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ABSTRACT

In recent years the concept of dynamical symmetries in nu-
clei has witnessed a renaissance of interest and activity.
Much of this work has been developed in the context of the
Interacting Boson Approximation (or IBA) model. The appear-
ance and properties of dynamical symmetries in nuclei will
be reviewed, with emphasis on their characteristic signa-
tures and on the role of the proton-neutron interaction in
their formation, systeraatics and evolution.

1. INTRODUCTION

The last decade has witnessed a remarkable growth in understand-

ing of nuclear structure and its evolution with proton and neutron

number. Many developments have contributed to this, but it is fair to

state that two key ingredients played a dominant role. One is the

advent of the Interacting Boson Approximation (or IBA) model ,

proposed in 1974 by A. Arima and F. Iachello, which provides a highly

flexible yet simple, frequently analytic, model for the structure of

medium and heavy nuclei. The IBA can be expressed in terms of the

parent group U(6) and therefore naturally leads to a symmetry descrip-

tion of heavy nuclei. In this model nuclear structure can be charac-

terized in terms of one of the three principle symmetries contained

within U(6) or in terms of intermediate situations between the symmet-

ries, in which case one resorts to relatively simply numerical

diagonalizations. The IBA model has excited much interest, stirred

much controversy, and has, in general, been extremely successful.

It provides an alternative description of many familiar collective

features in heavy nuclei and also has led to the prediction of new,

often unexpected, collective modes which have subsequently been



discovered. A second key aspect of the last decade of nuclear struc-

ture physics has been a renewed appreciation ~ of the importance of

the proton-neutron interaction in the determination of structure and,

most importantly, in the evolution of structure as a function'of N, Z

and A. While the role played by this interaction was recognized at

least since 1953, the calculations of Federman and Pittel in 1979 for

the previously enigmatic phase region between spherical and non-

spherical nuclear shapes near mass A=100 launched a growing awareness

of the pervasive effects of this residual interaction. Now, for

example, the onset of deformation and collectivity in nuclei, the

occurrence of so—called intruder states, the development of each of

the three IBA symmetries, and a unified understanding of far separated

nuclear mass regions once thought to be widely disparate in character

can now be understood in terms of a single unified set of basic

concepts revolving primarily around the action and effects of the

proton-neutron interaction in the valence space.

This paper will provide a short review of the symmetry structure

of heavy nuclei, with emphasis almost solely on even-even nuclei, that

is, nuclei with an even number of protons and neutrons. The essential

features of the proton-neutron interaction will be discussed along

with the ways in which it determines the evolution and development of

nuclear structure. Following the format of some of the articles pre-

pared for this conference, the bulk of the material will be taken more

or less directly from previous papers by the author, namely from a

recent conference on Symmetries in Science at Carbondale, Illinois,

March 24-26, 1986, and from the 18th Summer School on Nuclear Struc-

ture at Mikolajki, Poland, September 1-13, 1986. The actual text is

not a precise reprint of either work but rather a minor reworking and

blending of elements from each of them, which in several cases have

been updated to account for recent ideas and developments. The next

section stems primarily from the Carbondale Symposium and the

following one from the Mikolajki School.

2. SYMMETRIES IN HEAVY NUCLEI AND THE- IBA

It is primarily through the development of the IBA model that a

deeper understanding of the symmetry structure of heavy nuclei has



emerged. As summarized in ref. 1 and elsewhere, this model treats

nuclei by assuming that their structure is dominated by the valence

rmcleons outside closed shells and that the interactions of these

fermions can be approximated, and simplified, by treating them In

pairs as bosons. These bosons are allowed to occupy angular momentum

0(s) and 2(d) states. Their number, Ng = ns + n<}, is equal to

half the number of valence nucleons and is conserved for the low lying

nuclear collective excitations. In the IBA--1, no distinction is made

between proton and neutron bosons. The group structure is that of

U(6) and leads to three distinct non-trivial dynamical symmetries:

a 0(5)^0(3) (la)

U(6) •**^> SU(3)T> 0(3) (lb)

" 0(6) Z> 0(5)3 0(3) (lc)

In these chains, denoted, for short, U(5), SU(3), and 0(6), each

successive step breaks a previous degeneracy, introduces new quantum

numbers to distinguish the now separated levels, adds a terra to the

eigenvalue equation, and provides new selection rules for transition

rates. This process is illustrated for the 0(6) limit in Fig. 1.

