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PREFACE

This is a very personal book, reflecting the way I see and understand nuclear
physics and my belief that if something cannot be explained simply it is not
really understood, nor will it be a fertile inspiration for new ideas. Itis quite
different from existing texts. It is in no way intended to replace them, but aims
instead to complement the standard approaches to nuclear structure.

The idea for the book and much of its approach arose gradually out of both
formal and informal courses in nuclear structure I have given at the Institute
Laue-Langevinin Grenoble, France, the Institut fiir Kernphysik in Koln, Ger-
many, and at Drexel University, Philadelphia, as well as from a series of very
informal tutorial-like sessions with several of my graduate students. The book
represents an attempt to cut through the often heavy mathematical formalism
of nuclear structure and to present the underlying physics of some pivotal
models in a simple way that frequently emphasizes semi-classical pictures of
nuclear and nucleonic motion and repeatedly exploits a few fundamental
ideas. Such an approach has worked for me. I can only hope others will find
it useful.

The emphasis in this book always centers on seeking the essence of the
physics: rigor is therefore often sacrificed. Of course, rigor is absolutely
essential to a proper development of nuclear models and to precise calcula-
tions. Yet it can also be terrifying with page upon page of complex formalism,
Racah algebra, tensor expansions, and the like. Necessary as this is, especially
to those who will become practitioners of particular models, many readers can
become either discouraged or buried in the formalism. Unfortunately, in
either case, the beauty, elegance, and conceptual economy of nuclear structure
theory is often missed. The complexity necessary in formal treatments at times
obscures rather than illuminates the simple physics at work. Moreover, rigor
can be found elsewhere, in many excellent texts: there is no need for another
book to repeat it. (Several of the best of these texts, such as those by de Shalit
and Talmi, Bohr and Mottelson, Brussaard and Glaudemans, deShalit and
Feshbach, or the recent work by Heyde, are cited in the reference list at the
end. They are indispensable.) What cannot be found so easily, though most in-
dividual parts of it probably exist scattered throughout the literature, is a
systematic attempt to convey a more physically intuitive way of thinking about
nuclear structure and of extracting the essential physics behind the derivations
and models.
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I honestly do not know whether this attempt will work. Ifeelitisworthatry
since it is, in fact, a way of thinking used every day by practicing scientists but
that is seldom presented in formal texts. If successful, it can deepen real
understanding. AsT.D.Lee once said (BNL Colloquium, May 1983): “That a
thing is elementary does not mean it cannot be deep.” Moreover, since physics
research is fundamentally a creative act depending on insight and imagination
(backed, of course, by hard science-—experimental or theoretical) an intuitive
sense of nuclear structure can foster new inspirations and remove much of the
mystery surrounding formal or calculational complexity. Finally, an approach
of this type can be of considerable practical use. My hope in fact is that the
reader will come to appreciate how far one can go in obtaining many results of
detailed calculations almost instantly, essentially “by inspection.” It can help,
for example, in anticipating the potential usefulness of a given model, in
spotting errors in calculations, or in estimating the effects of particular pa-
rameter changes. One of the best examples is the famous Nilsson diagram;
nearly all its features, and even the semiquantitative structure of Nilsson wave
functions, can be deduced without calculation. The same applies to much of
the study of residual interactions in the shell model, to collective models, to the
structure of RPA vibrational wave functions, Coriolis coupling, or the IBA. To
facilitate the development of this “sense” of the physics, and to provide contact
between models and real data, concrete examples are almost always discussed
in some detail and compared to exact calculations.

The book is in no way intended as a complete treatise on nuclear structure,
either in overall coverage or within each topic. Other texts are more compre-
hensive. For example, many active areas of modern nuclear physics (e.g.,
relativistic heavy ion physics and quark-gluon plasmas, mesonic and quark
degrees of freedom, or baryon excitations such as delta resonances) are totally
ignored. Nevertheless, the book relates to all of them in that it discusses the
basic models of nuclear structure, which successfully describe virtually all low
energy nuclear phenomena, and which subnucleonic approaches must eventu-
ally reproduce. Just as it is difficult to discuss relativistic effects in nuclei
without first knowing how far a non-relativistic theory can go, it is necessary to
understand how far traditional nuclear structure theory can go if one is to
isolate the effects of quarks, mesons, nucleonic excitations, and the like.

Even within traditional nuclear structure, many areas are bypassed. One
reason for this selectivity is thatit allows deeper and more detailed discussions
of the subjects that are treated, discussions that would normally be found only
in specialized monographs. A more practical and honest reason is that the
book reflects that small part of the subject with which I am somewhat familiar
and where I felt I could attempt something that was more than just parroting
existing texts.

Finally, in addition to selectivity in topics there is a selectivity in treatment
of each subject. For many areas, there exist scveral equivalent approaches.
For example, there are works on residual interactions in the shell model that
barely mention the concept of seniority and others that stress it throughout.
Likewisc, high spin phenomena in deformed nuclei can be discussed in terms



Preface vii

of the Nilsson model with Coriolis coupling or with the formalism of the
cranked shell model. In each case, I have used the approach (in these
examples, seniority and the Nilsson-Coriolis concepts, respectively) that makes
the essential physics clearest to me (and,  hope, to the reader) and with which
I feel most comfortable.

Upton, New York R.C.
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NOTATION

In a work such as this, the question of notation always presents a dilemma—
whether to adopt a rigorously unique set of symbols or to use those commonly
found in the literature. With one significant exception (so noted at the
appropriate place in the text), I have followed the latter course since it
facilitates further study by the reader and because, in practice, there should be
little ambiguity of meaning. Generally, different uses of a given symbol are
widely separated in context and location (with one awful exception in Chapter
4 concerning the “A” dependence of the interaction strength). To further help
avoid confusion it may be useful to list a few of the notational choices.

y refers to a physical wave function while ¢ usually refers to a basis state or
an unperturbed wave function.

I is used for excitation energies but also for quasiparticle energies.

g is used for single particle shell model energies and for one of the quad-
rupole deformation parameters.

drefers to the “contact like” residual interaction and also to a quadrupole
deformation parameter.

Generally p, n are used for proton and neutron (although very occasionally
mand v are substituted). However, p also refers to particle as is p-p or p~h
(particle—particle or particle-hole excitation).

N refers alternately to neutron number, boson number in the IBA, and to
oscillator shell number.

A is the mass number of a nucleus but also the angular part of a residual
interaction (especially in Chapters 4 and 5).

o is an amplitude of a mixed wave function and also the alignment quantum
number in the rotation alignment scheme.

J is used to denote the total angular momentum quantum number (colloqui-
ally, “the spin”) of a level. Note that, quantum mechanically, the actual total
angular momentum is ~/J (/+7) k. jis used for the angular momentum of a
single particle.

Finally, operators, matrices, and vectors are given in bold face. The same
symbol (e.g., Q, n,) in normal face stands for the cigenvalue of that operator.
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1

INTRODUCTION

1.1 Introduction

The atomic nucleus is not a single object but a collection of species ranging
from hydrogen to the actinides, and displaying an unbelievably rich and
fascinating variety of phenomena. The nucleus is extremely small, namely
about 10 to 10 cm in diameter, and can contain up to a couple of hundred
individual protons and neutrons that orbit relative to one another and interact
primarily via the nuclear and Coulomb forces. This system may seem so
complex that little could ever be learned of its detailed structure. Indeed,
many of us involved in research into nuclear structure proclaim loudly and
strenuously that we have barely scratched the surface (both literally and
figuratively, as we shall see) in our understanding of nuclear structure. From
another perspective, however, we have an immense number of facts about
nuclei and we understand an enormous amount, often in great detail, concern-
ing what the individual nucleons do in atomic nuclei, how this leads to the
observed nuclear phenomena, how and why these phenomena change from
nucleus to nucleus, and how certain nucleons interact with each other in the
nuclear medium. We have basic models—the shell model and collective
models—both geometric and algebraic, that provide a framework for our
understanding and that are extremely simple, and yet subtle and refined. Itis
only after these models and framework are appreciated that the limitations in
our knowledge become focused and identifiable; the identification of the
problems that persist is a prerequisite to further advancement. In this book we
emphasize the known and understood as a background, map, and guide to the
unknown.

We hope the reader perusing this book will come to appreciate two prin-
ciple facts: namely, the beautiful richness and variety of nuclear physics and the
extent to which we can understand nuclear data and models by invoking a few
extremely basic ideas and drawing upon arguments that are physically trans-
parent and intuitive. We will see that it is possible, in many if not most cases,
to understand the detailed results of complex calculations with an absolute
minimum of formalism and often by inspection. As an example, even such
seemingly complicated results of nuclear models such as the famous Nilsson
diagram and the detailed structure of Nilsson wave functions, or of the
microscopic RPA wave functions of collective vibrations, can be derived,
nearly quantitatively, without any calculation whatsoever.
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We emphasize that one must make a careful distinction between this
approach and what is commonly called handwaving. The latter, to this author’s
mind, is what one does when one does not really know an answer or explana-
tion and tries to explain some piece of nuclear data or the result of some
calculation by an offhand, qualitative, “explanation” that is often little more
than a slogan or a repetition of key words or venerated phrases. We have all
encountered examples of such handwaving; supposedly forbidden y-ray transi-
tions glibly explained as “due to mixing,” extra or unexpected excited states
dismissed as “due to neglected degrees of freedom,” unexplained peaks in
transfer reaction spectra ascribed to “higher order processes in the reaction
mechanism,” or explanations of model calculations as “resulting from the
symmetry properties,” or “from an energy minimization” (of course but why,
how?). Indeed, in many cases, such statements are true and are reasonably
accurate descriptions. Otherwise they would not have become catch phrases.
But abuses abound to such an extent that they often represent a watered down
substitute for real understanding that is to be discouraged.

The approach here, in contrast, attempts to extract the basic physics ideas
that emerge either from an inspection of nuclear data or that lie behind the
results of some model or calculation, and to do this by applying a minimum of
key physical and geometrical ideas about the nucleus. When attempting such
a program, there is always the danger of losing sight of important subtleties
and of ignoring the importance of formal rigor that is so necessary in detailed
and realistic model calculations. Undeniably, there are certain results of such
calculations and certain model predictions that can only be understood by
carrying out the fully detailed, often tedious, calculations. However, the
author has always felt, and hopes that the reader will be convinced, that it is
remarkable how far one can go in understanding complex nuclear structure
phenomena by careful but simple physical arguments. Of course, this ap-
proach has the lurking danger of itself slipping into handwaving. If such sins
are kept to the minimum here, there is a chance that the reader may emerge
with an appealing physical understanding and intuition into nuclear structure
that many working physicists have attained but that is seldom spelled out in
textbooks because of a hesitancy or reluctance to commit to writing the
nonrigorous and intuitive arguments that all of us use and, mentally, rely upon,
If anything, the philosophy of this book is that such ideas and such an approach
should not be a skeleton hidden in a closet for fear of ridicule but rather an
important aid thatis a constant and continual complement to necessary formal
and rigorous calculations. As frequently as possible, qualitative physical
explanations or “derivations” will not be left to stand alone; rather, the
physical intuition behind them will be tested by, confirmed, and confronted
with the results of actual calculations or with the data on atomic nuclei
themselves.

We have already stated that many of the arguments here will rely on “a few
basic simple ideas.” In fact there are three of these that are of absolute and
essential importance. They are:

* The generally attractive and short-range nature of the nuclear force.
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¢ The effects of the Pauli principle.

* An understanding of two-state mixing—that is, the effects on energies
and wavefunctions when two nuclear states mix due to some residual
interaction.

These ideas, plus a constant reference to a kind of geometrical picture of the
nucleus, form the basic ingredients behind many of the arguments to be
presented.

A general outline of the book is as follows: After the discussion of these
three basic ingredients in Chapter 1, Chapter 2 departs from the usual way of
presenting nuclear structure by “surveying the nuclear landscape,” that is, by
collecting a number of examples of nuclear data, level schemes, transition
rates, systematics, and so on. In a normal text that relies on a systematic, step-
by-step progression of ideas, such a chapter would be out of place since it
utilizes terminology and concepts that will be formally introduced later. It is
inserted here so that the beautiful and elegant consequences of nuclear models
discussed in subsequent chapters will not be presented in a contextual vacuum.
Often such results, when first encountered, seem highly abstract and of little
practical importance and it is, unfortunately, often only years later, when the
practicing nuclear physicist has gained a deeper familiarity with nuclear data,
that their significance is finally understood.

One reason we feel justified in this approach is that this book is aimed not
only at beginning nuclear physics graduate students, to whom much of the
jargon in Chapter 2 will be unfamiliar, but also to practicing and experienced
nuclear physicists who may be interested in the kind of alternative and comple-
mentary approach emphasized here.

Chapters 3, 4, and 5 will deal with the shell structure of nuclei, as is tradi-
tional, starting with the independent particle model and going on to the shell
model for multiparticle configurations. The formalism and mathematical
development of the shell model is one of the most remarkable creations of
nuclear physics and allows one to account for many empirically observed
features of atomic nuclei with an absolute minimum of physical input (e.g.,
many detailed predictions can be made without ever specifying the nature of
the central shell model potential or the detailed structure of a residual interac-
tion). Unfortunately, the shell model formalism, and derivations based on it,
are often complex and, quite honestly, terrifying. This has the unfortunate
consequence that this subject is often skimmed or glossed over by students.
These chapters attempt to highlight and give plausibility arguments for many
shell model results while at the same time avoiding, as much as possible, such
formal treatments. Simpler derivations are sometimes possible and are given
in appropriate cases.

The next section of the book (Chapter 6) deals with collective models for
even—even nuclei, starting with macroscopic models of vibrational and rota-
tional motion. This material also emphasizes the profound importance of the
residual proton-neutron interaction (especially the 7' = 0 component) and its
role in the onset of collectivity, configuration mixing, and deformation in
nuclei, ininducing nuclear phase transitions, and the assistance its understand-
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ing can provide in simplifying the systematics of nuclear data. Following this,
a brief treatment of algebraic models, principally the interacting boson ap-
proximation (IBA) model is given.

In Chapters 7 and 8, the discussion turns to odd mass nuclei, with primary
emphasis on deformed nuclei, and an extensive discussion of the Nilsson
model and its consequences, extensions, and testing via single nucleon transfer
reactions.

Most of the collective models discussed up to this point will have been
phenomenological or macroscopic. We will not discuss detailed microscopic
approaches at length but will introduce such approaches in Chapter 9 since
they provide both the microscopic justification of macroscopic models and a
simple physical picture of collective excitations (especially vibrations) that will
allow the reader to anticipate their detailed structure without calculation.

Finally, in Chapter 10, a few selected experimental techniques for studying
atomic nuclei will be discussed, primarily to give the reader a glimpse of the
richness of experimental probes available, of their differences and of the
different types of nuclear data and structure that they elucidate, and to provide
some simple physical ideas that may be helpful in understanding the “parame-
ters” that govern the design of such experiments and the extraction of informa-
tion from them.

With this discussion of the philosophy and outline of the material to follow,
we turn now to the three “cornerstones” mentioned earlier that are of such
central importance to everything that follows. Many readers know that the
nuclear force is attractive, that the Pauli principle is important, and understand
that residual interactions can mix neighboring states. They might be tempted
to skip over these sections and of course that is their prerogative;indeed, these
pages contain nothing that is new or not to be found elsewhere. However, they
do present a somewhat different perspective and provide a ground and back-
ground for what follows.

1.2 The Nuclear Force

Nuclei exist and are composed of neutrons and positively charged protons.
Were the nuclear environment dominated by the repulsive Coulomb force,
this could not be the case: one therefore deduces immediately that there must
be a strong, attractive, interaction that can overcome the repulsive Coulomb
force and bind nucleons together. The nuclear force is at first glance a
mysterious one since it has few if any recognizable consequences in macro-
scopic matter (i.e., everyday phenomena). And, infact, the exact nature of this
force is still largely unknown. Nevertheless, it is remarkable how much we can
learn about it from a few simple empirical facts. We have already stated that
the very existence of nuclei implies a new force—the strong interaction that
can overcome the Coulomb repulsion between protons. Beyond this many
experiments point to two basic facts:

e Nuclei are small, on the order of 10 *2 to 10-** cm in diameter,
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Fig. 1.1. Binding energies per nucleon. The solid curve is the result of a typical semi-empirical
mass formula that includes corrections for surface effects, Coulomb repulsion, the Pauli principle,
and pairing effects. Many of these topics will be discussed later on. (Based on Eisberg, 1974.)

¢ For all practical purposes, the nuclear force can be neglected when
considering atomic and molecular phenomena.

These two facts tell us that the nuclear force must be short range. A few
further empirical observations allow us to refine this considerably.

¢ Nuclear binding energies, per nucleon, at first increase rapidly with A,
until about A ~ 10 to 20, where they level off at approximately 8.5 MeV
and remain roughly constant thereafter. These binding energies per
nucleon are shown in Figure 1.1.

» The masses of mirror nuclei, which are defined as pairs of nuclei with
interchanged numbers of protons and neutrons, (Z, N), = (N, Z),, are
nearly identical, after correcting for the different strengths of the Cou-
lomb interaction in the two nuclei.

* The sequencing, spin parity (/) values, and excitation energies of excited
states in mirror nuclei are also nearly identical.

e Proton and neutron separation energies, denoted S(p) and S(n), are
defined as the energies required to remove the last proton or neutron to
infinity, and have a characteristic behavior with changing proton number
and neutron number. Typical examples of such separation energies are
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Fig. 1.2. Neutron separation energics near the N = 82 magic number {de Shalit, 1974).

shown in Figs. 1.2 and 1.3 from which it is evident that S(p) decreases
with increasing Z and increases with increasing N while S(n) decreascs
with increasing N and increases with increasing Z. Thatis, each decreases
with an increasing number of the same type of nucleon and increases with
an increasing number of the other type. Althoughnotexactly germane to
the present discussion, we note for later use that the separation energics
also show particularly large and sudden drops at certain special numbers
of protons and neutrons, called magic numbers, namely Nor Z =2, 8§, 20,
40, 50, 82, 126. Those at 82 are evident in Figs. 1.2 and 1.3.
Measurements of electron scattering provide abundant evidence of a
nearly constant nuclear density independent of the number ol nucleons
A. This, in turn, implies that the nuclear volume must increase linearly
with A, Neither of these facts may seem particularly surprising at first
but it should be recalled that such is not the case with atomic systems
whose sizes are nearly independent of Z. Note thatif the nuclear volume
V o« A, then, assuming a roughly spherical nucleus, the nuclear radius
scales as A", Innumerable studies have shown that a good approxima-
tion to the nuclear radius is R = R A" where R~ 1.2 fm,
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Fig. 1.3. Proton separation energies near the Z =82 magic number (de Shalit, 1974).

* There is only one bound state of the deuteron, the simplest nuclear
system, with one proton and one neutron.

* This bound state has total angular momentum J = 1, that is, in the
deuteron, the intrinsic spins (1/2) of the neutron and proton are aligned
parallel to each other, not antiparallel. (This result assumes that the two
nucleons have no relative orbital angular momentum, a result that will be
justified in Chapter 3.)

¢ The deuteron has a nonzero quadrupole moment, that is, it has, on
average, a preference for a nonspherical shape.

Let us consider cach of these facts in turn and see what we can learn about

the nuclear force. Note that, except for the listing of the magic numbers, the
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preceding list contains virtually no specific nuclear structure information,
although what we will learn from these facts about the nuclear force has many
consequences for nuclear structure throughout the periodic table.

We have already deduced that the nuclear force is predominantly attractive
and short range. (We neglect the short range repulsive core component.) The
binding energy results, Fig. 1.1, and the fact that the nuclear density is approxi-
mately constant, allow us to go much further. The nuclear size, corresponding
to a radius of ~ 102 to 10~ cm, tells us that the range of the force must be
roughly this order of magnitude. However, the density and binding energy
data tell us that the force is actually of a considerably smaller range than that
of most nuclei. If the nuclear force extended more or less equally to all A
nucleons, then the binding energy would increase roughly as A (A —1)/2, or the
binding energy per nucleon (B.E./A) would increase with A and therefore so
would the nuclear density. That such is not the case, at least for A = 10, shows
that the nuclear force saturates. The contrary fact that the binding energy per
nucleon does increase for very light nuclei allows us to quantify this saturation
and to make at least a crude estimate of the number of nucleons with which
each other nucleon interacts.

To do this, we assume that all such interactions are equal and count the
number of interactions assuming that each nucleon interacts with various
numbers of other nucleons. Fig. 1.4 gives a pictorial illustration of the connec-
tions and shows a plot of B.E./A deduced under different assumptions for the
numbers of connections per nucleon. If one works through this figure, it
becomes obvious how saturation arises when each nucleon interacts only with
afinite number, n, of others. For example, if n, = 3, the number of interactions
of each nucleon (and hence its binding energy) has already reached its maxi-
mum value when A = 4. We can use this approach to set some rough limits on
n. Clearly n =2 is unacceptable since it leads to immediate saturation at A = 3,
Similarly n, = 3 leads to premature saturation, but somewhere on the order of
6 to 10 mutual interactions leads to B.E./A values that approach saturation
roughly where the data do. Thus, the empirically observed saturation in
binding energy per nucleon data suggest that the range of the nuclear force is
on the order of the size of nuclei such as Li or Be (i.e., approximately 2 to 4 fm).
Crude as this analysis is, the idea behind it is qualitatively valid and the
conclusion is more quantitatively correct than one might expect.

The properties of mirror nuclei also tell us much about the nuclear force.
The data for three A =27 nuclei are shown in Fig. 1.5 (note that ¥ Mg is not
mirror to the other two; it is shown for comparison and contrast). At the right,
the figure gives the relative binding energies or masses of the three nuclei and
on the left the low-lying excited states with their J* values. The remarkable
feature is the nearly identical spectra for the two mirror nuclei. The interac-
tions between two nucleons can be divided into three categories: p—p, n—n, and
p-ninteractions. The data from mirror nuclei suggest that the nuclear force is
“charge symmetric” (i.e., the p—p and n-n, interactions are equal). The fact
that the absolute binding energy of ¥Al is greater than 7Si does not reflect a
breakdown of this idea, but rather the influence of the Coulomb interaction:
71Si has more protons than Al and, therefore, has a greater total repulsive
Coulomb interaction that leads to lower total binding.
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Fig.1.5. Level schemes and binding energies (inset box at right with binding energies in MeV
relative to 2’ Al) of the mirror nuclei *’ Al and 7/Si, as well as the isobar Mg,

A more general characteristic of the nuclear force is charge independence,
which means that the p—p, n—n, and p-n forces are equal. To examine this
question, consider an isobar triplet such as ,*Mg,,, ,*Al,, and *Si,. The
low-lying levels of Mg and *Si are similar as expected: Mg has excited states
2+(1.81 Mev), 2+(2.94 MeV), 07(3.59 MeV), and so on, while #Si has 2+(1.80
MeV),2*(2.78 MeV), 0*(3.33 MeV), and so on. At first glance, the nucleus #Al
appears quite different, but careful inspection of its level scheme shows a
subset of excited states with similar binding energies as its isobars. Specifically,
at energies relative to the lowest 0" state there are 2°(1.84 MeV),2+(2.93 MeV),
0+(3.52 MeV) levels, and so on. This would seem to suggest that charge inde-
pendence has approximate validity. However, there are other states that have
no analogues in *Mg and #Si. We also note in Fig. 1.5 that Mg is quite
different than ¥ Al and #'Si, even though Table 1.1 shows that all three A = 27
isobars have the same total number of interactions (351). These results focus
on a crucial aspect of the p—n system: it can exist in two different configura-
tions. The concept of the proton and neutron as merely two states of the same
particle, the nucleon, leads to the concept of isospin, which is similar to
intrinsic spin. In analogy with intrinsic spin, each nucleon is assigned an
isospint = 1/2: protons and neutrons are distinguished by the projection of this
isospin on an imaginary isospin z-axis. This projection ¢, is~1/2 for protons and
+1/2 for neutrons. Then, just as one can couple the intrinsic spins of two
identical nucleons parallel or antiparallel to S =1 and § = 0, the total isospin
projection of a proton-neutron system can either be 7, = 1if the two isospins
are aligned and T, = 0 if they are antialigned. Since T cannot be less than its
projection, a proton~proton or a neutron—-neutronsystem must have 7'=1 with
Tz = -1 for the proton case and +1 for the neutron case. However, a
proton-neutron system with ¢, components of ~1/2 and +1/2 can couple to
T,=1or0and hence T=1 or 0. It turns out that the p-n interaction is not
identical in the 7 = 1 and 7 = 0 modes. By charge independence, the
interaction in the 7= 1 p~n system must be identical to thatin the p-p and n-n
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Table 1.1. Nucleon-nucleon interactionsin A =27 Nuclei

27 27 27 &

12 Mg15 13 A114 14 5113
PP 66 78 91
n-n 105 91 78
p-n 180 182 182
Total 351 351 351

Based on deShaiit, 1974.

systems. However, the interaction in the T = 0 p—n system need not be the
same. (As we will see, it is considerably stronger.) Thus there is no a priori
reason to expect that ¥ Mg, with fewer p—n interactions, should have the same
sequence of energy levels as ¥ Al or ”Si and, indeed, it does not. Furthermore,
2 Mg is less bound than #Al, even though it has fewer protons and might,
therefore, be expected to be more tightly bound. The reason is that it also has
fewer T = 0 p-n interactions (see Table 1.1). This is already one piece of
evidence suggesting the 7T = 0 interaction is stronger than the T = 1. The
concept of the different and stronger, p—n interaction in the 7= 0 channel will
be of enormous importance later. For example, it determines why the excita-
tion spectra of odd-odd nuclei differ so substantially from those of even-even
nuclei. Moreover, its effects are intimately connected with those of the Pauli
principle since 7'= 1 corresponds to a symmetric alignment of the two isospins
in the p-n system, while 7' = 0 corresponds to an antisymmetric alignment.

Nuclear separation energies provide crucial information about the outer-
most nucleons and therefore about certain subtle aspects of the nuclear force
in the “valence” region. As we will see, the most important nuclear model, the
shell model, treats nuclei in terms of individual nucleons that orbit as inde-
pendent particles in a central potential. Each orbit carries certain quantum
numbers and a specific wave function. This is an excellent approximation of
the actual motion except that there are important “residual interactions”
beyond those encompassed by the central potential that must be considered
when dealing with nuclei containing several particles outside closed or magic
configurations. This will be a major topic of discussion in Chapters 4 and 5. We
showed examples of separation energy data in Figs. 1.2 and 1.3 earlier and
summarized the trends, which are valid for all mass regions: that S(p) de-
creases with increasing Z, that S(n) decreases with increasing N, and that each
increases with increasing number of particles of the other type. Superimposed
on this general behavior is a fine structure in that S(p) and S(n) display
odd-even oscillation in Z and N such that nuclei with even numbers of either
protons or neutrons have larger separation energies (i.e., are more bound).
Though these separation energy data are widely familiar, it is seldom appreci-
ated how much they tell us about the nuclear force.

The separation energies refer to the ground states of their respective nuclei:
in nuclei with even numbers of protons and neutrons the ground state always
has spin and parity J* = 0*. Invariably, this state is much lower in energy than
any intrinsic excitation. The fact that S(p) and S(n) are larger when Z and N
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are even thus implies that there is a special attractive interaction in pairs of
protons or neutrons coupled toJ* = 0*. Later, we shall see that this is a property
of short-range interactions resulting from the Pauli principle. The separation
energy data also shows that the p—n interaction is strong and attractive since
S(p) increases with increasing N and S(n) increases with increasing Z. In
contrast, the decrease of each separation energy with increasing numbers of
nucleons of the same type gives the fundamentally critical result that, aside
from the pairing interaction, the residual interaction between like nucleons is
repulsive. This fact, pointed out in the early 1960s by Talmi, is seldom
recognized or remembered; however, its consequences, are profound. For
example, anticipating some concepts and jargon from upcoming chapters, it is
one reason why singly magic nuclei do not become deformed and why the
accumulation of proton neutron interaction strength is essential for the onset
of collectivity and deformation in nuclei.

The properties of the simplest bound nuclear system, the deuteron, tell us
still more about the nuclear force. The essential features, summarized earlier,
are that there is only one bound state, that it has /= 1*, and that the deuteron
has a finite quadrupole moment. The fact that there is only one bound state
and, moreover, that it is only weakly bound (the deuteron binding energy is
2.23 MeV) serves to emphasize the essential weakness of the so-called strong
nuclear force. By weak here we mean weak in comparison to the kinetic
energy of relative motion of the two nucleons. For example, this implies that
the relative kinetic energy of two nucleons cannot be changed substantially by
the strong interaction. This will be important in Chapter 3, when we discuss
the reason why essentially independent particle motion is possible in a densely
packed, strongly interacting nuclear medium.

It will also be shown in Chapter 3 that for a rather general central potential,
the lowest energy state corresponds to zero orbital angular momentum (an S
state). Thus, both the proton and the neutron in the deuteron must be in S
orbital angular momentum states and the total angular momentum in the
ground state can arise only from the proton and neutron intrinsic spins, 1/2 #
(henceforth, in this book, we shall generally omit the units % in referring to
angular momentum and intrinsic spin). There are two possible ways of
coupling these two spins; to a total spin § =0 or 1. The fact that the deuteron
chooses the latter highlights an essential point: even though the nuclear force
may have no explicit spin dependence, there can be large energy differences
between states of different spins in multiparticle configurations. We shall
discuss this point extensively in Chapter 4 where we shali see that the implicit
spin dependence of nuclear forces is a reflection of the Pauli principle and that
this has critical nuclear structure consequences.

Finally, the nonzero quadrupole moment of the deuteron is our first indica-
tion of the tendency of the proton-neutron interaction to lead to nonspherical
nuclear shapes. Moreover, it is an indication that the nuclear force cannot be
completely described by a spherically symmetric central potential. (In the
particular case of the deuteron the finite quadrupole moment is evidence for
tensor forces that couple a spin dependent component to a central potential,
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but this is not of particular importance in the present context .)

It is worthwhile at this point to reiterate what we have learned about the
nuclear force, and to emphasize that this rather detailed knowledge stems
from some of the simplest empirical facts concerning nuclei. The essential
characteristics of the nuclear force are:

* Jtis predominantly attractive

Itis short range

It saturates

s Itis charge independent (excluding, of course, the Coulomb part)

Moreover, we have learned that the residual interaction (the internucleon
force not contained within an overall central potential) has the following
properties:

* It exhibits the pairing property that favors the coupling of the angular
momenta of like nucleons to 0*.

* Aside from the pairing interaction, the like-nucleon residual interaction
is, on average, repulsive.

e The T = 0 component of the p—n interaction, on the other hand, is
predominantly attractive .

e The supposedly “strong” nuclear force is strong only in comparison with
other forces: in the nuclear context, it is barely strong enough to over-
come the relative kinetic energies of two nucleons in low energy orbits.

* Onbalance, as evidenced by the deuteron, the p—n interaction favors the
coupling of the proton and neutron intrinsic spins to =1 rather than
S=0. In Chapter 4, we shall see that this is in striking contrast to the like-
nucleon residual interaction that favors § = 0. Both of these are inti-
mately connected with the effects of the Pauli principle.

¢ The proton-neutron system has a tendency to produce nonspherical
shapes and provides evidence for spin-dependent tensor forces.

Before we end this discussion of the nuclear force, there is one other
interesting point concerning its range. The short range, ~ 102 to 10 cm, is
not at all accidental, but may actually be derived by a simple consideration of
its source. Itis now generally accepted that all forces in nature result from the
exchange of specific kinds of particles between the interacting entities. Be-
tween the time one of these entities emits such a “virtual” particle and the
other absorbs it, there is a nonconservation of energy. Therefore, by the
Heisenberg uncertainty principle, At AE > #, there is only a finite amount of
time during which the exchange can occur. Clearly, there is arelation between
the mass of the exchanged particle and the possible range of the force: lighter
(low E) virtual particles induce smaller violations of energy conservation and
therefore can exist for longer periods of time, thus permitting longer-range
forces. The outstanding example of this is the Coulomb interaction, which is
mediated by massless virtual photons and is therefore of extremely long range.
In the nuclear case, the mediation is carried by virtual mesons of which the
lightest are the pions with mass ~ 140 MeV. Assuming that they travel at the
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speed of light, we immediately obtain an upper limit on their “lifetime:”
At < £/140 MeV = ki/mc?
where m is the pion mass. The distance they can travel in this period is
r=cAt=f/mc=14%x10"2cm

which is remarkably close to the typical range of the nuclear interaction.

1.3 Pauli Principle and Antisymmetrization

The Pauli principle is of fundamental importance to nuciear structure. For
example, we will see in later chapters that it is essential in determining which
nuclei are stable, that it provides a justification for the idea of independent
particle motion in a dense nucleus, that it is the determining factor in the
energy shifts that occur with various residual interactions in the shell model
and, perhaps most importantly, that it is the principle reason why single
nucleon configuration mixing depends on the valence proton—neutron interac-
tion. In fact, these last two points may seem like structural details, but they
explain in one stroke why all even-even nuclei have 0* ground states, why the
low-lying states of these nuclei increase in energy with spin, why most low-
lying negative parity states have odd spin, and, remarkably, the entire sys-
tematics of where collectivity, phase transitions, and deformation occur in
nuclei.

