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Superheavy nuclei represent the limit of nuclear mass and charge; they inhabit the remote corner of the nuclear landscape, whose
extent is unknown. The discovery of new elements with atomic numbers Z $ 110 has brought much excitement to the atomic and
nuclear physics communities. The existence of such heavy nuclei hangs on a subtle balance between the attractive nuclear force
and the disruptive Coulomb repulsion between protons that favours fission. Here we model the interplay between these forces
using self-consistent energy density functional theory; our approach accounts for spontaneous breaking of spherical symmetry
through the nuclear Jahn–Teller effect. We predict that the long-lived superheavy elements can exist in a variety of shapes,
including spherical, axial and triaxial configurations. In some cases, we anticipate the existence of metastable states and shape
isomers that can affect decay properties and hence nuclear half-lives.

T
he mere existence of superheavy elements has been a
longstanding fundamental scientific problem. How can a
nucleus with a large atomic number, such as Z ¼ 112,
survive the huge electrostatic repulsion between the
protons? What are its physical and chemical properties?

What is the extent of the superheavy region, that is, is there an upper
limit on the number of neutrons and protons that can be bound into
one cluster? Do there exist very-long-lived superheavy nuclei?

We know the answers to some of these questions1. According to
the nuclear shell model, a nucleon—that is, a proton or a neutron—
moves in a common potential generated by all the other nucleons.
Similar to an electron’s motion in an atom, nucleonic orbits bunch
together forming shells, and nuclei having filled nucleonic shells
(nuclear ‘noble gases’) are exceptionally stable. This happens for
specific ‘magic’ numbers of protons (Z ¼ 2, 8, 20, 28, 50 and 82)
and neutrons (N ¼ 2, 8, 20, 50, 82 and 126). The quantum
enhancement in nuclear binding due to the presence of nucleonic
shells can be quantified in terms of the so-called shell energy2.
Although the magic nuclei have the largest shell energies, other
nuclei can also be shell-stabilized, because the shell energy oscillates
strongly with the number of nucleons.

By the end of the 1960s, it had been concluded that the existence
of the heaviest nuclei with Z . 104 was primarily determined by the
shell effects3–5. These early calculations predicted the nucleus with
Z ¼ 114, N ¼ 184 to be the centre of an island of long-lived
superheavy nuclei (see, for example, the discussion in ref. 6). This
result stayed practically unchallenged until the late 1990s, when
more refined models, based on realistic effective nucleon–nucleon
interactions, were applied to superheavy nuclei. The microscopic
models are, however, still uncertain when extrapolating in Z and the
mass numberA. In particular, there is no consensus among theorists
with regard to what should be the next doubly magic nucleus
beyond 208Pb (Z ¼ 82, N ¼ 126). In the superheavy nuclei the
density of single-particle energy levels is fairly large, so small energy
shifts, such as those due, for instance, to poorly known parts of
nuclear interaction, can be crucial for determining the shell stability.
This situation is similar to that encountered in the chemistry of
superheavy elements, where the high density of single-electron
states combinedwith relativistic effects make theoretical predictions

difficult7. Modern calculations suggest that the next magic proton
shell should appear at higher proton numbers than previously
thought: Z ¼ 120, 124 or 126, whereas for the neutrons, most
calculations predict magic gaps atN ¼ 184 or N ¼ 172 (refs 6, 8, 9).
In contrast to normal nuclei, however, the regions of enhanced shell
effects in the superheavy region are generally expected to be fairly
broad; that is, the magic gaps are fragile10.
At large values of Z and of the mass number A ¼ Z þ N, the

electrostatic repulsion becomes so strong that the nuclear liquid
drop becomes unstable to surface distortions4 and fissions.
Because—as discussed below—the quantum shell energy may also
favour shape deformation, many superheavy elements seem to be
well deformed—that is, the deformedminimum is deep. Indeed, the
measured a-decay energies, along with complementary syntheses of
new neutron-rich isotopes of seaborgium (Z ¼ 106) and hassium
(Z ¼ 108), have confirmed the special stability of the deformed
nuclei with N ¼ 162 predicted by theory11–13.
Beautiful experimental confirmation of large quadrupole shape

deformations in the heavy-element region comes from g-ray spec-
troscopy around Z ¼ 102, N ¼ 152; namely, the identification of
rotational bands in 254No and its neighbours (see ref. 14). Figure 1
shows the deformation energies and quadrupole deformations for
even–even heavy and superheavy nuclei calculated here. The largest
ground-state shape elongations are indeed predicted at around
254No. The well-deformed elongated (prolate) superheavy nuclei
are separated from spherical elements with Z ¼ 114–126, N ¼ 184
by the region of weakly deformed, flattened (oblate) nuclei that are
candidates for shape isomerism effects or triaxiality6,15,16. Here we
examined this transitional region, rich in structural phenomena.