Each dynamical symmetry has a geometrical analogue. Of course,

the symmetries of the IBA are not identical to those of the corres-

ponding geometrical models primarily because the boson number Ng

appears explicitly and the predicted properties depend critically on

finite boson number. Nevertheless, geometrical analogues provide a

useful visualization. The U(5) symmetry corresponds to a very general

anharraonic vibrator, similar to a fourth order anharraonic vibrator .

If the anharmonicities are small, the spectrum resembles the familiar

vibrational pattern with equally spaced, nearly degenerate multiplets,

each with a particular phonon number.

The SU(3) symmetry is that of a deformed axially symmetric

rotor. 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 propor-

tional to J(J+1). The lowest of these is built on the ground state

while the next two are based on intrinsic excitations analogous to the



U (C) Z3

-0*

OISI 3

lr(r<3) 4
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Fig. 2 A schematic symmetry triangle for the IBA-1.



P and y vibratioas of the geometrical rotor. These are small ampli-

tude quadrupole vibrations which preserve and destroy axial symmetry,

respectively. In SU(3) these two vibrations occur in the same repre-

sentation and, thus, rotational levels of equal spin are degenerate,

whereas, in the standard geometrical models the (3 and y vibrational

energies are separately parameterized and need not be equal.

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 extent of non-axiality. Here, the 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 a, as evident in Fig. 1 and discussed below.

One notes an interesting feature in eq. 1 namely that the 0(5)

subgroup appears in both the U(5) and 0(6) dynamical symmetry chains.

Hence, many features are common to both symmetries, and, in particu-

lar, many features which in the past been ascribed to 0(6) nuclei in

fact do not rigorously distinguish this limit from a highly anharmonic

U(5) situation. As will be seen below, however, it is in fact

possible to distinguish these symmetries by looking at the higher

lying states since in U(5) these are multiphonon states whereas in

0(6) they are o<a[nax states with completely different structure and

E2 branching ratios. Moreover, since the wave functions for U(5)

states differ from those of 0(6), absolute values for E2 transition

rates (B(E2) values) also differ substantially.

It is useful to depict the U(6) structure of the IBA with the

symmetry triangle of Fig. 2. Here, each vertex corresponds to a

symmetry while the legs describe phase transitional sequences of

nuclei whose properties vary smoothly from those of one symmetry to

another. A particularly beautiful feature of the IBA (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, they can be calculated in the IBA in terras of a smooth (indeed

often linear) variation of a single parameter which specifies the

position of a nucleus along one of these transition legs.



2.1 0(6)

Owing to its historical importance, we first discuss the 0(6)

limit. The eigenvalue expression is

E(N,a,-u,J) = A(a-ND)(cH-ND+4) + BX(T+3) + CJ(J+1) (2)
a a

where A, B, and C are parameters related to the scale of degeneracy

breaking in the 0(6), 0(5), and 0(3) steps in eq. lc, respectively.

As indicated in Fig. 1, major families of levels are distinguished by

the quantum number o, while states of given a are labelled by T and

the total angular momentum J. The 0(6) levels with a = Ng are char-

acterized by a 0 + ground state, a 2 + first excited state and, then, by

a doublet, 2+-<++, with t=2. This last feature clearly distinguishes

the model from a harmonic vibrator (but not necessarily from U(5))

which has a 2-phonon triplet 0+-2+-4+. The levels lie in T multiplets

whose degeneracy is broken by the J(J+1) term in eq. 2. Families of

levels with a < NB occur at higher energies and display exactly the

same level sequences (albeit with different high x and J cut-offs,

since "%ax = a). The selection rules for electric quadrupole (or

E2) y~ray transitions are Ao=0, Ax=±l.

Immediately after the 0(6) limit was predicted -It was discovered
196

empirically in Pt. The essence of that discovery is summarized in

Fig. 3, which shows the predicted and empirical energy levels as well

as the relative S2 transition rates. These results can be summarized

as follows. Despite some differences between predicted and observed

energy levels, which have subsequently been understood7, 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+(x=l),

4+(x=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+. Moreover, all allowed E2

transitions are strong, all forbidden ones weak or unobserved.

