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1 Introduction
At moderate deformations and low spin an intruder subshell can be defined in an essentially
unique way as the spherical subshell with I = N and j = I + 1/2 which originates from the
next higher main shell relative to the dominating shell in the vicinity of the Fermi surface,
which then has the quantum number N — 1. Consequently, the intruder subshell has parity
different from the majority of levels near the Fermi surface and the intruder states may
be referred to as unique parity states. In many situations, the spin-orbit partners of the
intruder subshells, i.e. the subshells with t — N and j = I — 1/2, show features similar
to those of the "true" intruder subshells and are often involved in a crucial way in nuclei
exhibiting shape coexistence.

The crucial role intruder orbitals play is not limited to low spin and small deformations.
In fact much of the physics at superdeformed shapes and at very high spin is a direct result
of the presence of high—j intruder orbitals in the vicinity of the Fermi surface, including the
introduction of intruder orbitals from still higher shells at extreme deformations.

Since the intruder subshell has a larger angular momentum (j) than any other subshell
close to the Fermi surface it plays an essential role for building up angular momentum in the
nucleus, and the alignment of intruder shell (quasi)particles is responsible for a large variety
of bandcrossings observed in discrete spectroscopy along or near the yrast line.

Intruder shell orbitals are also associated with large quadrupole moments and the occu-
pation of these orbitals may lead to significant changes of the deformation of the nucleus.
Under favourable circumstances a nucleus may have totally different shapes depending on
the occupation of the intruder orbitals, giving rise to a phenomenon which is usually referred
to as shape coexistence .

In this paper, shape coexistence in several mass regions will be discussed with specifc
attention focused on the relation between shape coexistence and the occupation of intruder
shell levels. Shape effects associated both with spin aligned and non-aligned intruder orbitals
will be investigated. q ;;
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2 General background to shape coexistence

2.1 From stable deformation to shape coexistence
In nuclei exhibiting stable deformation, the shape of the nucleus is expected to be approxi-
mately the same for all configurations, at least at low spin. This situation is illustrated in fig.

la. If, however, the nucleus is soft and in particular if there are configurations present which
involve strongly deformation driving intruder orbitals, calculations show that the equilibrium
shape of different configurations is not exactly the same, showing differences of the order
10 to 20 %. This is illustrated in fig. 1b which gives an example of moderatly configura-
tion dependent equilibrium shapes. According to total routhian surface (TRS) calculations
configuration dependent shape differences of this order seem to be very common in nucieifl].

As the nucleus gets even softer the excitation of a particle to a strongly deformation
driving orbital may displace the energy minimum to the point that the excited configuration,
at some distance from its equilibrium deformation, may lie lowest in energy. In this case
the lowest energy surface (defined adiabatically), will suddenly change structure at the place
where the two configurations cross. This does not lead to a second energy minimum in the
lowest potential energy surface, but the presence of a second configuration would immediately
be revealed if the overlap between wavefunctions representing different shapes is calculated.
Both configurations could be exploited in generator coordinate calculations by just using the
lowest energy surface. Situations of this kind will be treated in more detail in section 4.

If the nucleus is very soft, the energy minimum of the excited configuration could be
displaced so much away from the equilibrium deformation of the lowest configuration that
the energy minimum of the excited configuration will also appear in the lowest (adiabatic)
potential energy surface. In this case two energy minima coexist in the same energy surface.
Since the shape of the nucleus at the two minima is different, we talk about shape coexistence.

2.2 Adiabatic versus diabatic configurations

We have so far not made a precise definition of a 'configuration'. In many applications it
is useful to distinguish between adiabatic and diabatic configurations. A configuration
can be defined by specifying which single-particle or quasiparticle orbitals are occupied. As
the deformation is changed away from the original one the original configuration undergoes
gradual changes as the occupied orbitals axe interacting with unoccupied orbitals. Occupied
and unoccupied orbitals are not allowed to cross unless, due to symmetry properties, the
interaction between two crossing levels is exactly vanishing. In most high-spin calculations
the only conserved quantum numbers are parity and signature and therefore only levels
with different parities and/or signature will have sharp crossings. By not changing the
occupation of the single-particle (or quasiparticle) levels at such crossings it is possible
to trace the continuation of a configuration having a prescribed parity and signature and
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FIGURE I. A schematic illustration of how two configurations which have the same defor-
mation in a rigid nucleus gradual!" can turn intc two shape coexisting configurations as the
nucleus gets softer.