Experimental status
The quest for heavy elements can be divided into several periods17.
The first period (1896–1940) was characterized by the Curies’ work,
the first attempts to reach the elements beyond uranium by Fermi
and Segre in 1934, and the discovery of nuclear fission in 1938. The
Manhattan Project marked the second period (1940–1952), when
plutonium became part of the periodic table. The third period
(1955–1974) witnessed a Cold War competition between Russian
and American laboratories to discover new elements.
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The superheavy elements represent the fourth period13, which
started with the first observations of elements Z ¼ 107–109 at the
Gesellschaft für Schwerionenforschung (GSI) in Germany in the
beginning of the 1980s. Interest in those exotic species has been
rekindled over the last decade, thanks to experimental progress in
their synthesis18–21. Isotopes of elements with the atomic number
Z ¼ 110–112 were discovered at GSI between 1994 and 199619.
Those elements are expected to be well-deformed (see Fig. 1) and
their lifetimes have been found to be very short. For instance, the
isotope AZ ¼ 277112 turned out to have a half-life of the order of
300 ms. The element 110 (darmstadtium, Ds) was independently
confirmed in 2002 by the Lawrence Berkeley Laboratory in the
USA20 and the Institute of Physical and Chemical Research (RIKEN)
in Japan21. The confirmation of Z ¼ 111 (roentgenium, Rg) and
Z ¼ 112 was also made at RIKEN. In a recent experiment, the
Japanese physicists have reported the synthesis of Z ¼ 113
(A ¼ 278)22. The production cross-section was found to be rapidly
decreasing with the atomic number (it is around 50 pb for Z ¼ 113;
1 barn ¼ 10228m2), so it was concluded that it would be very
difficult to reach still heavier elements in ‘cold’-fusion reactions
using lead or bismuth targets.

The use of ‘hot’-fusion evaporation reactions with the neutron-
rich 48Ca beam and actinide targets at the Joint Institute for Nuclear
Research in Dubna (Russia) has resulted in measurements of several
new elements with Z ¼ 113–116 and 118 (refs 23, 24), including the
isotopes of 286–290114, 290–293116, 294118, and several new isotopes of
Z ¼ 110 and 112. According to Fig. 1, these nuclei, expected to have
moderate deformations, belong to the region of shape transition
from prolate- to oblate-deformed ground states. The most signifi-
cant result is the observed increase of half-lives with increasing
neutron number. For instance, when going from 282112 (N ¼ 170)
to 285112 (N ¼ 173), the half-life increases from 1ms to 34 s
(ref. 25). This is consistent with the predicted increased stability
of superheavy elements when approaching N ¼ 184.

The hot-fusion measurements from Dubna still await confir-
mation by other laboratories. This is not going to be easy, because
these newly synthesized nuclei form an isolated island that is not
linked through a-decay chains with any known nuclei. Therefore,
alternative techniques to identify the elements, such as chemistry or
very precise mass measurements, are also being pursued.

Nuclear energy density functional
A theoretical framework aiming at the description of the structure
of superheavy nuclei must fulfil several strict requirements. Most
importantly, it must be general enough to be confidently applied to
a region of the nuclear chart whose properties are largely unknown.
Because the universal effective nucleon–nucleon interaction in
heavy nuclei has not yet been derived microscopically, the preferred
strategy is to use forces adjusted to selected experimental data. This
must be done in a way general enough that the resulting effective

Figure 1 Deformation properties of even–even superheavy nuclei calculated self-

consistently in the (N,Z)-plane with the SLy4 nuclear energy density functional. The

centre of the shell stability is predicted around N ¼ 184, Z ¼ 126. a, Deformation

energy (in MeV) defined as a difference between the ground-state energy and the

energy at the spherical shape. The Z ¼ 110–113 a-decay chains found at GSI and

RIKEN are marked by red squares. The Z ¼ 118, 116, 115 and 114 unconfirmeda-

decay chains reported in Dubna are marked by yellow squares. b, Predicted ground-

state mass quadrupole deformation b 2 (extracted using equation (7) of ref. 6 from

the calculated axial mass quadrupole moment Q 20) and corresponding nuclear

shapes for selected nuclei. Prolate shapes (b 2 . 0) are coloured red–orange,

oblate shapes (b 2 , 0) are blue–green, and spherical shapes (b 2 ¼ 0) are light

yellow.