The Pauli principle, in its simplest form, embodies the notion that no two
identical nucleons can occupy the same place at the same time. More formally,
no two nucleons can have identical quantum numbers. In this second form it
plays animportant role in proton—neutron systems where the two nucleons can
be treated as two states of the same nucleon. Many applications of the Pauli
principle, however, are best expressed in terms of a generalized mathematical
formulation of it that the nuclear wave function must be totally antisymmetric—
totally meaning antisymmetric in all coordinates, spatial, spin, and isospin (i.e.,
that the wave function must reverse its sign if all these coordinates are
interchanged). To see the relation of this requirement of antisymmetry to the
Pauli principle, consider a wave function of two identical particles, v, (r,,),
where the orbits occupied by the particles are labeled a and b and where 7, is
the distance between the two particles. Clearly, the Pauli principle requires
that the wave function must vanish when r,, = 0 that is, when the particles are
at the same point in space. A wave function such as y (r,)y,(r,) need not
vanish at r,, = 0, and thus is not an acceptable two-particle state. However,
consider the wave function

v, (1) = w(rw(r) - w(r)v,(r)

Obviously, v, (r,,) = O for r, = r, and thus satisfies the Pauli principle. But, for
any r_,, it also follows that

W, (r12)=[ Wa (1) ¥ (r2)— Wi (r2) o (r1)]

12?

==[ Ve (r2) W (r1)- Wa () ¥ (r2)] ==V, 1.1)
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So, the Pauli principle can be formulated mathematically by the statement that
a two-particle nuclear wave function ¥ must be antisymmetric with respect to
the interchange of the two partners. For multiparticle states, the antisymmetry
must extend to interchanges of any pair of particles.

Although the present argument was phrased in terms of spatial coordinates,
it can be extended to other spaces leading to the generalized antisymmetriza-
tion condition given earlier.

It is impossible to overemphasize the importance of the Pauli principle in
nuclear physics. It has obvious and direct consequences as well as subtle,
indirect, but no less real, effects. We shall encounter it continually.

1.4 Two-State Mixing

In realistic calculations of nuclear spectra, pure configurations are seldom
encountered. Frequently, the actual nuclear states are complex admixtures of
many components; an accurate treatment must involve the diagonalization of
alarge Hamiltonian matrix. Although thisissimple,itis tedious and one often
loses sight of the basic physics. In many, if not most cases, however, it is
possible to regain a feeling for the underlying physics and at least a semiquan-
titative calculation by a simple two-state mixing calculation. In many cases,
one can simulate the full diagonalization reasonably well using sequences of a
few two-state mixing calculations. Two-state mixing is completely trivial. We
will present the results in a slightly different form than normally encountered
so that we will obtain universal analytic expressions. It is of the utmost
importance to understand and to have an intuitive grasp of the relationships
between the initial energy spacings and the mixing matrix element, on the one
hand, and the final separations and admixed wave functions on the other.
These ideas are exploited throughout this book. This section outlines the basic
ideas and formulas, presents the universal mixing curve, and discusses some
useful limiting cases. In addition, a few sample schematic multistate mixing
calculations will be described in the next section.

Consider the situation illustrated in Fig. 1.6, in which two initial levels with
energies E, and E, have wave functions ¢, and ¢,. For an arbitrary interaction,
V, the mixing matrix element is {(¢,(V1¢,), which we denote simply by V. The
final energies and wave functions are obtained by diagonalizing the 2 x 2

matrix
(E1 |4 )
V E2

The final wave functions are denoted by Roman numerals, ¥, and ¥ and have
energies E, and E;. In general, the mixing depends both on the initial
separation and on the matrix element. A large spacing reduces the effect of a
given matrix element. Conversely, even a small matrix element may induce
large mixing if the unperturbed states are close in energy. In order to present
the results so that this two-parameter aspect is circumvented, yielding a single
universal mixing expression valid for any interaction and any initial spacing,
we define the ratio
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Fig. 1.6. Two-state mixing: definitions and notation.
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|4
of the unperturbed energy spacing to the strength of the matrix element. Then
the perturbed energies are

Ein= 1 (E1+L2)

Lo/(i£o- Er)P+4V?
2

(El +E2

[\)l'—*

Ti

(131+b i (1.3)

I\)]r—*

where the +sign is for £ and the - sign for £ It tollows that the final energy

difference is
En-Ei1=AE, 1+-4 (1.4)
4/ R2

or, in units of the unperturbed splitting AL , the final separation is given by the
simple result

En-Er_y [1,4 (1.5)

AE, R?

A more useful result is the amount, |AL |, by which each energy is shifted by
the interaction. ’AL | is given by

|A B =| L= o =| 1~ £ =B L "4[ 1+-4 -'1}
2 R?
or, again, in units of AL , one obtains a result independent of the initial spacing:

AL |Eu-Ed [Ei-E| |
ALy ALy ALy, 2

1+1;1_2 1} (1.6)
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The mixed wave functions are

yi=ag1+f¢:
at+pi=1
Vi=-Bor+ad: 1.7
where the smaller amplitude Bis given by
B= 1 (1.8)

1

{ 1 +[R/2 +V—1TR?272]2>i

The essential point of Eqs. 1.6 and 1.8 is that both the final energy difference
(in units of AE ) and J are functions only of R, the ratio of the unperturbed
energy splitting to the mixing matrix element. Equations 1.3-1.6 and 1.8 are
universal expressions completely independent of the nature of the interaction
or the initial splitting. The same ratio, R = AE /V always gives the same final
wave functions, energies, and energy shifts (in units of AE ).

These results are so important, and will be referred to, either quantitatively
or qualitatively, so frequently that it is useful to dwell on them. Equations 1.6
and 1.8 are plotted in Fig. 1.7. To illustrate the results and get a feeling for the

R=AE/ MATRIX ELEMENT

| l 1 N T I 1 1
MIXING OF TWO REPULSION OF ADMIXED
— STATES — - STATES

0 | |

[.O 20 30 40
0. 02 03 04

[
B P(REPULSION OF EACH STATE )
(UNITS OF A Ey))

Fig. 1.7. Universal two-state mixing curves. The one on the left gives the smaller of the two mixing
amplitudes, f, while the curves on the right give the energy shift of each level in units of the
unperturbed energy separation. Here the lower curve goes with the upper abscissa scale, while the
upper curve goes with the lower scale.
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Table 1.2. Examples of two-state mixing energy shifts and mixing amplitudes (from Egs. 1.6
and 1.8). R =AE/V

R AEJAE, B Specific case: AE =100 keV

V (keV) AE, (keV)

02 452 0.67 500 452

0.5 1.56 061 200 156

1 0.62 0.53 100 62

2 0207 038 50 207

3 0.101 029 333 10.1

5 0.0385 019 20 3.85
10 0.0099 0.099 10 0.99
20 0.0025 0.050 5 025

*For R = 0, # = 0.707, and AE =V,

numbers involved, let us consider a couple of examples. Suppose two initial
states are separated by 100 keV and admixed with a matrix element of 50 keV
(a not uncommon situation, for example, in Coriolis mixing). Then R =2, and
we find that the mixing amplitude 8 = 0.38 and that each state is shifted by an
amount 0.207 times the initial separation or, in this case, by 20.7 ke V. Clearly,
the final separation is 141.4 keV. Another common situation is that of rather
weak mixing. Taking two states initially an MeV apart that mix witha 10 keV
matrix element (R = 100), then Fig. 1.7 or Egs. 1.6 and 1.8 instantly show that
the mixing is negligible and the energy shift is virtually nil. Table 1.2 gives
examples of AE_and S for a range of R values.

Of course, in using these expressions in practical situations one normally
knows the final perturbed energies not the initial separations. One often wants
to extract the amount of mixing () or to deduce the interaction strength from
some experimental measure of the mixing (e.g., the ratio of two transition
strengths from the mixed state, one of which is allowed, the other forbidden in
the unmixed limit: the branching ratio is then directly related to $?). In
principle it is then necessary to work the equations backward to solve first for
Vor for AE , and then for . In practice, however, the mixing is often small and
AE is asmall fraction of AE_so that an accurate approximation is obtained by
taking R~ AE__/V = (E - E,))/V. For example, for R > 5, the initial and final
separations differ by less than 10 percent.

Having dealt with some examples and these practical comments, we now
consider two extremely important limiting cases where Eqgs. 1.6 and 1.8 sim-
plify: the situations of infinitely strong and relatively weak mixing illustrated in
Fig. 1.8. The results in both cases have many useful and even profound
implications and, for the latter case, the limiting situation has very wide
applicability.

1. Consider first, then, the strong mixing limit. Suppose the two initial
states are degenerate (AE, = 0), as in Fig. 1.8 (left). Of course, then, Eq. 1.6
cannot be used, but Eq. 1.3 tells us that

EI,U:%[(El +E2)t2V]=EotV (1.9)

where E_ is the (common) initial energy. Thus each state is shifted by the
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Fig. 1.8. The two limiting cases of strong and weak mixing.

mixing matrix element. This illustrates the important result that, for any
isolated two-state system, the final separation can never be closer than twice the
mixing matrix element. As trivial as this sounds, it is often forgotten but is
extremely useful. For example, it was one of the early arguments used to
demonstrate that Coriolis matrix elements had to be attenuated: examples of
isolated pairs of 13/2* states were found that were closer than twice the
calculated Coriolis mixing matrix elements.

In the case of degenerate orbits, it is clear that 8= 1/Y2 = 0.707. Thus ais
also 0.707 and the two states are completely mixed. This is conceptually
obvious since the matrix element is “infinitely” stronger than the initial
separation (i.e., /R — o). This seemingly trivial result also has profound
consequences. For example, it means that the mixed wave functions for two
initially degenerate states are independent of the strength of the interaction
between them. (This argument will be used in Chapter 6 to show why the wave
functions in the limiting symmetries of the IBA are independent of the
coefficients—parameters—of the Hamiltonian as long as the structure of that
Hamiltonian corresponds to the symmetry involved.)

2. The weak mixing limit corresponds to R >> 1 (see Fig. 1.8, right). Equa-
tion 1.8 becomes

B (1.10)

~1
R
Hence,

V=~ BAE, ~ BAE, | (1.11)

since AE_is small. Frequently (for example, from measured ray branching
ratios) one has empirical information on fand therefore Eq. 1.10 (or the exact
Eq. 1.8) can be used to deduce V from the data. Similarly, for R >> 1, Eq. 1.6

becomes
AES
L__Ll[l W2 1}:,1_ 112)
AE, 2 R2 R?
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Fig. 1.9. Hlustration of the noncrossing of two admixed levels,

An example is useful. Suppose R =10. Equations 1.10 and 1.12 then give
g=0.1 and AL /AE, = 0.01

The exact results are = 0.0985 and AL /AE, = 0.0099. In [act, even [or R = 4,
Eqs. 1.10 and 1.12 are already quite satisfactory: S is correct to better than 10
percent and AL to 6 percent. Except in the case of rather strong mixing, Eqgs.
1.10 and 1.12 thus provide quite accurate (instantancous) results for two-state
mixing.

There i1s one other important aspect of two-stale mixing. Supposc we
consider twostates, 1 and 2, whose energies depend on some nuclear structure
parameter x (as illustrated schematically in Fig. 1.9). For example, x could be
the deformation and the states might be two Nilsson orbits. For some x value,
X, the orbits cross. Now suppose that the two levels mix. They can now never
cross since they repel, and can never be closer than twice the mixing matrix
element after mixing. Thus the actual behavior of the mixed states, labeled 1
and 11, is as sketched by the solid lines in Figure 1.9. The energies have an
inflection point. However, for x > x__ , the wave function of state I will have a
larger amplitude for unperturbed state 2 than for its own “parent” and vice
versa. Such behavior is very common in structure calculations and is ncarly
always an indication of strong mixing. The point of closest approach of the two
curves corresponds 1o the point where the mixed wave functions contain cqual
admixtures of each of the unperturbed states. In lact, from the separation at
this point the mixing matrix element can be derived by inspection, as one-half
the separation. Thisis another illustration of the usefulness of the limiting casc
of Eq. 1.9.

1.5 Multistate Mixing

Ingeneral, a multistate mixing situation must be handled by explicit diagonali-
zation. Asnoted carlicr, this can often be simulated by a sequence of two-state
mixing calculations. In addition, a couple of idealized situations are particu-
larly simple, often uscful, and provide physical insight into the often misunder-
stood results of complex calculations (c.g., RPA calculations).

First, let us consider the casc of N degencrate initial states and allow cach of
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Fig. 1.10. Illustration of two multistate mixing situations: (Top) N degenerate levels, all of which
mix by equal matrix elements V; (Bottom) The same, except the initial levels are equally spaced.

these levels to mix with each of the others with equal matrix elements (i.e.,
between all pairs). This idea is illustrated in Fig, 1.10. It is then easy to show
by explicit diagonalization that one state is lowered by (N-1)V and each of the
other states is raised by one unit in V. The wave function for the lowest state
is totally mixed:

:_L +~l._ +_.l._ +... _1_.__ 113
Wi W(Pl V—1\7¢2 mfﬁs W(PN (1.13)
Although this is a clear case of (optimum) multistate mixing, the result for the
lowest eigenvalue is exactly what would result from applying a sequence of
two-state mixing calculations: mixing with each of the other N~ 1 degencerate
states lowers this state by V, giving a total lowering of (N - 1) V.

This feature of one state emerging with special character, low energy, and a
highly coherent wave function, is ultimatcly the microscopic basis for and
physical idea behind the development of collectivity. Collective states result
from many interactions of simpler (c.g., single particle or two quasi-particle)
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entities, and appear at low energies. Aswe shall see the RPA approach to the
microscopic generation of collective vibrations is a prime illustration of this
effect. So also is the effect of pairing among 0* states that leads to the well-
known energy gap in ¢ven-—even nuclei.

A second case is analogous, except that we lift the initial degeneracy and
consider a set of N equally spaced levels. This situation is depicted in Fig. 1.10
for the case of N = 6. Asbefore, one state is considerably lowered. Of course,
the wave functions are now more complex, and are not of particular interest
here. What is interesting is that the ratio of the lowering of the lowest level in
the nondegenerate (ND) case to the lowering in the degenerate (D) case just
considered

LN(R):AEND: A EnND (114)
AEp (N -1 )V

is nearly independent of N. For R=1, L(R) for N=2,4,8,and 12, respcctively,
is found, by diagonalization, to be 0.62, 0.60, 0.59, 0.59: that is the lowest state
islowered by about 60 percent of what it would be if the initial states had been
degenerate. The near-independence of N means that one can estimate the
lowering, without calculation, simply by taking the two-state mixing result (or
the appropriate R valuc. As a test, suppose the (equal) spacings are all twice
the matrix element V. Then, from Table 1.2, AL (two-state) is 0.414 V. For the
degenerate case, itis of course (2- 1)V = V. So L (R =2) 15 0.414, which should
now be approximately applicable to multistate mixing. The value for N = §,
obtained by diagonalization, is L (R = 2) = 0.35.

Finally, a third idealized case again concerns N degenerate levels, except
that each level mixes with only the “adjacent” level (as shown in Fig. 1.11).
This statement, however, is meaningless for degenerate levels, but it is clear
that we can circumvent it by introducing an infinitesimal spacing, and there-
fore an “order” to the unperturbed levels, 1, 2, 3...N. This limit, in fact, is not
so far from the realistic situation of Coriolis mixing among a series of bands
with K = K, K, + 1...K which frequently occurs in heavy nuclei. Again, one
level is lowered, but now the mixed levels are symmetrically distributed with
respect to the initial energy and the lowest state is notlowered nearly as much.
One can write AE_ = f{N)V where the function f(N) has the rough depend-
ence sketched in Fig. 1.11.

AELOWEST:f(N)V

;_f— 3 £N) —

AE
LEVELS. LOWEST
ADJACENT V

N

Fig. 1.11, Multistate mixing: N degenerate levels in which only "adjacent” fevels are mixed with
(equal) matrix clements V.
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Finally, note that in all the multistate mixing cases considered, all of the
components of the lowest lying wave function have the same sign. Though this
result depends on the phase conventions chosen, if consistent conventions are
used for both wave functions and operators, then matrix elements (observ-
ables) will contain coherent, in-phase sums, and can be extremely large. The
wave function has coherence, and such multistate mixing canlead to collectivity
as reflected in enhanced transition rates, cross sections, and the like. Also,
note that the sum of the initial and final energies is the same, as, of course, it
must be. Since these energies appear on the diagonal of the matrix to be
diagonalized, this is equivalent to the formal statement that the trace is
conserved.

The importance and usefulness of the results in this section cannot be
overemphasized. With them, and an understanding or the basically attractive
nature of the nuclear force, and of the effects of the Pauli principle and of
antisymmetrization, it is possible to understand nearly all of the detailed
results of most nuclear model calculations in an extremely simple, intuitive
way that illustrates the underlying physics that is often lost in complex formal-
isms and computations.

1.6 Two-State Mixing and Transition Ratcs

One application of the concept of two-state mixing that is worth discussing,
even though it invokes concepts and excitation modes that will be introduced
later, is the effect of certain types of mixing on transition rates. Consider the
simple level scheme in Fig. 1.12 with 2* levels from different intrinsic excita-
tions (say, belonging to two bands of a deformed nucleus). Suppose that,
according to some model, one 2+ level has an allowed (A) ground state transi-
tion and the other has forbidden (F) transitions to both 0,* and 2,* states. One
occasionally encounters statements of the following kind: “While the 2, — 0,
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Fig. 1.12. Effect of mixing on allowed (A) and forbidden (IF) y-ray transitions.
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transition is normally forbidden, its strength results from mixing the two 2*
states: a similar argument accounts for the 2,*— 2,* transition.” At first, this
certainly sounds plausible: if the two 2* states mix, some of the strength of the
allowed transition should be “distributed” to the forbidden one. Moreover,
the two 2* states now share some of the same character and should be
interconnected. Let us calculate the actual E2 matrix elements for the mixed
states to see if the preceding conclusions are warranted. Using the notation of
Fig. 1.6 (Roman subscripts for the perturbed wave functions, arabic for the
unperturbed), we have

(20| E2| 0%) = (- 21+ 23] E2| Of)
= - (21| E2| 01)+ (23] E2 0f)
= - B(21] E2| 0i) (1.15)
since the unpreturbed 2, — 2,* matrix element is forbidden. Thus the

2,*— 0, transition is now finite and arises solely from the mixing with the 2,
level as claimed. For the 2,* — 2,* transition we have

(261 E2| 21) =(- B21 + 2 23| E2| 21 + B 23)
=- ap(2i| E2| 21) + o p(23] E2| 23)

- B*(21] E2| 28)+ o(24] E2| 2d) (1.16)

Since the 2, — 2.* transition is assumed forbidden, the last two terms vanish
and

(2ﬁ| E2 2f>=a Bl{92] E2| ¢2) (1] E2| )] (1.17)
The 2,*— 2,* transition vanishes in the limit of no mixing (3= 0). However, it
is by no means clear that mixing will produce a strong transition. The resulting
mattix element is proportional to the difference in the quadrupole moments of
the two states. If the low-lying levels have nearly the same deformation, as is
likely in a well deformed nucleus, this difference will be very small, and thus
the second conclusion is at best risky. We have worked out this example
explicitly because the error just discussed is widespread and partly because the
derivation just given will be useful later in understanding the microscopic
structure of the Svibration. The point can be summarized as follows: Consider
two states (of the same spin) one of which has an allowed transition to some
other level while the decay for the other is forbidden. The forbidden transition
becomes finite if the two initial states mix, and its matrix element is propor-
tional to the mixing. However, a forbidden transition between the two unper-
turbed levels becomes finite only if the states mix and if the intrinsic structure
of the two unperturbed states differs in the moment corresponding to the
operator for this transition.

With the background provided in this chapter on the properties of the
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nuclear force, the comments on the Pauli principle and our discussion of two-
and multistate mixing, we can now begin to develop an understanding of the
rich diversity and unity of nuclear phenomena. We start with a cursory survey
of some empirical features and then develop at some length the foundation
models through which we try to understand these data and out of which new
models and extensions arise.



2
THE NUCLEAR LANDSCAPE

One of the difficulties often faced by the student trying to understand nuclear
models is that he/she cannot fully appreciate many of the truly simple and
beautiful results that emerge from these models because there is no reservoir
of familiar nuclear data to call upon. Therefore, when one derives the spin
sequence for a §—function interaction between two identical nucleons in the
same orbit, the results are only of mathematical interest if he or she does not
see that this instantly explains the low lying levels of literally dozens of near-
closed shell even—even nuclei. The entire seniority scheme seems nothing but
a labyrinth of Racah algebra when one does not understand how many well-
known facets of nuclear structure are thereby trivially explained. Similarly,
the simplicity and intuitiveness of many of the results of the Nilsson model may
fall on barren ground unless one realizes the vast number of deformed heavy
nuclei that display exactly these properties.

The main purpose of this chapter is to survey the nuclear landscape to
display a few (definitely not all) typical patterns of nuclear spectra as well as
some of the systematic changes in these patterns over sequences of nuclei, so
that the reader will understand the motivation for each model and will benefit
from an empirical context for their characteristic predictions. We will refer to
the figures in this chapter frequently.

While this approach necessitates some repetition later, it allows us to see
exactly what we are trying to explain with these models beforehand, and what
kinds of data characterize atomic nuclei and are the most useful as tests of
various models.

In principle, at this stage the data should be shown “blindly,” without
commentary on its meaning or implications. However, the purpose of this
book is not to develop nuclear physics ab initio and, indeed, most readers will
already be familiar with many of the major concepts and terminology. A
“purist” approach here would be needlessly tedious and artificial. Inthe pages
that follow, we will use many words and concepts freely that will be introduced
formally later on. Those to whom these concepts are unfamiliar should
concentrate simply on absorbing the data with the idea of using this base as a
touchstone later.

When we speak of nuclear data, we are referring to a vast, varied, and rich
reservoir of information about atomic nuclei—from the deuteron to the acti-
nides—obtained by a most diverse array of techniques. The simplest informa-

28
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tion is the mass of atomic nuclei. A more useful form for these is nuclear
binding energies, which focus on the interactions between nucleons in the
nucleus when the masses of the individual nucleons are subtracted. Still more
useful (in many cases) are nucleon separation energies, or the energy required
to remove the last, outermost nucleons from the nucleus. (We have discussed
these already in Chapter 1.) The nucleon separation energies give important
data on the surface regions of nuclei. Later, we will show that the individual
nucleons tend to orbit the nuclear center of mass in discrete shells and that, for
many applications, it is possible to neglect all the underlying shells that are
filled. Therefore, the outermost nucleons are frequently most crucial to
understanding the observed properties of nuclear level schemes.

More detailed nuclear data consists of nuclear level schemes: the energies,
and angular momenta, and parity values (J7), of the ground state and low-lying
excited states. The mirror nuclei shown in Fig. 1.5 were our first encounter
with such schemes. Careful measurements of the yrays emitted when excited
levels de-excite to lower lying ones are fundamental to both understanding
and constructing nuclear level schemes. The crucial information here is, of
course, the xray energies, which help define their placements between nuclear
levels and their absolute and relative intensities, which give direct measures of
nuclear transition matrix clements.

A large amount of data has resulted from the study of scattering processes
of one nucleus on another and direct reaction processes in which two interact-
ing nuclei exchange one or more individual nucleons. Scattering experiments
often use low energy projectiles with long wavelengths comparable in size to
the nucleus itself. In such cases, they provide information on the overall
nuclear shape and on the macroscopic, or collective, excitations of the nucleus
as a whole (e.g., rotations and vibrations). Nuclear reactions, examples of
which are single nucleon transfer reactions such as (d, p) or two-nucleon
transfer reactions such as (p, t), can proceed by a direct process in which indi-
vidual nucleons are inserted into or removed from specific orbits. These
reactions provide detailed and microscopic information on the semi-inde-
pendent particle motion characterizing atomic nuclei.

Heavy ion fusion reactions, which can bring in enormous amounts of energy
and angular momentum and access neutron-deficient nuclei, or § decay ex-
periments on fission product nuclei, which are extremely neutronrich, provide
valuable sources of information, especially on unstable nuclei.

Of course, this listing of techniques barely touches the surface and high-
lights only a few that are most useful for studying low-energy nuclear structure.
A few of these will be discussed insome detail in Chapter 10. For now, we turn
to the picture of the nuclear landscape they have provided us.

The most basic data for nuclei, of course, is a listing of which nuclei exist.
Such a list is usually presented in an N-Z plot as in Fig. 2.1, where the hatched
arca approximately outlines the stable nuclei. This is the so-called valley of
stability (i.c., the valley of energy vs. Z and N: because nature prefers to
minimize energies, the stable nuclei have the lowest energies). The general
features are that N = Z for light nuclei, and a preference for a neutron excess
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Fig. 2.1. The nuclear chart showing the path of stable nuclei (crossed hatched), as well as the magic
numbers and midshell deformed regions (circles or circular segments).

in heavier nuclei. We shall see that this pattern is easily explained by combin-
ing the concepts of independent particle motion, the Pauli principle, and the
Coulomb force.

We have already seen some other examples of significant nuclear data,
namely binding energies as a function of A, separation energies S(n) and S(p)
and a couple of examples of level schemes for so-called mirror nuclei. These
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Fig. 2.2. Low-lying levels of three doubly magic nuclei. Energies on the right of each line are in
MeV.
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data were shown early on because they provide basic information on the
nuclear force itself, which was already discussed in Chapter 1. Here we are
concerned with asomewhat more detailed and much more extensive survey of
nuclear excitations.

As noted in Chapter 1, there are large gaps in the nucleon separation
energies that define so-called magic numbers, and point to the existence of
nuclear shells, analogous to those in atomic physics. That is, certain magic
numbers of nucleons of a given type correspond to the filling of a set of orbits
constituting a “shell.” Additional nucleons must then fill the next higher shell
and are considerably less bound. In Figs. 1.2 and 1.3 we saw such data for the
magic number 82. The complete set of the most important, empirically
observed, magic numbersis 2, 8, 20, 28, 50, 82, and 126. There are also gaps or
subshell gaps at 40 and 64, especially for protons, which exist for certain
neutron numbers only (see further discussions in Chapters 3 and 6). Figure 2.2
shows examples of nuclei where botha the proton and neutron numbers are
magic. Note the extremely high energy of the first excited state, and the
predominance of negative parity states. Figure 2.3 shows the Ca isotopes, two
of which, “**Ca, are “doubly” magic, while the others are singly magic. The
abrupt change of 2* energies in ““Ca compared to *>**Ca is dramatic evidence
of the difference in their magic structure.

One of the great successes of the independent particle model (Chapter 3) is
the prediction of level sequences for nuclei near closed shells, in particular odd
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Fig.2.3. Low-lying levels and B(12) values for the even—cven Ca nuclei. *°Ca and **Ca arc
doubly magic.
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Fig. 2.4. Low-lying levels of two nuclei, ¥ Ca and ?®Pb, with one nucleon beyond a doubly magic
core, and two other nuclei, #*Ca and *®Yb, for comparison. Note that the energy scale for Yb is
expanded by a factor of 10. The notations (d, t) and (d, p) indicate which levels arc primarily
populated in these single nucleon transfer reactions. The S(d, p) values given for 2°Pb are the
single neutron transfer spectroscopic factors; values near unity indicate nearly pure single-particle
structure.

mass nuclei where, as we shall see, the total angular momenta J (this will often
be colloquially referred to later as the “spin” of the level, although this
nomenclature is clearly inaccurate) of the ground and low-lying excited states
are given by the j values of the orbits into which the last odd nucleon can be
placed. To illustrate this, we show the level schemes of two nuclei (' Ca, **Pb)
with one particle beyond a doubly magic nucleus in Fig. 2.4. The specificorder
and energics of thesc levels will be easy to understand and predict after we
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Fig.2.5. Low-lying levels of three nuclei with two valence nucleons.
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Fig. 2.6. Systematics of the lowest levels of the Sn nuclei.

discuss the independent particle model in the next chapter. At this point, these
sequences appear as unintelligible jumbles.

Of course, most nuclei have more than one valence nucleon. Two examples
are included in the figure. One is ,*Ca,, with three valence neutrons. It is
similar in many ways to *'Ca but, with three valence nucleons, a proper
treatment requires the study of multinucleon configurations and of the “resid-
val interactions” occurring among nucleons in the valence shell.

The other is '¥Yb, which is far from magic in either protons or neutrons.
This scheme, both in terms of its complexity (only hinted at in the figure) and
its compressed energy scale, sets it completely apart from the other nuclei in
the figure. We will see another example of this type of nucleus in a moment.

In treating multivalence particle nuclei such as these, a number of different
approaches are used. Close to closed shells (e.g., *Ca), an extension of the
independent particle model that includes residual interactions among the
valence nucleons, has been enormously successful. Further from closed shells
(e.g., ¥YDb), nonspherical shapes appear, and a deformed shell model (the
Nilsson model) becomes appropriate. In the case of the shell model, itis often
appropriate to consider a coupling scheme in which each nucleon has a given
total angular momentum j. The coupling of these individuals j values leads to
the final J for the state in question. The energy of such a state clearly depends
on the residual interactions among the nucleons in these orbits. It is certainly
one of the triumphs of the shell model that one can easily derive expressions
for these energies, often without a detailed knowledge of the residual interac-
tion itself, that account reasonably well for a large body of data in both odd and
even nuclei.

Figures 2.5-2.7 show the level spectra of some cven mass nuclei in the
general vicinity of closed shells. Typical of such nuclei, all have 0 ground
states, first excited levels with J*= 2*, and mostly cven-parity, low-lying
excitations.

All of these features will emerge later from very general considerations of
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Fig. 2.7. Low-lying levels of the A =130 isobars that show the effect of adding valence nucleons (in
this case neutron holes relative to N = 82).

the dependence of the like-nucleon interaction on total angular momentum
and of the effects of the Pauli principle. Figures 2.5 and 2.6 deal with singly
magic nuclei. They show two interesting features: relatively high-lying, first
excited states and a compression of positive-parity energy levels as J increases.
Both features contrast sharply with “collective nuclei.” Note that these
features persistin the Snisotopes even when there are many valence neutrons.
Itis only when there are both valence protons and neutrons that the excitation
patterns change rapidly. Figure 2.7 shows this for three A = 130 nuclei. Note
the systematic change as the total number of valence nucleons increases (here
we count proton particles plus neutron holes relative to the nearest closed
shells). Figure 2.8 illustrates this even more systematically and dramatically.
Here, there is a sharp drop in 2 from magic Sn to nonmagic nuclei and the
lowering is greater for more and more valence neutrons. There is an additional
drop when going from two valence protons (Te, Cd) to four (Xe).

Innucleifar from closed shells where the shell modelis either intractable or
unreliable, one normally takes recourse in other theoretical frameworks. One
of the significant and most fruitful of these approaches can be called geomerrical
or collective models, which bypass the shell model by taking a more macro-
scopic approach of assigning a specific shape to the nucleus and examining the
rotations and vibrations of such a (generally nonspherical) shape. Of course,
a critical issue is whether or not such structures can in fact be derived micro-
scopically from the shell model, and this will be a topic of some importance in
alater chapter. Be that as it may, it is an undeniable empirical featurc of many
heavy nuclei that they exhibit propertics that seem at variance with the concept
of ashell model, and show evidence of “collective” behavior.

Individual nuclei exhibii several casily discernible types of collective behav-
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ior. Figure 2.9 shows typical vibrational nuclei, especially **Cd, where the first
excited state is a quadrupole phonon excitation of a basically spherical shape.
At about twice and three times this energy there are groups of states that can
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Fig. 2.9. Low-lying levels of some typical, near harmonic vibrational nuclei.
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Fig.2.10. Low-lying rotational and vibrational levels of some typical deformed rare carth nuclei.

be described as two- and three-phonon excitations of the basic spherical
structure.

Figure 2.10 shows three even—even deformed nuclei in the rare carth
region. The lowest levels of spin J = 0, 2, 4, 6,...form a rotational structurc
whose energies closely follow the J(/ + 1) law for a rotating symmetric top.
Above these are groups of levels, some of which we will interpretin Chapter 6
in terms of intrinsic excitations called B, 7, and octupole vibrations, each with
rotational bands superimposed. Finally, Fig. 2.11 shows a typical odd mass
deformed nucleus. Here, the levels, which look hopelessly complicated on the
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left, are arranged in sequences of single particle intrinsic (Nilsson) states, each
with a rotational hand built on top of it on the right. Another example of a
nucleus that can be classified in similar manner is '**Yb, which we looked at in
Fig. 2.4.

We note that the rotational bands in "Dy range in character from several
examples (labeled 5/2-[523], 3/2-[532], 5/27[512]) with regular spacings that in-
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Fig. 2.13. Ezi values (in keV) plotted against N for the A = 100 region.
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crease smoothly with J, to some with highly irregular sequences [e.g., 5/2[642],
1/2-{521] and 1/2-[530] (with missing 1/2- level)]. An acceptable model for odd
mass deformed nuclei must be able to account for both types of behavior. We
will discuss these intrinsic excitations and their connection to rotational mo-
tion in detail in Chapters 7 and 8.
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A dramatic way to illustrate both the collective behavior of nuclei far from
closed shells and the evolution of structure is to examine a particular property
over extended sequences of nuclei—that is, to examine nuclear systematics.
Three of the most telling data are collected in Figs. 2.12-2.16. Figure 2.12
shows the energies of the first excited 2* states (2,* levels) in even—even nuclei
throughout the periodic table. Figures2.13 and 2.14 show a more detailed view
of the same data in two particular regions: nuclei around mass A = 100, and
those near A = 130. As we have seen near closed shells, E5; is rather high
lying, typically 1 to 2 MeV. In contrast, in collective nuclei, the 2 * state can be
described as either a vibrational or rotational excitation and occurs at much
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lower energy. These figures highlight the enormous differences in
Ey; characteristic of these different structures and the transition regions
between them as well as the complexity of some individual regions. Figure
2.15 shows a plot of the energy ratio of the energy of the 4,* state (first 4* state)
to the 2 * state in even—even nuclei. As will become evident throughout the
subsequent chapters, this ratio is one of the most important structural signatures
and, moreover, is one of the few whose absolute value is directly meaningful.
At first glance, Fig. 2.15 appears to be a semirandom scattering of points.
More careful inspection, and some hindsight from subsequent chapters, shows
that E,+/ E,+ tends to fall into three ranges, values below 2.0 near magic
nuclei (see Fig. 2.5), between 2.0 and 2.4 slightly further away from magic
numbers (see Fig. 2.9), and values very close to 3.33 in midshell regions
corresponding to rotational motion (see Fig. 2.10). The transitions between
the latter two clusters are abrupt indeed.