can be obtained by simply neglecting the interaction between the levels or by reconstructing
non-interacting levels, see fig. 2. Crossings between such levels can then be treated in the
same way as crossings between levels with different parity and/or signature. The technique
for constructing diabatic levels has been highly developed in recent years and I refer to ref.|2]
for details.

Clearly, with the definition of adiabatic configurations given above, sharp crossings of the
energy curves as shown in fig. I will only (except for accidental degeneracies) occur between
configurations belonging to different symmetry groups (defined e.g. in terms of parity and
signature quantum numbers). With the introduction of diabatic configurations the number
of sharply crossing energy curves (or energy surfaces) increases significantly. An adiabatic
energy surface can then be decomposed into a number of suitably chosen diabatic energy
surfaces. How this can be done in practice is exemplified in section 4.

3 The classical examples

3.1 The theoretical predictions

The most convincing and, by now, almost classical examples of shape coexistence at low
spin can be found in the light mercury isotopes. Potential energy surfaces for these nuclei
have two well defined minima, one at a small oblate shape, /32 « -0.12, and another at
larger prolate shape with ft % 0.25, cf. fig. 3. The oblate energy minimum is calculated
to have a lower energy than the prolate minimum. Due to the difference in deformation a
rotational band built on the prolate minimum must have a considerably larger moment of
inertia than a rotational band built on the oblate minimum. This implies that although the
ground state is oblate, the energy of the oblate band will increase rapidly as the angular
momentum increases and it is expected to cross the prolate rotational band and become non
yrast at a relatively moderate spin.

FIGURE 3. A spin zero potential energy surface for !84Hg calculated with the Woods-
Saxon potential. The figure clearly shows the coexistence of the oblate ground state (the
cross-hatched area) with an excited prolate energy minimum. The energy- difference between
contour lines 's 0.1 Me\ .



initial occupation of the single-particle levels throughout the deformation space. An initial
configuration extended in this way is called an adiabatic configuration and its total energy
can be displayed as adiabatic potential energy or total routhian surfaces.

In many applications, weak interactions between levels with the same parity and signature
causes computatkuJ as well as conceptual problems. An adiabatic configuration defined
through such a crossing will completely change its properties within the immediate vicinity of
the crossing point. Often, it is more desirable to consider configurations, which have similar
properties on both sides of a level crossing with a very weak interaction. In practice this

FIGURE 2. Single-neutron energies in the Nilsson potential as a function of the quadrupo-
le-deformation parameter £;. The triaxiality and hexadecapole parameters are 7 = 20° and
€, = 0.02, respectively. The parity is the only conserved symmetry and levels with positive
parity are drawn as solid lines and those with negative parity as dashed lines. The upper
part shows the adiabatic levels that result from the direct diagonalisation of the Nilsson
hamiitonian. The lower part shows the corresponding diabatic levels. The figure is taken
from ref.'2 in '.Thick a detailed description of the calculation of diabatic levels is given.



3.2 The experimental observations
The experimental data have the theoretically expected features, showing rotational band
sequences built on the two lowest 0+ states. The two 0+ states in the lighter isotopes
are separated in energy by less than 0.5 MeV and the rotational bands built on the 0+

bandheads are observed to cross each other at about spin 4. If the energy of the oblate band
had continued to increase as indicated by the moment of inerti'-, it would, even at moderate
spins, lie high above the yrast line and it would in practice \JC hard to observe. However,
at the relevant oblate shapes the neutron Fermi surface is in the middle of the neutron
r,3/2 intruder subshell and the subshell splitting is relatively small. This allows the low-K"
members of the subshell to mix easily to form states with a large aligned angular momentum
as rotation sets on. This is a "cheap" way of gaining angular momentum and at spin 10
oblate shapes reappear at the yrast line with a configuration which is the neutron a-band.
At prolate shape the neutron Fenni surface is also near the middle of the t13/2 subshell, but
due to the larger deformation the shell splitting is much greater. This is a less favourable
situation for building up aligned angular momentum. Therefore, the i , , /! neutrons align
gradually and give only moderate contributions to the total angular momentum at prolate
shape.
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FIGURE 4. Experimentally observed coexisting oblate and prolate ratational bands in IHfiHg
and !88Hg. For comparison the dashed curve shows the yrast band of 192Hg, which is known
to have a slightly deformed oblate shape. The data are taken from refs.[3, 4, 5].

