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Abstract

In the extended interacting boson model (EIBM) both particle- and hole-like
bosons are incorporated to encompass multi-particle-multi-hole excitations at and
near to closed shells. We apply the group theoretical concepts of the EIBM to
the particular case of two coexisting systems in the same nucleus exhibiting a U(5)
(for the regular configurations) and an SU(3) symmetry (for the intruder configu-
rations). Besides the description of “global” symmetry aspects in terms of I-spin ,
also the very specific local mixing effects characteristic for the U(5)-SU(3) symme-
try coupling are studied. The model is applied to the Po isotopes and a comparison
with a more realistic calculation is made.
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1 Introduction

In the present series of articles, concentrating on the various possibilities that show up
when introducing particle and hole bosons explicitly within an extended interacting boson
model approach (EIBM), we have studied, besides the general formalism (part I, ref. [1])
those situations where — as a manifestation of K-symmetry breaking — intruder multi-
particle-multi-hole and regular excitations are described by different dynamical symme-
tries in an IBM-1 framework as a limiting case, i.e., the U(5)-O(6) coupling (part II, ref.
[2]) and the O(6)-SU(3) coupling (part 111, ref. [3]). We concentrated also on nuclei where
those symmetries appear (approximately), i.e., in the Sn and Pb region, respectively.

In the present article (part IV) we study those cases where the regular states are
described by a U(5) symmetry but the intruder states form rotational structures best
approximated by an SU(3) symmetry. Besides discussing in section 2.1 the data which
may indicate the presence of such dynamical symmetries, we study in detail the pure
U(5)-SU(3) model in section 2.2. More specifically we study the coupling that may arise
in actual nuclei between these two symmetries both in a numerical and an analytical way,
trying to understand the specific mixing features. In section 2.3 we discuss the mixing of
the wave functions of the combined system and its implications on the B(E2) values for
the lowest lying states occurring in the two symmetries. In section 2.4 we point out how
to go from this limiting case gradually into more realistic cases.

In section 3 we discuss how the above symmetry conditions may well be showing up,
albeit approximately, in the Po isotopes, with implications for the observation of intruder
analog multiplets. In the concluding section 4 we summarize the effects of the various
symmetries and their most salient features discussed in previous articles (part 11, III and

V).

2 The U(5)-SU(3) coupling

2.1 Experimental evidence for U(5)-SU(3) coexisting
systems

When discussing in part II the experimental evidence for the appearance of U(5) regular
excitations and O(6) intruder excitations in the Cd nuclei, we have pointed out that the
global symmetry character can change in a smooth way. It seems that when going from
the Cd nuclei (two proton holes in the Sn core) across the Z=50 closed shell into the Te
nuclei (two proton particles outside the Sn core), the global intruder symmetry is changing
in character from an O(6) symmetry into an SU(3) symmetry. Some consequences of such
a smooth O(6)-SU(3) transition have been studied recently [4].

However, in contrast with the nearby Cd nuclei having the same neutron number N,
the even-even Te nuclei show no clear-cut evidence of well-deformed intruder bands. Still,
this mass region, where the valence proton character is particle-like (7 ) 50) and where
the neutron number appears around the midshell (N = 66) configuration, may well be an
appropriate mass region to find an approximate realization of the U(5)-SU(3) coupling.
H8Te seems to be the best case so far [5]. A systematic analysis of the experimental data
for 1127128Te combined with a mixed configuration IBM-2 calculation [6] suggests a strong
intruder admixture. Still it is stated that the underlying vibrational normal excitation



structures do not closely approach any of the dynamical symmetry limits of the IBM. We
will therefore not concentrate on this region but refer the reader to the above analysis.