Most low-lying nuclear states, including essentially all that we will consider,
are below the energy threshold for particle emission and hence de-excite
primarily by electromagnetic processes. These are usually yray transitions,
although electron conversion is an important process. The matrix elements for
yray transitions often directly give critical nuclear structure information.

We will have many occasions later on to discuss such radiation from excited
nuclear states. This is therefore an appropriate place to deal with the crucial
issue of the angular momenta, A, carried by such radiation and the character-
istic probability of each. As is well known, the electromagnetic field can be
expanded in multipoles of either electric, EA, or magnetic, MA, type. We note
that the parity carried by such photons is (-1)* for electric and (-1)**! for
magnetic multipoles. Thus, for example, E2 and M1 transitions conserve
parity while E1 transitions change it. The probability of emission of radiation
of a given muitipole is governed by the intrinsic probability of that multipole
times a nuclear matrix element. The latter depends on the detailed structure of
the initial and final states involved, while the former is a general characteristic
of the electromagnetic field and of the “source” of the radiation (the nucleus).
We will discuss the properties of the transition matrix elements in a number of
different models. Here, we wish to demonstrate in a simple way (ignoring the
intrinsic spin of the photon) that such radiation is nearly always characterized
by low multipoles, or at least by the lowest multipoles allowed by angular
momentum conservation. The argument is very simple. We start by recalling
that the orbital angular momentum / = rxp. The linear momentum carried by
aphotonisp = E_/c. Therefore the maximum angular momentum (in units of
£)is givenbyl= éYR/ﬁc where R is the nuclear radius. Since %c =200 MeV fm,
dipole (I = 1) y-rays emitted at typical distances of 10 fm from the nuclear
center must have E_ =20 MeV. Since most transitions involved in low-energy
nuclear structure are less than 2 MeV, it is obvious, first, that the electromag-
netic de-excitation process is relatively slow on a nuclear scale (it must proceed
by virtue of the tails of nuclear wave functions extending out to large dis-
tances) and, secondly, that high multipoles (4> 2) are extremely unlikely. Both
these features are very important and are empirically well known. Indeed, itis
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often assumed that all transitions are E1, M1, or E2, when assigning J~ values,
if the multipolarities have not been measured.

Since the ground state of even—even nuclei is 0, the first excited state
(normally J*= 2*) can only decay by electric quadrupole or E2 radiation. Since
we shall see that “collective” effects in low-lying states are quadrupole in
geometric character (most deformed nuclei are prolate shaped), it should not
be surprising that E2 or electric quadrupole radiation is of paramount interest.
The usual quantitative measure of E2 transition strengths is called a B(E2)
value, defined as

B(E2:Ji—Jy) (wrl| B2 w)® 2.1)
in terms of the reduced E2 matrix element between initial and final states.
Figure 2.16 shows the systematics of B(E2: 2* — 0,*) values across the
nuclear chart in units of so-called single particle values that roughly corre-
spond to the strength expected if a single nucleon changes orbit. The most
obvious feature of the data is the relatively small values near closed shells and
the enormous ones that occur in midshell regions, such as those near mass 160
and 240. These peaks offer the most dramatic evidence known for nuclear
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collectivity. Within such peaks, there is a characteristic structure: at first, a
rapid increase with increasing valence nucleon number and then a saturation
near midshell. We shall discuss these points, and their implications, in Chapter
6.

It is interesting to make a correlation between E,p, Es/ E»t , and
B(E2:2,*—0,") values. Using our classification of the E.{/E-; ratios, we see
that low values of E.;/E,; near closed shell correlate with low values of
B(E2: 2,* - 0,*) and high values of E,;. As Ej} begins to drop as one
proceeds through a major shell, Eq;/E,; rises slightly to just above 2 and the
B(E2) values also begin to increase. Finally, far from magic numbers where
E»3 drops dramatically and becomes asymptotically constant, Es;/E.; ap-
proaches 3.33 and the B(E2) values increase rapidly toward their peak values.
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As we will study in detail later, the structural transition involved here is one
from spherical nuclei near closed shells ( Es3 / E»f < 2) toward spherical, but
vibrational, nuclei and culminates in a phase transition to strongly deformed
(nonspherical axially symmetric) nuclei whose low-lying states reflect rota-
tional behavior. If we recall the discussion of multistate mixing in Chapter 1
(for example, see Eq. 1.13) we see that both the drop in E,; and the rise in
B(E2) values can be understood in terms of the correlations or collectivity that
develop from multistate configuration mixing as one goes from closed shell
regions toward midshell. Many of these ideas will be quantified and specific
later.

Finally, a crucial test of our detailed microscopic understanding of the
macroscopic collective shape vibrations is whether we can understand their
systematics. Figure 2.17 shows the energies of § and y vibrations in the rare
earth region of deformed nuclei. Figure 2.18 gives some crucial B(E2) values
relating to the lowest states in even-even nuclei and to their low-lying fand y
vibrations. The top panel shows B(E2: 2,* — 0,*) values that describe the
matrix elements connecting rotational states. (Thisis a small subset of those in
Fig. 2.16.) The middle and lower panels give the ratios of y-vibrational to
ground state B(E2) values to B(E2: 2,*— 0,*), and the ratio of “f — g”
over “y— g” transition strengths. The intraband values are a couple of orders
of magnitude larger than interband B(E2) values and “y—> g” matrix elements
dominate “f — g” values. A successful collective model must account for all
these results.

In closing this chapter it is appropriate to summarize the nuclear landscape
in a compact form that will later allow us to make instant, a priori, estimates of
the likely structure of any given nucleus. We dothis by recalling Fig. 2.1, which
shows the nuclear chart in an N-Z plane. The magic numbers are indicated by
vertical and horizontal lines and the known and expected midshell regions of
deformed nuclei are encircled. Much of the rest of this book is devoted to
understanding nuclei of each specific type occurring in the chart as well as the
evolution of structure from one type to another.
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3

THE INDEPENDENT PARTICLE MODEL

In Chapter I we discussed some of the basic characteristics of the nuclear force,
establishing that, aside from a very short-range repulsive core, it is principally
attractive in nature, rather short range, saturates, and is charge-independent
(excluding, of course, the Coulomb interaction). We also noted that, while the
nuclear force is much stronger than the electromagnetic interaction (indeed, if
this were not the case, nuclei would not be bound), it is nevertheless a rather
weak interaction when compared to the typical kinetic energies of nucleons
inside the nucleus.

In this chapter we discuss the independent particle model, which provides
an indispensable theoretical framework for all that follows. It is the basis for
the multiparticle shell model, which in turn remains the standard of compari-
son for other models and provides the justification, rationale, and microscopic
basis for macroscopic, collective models.

To be clear from the outset, we define some terminology. By independent
particle model we refer to the description of a nucleus in terms of noninter-
acting particles in the orbits of a spherically symmetric potential U(r), which is
itself produced by all the nucleons. Because of this, we immediately anticipate
thatthe resulting orbit energies are mass dependent. The independent particle
model is applicable in principle only to nuclei with a single nucleon outside a
closed shell and, even then, incorporates certain results from the shell model.
By the latter we refer to a model applicable to nuclei with more than one
valence nucleon that includes residual interactions between these nucleons
and allows for the breaking of closed shells.

Anyone who has studied nuclear physics at all is aware that the basic tenet
of the independent particle model is that the nucleons move essentially freely
in a central potential that is usually taken as a modified harmonic oscillator or
modified square well potential. A little thought, however, raises two appar-
ently serious difficulties before one even attempts this type of aproach to the
nuclear problem. The first centers on the question of how one can validly
speak of independent particle motion in the presence of the strong nuclear
interaction and a densely packed nucleus. The answer involves the Pauli
principle and the essential weakness rather than strength of the nuclear force
referred to earlicr. The second question relates to the apparent conflict
between a short-range nuclear force and the nature of a harmonic oscillator
potential that actually becomes stronger as the distance from the origin (the
center of mass) increases. We will return to both issues later.

47



48 Shell Model and Residual Interactions

We saw in Chapters 1 and 2 that the nuclear force is attractive and short
range, and that the systematics of certain gross nuclear properties, such as
nucleon separation energies, are generally smooth, except at certain specific
nucleon numbers, called magic numbers, where they exhibit discreet jumps.
The concept of magic numbers and the shell structure that they imply is of
paramount importance in nuclear physics. Thus we summarize a bit of the
voluminous evidence of their existence. Beside the sharp dropinS(n) and S(p)
just after magic numbers (see Figs. 1.2 and 1.3), the lowest excited states in
nuclei with magic numbers of either protons or neutrons are, on average,
extremely high lying. Inparticular, in nuclei with even numbers of protons and
neutrons the energy of the first excited state is nearly always a 2* state, and is
much higher in magic nuclei. This wasillustrated by the Ca isotopesin Fig. 2.3:
“°Ca and “Ca correspond to the magic numbers at 20 and 28. Across the even
SN nuclei that have a magic number of protons, the first excited state (2*) has
an energy E,: = 1200 keV (see Fig. 2.6) as opposed to E»; = S00 keV for the
isotones of Cd or Te (see Fig. 2.8). Even more striking, when Sn becomes
doubly magic at *?Sn, E,; suddenly jumps to several MeV. Further support for
the idea of magicity stems from the fact that elements with magic proton
numbers have higher relative abundance, a larger number of stable isotopes,
and relatively low neutron absorption cross sections. The nucleosynthesis of
such elements predominantly occurs in stellar supernova explosions where an
intense neutron flux leads to rapid, successive neutron capture reactions. This
is the so-called r-process (“r” for rapid). As we shall see in Chapter 10, the
cross sections for such reactions depend mostly on the level density at excita-
tion energies near the neutron separation energy. Such level densities are
particularly low in magic nuclei. Therefore, for magic nuclei, the low neutron
cross sections imply that, once formed, it is unlikely that a sufficient number of
neutron captures take place in the short-lived astrophysical environment to
deplete their numbers. In essence, they tend to block the r-process path.

Thus, we see several lines of evidence pointing to the importance of magic
numbers. Moreover, we notice a relationship in these lines of evidence; many
stem ultimately from the difficulty of exciting a magic or closed shell structure,
and the consequent low-level density at low excitation energies.

Combining all the evidence, we can summarize the relevant magic numbers
for nuclei as

2,8, 20,28, 50, 82, 126 (3.1)

As we shall see in the discussion of nuclear phase transitions, 40 and 64 are in
some cases weakly magic over limited ranges of N and Z.

It is well known in atomic physics that electron binding energies undergo
sharp changes just after a closed electron shell. Analogously, itis reasonable to
suppose that in the nuclear case, these magic numbers correspond to closed
shells of nucleons. Of course, this viewpoint already presupposes a shell model
and we will have to see later whether this provides an apt description of
nuclear properties for nonclosed shell nuclei. Nevertheless, if one wants to
pursue a shell model approach, it is clear that one of the basic features it must
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reproduce is the particular stability of nuclei with these magic numbers. One
would therefore like to construct a nuclear potential that automatically and
naturally produces gaps in single particle level energies at the magic numbers.

It is worth noting an often misunderstood point here: One often hears that
closed shell nuclei are the most stable nuclei. This is not true, however, as a
glance at the chart of separation energies in Figs. 1.2 and 1.3 clearly indicates.
As nucleons of a given type (e.g., neutrons) are added, neutron separation
energies systematically decrease. Just after a closed shell, the separation
energy undergoes a much larger drop. Thus, closed shell nuclei are only more
stable relative to succeeding nuclei.

In considering an appropriate potential for the nuclear case, a tremendous
simplification results if the potential is central, that is, if it depends only on the
radial distance from the origin to a given point. This is equivalent to requiring
that the potential is spherically symmetric. Then, the angular dependence of a
particle wave function is independent of the detailed radial behavior of the
central potential. Moreover, the orbital angular momentum operator, /, com-
mutes with the energy (H) and is a constant of the motion. Alldetailed effects
of the particular choice of central potential will therefore show up only in the
radial behavior of the wave functions.

Before considering the specific choice of central potential for the nuclear
case, it is useful to summarize a few general properties of such potentials. We
denote an arbitrary central potential by U(r) and only require that U(r) is
attractive and U(r) — 0 as r — 0. The Schrédinger equation for such a
potential is

H Y= (—é!)]—;—-f' U(r) ) Ynim (r):Enlm Ynim (l') (32)

This equation is separable into radial and angular coordinates and therefore
the solutions y can be written

Wnlm (1) = Wnlm(r9¢)=%-Rnl(r) Wnl(9¢) (33)

Here, n is the radial quantum number, / the orbital angular momentum and m
the eigenvalue of its z-component, /. It is conventional in nuclear physics to
give names to different / values following the convention:

1=0,1,2,3,4,5... s,p,d, f,gh...

For a given [, m takes the values /, /- 1,/-2...0,-1,-2...-(I - 1),~/. Since U(r)
is spherically symmetric the (2 + 1) energies are independent of m and we will
usually delete this index. The radial Schrddinger equation is

#2 d*Ru(r)

2M  dr?
Its solutions have some interesting properties. First, outside the potential, the
wave function decreases exponentially and therefore vanishes as r — oo, The
quantum number n specifies the number of nodes (zeros) of the wave function

with the usual, but not universal, convention that one counts the node at
infinity but not that at r = 0, thatis,n=1, 2,....

2
+ En— U(r)—zﬁM—L(I:Tl) Ru(r)=0 3.4)
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It is easy to prove an important property for such a general central poten-
tial—given two wave functions with different n values and the same / value, the
one with the higher n (more nodes) will have higher energy. Physically, it is
easy to see why this is so since, except for a final exponential falloff, the wave
function must be contained within the range of the potential. Since the
solution with higher n has more nodes, the wave function must “turnover”
more rapidly within the range of the potential. The kinetic energy must
therefore be larger (smaller wave length ).

Similarly, for two states with the same n value, but two different / values,
that wave function with the higher/ also has the higher energy. Thisis also easy
tosee from Eq. 3.4, since the centrifugal potential is higher for the particle with
larger I. Therefore this particle has higher transverse motion and is, on
average, further from the nucleus and therefore less bound. These two results,
for the behavior of E  with n and [, provide the basic reason why shell structure
exists. From these very general and intuitive results one can already deduce an
important conclusion: For any well-behaved central potential, the lowest
single particle state is always an s state (/ = 0) and has n = 1. In particular, this
simple result explains why the ground state of the deuteron is primarily an
orbital angular momentum s state. (The small d state admixture is due to
noncentral potentials, which do not have the properties just discussed).

We now turn to the harmonic oscillator potential. This potential is particu-
larly popular in nuclear physics for two principle reasons: It provides a re-
markably good approximate solution to many nuclear problems and it is
particularly easy to handle mathematically, thus yielding many results analyti-
cally. It is given simply by:

V(r):%M w?r? (3.5)
The eigenvalues E  are:
E,.z:(,2n+l—%)ﬁa) (3.6)

The wave functions, v, are given by Eq. 3.3.

The detailed specifications of the radial wave functions R are of little prac-
tical importance in the present discussion except to note that they are propor-
tional to Laguerre polynomials in #* Figure 3.1 shows the form of a harmonic
oscillator potential as well as a square well and a typical modified harmonic
oscillator potential.

The energy levels of the harmonic oscillator potential are shown in Fig. 3.2.
They display two important properties that are evident from the expression for
E . First, the energy levels fall into degenerate multiplets defined by the
(integer) values of 2n + . Secondly, a given multiplet generally contains more
than one value of the principle quantum number n and of the orbital angular
momentum /. A change of 2 units in/is equivalent to a single unit change inn.
Thus, as evident in the figure, the levels 3s, 2d, and 1g are all degenerate.
Physically, this is entirely reasonable in view of the arguments above concern-
ing the sequencing of energy levels in an arbitrary central potential as a
function of n and I. Specifically, since the energy due to centrifugal effects must
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Fig. 3.1. (Top) Illustration of a single valence nucleon orbiting a doubly magic nucleus. (Bottom)
Schematic illustration of three shell model potentials, asimple harmonic oscillator, a square well,
and an intermediate shape or modified harmonicoscillator. The latter simulates, to some degree,
the effect of an 2 term.

increase with / as well as with the number of nodes (n) in the wave function, it
is clear that, at least qualitatively, one can compensate an increase in n with a
decrease in /. The factor connecting these effects is exactly 2 {or harmonic
oscillator potential: it is also 2 for a square well potential.
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Fig. 3.2. Single-particle energies for a simple harmonic oscillator (8.H.O.), a modified harmonic
oscillator with /2 term, and a realistic shell model potential with # 2 and spin orbit (I ¢ s) terms.

It is this grouping of levels that provides the shell structure required of any
central potential useful for real nuclei. If we recall that each energy level has
2(21+1) degenerate mstates, then, by the Pauli principle, each nl level can con-
tain 2(2/ + 1) particles. Therefore, if we imagine filling such a poten-tial well
with fermions, each group or shell can contain, at most, the specific numbers of
particles indicated in the figure. Hence, such a potential automatically gives a
shell structure rather than, say, a uniform distribution of levels,

Unfortunately, except for the lowest few, these shells do not correspond to
the empirical magic numbers. Therefore, while the harmonic oscillator poten-
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tial is a reasonable first order approximation to the effective nuclear potential,
it must be modified to be useful. It was, in fact, the monumental achievement
of Mayer and, independently, of Haxel, Jensen, and Suess, to concoct a simple
modification to the harmonic oscillator potential that enabled it to reproduce
the empirical magic numbers. This step revolutionized forever the subsequent
history of nuclear physics and has led, either directly or indirectly, to essen-
tially all the progress that has been made since. Their achievement, in effect,
is the creation of a realistic shell model. Following their discovery in 1948, the
extensive and very detailed development of this model has led to an elaborate
formalism that provides not only a direct description of many nuclei but also
the microscopic basis for many macroscopic models of collective properties of
nuclei. Since their work, there have been extensive efforts to derive the
nuclear shell model potential from more fundamental data on the
nucleon-nucleon interaction. We shall not concern ourselves with such efforts
here, but shall consider the potential they proposed, discuss it physically, and
here and in the remaining chapters, draw out many of its implications.

It is possible to use some rather general arguments, based on the short-
range nature of the nuclear force, to suggest some plausible modifications to
the harmonic oscillator potential V. Consider a relatively heavy nucleus with
dimensions significantly larger than the range R, of the nuclear force. Then, as
long as a given nucleon lies inside the nuclear surface by a distance greater
than R,, it should be surrounded rather uniformly by nucleons on all sides. It
is screened from the asymmetric distribution that appears at the boundary.
Therefore, it should experience no net force. In other words, the central part
of the nuclear potential should be approximately constant. Thus, from this
point of view, a square well potential might be an improvement on the
harmonic oscillator. Another possibility is to add an attractive termin?to the
harmonic oscillator potential. It is easy to see why this is equivalent to a
flattening of the effective radial shape of the potential. The effects of an /2
term increase with the orbital angular momentum of the particle. Therefoire
high angular momentum particles feel a stronger attractive interaction that
lowers their energies. However, these are precisely the particles that, because
of the centrifugal force, spend a larger fraction of their time at larger radii.
Therefore the addition of an ! 2 term is equivalent to a more attractive poten-
tial at larger radii and comes closer to the desired effect of a more constant
interior potential. In fact, it gives a potential intermediate between that of the
harmonic oscillator and the square well. A Wood-Saxon potential has a flatter
bottom than the harmonic oscillator and also produces effects similar to an /2
term. In the deformed shell model (Nilsson model), that we will discuss in
Chapters 7 and 8, the spherical limit for the single particle energies is explicitly
expressed in terms of such an /2 contribution.

The relation of the single particle levels produced by a harmonic oscillator
potential, along with the addition of an /? term is illustrated in the middle
panel of Fig 3.2, which shows how the 2n + I degeneracy of the harmonic
oscillator levels is broken as high angular momentum levels are brought down
in energy.
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Itis clear that neither of these alternatives yet produces the magic numbers
observed experimentally. It is easy to do so, however, if one introduces a so-
called spin-orbit force. Thus far, we have not discussed the spin quantum
number explicitly. Nevertheless, it is well known that the nucleon, either
proton or neutron, has an intrinsic spin 1/2, and therefore the total angular
momentum of a nucleon in any orbit is given by the vector coupling of the
orbital angular momentum { with a spin angular momentum s = 1/2. With a
spin-orbit component, the force felt by a given particle differs according to
whether its spin and orbital angular momenta are aligned parallel or antiparal-
lel. If the parallel alignment is favored, and if the form of the spin-orbit
potential is taken as V,, = -V, (r)l * s so that it affects higher [ values more,
then its effects will be similar to those illustrated on the far right in Fig. 3.2.
Each nl level, such as 1g, will now be split into two, 1g,,, and 1g,, orbits with
the former lowered and the latter raised in energy. This instantly reproduces
all the known magic numbers.

The absolute strength of the spin orbit force must be substantial (see Fig.
3.2) to produce the correct magic numbers: indeed, the splittings it produces
must be comparable to those between adjacent multiplets of the harmonic
oscillator potential. Since the constant #@ of the harmonic oscillator potential
is found to be fiw = 41/A" (e.g., i = 8 MeV for medium and heavy nuclei), it
follows that the V, (r) must attain nearly such magnitudes.

Since the spin-orbit force is an inherently quantum relativistic effect, it is
not as easy to give a physical picture for it as for the relation between an /2
force and the effective change in the behavior of the central potential just
discussed. It has been shown, however, to arise naturally, and with the correct
sign, from relativistic effects of the nucleonic notion. It is possible, though, to
give plausible arguments for the radial shape of the spin-orbit potential. These
rely again on the notion that, in the interior of the nucleus, a nucleon should
experience no net force. If the spin-orbit force were large in the nuclear
interior there would be a preference for nucleons with spins aligned parallel to
their orbital angular momentum rather than vice versa and therefore such a
nucleon would not be surrounded by an equal number of nucleons with all spin
orientations. This suggests, although it certainly does not prove, that the spin
orbit force is primarily a surface phenomenon. It is therefore customary to
write:

Vies=— stﬁ—%—(r—) Ies (3.7)

-
where V(r) is whatever potential is chosen for the central potential itself and
V,, is a strength constant.

It is worth pausing at this point to emphasize the importance of the spin-
orbit interaction. Itis not merely a device that ensures the appropriate magic
numbers. Rather, a significant fraction of nuclear structure research in the last
two decades has relied on and exploited the particular consequences of the
spin-orbit force. To see this, it is necessary to refer more explicitly to the
concept of parity. The parity of a wave function y, = R (r)Y, (6, ¢) is given

by the behavior, (-1)/, of the spherical harmonic Y, under reflection, since the
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radial wave function does not depend on the signof . Thus z, = (-1)". Fora
multiparticle system of Nindependent particles, =y, (¥ )¥. ,(r,)-- ¥, , ,(3)
and the total parity is

SIS

In the harmonic oscillator potential, the particular 2n + / degeneracy led to
shells containing sets of / values differing by even numbers. Therefore all the
Ievels of a given harmonic oscillator shell have the same parity. The addition
of a modest /2 term in the potential does not alter this qualitative fact but a
spin-orbit potential can lower the energy of the j = [ + 1/2 orbit sufficiently so
that, at least in the higher shells, it is brought down among the levels of the next
lower shell. Indeed, this is precisely the effect required in order to reproduce
the magic numbers. For example, the positive parity 1i,,, orbit now appears in
the 82 to 126 shell among the negative parity 2f,,, 1h,, 2f,, 3p,, and 3p,,
orbits. Thus, a real shell, bounded by the magic numbers, contains a majority
of levels of one parity and one level of the opposite parity. Itis conventional to
call these the normal parity orbits and the non-normal or unique parity orbits,
respectively.

The significance of this will only become clear when we consider certain
residual interactions experienced by the nucleons in the shell model potential.
However, the general point can be made easily. In some cases, these residual
interactions are diagonal, providing contributions only to the energies of the
various levels. In others, however, they have important nondiagonal effects
that mix different configurations. Whatever mixing does occur, however,
cannot mix levels of different parity. (We neglect here the very weak parity-
nonconserving part of the weak interaction.) We recall from the discussion of
two- and multistate mixing in Chapter 1 that such mixing effects are strongly
dependent on the energy separation of the mixed states. Since the unique
parity orbit cannot be admixed with its neighbors in a given major shell and
because it is so far separated from the other orbits of the 2n + / multiplet from
which it originated, it mixes only very weakly with other levels. Therefore,
configurations stemming from the unique parity orbit are particularly pure
even though they occur amid an enormous complexity of mutually admixed
states characteristic of many heavy nuclei. These levels therefore provide an
ideal laboratory for testing various nuclear models, since one deals with
particularly pure, simple, and well-known wave functions. This fact has been
exploited in countless experimental and theoretical studies in recent years.
Perhaps the most well known involve the interesting physics of high spin states
indeformed nuclei. Indeed, it should not be surprising that the first, and often
the majority of tests, of virtually every new approach to the study of high-spin
states deals with unique parity levels. Only after whatever new effects are
involved are well understood for these levels does one generally dare to look
at the normal parity levels.

Unique parity levels are also of particular importance for low-spin statcs
and for reasonably light nuclei. Inthe next chapter we shall study the effects of
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residual interactions on nuclear level schemes. In general, these are quite
complex and can lead to significant configuration mixing. However, we shall
see that many of the complexities are eliminated, and indeed, rather simple,
analytic, physically-reasonable results emerge, if the nucleons are restricted to
occupying a “single j” orbit. Clearly the testing ground par excellence for such
ideas, will again be unique parity orbits. The fact that these are also the highest
jorbitsin a given shell and thus can contain the most particles, further enriches
the phenomena that can be studied.

Now that we have outlined the basic features of the nuclear potential and
seen the single particle energy levels to which it leads, we are nearly ready to
consider the predictions of this model for various nuclei. The basic idea is
simply to fill the levels of the potential sequentially, as one adds nucleons in
going from nucleus to nucleus. With the help of some simple arguments we will
see that we are immediately able to make many predictions concerning the
low-lying levels of a number of nuclei.

One caveat is appropriate here. When looking at a sequence of levels in a
central potential, as in Fig. 3.2, the overall scale is illustrative only and in fact
changes with mass according to the well-known expression Z@ =~ 41/4"3; there
is a gradual scale compression for heavier nuclei. Moreover, residual interac-
tions affect the single particle energies themselves, as we shall discuss later.
Thus, such sequences are a guide only. Inpractical use, specific single particle
energies for each mass region must be used.

Before applying the model there are several rather profound issues, seldom
thought about explicitly, that must at least be mentioned. The entire concept
of “filling the levels... sequentially” is in fact one of the most important
applications of the Pauli principle. Without this dictum, any number of
nucleons could go in the lowest orbit. That being the case, there would be no
reason (energetically) to favor the addition of a neutron or a proton (neglect-
ing the Coulomb force—see the following). A nucleus with Z =2, N = 300
would be as stable as any other. Itis one of the most significant consequences
of the Pauli principle that stable nuclei have N = Z since a large excess of either
would involve the filling of higher-lying levels at an extra cost in energy.
Indeed, the entire shape of the valley of stability (Fig 2.1) results from the
countervailing effects of the Pauli principle that favors N = Z and the Coulomb
repulsion that favors a large neutron excess. For low Z, the former effect
dominates, while for higher Z the valley of stability curves toward the neutron
rich side (see the next paragraph). Itis the same effect of the Pauli principle
that determines nuclear radii: without it (and the Coulomb force), all nuclei
would be comparable in size to an «a particle.

This discussion leads naturally into a few comments about the Coulomb
force, which is simply an extra, repulsive, long-range potential (V_ , = 1/r) felt
by the protons. We will not discuss this in detail, but it is obvious that its
principle effect is to raise the single particle proton encrgy levels. As we have
just seen, in the absence of the Coulomb force, proton and neutron energy
levels would fill with cqual likelihood, there being no distinction between the
two, and the valley of stability would correspond to N = Z = A/2. However,
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because of the Coulomb interaction, there is an extra cost in adding additional
protons. This effect is clearly more important for heavier nuclei since the
Coulomb force is a long range interaction that scales roughly as Z(Z - 1), the
total number of interacting proton pairs. Therefore, as A increases it becomes
energetically preferable to add additional neutrons, and thus stable heavy
nuclei have a neutron excess.

A second issue of importance concerns the very concept of independent
particle motion in a central potential. As noted earlier in this chapter, this
seems to be at odds with the idea of a strong nuclear force. Empirically,
nuclear radii can be described by the relation R = 1.2A4". If we take 1 fm as the
radius of a nucleon, and imagine the nucleus to be uniformly filled, then the
ratio of the nuclear volume to that of a single nucleon is just (1.2)°A, or hardly
more than A times the volume of each nucleon! Therefore, it would seem
unlikely that an individual nucleon could execute countless undisturbed orbits
in such a densely packed medium. (Note that this is in stark contrast to the
emptiness through which atomic electrons follow their orbits. Bohr did not
need to address this issue, nor could he, since its solution is yet another
consequence of the Pauli principle.)

The resolution of the paradox rests on the conjunction of the Pauli principle
with the essentially weak nature of the attractive nuclear force where, by
“weak,” we mean relative to typical kinetic energies of nucleons within the
nuclear volume. This weakness is illustrated by the fact that in the deuteron,
the simplest nuclear system, the attractive nuclear interaction is only suffi-
ciently strong to produce one bound state.

To understand the possibility of independent particle motion, consider a
central potential with various energy levels, defined by the quantum numbers
nl (we ignore spin for this argument), in which the nucleons, either protons or
neutrons, sequentially fill each level. Since the central potential is spherically
symmetric, the energy levels are independent of the magnetic quantum number
m and therefore, each such orbit is 2/ + 1 degenerate (for any [ there are 2/ + 1
magnetic substates). By the Pauli principle, which states that no two fermions
can occupy the same configuration, such an orbit can contain at most 2/ + 1
particles. Therefore, as more and more nucleons are added to the nucleus,
orbits of successively higher n and / values, and therefore higher energies, are
filled. Now, imagine a pending collision between two nucleons in relatively
inner orbits. By the Pauli principle, unless the impact of the collision is
sufficiently strong to raise one of these nucleons to an unoccupied orbit (i.e.,
above the Fermi surface), the interaction can have no effect on the motion of
these two nucleons. Therefore only the outermost nucleons are likely to be
affected by such collisions. Thus, just as it is the Pauli principle that prevents
the nucleus from collapsing on account of the attractive nuclear potential, it is
also the Pauli principle that leads to independent particle motion for most
nucleons in the nucleus. This does not mean that there cannot be correlations
in two-body nuclear wave functions, but those correlations must be consistent
with the Pauli principle and with the strength of the attractive nucleon-nucleon
interaction. Later, we shall see later that many of those correlations that do
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occur are an implicit effect of the antisymmetrization of nuclear wave func-
tions associated with the Pauli principle.

Another question worth mentioning is inherent in the use of a harmonic
oscillator potential in the shell model: How does one reconcile the idea that a
nucleon at large distances from a real nucleus cannot experience a nuclear
force with the fact that a harmonic oscillator potential increases in strength
with radius? This point is rather subtle and relates to the problem of separat-
ing the internal motion of the nucleons from that of the nuclear center of mass.
This problem has been elegantly discussed in de Shalit and Feshbach, and we
will not dwell on it here except to comment that in a typical nuclear potential
V, such as the harmonic oscillator, where V — oo, the falloff of nuclear wave
functlons with increasing distance from the origin behaves rather differently
(as e’ ) than is the case for quantum mechanical tunneling through a finite
potential (e ). However, this difficulty is primarily a “long distance” prob-
lem: the two wave functions are similar within the nuclear volume. Significant
errors may accumulate in studying the tails of nuclear wave functions. Such
effects can be important, for example, in studying single nucleon transfer
reactions that occur primarily in “grazing” collisions at the nucleus surface.

As a final preliminary, we must consider the structure of closed shells and
their effects on the valence particles. Consider a system of A nucleons (either
protons or neutrons, which, for the present purposes, we treat independently:
the interactions between them will be considered later). Each orbit of spin
j=1 +1/2 has 2j + 1 degenerate magnetic substates. By the Pauli principle,
once 2j + 1 nucleons are in a given orbit, it is filled (closed) and the next one
begins to fill. To predict the spins and parities (J* values) of low-lying levels in
nuclei, we need to consider the effects of the (filled) closed shells. First, we
show that the total angular momentum of a closed single-j shell is identically
zero. This is trivial. It is immediately clear that the total magnetic quantum
number M of a closed shellis M = Zm =j + (j—1) +...+ (- (j-1)) + () = 0. Since
this is the only possible M value, it follows that the total angular momentum
J =0since J can never be larger than the largest M. Alternatcly, for each state
j, mthereis a state j, —m, and therefore the vector sum J = j + jvanishes. Since
this is true for each pair of states (with tm values) and, of course, form =0, it
is true for the full set of 2j + 1 states. Furthermore, since it is true for a given
j value, it must be true for an entire major shell consisting of several j values.

