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ABSTRACT

The Interacting Boson Approximation (IBA) nuclear structure model
can be expressed in terms of the U(6) group, and thereby leads to three
dynamical symmetries (or group chains) corresponding to different
nuclear coupling schemes and geometrical shapes• The status of the
empirical evidence for these three symmetries is reviewed, along with
brief comments on the possible existance of supersymmetries in nuclei.

The relationships between these symmetries, the nuclear phase
transitional regions linking them, and the residual proton-neutron
interaction are discussed in terras of a particularly simple scheme for
parameterizing the effects of that interaction.

INTRODUCTION

The Interacting Boson Approximation (IBA) model1, originally
proposed a decade ago, has led to a major resurgence of interest in
nuclear structure, to the widespread use of algtLT.tic techniques to
elucidate that structure, and to an renewed apprecia. ..on of the role of
symmetries in nuclei. The resulting systematic understanding of the
broad scale evolution of nuclear structure throughout the Pariodic
Table has awakened a renewed awareness of the central importance of the
proton-neutron interaction ~ in the development of collectivity in
nuclei.

As summarized in ref. 1 and elsewhere in this conference, the IBA
model treats nuclei by assuming that their structure is dominated by
the valence nucleons outside closed states and that the interactions of
these ferraions can be approximated, and simplified, by treating them in
pairs as bosons. Thes& bosons are allowed to occupy angular momentum
0(s) and 2(d) states. Their number, Ng = ns + n<j, is equal to
half the number of valence nucleons and is conserved for the low lying
nuclear collective excitations. In the so-called IBA-1, no distinction
is made between proton and neutron bosons. The group structure of the
IBA-1 is that of U(6) and leads to three distinct non-trivial dynamical
symmetries:
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In these symmetries, denoted, for short, U(5), SU(3), and 0(6), each
successive step breaks a previous degeneracy, introduces one or more
new quantum numbers to distinguish the now separated levels, adds a
term to the eigenvalue equation, and provides new selection rules for
transition rates. This process is illustrated for the 0(6) limit in
Fig. lo Typical level patterns for each of these symmetries are shown
in Fig. 2.

Each dynamical symmetry has a geometrical analogue. The U(5) sym-
metry corresponds to a very general anharraonic vibrator, equivalent in
many respects to the fourth order anharraonic vibrator of Brink, de
Toledo Piza, and Kerman . If the anharmonicities are small (as In the
example of Fig. 2), the spectrum of levels resembles the familiar
vibrational spectrum with equally spaced, nearly degenerate multiplets,
each corresponding to a particular phonon number.

The SU(3) symmetry is that of a deformed axially symmetric rotor.
As will be seen below, while the U(5) limit permits a rich variety of
spectra, SU(3) is a very specific type of symmetric rotor. It is
characterized by sequences of rotational bands, with internal energy
spacings proportional to J(J+1). The lowest of these is built on the
ground state while the next two are analogous to the (3 and y vibrations
of the geometrical rotor. These are small amplitude quadrupole vibra-
tions which preserve and destroy axial symmetry, respectively. In the
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Fig. 1. Successive degeneracy breaking in the 0(6) dynamical sym-
metry. The bottom line gives the eigenvalue expression
corresponding to the group clialn above.
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Fig. 2. Lowest levels and transitions of the three U(6) dynamical
symmetries. For clarity the collective (3+y transitions of
SU(3) are omitted.

SU(3) limit these two vibrations occur in the same representation and,
thus, levels of equal spin are degenerate. In the standard geometrical
models the (3 and y vibrational energies are separately parameterized
and need not be equal: empirically, in most deformed nuclei, Eg >

V
The 0(6) limit corresponds to an axially asymmetric rotor which is

completely soft with respect to a degree of freedom, called y, which
specifies the degree of non-axiality. Here, iihe lowest levels are
grouped according to a phonon-like quantum number x but also display
rotational band-like sequences, albeit with energy staggering (that
gives large deviations from a J(J+1) spectrum) resulting from the non-
axiality. Major families of levels are labelled by the quantum number
CJ, as evident in Fig. 1.