We suggest that in the Pb region (Z=82), this particular symmetry classification might
well be present. The spectra of the even-even Po nuclei (Z=84) evolve from typical two-
particle shell-model spectra near N=126 over transitional into anharmonic quadrupole
vibrational characteristics when approaching the neutron deficient region [7]-[19]. At the
same time, even though two-particle-core coupling studies can account for the quadrupole
anharmonic structures [10]-[13], a conspicuous onset of a low-lying 0% level, dropping
rapidly in excitation energy from 2°?Po onwards, has been observed. By now, the evidence
seems rather compelling that indeed an intruder band is dropping rapidly in excitation
energy when approaching the mid-shell region (N=116 — 108) [14]-[19]. So, it looks like
an SU(3) structure is appearing next to the regular anharmonic quadrupole vibrational
excitations in this mass region, even becoming the ground band in **Po [20].

The Po region then appears on equal footing with the Te mass region for which the
above symmetries — although in an approximate way — have also been suggested. In both
cases we have two proton particles outside the closed shell (Z=52 in the Te nuclei, Z=84
in the Po nuclei) and in each case going together with a neutron number near or slightly
above the neutron mid-shell configuration. The energy systematics for the Po nuclei as
well as their interpretation in terms of mixed regular and intruder bands are given in
figs. 1 a and b, respectively.

2.2 The pure U(5)-SU(3) model

In analogy to what has been done in part Il and III, here it is assumed that the normal
configuration can be described by the pure U(5) dynamical symmetry limit of the IBM
with no admixture of the other dynamical symmetry limits. The eigenstates of such a
system can be written as:

|[N]7nd7v7L> ) (1)

with ng, v and L the U(5), O(5) and O(3) quantum numbers. In order to describe the extra
states due to the proton-pair excitations across the closed shell it is necessary to include a
second set of configurations. These configurations are assumed to be more deformed and
are approached as being governed by the SU(3) dynamical symmetry with two additional
bosons to encompass the 2p-2h excitations in addition to the normal configuration. The
eigenstates are given by:

V421, (A ), L) (2)

with (A, ), L the SU(3) and O(3) quantum numbers. In general, one expects the global
structure to be reproduced by these two coexisting configurations, i.e., the U(5) and
SU(3) states, as shown in fig. 2, with an offset of A + (Q : Q) Here A is a parameter
which accounts for the energy shift due to the promotion of two particles across the
closed shell, which the IBM cannot explicitly account for, i.e., the single-particle-energy
difference with the pairing and monopole energy shifts added [2]. The lowering of the
intruder configuration when approaching midshell is caused predominantly by the proton-
neutron quadrupole interaction QW . Qy, which is explicitly accounted for in the IBM
diagonalization.



One expects that, in regions where intruder and regular configurations come close
in energy, detailed spectra and especially wave-function sensitive (and so more local)
properties like B(E2) values, will reflect K-mixing of these coexisting systems, as was
clearly shown in part II. In the latter paper, the interaction was introduced in its more
general form. To first order, it takes the following (IBM-1) form [2, 21]:

A

Hyw = « [S]LS]L + 55]@ 4+ 3 [aﬂLaﬂL +dd)©® . (3)

This basic coupling structure leads to the following form of the energy matrix:

( U(5)n | (U5 N | Hie| SU(3) 42 ) . n
(SUB)nt2|Hiio|[UB)N) | SU(3) N2 ’

where U(5)y and SU(3)n42 are the eigenvalues in the corresponding dynamical symmetry
limit which, in their most general form, are given by [22]

U(5)N = el”nd + OéUsnd(nd + 4) + ﬂU521)(v + 3) + 7U52L(L -+ 1) ,
2
SUB)Nt2 = A + 5§(A2 + p® 4+ A+ 3N+ 3p) + ysus2L(L + 1) . (5)

and (U(5)N|[:Imm|SU(3)N+2) is the interaction between the two configurations governed
by the mixing Hamiltonian given in (3). The parameter A, which shifts the intruder
states to higher energies as mentioned before, is explicitly included here.