Note the importance of this result: without it, it would be impossible to
apply the independent particle model to any nuclei except hydrogen or a
neutron where, of course, the idea of the central potential itself would not be
valid. With it, however, one can at least predict the ground state spins and low-
lying excited states of any nucleus consisting of one particle, either proton or
neutron, outside a closed shell. Since the core—thatis, all closed shells (major
or single —j)—contributes only J* = 0%, the angular momentum of the ground
state of a nucleus with ong¢ particle in a shell n/j, is therefore justJ = j with parity
n=(-1)%

Any program of predicting ground state J values, or the J values and
energies of single-particle excited states, presupposes that we know the order
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and spacings of the single-particle levels. The reader may perhaps think that
we have already dealt with and solved this question by the sequence on the
right of Fig. 3.2. However, this ignores the fact that the single-particle energies
themselves depend on the number of nucleons in the nucleus since the single-
particle potential arises from these same nucleons. Considering nuclei with
one valence particle (beyond closed shells), this means considering the effect
of the closed shells.

The reader has undoubtedly encountered the idea that closed shells can be
ignored. There is considerable truth in this, as we shall see, but it is not the
whole story. Especially in recent years, with the advent of much new data far
off stability, this issue takes on real importance. Inthe nextfew paragraphs we
discuss the effects of closed shells on single-particle energies. Anextension to
multiparticle configurations will be discussed early in the next chapter.

The basic result is absolutely trivial. Since a closed shell has J = 0, its wave
function is spherically symmetric. Therefore,imagine asingle valence nucleon
outside this shell in an orbit j and magnetic substate m. Since the closed shell
has no preferred direction in space, its interaction with this nucleon must be
independent of m. This does not mean that the interaction can be ignored. It
can, and does, exist but it is only equivalent to a change in the spherically
symmetric central potential. A particle in a particular valence j shell certainly
interacts with the closed j shells below it and its single-particle energy is altered
by that interaction. The preceding argument simply means that this interac-
tion is independent of direction. [Incidentally, to anticipate our later discus-
sion of the multipole expansion of an interaction in P, (cosé), this shift is due
exclusively to the monopole (k = 0) part of the interaction between the closed
and open shell nucleons, since that is the only multipole that is 8independent
(P,(cosB) = constant)].

This interaction of an open shell with underlying filled shells has an impor-
tant consequence. A major shell generally consists of several constituent j
shells. Each of the j’s of a closed major shell can have a different (spherically
symmetric) effect on each of the valence j orbits. Thus, the relative single-
particle energies in a given major shell depend critically on the specific lower-
lying, filled closed shells.

We can illustrate this effect and understand its importance with some
examples. Empirically, it is possible to map out single particle energies with
one-nucleon transfer reactions. These will be discussed extensively for de-
formed nuclei in Chapter 8. Suffice it to say here that in a reaction like (d, p),
illustrated in Fig. 3.3, a neutron is stripped off the incoming deuteron into a
specific orbit around the target nucleus, leaving an outgoing proton. Clearly,
such a reaction can disclose sequences of states with single-particle structure,
each corresponding to different j orbits. Moreover, once the “kinematical”
aspects of the reaction collision are removed, the cross sections yield a nuclear
matrix element, which is the purity of the single-particle state. This informa-
tion is embodied in the so-called spectroscopic factor: S(d, p) = 1 corresponds
to a pure single-particle neutron wave function coupled to the target nucleus.
While a reaction like (d, p) can only populate a state to the extent that the
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DIRECT (d,p) REACTION

Fig. 3.3. Schematic illustration of a direct (d, p) reaction.

corresponding orbit was empty in the target, “pickup” reactions like (d, t)
extract a neutron from an already filled orbit: they produce hole excitations
and sample single-particle energies below the current valence shell.

Extensive data collected over several decades, much of it from such reac-
tions, has allowed us to map out the empirical single-particle energies in a
number of nuclei that are one particle or hole removed from various major
closed shells. The recent extension of such data to nuclei far off stability has
greatly expanded the overview of single-particle energies thus provided.

We summarize some of the results in Fig. 3.4. Each panel gives the obscrved
single-particle or hole energies for two nuclei, along with schematic illustra-
tions of the orbits involved. The point is to compare these energies {or
different systems, cores, and types of nucleon.

The top left panel of Fig. 3.4 shows proton and necutron single-particle
energies in the 82 to 126 shell extracted from the particle levels of **Bi and the
hole states of *"Pb. The energies are nearly identical. (The slight expansion of
the proton energy scale is probably a Coulomb effect.) This is reasonable. In
each ol the nuclei, the valence particle or hole “feels” interactions with
essentially the same underlying orbits. The only notable difference is that the
neutron holes in 2’Pb interact with 43 other neutrons in the 82 to 126 shell,
while the proton particles in 2°Bi interact with the full major shell of 44
neutrons. As individual nucleon-nucleon interactions are on the order of a
few hundred keV, and j-dependent differences considerably less, this should be
aminor effect. On the top right panel in Fig. 3.4, a similar situation is shown for
the 50 to 82 shell with identical results.

However, in the bottom panel, the neutron holes in *'Sn interact with the
same 50 ncutrons and 40 protons as in Zr but, in addition, with the 7 = 40 to 50
closcd proton shell and with other neutrons in their own shell. As a conse-
quence, their encrgies are very different from *'Zr.

This particular example is actually of great structural consequence. (We
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Fig. 3.4. Changes in single-particle energies in different nuclei that illustrate the effect of closed
shells on the valence orbits. Since we are interested in relative changes only, one energy is
normalized in each box.

will see later that it accounts for the onset of deformation near A = 100.) The
point is that the interaction of a given shell, j,, with another (closed or open),
J,» depends on the overlap of the respective wave functions; the only difference
if j, is closed is that, then, the interaction is angle independent, so it is the radial
overlap that counts. Orbits with similar quantum numbers n/j have higher
overlaps. This is demonstrated in Fig. 3.5, where the dependence of the radial
overlaps of various orbits with a 1s orbit on An = n, - n, and Al =1 - [, is
illustrated. The falloff with An and Al is clear. (Incidentally, the simple
estimate that the interaction goes roughly as 1/(An + Al) is not a bad guide).

In this particular case, as the proton 1g,, orbit fills from Z = 40 to SO it exerts
a strong attractive pull on the 1g,, neutron orbit, drastically lowering the
energy as seen so clearly in Fig. 3.4, In contrast, an orbit like 3s , has poor
overlap with 1g, and, relatively, its encrgy increases.
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0.25

Fig. 3.5. Indication of the dependence of a residual interaction on the difference in principle (n)
and orbital angular momentum (I} quantum numbers of the two orbits involved. The contours
give constant values of the radial overlap integrals of a 1s,, orbit with orbits of different n, !
(Heyde, 1987).

The sensitivity of relative single-particle energies in a given shell to the
occupation of different underlying shells is further illustrated in the same
panel by the extension to 2" Ti. Here, one observes the proton orbits in the 50
to 82 shell, but now an additional neutron shell (82 to 126) has been filled.
Since this extra neutron shell has, on average, higher j values (1/2 to 13/2
instead of 1/2 to 11/2 for 50 to 82 or 1/2 t0 9/2 for 28 to 50), the main effect is to
further lower the higher j-proton single-particle energies (7/2, 11/2) relative to
the lower ones (1/2, 3/2, 5/2).

This rather lengthy discussion is important because it highlights the three
points that (1) a closed shell has the same effect on all magnetic substates of a
particle in an open shell, (i.e., it is equivalent to a change in the spherical
potential), (2) the energies of different j shells may be very differently affected
by underlying shells, and (3) different underlying closed shells (j or major) may
affecta given openshell very differently. 1t also serves to re-emphasize that an
illustration of the “shell model levels,” as shown in Fig. 3.2, can only give a
semiquantitative guide: the energies are mass dependent.

With this background, we now turn to actual predictions of the independent
particle model. Despite the caveat just made, for convenience, we will use Fig.
3.2 as a single-particle energy reference. (Note: in most of the following
discussion we will denote orbits by the /j quantum numbers alone, as in f,,
since omission of n simplifies the notation and seldom causes confusion.)

This simple model works extremely well for a large number of nuclei. For
example, by inspection of the right-hand panel of Fig. 3.2, we would expect the
ground state of ,*'Ca,,, which has one neutron beyond the N = 20 closed shell,
tobe 7/2-. Similarly, ,'Sc,; should have a 7/2- ground state, while the ground
states of , "Nb,, and ,”'Zr should be 9/2* and 5/2*, respectively. These
predictions are verified experimentally.

It is also trivial to predict excited states in the independent particle model:
these can be formed simply by elevating a particle from the ground state orbit
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Fig. 3.6. Low-lying single-particle levels of 098,

to a higher level. The excitiation energy is given by the energy differences
between the orbits in a shell model potential such as that in Fig. 3.2.

For example, in “Ca, there should be a low-lying 3/2" state and slightly
higher 1/2- and 5/2- states. Another means of forming an excited state is to
elevate a particle from a lower, filled level. Suppose ans,, nucleon is raised to
the £, orbit. In principle, we now have to deal with a “hole” in the N =8 t0 20
shell and two particles above N = 20. Anticipating a result from the next
chapter, while the two 1f, , particles can couple their angular momenta to form
several J values, the J* = O*state lies the lowest by far for any realistic interac-
tions between these particles. Therefore the three-pariicle state | (s,,) (LMD
(to use an obvious notation wherc exponents count particles and negative
exponents count holes), has J* = 1/2* as its lowest state. We thus expect a 1/2*
level in “'Ca at an excitation energy given roughly by the &), - &, orbit
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energy difference. Although this estimate neglects some residual interaction
effects, it is good enough for the present purposes.

The “*Ca level scheme thus should exhibit low-lying 7/2-,3/2-,3/2%, and 1/2*
levels. The empirical scheme was shown in Fig. 2.4. Clearly there are many
more levels than we have accounted for. This is not exactly a discrepancy, but
rather a caveat, since the extra states arise from more complex configurations
and can be understood by techniques developed in the next two chapters. In
Fig. 2.4, we indicated those levels identified in (d, p) or (d, t) and we can sce
that this “single particle” subset of states in “’Ca is exactly that demanded by
the independent particle model. While this confirms some basic predictions of
the model, the wealth of other states hints at the greater complexity to come.

In the same way, the single-particle states in?Pb and *Bi and many other
nuclei have been identified. For example, the results for proton levels in the 50
to 82 shell and for neutron levels below the magic number 82 were shown [or
1335b and !'Sn, respectively, in Fig. 3.4. Those for the particle excitations of the
Z =82 t0 126 shell are given for 2®Biin Fig. 3.6. In all three cases, the expected
ordering and spacing is approximately observed. The results for *Pb arc
included in Fig. 2.4, along with their spectroscopic factors, S(d, p). (The S(d, p)
values have a maximum theoretical value of unity: those empirical valucs
stightly exceeding unity may be due to experimental errors or difficulties in
removing reaction kinematics from the observed cross sections.) Except {or
the 15/2- levels, the states have remarkable purity and display an order in basic
agreement with Fig. 3.2.

Notice that all of the nuclei considered so {ar have only one nucleon outside
a doubly magic nucleus. Incondidering excited “hole” states in “'Ca, we have
already encountered three-particle states and used a result from Chapter 4 for
the relative energies of states in a IFJ) configuration. By generalizing this with
a further conclusion from Chapter 5, we can greatly extend the usefuiness of
the independent particle model. We stated earlier thatitis energetically favor-
able for two particles in an orbit to couple their angular momentajto/=0. As
discussed in Chapter 5, this tendency persists for any even number, n, of
particles in an orbit j, that is, in the configuration j~. Therefore, the lowest state
of a 7~ configuration can be thought of in the form |j"(.ll =0)j,J = j) where J,
is the “intermediate” J value for n nucleons. Thus, again J = j of the last odd
nucleon; this now allows us to predict sequences of ground and excited state J
values for odd mass nuclei relatively far from closed shells.

For example, from Fig. 3.2, the odd neutron in the Ca isotopes from “'Ca to
“/Ca should fill the £, orbit above the N = 20 magic number. These nuclei
should all have J* = 7/2 ground states. The f,, orbit is filled by *Ca and the
ground state of “Ca should have an odd neutron in the p,, orbit.

If we consider ¥%Ca, we are dealing with holes in the N = 20 neutron shell
(i.e., the d,, orbit). Itis easy to show that a state with one hole in a j shell also
hasJ =j. Since 2j must be odd, the first (2j - 1) nucleons will “pair” off toJ = 0,
using our previous argument, leaving one particle in the orbit j, and hence,
giving J = /. Another proofl is simply the statement that since the (2j + 1)-
particle closed shell has J = 0, the only angular momentum in the system ol a
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GROUND STATE J" VALUES OF
SOME ODD MASS NUCLEI
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Fig. 3.7. Ground state J* values for a number of odd-mass nuclei for comparison with the
predictions of the independent particie model (compare Fig. 3.2).

one-hole state is the hole angular momentum j. (Implicitly, of course, we
already used this result in predicting the J* values of Ca, another onc-hole
nucleus.) Thus the ground state of *Ca should have J*=3/2". In*Ca, the first
two holes pair toJ = 0" and the third odd particle again gives the / = 3/2" ground
state spin. These predictions are verified by the empirical ground states in Fig.
3.7 (top row).

This figure shows several other empirical sequences illustrating the predic-
tions of the independent particle model. The nucleus ,*Zr,; is doubly magic.
Isotopes with N > 50 should be filling the neutron d,, orbit until N = 56. Below
N = 50 there will be holes in the g , orbit. So we expect ground state spins
J = 92 for ¥ ¥Zr and 5/2* for " *Zr. The next line in the figure shows the
odd proton Y isotopes. Note that they all have a 1/2"ground state. This is the
expected orbit for the 39th proton. The interesting point here is that the 1/2
level remains the ground state, regardless of the number of neutrons over a
very wide range of nuclei. The , Nb nuclei in the next line exhibit the same
feature, except the 41st proton is in the g, orbit. (Interestingly, the first
cxcited state in each of these Nb isotopes is 1/27, which can be obtained by
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elevating a proton from below the N = 40 closed shell to pair off with the odd
8,, proton, leaving a 1/2- hole.)

As a final illustration, if two of the three valence neutrons in “*Ca couple to
J =0, its excited states, identified in (d, p) or (d, t), should resemble those in
“Ca. Figure 2.4 confirms this.

From our earlier discussion of Fig. 3.4, it is obvious that deviations from Fig.
3.2 must occur. The bottom row of Fig. 3.7 is a sequence of N =50, odd Z nuclei
from Z = 35to 45. From Fig. 3.2 we would expect the 35th and 37th protons to
fill the f,, orbit with a low-lying p,,, excitation, the 39th to occupy the p,, orbit
and the 41st to 45th the g, orbits. The predictions for Z = 39 to 45 are
confirmed empirically, but there is an inversion of the f,, and p,, levels. As
another example, the level order ordinarily associated with the 50 to 82 shell is
alow-lying pair of g, d,, orbits with a small gap before a cluster of s, d,, and
h,,, orbits. This pattern is seen clearly in *'Sn in Fig. 3.4. However, this figure
alsoshows the very different order in *'Zr, While we are able to predict the
d,, ground state for Zr, Fig. 3.2 would have suggested a 7/2* first excited state,
instead of the 1/2* state observed empirically. Indeed, “Zr (with filled d,,
orbit) also has a 1/2* ground state. The inversion of the ground and first
excited states of *Bi is a third example (Compare Figs. 3.2 and 3.6). These are
not deficiencies in the model, just a fact of life in its use. As discussed in the
context of Fig. 3.4, one must deal with changes in single-particle ordering,
especially when the same major shell is inspected in nuclei that are far apartin
mass so that the interactions of the intervening nucleons will have altered the
single particle potential. Also, because of the Columb potential, proton and
neutron single-particle sequences are expected, and found to be, slightly
different, especially in heavy nuclei.

Of course, there are also real discrepancies with the predictions of the
independent particle model. Figures 2.4 and 2.11 showed the examples of
19Yb and *'Dy, where a totally different empirical picture, completely at
variance with Fig. 3.2, is observed. We will see the reasons for this later.

There is one last prediction of the independent particle model that accounts
nicely for a characteristic aspect of doubly magic nuclei. Clearly, any excita-
tion of a nucleon to the next higher shell nearly always involves excitation into
an orbit with the opposite parity. Therefore, the low-lying excited levels of
such nuclei should be negative parity. This is empirically well known, as
exemplified in Fig. 2.2.

Although we will not discuss it here, there are many other predictions, for
example magnetic moments or single-particle electromagnetic transition rates,
that are reasonably well reproduced by the simple independent particle
approach.

Finally, we caution that, while J = 0* is the lowest-lying configuration for the
j* configuration of identical nucleons, other J values are possible at higher
energy. Empirically, the next energy level nearly always has J =2*. Therefore
it is risky to extend the predictions for odd mass nuclei above excitation
energies comparable to E»# in the neighboring even-even nucleus, since con-
figurations of the form |j®2*,Jyinwhicha particle in orbit n/j is coupled to a
“core” excitation (the first 2+ state) of the under-lying even—even nuclei can
then compete with single-particle excitations.
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THE SHELL MODEL:
TWO-PARTICLE CONFIGURATIONS

In order to proceed, we must deal more deeply and systematically with the
problem of multinucleon configurations. By this we mean “valence” configu-
rations of two or more particles outside a core, which is usually assumed to
consist of inert closed shells. There are really two issues here: First, which J
values are allowed by the Pauli principle, and, second, what is their relative
energy ordering. The first question can be answered without reference to any
discussion of a central potential or residual interaction, while the second
depends on the details of those interactions, although many properties can be
deduced from the simple fact that the radial and angular parts of a wave
function in a central potential can be separated and that predictions for the
latter are independent of J value, and for the radial part, many results can be
obtained by rather general arguments based on its short- or long-range charac-
ter or by considering a multipole expansion of it. This chapter addresses these
issues. We will start by considering the simplest case of two identical nucleons
in the same or different orbits. Then we will turn briefly to the case of two
nonidentical nucleons (proton and neutron) and the role of isospin and ex-
change terms in the residual interaction. In the next chapter we will consider
the case of larger multinucleon configurations of the form j.

A complete treatment of many of these issues involves extensive and
sophisticated familiarity with the formalism of angular momentum and tensor
algebra. Indeed, many of the results can only be proved by rather formal
manipulation of the various angular momentum coefficients (3-j symbols,
Racah coefficients, coefficients of fractional parentage, and so on.) and a deep
understanding of their symmetry properties. Itis both contrary to the spirit of
our presentation and entirely beyond the competence of this author to present
this formal material fully. Moreover, there are numerous existing texts that
deal with it at great length in superb fashion. Two of the best are those of de
Shalit and Feshbach and de Shalit and Talmi, to which the reader is encour-
aged to refer. In the following presentation, we will make explicit use of their
results, but our principle effort is to provide a physical understanding and
motivation for the results and to present arguments for their plausibility. The
excellent recent book by Heyde also develops these ideas in a more formal
way. Itis complementary to the present treatment and is highly recommended.

Before discussing the particular characteristics of multinucleon configura-
tions under the influence of residual interactions, it is crucial to discuss the role
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of closed shells on the valence nucleons. As with the energy levels of single
nucleons in shell model orbits, it is only if the effects of closed shells can be
neglected that the study of multinucleon configurations will be applicable to
other than the lightest nuclei.

Since a closed shell is spherically symmetric, the interaction of a valence
nucleon in the state jm cannot depend on m: hence, the closed shell particles
have the same effect on all valence nucleons in a given j orbit. In multiparticle
configurations, the effects of the closed shell nucleons are independent of the
way (the relative orientations) that the individual jm values are coupled to the
total J. Therefore, the closed shell can have no effect on energy differences of
these different J states. As discussed in Chapter 3, this does not rule out an
additive energy for the entire group of states and different j values can lead to
different shifts. Thus, the “rule” for spacings refers only to those within a given
configuration, not to the relative energies of different j shells in a major shell.

With these preliminaries in hand, we can now discuss two-particle configu-
rations. First, we need to determine which J values result from coupling of a
nucleon in orbit j, with one in orbit j,. If j, # j,, these are simply the integer
values from | Ji- j2| to | I+ jzl. If the orbits are equivalent, n.Lj, = nlj,
(which we shall often abbreviate to j, = j, when no confusion should arise) we
distinguish two cases—identical and nonidentical nucleons. For the latter
(proton-neutron) case, J takes on all integer values from 0 to 2, as there is no
Pauli principle restriction on the occupation of identical m states. However,
for identical nucleons, one must explicitly consider the effects of the Pauli
principle, which requires the total wave function to be antisymmetric,

For identical nucleons, the isospin projection T, =¢_(1) +¢_(2) = 1 and hence
the total isospin T = 1. (Clearly, T cannot be less than its projection, nor
greater than the sum of the individual ¢, values.) This is a symmetric wave
function. Hence, the space-spin part must be antisymmetric. When we impose
this requirement, only certainJ values are allowed. To see this, we have tolook
at the particular m states occupied by the particles, 1 and 2. The Pauli principle
requires that

vi(im)ya(jm”)=-va(jm)w(jm’) (4.1)
A properly antisymmetrized wave function that has this property is given by

w(jZJM)zN Y (jmim’

=N”§ [(Gmim’|jjI M )= (im’ jm|jj] M )| ¢1(m)p2(m")

mm’

JiI M Y @1(m)pa(m”)- ¢1 (m ") g2(m)]

where N is a normalization factor. The relation between the two Clebsch-
Gordon coefficients on the right-hand side is well known and given by the
phase factor (-1)¥”. Hence

y/(szM)zN[l—(~1 2’*’} > (jmjm’

Since 2j is odd, this vanishes unless J is even: the only allowed J states for two

JITM )1 (m)g2(m”)  (4.2)
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identical fermions in equivalent orbits are those with even total angular
momentum J =0, 2, 4,...(2j - 1). In Chapter 5, we will see that the same result
is even simpler to obtain in the m-scheme, which provides a general, though
sometimes tedious, way of finding the possible J states for any multiparticle
configuration.

With this result for identical nucleons in hand, we have an alternate way to
look at the complete set of J values 0 — 2j, available in the p—n system. We
consider the isospin structure of this system and use the result just obtained.
The p-n system can have T, = 1/2 + (-1/2) =0 or 1 and hence 7=0 or 1. The
T =1 case is identical in all respects to the preceding p—p and n—n 7= 1 cases
and therefore consists of the even J values 0, 2, 4,...(2j -~ 1). The T =0 case is
antisymmetric in isospin so the space-spin part must be symmetric. By a
derivation exactly analogous to that just given, one finds that the 7= 0 p-n
system contains the odd J values. Together, the T (p-n) = 0 + 1 parts give all j
values from 0 to 2j. (Note that, for jp #J , each two-particle J state is now a
mixture of 7=0and 7 =1 parts: a total nuclear wave function of good isospin
is constructed by coupling this two-particle state to the core.)

4.1 Residual Interactions: The 6-Function

We now turn to the energies E (jj,/) of a two-particle configuration of
identical nucleons denoted | Jj,JM), in the presence of a residual interaction.
We have noted earlier that for any central or scalar interaction, the wave
function can be separated into radial and angular parts. Since the radial
behavior of the two interacting particles does not differ for different /, many
results are independent of the detailed specification of the radial nature of the
interaction. This is certainly true for the ordering and relative spacings of
different J states: absolute values, of course, depend on detailed integrations
over the radial coordinates and on the strength of the interaction. Evenin this
case, however, the results for different interactions are roughly similar.

Of course, with no residual interaction, all J states of the two-particle
configuration are degenerate, as shown on the left in Fig. 4.1. In the presence
of a residual interaction, the energy shifts (Fig. 4.1 right) relative to the
degenerate case are given schematically by

AE (j1jad)=(jrj2d M| V12| j1j2d M>:V2—JIH< il ||Viol| j2d)  (43)

where the last step utilizes the Wigner-Eckart theorem. Most of the discussion
in this chapter centers on the crucial properties of these energy shifts due to the
residual interactions. Because of the independence of M, we shall generally
omit the magnetic quantum numbers in the discussion that follows. We have
already stated that it is possible to separate the radial and angular coordinates
for many residual interactions. To illustrate this, it is useful to consider the
simple &function interaction: by definition, this interaction vanishes unless
the particles occupy the same spatial position. The reason for choosing a &
function residual interaction is not simply mathematical convenience. More
importantly, it is preeminently a short-range interaction, and we know that the
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Fig. 4.1. Schematicillustration of the energy shifts in a configuration with particle 1 in orbit j, and
particle 2 in orbit j, coupled to various spins J.

nuclear force, including residual interactions, has just this character. At least
qualitatively, a d—function residual interaction reproduces many observed
properties of nuclei.

Moreover, it can be shown that a §-interaction in a j* configuration is equiva-
lent to an odd tensor interaction. Such interactions are diagonal (see Chapter
S), in the so-called seniority scheme and as such are particularly useful for
treating multiparticle configurations, since many important results reduce to
the two-particle case. Thus, a discussion of the §-interaction in |} j,J) configu-
rations has profound implications throughout the study of nuclear structure.

We can write the &-interaction as

Viz (6):— Vo 6(r1 - rz)

-V
nr2

8(r1-r2)8(cos 61~ cos 62) (g1~ 92) (4.4)

where the second form expresses the interaction in polar coordinates. This is
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particularly useful when separating the angular and radial parts. The 1/r,r,
factor is necessary because the integration over the angular coordinates intro-
duces a factor 4m?.

Using the polar coordinate form and performing some straightforward but
tedious angular momentum algebra (see de Shalit and Feshbach, Chapter 5)
we obtain for the energy shifts in the identical particle configuration | Ji

AE (j1j2])=— VoFR(m I nzlz)A (j1j2]) 4.5)
where
Fr (m h flzlz)=ivl.;1°2*R 2n1 n(NHR 2nzlz (ndr (4.6)
and
N 2
A(j1j2])=(2j1+1)(2j2+1)[ ]11 121 ({J (if h +1,—J iseven)
2 732

=0 . (f iy + 12— J s odd) (4.7)
(Non-equivalent orbits)

F, depends only on the radial coordinates, while the quantity A results from an
integration over the angular coordinates.

Therefore, one obtains the extremely important result that the relative
splittings depend only on universal angular functions A, which are totally
independent of the nature of the central potential. They are also independent
of the principle quantum numbers n, and n, (except for an overall scale
incorporated into the factors Fp); for this reason, we shall not specify the n
values unless it is necessary in a particular case. Although Eqs. 4.6-4.7 apply
in detail only to a &-function interaction, the general separability into radial
and angular parts is valid for any residual interaction that depends only on the
separation (r, ~r,) of the two nucleons.

We will soon discuss the meaning and implications of Eq. 4.5 at considerable
length. First, however, it is useful to give the expression for the specific case of
equivalent orbits Lj, = L j,. Hence [, + [,, must be even. Moreover, proper
normalization of the wave functions introduces a factor of 1/2 in the energies
that are now given by

AE(*1)=-VoFr(n)A(GJ)  (even) (4.8)
where
FR(nl)zﬁJ-rl—zR“,., (rydr (4.9)
and
. 2j+1 SN J 2
A(]zf)zg_z.l( li _’% . J (J even) (4.10)
(Equivalent orbits)

Note that for J =0, A < (2j + 1)/2, so that AE(72J = 0) = const (2j + 1)/2, that is,
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the energy lowering of 0* states is larger for large j and is in fact proportional
to the number of magnetic substates in the orbitj. This property is identical to
that defined for a pairing interaction. Here, its physical basis is that, for high
Jj, there are more magnetic substates spanning the same angular range of orbit
orientations. Hence, the wave function for a given substate is more localized
inangle. Two particles with the same |m | value thus have greater overlap and
hence alarger interaction. Similar overlap arguments will help us understand
many of the effects of residual interactions. They will be formalized later and
will pervade this chapter.

Returning to the general case of any j,, j,, we note that, while the relative
energies of individual J values depend only on the angular structure of the
wave functions, the overall scale of the interaction and the average interaction
strength for particles in orbits j, and j, depend on the radial integral (Eq. 4.6).
As we stated in Chapter 3, this will be largest for similar n,/, and n,/, values.

Shortly, we will calculate explicit numerical values of AE(j.j,J), or rather, of
A (jj,J). First, however, it will help us understand two-particle configurations
and, later, multiparticle situations, if we momentarily ignore the analytic
formula and try to understand the basic results for the energies AE(j,j,J) from
simple physical arguments. It is remarkable how far this will take us.

We start with the obvious statement that the attractive &-function interac-
tion can only be large when there is large spatial overlap between the orbits of
the particles. As we have seen, for a given j, and j,, the overlap for different J
values depends on the orientation of the orbits inspace. We shall see in Section
4.2 the explicit relation between the 3 — j symbols in Eqgs. 4.7 and 4.10 and the
relative angular orientation of the semiclassical orbit planes. For now, we
proceed more qualitatively. From overlap considerations alone, one might
think that the interaction would be largest either for/=0orJ=J__, whichare
simply the two cases for which the angular momentum vectors j, and j, are most
nearly antiparallel or parallel, respectively, and therefore those in which the
nucleons orbit the nucleus most nearly in the same plane.

While this simple view has an element of truth to it, the requirements of
antisymmetrization refine it considerably. Antisymmetrization, or the Pauli
principle, has enormous and profound implications throughout the study of
nuclear structure. We have seen how it determines the valley of stability,
validates the fundamental concept of independent particle motion in a dense
sea of nucleons, and gives the magic numbers and attendant shell structure.
These (or at least the first and last) are straightforward and obvious effects.
Others are subtle, even unexpected, and are certainly seldom appreciated.
Our case of two nucleons interacting via a short-range residual interaction is
just such a case. We start by considering the configuration of two identical
particles (two protons or two neutrons) in orbits j, j,.

In this case, the two-particle wave function must be totally antisymmetric,
that is, antisymmetric in space, spin, and isospin. A careful understanding of
this requirement leads to some beautiful, remarkable, and profound results.

Since we are dealing with two identical particles, the states involved must
have total 7 =1 and hence T=1: they are symmetric with respect to the isospin
coordinates. Therefore they must be antisymmetric in space and spin
coordinates.
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Thus far we have carried out the discussion in what is known as a jj coupling
scheme, in which the total angular momentum j, of particle 1 is coupled to the
total angular momentum j, of particle 2 to produce a final total angular
momentum J. One can also think of the problem in terms of the so-called LS
coupling scheme, in which the orbital angular momenta of the two particles [,
1, are first coupled to total L and the intrinsic spins (1/2 %) 5, and s, are coupled
to S =1 or 0. Generally the jj coupling scheme is more useful in most nuclear
structure applications, but in the present case the L.S coupling scheme sepa-
rates out the angular and spin coordinates nicely and allows a simpler under-
standing of the effects of antisymmetrization.

To see how this works, let us take a particular example that gives a simple
result. Consider the case of two particlesin a | d,, f,,J) configuration as shown
in Fig. 4.2. The Ivalues are /| =2 and I, = 3, respectively, and in both orbits,
j = 1 +1/2. The allowed J values range from 1 to 6. If we picture the vector
coupling of j, and j, to form various J values, it is clear that the orbital planes of
the two particles will overlap the most whenJ/ =J _ and J_, . We therefore
expect one or both of these to be the most affected (lowered) by an attractive
short-range interaction. To proceed further, we note thatJ___ is greater than
I, + I,=5. Therefore, the J__ state can only be formed by aligning the orbital
angular momenta to L =5 and the intrinsic spin angular momentato S =1, and
then aligning L and S to J = 6.

Since § = 1, the two intrinsic spins point in the same direction and thus the
spin part of the wave function is symmetric. Therefore, antisymmetrization of
the total wave function requires that the spatial part be antisymmetric. Denot-
ing the angular part of the ith particle wave function by ¢(r,), the requirement
of antisymmetrization in the angular coordinates is equivalent to ¢, (r,)9,(r,) =
~¢,(r,)9,(r,). However, the &-function interaction is only effective when the
particles are in contact, when r, = r,. At this point, this expression for the
antisymmetrization condition, however, requires that the wave function equal
its negative [¢, (r),(r) = -¢,(r)¢,(r)], which of course can only happen if each
side vanishes. Therefore the wave function vanishes at the only point in space
where the §-function interaction acts, so the residual interaction has no effect
whatsoever in this particular J = 6 state. Turning the argument around, a &
function interaction between identical nucleons can only affect states through
amplitudes in which § = 0, in which case the spin part of the wave function is
antisymmetric and the spatial part is symmetric and need not vanish at
l r-r, | =0. Interestingly, although the &-function interaction has no explicit
spindependence, its effects depend critically on the relative orientations of the
spins of the two nucleons. In other words, antisymmetrization introduces an
implicit spin dependence.

Clearly, to determine which states are affected by a é-interaction we would
like to know which have § = 0. Unfortunately, except for the configuration
| §%,J = 0), where S obviously must be zero, all two-particle configurations that
can have § =0 amplitudes will also have § = 1 amplitudes. For example, it might
be thought that the J =1 state of the |dm f,, J) configuration would be pure
S = Osince this state is made by antialigning j, = 5/2 (/+1/2) and j, = 7/2 (I + 1/2).
Therefore the two intrinsic spins are also antialigned, giving § =0. Though this
argument does identify the main component of the configuration, it is a bit
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naive: one must be careful of mentally mixing the LS and jj schemes. In fact,
the J =1 state can be made in three ways—by coupling [, and [, to L = 1, with
S' =0 as just stated, but also with the same L value and vector coupling S=1to
again give J = 1 and, finally, by coupling /, and [, to give L = 2 and then
antialigning a S = 1 vector to give J = 1.