Figure 2 Q a values for even–even nuclei with 96 # Z # 118 obtained in the self-

consistent calculations using the energy density functional SLy4. They are compared

to experimental data (closed symbols), including the recent Dubna–Livermore data

on the Z ¼ 116 and 118 a-decay chains23,24. The irregular behaviour of Q a as a

function of particle numbers can be attributed to shell effects and the resulting

deformation changes. (After ref.1.)

review article

NATURE |VOL 433 | 17 FEBRUARY 2005 | www.nature.com/nature706
© 2005 Nature Publishing Group 

 



interaction can be used all over the nuclear chart. Another require-
ment for the method, of particular importance for the superheavy
nuclei, is that it must treat correctly the unusually strong interplay
between the nuclear and Coulomb forces. Finally, as we show below,
studies of superheavy nuclei also require a method that can handle
symmetry-breaking effects resulting in a large variety of intrinsic
nuclear deformations.

These requirements are met by the density functional theory
(DFT) in the formulation of Kohn and Sham26. DFT is one of the
most popular and successful quantum mechanical approaches to
the many-body electronic structure calculations of molecular and
condensed matter systems. For many years, it has also been used in
many-body nuclear structure calculations27. The main ingredient of
the nuclear DFT is the energy density that depends on densities and
currents representing distributions of nucleonic matter, spins,
momentum and kinetic energy, as well as their derivatives (gradient
terms). Such density functionals employed in self-consistent mean-
field calculations are parameterized by means of about ten coupling
constants that are adjusted to basic properties of nuclear matter and
to selected data on finite nuclei. They are augmented by the pairing
term, which describes nuclear superfluidity28. When not corrected
by correlation terms, standard nuclear energy functionals reproduce
total binding energies with a root-mean-square (r.m.s.) error of the
order of 2 to 4MeV (ref. 29), and they usually perform quite well
when applied to energy differences, radii and nuclear moments and
deformations27.

The self-consistency of the description is guaranteed by applying
the Hartree–Fock–Bogoliubov method (HFB). Because all of the
nucleons are treated on an equal footing and contribute to single-
particle and pairing mean fields, a few hundred nucleonic wave-
functions have to be calculated which makes the computational
effort quite demanding. In this work, we consider only ground

states of even–even isotopes. In this case, there is no intrinsic
breaking of the time reversal symmetry. We shall use the standard
nuclear energy density functional SLy430. Following ref. 6, in the
pairing channel, we use the density-independent contact interaction
and an approximate particle number projection is carried out by
means of the Lipkin–Nogami method. The HFB equations are
solved in coordinate space by discretization on a three-dimensional
lattice31. Figure 2 illustrates the predictive power of our DFT
calculations when applied to Qa values (that is, energies of the
a-particles emitted by radioactive heavy and superheavy nuclei).
Our model reproduces the measured values quite accurately and
hence we expect that the SLy4 functional can be reliably applied to
as-yet-unobserved superheavy systems.

Deformed shapes of superheavy nuclei and shape coexistence
The mean-field description of nuclei is performed in a frame of
reference attached to the nucleus, the intrinsic frame, in which the
nucleus may acquire a deformed shape. The concept of shape
deformation is ultimately related to the Jahn–Teller effect (spon-
taneous symmetry breaking) known in many areas of physics.
Symmetry-breaking solutions may appear when, in a mean-field
configuration respecting the original symmetries of the nuclear
hamiltonian, degenerate single-particle orbits are strongly coupled
to collective modes32. Figure 1 illustrates the importance of

Figure 4 Contour map of the energy difference between oblate and prolate minima

(or saddle points) in the energy surface of superheavy even–even nuclei. Positive

(negative) numbers indicate prolate (oblate) ground states. The inset shows the total

energy of the superheavy nucleus 292116 (recently reported in ref. 23) as a function

of the mass quadrupole moment Q 0 along the trajectory of axial shapes (g ¼ 08,

solid line) and along the trajectory of triaxial shapes (g – 08, dashed line). We can

see that 292116 is g-soft, that is, the inclusion of triaxiality almost completely wipes

out the barrier between prolate and oblate minima. However, additional separation

between prolate and oblate configurations may exist owing to the presence of

intruder orbitals (see text).