It is useful to depict the U(6) structure of the IBA with the
symmetry triangle of Fig. 3. Here, each vertex corresponds to a
symmetry while the legs describe the phase transitional sequences of
nuclei whose properties vary smoothly from those of one symmetry to
another. A particularly beautiful feature of the I3A (which will not
be discussed at length here) is the simplicity of its treatment of
transitional regions: as opposed to their complexity in most other
models, ?:hey can be calculated in the IBA in terras of the smooth
(indeed often linear) variation of a single parameter which, in effect,
specifies the position of a nucleus along one of these transition legs.

Of course, the symmetries of the IBA are not identical to those of
the corresponding geometrical models. The principal reason for this is
that the boson number Ng appears explicitly and the predicted proper-
ties of the model depend critically on finite boson number. The
collective models, by assuming a smooth nuclear surface, implicitly
take the particle number to be infinite. Indeed, the IBA predictions
go over into those of the geometrical nodel as N + «. The explicit
presence of finite boson number, Ng, in the IBA not only leads to
predictions which deviate from those of the geometrical models, and
which are verified empirically , but also lends the model a microscopic
aspect. In geometrical model predictions, some of the observab.les for
each nucleus are used to fix the free parameters. The same procedure
is followed in the IBA. The difference lies in the predictions for



neighboring nuclei. In geometrical models these must be separately
parameterized and there is no essential or a priori predicted variation
of collective properties. Although one may have subjective ideas as to
how these properties should evolve, such ideas are ultimately founded
on microscopic shell model arguments that are outside the scope of the
geometrical models per se. Ir. the IBA, on the other hand, there is a
boson number dependent variation of predicted properties from nucleus
to nucleus even if the parameters are held constant.

0{6)

Pt-Os, Kr

U{5) SU(3)
Sm,Gd

Fig. 3. A schematic symmetry triangle for the IBA-1.
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IBA SYMMETRIES IN HEAVY NUCLEI

0(6)

In any case, the primary purpose of this review is not such points
but rather the symmetries themselves. Owing to its historical impor-
tance, we first discuss the 0(6) limit. The levels of the 0(6) symmet-
ry for NB = 6 are shown in Fig. 4. The eigenvalue expression is

E(N,a,-c,J) - A(<J-NB)(criflB+4) + Bt(t+3) + CJ(J+1) (2)

where A, B, and C are parameters related to ,.<£he scale of degeneracy
breaking in the 0(6), 0(5), and 0(3) steps/ln eq. lcf respectively.
Accordingly, major families of levels are distinguished by the quantum
number a, while states within a a representation are labelled by x and
the total angular momentum J. The 0(6) /levels with a = N are charac-
terized by a 0 + ground state, a 2 + firs'.' excited state and, then, by a
doublet, 2+-4+, with v=2. This last feature clearly distinguishes the
model from a typical vibrator (but not necessarily from 13(5)—see
below) which has a 2-phonon triplet 0+-2+-4+. The higher cr=N levels
lie in x multiplets whose degeneracy is broken by the J(J+1) term in
eq. 2. Families of levels with a < Ng occur at higher energies and
display exactly the same level sequences (albeit with different high x
and J cut-offs, since i:raax =* la). The selection rules for electric
quadrupole (or E2) y-ray transitions are ACP=0, AT=±1.

Immediately after the 0(6) limit was predicted it was discovered
empirically in Pt« The essence of that discovery is summarized in
Fig. 5, which shows the predicted and empirical energy levels as well
as the relative E2 transition rates. These results can be summarized
as follows. Despite some differences between predicted and observed
energy levels, which have subsequently been understood (see below),
there is an excellent reproduction of the empirical level structure.
There is a one-to-one correspondence between predicted and empirical
levels up to nearly 2 MeV. The levels of the quasi-ground band
(0+(x=0), 2+(t=l)> 4+(-c=2), 6 +(T=3)) follow the T(T+3) energy spacing
predicted by eq. 2. Note also the absence of a two-phonon triplet but,
instead, a doublet of levels with spin parity 2+-4+. Although, as
noted above, the U(5) limit, in principle, allows large anharmonicities
without symmetry breaking, and therefore can reproduce the low lying
levels of an 0(6)-like spectrum, the only nuclei that empirically ex-
hibit such a level pattern are known from other data (as will be shown
momentarily) to display the 0(6) symmetry. Therefore it is reasonable
^associate this "0(6)-like" level pattern with the true appearance of
the 0(6) limit rather than with a highly anharmonic U(5). A supporting
argument comes from a recent study of a Fersnion model characterized
by S0(8) and Sp(6) groups that can reproduce the level sequences of all
three IBA Symmetries. In this Ghell model approach, the Hamiltonian is
written in terms of multipole pairing operators. Extensive experience
with shell model calculations dictates that monopole and quadrupole
terras dominate the angular momentum (L=l) and octupole (L=3) terras that
would lead to large J and t splittings in the ferraion analogs of both
the vibrational and 0(6) limits. This ferraion model thus provides a
microscopic argument for expecting a systematic decrease in the succes-
sive degeneracy splittings in Fig. 1.
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In any case, more direct evidence for the 0(6) symmetry comes from
the a < NB states which are also shown in Fig. 5. As noted above,
the 0(6) limit predicts that the level sequence of each successive a
group repeats that of the lowest group. Thus, in particular, one
expects repeated sequences of levels with spin parity 0+-2+-2+. The
first of these is based on the ground state, the next on the v2 0 +