In general, the relative amplitudes of S = 0 and 1 in a given J value for the
configuration, | (18D, (Ls,)i,; JM) are given by the 9 — j symbol

hin
blj
LSJ

Returning to the issue of deteérmining which state is most affected by a &
interaction without actually carrying out the calculation of Egs. 4.7 or 4.10,
there are three practical methods. All depend on the fact thatthe J_,_andJ__
states are most nearly coplanar, and therefore one of these will be the most
lowered, while the other is unaffected. Determining either, then, answers the
question.

The most straightforward approach is the one we have just used in the
‘dm f,,J) case, namely to look for a state that is pure S = 1: this state will be
unaffected, as we have seen.

There will be such astate (eitherJ_ orJ ) with pure S =1 only when there
is an allowed J value that is greater than (I, +1,) or less than (I, — ). This oc-
curs, for example, for J =6 in |d5,2 f£,0,0rJ=1in |d5,2 g, D where L =2
(see Fig. 4.2), for J =8 in |d5,2 h,,, /), but not for any state in ! g, h,,, J)orfor
the allowed (even) J values in any configuration of the type |27). A useful rule
is that a state with pure § = 1 always exists if j, # j, and j,___ is [+ 1/2.

When no such state exists, a second method uses the fact that a &-interaction
only affects half of the states in a multiplet; either those with even J or those
with odd J. We have scen an example of this in the |d5,2 f,,J) configuration
where the J* = 6~ level is unaffected, and the 1- level is lowered the most. In
contrast, in the | d,, g,, /) configuration, J__ again equals 1. But here
L.= l L -1 | =2 and therefore the 1* state can only be found by antialigning
S=1toL =2. Thus, here it is the 1* state that is unaffected, while the 6* state
is lowered the most. These two cases are just examples of the general rule that
for positive parity configurations only even J levels are lowered, while for
negative parity only odd J levels are lowered. This rule is clear from the
restrictions on the right in Eq. 4.7: for positive parity [, +1,is even,sol, +1,~J
is even only for J even and vice versa for negative parity. We use this rule,
which arises simply from the parity of the interaction matrix elements that
involve the spherical harmonics Y,™(6) where 8 is the angle between the
orbital planes (see Section 4.2), as follows. For any, j,,one of J__orJ__ will
be odd and the other even. That state that falls into the class of states affected
by the interaction will be lowered the most, and the others in the same class
successively less so as their J values deviate more from J__or J . Let us
consider a couple of examples. Starting with the familiar rdmfml) case,J
andJ__ are 1 and 6, the parity is negative and thus only the odd J states will be
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Fig. 4.2. Semi-classical illustration of the coupling of intrinsic spins and orbital angular momenta

for two configurations (d, f, ) and (d
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affected, thatis J*=1-, 3, 5-. Therefore the J = 1-state is lowered the most, the
J =3, 5 states successively less so, and the J = 27, 4~ and 6 states not at all.
For the ]dmgml) configuration,J_ =1,J__ = 6, as before but here 7=+ so
thatJ = 6 is lowered the most and the order is (from lowest to highest) 6*,4°, 2"
(17, 3%, 5* degenerate at the unperturbed position). Finally, for Igm h, 7,
J =2, . =9, m=— andso the order (again, lowest to highest) is9,7,5,3
(with 2-,4-, 67, 8- unperturbed). We note an interesting point, namely that, just
as with § values, although the §-function has no explicit parity dependence, the
resulting energies of states |jlj2./> are, in fact, different for the two dilfercent
parities.

Although no states (other than | s%, ] = 0)) have pure § =0, a third method,
which is formally incorrect, emphasizes the jj coupling picture and does always
give the right answer. To illustrate this procedure, in | g,,h,,,/), all states J =2
to 9 can be formed with § =0 or 1. The naive argument would say that, since
Ji=L-1Y2andj, =1 +1/2,the J__ =2 state formed by antialigning j, and j,
would correspond to S =1 and therefore be unaffected by a é-interaction. The
same argumentation would imply that the J__ = 9state is § = 0, and therefore

would be lowered the most.
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This approach can be used for equivalent orbit cases to obtain a very
important result. Consider a configuration | 21y such as ](fm)2j), The j value
corresponds to [ + 1/2, and therefore the antialigned J_,_state, J = 0, should
have § = 0 and be most affected. Again, although the argument is not really
correct, the result is, Since the overlaps of the particle orbits are reduced with
increasing J, the excitation energies increase monotonically with J. Note that
the same result applies for any case of identical particles in equivalent orbits:
the J* = 0* state will always lie lowest. Note also that, in this respect, the &
function interaction resembles the well-known effects of the pairing force that
is designed (defined, actually) to lower states in which pairs of identical
particles are coupled to spin 0. As pointed out just after Eq. 4.10, and as seen
in the upper panels in Fig. 4.3, this effect of the J-interaction in | 1) configu-
ration is greater for higher j (proportional to (2 + 1)).

This lowering of the 0* state is an extremely important result. Ultimately, it
is the underlying reason why all even—even nuclei have 0* ground states and,
often, large spacings to the 2*, level. It directly explains this result only for
nuclei two nucleons away from closed shells. However, we shall see in Chapter
5 that our two-particle result can be generalized to j~ configurations, and by
extension, to wave functions that are linear combinations of several j configu-
rations. Further generalizations to vibrational excitations and deformed
nuclei will be seen in later chapters.

There is an easy geometrical way of viewing this case of identical nucleons
in equivalent orbits that provides a physical rationale for the lowering of the 0*
states. Intuitively, it might seem that the overlap of the two particles inthe J |
andJ__ states would be comparable: the two orbits are essentially coplanar in
both cases. Once again, however, the Pauli principle plays a key role in
distinguishing these situations. We show aschematicillustrationin Fig. 4.4. In
the J=J__ state, the near alignment of the two j values implies nearly coplanar
orbits in which the two particles orbit in the same direction. The Pauli
principle, however, forbids contact. In effect, this means that the two particles
must repel each other at short distances: therefore they track each other
around the nucleus on opposite sides of an orbit so that they always remain
apart. Thus, there can be no é-function interaction between them. For J*= 0",
the orbits once again are coplanar but now the two particles orbit in opposite
senses. As they doso, their separation will vary but the average separation will
clearly be much less than in the J__ state, “contact” situations occur, and a
large 6-function interaction results. The actual values of A(j,j,J) for a number
of different spin combinations are summarized in Table 4.1, and Fig. 4.3 shows
several examples (including those used most often in the preceding discussion)
of AE(j,j,J) values under the influence of a &-function interaction. In studying
Table 4.1, recall that the interactions are attractive so that larger values of
A(j,j,J) correspond to lower-lying levels. Perusal of the table and figure shows
that the preceding rules are always satisfied.

It is possible to summarize these results succintly, as is done in Table 4.2.
(The trigonometric functions in column 6 of Table 4.2 will be explained in
Section 4.2.) Toillustrate the construction of the table, let us consider the top
row. A little thought, or working out a few examples of the preceding rules,
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Fig. 4.4. Pictorialillustration of the motions of two identical nucleons in equivalent orbits for the
cases of maximum and minimum total spin J, showing the effects of the Pauli principle.

will convince the reader that, for positive parity, the statc most affected will be
J o if G, —J,) is even (as in |d,, g, J)). Note that even values of (j, - j,) are
equivalent to odd values of (j, + j,). Moreover, since only even J states are
affected for positive parity states, odd values of (j, + j,) are the same as odd
values of (j, +j, +J). The consistent element in the table is that, if j, +j, + J is
odd (even) for the affected states, then the lowest-lying state will be
Jow = |j1 - j2| (J e = J; +J,)- We will encounter the important role of the
quantity j, +j, +J later in dealing with interactions in p-n multiplets.

To illustrate how these ideas relate to empirical data on nuclei with two
valence nucleons, we recall Fig. 2.5, which showed the yrast states for the
typical shell model nuclei 2°Po, 2°Pb, and Te. We repeat those data here in
Fig. 4.5, along with the predictions for a §-interaction normalized to the
E»; energy for the relevant configuration [(hy,)* for *°Po, (g,,)* for *°Pb
(these two cases are actually identical as seen in Eq. 4.10), and (f,,)* for '*Te.]
The agreement is quite good. Note the strong lowering of the 0* ground state.
From data such as this, known for many nuclei, it is possible to estimate the
absolute strength of the interaction. One obtains, as a rough guideline, that
AE (j, j,J) ~ (30 MeV/A) A(j, j,J), where the A in the denominator is the
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Table 4.1. Relative J state energy values for various identical two-particle configurations | j, j,/ ) with an attractive &interaction.*

]

ji i o, U, = 0 1 2 3 4 5 6 7 8 9 10 11
dsfl dsa

s s i, f, + 3.00 — 0.685 —_ 0.286 — — — — — — —
d, £, - 0 0.173 0 0.457 0 129 — — — — — —
&2 B

moIr i, £, + 4.00 — 0.95 — 0.467 — 0233 — — — — —
8p L, - 0 0.127 0 0312 0 0.599 0 1.52 — — — —
hurz hllfl

12 1 i, i, o+ 6.00 — 1.47 — 0.785 — 0.493 — 0318 — 0.180 —
by, b, - 0 0.084 0 0.196 0 0329 0 0.509 0 0.818 0 1.89
d3ﬂ dsrz

32 2 py, B, o+ — 0 0.343 0 114 - — — — — — —
d, f, - — 24 0 0.686 0 — — — —_ _ _ _
pSIl dsfl
e 8u

s f,  f, o+ — 0 0.230 0 0518 0 1.40 — — — — —
d, £, - — 341 0 1.14 0 0518 0 — — — — —
fn  Bn
Ay 8

s f, h, + — — 2.85 0 1.04 0 0.490 0 —_ - — —
d, h, - — — 0 0.258 0 0.558 0 147 — — — -
f5!2 ng
dslz illfl

s 12 f, h,, + — — —_ 0 0279 0 0.587 0 1.52 — — —
d, h, - — — — 265 0 0979 0 0.470 0 — — —
fS’I iﬂll

*The table gives values of A(j,j,J) from Eqs. 4.7 and 4.10. Dashes indicate J values not allowed for the given configuration. States that are unaffected by the interaction (i.e., J even for
n=—, J odd for 7 = + configurations) are given a value of 0. Other numbers are proportional to the decrease in energy of the state J.
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Table 4.2. Rules for the effects of a d-function interaction on two-particle identical nucleon
configurations

Configuration Semi-
Category States classical
Parity Affected Lowest State  dependence
I+, iri+J on ¢*
Positive odd odd evenJ J i tan 6/2
Negative even odd oddJ (antialigned)
Postive even even evenJ J cot 0/2
Negative odd even oddJ (aligned)

*@is defined by j, j,, J as =cos™

325 2_j22]=ws_1[j(1+1 Y-i1(j1 +1)-j2(j2+1 )]
2[plli2l | WAGTDAZG2HT)

mass number. Recalling that A(?J=0) = (2j + 1)/2, this gives a typical lowering
of the ground state of several MeV in light nuclei and of 1to 1.5 MeV in heavy
nuclei where the interaction strength is only ~ 200 ke V. Both of these are well-
known features of the data (e.g., Figs. 2.6-2.10), and again show that a &
function naturally produces the famous “energy gap” in even—even nuclei
usually associated with the pairing force (see the following).

In all these examples, there is another important feature we have not yet
commented on: the lowest level for a given multiplet is substantially lowered,
but the differences in interaction strength for the others monotonically de-
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Fig. 4.5. Comparison of experimental and calculated low-lying even spin (yrast) states in three
nuclei with two valence nucleons. The orbits used for the two identical nucleons are indicated in
each case.
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crease. That is, there is a relative compression of levels near the unperiurbed
position. This is not just an accident of the 3 - j symbols, but has a simple
physical origin that we shall discuss shortly. As we noted in Fig. 2.5 and, here
in Fig. 4.5 for the case of j, = j,, it is also a well-known empirical effect
characteristic of the low levels of many “shell model” nuclei.

We have been discussing the effects of a &interaction between identical
nucleons. Such states have ¢, (1) = ¢, (2), hence T, = +1, and T = 1. The
proton-neutron system also existsin a 7= 1 state. By charge independence of
the non-Coulomb part of the nuclear force, the p—n 7'=1system must then also
satisfy Eqgs. 4.5-4.7. Indeed, the familiar statement of charge independence
that p—p, n—n, and n—p forces are equal applies specifically (and only) to the
T =1 mode for the p—n system.

As we have seen, however, the p—n system can also exist in a 7 = 0 state for
which there is no need for equality to the p—p or n—n forces. Empirically, in
fact, the T'= 0 interaction seems to be significantly stronger than the T=1 (see
the following). This 7= 0 coupling is extremely important in nuclear structure,
as it is now thought to be responsible for single-particle configuration mixing
and the onset of collectivity, phase transitions, and deformations. We shall
return to these points in later chapters. For now, we are interested in simple
two-particle p-n configurations in shell model (noncollective, nondeformed)
nuclei under the action of a -interaction.

In order to address this issue, we must deal with a specific complication that
arises in the p-n system. Suppose we imagine such a system occupying levels
a and b as shown on the left in Fig. 4.6a. Then, if we treat the proton and
neutron as two states of the same particle (the nucleon), the orbits or the
charges call be exchanged indistinguishably. Thus, the wavefunction for the

_ -2 _— -+ — —
-+ — -2 — —_ = -———i—
m 14 m 14 m v
(a)
e~ —_—
—— 06 —2— %066
m 14 a 14

(b)

Fig. 4.6. “Direct” and “exchange” configurations for protons and neutrons treated as indistin-
guishable particles (a) filling the same shell, and (b) where the neutron shell corresponding to the
valence protons is already filled.
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two-particle system will have components of all the types illustrated. An
interaction matrix element will then contain, for example,

(#2008 )| Ve 0t )R )+ Bt ()83 p)
+703(p) 93 () + 598 (1) 94 ) (4.11)

The four terms on the right correspond to the four cases of particles 1 and 2,
each occupying levels a or b, and each identified as either a proton or a
neutron. The term in o in Eq. 4.11 is a direct term that should be relatively
large since the overlap of the wave functions on the two sides is unity. The last
term keeps the particles in the same orbits (1 in a, 2 in b) as on the left side but
exchanges their type (p — n, n — p). This can also be large if the interaction
contains terms that can change a proton into a neutron and vice versa. The
second and third terms involve overlaps in which the particles change orbits:
therefore they are normally small. Inprinciple, however, all must be taken into
account. Clearly, this is both complicated and tedious. The isospin formalism
for doing so is well known and is discussed in standard texts, so we will not
consider thissituation. Here we are largely concerned with medium and heavy
nuclei, which greatly simplifies the problem since protons and neutrons are
usually filling different major shells. This situation is illustrated in Fig. 4.6b,
where the neutron shell corresponding to the proton shell is already filled:
hence, exchange matrix elements such as those in the ¥ and dtermsin Eq. 4.11
(the rightmost two terms in Fig. 4.6a) are impossible (“blocked™), since the
neutron orbits in that shell are filled. The only remaining exchange termis one
of those expected to be small. We can consider only the direct term to good
approximation in such a case. This is equivalent to treating the protons and
neutrons as distinguishable particles. Note that, while we can choose to do so
in this case, because of the blocking of exchange terms, it is not mandatory: we
could (and will momentarily) use the isospin formalism as well. The
proton—neutron and isospin formalisms are equivalent ways of obtaining the
same result. Which one is used in a given case is a choice based on practical
simplicity. When exchange effects are known, a priori, to be inconsequential,
the proton—neutron formalism may be simpler.

In the present case, treating the protons and neutrons as distinguishable
means that the Pauli principle places no restrictions on their coupling. Their
wave functions need not be antisymmetrized. We can write the two-particle
p-nwave functionas y_ = ¢,9,. To see the relation to the isospin approach,
this can be rewrittenas y,_ = 1/2[(¢p¢.. + ¢n¢p) + (¢P¢" - ¢n¢p)]. The first term is
symmetric with respect to interchange of protons and neutrons, the second
antisymmetric. These two terms therefore correspond to T=1and T = 0,
respectively, and the energy shifts in the presence of a residual interaction can
be written as the average of their values in the two isospin channels, that is, as
12[AE(T = 1) + AE(T = 0)]. In the like-nucleon case, antisymmetrization
requires that the § = 1 (symmetric) spin coupling be accompanied by an
antisymmetric spatial part of the wave function (which vanishes when the two
particles are in contact): such states do not feel the &-interaction. Here, there
is no such limitation. Both § = 0 and § = 1 states can be accompanied by
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symmetric spatial wave functions and will be shifted by the interaction. Gen-
erally, the interaction need not be of the same strength in the two cases, and so
we specify two interaction strengths V,_ and V_,

Viz=(Vs0+Vs1)6 (r1-r2) (4.12)

where it is implicit that the V_, (V,_,) term acts only on the S = 0 (§ = 1)
components.

We can get the same result in terms of isospin. We saw before that the
unsymmetrized two-particle wave function can be written in terms of an
average over T'=1 and T = 0 parts. In this case, the wave function for each
isospin term must be separately antisymmetric. Specifying to a éfunction
interaction, the only states affected must have symmetric spatial wave func-
tions. Therefore, the isospin-spin part must be antisymmetric: hence, the
T = Opart goes with.S=1and the T=1with§=0. Again,we getS=0and 1
terms as in Eq. 4.12. (Recall that the total nuclear wave function must have
good isospin, which is obtained by coupling the isospin of the two-particle
system to that of the (T #0) core.)

Thus, the analogues of Egs. 4.5-4.7 for a p—n system under the action of a 6
interaction given by Eq. 4.12 become:

AE (jojnd )= Fr(nplpinin) A (fpjn] ) (4.13)
where
Fr(nplpnals)=-L- J' LR, (R (r)dr (4.14)
8nJ r?

and 2 Ip+in+J

—1)ptnt,

Alipind) =(2jp+1)(|2jn+1)(fp Jﬂl f) fvs;o(‘“(' ; )

2 72 '

(1-(-1)") | [(27p+1) +(- 1) (2]n+ 1))
47(J+1)

+Vsa (4.15)

The 3-j symbolisidentical tothat appearing in the like-nucleon case, but now
there are two terms with different J, jp, j, dependencies. Note that, in the first,
or V., termin Eq.4.15, only half of the levels are affected, namely those with
evenJ for positive parity or with odd J for negative parity. Thisis the same con-
dition we saw for like nucleons, as it must be since thisisthe §=0(7T=1) term.
The other J values are then affected by the first of the V| terms. Forj Jo# T the
second V_, term itself affects all J values, and small J values the most.

As in the like-nucleon case, this equation simplifies for equivalent orbits

G =ir =)o N
E(jjJ)= FR(nl)(2]+1)( J g)

11
2 2

[ (2j+1) }
X| V=0 Oreven+ V51 00—~ (4.16)
4J(J+1)
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Here we can easily see the explicit relation to the isospin formalism. The
T =1 p-n interaction must be identical to the p—p and n—n interactions. We
saw earlier that, for equivalent orbits, only even J states are allowed for the
T =1 p-p and n—n systems, and hence, for a p—n system, which has all J values
from 0 to 2j, the evenJ values must have T=1 and the remaining levels, namely
those with odd J, must be 7' = 0. Thus, in Eq. 4.16, the first term corresponds
to the interactionin the T'=1 channel and the second term to the 7=0channel.

We now need to consider the relative strengths V_ and V. From the fact
that the deuteron has an S = 1 ground state, itis clear that V_, is stronger than
V,., However, there is additional evidence for this from such simple data as
neutron separation energies that is directly applicable to nuclei with all A
values. As we have just seen (Eq. 4.16) the T =1 and 0 interactions can be
associated with the § = 0 and 1 terms, respectively. We saw in Chapter 1 from
the separation energy data that the nonpairing, like-nucleon (7 = 1) residual
interaction is, on average, repulsive, where by the phrase “on average” we
mean averaged over all final J states and by “nonpairing” we mean excluding
the 0+ state (if any). So, by charge independence, the p-n T = 1 interaction
must on average also be repulsive. Yet, we also noted in Chapter 1 that both
S(p) and S(n) increase with increasing numbers of particles of the opposite
type. The interaction between protons and neutrons hasboth 7’=0and 7'=1
components. So, on balance, the total (7= 0+ T'=1) p-n interaction must be
attractive. This can only occur if the 7' = 0 component is both atractive and
stronger than the T = 1, that is, if the |V | is greater than ]V o

Of course, the strength of the two 1sosp1n components of the interaction can
also be obtained by fitting actual p—n multiplets (groups of states with pure
proton and neutron configurations j and j, and J values ranging from i Jo= Iy ]
to j, + j,). Schiffer and True and Molinari and co-workers have carried out
exténsive surveys of this type near all closed shells from %0 to **Pb. We will
discuss their results in Section 4.2 in terms of a simple geometrical analysis.
Here it is useful to convey a feeling as to how the data on individual isospins
can be deduced. The nuclei near *®Pb offer a nice example. Consider, for
example, the states of 2%, Po . in a | 1h,1i,,J) two-proton T = 1 multiplet.
(These can be found from the 2"9B1 (*He, d) #°Po reaction since **Bi has a single
proton in the 1h,, orbit.) The energy shifts in this multiplet can be used to
extract the (1hy, 1i,,,) 7= 1 interaction. The same multiplet exists in > Bi
as a particle-hole p-n multiplet. The energy shifts AE(j,j,'J) can be converted
(see end of chapter) to an equivalent set of particle—particle shifts and the total
p-ninteraction obtained for each J state. The difference of the T= 1 and total
interactions then yields the net T = 0 strengths. Extractionof T=1and T=0
strengths is even simpler in the case of equivalent orbits (j, = j ), of course,
where the even and odd J states directly give the 7 = 1 and 0 interactions,
respectively. This approach is useful in light nuclei where the protons and
neutrons are filling identical orbits (e.g., the £, orbit in :Sc).

To illustrate the application of these ideas, we consider the classic example
of ,®CL,. Since the N = 8 to 20 neutron shell is filled, this is an appropriate
case to ignore exchange terms. In the lowest-lying states, the configuration is
(d giving states J=2-, 37,47, and 5. Since V_ >V, the second group

2p f7l?11) 520
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Fig. 4.7. Comparison of low-lying empirical and calculated energies for *Cl. The two panels on
the right correspond to calculations with a two-body 8-function residual interaction, assuming two
different orbits for the proton. Clearly, the (d,, f, ) configuration is favored. The calculation on

/
the left uses the empirical levels of the (dm“1 fms particle-hole configuration in *°K in conjunction

with Eq. 4.34 to predict the particle-particle levels of Cl. (See deShalit, 1974.)

of terms in Eq. 4.15 will generally dominate and the overall ordering of levels
in the p-n system will tend to be contrary to that in the like nucleon case.
Moreover, whereas only half the states are affected for like nucleons (J odd for
r=-;Jevenfor r =+), all states will be shifted in the p-n case. We therefore
may expect the lowest level to be the even J state with highest overlap, the
J = 27 level. The %Cl experimental spectrum and that calculated with
V., = 2V, are shown on the right in Fig. 4.7. (The part on the left describes
an alternate approach to calculating *Cl, to be discussed near the end of this
chapter.) The 2-level does in fact occur lowest, and the agreement is reason-
able. The figure also shows that the calculated levels for an alternate configu-
ration with the same j values, (p,,, {,,,), have a rather different pattern since,
here, the orbital phase factors in Eq. 4.15 are different (/_ + 1, is now even) and
the J =5, 3 set is lowered relative to the J = 2, 4 pair in disagreement with the
data. This indicates how one can even sometimes suggest j configurations and
J*values by examining energy sequences and spacings in p—n multiplets.

4.2 Geometrical Interpretation

Having dealt extensively now with both like and unlike two-particle configura-
tions under the influence of a &-function interaction, we have gained a feeling
for the physics behind the analytic results that can be obtained. The physics
revolves around the overlaps of the two-particle wave functions. Itis possible
to approach this entire subject from an alternate viewpoint and actually derive
the typical behavior of the 3-j symbol in Egs. 4.7, 4.15, and 4.16 from a simple
geometrical analysis, which will give us additional insight into the interactions
in two-particle configurations.

We commented earlier that the characteristic and typical behavior of that
3 — jsymbol is a gradual reduction in the spacings as the excitation energy
increases (as the interaction weakens). This is not one of those annoying
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Fig. 4.8. Definition and schematic illustration of some of the ideas used in the geometrical analysis
of short-range residualinteractions.

“accidental” effects of Clebsch-Gordon coefficients that plague many stu-
dents, but rather it has a very simple physical origin. In pursuing this we will
better understand why this 3 — j symbol behaves as it does. Moreover, we will
see that the energies AL(j j,/) exhibit the same basic pattern for any j j, and
that this pattern simply reflects the spatial overlaps of the particles and Pauli
principle effects.

We start with the semiclassical concept of the angle, 6, between the angular
momentum vectors j, and j, (hence between the orbital planes) of the two
particles as illustrated schematically in Fig. 4.8. Then

JZ:j12+j%+2|j1||jzlcos£)
Or N . - .
Vojiloigt U (L))
2|l 2ji (i + )i (+1)
From here on, for simplicity, we take the case of identical particles in
equivalent orbits (j, = j, = /) and assume that j,/ >> 1 so that terms like J(/ + 1)
can be approximated by J*. Then,
2 .2 2
cos@ = !;2_]_. N S 1
2/ 257
Note that 8= (0° corresponds to highJ and 8= 180° corresponds tolow /. Thus,
forj, =j,, 6=180° correspondsto/ =0and 6, —0°to/=J =2j-1.
Before proceeding, we first make use of some simple trigonometric equa-
tions. Fromsin? =1 - cos? 6, we obtain

1
1__-11}2
4/’2

cos = 417

sinG:l.
J
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And, from sin &2 = [(1 - cos 8)/2]?, we get

1

VL

sin%’:(l—l—)z
4j°

We also note that tan 6/2 = (1 - cos 6)/sin 8. Now, the 3 —j symbol in Eq. 4.10
can be written

[,- i T:(Zf+1+f)(2f—f)[f—%f-% J )

1-10 (2]'+1)2 0 0 O
A good approximation to this for large j, J is
(j j JT:(ZJ'*“J)(ZJ"J)_L 1 1
530 @ity 27GY), [oyp-L
4

Neglecting quantities of the order of unity compared to j, J we get

[j j J]Zz(2f+f)§21-f)L 1

1 1

2 2

~ 1 1
4]2 T 2 3
4j
sin@
njzsin 7]
Hence, 2. 29 »
(2i+1)*sin*2 _y e sinf
AE(jZJ)z—(VOFR) 2. 2
8 7j%sin @ 272 sind
Using the relations for sin 6/2 and tan 6/2, we have
Vo l1-cos8
AE(jZJ)z R 2
2x% sing
or, finally
AE(sz)z—_—ViIthanQ (T=1,Jeven) (4.18)
41* 2

This extremely simple result expresses the shifts in different J states for a 6
interaction between two identical particles in equivalent orbits. It wasderived
for large j, J, but is remarkably accurate even for low spins (e.g., as low as
j = 3/2andJ =1 but specifically not for J = 0). The function tan 8/2 is plotted
against 6 in Fig. 4.9. Since tan 8/2 = 6/2 for small @ and gocs to infinity for
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Fig.4.9. Dependence of the §-function residual interaction strength (lower values correspond Lo
more attractiveresidual interactions) for two particlesin equivalentorbits. (Left) The T'=1(Jeven) states. (Right)
The T'=0(J odd) states. The analytic expressions are indicated above their respective plots.

0 — 180°, Eq. 4.18 simply states that the energy shifts become large (and
negalive since the force is attractive) for 8 = 180° (for small J where the two
angular momenta are antialigned), while the smallest effect occurs when
J =1J_, ~j+]since 8=0° Moreover, the curve tan 6/2 becomes asymptoti-
cally flat for large J, giving a geometrical interpretation to the compression in
spacings discussed above and illustrated for ?°Po, #°Pb, and ™Te in Fig. 2.5.

Note that this formula automatically reflects the Pauli principle arguments
discussed earlier, in which the &interaction affects only 5 = Ostates. The Pauli
principle appears here through the 3-j symbol and, in particular, through the
spin angular momenta of +1/2 appearing in it.

As we have noted, identical nucleons in equivalent orbits have T'= 1, so Eq.
4.18 applies to them. For proton-neutron configurations we have to consider
both 7'=1 and 7' = 0 parts. We still restrict ourselves, though, to equivalent
orbits. A T=1p-n system, which cannot be distinguished from the 7'=1 p—p
and n-n systems, consists of even J states and is described by Eq. 4.18 as well.
However, in a 7 = 0 p-n system (odd J states ) AL (%)) has a diflerent J
dependence, reflecting the different / behavior of the second (V) term in
Egs. 4.15 and 4.16 compared to the first term.

For the odd J, 7= 0 case, a similar analysis gives (again for J, =j)
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AE (p=ind)="YoER(cot0) 14— L__ | (1=0,J0dd) (4.19)
v 471'2 COSZ(Q)
2

The behavior of AE(2) for T=01s also indicated in Fig. 4.9. We recall that
this only applies to equivalent orbits j = j . While the T = 1 interaction is
largest (lowest-lying on the plot) for J_._ (8 = 180°) and is smallest for
J =1J__ (8—0°),the T=0expressionislarge for both J , andJ__. For T=0
and 6=180°, AE(]_ ) ~ 1/cos8 — oo; for 8= 0°, AE(j] ) = cot6 — oo. Both the
T=0and T =1 expressions are small for 8= 90°.

All these features can be easily understood physically. The interaction
should be small for 8 = 90° for both T =0 and T = 1, since the particles are
orbiting in nearly perpendicular planes and are seldom close enough to inter-
act. For T =1 (which, by charge independence, means we can re-use the
identical-particle arguments), the interaction is strong when the two nucleons
orbit in opposite directions (J = 0, 8 = 180°). However, it vanishes when they
orbit in the same direction (J__, 8 = 0°) since, then, the two particles have
identical quantum numbers and the spatial wave function is required to be
antisymmetric; it must vanish if the nucleons “touch.” The Pauli principle
effectively introduces a short-range repulsion. The only way the particles can
orbit in the same direction and yet not touch is if they circulate out of phase at
opposite ends of an orbit diameter. This gives an interaction that is small for
small 8, but large for large angles in agreement with Fig. 4.9. The basicideais
the same as for the identical particle 7= 1 case (Fig. 4.4). For the T=0case we
treat the particles as distinct and, for both the small and large J extremes, the
orbits are nearly coplanar. Since we need not worry about antisymmetry, there
is no restriction on phasing, and “contact” is abundant, leading to a strong
interaction for both 8= 0° and 6~ 180°.

Empirically, these effects are well documented as shown by the examples in
Fig. 4.10 taken from the aforementioned empirical analyses of p—n multiplets
throughout the periodic table by Schiffer and True. Note the interesting point
that for even J, T = 1, the empirical interaction is actually slightly positive
(repulsive) for small @ (high J). A &function interaction cannot give this: at
best, it vanishes near J =J__. Such an analysis clearly shows the need for a
separate repulsive component in the residual interaction. Severalstudies have
successfully carried out multipole analyses of these effective residual interac-
tion, incorporating dipole, quadrupole, etc. components. Evidence for a
sizable quadrupole component has been found. This multipole varies as
P,(cos6) where, again, @is the angle between the two orbits. Asis well known,
this function crosses zero at 8 = 55° so that even for an overall attractive quad-
rupole term, the interaction is actually repulsive for angles between 55° and
125°. This is just the region where Fig. 4.10 shows positive (repulsive) empirical
T =1 interactions. This repulsive aspect should not be surprising. We have
already encountered it. We noted in our discussion of separation energies in
Chapter 1 that the like nucleon (T = 1) nonpairing residual interaction was, on
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balance, repulsive (S(n) decreases with increasing N). From this empirical
fact, we also deduced that the T = 0 interaction is on balance stronger (morc
negative) than the 7= 1. This is also evident in Fig. 4.10.

Finally, note that for J* = 0, the interaction deviates from the geometric
expression. The 0* behavior, however, is physically reasonable. As with the
like-nucleon case, the interactions are ordered by j: they are largest for large j.
The larger the j value, the more magnetic substates there are, and the smaller
the permissible angular range of an orbit for a given m. Thus the orbit planes
are more tightly defined and the overlaps of particles in tm substates ar¢
greater.

EQUIVALENT ORBIT SPECTRA
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Fig. 4.10. Empirical proton—neutron multiplets for two particle equivalent orbit configurations for
comparison with the behavior shown in Fig. 4.9. The curves are drawn through the data (Schiffer,
1971).
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Thus far, for simplicity, we have carried out the geometrical analysis for the
simple case of j, = j,. For j, #j, and the identical particles, we saw in Section 4.1
thateither the J_, (60— 180°) or the J__(6— 0°) state can be lowest depending
on the particular j values and their j = [ + 1/2 character. Table 4.2 summarized
the different cases leading to these two situations. These two categories of
two-particle configurations should be and are reflected in the geometrical
analysis. One obtains two curves now, of which one is identical to Eq. 4.18
(AE =tang/2) giving the lowest energy for the antialignment of the two values
(/. 0 close to 180°), and the other curve goes as coté/2 so that the lowest
energy occurs for parallel alignment (/__ ) and @ close to 0°. The correspon-
dence of these two trigonometrical functions and different sets of j., j, values is
made explicit in the sixth column of Table 4.2. Finally, note that the equiva-
lent-orbit situation is actually a special case of this. Here, w=+,j, +J, =2jis
always odd and so the tané/2 dependence applies and the /_,_ (in this case 0*)
state is lowest.
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Fig.4.11. Comparison of empirical and calculated multiplet splittings for two-particle configura-
tions of nonequivalent orbits (Schiffer, 1971).
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Fig. 4.12. A geometrical analysis of the lhy g /> p-n multiplet in 0B, The empirical levels are
shown on the left along with the semiclassical angle between the orbits of the two nucleons. The
right side shows that the levels split into two families, according toJ even or f odd. The solid lincs
are drawn to connect the points.