3.3 The interpretation
Neither the calculations nor the experimental observations reported above provide us with
an immediate explanation for why coexisting shapes appear at low energy. For this purpose
the microscopic structure of the nucleus has to be investigated. The single-particle energies
for the neutron and proton systems are shown in figs. 5 and 6, respectively. For the relevant
neutron numbers (JV = 100 - 108) the neutron Fermi surface is in the middle of the t,.-,^
intruder subsheii and the intruder orbitals near the Fermi surface are therefore not strongly
deformation driving. The densitv of single-particle levels is, however, much higher for spher-
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FIGURE 5. Single-neutron levels relevant for the Hg isotopes, calculated with the folded-
Yukawa potential^. The triangles indicate the deformation of energy minima in the poten-
tial energy surface for the even-even Hg isotopes. The ground state always has an oblate
deformation (e < 0). The prolate deformations (e > 0) indicated for N < 108 are the de-
formations of the coexisting excited energy minimum that appears in the potential energy
surfaces of these light Hg isotopes, cf. fig. 3.

ical shape than for both prolate and oblate shape, with the lowest level density appearing
for 0.15 < 3-2 < 0.30 and -0.25 < 32 < -0.10, respectively. The neutrons are therefore
generally prefering deformed shapes, which could be either oblate or prolate.

In the proton system the Fermi surface lies near the top of the ks 1/2 subshell and therefore
the deformation driving force of these intruder orbitals is much stronger. For mercury
with 2 = 80 the strongly upsloping levels near the Fermi surface for 32 > 0 Frev«nt the
development of prolate shapes. On the other hand the large energy gap at Z = 80 for
moderate \ 3? a: -0.15) oblate shapes is enforced by the low density of neutron levels at
similar oblate deformations. This is what establishes the weakly oblate shape of the ground
state of the light mercury isotopes.

The proton single-particle levels also show that for j3-> > 0.2 strongly downsloping ievels
from the he 2 and /-»2 subshells cross the upsloping levels at the Fermi surface and the
proton contribution to the total energy decreases. Combined with the favourable neutron
sheil energy for .V < 108 a local energy minimum develops at prolate shape in the light
mercury isotopes. This minimum is identified as the one associated with the excited 0*
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FIGURE 6. Single-proton levels relevant for the Hg isotopes, calculated with the Woods-
Saxon potential}?'. The particular crossings of levels from above and below the spherical
Z = 82 gap, which play a crusial role in the interpretation of shape coexistence in the Hg
and Pb isotopes are indicated both on the prolate side (the cross-hatched region) and on the
oblate side (encircled, important only in lead).

The proton configuration at the two minima is clearly different. On the oblate side the
An/2 intruder subshell is fully occupied whereas the kg/2 subshell is empty. On the prolate
side particles are excited to the deformation driving low-K" levels of the ^9/2 6ubshell from
the upsloping orbitals (including the K = l i /2 level of the fen/2 subshell) located between
the spherical Z = 82 gap and the deformed Z = 76 gap.

4 The use of diabatic configurations

The difference between adiabatic and diabatic configurations and the advantages that can
be achieved by using diabatic configurations is illustrated in fig. 7 for l86Pb and 196Pb.
The lowest adiabatic configuration contains the spherical ground state expected for the lead
isotopes. In !86 Pb it also contains an excited prolate minimum at ,32 % 0.25, which has a
configuration similar to the one at the prolate minimum in the mercury isotopes. On the
oblate side the adiabatic energy curve is perturbed at >32 = —0.15, where it shows a clear
shoulder both in !86Pb and in 1S6Pb, but no minimum is developed. The proton single-
particle energy diagram in fig. 6 immediately reveals that the reason for the shoulder is
the crossing between the A' = 9/2 level from the k9i2 subshell and the single level from the
a* ; shell. However, because of the pairing interaction no levels can penetrate the Fermi
surface. Therefore, the crossing between the two single particle levels does not result in a
sharp crossing between two configurations in fig. 7. where the pairing correlations have been
considered.