state of the a = Ng group. Further sequences are based on the a <
NB bandheads. Figure 5 shows three empirical Q+-2+-2+ sequences. It
also shows the 0 + bandhead of the a = N-4 group. This remains the only
nucleus thus far in which such an extensive sequence of a<Ng levels
has been identified.

In principle, the 0 + bandheads of the 0<N^ groups are forbidden
to decay because of the Aa=0 selection rule. Of course in practice
they will decay, albeit with smaller matrix elements arising from per-
turbations to the strict 0(6) limit. Nevertheless, one can make a
qualitative prediction. Careful inspection of the origin of the ACPO
and At=±l selection rules shows that the former is inherently weaker
than the latter. Thus one expects the 0 + bandheads of the a < Ng
families to decay by breaking the a rather than the % selection rule,
and hence to decay to the first excited 2 + state (with t=l) rather than
to the second. Figure 5 shows that this is indeed verified
empirically.

A final and compelling set of evidence for the 0(6) symmetry
consists in the absolute B(E2) values (squares of intrinsic E2 matrix
elements) which have been measured for a number of states in Pt.
In the U(5) limit, for example, these are predicted to vary approxi-
mately with phonon number (except for an No dependence) such that the
B(E2) value from the 2+2 level to the 7? \ should be just slightly
less than twice that of the 2+\ level to the ground state. In the 0(6)
limit these B(E2) values grow much more slowly with increasing i
value. Table 1 summarizes the measured and 0(6) and U(5) B(E2)
values for Pt and shows remarkable agreement with the 0(6) limit.

Even before the 0(6) limit was recognized in the Pt region it was
suspected that the nuclei near Ba might also provide a realization
of this symmetry. At the time, however, the data were rather sparce
and this question remained ambiguous until recently. In the last few
years data from the Koln group of Brentano and co-workers has led to
the development of extensive level schemes in the A=130 region and it
has recently been shown (see ref. 14 and references therein) that these

Table 1. Absolute B(E2: values in e2b2 in 196Pt
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Fig. 6. Comparison of eight Xe and Ba nuclei with the 0(6) limit
(shown wir.h Nfl=^ an<* typical average parameters for the
region) and with a scaled level scheme for Pt. From ref.
14.



nuclei represent a very extensive 0(6) region, more extensive in fact
and, in many respects, better than the Pt nuclei. Results from this
region are compared with the 0(6) limit and with 196Pt in Fig. 6.
Absolute B(E2) values in the A-130 region, while less extensively known
than in the Pt region, also support the 0(6) symraetiy.

A remarkable feature of the empirical realizations of the 0(6)
limit is that the parameters describing the symmetry in both the Pt and
A=130 region are very similar (when scaled for a secular mass depend-
ence). Moreover, even the discrepancies with the 0(6) limit are the
same in both regions. This suggests that a similar interpretation of
these discrepancies might be forthcoming. The 0(6) limit, as noted
above, corresponds to a nuclear potential which is completely flat in
the Y degree of freedom representing excursions from axial symmetry.
Such a potential is, of course, inherently unstable and one expects it
to be perturbed. Recent, calculations have introduced a very small
perturbation r.o Y~independence which, however, maintains the same
Yrms* This perturbation, originally introduced to correct a problem
with the energy staggering in the quasi y vibrational band (that is,
the level sequence 2+2(t-2), 3+i-A+2(x=3), 5 +I-6 +

2(T=4),...) in fact
corrects all the discrepancies with the 0(6) limit that have been
observed while preserving the good agreement for other observables.
The interesting point is that the y dependence in the potential thus
introduced amounts only to a few percent of the potential and thus
these nuclei, while not rigorously y independent, are extremely y soft
and thus 0(6)-like.