For the p—n case, a similar analysis again leads to two distinct curves as in
the T=1 and T = 0 cases for equivalent orbits. However, the classification is
slightly different. Recall that, for equivalent orbits, the T = 1 states are evenJ
only. Thus j +j, +J=2j+Jis odd. The T'=0 case, withJ odd, has j, + j, +J =
2j +J even. Itis this distinction that persists when j, # j, for a p—n multiplet.
Again, we obtain two curves, but distinguished according to the odd or even
character of j, + j, + J and describable by geometrical functions of 8 very
similar to Eqgs. 4.18 and 4.19. This is beautifully illustrated by the data for
several multiplets collected in Fig. 4.11, and exemplified in depth for ?°Bi in
Fig. 4.12. In all these cases the empirical energy distributions within the p-n
multiplets follow the expected energy patterns quite well.

One last point worth mentioning is that extensive surveys of empirical p-n
interaction multiplets show that the strength of the interaction, especially in
T =0 states, smoothly decreases with increasing mass. This is quite plausible
since the average radius of shell model orbits increases with higher oscillator
numbers, while the interaction range is constant so that the average interaction
strength decreases. In heavy nuclei, typical V' interaction matrix elements
are = 200 to 300 keV but of course this depends on the orbits involved.

What is perhaps most important to emphasize in concluding this part of the
discussion is that, without ever having dealt with the radial parts of the wave
functions, or indeed, calculating anything, it has been possible 10 predict the
qualitative energy ordering of the different / states in two-particie configura-
tions. Moreover, exact quantitative results for the relative spacings involve
only the evaluation of a single 3 - jsymbol. (Of course, the absolute spacings



The Shell Model: Two-particle Configurations 93

depend on the radial integrations and the strength of the interaction.) This is
but one example of how far one can go in a shell model treatment of multipar-
ticle configurations by invoking only very general arguments.

4.3 Pairing Interaction

We re-emphasize that these results for the é-function interaction are of more
than passing interest since, representing the short-range interaction par excel-
lence, this interaction simulates in many respects results from more realistic
short-range interactions. Inparticular, itis closely allied to the pairing interac-
tion specifically designed to mock up a strong, attractive interactioninthe /=0
configuration of two identical nucleons. The motivation is similar to that for
the é-function interaction——the pairing interaction is only effective when the
particles have extremely high spatial overlaps. Formally, one can define the
pairing interaction by
(71 j2d| Voaie| jajsd "y == G (js +1) (5 +1 ) Siajz Sjsja 1010 (4.20)
where G gives the overall strength in the interaction. Note that this interaction
is attractive and, by definition, only effective for 0* states of identical nucleons
in equivalent orbits. It is not, however, limited to diagonal matrix elements
(20" [ Voir | j,20%), but rather allows nondiagonal scatterings, {j,20* v " | J20,
in which the pair of particles switches to another orbit as a pair. This feature is
critical to the build-up of pairing correlations and the so-called pairing gap in
even—even nuclei, and will be treated in more detail in a later chapter. For
diagonal matrix elements | J; = J, = J, = j,» the pairing interaction strongly
lowers the 0* state without affecting the others.
Both the d-function force and the pairing force are intended to represent
the short-range component of the nuclear interaction. However, the residual
interaction also contains a long-range component, that, as we shall see, is

6+ 3 ?
4

2+

O+ — e —_— o+

b3 PAIRING

Fig. 4.13. Comparison of levels of a (j = 7/2)? configuration for a 8-function and a pairing
interaction.
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crucial in producing collective properties and nonspherical nuclei. It is com-
mon to mock this up by the so-called quadrupole interaction. (In recent years
higher order multipoles, such as hexadecapole interactions, have also been
considered, but we shall ignore their effects here.) The combination of these
two forces, the so-called pairing plus quadrupole interaction, has been perhaps
the most widely used simulation of nuclear interactions in heavy nuclei in the
last couple of decades. It can be written as:

Vppg=Vpaietkriira Ps (COS 0) (4.21)

where @is the angle between the radius vectors to each particle (see Fig. 4.8)
and xis the strength of the quadrupole part. Clearly, while V_, is short-range,
the quadrupole component simulates at least part of the long-range aspect of
the residual interaction (see the following section).

The popularity of the pairing interaction, or of any other that reproduces
the low energy of J = 0 coupled pairs of nucleons, clearly lies in the fact that all
even—even nuclei have 0* ground states. The quadrupole interaction is moti-
vated, empirically, by the fact that nearly all nuclei more than a few mass
numbers away from closed shells display properties that can be described in
terms of quadrupole distortions of the spherical shape. Figure 4.13 shows the
differences between the pairing and &-function interactions. For the case of
identical nucleons in equivalent orbits, both produce a low-lying 0* state and a
grouped cluster of states with higher angular momentum. With the pairing
interaction, this latter group is unaffected, remaining degenerate. The &-
function interaction seems to be a better approximation, as is clear in Fig. 4.5,
as well as Fig. 2.6 for the Sn isotopes. For many-particle configurations, the
quadrupole force dominates both the pairing or §-function interactions and
the differences in their properties are washed out.

4.4 Multipole Decomposition of Residual Interactions

It is useful at this point to consider a more general approach to calculating
nuclear interactions and their effects on energy levels in two-particle configu-
rations. This will help us understand, in a simple manner, the different effects
of different residual interactions. It willlead to a deeper appreciation of the &
function results, in particular the origin of the 2 curves in Figs. 4.9-4.12, and it
will shed more light on the relation between the pairing and &-interactions. We
can expand any interaction that depends on the separation of the two particles
as

V(rira|)=, vi(r1r2)Px(cos 6)
k
=Y vk (r172) =2 Yiom (01 91) Yier (62 92) (4.22)
km 2k+1
where the v (r,r,) are given by
Vi (r1 rz):;%ﬂ J V (|r1-12])Pe(cos 8)d cos 8 (4.23)

In the following we do not consider the effects of antisymmetrization explic-
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itly, but the results are still valid for identical particles and for p—n systems
involving different major shells. If we write the wave function as a product of
radial and angular parts, we can then achieve a similar separation of the energy
shift into radial and angular parts and, moreover, separate the angular parts of
particles 1 and 2. We obtain, as in Eq. 4.5

AE (1 j2d)=Y, FRA  k<min(2j1,2j2,2h,2h) (4.24)
where ‘
F& ’—‘J lRm h (rl)lzl anl2(r2)|2vk(r1 r2)dridr, (4.25)

and

Ak(1)~m(zl AR j1><lzj2||Yk||12j2>{ nnd } (4.26)
(2k+1) jajik

As before, F, is a purely radial integral and depends on the details of the

specific interaction chosen, while A, depends only on the angular coordinates

and is therefore completely independent of the interactions involved.

We now note a significant point. The summation in Eq. 4.24 is limited to
even k values from O to min (2j,, 2,, 2/, 21,). These limitations arise simply by
angular momentum conservation in the reduced matrix elements of Y, and as
specified by the triangle conditions involving the 9 — j symbol. This severely
constrains the number of multipoles that go into the calculation of any given
interaction. For example, for any interaction V(r, - r,) in a (d,, f,,)
configuration, k=2 and hence k takes on only the values 0 and 2. Regardless
of the interaction, then, the energies of the four final states with/ =2, 3, 4, §
are given in terms of only two equations. Indeed, as discussed by de Shalit and
Feshbach, one can show that

E(5)-E(2°): E(3)-E(2): E#4)-E(2): =12535

independent of the interaction. This case of d,,, f,,, particles should actually
describe the lowest states of ,*Cl,. The experimental spacings are in the
ratios 1:1.1:2.0. They have the same sequencing of levels as in the calculation
(2-,57,3,4), but the magnitudes of the spacings disagree. Without ever having
specified an interaction, or evaluated any radial wave functions, we can
unambiguously conclude either that an accurate description of these *Cl states
requires more complex configurations, or that the interaction depends on
something other than (r, - r,) (e.g., spin). Note that this is the same nucleus
that we treated earlier with a &-function interaction (Fig. 4.7). The earlier
results are different than these precisely because we used different strengths
(i.e., a spin dependence) for the S=0and S = 1 terms.

Equation 4.24 applies to any interaction that can be written in terms of the
separation of the two particles, that is, as V( | r-T, | ). However, one some-
times encounters spin-dependent interactions. Then we obtain a result similar
to Eq. 4.24, with the same limitation on k__, but including odd k. This point is
very important, since the &interaction can be shown to be equivalent to an
interaction V( | r-r, | ) times a spin-dependent operator. Thus, a &-function
interaction is equivalent to an odd tensor interaction, even though its mul-
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tipole expansion contains only even k. The reason is beyond the scope of our
treatment but involves the fact that the interaction takes place only at “con-
tact,” and therefore a &-function interaction can be multiplied by various
“exchange” interactions that have odd tensor character. This class of interac-
tions is crucial in nuclear structure since they have the special property of
conserving seniority (see Chapter 5).

For a é-interaction, v,(7,7,) is given by

vi(r1 rz):Z_lc_ﬂ_M (4.27)
%4 rr

Note that, despite its short-range, the &interaction has a monopole compo-
nent (k = 0) corresponding to a part of the interaction that is independent of
angle [P (cosf) = constant]. This is a long-range piece par excellence and it
says that a “contact” interaction has a component that pays no heed to the
angular separation of the particles! Of course, since the monopole part is
constant over all (angular) space, it is the same for all relative orientations of
j, and j,, that is, all J values. Hence, it does not contribute to splittings of a
multiplet but does give an overall shift to the multiplet. In practical calcula-
tions, the situation in regard to allowed multipoles can be even more bizarre.
Consider a é-interaction between two d,, particles. Not only does the £ = 0
multipole contribute, but the triangle conditions on k limit the multipoles to
only the values & <3. No really short-range multipoles appear.

This seemingly paradoxical situation of an infinitly short-range interaction
being simulated only by relatively long-range multipoles is actually easy to
understand. This understanding reveals much about the relationship between
forces and the orbits and wave functions of the interacting particles. More
accurately, it clarifies the way particles from different orbits can “probe”
different interactions. It relates in a general philosophical way to how one
determines structure in any physical system. The general rule is that in order
to sample the structure of a given scale, the probe must be comparable to or
smaller than that scale. (It is difficult to distinguish between a potato and a
carrot by bombarding either with a truck.)

Imagine a proton and a neutron in ans, , orbit. They have only one m state
and are spherically symmetric wave functions: the orbit is uniformly spread
out, at a given radius, over time, in a spherical shell. The two particles are
thercfore always in “contact” and are simply unable to sense any details of the
residual attraction. To them, a 6-force is identical to a constant force over all
space. The higher the j value of the interacting particles, the more sensitive
they are to the details of the force simply because higher j values have more
magnetic substates, This set of magnetic substates spans the same angular
range around the body of the nucleus and hence, each magnetic substate is
restricted to a narrower angular range. Thus, two particles in j = 13/2 orbits
coupled to J = 12 can sense the fine details of an interaction: each substate M
samples a different angular range of the force. In contrast, even though the
residual interaction may be a &-force, two low j (€.8., S, D0 Pyjgore-) OTDLS
cannot “know” this. They are the wrong probe.
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Coupled with the practical historic fact that most shell model calculations
have dealt with light nuclei and, therefore, low j states, we now see why
different interactions are often used to account for the same data, and why it
often is difficult to determine the details of the interaction.

The other extreme of k values (multipole order) can also be discussed.
Neglecting the limitation given by the j L, j,/, quantum numbers (or, equiv-
alently, assuming a large j shell), we can relate the largest relevant k values to
the range of the force. Consider the classical picture shown in Fig. 4.8, where
@is the angular separation of the two particles. The distance between the two
particles is given by 2 = r,2 +r,2 + 2 r,r, cos 6. If we approximate the range by
a single number r, the integration over 8 will be limited to 8 <r/r. The
Legendre polynomial P, (cos6) oscillates more rapidly as k increases (see Fig.
4.14a). If P, oscillates many times within the allowed integration range, the
integral will be small because of cancellation effects. Inpractice, therefore, for
a given force range, k is limited to value satisfying n/k << r/r. Clearly, then, as
the range decreases, more and more k values are required. The limiting case is
of course, the d-interaction, although other factors (/, j values) relating to the
ability of a given wave function to “sample” an interaction will come into play
to limit the allowed range of & values.

The idea of the multipole expansion of a residual interaction can be used to
obtain some earlier results in a physically transparent way that offers new
insights. This idea can also be used to derive a famous result known as the
parabolic rule for energies of states in p—n multiplets. We have already seen
how one can understand the J-dependence of the residual interaction in terms
of the angle between the two orbits involved (see Eqgs. 4.18, 4.19 and Figs.
4.9-4.12). We can apply similar arguments to specific multipoles.

Each multipole, k, has an angular dependence P,(cos6). The lowest few are
P, = constant, P, = 1/2(3cos?0-1), P, = 1/8(35cos’8 - 30cos?6 + 3). The P, were
shown in Fig. 4.14a. As Eq. 4.17 indicates, for a given j, j, there is a specific
relation between the total angular momentum J and the angle 8: thus, one can
plot P (cos6) equally well against J or J(J+1) (as is sometimes done). This
alternate scale is included in Fig. 4.17a for the example of j, = 9/2, j,= 11/2 (e.g.,
a (g,,h,,,) configuration).

Obviously, since each multipole is proportional to P, (cos6), the interaction
in the &™ multipole is strongest when P, is largest. Thus, we can tell directly
which spin states will be most affected for each multipole.

The monopole (k = 0) component is constant, affects all states equally, and
simply gives an overall shift to the entire multiplet. Thisis animportant effect,
altering the relative excitation energies of different multiplets, but it contrib-
utes nothing to the splitting.

It is the principal origin of the mass dependence of single-particle energies
that we discussed at the end of Chapter 3. In particular, the monopole p—n
interaction leads to the changes noted there (Fig. 3.4) in neutron single-
particle energies as a function of proton number and vice versa. In this
chapter, however, we are focusing on energy splittings due to residual interac-
tions and so we turn now to other multipoles.
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The quadrupole (k = 2) component is strongest when 6 = 0° and 180° and
actually changes sign around 90°. (Recall that there is an overall minus sign to
be applied to Fig. 4.14a for an attractive interaction so that negative values on
the figure refer to repulsive effects.) Thus, a quadrupole interaction lowers the
energies of the extreme J values the most, but can in fact raise the energies of
intermediate spins. The general behavior of the quadrupole term is similar to
the j, + j,+J even curve in Fig. 4.11 but this is somewhat accidental and we shall
return to the relationship between these results in a moment. We can easily
derive the specific dependence of AE(j, j,/) onJ for a k = 2 multipole. The AE
are just proportional to P,(cos6) and, by Eq. 4.17,

[J(+1)- 1+ 1)-j2(2+1)]?
4 (j1+1)j2(j2+1)
< A[J(J+1)*+BI(J+1)+C (4.28)

where A, B, and C are functions of j, j,, but are independent of J. This is a
parabola in J(J + 1) and is the parabolic rule discussed frequently by Paar. By
differentiating we can find the vertex, J

iy (Jv+1)=j1 (j1+1)+j2(j2+1)—%
and, solving the quadratic,
L=l L+ 1) +i2 (2 +1)-1)>-1 (4.29)

Note that J, is normally the highest-lying member of a downward pointing
parabola since the overlap of the particles is largest for J __and J_ . In the
g,,h,,, case in Fig. 4.14a, this gives J ~ 7, which is indeed where the P,(cos6)
minimum occurs. For this multiplet, the J=1, 10states are lowest,J~ 7 highest.

The relationship of these ideas to the J-dependence in Figs. 4.9-4.12 is
informative, particularly the split into two curves*. In general, points falling
alternately (for odd and even J) on these two curves cannot be described by a
single parabolainJ(J + 1) (we will see one exception later). To generate the 6—
function results, the higher multipoles must be added in. From Fig. 4.14a it is
clear that these oscillate more rapidly in 8 or J, and this introduces an
irregularity or zig-zag pattern to the spin dependence. For example, a hexade-
capole component would raise E(7) and lower that of the /=4 and 9 states. It
also broadens the minimum and tends to shift it toward the spin 8level. A
P (cos®) term will add further perturbations. When all the multipoles are
summed, with amplitudes appropriate to the é-interaction, two curves similar
to those of Fig. 4.11 are reproduced.

This is evident in Fig. 4.14b, which shows the strength of the interaction as
a function of J for different combinations of multipoles (with amplitudes
appropriate to a 5~function). For the | g, h,,J) configuration, the k = 0 + 2
curve is smooth and minimizes at J = 7, as we have just seen. If this curve is
replotted against J(J + 1), an exact parabola is obtained. Adding in all the

AE (j1jad )e<

*I am indebted to K. Heyde for much helpful advice in this section and for Iigs. 4.14b and 4.14c.
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multipoles, k =0, 2, 4, 6, 8, gives the solid curve. If we connect just the odd J
states along this curve, we get a dependence just like the j, + j,+J odd curve of
Fig. 4.11. If we connect the even J values we get the j, + j,+J even curve of Fig.
4.11. Thus we see that the separation of the two curves comes from the higher
multipoles and reflects the Pauli effects since these multipoles have shorter
ranges.

Figure 4.14c shows this in a particularly illuminating way for the identical
particle | (h,,,*J) configuration. Here, the energies obtained with the addi-
tion of each successive multipole in a d-interaction are displayed in level
scheme form. For & =0, 2 only, a parabolic behavior is observed: the 0+, 2+, 4+
levels are lowest, the intermediate spins 6*, 8* highest and the largest spin, 10~,
lower again. As shorter and shorter range multipoles are added, the levels
shift toward the characteristic —function sequence shown on the right. We
have discussed how such a sequence, particularly the weak effects of a é—
interaction for the J___states (since they have § = 1), is a specific Pauli principle
effect. Now we see exactly how this comes in through the shortest-range
multipoles, which are in fact repulsive for these spin states, reflecting the Pauli
prohibition against “contact.”

Figures 4.14a and 4.14c also dramatically show why the 0 state (or, gener-
ally, the lowest state of a given multiplet) is lowered so much. This state
corresponds to orbit planes closest to 8 = 180° (or 0°, depending on the j values
if nonequivalent orbits are involved). Here, all the multipoles contribute
coherently because P,(cos 180° or 0°) is always unity. Only for other spins do
cancellation effects enter.

Finally, we can use Fig. 4.14c¢ to better understand the relation between &
and pairing forces. Imagine continuing this figure further to the right. The
0* — J separation would grow and the separation among the J= # (* states
would diminish relative to their separation from the 0* level. The limit is the
pairing picture shown in Fig. 4.13. Although we do not write the pairing
interaction in terms of multipoles, we see that, in effect, it corresponds to the
dominance of very high ones. This, incidentally, is the origin and basis for the
phrase occasionally encountered that the pairing force is of even “shorter
range” than the d-interaction, a statement that sounds paradoxical.

We have now discussed, in several ways, the relation between multipoles
and the (angular) ranges of the forces they describe and their effects on differ-
ent J states of two-particle multiplets: briefly, attractive short-range (higher
multipole order) forces tend to lower especially the J___and J___states (subject
always to Pauli princliple constraints). We can see this relation even more
explicitly by using forces that are finite (radial) range. To this end, Fig. 4.14d
shows the energy shifts calculated for two configurations for a Yukawa type
force with range parameter r = 0.1, 1.0 and 5.0 fm. In general, the shorter the
range, the stronger the effects on the extreme J (or 8) states where the orbits
are most nearly coplanar and the particles, on average, closer. The different
patterns for r=0.1fm for the T=1 interaction just reflect the cot 6/2 or
tan /2 dependences discussed for the two different configurations (see Table
4.2). Thisdifference, a Pauli effect, is washed out for longer-range forcces, as is
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most of the J (or ) dependence, since the force becomes rather insensitive to
the separation of the particles within the nuclear volume.

With this discussion of multipole contributions and force ranges, the reader
should now be in a position to estimate, at least qualitatively, the effect of any
particular interaction in a given configuation with little or no explicit calcula-
tion.

An interesting special case of the multipole decomposition is that of a
(p,,d,,) p—n configuration. For this configuration, Eq. 4.24 only allows k =0,
2 values, and the k& = 0 multipole is irrelevant for splittings, so the —interaction
in this case should give exactly the parabolic dependence onJ(J + 1) character-
istic of P,(cos6). Yet, from our previous discussion, we know that the J = 0, 2
(, + j, + J odd) states would occur on the upper curve in Fig. 4.11 and the
J =1, 3 states on the lower curve. Although this hardly seems to yield a
parabola, careful inspection of the curves in Fig. 4.11 for the angles appropri-
ate to the | d,, p,, J) configuration shows that these four points have an exact
parabolic form against J(J + 1).

Actually, this result suggests why a quadrupole interaction is more impor-
tant than it might at first seem: because of the angular momentum constraints
on k__, many higher multipoles that might normally contribute are elimi-
nated. Moreover, the 6-function is not necessarily the best choice of interac-
tion. Other, “finite range” interactions (e.g., Gaussian ¢~ *("1-"2) ) are often
used and have relatively larger low-k amplitudes. Finally, there are often other
residual interactions besides the p—n interaction, such as particle—-core cou-
pling contributions that are dominated by quadrupole components. Indeed,
we saw in Section 4.2 that analyses of empirical two-particle multiplets do
suggest evidence for enhanced quadrupole interactions. (We shall see in
Chapter 6 that quadrupole core “vibrations” are the dominant low lying
“collective” modes in nuclei.)

Thus, the parabolic rule is often an excellent approximation. Figure 4.15
shows a few examples taken from Paar and introduces one final but important
point. The (g,,d,,) multiplet of J = 2*~ 5* states in '*Sb is well reproduced by
asimple parabola in J(J + 1), asis the (g,,h,, ) multiplet. **Sc and I also show
multiplets with beautiful empirical parabolic behavior, except that they are
inverted! The reason is well understood. In , *Sc,, the (£, f,, ) multiplet
really a particle-hole p-n configuration (f,, f7,, ) = (£, £, )s @8 s the
(81, "Ny, ) cONfiguration in ,,"“In,. In this case, the residual interaction has
the opposite sign of a particle—particle or hole-hole multiplet. In other words,
it is repulsive, and the J states with high p-n overlap (J__, J ) are raised in
energy, while J_is lowered the most. We note that this change in sign is not
always the case;in Chapter 5 we will see it as a characteristic of even multipole
interactions such as the quadrupole interaction we are considering here. Inter-
estingly, it does not apply to the d-interaction (even though we have discussed
its expansion in even multipoles). For odd multipole interactions AE(p-p) or
AE(h-h) is identical to AE(p-h).

In Chapter 5, we will discuss at length the pairing interaction and the
concept of the quasi-particle, which is a state only partially occupied, neither
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Fig. 4.15. Illustrations of the parabolic rule for a quadrupole residual interaction for several p-n
multiplets (Paar, 1979).

fully particle nor fully hole. Anticipating that discussion, the occupancy of an
orbit is given by a probability, denoted V2 (the number of particles in the orbit
is (2j+ 1)V;2) The orbit emptiness is UZ and UZ + V2 1. Thus, we can rewrite
Eq. 4.28 for the general situation of quasx partlclcs as

Abqp(f1f21)~AE(j1f2])(U 1-V 1)(U 2- sz) (4.30)

Thus, for a given proton number (particle “1”), (U - V?)) is constant but
(U2 - V) changes from +1 to -1 as the neutron orbit (“2”) is filled over a
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sequence of isotopes. Therefore, the parabolic rule actually refers to a whole
family of possible parabolas for given j, j,, ranging from bowl-shaped (p-h
case) to nearly flat to a convex upward parabola (p-p or h-h cases). The
theoretical shapes, for several values of V, . in a (g, h ) multiplet are
illustrated in Fig. 4.16.

It is worth mentioning two applications of these ideas. The fact that
different interactions have different multipole composition can sometimes be
used to gain information on the nature of the effective interaction. This has
been extensively pursued by Schiffer and Molinari and co-workers, who, for
example, deduced effective multipole coefficients applicable to broad ranges
of nuclei, and by Heyde and co-workers who studied Gaussian and other
interactions. In general, stronger quadrupole components are required than
given by a §—force, signaling the need for “finite” range interactions.

Secondly, this geometric interpretation of the interaction can provide
important intuitive clues to the configurations in certain states without the

T 1T 1 7T 7 T T 7T

h-h
\ Vh11

E, (arb. units )
(]
I

J

Fig. 4.16. Dependence of the shape of (g7, h,,,) multiplet parabolic splittings as a function of
the occupancy. The uppermost curve corresponds to a nearly full h,, .~ orbit and therefore a
hole-hole configuration. The lowest (h-p) curve corresponds to an h,, , orbit with only a few
particles and therefore a hole~particle configuration (based on Van Maldeghem, 1985).
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need for prior detailed calculations. For example, let us compare the multiplets
(h,,,)? and (d,,)% Clearly, from Eq. 4.17, the angle between the orbits in the 2+
state is less in (h,,,)* [@ = 24° compared to 49° for (d,,)’]. Therefore, the
overlap is greater and the 2* energy lower so that the 0*- 2* spacing will be less
(see Fig. 4.3). By comparing 0" 2*-4*—... intervals, one can sometimes deduce
evidence for particular j components of the wave functions. Care must be
taken in this, however, since 2* states, even in singly magic nuclei, often have
several significant components, exhibiting “collective” behavior and lower
energies than can be predicted for single two-particle configurations.
Nevertheless, changes in spacings of yrast states (the first states of each J
value) across a sequence of nuclei can sometimes signal the emergence of
particular shell model components.

4.5 Some Other Results (Average Shifts, Hole, and Particle—Hole
Configurations)

In closing the discussion of two-particle systems, we note a few other impor-
tant results. Consider the case of two identical particles in equivalent orbits
and an odd tensor interaction. Only odd & terms appear in Eq. 4.24 in this case.
The total summed interaction energy AE,_ is given in general by

AEw=Y, (2] +1)AE (sz) (Jeven) (431)
J

From the properties of sums over 6 - j symbols, without ever considering the
radial functions %, we find that by restricting ourselves to odd tensor interac-
tions,

AFEio=Y, (21+1)AE(sz):2—Ji—1—AE(sz=O) (4.32)

Jeven 2
That is, the total shift of all the levels in a configuration of two identical
particles in the same orbit is simply related just to the shift of the /= Olevel, for
any odd tensor interaction. Since the §-function interactionis equivalent toan
odd tensor interaction, it can be expected that Eq. 4.31 will be approximately
satisfied in real nuclei. Finally, we re-emphasize that it is the separation into
angular and radial coordinates that allows results that are totally independent
of the details of the interaction (except, in this case, for the assumption of odd
tensors).

Thus far, we have restricted the discussion to two valence particles. Multi-
particle configurations will be dealt with shortly. It is useful, however, to
consider one simple result that allows a nice generalization of the present
discussion. Using the formalism of the seniority scheme, it is possible to relate
the matrix elements of any two-body operator in the j~ configuration to matrix
elements in configurations with fewer particles. For the large class of interac-
tions that conserve seniority (including a §-function that is a prototype of
short-range interactions) it can be shown that in a multiparticle, j* configura-
tion, the more nucleons that are paired off toJ =0, the lower-lying the state will
be. Thus, for n even, the lowest state of the j» configuration is a J* = (* state
with all nucleons paired toJ = 0. (The AE(j,j,/) for the levels of the configuration
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| 27y is just a special case of this). This result is sometimes called the pairing
property, and is characteristic of any interaction that conserves seniority.
Another key result is that the order and spacing of the J # 0 states in the j*
configuration with two unpaired particles will be exactly the same as in the /?
configuration. The more realistic situation in which the valence nucleons
occupy several j orbits, j,, j,,... in a multiparticle configuration liet, ji2,. .. J)
with n_ even, is just a generalization. By the first result, the J = 0 combination
will lie lower than one in which a pair of nucleons is coupled toJ # 0. Thus we
can generalize these conclusions and state that the ground state of even-even
nuclei will always be 0*. Moreover, since the odd J levels of | j*J) are unaffected
by a é-interaction (n even), the low-lying positive parity states should all have
even spin and should increase in energy with spin. Remarkably, in view of the
simplicity of the argument, this is an almost universally observed situation.

Furthermore, we noted thatin z=- two-particle configurations of identical
particles, ! Jjo7), it is the odd spin levels that are lowered. A simple generaliza-
tion using the seniority scheme shows that the lowest-lying negative parity
levels in even—even nuclei should have odd spin. This is also almost always
observed, and is known as the Talmi-Glaubman rule.

One can go even further. Consider an arbitrary shell in heavy nuclei
consisting of several states (j orbits) from one shell and one unique parity orbit
from the next shell. Recall from Fig. 3.2 that the highest normal parity / value,
I .. in each succeeding major shell increases by one. The corresponding
highest jvalueisj =1/ -1/2. (Thej=1__+1/2is the orbit brought down by
the spin orbit interaction into the next lower shell.) The next highest j is
I .. — 3/2. The unique parity orbit is the / + 1/2 coupling from the next highest

mi

shell, and so has j, .. =4, +1+12=1 +3/2. For example, in the 50-82
shell,[_, =4, so the highest normal parity orbits are the g, ., d,,, and the unique
parity orbitis h,,,. Inthe g, ~h,  configuration, our rules (see Table 4.2)
show that the J = j, +j, = 7/2 + 11/2 = 9~ state is brought lowest and the 2-is high-
lying at the unperturbed energy. In the d,,-h,,, case, the J* = 3~ is lowest. A
little thought shows that this relationship of j values is generally true for any
shell in heavy nuclei. Therefore, we can obtain, without calculation, two
general predictions. First, the lowest-spin, negative parity, two-particle state
in an even-even nucleus will be a 2- level: there is no simple spin combination
that gives a 1~ level. However, since this 2- level always results froma j = [-1/2
normal parity orbit coupled antiparallel to a j = [ + 1/2 unique parity orbit, it
will always occur rather high in energy. Therefore, the lowest-lying, low-spin,
negative parity state will be the 3-level. This prediction is borne out in nearly
allheavy even—even nondoubly magic nuclei (in closed shell nuclei two differ-
ent shells are involved in = — excitations). Examples were shown in Figs. 2.5
(#°Pb) and 2.6 (Sn). The main exceptions to all these predictions are them-
selves illuminating: they concern nonspherical, or deformed, nuclei in which,
to borrow terminology from a later chapter, one sometimes encounters two-
quasi-particle, negative parity excitations involving a unique parity Nilsson
orbit (e.g., the low-lying 4" state in 'Er). But, as is well known, the nonspheri-
cal character of these nuclei is itself induced by a strong residual quadrupole
interaction: being an even rank tensor, it does not conserve seniority and
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therefore, a priori, one would not expect the preceding arguments to apply.

A final topic to deal with before considering more complex multiparticle
systems is the spectra of hole and particle-hole configurations, where, by the
former, we mean those of the type (j*) = (j¥*!-*). We have briefly mentioned
these in our discussion of multipole forces. Here, we obtain a few more explicit
results.

For hole states, a diagonal matrix element of any single particle operator
acting on an n-hole state | j/M) will be equal in magnitude to its value in the
n-particle system | JJIM). The sign relation will depend on the odd or even
tensor character of the operator. This is easy to see by considering all the
possible m states of the n-hole configuration. There will be n unoccupied m
states. The expectation value of a single-particle operator O, (which we
denote O for simplicity) will be the sum of its expectation values over all the

2j+1-n

particles:
<f7‘li_'l Z 0 m,-"">
i1

where m simply indicates the n-hole state, but where the calculation is carried
out over the 2j + 1 — n particles. This is clearly equal to

2j+1 2j+1
mi Yy, O|lmi)—(ml| 3 O|m]
i=1 i=2j+1-n

that is, equal to the sum over the entire shell minus that for the n missing
particles. But, we have shown above that the first term must vanish since the
closed j shell can have no preferred direction in space and, therefore

n

>0

=1

<m-" m-">:—<m,-" | m.-">

Note that the n-particle and n-hole states are not exactly equivalent. They
have different total M values. For n particles in a given j state occupying m
statesm,, m,,...m ,M_ ="YX _m,_. For nholes in the same orbit, one clearly must

have M, =-M, (e.g., 12+32= ~[5/2 + (-1/2) + (=3/2) + (=5/2)]). So the above
matrix element can be written (in simplified notation)

2j+1-n

> 0
i=1

{/,-M[O|J,~ M) =—(7M|O {JM}p

where the subscripts indicate the n-hole and n-particle configurations. Using
the Wigner Eckart theorem for a tensor operator O* of rank & gives

<J,—M[ o"|1,-M>=(- 1)"<J,M| 0¥, M>

and hence we can now relate the matrix elements of any single-particle opera-
tor in states of the same JM for n-hole and n-particle configurations:

<j—nJ Ok’j_n]>:(~1)k+l<jn.] Ok

j"J> (k=0) (4.33)
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This gives the critical result that the expectation value of any odd tensor single-
particle operator (e.g., magnetic moment) in an n-kole state is the same as the
corresponding n-particle expectation value, while for even rank tensors (e.g.,
quadrupole moment), the two expectation values are the negatives of cach
other.