Although, as noted above, the U(5) limit, in principle, allows

large anharraonicities without symmetry breaking, and therefore can
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reproduce the low lying levels of an 0(6)-like spectrum, there is
196

substantial further data that definitively establishes that Pt is

in fact very close to the 0(6) limit. Some of this comes from (t,p)

and (p,t) reaction studies and from E0 transitions, but the most

compelling arguments come from absolute B(E2) values and from E2

branching ratios for a < OJ^X = Ng states. In U(5), the higher

lying states are multiphonon excitations. As such, a state with n

phonons will decay to all the n-1 phonon states by E2 transitions

subject only to the usual angular momentum selection rules. There

will thus be many allowed E2 decay transitions. In 0(6), on the other

hand, the a < o^x states exactly mimic the level patterns and T

values of the a - o^x levels. Since one E2 selection rule is ACPO,

the only allowed E2 transitions from the o<ama^ levels in 0(6) occur

solely within a a family. Thus, in most cases, a cKo^ax level will

have only one allowed decay route. Figure 4 compares the relative



B(E2) values for the decay of the best known a < % a x level in 196Pt

with the predictions of U(6) and 0(5). From this it is completely

clear that the U(5) description cannot be maintained, and that the

0(6) limit provides a remarkably good description.

Empirical absolute B(E2) values for 196Pt provide further argu-

ments and are given in Table 1. In U(5), they vary approximately

linearly with phonon number (except for an Ng dependence): for

example, B(E2:22">-2 j.) « 2B(E2:21->0 \), In 0(6), they grow much more

slowly with increasing T value. The table shows that, in every case

where 0(6) and U(5) differ, the 0(6) limit is clearly preferred.

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. Recently, data from the Koln

group of Brentano and co-workers has led to the development of exten-

sive level schemes in the A=130 region which show that these nuclei

represent an even more extensive 0(6) region than the Pt nuclei.

Table 1. Absolute B(E2:Jf^Jf) values in e2b2 in 196Pt (from ref.

8). (Normalized to 0.276 e 2b 2 for the B(E2: 2+i+Q+i) value.)

Exp

0(6)

U(5)

22

0.

0.

0.

34

36

46

22-K)i

io-6

0

0

4

0

0

0

1*21

.38

.36

.46

0 2+2 2

0

0.

0.

.14

36

56

02-2!

0.021

0

0

4

0

0

0

2 * 1

.18

.18

.26

4 2+2 2

0.

0.

0.

17

19

29

4 2+2i

0.003

0

0

6 ]

0.

0.

0.

* 1

40

36

56

2.2 SU(3)

Turning to the SU(3) symmetry, we recall that, while deformed

nuclei abound, the special character of the SU(3) symmetry is not
16 8

widespread in actual nuclei. Most deformed nuclei, such as Er

(ref. 11), show clear deviations from the strict SU(3) predictions.

There is of course no compelling reason why this or any other symmetry

must appear in actual nuclei. The usefulness and elegance of symmet-

ries is not inherently dependent upon their observation in nature.
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tration of the key

signatures of SU(3).

They retain a deep utility in providing benchmarks for the calculation

of nuclei that are close in structure to these paradigms. Neverthe-

less, the discovery of examples of each of the three dynamical symmet-

ries arising from the U(6) group would provide confidence that the IBA

is not merely a convenient calculational strategy but rather that it,

and the U(6) parent group, contain the essential ingredients describ-

ing the symmetry structure of even-even nuclei.

Therefore it is of interest that nuclei near neutron number N =

104 (Aal70, especially the Hf and Yb nuclei) seem10 to exhibit at

least an underlying SU(3) symmetry even though noncollective excita-

tions 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. Figure 5 schematically depicts a typical

rotational level scheme and lists the key SU(3) signatures. One of

these, namely the degeneracy of the (3 and y vibrations was mentioned

earlier. Another is that, since these excitations occur in a differ-

ent representation than the ground (g) band, y*g and $+g E2 transi-

tions are forbidden. Thirdly, for the same reason, there is no rota-

tion-vibration coupling between p or y vibrations and the ground-

state. Historically, such coupling has been introduced in geometrical

models and parameterized by a "bandraixing" coefficient Zy whose mag-

nitude can be deduced from empirical E2 branching ratios. The SU(3)

limit corresponds to Zy^O. Finally, while both B(E2:2+p->2+g)
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and B(E2:2+y^2+g) values are zero in SU(3) it has been shown that

their ratio is finite and eqvil to 1/6.