SU(3)

Turning now to the SU(3) syicnetry, we recall that, while deformed
nuclei abound, the special character ot the SU(3) symmetry is not wide-
spread in actual nuclei. There is of course no compelling reason why
this or any other symmetry must appear in actual nuclear spectra. The
usefulness and elegance of the symmetries is not inherently dependent
upon their observation in nature. They retain a deep utility in
providing benchmarks for the calculation of nuclei that are close in
structure to these paradigms. Nevertheless, it cannot be denied that
the discovery of examples of each of the three dynaraical symmetries
arising from the U(6) group would provide confidence that the IBA is
not merely a convenient ealculational strategy but rather that it, and
the 0(6) parent group, contain the essential ingredients describing the
symmetry structure of medium and heavy even-even nuclei.

Therefore it is of interest that nuclei near neutron number N=104
(A=170, especially the Hf and Yb nuclei) seem to exhibit at least an
underlying SU(3) symmetry even though noncollective excitations appear
at energies comparable to some of the collective SU(3) vibrations and
mix with the latter, thereby distorting and masking the observed level
structure. The situation is seen most easily by considering Figs.
7-10. Figure 7 schematically depicts a typical rotational level scheme
and lists the key SU(3) signatures. Figures 8-10 show the empirical
evidence for each of these signatures.

The first, namely the degeneracy of the B and y vibrations was
mentioned earlier. A second is that, since these excitations occur in
a different representation than the ground (g) band, y+g and (3+g E2
transitions are forbidden. Thirdly, for the same reason, there is no
rotation-vibration coupling between p or y vibrations and the ground
state. Historically, such coupling has been introduced in geometrical



Fig. 7. A schematic illustration of the key signatures of SU(3).
ref. 15.

From

models and parameterized by a "bandmixing" coefficient Zy whose
magnitude can be deduced from empirical E2 branching ratios. The SU(3)
limit corresponds to Zy=0. Finally, while both B(E2:2+p+2+g)
and B(E2:2+y-»-2+g) values are zero irv SU(3) it has been shown that their
ratio is finite and equal to 1/6,

Figures 8-10 assemble the relevant data near A=170 and show that
(see the dashed boxes which outline the key regions in each plot), near
neutron number 104, all four of the characteristic SU(3) signatures are
indeed empirically manifested. There is no single nucleus which
exhibits all of them in pure form (although Yb and Hf come
closest) but it seems highly unlikely that all four would appear ̂ fortu-
itously in one region. Nevertheless, it has been countered d that
another interpretation is possible. The decrease in y->g B(E2) values
and the associated energy rise in the y band could merely signal a
decrease in collectivity. However, as just noted, the specific
deformed rotor specified by the SU(3) limit also involves small (indeed
vanishing) values for these B(E2) values and thus there is no necessary
incompatability between these two viewpoints. The SU(3) limit is a
specific case of relatively weak collective relationships between
ground and vibrational degrees of freedom, in which the other charac-
teristics summarized in Fig. 7 and evident empirically in Figs. 8-10
are also present.

A particular property of the SU(3) limit is worth noting here
although, since it is preserved even with rather large perturbations to
this limit, it cannot be used as a distinguishing signature of SU(3).
It is the occurrence of allowed E2 transitions between p and y vibra-
tional bands. These are forbidden in traditional geometrical models
unless p-y mixing is introduced explicitly (in which case other diffi-
culties arise) since they violate the selection rule limiting changes
in phonon or vibration number to ±1. Such transitions were first
observed extensively in * Er, a well deformed nucleus which deviates
substantially from the SU(3) limit. They also appear in Hf and Yb
nuclei. These observations substantiate nne of the key IBA predic-
tions, and one which, incidentally, is a direct result of the explicit
inclusion of finite boson number in the model.
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U(5)