In Chapter 5 we shall encounter more general results of this special case.
This has immediate consequences of great importance. It implies, for ex-
ample, that magnetic moments or dipole transition rates are the same for
corresponding particle and hole configurations, while quadrupole moments or
E2 matrix elements change sign. Therefore, such matrix elements must vanish
at mid-shell. Of course, these features are well known empirically, although
they are partly obscured by configuration mixing effects.

A nice extension of this is to the interaction energies in particle-hole
configurations relative to those in particle—particle ones. Compare a
proton—neutron particle-particle configuration with a proton hole-neutron
particle configuration. The interaction is a product of proton and neutron
tensor operators. The effect of the neutron operator on the neutron wave
functions (a particle in both cases) is the same for both configurations. Only
the proton operator acts on different configurations (particle in one case, hole
in the other) and the above results for one-body operators then apply. Thus,
for an odd tensor interaction (product of odd tensor one-body operators), the
energy shifts AE(j j, J) = AE(j, j, J) while, for an even tensor interaction,
AEG ), D)= —AEG j. J). The U V dependence of a quadrupole force leading
to the up-and- down pointing parabolas for p-p (or h-h) and p-h configura-
tions in Eq. 4.30 is an example of this sign change. For the more general case
of amixed-interaction, the results are slightly more complicated and are given
by

I bn J,} AE (jpjnd ' M) (4.34)
y

Note that this gives the energy differences for different J values. The energies
themselves can have a constant additive term that is J-independent (but that
can depend on j). Thus, while Eq. 4.34, or the simpler relations for odd and
even tensor interactions, relates p~h and p-p spectra for a given jshell, it does
not relate such spectra for different j orbits in a major shell.

Since, physically, any very short-range interaction cannot give results quali-
tatively different from that of a d—function (equivalent to an odd tensor
interaction), one expects that the odd tensor result will be closer to that
observed empirically. In other words, the energies (order and spacing) will be
identical in the p-h and p-p configurations. Nevertheless, Eq. 4.34 is very
important because it is so general. It is valid for any two-body interaction in a
ji-coupling scheme. Moreover, it has a practical use from a different, empiri-
cal, point of view, Without knowing anything about the actual interaction, the
knowledge of the order and spacings in a p—p configuration allows one to
predict those in the corresponding p-h configuration. A classic example of this
is the comparison of ;*Cl,, and ,,*K,: the former is expected tobe (dmp 7m)
configuration, while the latter is (d3y2 f122) = (d7,,0,,,). The comparison is

AE(jp' I M)=3 (277 +1)
P
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included in Fig. 4.7, where the empirical “K energies were used to calculate the
level energies in ¥Cl. The agreement is excellent.

Finally, we consider the interaction energies of the (j7J) configuration
relative to those in the (*/) configuration. By arguments similar to the
preceding in the m-scheme, it is easy to show that the interaction energy for any
two-body operator in an n-hole state will be equal to that in the n-particle state

lus an additive constant. Therefore all spacings in n-hole configurations

jJy should be identical to those in the corresponding n-particle states | 7).
Note an important point analogous to a comment we stressed in regard to the
effect of closed shells on open shells in Chapter 3. Asused here, the termshell
refers to a single j shell, not a major shell consisting, generally, of several j
values. The additive constant relating n-hole to n-particle configuration need
not be independent of j. Therefore, the full set of spacings in a configuration
such as [jl"'l i ..j) will not generally equal those in ljf"j{'z. ..J}. The equal-
ity of spacings applies to each j, individually. If the realistic wave functions
contain admixtures of several j values, there is no simple general relation of
particle and hole energies.

A final point; thus far we have only discussed diagonal matrix elements
(energy shifts) due to a &-interaction, but off diagonal effects are equally
important. These, of course, give rise to the mixed wave functions character-
istic of realistic shell model calculations. Expressions for the off-diagonal
matrix elements {j, j2}6 | J,J,) are similar to Eq. 4.7, except there is now a
second 3 - j symbol involving j,, j,. The strength of a given matrix element
then depends on the angular correlation of the two particles in both initial and
final states, as well as on the radial overlaps.

It is worthwhile giving a perspective on what we have done in this chapter.
We first considered a -function residual interaction in a rather quantitative
way, for both like and unlike particles. Then, we noted the geometrical
relation of the orbits in two-body interactions. With a corresponding geomet-
rical understanding of the force between these two particles, itis then trivial to
deduce (intuitively or quantitatively) the effects of that force on the various
total angular momenta J. We did this indetail for the 8-interaction, recovering
the earlier results. We then developed the idea of 2 multipole expansion of any
central interaction that gives the needed geometrical structure, and showed
how it can be used to estimate the effects of an arbitrary two-body residual
interaction of such type. All this was carried out for two-particle configura-
tions. Now we turn to see how these results can be used for the multiparticle
case.
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MULTIPARTICLE CONFIGURATIONS

We now turn to a more systematic treatment of multiparticle (n >2) configura-
tions of valence nucleons. We have already anticipated a few results from this
discussion in Chapter 4. Without having done so, the two-particle results
would have been completely useless. We needed to understand, for example,
the result that closed shells could be ignored in considering residual interac-
tions, along with some of the results relating p-h to p—p spectra. This allowed
us to apply the two-particle discussion to the case of two valence particles or
holes relative to any closed shell. We also quoted the enormously important
conclusion that (if seniority is conserved) many predictions for | *Jy configura-
tions are identical to those for |j2J) configurations. (The requirement of
seniority conservation basically means that the other (n-2)-particles couple
pairwise to J_, =0.) Thus the two-particle results could be used for nearly all
spherical nuclei.

5.1 J Values in Multiparticle Configurations: The m Scheme

Clearly, our first task in the systematic study of multiparticle systems is to
consider which values of the total angular momenta J are permissible for an n-
particle system. The principal consideration here is, of course, the restrictions
imposed by the Pauli principle. There are several ways of approaching this
issue. The most physically transparent and easy to use is the so-called m-
scheme, to which we now turn. Let us start by working out an explicit case.
Consider three identical nucleons in a d,, orbit. They cannot couple to a
J =15/2,since such a state must have an M = 15/2 substate. The only way such
a substate can be made is by placing all three particles in m = 5/2 substates,
violating the Pauli principle. Similarly, J = 13/2 or 11/2 states are impossible
since the former would require two of the particles to be in m = 5/2 substates
and J = 11/2 would require two particles in m = 3/2 states. However, aJ =9/2
state is indeed possible since it can be formed by placing three particles in the
states jm, = 5/2,5/2, j,m, = 5/2,3/2, j,m, = 5/2, 1/2.

It is easy to see that a slight generalization of this example gives the
following result: in the configuration j* the maximum angular momentum is
given by n

]max:nj— Z (k'— 1) :nj—n——~(n 1)
k=2 2
109
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Table 5.1. m scheme for the configuration |(7/2)21)*

j=1 J,=112

m, m, M J
" 5P 6|

mn 3R 5

" 172 4

m"n -1 3 6
mn 312 2

mn -5n 1

" - 0

52 3n 4]

5n 12 3

5n -1 2 4
51 -3n 1

5n -5n 0

3R 12 27

3n -1 1 2
3R -3n 0]

12 -1 0] 0

*Only positive total M values are shown, the table is symmetric for M < 0.

For the (d,,)* case just discussed, this gives J__ = 3j -3 = 9/2.

Thus, we see an example of how a consideration of the possible m substate
occupations can give information on permissible total angular momenta J.
Basically, the m-scheme is a systematic set of procedures for doing this in a
general case.

The m-scheme is best described with a detailed example. Earlier we
showed that only even J values were allowed in the j* configuration of identical
nucleons. This was argued in terms of the symmetry properties of spherical
harmonics. However, it can also be seen by inspecting the possible magnetic
substates. Table 5.1 summarizes the allowed magnetic substates for a two-
particle configuration (7/2)%. (Actually, the M <0 cases are omitted since they
are completely symmetric to the M > 0 cases.) We construct such a table
starting with the highest magnetic substate for particle 1 and list all of the
possible substates for particle 2 allowed by the Pauli principle, then carrying
out the same procedure for the next lower magnetic substate (in this case 5/2)
for the first particle. Itis necessary to recall that the two nucleons are indistin-
guishable so a combination 5/2, 7/2, for example, is not allowed, since the 7/2
and 5/2 combination has already beenlisted. Continuing in this way, we obtain
all of the possible m values for the two—particle system. Since a given total
angular momentum J must have magnetic substates M =J, J - 1,..—(/ - 1), -J,
it is now trivial to deduce the possible final J values using the table. In the
present example, there must be a J = 6 state, since there is a M = 6 configura-
tion. This J = 6 state has magnetic substates M =6, 5, 4, 3, 2, 1, 0, and the
corresponding negative values. Thus the top seven magnetic substates listed in
the table must be used up for this single / = 6 state. There is no M =S magnetic
substate left over and thus there cannot be a J = § state. There can, however,
be a J = 4 configuration that consumes the M =4, 3,2, 1, 0 magnetic substates
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Table 5.2. m scheme for the configuration |(5/2)7)

ji=51 j,=52 j,=5R M J
m, m, m,

51 3R 12 9/2]

52 3R 12 mnl L,

52 3n -3n sl

51 3R ) 372

51 172 -1 51

5P 12 -3n 3| &—sn o
sn 117 -sn 172

s -1 -3n 1] €

3n 172 -1 312]

3n 17 an 1) € 32

J=912,572,32

*The full set of allowable m_combinations that give M > 0 are obtained by the conditions m, > 0, m, < m,<m,
and no two m_ values identical.

listed next in the table. By continuing this argument, one sees that there is no
J =3state, but there are aJ =2 and aJ = 0 state, thus proving in a different way
the result obtained earlier that two identical particles in the same orbit can
couple only to even total angular momenta J.

The case for (5/2)* configuration is shown in Table 5.2, which will not be
discussed in detail although the reader may go through the example and verify
the results just as we did for the (7/2)? case. Clearly, for multinucleon configu-
rations where n is large, this procedure can be lengthy. Other techniques are
available. However, the m-scheme is important because it shows in a transpar-
ent way how the physical effects of the Pauli principle arise.

We noted above that the m-scheme gives a rule for the maximum permissible
Jvalue in a j* configuration of identical particles very simply. It also gives, in an
equally simple way, the result that a j* configuration can never have a state with
J =17 .- 1. We will show this only for the case of two particles, but the
generalization is straightforward. (Although the following considerations are
general, reference to the specific example in Table 5.1 will clarify the argu-
ments.) The maximum J in a j* configurationisJ_, =2j-1. Astate J=J -1
would have (if it existed) J = 2(j— 1). One value of M =J___ -1 must be used
forthe J=J__ state. Therefore, in order to have astate withJ=J__~1=2(j - 1),
there must be a second permissible M =J__ -1 = 2(j - 1) state. This cannot
involve a particle in an m = j state, since that state is already consumed for the
J =J_. level. Therefore, the only way to make another magnetic substate
M =2(j - 1) is to have two particles with m = j — 1. But this violates the Pauli
principle, and therefore is impossible, proving that aJ =J__ - 1 state never
exists in a j* configuration. As noted, this can be generalized to the j~
configuration.

5.2 Cocfficients of Fractional Parentage (CFP)

Now that we have a feeling for those J values that can be obtained for any
multiparticle configuration, we can discuss the effects of various interactions
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on the energies of such J states and dynamic matrix elements involving such
configurations.

Clearly, when considerations such as those discussed in Chapter 4 are
attempted for multiparticle configurations, the situation rapidly becomes
much more complex. To see this in a simple example, consider a (d,,)*
configuration of identical nucleons. A J = 5/2 state can be made in three
distinct ways by first coupling two particles to an intermediate J' =0, 2, 4:

| (@,97=0.7=%]

@,)97=2.7=%)]

S I%!

NA

and

(1]

)%

However, the (5/2)* configuration has only one J = 5/2 state (see Table 5.2). Its
wave function must therefore be a totally antisymmetric linear combination of
these three basis states. The normalized coefficients in this linear combination
are called coefficients of fractional parentage (CFP): their squares give the
probability that a given final state is constructed from a specific “parent”
configuration—in this case, a two-particle state. The relative magnitudes of
the three CFP’s for the (d,,)’ configuration are not arbitrary, but are given by
certain angular momentum coupling coefficients. CFP coefficients can be
constructed not only for three-particle configurations, but for any n.

Unfortunately, the complexity of the possible couplings makes the notation
for the coefficients rather complex and this has deterred many nuclear physi-
cists from delving into the subject; the formalism can be terrifying. Formal
textbooks can be filled with page after page of long, daunting expressions in-
volving sequences of CFP coefficients, angular momentum coefficients, sum-
mations over them, and the like. Here, we attempt to cut through much of this
by summarizing some of the essential results and their motivations with a few
simple examples. This is not entirely satisfactory, since it deprives the reader
of an appreciation of the beauty and power of the formalism. Moreover, as the
author can personally attest, while a simple presentation of the final results
saves the reader from the tedium of struggling through their derivation, it also
confers on them an element of mystery—the reader is left with a sense of
wonder at how one can start with such general interactions and general
configurations and end up with very simple final results. He or she may glance
back over the imposing derivations in the hopes of seeing where some simpli-
fying assumption or some restrictive case has been invoked. The real power
and beauty of the method, however, is that such assumptions are usually not
required: very general results that enormously simplify the treatment of many-
particle shell model configurations can often be obtained.

In any case, we will introduce the formal notation for CFP coefficients, but
will avoid their manipulation as much as possible. We will derive one simple
result thatillustrates their power and economy.
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Consider a configuration of identical nucleons in equivalent orbits, the
joJM state (a specifies any additional quantum numbers needed to describe
the states). This n-particle state can be written in terms of (n-2)-particle wave
functions by using the two-particle CFP coefficients (there are also analo-
gously defined one-particle CFP coefficients). The CFP is denoted

<j”J{ |72(72) j""2(1n~2)1>
and determines, as in the preceding three-particie case, the probability that the
wave function | j~/M) can be written in terms of the (n-2)-particle configuration
| j4J_,M, ,)) coupled to a two-particle configuration | JA,M,). The defining
equation is therefore

If"JM>=UZ ("1 {17202 2 Una) P Ui 2 Un2)I M) (5.1)

Clearly, then,
Y (CFP)y=1
J2Jdn-2

We can see how the concept of CFP coefficients and the parentage of n-
particle configurations is useful. Consider a configuration | 77> and ask what
the energy shifts, AE(7%/), are for each final J value for an arbitrary interaction.
(Note that, as usual, we drop the magnetic quantum numbers to simplify the
notation.) First, we note that, since the particles are indistinguishable, the tozal
interaction energy in any final state J is given simply by the interaction energy
for any pair of nucleons (say, particles 1 and 2) times the total number of
possible pairs n(n — 1)/2. However, the two-particle matrix eclement V, can
only depend on J,, and not on the way in which J, is coupled with J_, for the
other n-2 nucleons to give the finalJ. The total interaction energy for particles
1 and 2 is just the sum of the interaction energies for each two-particle angular
momentum J, multiplied by the probability of each J, in the state |7y, We
denote this probability W(j*/J,). Thus, we can immediately write the interac-
tion energy from particles 1 and 2 in the state | i) as:

<j"J SV j"J>: W ("3 02)(i 2| Vial°02) (52)
I2

i>j
where the W coefficient is the sum of the squares of the CFP coefficients for a
given J, over all possible values J_,. Thatis,

W(j"112)= % <j"]{ |72(72) ;""Z(J,,_z)1>[2 (53)

In-2

The interesting point here is that there are in general fewer values of J, than

there are of J. For example, in the (7/2)° configuration, J can be 15/2, 11/2,

972,712,512, 3/2 while (7/2)* can only couple to J, =0, 2,4, and 6. Thus, by Eq.

5.2, the six energies of the configuration jJ are given in terms of the four
matrix elements

(Paval?s),  1=02,46
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Fig. 5.1. Comparison of the low-lying empirical levels of 'V with calculations obtained by
coupling an{,, protonto an (f, )2 two-particle configuration (right) and by coupling an f,, proton
to the empirical levels of *°Ti. (See deShalit, 1974.)

The beauty of this is that these matrix elements are usually easy to calculate
for aknown interaction and, even when the interaction is not known, empirical
values for them can be obtained from the neighboring even-cven nucleus
(withn=2). This can then be used to calculate the energy levels of the adjacent
odd mass nucleus.

We have discussed the (7/2)° example here because it is treated in detail in
de Shalit and Feshbach, where the low-lying (f,,)* energy levels of 'V are
calculated in terms of the empirically known (f,,)* levels of *Ti (0":0, 2:1.55,
4+:2.68, 6*: 3.2 MeV). The results are shown in Fig. 5.1; the agreement is
remarkably good for such a simple approach. Note once again that nowhere in
this discussion has any aspect of the interaction been specified, except to
assume that it is two-body only. We could also have calculated 3V with the
same formulas using a §-function interaction to simulate **Ti, that is, to define
the (f,,)* matrix clements. Normalizing the 8-function strength to the 0°-6°
spacing in *Ti gives calculated *Ti cnergies of 070, 272.68, 4*:3.0, and 6°:3.2
MeV. Thesc have a different distribution than the empirical levels and, when
applied to 'V, give the fit on the right of Fig. 5.1. Clearly, this approach is not
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nearly as successful. The point is that the empirical *Ti spectrum automatically
includes all relevant interactions in the (f,,)? system. The CFP techniques
relate this directly to 'V, independent of a knowledge or guess of the interac-
tion. Thus, an understanding of the makeup of an n-particle configuration in
terms of its (n-2)-particle structure can greatly simplify the treatment of
nuclear spectra in complex systems. The present results can be generalized to
n > 3, and provide comparable, and even greater, simplifications.

5.3 Multiparticle Configurations j*: The Seniority Scheme

When there are numerous particles outside closed shells, they can enter
different shell model orbits. For example, in ,*Zr_, the nine valence neutrons
might be in a configuration (d,,)° (g,,)>. Here, the d,, shell is filled and the ear-
lier arguments on the effect of closed shells on the values of AE( j*1*! j~.J) tell
us that the d,, orbit can be neglected, so this configuration is equivalent to
(g,,)°. Now, consider *Zr. In this case, the lowest expected configuration
would be (d,,))°. By the particle-hole equivalency discussed earlier, this is
exactly equivalent to a single neutron in the d,, orbit, leading to a one-state
configuration with J =j = 5/2 and, indeed, the ground state of *Zr is 5/2*,
However, onc could also imagine excited states in *Zr of the form (d,,)* (g,, )~
Normally, at least near closed shells, such configurations are rather high-lying
excited states: our primary interest is usually in the lowest-lying levels in which
as many particles as possible are packed into the lowest accessible j value.
Thus, at least in simple shell model treatments, one is frequently interested in
j* configurations. Moreover, even though realistic shell model calculations will
often involve important components coupling two j values, an understanding
of the single j case greatly helps to interpret and even anticipate such calcula-
tions. So far, we have ignored the possibility of both valence protons and neu-
trons. This clearly complicates the situation, as seenin the discussion earlier of
the é-function interaction for p—n systems. Moreover, as we shall see later,
once one has nucleons of both types outside of closed shells, collective effects
rapidly accumulate and other models provide alternate, and often better,
approaches. Therefore, it is appropriate to again stress the j* configuration of
identical nucleons. Despite this restriction, the following considerations have
extremely wide applicability.

The tendency of particles to pair to J = 0* leads to a scheme in which this
property is explicitly recognized and exploited. Consider the j* configuration.
We ask what is the smallest value of n that can produce a given J value.
Denoting this value by v, it is clear that there can be no particles coupled in
pairs to J = 0 in the configuration j*J. (Otherwise, a j*? configuration would
have aspinJ/.) Such a state is then said to have seniority v. From a configuration
J*** we can make a state of the same spin J by coupling one pair of particles to
J = 0. This state is also said to have seniority v. Physically, v is simply the
number of unpaired particles in a state of angular momentum J in the
configuration j*. The number of paired particles is (n — v) and the number of
such pairs is (n - v)/2. For v = 0, all particles are paired and J = 0.

Let us further illustrate this concept with a simple example. Consider the
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(£,,)* configuration. From the m-scheme and the simple formula derived
earlier, J__ = 4j - 4(3)/2 = 8. This state can only be made by maximizing the
alignment of all j = 7/2 angular momenta as allowed by the Pauli principle. The
J = 8 state therefore has seniority 4; there are no particles coupled in pairs to
J=0. Onthe other hand, /=2, 4, and 6 states can be made by first coupling one
pair of particles to J = 0 and then using the remaining | (7/2)2) configuration to
produce angular momenta of 2, 4, or 6. Such states have seniority v =2. Finally,
the J = 0 state of the (f,,)* configuration obviously has seniority 0, that is, all
particles are coupled in pairs to J = 0. (Note that there may be otherJ = 0, 2,
4, 6 states of the (f,)* configuration, all with v = 4.) What we have shown is that
J=0,2,4,6states of v=0 or v =2 can be constructed.

The seniority concept is important for several reasons. First, it leads to
many simple, powerful results under very general conditions. For example,
various interactions and matrix elements can be classified in terms of whether
or not they conserve seniority. As will be seen, they have very different
properties as the number of particles in a shell increases. Secondly, and
perhaps most importantly, it seems that many realistic residual interactions
conserve seniority, so this scheme gives reasonable predictions for actual
nuclei. Itisimpossible within the scope or philosophy of this book to derive all
the results of the seniority scheme without adding an undesirable complexity.
Such derivations are available in many detailed textbooks on the shell model.
The complexity of these derivations often tends to obscure some of the simple
ideas lying behind them. It is these ideas that we wish to emphasize here. We
will derive or motivate a few crucial results; the others can be obtained by
analogous, though more tedious, manipulations.

Perhaps the most important ingredient in understanding the results of the
seniority scheme is the following: consider the j 2 configuration and the matrix
element of any odd tensor interaction. (The introduction of the concept of
tensors and their rank here should not be intimidating. The spherical harmon-
ics of order k, Y, simply form the 2k + 1 components of a tensor of rank k. An
example of an odd rank tensor is the magnetic dipole operator. The quad-
rupole operator is an even rank tensor. As commented eariler, the é-function
interaction is equivalent to an odd-tensor interaction.)

For the case of a one-body odd-tensor operator acting in the /2 configuration

<jZJ| 04 j21=0>=O (5.4)

The proof of this is trivial. We recall thatin the two-particle configuration only
even J values are allowed. Therefore, J on the left side must be even and, by
conservation of angular momentum, there is no way thatJ = 0 can be coupled
to an even J by an operator carrying odd multipolarity.

Equation 5.4 simply states that a// matrix elements of one-body odd-tensor
operators vanish in the j? configuration. This includes the J = 0 case. Odd
tensor operators cannot “break” a J = 0 coupled pair, nor can they contribute
a diagonal “moment.” The significance of this simple equation cannot be
overemphasized.

In many-particle systems, it has three enormously important consequences.
For such configurations, one-body operators are normally expressed in terms
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of sums over operators acting on each particle. A one-body odd-tensor
operator acting in a j* configuration is given by U* = "X_U*. Since an odd
tensor operator cannot change any | 727 =0) pair to one withJ #0 (J even), odd
tensor operators must conserve seniority. Equation 5.4 shows that there is no
contribution to U* from such pairs of particles coupled to J = 0. Thus matrix
elements of one-body odd-tensor operators in j* configurations with seniority
v, can be reduced to those in the j* configuration. Moreover, they are inde-
pendent of n (for n 2 v).

These results follow so trivially from Eq. 5.4 that the preceding comments
essentially constitute a derivation. However, they are so important and basic
that it is worthwhile to go through the arguments more explicitly. Consider a
matrix element such as v/’ | "z Uk |jJ). Since v < n, the left side can be
rewritten in terms of wave functions of the configuration | F2INRAT = 0)J)
and similarly for the right side. For simplicity, we take the particles thus
separated off as the (n~1)th and nth particles. Application of Eq. 5.4 to these
two particles contributes nothing to the overall matrix element, and we can
replace the operator "X_ U} with*?Z_ U extending over n-2 particles. Since
the matrix element is now independent of the last two particles, we can
integrate over them. Since they are in the same state | 27 = 0), this integral is
unity by orthogonality. If (n—v) > 4, we can repeat this procedure for another
pair of particles. We continue this procedure for any even v until we are
dealing with an operator *X_ U* acting on the states |7y and |j*J"). Thus we

n v
<j"v1' 3 Uf j"v1>=<j”v1' 3 Ut j"vJ> (5.5)
i=1 i=1
which shows both the reduction of a matrix element in the j* configuration to
one in j* and the independence of n.

The other result, conservation of seniority, is equally obtainable. Suppose
the two wave functions in the above matrix element have different seniorities
v, v/ < n. There is some point in the successive reduction (the successive
peeling off of pairs of particles) where an overlap integral over the wave
functions |j2J = 0) and |j2] # 0) appears. Clearly, by orthogonality, this
vanishes. To reiterate, we have the absolutely critical results:

¢ (Odd-tensor single-particle operators conserve seniority in j* configura-
tions.

o The matrix elements of odd-tensor single-particle operators in j* configu-
rations in the seniority scheme can be reduced to ones in the j* configura-
tion.

» These matrix elements are independent of n.

These rather abstract results have many practical applications. They imply,
for example, that the magnetic moment of the 7/2- state of an (f,,)* configura-
tion is identical to that in the single particle f,, configuration: in general,
magnetic moments in odd mass nuclei where the valence particles occupy a
given j orbit should be independent of the {odd) number of valence nucleons.
Similar arguments cannot be applied to even tensor opcrators like the quad-
rupole operator. It turns out that these operators arc not diagonal in the
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seniority scheme, but rather connect states with seniorities v and v £ 2. Using
arguments such as these, it is therefore clear why M1 transitions in even mass
nuclei are rare—they can only connect states of the same seniority—while E2
transitions dominate even in near-closed shell nuclei. Therefore this domi-
nance is not necessarily a demonstration of collectivity, but a reflection of the
seniority structure of low-lying states in | jJ) configurations.

Thus far in our discussion of seniority, we have considered single-particle
operators representing moments or transitions. Equally important are two-
body interactions, which can be either diagonal or nondiagonal. Both are
important, although we will emphasize the former since they determine the
contribution of residual interactions to level energies. A key example is the &
function interaction. Clearly, interactions can be written as products of single-
particle operators. We saw an example of this earlier in discussing multipole
expansions of arbitrary interactions. We now turn to consider the properties of
various interactions in the seniority scheme.

Consider an arbitrary odd-tensor iwo-body interaction V,. This can be
taken as a product of one-body operators, £ f** As with one-body
operators, it is extremely useful to be able to relate the two-body interaction
matrix clements of seniority v states in the /* configuration (n even) to the
matrix elements in a j* configuration. Deriving this desired result is trivial.
Consider the matrix element (a subscripted & labels particles, not rank)

<j"v al|Y Valj"v a’J>

i<k

where the sum is over the n-particles, and where ¢ and o denote any addi-
tional quantum numbers needed. Since the states have seniority v {even),
there are (n—v) particles paired off toJ = 0. By the same reasoning that led to
Eq. 54, the terms in "%, _, V, that act on these particles cannot change their
coupling. All that this part of the sum can do is contribute a diagonal matrix
element of the form (2J = 0| Ve | #J =0). But this is just the lowering of the 0*
energy in a j° two-particle configuration. We define this energy lowering by V.
The sum contributes this for each such (J = 0)-coupled pair, of which there are
(n-v)/2. Having thus separated off these particles, we are left with a sum over
v particles of the same interaction. Thus, we obtain,

<j"v al|Y Vilj"v a'J>=<j"v al|y Vi

i<k i<k
This interaction matrix element may be either diagonal or nondiagonal (in ),
but it cannot change v since it is of odd tensor character. In either case, it is of
absolutely central importance in nuclear spectroscopy. As with the case of
one-body odd-tensor operators, we have an equation relating matrix elements
of a two-body interaction in the j* configuration to those in the j* configuration.
Here, however, these matrix elements are not constant across a shell, but linear
in (n —v)/2, the number of nucleons paired off to J = 0. Such matrix elements
peak at midshell. This feature is sometimes known as the pairing property.
To understand other important implications of this, let us first consider

j'v a’]>+”—;v— Vobaer (5.6)
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diagonal matrix elements where a = ¢. The second term on the rightin Eq. 5.6
is simply the number of pairs of particles coupled to J = 0 multiplied by the
interaction energy, V,, for each pair. Recalling that we are dealing with
attractive residual interactions (larger matrix elements imply lower-lying
states), then states with lower seniority v will lie lower in energy. The v =10
states, which must have J* = 0%, will lic lowest. Immediately, this accounts for
the well-known empirical property that the ground states of (spherical)
even—even nuclei all have J* = 0%,

Similarly for odd mass spherical nuclei, the ground state will usually be a
v = 1,J = state in which all but one nucleon is paired off in | 27 = 0) combina-
tions.

It is worthwhile to explicitly write Eq. 5.6 for a j* configurationin the v =0,
J=0,and v = 1,J =j states. For both situations the first term vanishes since
there cannot be a two-body interaction in a j**° (no particle) or j*! (one
particle) system. Therefore, the energies are given by the second term:

n
<j"J=O S Vi j"J=0>=121 Vo  (neven,v=0) (5.7)
i<k
n
<j"]=j > Vi ]'"J=j>=n—§—1—V0 (nodd,v=1) (5.8)
i<k

These equations simply state that the ground state energies in the respective
systems depend solely on the numbers of pairs of particles coupled toJ =0. In
the odd particle case, the unpaired nucleon is, from this point of view, just a
spectator. Indeed, as de Shalit and Feshbach emphasize, the nuclear force
effectively measures the number of pairs of particles coupled to J =0, at least
insofar as it can be approximated by odd tensor interactions.

One of the most crucial uses of Eqgs. 5.6 and 5.7 concerns the energies of
seniority v =2 states (the following argument applies to higher seniority states
as well, but these are less often identified experimentally). Let us consider the
energy difference E(j*v = 2,J) ~ E(j"v = 0,J = 0). Simplifying the notation by
denoting the interaction by V, Eq. 5.6 and 5.7 give

E(j"v=2J)-E("v :O,J:O):<j21| v|j21>+"_;2~_ Vo-Vy

=(%9|V]i*7)- Vo 5.9)

Therefore, the energies of the v = 2 states are independent of n. Let us also
calculate the spacings within the v = 2 configuration. These are given by

E (]-n,v :2,])_ E (j",v :2,]’):[<j2'][ Vlj21> +ﬂ_—2;2 VO]

[Pyt
:<j J|V]j J>—<] I >

=E (jz,v :2,1)— E (jz, y :2,1') (5.10)
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Fig. 5.2. Tllustration of the constancy of seniority v = 2 levels in j* configurations.

Thus, all energy differences of seniority v = 0 and v = 2 states in the n-particie
configuration are identical to those in the two-particle system and are inde-
pendent of n. This is illustrated in Fig. 5.2. This result is crucial because its
absence would make it virtually impossible to apply the shell model in a simple
way to nuclei other than thosc within one or two nucleons of closed shells.
Indeed, this result was anticipated in the previous chapter in arguing that the
shell model has broad applicability. The low-lying levels of good seniority in a
j* configuration are independent of n. In practice, more than one orbit j will be
occupied by the valence nuclecons. Nevertheless, the present result can be
approximately gencralized if one writes the wave function in the schematic

form
y/:Z oa‘]'i" i>

In fact, the incorporation of such two-body configuration mixing is essentially
equivalent to a modification of the intcraction itself, and thus Eq. 5.6 is widely
applicable. The Sn nuclei (sce Fig. 2.6) provide a classic example of Eq. 5.10
and its generalization to the multi-j case: the entire known set of v =2 levels,
J =0 2% 4%, 6% is virtually constant across an entire major shell. The Ca
isotopes (Fig. 2.3) provide another example that will be discussed later.

To recapitulate, for the matrix clements of odd-tensor operators and inter-
actions between states of good seniority in f* configurations:

o Onec-body matrix elements (¢.g., dipole moments) are

independent of n and thercfore constant across a j shell. (5.11)
¢ Two-body interactions arc linear in the number of

paired particles, (n - v)/2, pcaking at midshell. (5.12)
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It is possible to derive analogous results for even-tensor operators and
interactions. The derivations involve the manipulation of, and recursion
relations for, CFP coefficients. These are tedious but straightforward. We will
cite two important results. Once again, we look first at one-body operators.
As noted, even-tensor operators do not necessarily conserve seniority and can
link states with Av = +2. The expression for such matrix elements is given by:

n . 1
<j"vaJ 3 Ut j”v—2,a’1’>{ (n—v+2)(2]+3~n—v)J2
3 uf

i=1 2(2j+3—2v)
><<va al j“v—2,a’J’> (5.13)
i=1

Once again, the power of the seniority scheme allows us to link matrix
elements in the configuration j* to those in the configuration j*. The square of
Eq. 5.13 gives the behavior of the transition rates induced by the operator
throughout a shell. For large j and n (j, n >> v), this transition probability goes
as (f(1 - ) where f = n/(2j + 1) is the fractional filling of the shell. This
expression at first increases as f, then flattens out, peaking at midshell. More-
over, it is clearly symmetric about the midshell point. Probably the most
common and important application of this concerns E2 transition rates in-
duced by the operator Q = r*Y,. The important quantity (2;! Q| |01+)2 is
proportional to the E2 transition rate from the first 2* state to the ground state
in an even-even nucleus, and can be written for the j* configuration as
[assuming the 2,7(0,*) state has v = 2(v = 0)]:

2j+1-n
(j”]:ZIHQHj"JzO{)Z [ 2 )}< J=2 “QH] J= 01> (5.14)
2 (2 )

For shells that are not too filled, so that (2j + 1) >> n, this becomes
(7=21]| Q]| I=0i~A(1=2i]] Q]| j* =0%)’ (5.15)
That is, in the j* configuration, the B(E2) value, defined as
B(E2: J;-%Jf)— ( )

is just proportional to the number of partlcles n in the shell, for smali n. For
large n, n — 2j + 1, it falls off, vanishing, as it must, at the closed shell. For
j, n>>2, we see that, as given in the general case above,

B(E2:2+1-—>0+1)o<n(1 n) ) (5.16)

This behavior is commonly observed in real nuclei, with B(E2:2,* — 0,*)
values rising to midshell and falling thereafter. Data beautifully illustrating
this are shown for the Z =50 to 82, N = 82 to 126 region in Fig. 5.3. (The peak
regions of the B(E2) values in Fig. 2.16 are additional examples of this in
condensed form.) In part, this behavior is due to coherent effects involving
single-particle configuration mixing of different j values in the wave functions
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Fig. 5.3. Saturation of empirical B(E2} valuesin the rare carth region that illustrates Egs. 5.13 and
5.16. The numbers on each line give the neutron number.

for each particle, but the overall behavior still reflects a generalization of this
simple result for the seniority scheme.