Figure 6 assembles the relevant data near A=170 and shows that,

near neutron number 104, all four of the characteristic SU(3) signa-

tures are empirically manifested. There is no single nucleus which

exhibits all in pure form (although Yb and Hf come closest) but

it seems highly unlikely that all four would appear fortuitously in

one region. Of course, the decrease in Y"*S 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 incorapat-



ability between these two viewpoints. The SU(3) limit is a specific

case of relatively weak collective relationships between ground and

vibrational degrees of freedom, characterized by the other signatures

summarized in Fig. 5 and evident empirically in Fig. 6.

2.3 U(5)

Finally, we consider the U(5) limit. As noted above, this limit

is a rather general anharmonic vibrator and can encompass a wide

variety of nuclear spectra. 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. Until recently, all known nuclei which resemble vibrators also

showed substantial deviations from such a scheme. These violations

can be grouped into three categories: degeneracy splittings in the

two-phonon or three-phonon multiplets which are comparable to the

phonon energy itself, deviations from the E2 selection 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
1 5 lift

Aprahamian et al. , however, Cd in fact is found to be nearly free

from such difficulties. The level scheme for 118Cd, shown in Fig. 7,

discloses the ground state and one-phonon 2 + state, a nearly degener-

ate two-phonon triplet and even a quintuplet of levels which can be

assigned phonon number 3. (Two levels in this quintuplet have multi-

ple spin assignments. Only one is consistent with U(5): further mea-

surements here would be most useful.) Note that the quintuplet energy

splitting is also much smaller than the phonon energy itself. More-

over, there is a sequence of still higher lying levels12 (not shown)

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 Pauli principle permitting the undisturbed

existence of an excitation of such high multiplicity.

A key concept of the vibrational model is the selection rule

which allows a change of one phonon in any E2 transition. Thus two-

phonon triplet states should decay to the one-phonon 2 + level and
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three-phonon states to the two-phonon levels. The relative B(E2)

values for allowed and forbidden transitions are summarized in Fig. 7

and show that the selection rule is rather strictly obeyed, with

deviations at the few percent level.

2.4 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 IBA. 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
< V

in the development of the concept of bose-fermi symmetries for odd

mass nuclei and of supersymmetries 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 it is appropriate to comment that this

field is currently an extremely active one that highlights particular-

ly well the elegance and power of symmetry ideas in nuclear physics.

The interested reader is referred to refs. 13-21.



3. THE PROTON-NEUTRON INTERACTIONS AND NUCLEAR SYMMETRIES

While the discovery and study of symmetries in nuclei is very

exciting, it nevertheless provides an incomplete picture until one

understands when, where, and why they arise in nuclei, and how nuclear

structure evolves with mass systematically from one to another symmet-

ry. While nuclear interactions are complex and still incompletely

understood, it has become clear in the last few years that the proton-

neutron interaction is the essential ingredient in determining this

evolution. The rest of this paper will explore this point by provid-

ing several examples of the importance of the proton-neutron interac-

tion and also by presenting a new phenoraenological interpretation, the

so-called NpNn scheme, which provides a unification of ideas of

nuclear structure and of the link between the symmetries and their

microscopic basis. Much of this portion is taken with only minor

modifications from a recent set of lectures at the 18th Mikolajki

Summer School on Nuclear Structure Studies in Poland.

It is clear that the interaction strength between orbiting

protons and neutrons will depend on the relative overlap of their wave

functions. The interaction of course will be strongest for orbits of

high spatial overlap. In light nuclei, where similar proton and

neutron shells are filling, there is always a relatively high proton-

neutron interaction. In heavier nuclei, different proton and neutron

shells are involved and, in general, the interaction is weaker.

However, due to the spin-orbit term in the shell model Hamiltonian, it

is a typical occurrence that the so-called unique parity single

particle level from the (n+l)tn oscillator shell will appear amongst

the normal levels of the n t h shell. This orbital in the proton

space in heavy nuclei thus stems from the same oscillator shell as the

valence neutron shell and leads to a large proton-neutron interaction

with certain (high j) neutron orbits.

3.I Deformation and the Evolution of Subshell Structure

In the pioneering work of Federraan and Pittel\ it was shown that

it is precisely this effect which leads to the rapid, and previously

enigmatic, onset of deformation near A=100. The systematics of this

region are shown in Fig. 8. Here the key orbits are Ig9/2n
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Fig. 8 Typical nuclear systematics, the A=100 region.