Finally, we consider the U(5) limit. As noted above, fhis limit
is a rather general anharmonic vibrator and can encompass a wide
variety of nuclear spectra6. It is too extensive a task for the
present review to survey whether various anharmonic versions of this
limit can apply to specific nuclei. Rather we limit ourselves to a
consideration of the near harmonic manifestations of U(5) which are
close in structure to those of the traditional geometric vibrational
model and which would be suggested by the Fermion model of ref, 12.
Until recently, all known nuclei which resemble vibrators also showed
substantial deviations from such a scheme. These violations can be
grouped into three categories: anharraonicities in the two-phonon or
three-phonon multiplets in which the splitting of the degeneracy is
comparable to the phonon energy itself, deviations from the E2 selec-
tion rules of the model, and the presence of extra or "intruder" states
in the same energy region as the vibrational levels. In studies just
completed by Aprahamian et al. , however, Cd in fact is found to be
free from such difficulties. The reasons why this nucleus reflects the
U(5) symmetry are beyond the scope of this review: they relate to_ the
fact that intruder levels which are present in the lighter Cd isotopes
have risen in energy in the neutron-rich Cd isotopes leaving behind an
iutact vibrational spectrum. The level scheme for Cd is shown in
Fig. 11 and discloses, besides the ground state and one-phonon 2 +

state, a nearly degenerate two-phonon triplet and even a quintuplet of
Levels which can be assigi.Q.d phonon number 3. Note that the energy
splitting in the quintuplet is also much smaller than the phonon energy
itself. (It will be noted that two levels in this quintuplet have two
possible spin assignments. Only one is consistent vith the U(5)
symmetry: further measurements here would be most useful.) Moreover,
there is a sequence of levels (not shown) lying above the three
phonon quintuplet which decays preferentially to this quintuplet.
These levels may represent the remnants of a four-phonon group,
although it would be difficult to imagine the Paul! principle permit-
ting the undisturbed existence of an excitation of such high
multiplicity.

A key concept of the vibrational picture of the nucleus is the
selection rule which allows a change of one phonon in any E2 transi-
tion. Thus one expects the two-phonon triplet states to decay to the
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one-phoaon 2 + level and the three-phonon quintuplet states to decay to
the two-phonon triplet states. A measure of the goodness of the vibra-
tional symmetry is obtained by the relative B(E2) values of allowed and
forbidden transitions. These are summarized in the figure and show
that the the selection rule is rather strictly obeyed, with deviations
at only the few percent level.

Symmetries in Odd Mass Nuclei

With these results in hand one sees that there are now examples of
all three of the dynamical symmetries of the 1BA. As pointed out,
these symmetries are of interest in themselves and also as benchmarks
for neighboring nuclei. They also serve the role of core symmetries in
the development of the concept of bose-fermi symmetries for odd mass
nuclei and of supersymiaetries which link the properties of odd and even
mass nuclei. This review will not treat this topic in any detail for



reasons of space but a few comments are appropriate. Soon after the
IBA was developed for even nuclei it was extended to odd mass nuclei
by coupling a fermion to an even-even boson core. Unfortunately, the
resulting Hamiltonian of this Interacting Boson-Fermion Approximation
(IBFA) model in general contains an enormous number of parameters such
that, except in special cases, fics to the data by diagonalization are
impractical. This difficulty led naturally to a search for symmetry
relationships in odd mass nuclei. The resulting Bose-Fermi symmet-
ries have a group structure of the form UB(6) x UF(m) and
envisage an even-even core nucleus satisfying one of the U(6) IBA
symmetries along with the odd fermion occupying specific shell model
orbits (of total degeneracy m) which vary from region to region. This
concept entails, in addition, the assumption of certain specific
relationships among the parameters of the IBFA Harailtotsian. Thus,
aside from its inherent symmetry aspects, it can be viewed as a model
for those parameters. Finally, if the Bose-Ferrai symmetries themselves
arise from a higher symmetry of the structure U(6/m) then one is
dealing with a supersymmetric scheme.