The energy of excited two-quasiparticle configurations can easily be calculated. At mod-
erate deformations the lowest two-quasiparticle excitation is, on the oblate side, an excitation
of a pair of quasiparticles to the A' = 9/2 levels of the A9/2 subshell and, on the prolate side,
an excitation to the A" = 1/2 levels of the same subshell. The total energy of these two con-
figurations is also shown in fig. 7. These two excited adiabatic configurations have energy
minima at #> =s -0.15 and (32 * 0.1 for the excitation to the K — 9/2 and A* = 1/2 levels,
respectively. At small deformations the excited quasiparticle pair has particle character,
whereas at large deformations, beyond the single-particle level crossings it achieves a hole
character. As a consequence, the adiabatic continuation of the ground state configuration,
which av @? = 0 does not contain h*;* protons, will change its character at the single-particle
level crcssing points and, for j3z < —0.20 and 02 > 0.25, it will indeed contain occupied /ig/j
proton jrbitals.

The structure of the even-even Pb isotopes can be made much more transparent by
introducing diabatic configurations. Considering three such configurations with the charac-
teristics that no protons, a pair of K = 1/2 protons and finally a pair of K = 9/2 protons
are excited to the h^i* subshell, results in the dashed energy curves in fig. 7. These energy
curves have sharp crossings and at some distance from the crossing points they join the
original adiabatic configurations. By knowing the structure of the diabatic configurations
one can immediately see how the original adiabatic energy curves can be decomposed into
parts which correspond to specific diabatic configurations. What seemed to be ju6t a faint
shoulder at oblate shapes actually is a manifestation of a configuration which has a K = 9/2
proton pair in the h$/2 subshell. In fact, this configuration can be identified with that of the
lowest excited 0+ state in the light Pb isotopes, on top of which a rotational band has been
observed. There is overall good agreement between calculations and experimental data as
described in ref.[7 .

-0.3

FIGURE 7. Adiabatic (solid lines) and diabatic (dashed lines) configurations in IR6Pb and
196Pb. Only after the construction of the diabatic configurations does it become clear that
the lowest adiabatic configuration completely changes its structure in the region where the
energy curve has a shoulder near 3? = -0.15. The excited energy minimum in the lowest
adiabatic configuration (Oqp) in 'hbPb has a similar structure as the prolate configurations
;.n the Hg isotopes. Although this configuration never gives an energy minimum in nuclei
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5 Shape coexistence related to the occupation of the
proton /19/2 subshell

In the previous two sections we have discussed the role that the ho/2 protons are playing for
creating an oblate-prolate shape coexistence in the light mercury isotopes and a spherical-
deformed (oblate as well as prolate) shape coexistence in the lead isotopes. Many other
nuclei in this mass region show more or less convincing signs of shape coexistence.

In the light platinum isotopes a similar kind of shape coexistence, as in the mercury
isotopes, is observed. However, in the platinum isotopes the oblate 0+ state lies about 0.5
MeV higher than the more deformed prolate 0+ ground state. The rotational band built on
the excited 0+ therefore never reaches the yTast line and it cannot be traced to high spins
like in the mercury isotopes.

A summary of of the quadrupole deformations calculated for shape coexisting low-lying
0+ states in Pt, Hg and Pb is given in fig. 8. 'Experimental' 02 values[8] derived from
measured B(E2) values are also included in this figure.

Both in the odd mercury isotopes and in some of the gold isotopes there are strong
evidence for an oblate-prolate shape coexistence associated with the filling of the proton
hgi3 intruder subshell.