Contrary to the U(5)-O(6) model [21], where both dynamical symmetries have a com-
mon O(5) D O(3) subgroup chain [23], no clear-cut selection rules that govern the coupling
between the U(5)-SU(3) dynamical symmetries show up. So, one can expect a very dif-
ferent coupling pattern, as was already indicated when studying the effect of the O(6) —
SU(3) symmetry transition on the coupling [4]. In the more general case, one needs to
expand the SU(3) states in the U(5) basis, in which the mixing matrix elements can be
most easily calculated. However, because of the appearance of missing labels in both the
U(5) and SU(3) wave functions, it is difficult to derive general analytic expressions for
the transformation brackets

(INJCA, ) L | [NJng, 0, L) . (6)

The one exception is the SU(3) ground state (2N,0)L.=0 for which no multiplicity is present
and for which the transformation bracket has the explicit form
(V)00 | [N)(2V, 0)00) =
2matv L ON + 1) (20 + 3)N!((ng + v)/2 + 1)!
V(N —n)!((ng —v)/2)(ng + v+ 3)!

1/2

(7)

The transformating bracket (7) is equivalent to the one derived in [24] apart from the
phasefactor (—1)"4+*)/2 The phase convention chosen here is in line with most numerical
codes and corresponds to the one used in [21, 23].

Following the same procedure as used in ref [23] one obtains then for the mixing
Hamiltonian the following tensorial character with respect to U(6), SU(3) and O(3):

2
V5
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The tensorial character of the mixing Hamiltonian inhibits the contribution of the second
term to the mixing of the lowest intruder band which has the SU(3) labels (A, p) =
(2N +4,0). Thus for this lowest band a situation similar to the one found for the U(5)-
O(6) mixing arises and the mixing depends only on a particular linear combination of the
parameter o and 3.

Using the transformation bracket given above one can analytically study the coupling
of the intruder SU(3) ground state configuration with the lowest U(5) states (ng =0, L =
0 and ng = 2,L =0), given by

(INJng = 0,00 | Hpip | [N + 2](2N + 4, 0)00)

B 2 (N + DN +2)(2N +5)
- (Oé + ﬁﬁ)\/ 3N-|—2 ? (9)

and
(INJng = 2,00 | Hpip | [V + 2)(2N + 4, 0)00)
2 20IN—1)N(N+ 1)(N+2)2N +5
:(a+—ﬁ)¢( )N ( ])V(2 ) )
V5 5 3N+
respectively. Thereby we have used the matrixelements of the operators (s*s)© and
(d+d*)© in the U(5) basis as derived in ref. [21, 24]. In fig. 3 we show the dependence of

the mixing on the boson number. The coupling with the regular ground state (ng =0, L =
0) smoothly decreases with boson number, while the coupling with the (ny = 2, L = 0)

(10)

two-phonon state peaks at boson number N=4.

2.3 Basic features of the U(5)-SU(3) model

Since for the other states no simple expansion can be given analytically , use was made
of a numerical method to obtain the coupling matrix elements starting from the NPBOS-
NPMIX codes [25, 26]. Parameters have been chosen such as to reproduce Hamiltonians
that have U(5) and SU(3) symmetry respectively. The relations, connecting the more gen-
eral IBM-2 NPBOS parameters to those for Hamiltonians describing an exact symmetry
have been given in appendix B of part II.

In the present U(5)-SU(3) study, we have used the following Hamiltonians:

H(U®(B)) = ¢hg+r'L-L+aM (11)
H(SUB)) = kQ -Q+rL-L+aM (12)

with for the U(5) limit e = 0.68 MeV, £’ = -4 keV (including a small quadrupole pertur-
bation Ax = -0.25 keV to split degeneracies in the numerical study) and for the SU(3)
limit k = -8 keV, " = 22 keV and y = —/7/2 (including similarly a small d-boson energy
perturbation Ae = 2 keV) These parameters were taken from the calculation aiming at
the description of the low-lying regular and intruder excitations in the ?272°Po isotopes
using this U(5)-SU(3) coupling scheme (see section 3.2). The restriction to fully symmet-
ric F-spin configurations has been performed through an adequate choice of the Majorana
strength; we considered the value ¢ = 10 MeV. In this case we present the coupling ma-