Since the 0(6) limit is considered to be the best established of
the IBA symmetries the first Bose-Ferm.1 symmetries to be discussed were
based on such a core structure and, naturally, involved predictions in
the Pt region. If the more restrictive supersymmetry concept has
validity, then the same parameters that describe an even-even nucleus
should also describe the neighboring odd mass sibling nucleus. That
is, the same eigenvalue equation, with appropriate quantum numbers to
distinguish odd and aven nuclei, should be applicable, the same transi-
tion rate selection rules should apply, as well as the same analytic
expressions for transition rates. Early tests ~ of supersymmetry
ideas centered on the odd Au and Ir nuclei, which have odd proton
number and where a U(8/4) group was utilized, and on the odd Pt nuclei,
which have odd neutron number and where the appropriate supergroup is
U(6/12). In both cases promising agreement with the predictions was
found. In particular, the predicted sequences of energy levels and
spins were observed and some of the transition rate selection rules and
relations were obeyed. Neither of these points is trivial since other
models have rather different predictions. Nevertheless, discrepancies
were also observed and have been actively discussed. One of these,
entailing the relative energies observed for the states of two differ-
ent representations of the U(6/12) group in the odd Pt isotopes, led to
the development of an alternate supersymmetry group chain which is in
better agreement with the data. These results encouraged an enormous
burst of activity in the field of supersymraetries on both the theoreti-
cal ami experimental sides. Recently, for example, analogous ideas
have been applied to nuclei in a near SU(3) region, namely the W
isotopes^ Here one would expect that, roughly speaking, the U(6/12)
predictions for the odd nuclei W should resemble those of the standard
Nilsson model which is the analog of the nuclear shell model for non-
spherical shapes. Indeed, it was shown that the wave functions
resemble very closely those of the Nilsson model provided, however,
that effects such as Coriolis coupling were included in the latter.

Very recently supersymmetrv ideas have been extended even further
to encompass odd-odd nuclei 9 as well. Here, one deals with a
supergroup that encompasses the even core, an odd neutron nucleus, an
odd proton nucleus, and a fourth member of a quartet with odd proton
and odd neutron numbers. The existing data on odd-odd nuclei is very
sparce but the initial comparisons with predictions look encouraging.



In concluding these remarks, it should be carefully stated that,
to date, the evidence for true supersymmetry as opposed to Bose-Fermi
symmetry is not resulved and this is an important question that remains
to be elucidated. Indeed, the entire field of the application of
supersymmetry ideas to nurlei is currently a highly active and particu-
larly challenging one. It is also of broader interest outside the
specialty of nuclear structure since supersymmetry ideas abound in
other fields as well. Moreover, although the non-relativistic super-
symmetry concepts applicable to nuclei differ from those pertaining to
other fields, it is primarily in the realm of nuclear physics that such
ideas can actually be subjected to empirical tests.

THE NpNn SCHEME: A UNIFIED INTERPRETATION OF HEAVY NUCLEI

Returning for the rest of this review to even-even nuclei, we turn
now to the phase transitional regions linking the three IB A symmet-
ries. Each of the latter corresponds to a particular choice of terras
in the I3A Ramiltonian. As noted abovet transition regions between two
symmetries can be calculated in terms of the variation of a single
parameter which is the ratio of the coefficients of those two terras
characterizing the symmetries at either end of the transition region.
All three transition legs of the triangle in Fig. 3 have now been
explored ~ . More important f.han the quality of agreement or dis-
agreement with the predictions of the IBA in phase transitional
regions, for the purposes of this review, is the question of where one
expects these symmetries to occur.

Nuclei near closed shells are generally spherical or vibrational
in- character and, as one goes away from closed shells, quadrupole
deformation sets in. In the context of the IBA this signals an
approach; to SU(3) in midshell regions. However, inspection of nuclear
data shows that, contrary to a common perception, the structure does
not depend simply on the total number of valence nucleons, but has a
complicated two-dimensional dependence on both N and Z. This is
graphically illustrated in Fig. 12 which shows a typical nuclear
observable (the energy of the first 2 + state) which changes rapidly in
the U(5)->-rotor transition region around A=100.

It has been recognized for three decades ~ that the principal
residual interaction which leads to shell model configuration mixing
and deformation is the proton-neutron interaction among valence
nucleons. This interaction is orbit dependent and Is a maximum when
the respective orbits are highly overlapping. One would expect that
some parameterization which emphasizes the integrated strength of that
interaction might provide a better systematizing parameter. It has
recently been proposed that an appropriate quantity is the product
NpNn of the number of valence protons times the number of valence
neutrons. The same data shown on the left in Fig. 12 are plotted on
Che right against this product: now one sees that the entire region
can be described by a single smooth curve. Other examples of N_Nn
systematics, compared to traditional plots, are shown in Figs. 13-14
and reflect the same simplification. Moreover, different nuclear tran-
sition regions, which heretofore had been considered to be highly
diverse in character, appear virtually identical in NpNn plots.
This is shown, for another observable, in Fig. 15. The energy ratio
shown ranges from approximately 2.0 for nuclei that are vibrational to
values near 3.33 for the symmetric rotor. (Values for 0(6)-like or
y-soft nuclei center on 2.5.) Whether the initial condition is that of
J(5) or 0(6), it is apparent thac the crucial transition region corres-
ponds to the range from «2.2 to *>3 and that each region behaves