In lighter elements with proton numbers below 78, there is neither experimental nor
theoretical indications of a prolate-oblate shape coexistence. Nontheless shape coexistence
has been discussed for a number of light Re, Os and Ir isotopes and the coexisting states
are supposedly distinguished by the extent to which hg/2 proton orbitals are occupied[9, 10,
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FIGURE 8. A summary of calculated quadrupole deformations for low-lying shape coexist-
ing 0+ states in even-even Pt, Hg and Pb isotopes[7, 8j. The solid lines show the deformation
of the prolate states, which are the ground states of the light Pt isotopes, are observed as
excited states in the light Hg isotopes and are predicted, but not yet observed, in the Pb
isotopes. Like in lead (see fig. 7) the deformation of the prolate configuration can be calcu-
lated also in the heavier Hg anf Pt isotopes if diabatic configurations are used. The dashed
lines with open circles show the deformation of the oblate or spherical states, which have no
protons occupying kg/2 orbitals, and which are the ground states of all the Pb, Hg and heavy
Pt isotopes and which have been observed as excited 0+ states in the lighter Pt isotopes.
The dashed line with triangles shows the deformations of the oblate configuration in which
a pair of protons is excited to the K - 9/2 level of the h9i2 subshell. This configuration will
have a low energy only in lead, where it also has been observed.



11, 12'. Like in the mercury isotopes the occupation of /ig/j proton orbital6 results in a
large prolate deformation (/?; = 0.25 - 0.30). In states with the A9/2 orbitals unoccupied the
deformation is smaller (#j < 0.20) but, unlike in the mercury isotopes, it now has a prolate
shape.

When the coexisting states both are prolate, there is less structural difference between
them and the decay between states with different shape is less hindered. Therefore, there is
no direct observation of shape coexistence in the sense that states with the same spin and
the same general configuration but different deformation have been observed. At a given
spin only the lowest of two predicted coexiting states are observed, with the states of small
deformation only appearing at low spin, see fig. 9. The structure of the observed rotational
bands changes adiabatically as the spin increases from a 6mall to a large deformation. For
detailed descriptions, see ref.[9] .
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FIGURE 9. Examples of total routhian surfaces for the hUf2 rotational band in '77Ir, show-
ing evidence for a shape coexistence between a less deformed prolate shape (02

 % 0.18),
which is energetically favoured at low rotational frequencies, and a more deformed prolate
shape ($2 ~ 0.25), which is energetically favoured at higher rotational frequencies. The
surfaces are calculated using the Woods-Saxon potential and the details are given in ref.[9j.

6 Shape transitions near N = 90

The transitional region from spherical to deformed shapes that appears for the rare earth
nuclei at neutron numbers close to 90, is usually not considered as one of the classical
examples of shape coexistence, although large changes in deformation takes place for these
nuclei both as a function of neutron number and angular momentum. The reason is that
easily recognizable coexisting rotational band structures at low spin have not been observed.
However, at high spin largely different shapes do coexist, the best example being ls2Dy,
where oblate single-particle like, prolate collective and superdeformed states all appear near
the yrast line for spins in the range 25-35 as illustrated in fig. 10.

At low spin the coexistence of 0+ states of different shapes is very convincingly demon-
strated in th even-even Sm isotopes with neutron numbers ranging from 86 to 90. In the
lighter isotopes with neutron numbers just above 82, the ground state is spherical or nearly
spherical since s<2 is a closed neutron shell. The heaviest Sm isotopes, with Ar higher than



90, already lie in the deformed region. Sudden deformfttion changes are easily recognized
as an upbending or a backbending when the neutron (or proton) number is plotted as s.
function of the Fermi energy(6] and indeed fig. 11 shows that the Sm isotopes undergo a
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FIGURE 10. Coexisting oblate, prolate and superdeformed states in 152 Dy. The figure is
from ref.[13;.
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are given in refJ6 .