trix elements so obtained with o = 3 = 0.15\/6/(N + 1)(N +2) MeV! with N the total

boson number? in fig. 4 and this for N=9 and L=0,2,3,4,6 and 8 always considering the
four lowest levels in both the U(5) and SU(3) dynamical symmetry. From the figure, one
can see that a non-selective coupling arises, although a preferential coupling of the SU(3)
ground band ((A, ) = (22,0)) and the SU(3) 8 band (A, x) = (18,2)) to U(5) states
with lower seniority, increasing with d-boson number is present. For the SU(3) v band
(A, 1) = (18,2)) coupling to states with higher seniority is favoured.

In fig. 5 we then show the effect of this mixing on the regular and intruder configura-
tions when the dynamical symmetries, as illustrated in fig. 2 have been used to obtain the
unperturbed energy spectra. This mixing is of course largely determined by the energy
difference of the unperturbed configurations, considering the fact that the U(5)-SU(3)
mixing is not very selective, contrary to the U(5)-O(6) mixing situation. This is nicely
illustrated by the relatively strong mixing of the 43,47, 67 and 87 states resulting from
close lying unperturbed regular and intruder configurations.

We also present, albeit in a schematic way using the U(5) and SU(3) Hamiltonians as
given in eqs. (11) and (12), how the U(5) and SU(3) E2 decay pattern becomes modified
through the mixing. Use was made of the numerical codes NPBEM-BEMIX [25, 26]. In
fig. 6a we show the unperturbed U(5) and SU(3) energy spectra but now in compressed
form (left-hand side) and the energy spectrum after diagonalizing the mixing matrix of
eq. (4) (right-hand side). On the left-hand side of fig. 6b we show the “unperturbed” U(5)
and SU(3) B(E2) values (with arrows of which the thickness is proportional to the B(E2)
value), only indicating the lower part of the SU(3) band. The mixed B(E2) decay pattern
is illustrated in the middle part and on the right-hand side of fig. 6b for & = 3 and o = 23
respectively (with g = 0.15\/6/(N + 1)(N +2) MeV)>. As stated before, most low-lying
states are not much affected by the mixing and therefore the E2 decay properties are
well preserved within the regular and intruder bands. Some smaller transitions occur in
addition, mainly from the 4§ and 47 states, where mixing does occur due to the proximity

in unperturbed energy. In general one expects that the overall E2 decay properties will
remain quite well intact, although accidental close-lying levels in the two subspaces can
disturb the features locally. From comparison of the middle and the right part of fig. 6b,
one can see clearly that the energy spectrum and E2 decay properties are not very sensitive
to the relative mixing-parameter values, as was already stated earlier.

2.4 Relation to more realistic calculations

When trying to proceed from the pure U(5)-SU(3) coupling towards more realistic calcula-
tions, one should bear in mind that experimental energy spectra rarely fulfil the conditions
of a dynamical symmetry. Indeed quite often the energy spectra in the separate subspaces
(N, N+2) show deviations from the pure dynamical U(5) and SU(3) symmetries and one

'We have also performed a similar calculation with /2 = 8 = 0.15\/6/(N + 1)(N + 2) MeV but this
doesn’t affect the general conclusions of this study. Although the mixing is generally slightly enhanced,
the variation of the matrix elements throughout the basis and with angular momentum is not altered
qualitatively.

?The N-dependence of the mixing parameters results from the IBM-1 form of the mixing Hamiltonian
(3), whereas in reality the mixing only involves proton excitations [2].

3In this schematic study, an effective charge of e = ¢, = 1.0 e.b. is used for simplicity and the
conclusions are therefore qualitative only.



has to go beyond this simple coupling scheme and diagonalise more realistic IBM Hamil-
tonians in the separate subspaces.