Figure 3 Potential energy surfaces of the members of thea-decay chains of 294120

(a–c) and 292116 (d–f) in the (Q 20, Q 22) plane calculated with the SLy4 energy

density functional. It is seen that both a-decay sequences are associated with

transition from oblate (or triaxial shapes) in the parent nuclei to prolate shapes in

lighter daughter nuclei. The difference between contour lines is 0.5 MeV.

review article

NATURE |VOL 433 | 17 FEBRUARY 2005 | www.nature.com/nature 707
© 2005 Nature Publishing Group 

 



the symmetry-breaking effect in the superheavy region. Figure 1a
displays the difference between the energies of the spherical and the
deformed configurations for the even–even nuclei above uranium.
For all the nuclei with at most 118 protons and 172 neutrons, the
energy gain due to deformation is larger than 10MeV. Compared to
the total binding energy, the deformation energy seems to be small,
but it determines the stability of the nucleus to two main decay
modes in this region: a-emission and spontaneous fission.
Figure 1b shows the variation of the dimensionless mass quadru-

pole deformation b2 with Z and N. All of the isotopes detected at
GSI and RIKEN using cold-fusion reactions (marked by red squares
in Fig. 1a) are located in a region of large prolate deformations. The
heaviest isotopes reported in Dubna’s hot-fusion experiments
(yellow squares in Fig. 1a) are predicted to have smaller quadrupole
moments and are either oblate or prolate, whereas their decay
products lie in a region of rapidly changing shapes. As discussed
below, nuclei from this region can be prone to triaxial distortions.
(The importance of triaxial shapes in the heaviest and superheavy
nuclei, especially in the context of fission, was noted in the early
macroscopic–microscopic studies33–35.) Only when we approach
N ¼ 184 do we expect superheavy nuclei that are spherical in
their ground states.
That the shape of a nucleus depends crucially on its proton and

neutron numbers is illustrated in Fig. 3, where the variation of the
energy as a function of quadrupole moments Q20 and Q22 is plotted
for three isotopes belonging to theadecay chains of 294120 (Fig. 3a–c)
and 292116 (Fig. 3d–f). The quadrupole moments can be related to
the Hill–Wheeler polar deformation parameters Q0 and g through
the usual relations: Q20 ¼Q0 cosg and Q22 ¼

Q0
ffiffi

2
p sing. For weakly

deformed shapes, Q0 is simply proportional to the quadrupole
deformation b2. The deformation parameter gmeasures the degree
of triaxiality. The g ¼ 08 limit corresponds to axial prolate shapes
(b2 . 0) while oblate axial shapes (b2 , 0) appear at g ¼ 608.
Intermediate values of g are associated with triaxial shapes. The
parent nuclei of both a-chains have near-oblate ground states; their
daughters are calculated to be prolate, but with a very small barrier
with respect to triaxial deformation g. The ground states of the

lightest isotopes shown in Fig. 3 are expected to have near-prolate
deformations.

To illustrate the prolate–oblate energy balance in the superheavy
nuclei, Fig. 4 displays the energy difference between the oblate and
prolate minima (which are sometimes only saddle points in the g
direction). The prolate ground states usually correspond to minima
that are fairly deep; however, for the oblate ground states, the prolate
configurations are, in most cases, excited by less than 1MeV.
Experimentally, one can thus expect the coexistence of Jp ¼ 0þ

states close in energy that result from the mixing of configurations
having different shapes. This phenomenon, called shape coexis-
tence36, is known in nuclei from several regions of the nuclear chart.

The single-neutron and single-proton energy levels plotted in Fig.
5 explain the origin of the shape change along the a-decay chains
shown in Fig. 3 and the oblate–prolate competition of Fig. 4. The
single-particle levels have been calculated for the nucleus 292116, but
they are very similar for the six nuclei in question. The large gaps in
the single-particle spectrum can be associated with increased
stability of a given nuclear shape. For instance, the increased shell
stability at particle numbersN ¼ 184 and Z ¼ 126 can be attributed
to the corresponding spherical gaps in the single-particle spectrum.
These gaps of about 2–3MeV are, however, much smaller than the
magic gaps in the known doubly magic nuclei9,10. Therefore,
deformation effects can play a particularly important role in the
superheavy systems. It is the interplay between the pronounced
oblate gaps at Z ¼ 120 andN ¼ 172, 178, and the large prolate gaps
at Z ¼ 114, 116 and N ¼ 174, 176 that determines the microscopy
of shape coexistence and shape-transitional behaviour in this
region.