deformation change at N Rs 90. However, if instead of calculating the Fermi energy from
the ground state masses, we calculate the Fermi energy by combining the 0* ground states
in the isotopes with N > 90 with the first excited 0+ states in the isotopes with N < 90,
we get a perfectly smooth curve, indicating that all of these 0+ states have a very similar
structure, including a similar deformation. Since it is known that the ground state of the
heavier isotopes is deformed, it can be concluded that the excited 0+ states in the lighter
isotopes also are deformed. Similarly, if the ground states of the lighter isotopes are com-
bined with the excited 0+ state in the N = 90 isotope the result is another smooth curve
in the N versus X plot, suggesting that the excited 0+ state in the TV = 90 Sm isotope has
a more or less spherical shape. Thus spherical and deformed coexist in the even-even Sm
isotopes from N = 86 to N = 90

7 Shape coexistence in the A « 130 mass region

The .4 =s 130 mass region extends from the vicinity of the doubly magic, and therefore
spherical, nucleus 132Sn to the well deformed nuclei around 13l)Ce. This is a particw'arly
interesting mass region, since it is the heaviest region of nuclei in which the intruder subo^ell
is the same for neutrons and protons, namely the &,,/2 subshcll. The region is also interesting
since deformation in the .4 = 130 nuclei is created by simultaneously removing neutrons from
an originally full An/2 subshell and filling protons into an originally empty n,,/2 subshell.
Both processes are efficient for creating a deformed nucleus, but whereas the fen/2 protons
outside the Z = 50 closed shell favour a prolate shape, the ku/2 neutron holes favour an
oblate shape. The preference for prolate and oblate shapes respectively for protons and
neutrons leads to a close competition between prolate and oblate shapes, which becomes
particularly striking once the (quasi)particles which occupy Au/2 intruder orbitals start to
align.

Calculated total energy surfaces for the ground state rotational band in even-even nuclei
in the A = 130 mass region do not show the same kind of strong evidence for shape coexis-
tence as is the case for the light mercury isotopes. The energy surface for a number of nuclei
is very 7-soft and the energy difference between oblate and prolate shapes is sometimes very
small, but separate well defined minima do not develop, cf. fig. 12.

In several of the even-aven Xe isotopes low-lying excited 0+ states have been observed
at energies below 1 MeV, which is much lower than is expected for a two-quasiparticle
excitation across the paring gap. The low energies therefore tell us that these excited states

0.10 0.30 0.10 000 0.20
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FIGURE 12. Total routhian surfaces for the ground band of "*Xe, !22Xe and 126Xe at a
rotational frequency of 60 keY.



cannot be of ». two-quasipanicle nature.They could be shape cosxiciting states or they could
be pushed down by collective correlations, being e.g. vibrational type states.

There is no theoretical support for the lowlying excited 0+ states so be interpreted as
evidence for an oblate-prolate shape coexistence. Unlike the situation in the mercury - lead
region there is no correlation between the energy of the excited 0+ states and the oblate-
prolate energy difference In fact, these two quantities depends on the neutron number
in opposite ways: The energy of the excited 0+ state is lowest at midshell, i.e. at N % 66
whereas the oblate-prolate energy difference is comparatively large at midshell and decreases
steadily as the number of neutroEs increases.

Even if the interpretation of the excited 0+ states is unclear, there axe clear evidence
supporting a coexistence between oblate and prolate shapes to be found both in odd—Z and
odd-iV nuclei in this mass region. Also in the even-even nuclei, the observed a-bands can
only be interpreted in a consistent way if the presence of both oblate and prolate shapes is
assumed.

The most direct evidence for shape coexistence is found in the odd iodide isotopes where
both strongly coupled and decoupled negative parity bands have been observed, cf. fig. 13.
The only negative parity orbitals available close to the Fermi surface are those of the Au/2

intruder subshell. In iodide Z = 53 and the Fermi surface is just below the intruder subshell
at both moderate oblate and prolate shapes. An odd proton excited into this subshell will
therefore occupy the K = 11/2 orbital if the nucleus has an oblate shape a.n<i the K — 1/2
orbital if the nucleus has a prolate shape. Since high A' results in a strongly coupled band
and low K in a decoupled band, it is reasonable to assume that the strongly coupled negative
parity band is associated with an oblate shape and that the decoupled negative parity band
is associated with a prolate shape.