(i) The smaller space, characterized by N bosons, is then built by the eigenstates that
are expanded using a U(5) basis. So we obtain

| i, Ny =M (UB) [{UG) L N) (13)

(ii) In the second subspace containing the intruder states which are characterized by
N+2 bosons, we expand the eigenstates in the SU(3) basis and obtain the states

| J;, N +2) =3 d(SU3)) [ {SUB)H,N +2) . (14)

Subsequently we determine the mixing matrix elements of the Hamiltonian (3) as follows

(Jj7N+2|]:]mix|Ji,N> =
T @ (SUBNEHUB)) ({SUBM,N +2 | Hyio | {U(5)}k, N). (15)

The deviations of the matrices ¢(U(5)) and ¢(SU(3)) from unit matrices express the de-
viations from the dynamical U(5) and SU(3) symmetries, respectively. In the expression
(15) the latter mixing matrix elements are the ones derived from the pure U(5)-SU(3)
coupling. In matrix form the final energy matrix that needs to be diagonalised becomes

E(Ji, N) | X eU(5))e(SU3))
| {UG)} [ Himir [ {SUB)}) (16)
> c(U(5))e(SU3)) | ’
{UG} | Hoiw [ {SU3)}) | E(J;, N +2)

which is one step more realistic than the energy matrix of equation (4). To illustrate the
effect when going away from the dynamical symmetry limit, we calculated the mixing
matrix elements of the intruder states with the regular states for each lowest excitation
of angular momentum L.=0 to 8. Thereby the SU(3) symmetry is broken by a term eng,
with e varying from 0.0 to 0.5 MeV. This is illustrated in fig. 7Ta. We immediately observe
a very strong increase of the mixing, especially for low angular momenta. When going
towards the O(6) dynamical symmetry, varying x from —/7/2 to 0, the increase of the
mixing is much smaller and is more or less independent of angular momentum. This is
illustrated in fig. 7b.

Even more realistic calculations can be performed by explicitly taking into account
the proton-neutron character of the various configurations within an IBM-2 configuration
mixing approach [27]. Restriction to a symmetric particle-hole character is however im-
plicitly considered in this approach. The p-h and 7-v degrees of freedom are explicitly
taken into account when describing a more complete EIBM-2. Results are presented in

ref. [28].



3 Application to the Po isotopes

3.1 The I=3/2 multiplet

As was discussed extensively in previous papers of this series [1]-[3], the existence of I-spin
multiplets, albeit approximately, indicates that I spin is a good quantum number, i.e.,
I spin is a dynamical symmetry. This symmetry is related to changing a ’particle’-like
boson into a 'hole’-like boson (or the other way around) in the boson wave function.
From ample evidence in the Z=50 and 7Z=82 region, one can conclude that locally this
symmetry can be broken through mixing between regular and intruder excitations.

In the case of the Po isotopes, the [x(4p — 2h)] intruder excitations should belong to
the [=3/2 multiplet involving the Os [x(6h)] regular excitations. From earlier studies [20]
it became clear that the intruder band in the Po isotopes is locally affected by strong
mixing with the regular excitations, especially for the lighter isotopes. Hence, in these
cases [ spin is no longer a good quantum number and the multiplet picture will be severely
disturbed. In fig. 8 we show the comparison of the data and a two-state model calculation
[20], where the unperturbed intruder energies have been reconstructed, starting from
a-decay hindrance factors [19, 30] to determine the mixing of regular and intruder 0t
configurations and using Potential Energy Surface (PES) calculations [31] as a guide to the
relative position of the unperturbed 0% states. It is very clear that the I-spin dynamical
symmetry is restored when de-mixing regular and intruder configurations. The most
striking example are the 27 excitations in '%°Po, indicated by dashed lines, which energies
deviate both substantially from the 2% energy in ®¥0s. For 9?Po, where the intruder
band is most probably becoming the ground band, as supported by PES calculations
[31], the picture is worse. However here, no de-mixing was possible since no excited
states are known experimentally. Therefore the excited band members are assumed to be
pure intruder excitations. The de-mixing of the ground state as deduced from a-decay
hindrance factors [19, 30] leads to a 60 keV shift of the energy, as indicated by the dashed
line.