Ig7/2v: the filling of Che latter near N=60 leads to an enhanced

proton-neutron interaction which obliterates a proton shell gap at

Za38 and rapidly induces deformation. It has since become recog-

nized that this explanation is not an isolated ad hoc one for a

particular mass region but is a paradigm for the development of

collectivity and deformation throughout heavy nuclei. For example,

the same effect is evident in Fig. 9 for the A=150 region. Here, for

low neutron numbers above N=82, the 50-82 proton shell is character-

ized by a significant gap at Z=64. Thus, nuclei such as ggNd, g2Sm»

and gi+Gd have successively lower, rather than higher effective valence

proton numbers, Np, relative to the nearest operative closed shell

at Z=64. Hence, for N<88 the nuclei are essentially spherical and in

fact the more so as Z+64. At N=90 the lhg/2v orbit begins to fill

giving a negative contribution to the effective single particle energy

of the highly overlapping ^\\fi% orbit* thereby obliterating the

Z=64 gap and leading to the rapid onset of deformation which is

evident in the figure for N>90. Now, nuclei near Gd have the largest

Np values in the 50-82 shell and the largest deformation. Thus the

proton-neutron interaction accounts for the onset of deformation in

this region and simply explains the characteristic upward and downward

opening parabolic systeraatics in Fig. 9.

Figure 10 shows the same idea in particularly obvious fashion.

The effective proton shell for N=88 is 50-64. Hence, E2+, drops
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from Xe to Ba as Np increases. However, from Ce to Gd Np

decreases and E2+, rises. For N=90, the Z=64 gap is ineffective and

E2+. systematically decreases toward Gd and rises after Z approaches

raid 50-82 shell near Dy. Of course, this simple picture of the sudden

obliteration of a shell gap at N=90 is oversimplified. In practice

one expects a more gradual disappearance. Recent studies of

nuclear g factors have provided evidence for exactly this effect.

3.2 The NpNn Scheme

The mutual dependence of nuclear systematics on both valence

proton and valence neutron number has been evident throughout the

above discussion. If the proton-neutron interaction is truly the



primary causative agent in the onset of collectivity and deformation

in nuclei, it should be possible to quantify this idea and, indeed, in

the last year or so, a parameterization exploiting this idea has been

suggested • . Called the NpNn scheme, the basic idea is that

a substantial simplification in nuclear systematics occurs if the data

are plotted, not against N, A or Z as is commonly done, but rather

against the product, NpNn, of the number of valence protons times

the number of valence neutrons, each counted to the nearest closed

shell, and with proper account being taken of substantial subshell

closures, such as Z=64. Figure 3 showed some B(E2) systeraatics in the

A=100 region. Figure 11 shows the same data plotted against both Z

and NpNn: the simplification just alluded to is strikingly

evident. Numerous other NpNn plots have been constructed, for a

number of mass regions, and discussed in detail » » .It

suffices here to show a couple of examples to indicate the power of

the approach. Figure 12 shows NpNn results for E2+1 near

A=<150. The NpNn plot provides a much simpler, smooth and unified

correlation of data which, in a normal plot, is highly complex. It is

interesting that two smooth NpNn curves result, one for protons in

the first half of the shell, the other for proton holes.

An important consequence of the NpNn scheme, aside from the

simplification it brings to the understanding of a given transition

region, is that it shows the unity of transition regions which were

long thought to be rather disparate in character. Figure 13 shows

that all five regions from A=100-200 behave very similarly when viewed

in units of NpNn. Each region has nearly the same slope (rate of

onset of deformation) as a function of NpNn. The slight differ-

ences that do occur can be attributed to slightly different strengths

of the proton-neutron interaction in the crucial, most highly overlap-

ping orbits that appear in the respective regions. The horizontal

displacements from one region to another seem to arise from the fact

that deformation ensues primarily when the most crucial highly over-

lapping orbits are filling. In different regions these orbits occupy

different relative locations and, therefore, different numbers of less

active orbits must be filled before reaching the crucial ones.

Indeed, inspection of shell model single particle level energies
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Fig. 12 An NpNn plot for the A=150 region.

allows one to account serai-quantitatively for the relative horizontal

positions of the different curves in Fig. 13.

These ideas, taken together, suggest the possibility of a unified

systematic interpretation of the structure of nearly all heavy

nuclei. A simple explanation of the NpNn curves is that nuclei

remain vibrational until a certain value of NpNn is obtained.
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Fig. 13 Comparison of NpNn curves for 5 mass regions.