Calculated total routhian surfaces for t2II for the lowest negative parity (i.e. An/a)
configuration have a prolate energy minimum, which through a valley in the 7-plane is
connected with a low-energy region at oblate shape as shown in fig. 14. Although there
is not a well-defined energy minimum at oblate shape, the configuration is very different
compared to that at prolate shape (high K versus low A"). With the same arguments as
used for the lead isotopes in section 4, we conclude from the calculations that an oblate-
prolate shape coexistence is to be expected. With the prolate shape having a lower energy
than the oblate shape, the decoupled band should have a lower energy than the strongly
coupled band. This is indeed observed experimeittally|l4].

In theoretical calculations, better examples of shape coexistence can be found in odd-iV
nuclei as illustrated in fig. 15. However, the neutron Fermi surface is usually lying closer
to the middle of the fen/2 intruder subshell and the coexisting states are often prolate-
triaxial rather than prolate-oblate. The structural differences between coexisting states are
therefore not as large as in the odd— Z isotopes. In particular, it is not possible to make a
distinction between high-A" and low-A' states and decay between coexisting states should
be less hindered. Direct experimental evidence for shape coexistence in negative parity one—
quasiparticle bands in the odd-Ar isotopes is lacking. However, if three-quasiparticle bands
are also considered, the evidence for coexisting shapes becomes much more clear.

As the number of neutrons increases, filling more and more levels of the hu/2 subshell,
one would expect that the signature splitting of the An/2 rotational bands in odd-iV iso-
topes should gradually decrease, if the nucleus has a. prolate deformation. This is true for
the lighter isotopes of Ba and Ce with JV < 71, but for larger neutron numbers the signature
splitting increases again. The TRS calculations give a natural explanation to this observa-
tion, predicting a change to triaxial and finally oblate deformations in the heavier isotopes.
At oblate shape the low-A" levels lie in the top of the An/2 subshell. For N > 70 the Fermi
surface is approaching the top of the subshell and at oblate shape K = 1/2 components can
easily mix into the aligned &n,'i orbital and create a signature splitting.

Another prediction of the theory is that above the first bandcrossing the deformation
should change from oblate to prolate in the negative parity bands of the odd-iV isotopes.
THs is because a pair of h,; /2 protons aligns and, with the proton Fermi surface in the bottom
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jf the subshell, these protons are strongly prolate-driving. With the neutron Fermi surface
in the upper half of the intruder subshell a deformation change from oblate to prolate should
result in the disappearance of the signature splitting. The experimental data show that this
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actually happens (fig. 16), thus giving support to the thoeretically predicted deformation
changes.

The shape coexistence discussed for the odd-iV isotopes is of a special kind, since it
is a coexistence between oblate one-quasiparticle bands and prolate three-qu*»iparticle
bands. Whether there are shape coexisting prolate one-quasiparticle bands and oblate three-
quasiparticle bands is not known.

Another kind of shape coexistence caused by the different deformation driving properties
of protons in the bottom of the hu/2 subshell and neutrons in the upper half of the same
subshell appears in even-even nuclei in the A = 130 mass region. Two s-bands have been
observed in several nuclei and have been interpreted as corresponding to the alignment of an
kui2 quasineutron pair and an kut2 quasiproton pair. A careful analysis of band crossing
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FIGURE 17. Examples of total routhian surfaces for 12lXe. a), b) and c) show the vacuum
configuration at the rotational frequencies 240, 300 and 360 keV while d) sho^s the lowest
proton two-quasiparticle configuration at the rotational frequency 300 keV. The relevant
configurations at the energy minima are indicated.



systematics reveals that a reasonable explanation of the data can only be obtained if it is
assumed that in the heavier isotopes (with N > 70) a prolate proton s-band coexists with
an oblate neutron s-band. Such a shape coexistence is also predicted by TRS calculations.
A few TRS are shown in fig. 17. A detailed discussion of the coexistence of proton and
neutron s-bands with different deformations can be found in ref.[15].