3.2 A U(5)-SU(3) coupling calculation

In the framework of the IBM-1, we have performed mixing calculations:

We describe the regular states by the U(5) Hamiltonian (11) where the parameters € =
0.68 MeV and x’ = —4 keV have been fitted to the yrast and yrare J™ = 0%, 2%, 4% states
of 2°27298P5 and have been kept constant for the description of the whole series of 19272%Pg
isotopes. The regular yrast 6*,8% states have a rather pure (7hg/)? character, although,
as the neutron number decreases, the 67 state becomes more vibrational. Thus, when
restricting the calculation to the lighter 1272°0Po isotopes, where the intruder excitations
really start to play an important role in the low-energy spectrum, one can assume the
U(5) description of the regular excitations to be satisfactory up to angular momentum 6.

The intruder states are described by an SU(3) Hamiltonian (12) where the parameters
k= —8 keV and &’ = 22 keV have been fitted to the ground and 4 band of *°Os, and
kept constant throughout the whole series of 192729°Po isotopes. The parameter A was
fitted to the excitation energy of the known intruder 0T levels and also kept constant for
all isotopes considered, in accordance with its physical meaning. As a result, the intruder
0% configuration becomes the ground state in '?Po as can be seen from fig. 9a.



We then introduce the mixing as described in eqs. (3) and (4), with mixing parameters
a=f= 0.15\/6/(N +2)(N 4+ 1)MeV, with N the total number of bosons, which is again
in line with values used earlier in this mass region [32, 33]. In the case of a pure U(5)-SU(3)

dynamical symmetry coupling, the systematics and the general features of the spectra
of the 1927290Pg isotopes are reproduced qualitatively, but the mixing is underestimated

quantitatively, especially in 194'%Po, Moreover, the ground state in ¥?Po is almost purely
7(4p—2h) in nature, in accordance with the PES predictions [31], but in disagreement with
a-decay hindrance factors [19, 30] which point to mixing. It should also be noted here that
these mixing calculations show that the two-state model used in [20], albeit too simple an
approach, is a valid first approximation to disentangle regular and intruder components
since the lowest-lying unperturbed states are indeed the dominant components for the
experimentally known levels. This can be clearly seen from figs. 11-15.

3.3 A more realistic IBM-1 mixing calculation

In this calculation we start from the I-spin concept and adapt for the description of the
intruder states in the Po isotopes a more general Hamiltonian, suitable for the description
of the ground and ~ bands in the corresponding Os isotopes,

H = chy+rQ-Q+r'L-L+A (17)

and which is similar to the one used for an earlier calculation of *~18°Qs [34]. The
parameters € = 0.22 MeV and y = —0.8 are kept constant for all isotopes, while &, " are
smoothly varying for '#471920s (19272%Pg). Their values are in line with those used in [34]
as is illustrated in fig. 10. The parameter A was again fitted to the excitation energy of
the known intruder 0% levels and also kept constant for all isotopes considered. As a result
the intruder 0" configuration becomes nearly degenerate with the regular ground state in
192Pg, as indicated in fig. 9b. For the more general Hamiltonian of eq. (17), the mixing
results are in fair overall agreement with experimental data, as can be seen from figs. 11-
15. The ground state in '??Po is now mixed, but with the regular configuration as the
dominant one. For both calculations, one observes disagreement between the experimental
and calculated yrast 8 level, as neutron number increases. This is linked with the
dominant regular nature of this state, which, as a (7hg/,)?* configuration [11, 12, 20], is
outside the IBM model space.

As an example, we have calculated the electric quadrupole transition probabilities for
the low-lying excitations in ' Po, where mixing is rather important?. Results are shown
in fig. 16. By comparing the unperturbed and mixed B(E2) transition probabilities, one
observes that the pattern of existing transitions remains at least qualitatively, with some
additional non-negligible transitions between (dominantly) intruder and (dominantly) reg-
ular states. This is even more clear when looking at the intruder and regular components
of the mixed states, as shown in fig. 12.