Figure 5b and d display the single-particle energies as a function
of g for Q0 ¼ 15 b, which corresponds to the path connecting the
prolate and the oblate minima. For N < 176 and Z < 120, the
density of states around the Fermi level is very low in the g direction,
which explains the large softness of the calculated binding energy
against g (see inset in Fig. 4). Therefore, we expect that dynamical
correlation effects associated with the large-amplitude collective
motion in the g direction will be large for most transitional nuclei

γ

Figure 5 Single-proton (a, b) and single-neutron

(c, d) energy levels in the superheavy nucleus
292116176 obtained in self-consistent calculations

with the SLy4 energy density functional. Solid and

dashed lines mark positive-parity and negative-parity

levels, respectively. a, c, Single-particle energies as

a function of the mass quadrupole moment Q 0

(g ¼ 08). Positive (negative) values of Q 0

correspond to prolate (oblate) shapes. At the

spherical point, nucleonic shells are labelled using

the spherical quantum numbers (nlj ), whereas the

deformed orbitals are labelled using two quantum

numbersQ p, where Q is the projection of the single-

particle angular momentum on the symmetry axis

and p is parity. b, d, The dependence of single-

particle energies on triaxial deformation g (at a fixed

value of Q 0 ¼ 15 b). The Q p labels are shown only

at g ¼ 08 (axial prolate shape) and g ¼ 608 (axial

oblate shape). The large spherical and deformed

subshell closures are indicated.
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considered; they will lead to the spreading of the nuclear wave-
function in the direction of g.

It has to be noted, however, that the softness of the total energy
surface is not the whole story. There are numerous situations in
which some specific single-particle structure can give rise to a strong
separation between coexistingminima in themany-body configura-
tion space, even if the potential barrier between the minima is very
small or even nonexistent. Usually, the separation can be associated
with an occupation of specific single-particle orbitals with very
distinct quantum characteristics, the so-called ‘intruder states’36. In
Fig. 5, we notice the presence of two such intruder levels, which at
g ¼ 08 carry a very large projection of the single-particle angular
momentum Q on the symmetry axis. Those are the Qp ¼ 13/2þ

proton level (appearing just below the prolate gap at Z ¼ 120) and
the Qp ¼ 15/22 neutron level (appearing just below the prolate gap
at N ¼ 176). Both levels originate from the high-j unique parity
spherical shells pi13/2 and nj15/2, respectively. For proton numbers
Z ¼ 116 and 118, the Qp ¼ 13/2þ proton level is clearly occupied at
an oblate shape, and empty at a prolate shape. Likewise, at
N ¼ 168–172 the Qp ¼ 15/22 neutron is occupied (empty) at an
oblate (prolate) configuration. In nuclei with those particle num-
bers, we expect coexistence between prolate and oblate shapes and
that quantum correlations will not destroy the simple mean-field
picture of shape coexistence. In other cases, our calculations suggest
g-softness and strong configuration mixing.

Discussion
The new theoretical results presented in this work were obtained in
the self-consistent formalism based on a modern nuclear energy
density functional. We performed calculations for the even–even
heavy and superheavy nuclei with Z # 128 andN # 188. Our main
conclusions can be summarized as follows:
(1) The large electrostatic repulsion and large single-particle level
density around the Fermi level mean that deformation effects play a
particularly important role in the description of superheavy
elements. Although the actinide and transfermium nuclei are
known to possess well-deformed elongated shapes, the superheavy
elements around Z ¼ 116 and N ¼ 176 are expected to exhibit
coexistence of oblate and prolate shapes.
(2) The inclusion of triaxiality can dramatically reduce the barrier
separating prolate and oblate minima, leading to structures that are
soft or unstable to triaxial distortions.
(3) In most cases, the underlying single-particle configurations
change gradually (adiabatically) along the triaxial energy surface.
Hence, strong anharmonicities and large dynamical effects are
likely. In some cases, however, (diabatic) prolate and oblate states
are expected to be well separated in the configuration space, thanks
to the presence of high-Q intruder levels originating from high-j
shells.
(4) The heaviest isotopes recently reported in Dubna are predicted
to belong to a transitional region strongly influenced by dramatic
shape changes and/or triaxial softness. Such shape effects are
expected to affect a-decay lifetimes in two ways. First, the defor-
mation affects the energy of a-decay, Qa. Second, we expect
transitions involving parent and daughter nuclei with different
shapes to be hindered. This may explain the observation of longer
half-lives for some nuclei within these decay chains. Consequently,
the existence of shape isomers in the superheavy nuclei may make
the identification of the new species more difficult. A
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