At proton number 50 or just above, the Au/2 proton levels are still too high above the
Fermi surface for giving rise to shape coexisting states at low excitation energy and low spin.
Still, deformed excited 0+ states with collective rotational bands built on them are observed
in a number of mid-shell Sn isotopes. The key deformation driving orbital in these isotopes
seems to be the K = 1/2 level of the gT[i subshell, which seems to be as important for
creating deformation near the Z = 50 gap as the A9/2 subshell is for creating deformation
near the Z = 82 gap. Furthermore, the deformation driving force is enhanced by holes
created in the upsloping K = 9/2 levels of the $9/2 subshell. This parallels the creation of
holes in the K = 11/2 levels of the hn/2 subshell (and the parallel [400 1/2] and [402 3/2]
single-particle levels) below the Z = 82 gap.

3 Shape coexistence in the A ss 70 mass region

In the A % 70 mass region both neutrons and protons ore filling the go/2 intruder subshell.
The experimentally investigated nuclei extend from N = Z over into the neutron rich side.
However, the number of neutrons is in general only slightly higher than the number of
protons. Therefore, the same kind of conflicting situation between oblate and prolate shapes,
which is characteristic for spin aligned configurations in the .4 as 130 m*ss region, does
not exist in the A «r 70 mass region. Still, shape coexistence appears to be a common
phenomenon in the .4 = 70 mass region. It is a result of competing gaps at oblate and
prolate shapes in the single-particle energy spectrum and the strong deformation driving
force of the lowest-lying levels of the 39/2 subshell, which can drive the deformation either
prolate or oblate, whatever is favoured by the shell structure. For several combinations of
N and Z, clear cut examples of shape coexistence appear[16]. In fact, the selenium isotopes
70Se and r2Se were among the very first nuclei in which shape coexistence at low spin was
established. Cranking calculations based on the Woods-Saxon potential have been able to
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FIGURE 18. Potential energy surface for 72Se at spin 0, showing coexisting oblate (lowest
in energy) and prolate energy minima.



explain a variety of features related to coexisting shapes in this mass region(17]. It has also
been made clear that coexisting shapes at low energy and low spin, as a rule, have different
numbers of particles (neutrons as well as protons) occupying the ggf, intruder orbitals.

9 Summary

In a series of examples ranging from the A % 180 mass region down to the A » 70 mass
region it has been shown that shape coexistence is a common phenomenon which often is
closely related to the filling of either the lowest or the highest orbitals of an intruder subshell
or as a combination of the two. Shape coexistence is usually not a coexistence between
spherical and deformed shapes, as it was once often described. More common is apparently
a coexistence between oblate and prolate shapes or between more or less deformed prolate
states. Coexisting shapes can appear at any value of the angular momentum, and the
superdeformed bands that have now been seen in several mass regions can be considered as
another example of shape coexistence. Since no nucleus invesigated so far has been found to
have a superdeformed ground state (although the groundstate deformation sometimes can
be sizable), superdeformed states must always coexist with states with more normal shapes.
Also in the configurations of superdeformed bands, the occupation of intruder orbitals from
higher-lying oscillator shells plays a crucial role.

One may ask if it is enough that states with different shapes exist in the same nucleus
in order to say that a nucleus exhibits shape coexistence, or should it be required that
different shapes appear for the same value of the angular momentum, or should an even
greater similarity between states of different shape be required in order to talk about shape
coexistence? There may be some confusion on that point and it would be useful if one could
agree to a common definition.

Whatever the definition should be, it now seems clear both from theoretical calculations
and from experimental observations that there is not a single nucleus that has. just one
shape. On the contrary, any nucleus can appear in a variety of shapes, depending on its
angular momentum, excitation energy or specific configuration. The well-known regular
changes between spherical and deformed mass regions that is characteristic for nuclei in
their ground states may have no or very little relevance at higher angular momentum or
excitation energies, where totally new patterns of deformation changes may appear.

However, already at very low spins and excitation energies, there seem to exist in almost
any mass region, states or families of states, which have a totally different deformation than
the ground state. The shape of the nucleus therefore is a very complex and changeable
property about which we have only a fragmentary knowledge as soon as we go beyond the
ground state.

UNISOR. is a consortium of universities, the State of Tennessee, Oak Ridge Associated Universities
and Oak Ridge National Laboratory and is partially supported by them and by the U.S. Department
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