This value corresponds to that position in the respective proton and

neutron valence shells where the crucial, most highly overlapping,

orbits are filling. At this point, which differs for each nuclear

region, the nuclei initiate a transition from a vibrator or y-soft

structure towards a deformed rotor. For each region such a phase

transition requires a change in NpNn of approximately 60-80 units.

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 prefer-

red when one type of nucleon is just above and the other is just below

a shell closure (particle-hole situation). Combining this distinction

with the approximately constant rate of 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 of the

proton-neutron force as generating the phase transition regions



between the symmetries. The structural evolution envisaged is

diagramed schematically as follows:

U(5) filling of
crucial orbits

deformed
n,,x AN N =>60-80 OSU(3))
v{b) p n

3.3 Theoretical Foundations of the N_Nn Scheme

Given the success of the N_Nn scheme, it would be nice to put

it on a firmer theoretical footing. A start in this direction has
2 8

been made by Heyde and Sau , who derived an NpNn dependence of

the 2+i energies, at least in transitional regions, by using a simple

two level model in the framework of generalized seniority. The

essence of their derivation is as follows.

Assume that the lowest levels of both the proton and neutron

shell model spaces, containing Np protons and N n neutrons, are a

seniority v=0 0 + state and a seniority v=2 2 + level. Two unperturbed

2 + states can be constructed in the combined system, namely,

? + = ft (2+) *(0+)l 2+ 7+ -["* (0+) » (2+)~| 2+2 1 [V2 V 0 J 2 2 L v-0 ^2 J

in obvious notation. Each of these defines v=2 configurations across

an isotopic or isotonic sequence and thus is approximately constant in
2 9energy . If the residual interaction is of quadrupole type between

nucleon pairs, ~<Q-n*Q^, the mixing matrix element is

V = -</5 [N (1-N /Q )N (1-N /Q ) ] 1 / 2 F(Q ,Q )

where N ^ v = 1/2 Np>tl and F(QU, Qv) depends on the shell degen-

eracies Qn,Qy and the matrix elements <j n, vl |QH, vl IJ it, v>»

If the unperturbed energies of the two 2 + states are equal,

e 2 + = e 2 + » diagonalization gives
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for small N^, v/̂ it, v Thus E2+i first decreases rapidly with

NnNv as the valence shells begin to fill. Eventually, the

(1-N-jt v/Q^ v) factors slow this drop, giving a minimum at raid-

shell. Even though this analysis, based on generalized seniority,

should not be valid far from closed shells, it yields N, Z and

NpNn dependences remarkably like those observed empirically.

Figure 14 compares E2+, values, calculated according to eq. 3 for

the A-130 region, with the data.



3.4 Applications of the NpNn Scheme: Nuclei Far Off Stability

The simplifications brought about by the NpNn scheme have a

number of applications. One of these concerns the prediction of the

properties of unknown nuclei far from the valley of stability, in par-

ticular neutron rich nuclei in the mass A=100-200 region. Since

changes in proton and neutron number lead to evolutions in structure

linking one symmetry and another it is likely that the structural evo-

lution of unknown nuclei far off stability will also entail the ap-

pearance and disappearance of nuclear symmetries. The NpNn scheme

gives an improved way to predict when and where these will occur. It

also has practical applications in the realm of stellar nucleosynthe-

sis since the calculations of this process require the input of nu-

clear data for literally hundreds of unknown 'nuclei far off stabili-

ty. Normally the properties of nuclei far off stability are predicted

by extrapolation in A, N or Z. Such a procedure, of course, is always

risky. However, such predictions in the NpNn scheme are simpli-

fied in three ways . Most obviously, the existence of smooth curves

describing each observable in a transition regspn clearly facilitates

the prediction of unknown nuclei. Secondly, the similarity of differ-

ent regions implies that, once a few points on a curve are obtained,

the continuation of the curve is less ambiguous. The third advantage

of the NpNn scheme stems from an interesting peculiarity of its

construction by virtue of which the normal process of extrapolation in

N, Z or A is converted into one of interpolation in NpNn. Thus,

many unknown nuclei far off stability have lower NpNn values than

known nuclei nearer stability. For example, 150Ba has Np»6,

Nn=12, and, therefore, NpNn=72, while the well known nucleus

151+Sm has Np=12, Nn=10, and an NpNn product of 120. This is

illustrated in Fig. 15 which shows the same data as Fig. 12 but points

out, via the arrows, the NpNn values of several neutron rich

unknown nuclei. Thus one can use existing NpNn plots to predict

properties of unknown nuclei simply by locating these nuclei along the

empirical curves at the appropriate abscissa values corresponding to

their NpNn products. An application of this approach to the 2+^

energies in the A=150 region is shown in Fig. 16. Interestingly, the

level scheme for one of these nuclei, l48Ba, has recently been
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shown), with arrows indicating the abscissa locations of 4