4The ratio of effective charges for the N+2 boson space versus the N boson space is 0.8, in accordance
with the value used for 1°°Hg [32]. Furthermore, we have taken e, = e, = e to be equal to 1. The relative
strength of the transitions will not be altered by introducing an effective charge e = 0.13 or 0.17 e.b.
already used in this mass region [32, 34, 35].



4 Conclusions

In the present paper we have discussed the U(5)-SU(3) coupling scheme, which has been
studied both analytically and numerically. One finds a non-selective and rather small
coupling, resulting in only minor changes in the energy spectrum and electric quadrupole
transition probabilities, mainly induced accidentally due to small energy spacings between
unperturbed levels. We have shown that this scheme is applicable to the Po isotopes, al-
beit approximately, and have compared the results so obtained with a more realistic IBM-1
calculation. In this way one obtains a consistent description of the low-energy spectrum
of 1927209Po_ with an interpretation in terms of mixed regular and intruder 7 (4p — 2h)
excitations, in line with an independent study performed in ref. [20]. The Po isotopes
moreover constitute themselves a nice illustration of the I-spin concept. Once the local
mixing of intruder and regular states is excluded from the picture, one recovers the [=3/2
multiplet approximately. Hence one can conclude that globally the particle-hole boson
symmetry, with corresponding quantum label I spin, holds at least approximately. In
an algebraic language, within the particle and hole boson space, U(12) is a dynamical
symmetry algebra, although locally this symmetry can be broken through mixing of reg-
ular and intruder states, which are characterized by different I-spin quantum labels. The
resulting states do not have good I-spin anymore, even though for weak mixing, the I-spin
classification scheme is still approximately valid.

With the present paper we have finished the detailed (analytical and numerical) study
of how the appearance of two different dynamical symmetries in a single nucleus can be
described (U(5)-0(6) (II), O(6)-SU(3) (III) and U(5)-SU(3) (IV)). We have discussed the
idea of intruder spin (related to changing particle-like into hole-like bosons and vice versa)
which has been introduced in [36] and was studied in depth in (I) in both the Z=50 and
7=82 region as a rather valuable guidance principle for studying systematics of low-lying
nuclear excitations.

From the vertical classification scheme and the K-spin concept, we have learned that
the IBM mixing calculations - as introduced already earlier [27] and used subsequently
in several studies of shape coexistence - can be viewed as limiting cases of the general
algebraic structure. Thereby, the description of regular and intruder states by different
Hamiltonians points to K-symmetry breaking.

These findings are a good starting point for further studies in which particle-hole and
proton-neutron degrees of freedom are treated on equal footing in an EIBM-2 model (or
EIBM-3 for light nuclei). This again leads to new possible symmetries and additional
classes of states [28, 37, 38].

It would be interesting to implement these results in an Extended-IBM code which
then allows for further numerical studies of shape coexistence in different mass regions.

It is furthermore possible to combine the horizontal I-spin classification with the verti-
cal K-spin classification of multi-particle-multi-hole excitations, allowing for the descrip-
tion of such states and the systematics of their properties in neighbouring nuclei. This
also opens perspectives for the description of high-spin states and superdeformation in
nuclei.
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Figure 1: (a) Systematics of the light Po isotopes. Below the shell closure at N=126
with the “two-proton” nucleus *'°Po a “regular regime” with smooth variation of the
yrast levels is observed down to ?°°Po. The strong downsloping of the yrast levels in the
isotopes below 2°°Po can be optically associated with the strong lowering in the energy
of the first excited 07 state. Figure taken from [12]. (b) Interpretation of the data in
terms of a regular (grey) and an intruder = (4p —2h) (black) band where mixing occurs, as
indicated by the arrows. The dotted 07 level in '??Po is an estimate of the energy based

on PES calculations and « decay hindrance factors [20].
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