1 (1989)

Pauli H C Phys. Reports C T 35 (1973); Nukleonika 20 601 (1975)
Baran A et al. Nucl. Phys. A 361 83 (1981)

Patyk Z et al. Nucl. Phys. A 502 591c (1989)

Brack M et al. Rev. Mod. Phys. 44 320 (1972)

Pomorski K et al. Nucl. Phys. A 283 394 (1977)

Sobiczewski A Fiz. Elem. Chastits At. Yadra 10 1170 (1979)
Smolaniczuk R, Skalski J, Sobichewski A Phys. Rev. C 52 1871
(1995)

Cwiok S et al. Nucl. Phys. A 410 254 (1983)

Boning K et al. Z. Phys. A4 325 479 (1986)

Smolarniczuk R, Sobiczewski A, in Proc. XV EPS Nucl. Phys. Conf.
on Low Energy Nuclear Dynamics, St.- Petersburg, Russia, 1995 (Eds
Yu Oganessian, W von Oertzen, R Kalpakchieva) (Singapore:
World Scientific, 1995) p. 313

Patyk Z, Sobiczewski A Phys. Lett. B256 307 (1991)

Sobiczewski A, Gareev F A, Kalinkin BN Phys. Lett. 22 500 (1966)
Meldner H Ark. Fys. 36 593 (1967)

Miinzenberg G et al. Z. Phys. A 309 89 (1982)

Lazarev Yu A et al. Phys. Rev. C (in press)

Hofmann S et al. Z. Phys. A 352 (1995) (in press)

Smolaniczuk R, Skalski J, Sobiczewski A, in Proc. 24th Intern.
Workshop ‘Extremes of Nuclear Structure’, Hirschegg, Austria,
1996 (Eds H Feldmeier, J Knoll, W No6renberg) (Darmstadt: GSI,
1996) p. 35

Hofmann S, private communication (1996)

Oganessian Yu Ts, private communication (1996)



	嘀伀䰀⸀㌀㤀Ⰰ 一漀⸀ 㤀
	1. Introduction
	2. Essential role of shell effects
	3. Theoretical methods
	4. Main results
	4.1 Shell correction to a mass
	4.2 Mass
	4.3 Half-lives of deformed superheavy nuclei
	4.4 Alpha-decay half-lives for deformed and spherical superheavy nuclei

	5. Conclusions
	References