similarly, except for displacements in NpNn. This suggests the
possibility of a unified systematic interpretation of the structure of
nearly all heavy nuclei. A. simple explanation of Che N_Nn curves
is that nuclei remain vibrational until a certain value of NpNn is
obtained. This value corresponds to that position in the respective
proton and neutron valence shells where the crucial, most highly over-
lapping, proton and neutron orbits are filling. At this point, which
differs for each nuclear region (thus accounting for the. horizontal
displacements), the nuclei initiate a transition from a vibrator or
y-soft structure towards a rotor. For each region such a phase transi-
tion requires a change in NpNn of approximately fiO-80 units. That
is, once the crucial orbits in any given mass region begin to fill,
deformation will ensue if additional valence protons and neutrons are
added so that NpNn increases by roughly this amount.
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Fig. 12. Traditional and NpNn plots of the energy of the f i rs t 2+

state in the A=100 region. N̂ Ny is the boson number
product corresponding to (1/4) NpNn. From refs. 33.
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Adding in one more ingredient now allows a unified interpretation
of collectivity in heavy nuclei. The U(5) symmetry tends to occur near
closed shells when both protons and neutrons are particles or when both
are holes. The 0(6) symmetry, on the other hand, is preferred when one
type of nucleoa is just above and the other is just below a shell
closure (particle-hole situation). Combining this distinction with the
approximately constant rate cf change of structure with NpNn

observed in many different mass regions and with a knowledge of which
proton and neutron orbits are the crucial highly overlapping ones,
allows one to anticipate, at least qualitatively and in many cases
semi-quantitatively, and essentially without calculation, the evolution
of collective and deformed behavior throughout medium and heavy
nuclei. The keys to this picture are the set of three benchmark IBA
symmetries stemming from the U(6) group and the concept oC the proton-
neutron force as generating the phase transition regions between the
symmetries. The structural evolution envisaged is> diagramed
schematically as follows:

Closed
Shell

0(6)

filling of
crucial orbits

ANpNn -60-80
) deformed nuclei

l»SU(3))

SUMMARY

The aim of this review has not been to exhaustively survey the
existing literature but to scan the symmetry structure of medium and
heavy nuclei through the perspective of the IBA and the U(6) group, to
discuss the empirical evidence for these symmetries in nuclei, and then
to delineate where these symmetries occur in terms of a simple picture
of the neutron-proton force as the prime generator of nuclear collec-
tivity. Brief comments were also made about supersyn>metries and about
the particularly crucial role of finite valence aucleon number in the
IBA and in collective nuclear structure. In concluding, it seenis fair
to say that we are now at a most exciting juncture in nuclear structure
physics where, perhaps for the first time, it is possible to glimpse a
unifying perspective over most of the Periodic Table In terms of a few
basic underlying concepts. This perspective permits a unified and
universal interpretation of the systematic evolution of nuclear struc-
ture and of the appearance of dynamical symmetries, it links the
behavior of diverse regions far distant In mass, it encompasses within
the same framework other ideas,, only briefly touched upon in this
review such as the occurrence of so-called intruder states, it
simplifies collective model calculations of heavy nuclei and, finally,
it provides a simple mechanism for the prediction of the properties of
unknown nuclei far off stability in a much more reliable way.

The overview presented here brings together several strands in
nuclear structure physics that have been developing and converging over
the last several years. I am therefore grateful to numerous people
working in many aspects of this field for inspiration and informative
and enlightening discussions. It is impossible to mention all of these
but I would particularly like to express my thanks to F. Iachello, A.
Arima, I. Talrai, S. Pittel, D. D. Warner, A. Aprahamian, J. A.
Cizewski, K. Heyde, A. Wolf, D. H. Feng, C. L. Wu, J. Ginocchio, 0.
Scholten, P. Van Isacker, A. E. L. Dleperink, B. R. Barrett, A. Frank,
J. Wood, A. Gelberg, and P. von Brentano. Research has been performed
under contract DE-AC02-76CH00016 with the United States Department oE
Energy.
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