nuclei far off stability whose properties can be predicted by

interpolation rather than extrapolation.
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Fig. 16 Predictions by interpolation of E2+, for nuclei far off

stability in the A=150 region.

,32studied" at the TRISTAN isotope separator at Brookhaven National

Laboratory, The observed 2+i energy falls exactly on the curve in

Fig. 16 and, similarly, the E4+1/E2+l, and E2+2 (y vibrational)

energies also fall close to their respective NpNn curves.



3.5 Isodeforraation Contours and NpNn Multiplets

There are two alternative ways » of presenting the same

concept of NpNn predictions far off stability. The implicit

assumption behind the NpNn schema is, of course, that nuclei with

the same or similar NpNn values should have similar structure.

Thus one can construct isodeforraation or isostructure NpNn

contours in an N-Z plane. Such contours are illustrated in Fig. 17

where they are compared with experimental contours of constant E2+,

as an approximate indicator of deformation. The similarity of empiri-

cal and NpNn contours is clearly evident, especially near the

edges of the plots where the NpNn hyperbolas lead to nearly

vertical and horizontal contours.

The concept of isodeformation contours leads naturally to that of

NpNn multiplets , which are modeled on the recently proposed idea

of F-spin multiplets . Just as an F-spin multiplet consists of a set

of nuclei with constant valence nucleon number (or F-spin), an

NpNn multiplet consists of a set with constant, or nearly

constant, NpNn values. Figure 13 shows an example of an NpNn

multtplet in the rare earth region. As indicated, the NpNn values

are roughly constant and it is evident that the empirical spectra,

including even the vibrational levels, are strikingly similar.

A. Jain has recently devised an interesting portrayal of the

NpNn and F-spin multiplet concepts. This is illustrated in Fig.

19 which shows the mass numbers on the left and NpNn values on the

right. The isobar line A=164, serves to mark a symmetry axis. As

seen on the right, pairs of nuclei symmetrically located with respect

to this axis have the same NpNn values and, therefore, form

NpNn doublets.

The left side of Fig. 19 also shows that lines perpendicular to

the A=*164 axis define F-spin multiplets. (Note that this only works

tfhen one type of particle is below and the other above mid-shell such

that successive members of an F-spin, or constant valence nucleon

number, multiplet differ by an a particle.) The two parts of Fig. 19

thus nicely show the relationships between the F-spin and the NpNn

multiplet concepts. The F-spin multiplet on the left passes through
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0 J

122Te 126

< V N « 2 4

Xe

40

*Ba

48 48

<*,'Nd

40

U.2;Sm

24

Fig. 20 An F-spici multiplet . If the nuclear Hamiltonian is F-spin

invariant the level schemes across a multiplet should be

identical. The differences that occur can be understood in

terras of changes in NpNn values.

four nuclei: the two that are adjacent to the A=164 line form one

NpNn doublet (NpNn
 = 120) while the two outer ones form

another with a slightly lower (NpNn=112) product. If one con-

tinues the F-spin multiplet into the Os and Pt nuclei, the NpNn

values will further decrease. This accounts for the fact that the

energies across F-spin raultiplets are not rigorously constant but

curve upwards toward the shell edges in accordance with expectations

from their lower NpNn values. This effect is illustrated in Fig.

20. The level energies are essentially constant for the central

nuclei of the F spin multiplet whose NpNn values are nearly the

same. However, as NpNn decreases, towards the edges of the F spin

raultiplet, the collectivity decreases and the level energies increase.

4. SUMMARY

The aim of this review has been to scan the symmetry structure of

medium and heavy nuclei through the perspective of the IBA and to dis-

cuss the empirical evidence for these symmetries. The appearance and

evolution of these symmetries was discussed in terras of a simple pic-

ture of the neutron-proton force as the prime generator of nuclear

collectivity.
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