For transitions induced by even-tensor operators of rank & > 0 that do not
change seniority, the expression corresponding to Eq. 5.13 is

n . v

<j"v || UKl a’J’>:(_——————2]+1 _2'1)<j"v ad|| S UH| a'J’> (5.17)
i=1 2]+ 1-2v i-1

This equation again expresses an n-particle matrix element for states of
seniority v in terms of the v-particle matrix element. It has an interesting
behavior as a function of #, as given by the factor outside the matrix element.
In terms of f (the fractional filling of the shell), the numerator behaves simply
as (1 -2f). 1t therefore has opposite signs in the first and second halves of the
shell and hence must vanish identically at midshell. This is, of course, an
extremely important result, indicating that, for example, quadrupole moments
of j* configurations in even—even nuclei change sign in midshell. The generali-
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zation to many-j shells suggests that such moments should have opposite signs
at the beginning and end of major shells. Although the trends inrealistic cases
are complicated by the different j shell degeneracies, this qualitative feature is
a well-known empirical characteristic of heavy nuclei, and it contrasts mark-
edly with that for odd-tensor operators that are independent of n (see Eq. 5.5).

We shall see another important application of Eq. 5.17 in our discussion of
the p—n interaction in Chapter 6. Moreover, the decrease toward midshell and
symmetry about that point will see important refiections even in deformed
nuclei (systematics of 8: Fig. 6.11, p. 164) where seniority is strongly broken.

Finally, we turn to two-body interactions for even-tensor operators. Some
of these interactions can change seniority, connecting states with v and v - 2.
For this case, the result is trivial to derive. An even-tensor two-body interac-
tion connecting states with seniorities v and v — 2 mustbe a product of two one-
body operators—one that conserves seniority, another that connects v and
v —2. In the reduction to a matrix element in the j* configuration, the first gives
a factor identical to that in Eq. 5.17, the second gives the factor in Eq. 5.13.
Thus, their product yields the result

, 1
<j"v al i Vie ;",v_2,a11>:(2j+1—2,1)[(”—v+2)(2]+3—n— v)}z

ick 2j+1-2v 2(2j+3—2v)
<jvv al

Once again, we note the factor (2j + 1 -2n), which vanishes at midshell and has
opposite signs in the first and second halves. For j, n >> v, this interaction
energy varies across a shell as (1 - 2f) f(1 - f): at first this increases with fbut it
peaks well before the shell is one-quarter filled, tapers off, and crosses zero at
midshell; in the second half of the shell, it is symmetric to the first haif except
for a change in sign.

We will not give the general expression for seniority-conserving matrix
elements in the j* configuration since they are more complex, involving not
only matrix elements of the interaction in the j* but in the j**? configuration as
well.

Itis useful at this point to summarize some of these important results. This
is done in Fig. 5.4, which shows the behavior of both seniority conserving and
nonconserving matrix elements for one-body operators and two-body interac-
tions across a j shell under the assumption (where applicable) thatjand n are
large and much greater than v. For the v — v — 2 even-tensor case the square
of the matrix element is given since it is directly proportional to the most
common example of such behavior, B(E2: 2,* — 0,*) values. Each panel also
gives the (sometimes approximate) analytic formula.

To recapitulate: one-body odd-tensor operators (e.g., magnetic moments)
conserve seniority and are constant: one-body even-tensor operators may
change seniority, with v — v -2 transition matrix elements (e.g., B(E2: 2,*— 0,")
values) peaking at midshell, while seniority conserving matrix elements (e.g.,
quadrupole moments) vanish at midshell and are negatives of each other for

v
> Vi

i<k

j",v—2,a']> (5.18)
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Fig. 5.4. Summary of the behavior or various operators and interactions across a shell in the
seniority scheme. Note that the middle panel gives the square of the matrix element since this
corresponds to the physically interesting case of B(E2) values.

particles and holes; odd-tensor two-body interactions (e.g., -interactions)
behave as (n - v)/2 (the number of pairs of nucleons in J = 0 couplings), and
therefore peak at midshell.

Finally, to relate this discussion to an earlicr one regarding the behavior of
various matrix clements for particle configurations and the corresponding
hole configurations, we note that the results in Egs. 5.5 and 5.17 are consistent
with Eq. 4.33, derived for diagonal matrix elements of one-body operators.
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Thus far, the discussion has focused on the &-interaction. A very popular
alternative is the surface é-interaction (SDI), which, as its name implies, acts
only at the nuclear surface. It is equivalent to the angular part of the &
interaction and to the assumption that all radial integrals are equal. Though
this is a simplifying assumption, it permits an important generalization of one
of the key preceding results: for degenerate orbits, the SDI conserves seniority
in the multi-j configuration|j!j3*---,v,J). (In a single j shell the & and SDI
interactions are identical.) The SDI also has off diagonal matrix elements in
multi-j situations that give rise to mixed wave functions. These matrix ele-
ments are generally larger than for the volume &interaction: the reason is
simply that, when the interaction can occur throughout the nuclear volume,
the effect of non-complete overlap of the particle wave functions is larger.

5.4 Somc Examples

With this theoretical background, it is interesting to consider an example that
reflects some of these properties of the seniority scheme. Figure 2.3 showed
the energies of the first 2* state,E,; for the Ca isotopes as well as the
B(E2:2,* —0,*) values. ,;*Ca,, is doubly magic. The lowest orbit beyond the
closed shells is 1f,, and the ground states of the nuclei from *Ca to “Ca are
formed by adding nucleons in this orbit successively. The low-lying states in
the even Ca isotopes can then be viewed as (primarily) an (f,)" configuration.

There is an interesting theorem, which we shall not prove, that states that
any two-body interaction in the j* configuration is diagonal in the seniority
scheme, provided it is diagonal in the j? configuration, that is, if there are no
finite matrix elements connecting v = 3 with v = 1 states. Clearly, since two-
body interactions only connect states of the same J (only states of equal J can
mix), this condition is automatically satisfied for any J value that is not
common to both the |Pv = 3) and | = 1) states. This is useful because it
happens for all j values j < 7/2. Itis easy to prove this. Forj=1/2and 3/2itis
trivial: they have no v = 3 states since they become maximally filled (midshell)
atn =1 and n = 2, respectively.

We saw earlier from the m-scheme that for j = 5/2, the only allowed states in
the (5/2)° configuration are J = 9/2, 5/2, 3/2. The J = 5/2 state can clearly be
formed by coupling aj = 5/2 particle to a | (j = 5/2)2] = 0) configuration and so
has v = 1, while the J = 3/2 and 9/2 states must have v = 3.

For j =7/2 there is, again, only one state withJ = 7/2. Of course, ithasv=1
and, since there are no v = 3 states with the same J value, the above mentioned
matrix elements must vanish. Sothe preceding theorem is trivially satisfied for
all j<7/2, giving us the useful result that any two-body interaction is diagonal
in the j* scheme for j <7/2.

Note the importance of this result: since the first shell model orbit with
j 2912 is the 1g,, orbit at the upper end of the 28-50 shell (see Fig. 3.2), this
means that seniority is generally a good quantum number for j* configurations
forall nucleiwith A <80! These just happento be the nuclei where shell model
calculations are most feasible (the spaces to be diagonalized are not yet too
large). Of course, this theorem does not apply to mixed-j configurations
|it1jz27) , butit certainly shows why the seniority scheme is so important and



126 Shell Model and Residual Interactions

why seniority is often a reasonably good quantum number even in rather com-
plicated configurations.

In any case, the theorem implies that seniority must be a good quantum
number for the (f,,)" states in the Ca isotopes, independent of the interaction.
This does not mean that the interaction energies are independent of the
interaction since, as we saw, the matrix elements of these interactions depend
on their odd- or even-tensor character. Nevertheless, knowing that seniority
must be a good quantum number, we can confidently choose some reasonable
interaction and inspect the predictions of the seniority scheme. We assume
that an odd-tensor interaction is a good choice since the &-function can be
written in this form. Then, from Eq. 5.6 or, more explicitly, from Eqgs. 5.9 and
5.10, the excitation energies of the J = 2+, 4*, and 6* levels should be constant
across the Ca isotopes.

Let us inspect the data in Fig. 2.3. The yrast energies are high at *Ca and
“8Ca since both of these nuclei are doubly magic. However, **-4Ca have, as
expected, much lower 2*, energies and these are indeed relatively constant.
The B(E2) values in the Ca isotopes are also roughly consistent with the
seniority picture since they peak near midshell, although the symmetry about
midshell is not particularly evident.

The constancy of v = 2 level energies in singly magic nuclei has long been
emphasized by Talmi. His classic example is the Sn isotopes, whose energics
were shown in Fig. 2.6.

One can also use the seniority scheme to look at nuclear binding energies,
B.E.(j*), (n even) for a series of nuclei in which an orbit j is filling. These
binding energies are the absolute energies of the ‘ 7, v=0,J=0% ground states
(we assume an odd-tensor interaction). Of course, this is only the residual
interaction energy, to which must be added the n single-particle energies £,
To be slightly more general, there is one other interaction that is d1agona1 m
the seniority scheme—the trivial case of a scalar interaction. Since this is a
constant, the interaction matrix element will be equal to that constant multi-
plied by the total number of pairs of nucleons that can interact, n(n — 1)/2.
Combining these three terms, one then has for the binding energy in a j°
configuration, relative to the closed shell,

1
BE(]) nEpj+———2 (2 )B+'21 Vo (5.19)

This formula, which is valid for any interaction that is diagonal in the seniority
scheme (and therefore, for any interaction for j < 7/2) displays the well-known
parabolic behavior of nuclear masses. We note that the parameter B always
turns out to be negative: the quadratic term is always repulsive. Evidence of
this can be seen empirically from the data presented in Chapter 1, which
showed that binding energies are approximately proportional to A. If B> 0
(attractive), binding energies would increase quadratically, instead of linearly,
with A.

This is the same point we have made before, that the nonpairing, residual
interaction between like nucleons is repulsive. We can now carry this one step
further. Since the quadratic term stems from the scalar part of the interaction,
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which is obviously long range, it is the long-range component of the interaction
between like nucleons that must be repulsive.

This conclusion, based on the simple form of the binding energies in the
seniority scheme and the empirical behavior of separation energies, forces us
to conclude that deformation does not arise simply from an abundance of
valence nucleons outside closed shells, but must specifically involve both
valence protons and neutrons. We will see later how the properties of the
proton~neutron interaction can indeed lead to deformation through the ef-
fects of one-body configuration mixing.

Most of the examples of the seniority scheme so far in this chapter have
concerned even nuclei. However, the scheme is equally powerful in treating
odd mass nuclei near closed shells. We will illustrate this with a simple
calculation that is useful in considering low-lying energy levels in sequences of
odd A nuciei.

As we pointed out, the lowest state of the j configuration in an odd mass
nucleus normally has J = j and v = 1. The n-dependence of its interaction
energy is [(n—1)/2]V, where V| is the interaction energy in the J = O state of the
j configuration. For an odd-tensor interaction, the excitation energies of the
v = 3 states can be obtained from Egs. 5.6 and 5.8:

E("v=3,0)-E("v=1,J=)) |
=[(1'3: v=3,0°V|j% =3,J’)+—__(”; 3) Vo'] ~[£”; D) VO]
=(%v=3,01V|j>v=3,0)-Vo
=E(Pv=3,0)-E(’v=1,7=)) (5.20)

Thus, these excitation energies are identical to those in the f configuration and
are independent of n—that s, they are constant across a shell. Clearly this also
means that the spacings between v = 3 states are n-independent. This can of
course be seen by explicit calculation:

E(j",v:3,1')—E(j”,v:3,])
(

:H(ﬁ,v =3, V|3 v =30’ _(n-3) Vo
0

|

=E(j3,v=3,J’)~E(j3,v=3,1) (5.21)

n-3
V

[\
~— N

-( (Pv=3.]v|’v=3,1)-

In closing this discussion of multiparticle configurations, it is interesting to
take a more complicated level scheme as an example and see how far we can go
ininterpreting it by exploiting the simple results in this chapter. Consider then
the nucleus (“Nd,, with ten protons outside doubly magic **Sn (see Fig. 5.5).
Although the level scheme seems rather complex, nearly every feature can be
easily understood and, indeed, derived analytically, without any complex
calculations.
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Fig. 5.5. Low-lying levels of 1?Nd in comparison with analytic and numerical shell calculations.
(The empirical level scheme is based mainly on Wirowski, 1988.)

To start, we note that the lowest shell model orbits in the Z = 50-82 shell are
2d,, and 1g,,. There are many ways that the protons can be distributed over
the two positive parity orbits. If we assume that the splitting of states of a given
seniority v is small compared to the spacings between states of different
seniorities (we are neglecting the first term relative to the second in Eq. 5.6),
then the v =0 J =0 state will, as usual, lie lowest, by an amount V below the
v = 2 states. The v = 2 states, in turn, occur, on average, this same distance
below the v =4 states. Therefore, we can assume that all of the J # 0 low-lying
positive-parity states (J*< 67) are v = 2. Since we are dealing with (positive
parity) j values £ 7/2 we know that seniority is a good quantum number
regardless of the interaction. Since |(d,,)" v = 2) does not give a 6' state, let us
assume for simplicity that the d,, shell is filled, leaving four protons in the g, ,
orbit. By Eq. 5.6 and the preceding discussion, the J =2*,4*, 6" v =2 excitation
energies should be identical to those in a (g,,)? configuration, and as such can
be estimated theoretically using the results for a §-function interaction. We
postpone doing so for a moment until we determine how best to estimate the
absolute strength of the interaction. The next positive parity state is 8" and
must have v = 4. By our earlier arguments it should lic higher thanthe y =2
states by roughly \ v, |. The lowest-encrgy way to construct it is to couple the
two v = 2 states with J*= 6* and 2* together. Similarly, the 10* level must also
have v = 4. The easiest way to form it is by coupling the /== 6'(v = 2) and
J7 = 4+(v = 2) states.
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The negative parity states must involve the h,,,, orbit. The two lowest con-
figurations should involve eight protons coupled to J = 0 in the d,, and g,,
orbitsand an (h,,, g,,) or (h,,,d,.,) pair. The former gives spinsJ =2-—9-while
the latter yields J = 3~ — 8. From the rules developed in Chapter 4 for the
ordering of different J states in two-particle configurations under the influence
of a &interaction, we find that the 9 state should be the lowest in the
|h,,8,,/) configuration while the 3 should lie lowest in the Ih,,,d,,J) con-
figuration. Inboth cases the even-spin negative-parity states are unaffected by
the interaction. Empirically, the lowest negative parity state is indeed 3-, sug-
gesting the (h,,.d. ) assignment. The lowest 7-and 8- levels must also belong
to this multiplet (since, if they were part of the (h, g, .)(J = 2-—9°) multiplet
they would lie above the 9-). The 8- level gives the unperturbed position of the
(h,,,d,,) multiplet, and the energy difference 8 — 3~ gives the absolute scale of
the interaction strength, thus allowing us to predict (using Table 4.1) the 5-and
7- energies, as well as the spacings among the positive parity levels. TheJ=9-
state is then the lowest member of the (h,,,g,,) multiplet. (The lower-spin
members would not have been detected in experiments carried out for *Nd.)
Finally, the J* = 10~ and 11- states cannot arise from either (h, g ) or
(h,,,d,,) couplings. Since, empirically, the latter lies lower, a reasonable con-
figuration for the 10-level is | (h,,,d, )] = 8 ® 2*, ), -, meaning an (h,,.d )
pair coupled to J*= 8- buiit on the seniority v =2 2*level of the remaining (n-2)
particle system. The energy difference E(107) - E(8") = E»; is approximately
satisfied experimentally. The lowest 11-levels can be made either by coupling
the | h, 8.,/ =9 )state to the v = 2 2% level or the | h,,,d,.J =7 )level to the
v=24" level.

All these results are incorporated now into Fig. 5.5, where it is evident that
the agreement of this extremely simple calculation with experiment is actually
remarkably good. The ordering and energies of most of the levels are correctly
predicted analytically, in agreement with experiment, and with only three
parameters: the single-particle energy differences enyyy, — €47, and eus), — €49,
and the strength of the residual interaction. Figure 5.5 also shows an actual
detailed 10-particle diagonalization of the 2Nd level scheme, using a surface
J-interaction (which gives relative spacings, within a configuration | 717y, which
are the same as for a volume d-interaction and which is otherwise similar as
well, although different in some details) with strength 0.4 MeV and with the
single-particle energies (in MeV): &y, =0, &5, =0.7, &1y, =2.5. The
calculation also shows reasonable agreement with the empirical scheme, but
more importantly, it shows that our simple analytic interpretation is a re-
markably accurate approximation of a complex shell model diagonalization.
This kind of interpretation highlights the power of the methods we have
discussed and shows how far we can go in a relatively simple shell model
interpretation of rather complex level schemes. The principle difference in the
numerical diagonalization is that additional components, such as (d,,)* and
(d,,g,,) or even (d,,g%,), come into play. Similar analyses can be applied to
countless other nuclei (e.g., Sn) and greatly help to understand the results of
complex realistic calculations.

Improved calculations, compared to Fig. 5.5, have also been carried out.
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They allow (h,,,)? as well as (ds;,)" and (g51,)"> configurations in the positive
parity levels. The inclusion of these amplitudes mainly affects the required
h,,,, single particle energy and, of course, changes the strength of the interac-
tion needed to fit the data. The reason is easy to see from Eq. 4.10. Since the
lowering of the 0* state in a configuration |j /) is proportional to (2 + 1)/2
multiplied by the interaction strength, V,, the inclusion of (h,,,)* means that a
smaller IVO is required to maintain the same Jous— ot spacing. The extra
lowering of the 0%, level effectively raises the excitation energy of all the
others. Toregain a fit to the data for the negative parity states, a lower €nuy, is
required.

This illustrates two important points. First, the choice of effective residual
interaction, single-particle energies and the shell model space are intimately
linked. One should be wary of conclusions regarding any of these if there is not
supporting evidence for the choices concerning the others. Secondly, despite
the beauty of analyticity, a realistic treatment of complex nuclei still requires
detailed explicit calculations if really quantitative results are desired.

Finally, note that we have completely ignored core excitations of the pro-
tons or neutrons. These can be significant and their effects can vary signifi-
cantly for different states. In particular, even in singly magic nuclei (e.g., **Nd
or Sn), the lowest 2+ and 3- states are often rather “collective” with a number
of major components, including core excited particle-hole components (e.g.,
(g, h,,,) J =3 for neutrons in Nd or protons in Sn). To some average extent,
their ignored effects are mocked up by the choices of the single-particle
energies of the valence orbits and of the interaction strength. It is no wonder
that residual interactions are often called “effective interactions™ and that an
extensive theory of suchinteractions has been built up. Indeed, as discussed at
the end of Chapter 4, a number of alternates to the é-function interaction are
often used. Often, these are more structured, finite-range, interactions such as
Gaussian forms. Various so-called Skyrme interactions are also popular, as are
interactions defined explicitly in terms of sets of two-body empirical matrix
elements. Itis clear from the discussion at the end of Chapter 4 that such finite-
range interactions have different (often more parabolic) J-dependencies than
the é&-function.

5.5 Pairing Correlations

In closing this chapter, we want to turn to another interaction, similar in many
ways to the &-interaction, which is very important in understanding the struc-
ture of heavy nuclei. We saw in Chapter 1 that proton and neutron separation
energies exhibited an odd-even effect, indicating an extra binding in the 0*
ground states of even—even nuclei. We have also seen that the -function force
acting on two identical nucleons in equivalent orbits produces a strong lower-
ing of the J = 0* state. This behavior is typical of any very short-range
interaction and is a direct consequence of the Pauli principle, which allows
such interactions to affect only spatially symmetric wave functions. Although
the &-function force is particularly easy to deal with (and has specific tensor
propertics that imply conservation of s¢niority), it has become traditional in
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heavy nuclei to describe such behavior more directly in terms of the so-called
pairing interaction. This is defined (see Eq. 4.20) to be an attractive interaction
acting only on two identical particles in total angular momentum 0+ states.
States with J*# 0* are unaffected. A comparison of the pairing interaction with
a 8-function interaction for an (f,,,)? configuration was shown in Fig. 4.13. The
sequence of energy levels for the &-functioninteraction is the familiar result we
have been studying and simply reflects the properties of the 3 -jsymbol in Eq.
4.10. The pairing force presents a similar overall pattern but with a degenerate
multiplet of J* # 0* states at the unperturbed energy. As we have seen,
inspection of the empirical level schemes of two-particle states in singly magic
nuclei such as 2°Po, 2°Pb, **Te (Fig. 4.5), and many others, shows that the &
interaction reproduces empirical spectra much more accurately. Even for
multiparticle (but still singly magic) cases, such as the Sn isotopes, the &
function provides a more realistic interpretation (see Fig. 2.6). Nonetheless, it
has become nearly universal practice to invoke a pairing interaction and to
refer to the lowering of the 0* state as a pairing effect. (Indeed, we already
referred to the second termin Eq. 5.6 as the “pairing property” in analogy with
the effect of the pairing force.) Part of the appeal of the pairing force is the ease
with which it can be extended to multiparticle systems, where it leads to the
desired result of 0* ground states in even—even nuclei without the need for the
seniority apparatus and angular momentum algebra we have discussed.

There are a number of experimental facts that motivate the introduction of
a pairing force and the concept of pairing correlations. We have mentioned
some, but it is useful to summarize them here. The best known is the simple
fact that the ground state of all even—even nuclei has J*=0*. A related pointis
that this 0* state is normally far below other noncollective intrinsic states. This
is the so-called pairing gap.

Perhaps the most direct evidence for a pairing interaction is the so-called
odd-even mass difference. This simply refers to the fact that when nucleons
are added to a nucleus, the gain in binding energy is greater when an even-even
nucleusis formed than when the neighboring odd mass nucleus is formed. This
empirical fact can be inferred from the data of Figs. 1.2 and 1.3 by comparing
the absolute values of S(n) or S(p) for adjacent odd and even nuclei. An extra
attractive interaction that couples pairs of like-nucleons together can accom-
modate this fact, and indeed, the separation energy data suggest a strength for
the pairing interaction of ~1-2 MeV.

There are three other features that can be seen, at least in retrospect, as
clearly pointing to the need for a pairing interaction. The pairing interaction
clearly favors sphericity since it favors the formation of pairs of particles
coupled to a total magnetic substate M = 0. Therefore, near closed shells, the
presence of a strong pairing interaction will inhibit the tendency to deform.
Instead of the smooth transition toward deformation that would normally
occur as valence nucleons are added, one typically sees, empirically, a se-
quence of more or less spherical nuclei followed by a rather rapid transition
region to deformation. Secondly, for a deformed nucleus of a given shape, it is
easy to calculate the moment of inertia. This in turn determines the spacing of
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rotational levels (see Chapter 6). Empirical moments of inertia extracted from
those energies are systematically lower than calculated in the shell model. The
inclusion of pairing correlations essentially removes the discrepancy. Finally,
the energy distribution of Nilsson orbits near the ground state in deformed odd
mass nuclei is, on average, denser than expected from the Nilsson diagram.
This will be seen to be a “compression” effect that occurs in the transformation
from particle-hole to quasi-particle energies.

The pairing interaction was defined in Chapter 4 in terms of its matrix
elements as:

(flfsz Vpairii3i41')=~ G (fl +%—)(J3 +1 )51112 isja 810 8r0

where G is the so-called strength of the pairing force and the rest of the
expression has an obvious meaning. Note that the pairing force is independent
of orbit but, since it is identical for each magnetic substate, scales for an orbit
j as (2f + 1). It is therefore stronger in high j orbits. Although G is orbit
independent, it decreases with A in heavier nuclei where the outer nucleons
are generally further apart and so spatial overlaps are likely to be less. G may
be different for protons and neutrons, being lower for the former because of
Coulomb repulsion. Commonly used prescriptions are

Gp“17 G":Z_l MeV
A A

It is frequently imagined that the pairing force is an interaction only
between two particles in the same j state, coupled with their angular momenta
antiparallel, to form a J*= 0" state. This, of course, is an important facet of the
pairing interaction. However, there is another vital ingredient that is evident
from its definition. The pairing force is equally strong for matrix elements
connecting a |2 J = 0*) state with a |j2J = 0*) state. That is, the pairing force
has nondiagonal as well as diagonal components that can “scatter” pairs of
particles from one orbit to another. Note the importance of this point. If the
force were purely diagonal, then, while J = 0* pairs would still be tightly bound,
excited states could be formed simply by raising both particles in such a pair to
the next unoccupied orbit. On average, this would require twice the energy
needed toraise a single particle from orbit j to orbit j’ in the absence of pairing.
The “energy gap” in even—even nuclei would then be only twice the average
spacing of low-lying levels in the adjacent odd nucleus and not 5 to 10 times as
large, as observed experimentally. Rather, by scattering particles from one j
orbit to another, the pairing force mixes 0* states and creates partial occupan-
cies near the Fermi surface. Hence it builds up a coherence in the pair wave
functions, which further lowers the lowest 0* state and thereby enlarges the
gap: if we picture the pairing force in a perturbation theory context, the
amplitudes for scattering a pair of particles from orbit j to orbit j* will be
proportional to the matrix element (/= 01V, %/ = 0) /(g - ;) =G/(g;~ €,).
In the absence of pairing, all levels would be occupied up to some pomt (thc
Fermi energy) while those above this energy would be completely empty. With
pairing, however, many orbits can be partially occupied. This in turn, radically
alters the concept of hole excitations, and thereby, the levels schemes of both
odd and even nuclei. We shall see all this a bit more formally when we outline
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the basic results of pairing theory. We will notderive these standard results but
will try to highlight their key effects.

To proceed, we refer to Fig. 5.6 where several quantities important in
discussing the pairing interaction are defined: the Fermi energy, denoted A;
the single-particle energies, €, with ¢, being reserved for that level closest to
the Fermi surface; and A, the so-called gap parameter, defined in terms of a
sum over orbits 7, j as

A=GY U:V; (522)
i
where the usual U and V factors arc the so-called emptiness and fullness
factors that pervade the study of heavy nuclei. They are given by:
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These equations can be solved for A, U, and V for a given set of single-particle
energies . Or, A can be estimated from empirical mass differences between
adjacent nuclei with odd and even numbers of nucleons. The behavior of V2
against the ratio (g — A)/A is shown in Fig. 5.6. We see that ¥V, - 1 for
(g, — A) << 0 and vanishes for levels far above the Fermi surface. The opposite
applies to U2 Both fall off rapidly for single-particle energies ¢, ~ A. Also, from
Egs. 5.23, V2 P =1 U? is the probability that the orbit i is empty, whereas
V2 is the probability that it is filled. Pairing smooths out the level occupancies
near the Fermi surface over a range ~A, which, in turn, is proportional to G, the
“strength” of the interaction. If there were no pairing, the Fermi surface 4
would coincide with the last filled orbit being filled and (¢, - 1) would be the
excitation energy required to excite one of the nucleonsin this last orbit to one
of the higher orbits £. In the presence of pairing, however, this single-particle
excitation energy (g — 4) is replaced by a quasi-particle energy E given by

Ei=n (e~ 1) +A° (5.24)

Thus, particles and holes are replaced by quasi-particles representing partially
filled levels, and a particle-hole excitation is replaced by the creation of one
quasi-particle and the destruction of another.

The transformation from particles to quasi-particles is of interest not only
because the pairing interaction happens to lead to partial occupancy, but
because it allows an enormous simplification in shell model calculations with
many valence nucleons. Itisbasically a transformation from a viewpoint based
on the closed shell to one based on the Fermi surface. Thus, instead of having
to deal with all possible ways of constructing each J state within a major shell,
it naturally produces a physically intuitive truncation scheme directly keyed to
the scale of excitation energies one is interested in. For low-lying states, one
needs to consider only low energy quasi-particles. In the shell model, in
contrast, a near-midshell nucleus would involve single-particle energies lying
rather high in the shell regardless of the excitation energy. Moreover, pair
scattering would give rise to extremely complex wave functions in the shell
model. In the quasi-particle picture, all the complexity due to partial pair
occupancies induced by the pairing force is effectively absorbed into the
ground state (quasi-particle vacuum) and we need only consider quasi-particle
excitations relative to the Fermi surface.

The behavior of E is interesting and has important consequences. If ¢ ~ 4,
that is, if the ith single-particle level is near the energy where the occupation
probabilities fall off rapidly, £ ~ A. This value is also clearly the minimum
value of E..

In an odd mass nucleus, however, this is not the minimum energy for an
excited state: Rather, excited levels are obtained by replacing the quasi-
particle defining the ground state by one corresponding to a different single-
particle level. Thus the excitation energy E,; for the ith quasi-particle in an
odd mass nucleus is given by
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Fig. 5.7. Effectsof pairing in odd and even nuclei. (Left) Level compression near the ground state
for odd mass nuclei. (Right) The energy gap in even—even nuclei.

Ef=Ei- Eo=nl (g~ A) +47 A (g0~ 2 +4 (5.25)

where E (g,) is the quasi-particle (single- pamcle) energy of that orbit nearest
the Fermi energy A. Thus we see that EJ; can take on arbitrarily small values.
Indeed, since all E, ~ A for (g, - 4) << A, the effect of pairing is actually to
decrease the excitation energies of the low-lying states, compressing the excita-
tion energy spectrum. Figure 5.7 shows this compression of E?, as afunction
of (¢,— 1) in units of A. At higher energies [(¢,—- &)>>A] the effect is to lower
all states by an amount ~A since E, — (g, ~- 4) and EY = E-E, ~(g-21)-A.

In even nuclei, the effect of palrmg is nearly the 0pp051te instead of a
compression of excited quasi-particle levels, there are no simple excitations
below E* = 2A. This is easy to show. The simplest excitation consists of
breaking one pair and raising a particle to the next higher orbit. Without
pairing, this is a particle-hole excitation. In the presence of pairing, it appears
as a two quasi-particle excitation, one quasi-particic being the hole left behind
and the other being the particle excitation newly created. Thus, the excitation
energy is given by

Efy=n (e~ AV + 47— (- 1) +47 (5.26)
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as well. Itis immediately clear that the minimum energy is E ¢ = 2A, giving the
famous “pairing gap” that is a nearly universal feature of even-even nuclei in
which few two quasi-particle excitations appear below ~1.5 -2 MeV. In fact,
this empirical energy gap is one way of extracting A experimentally. Asnoted,
typical values of A range from about 700 keV -1 MeV.

Although there is a large gap between the ground state of an even—-even
nucleus and the first excited two-quasi-particle state (2A), above this energy
the quasi-particle level density will be at least as large as in a neighboring odd
mass nucleus.

The energy gap and the high-level density just above it are evident in
virtually any even-even nucleus. Figures 2.5, 2.6, and 2.10 show several
examples. However, there is another very simple and elegant way of demon-
strating the pairing gap empirically without the need for in depth study of each
individual excited state. The (n, A) reaction proceeds by the capture of a
neutron of energy E_into a target nucleus, forming a residual nucleus at an en-
ergy E,=S(n) + E,. This “capture” state then decays by the emission of yrays
to low-lying levels. Each yray thereby defines an excited state by the equation
Ex =E_ - E, Under appropriate experimental conditions (See Chapter 10)
the (n, y) reaction provides an a priori guarantee of observing all final states in
certain spin and excitation energy regions. Thus, a spectrum of y-ray transi-
tions will reveal a sequence of peaks, each corresponding to a specific excited
level, and together, displaying all the excited states with certain J” values.
Because of the “completeness,” the pairing gap should be immediately identi-
fiable by a sudden increase in peak density. Figure 5.8 shows such a spectrum
for the case of ¥Pt, and includes an insert portraying the reaction process
schematically. One sees the ground state, a few low-lying excited states, and
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Fig.5.8. Spectrum of primary yrays following average resonance capture (ARC)into *°Pt. The
inset schematically illustrates the reaction process. Two peaksin the spectrum are labeled by their
y-ray energies in keV: the rightmost peak corresponds to a transition to the ground state, while
that at 6100 keV populates a state at 1823 keV. The increased level density at the pairing gap is
immediately obvious at approximately this excitation energy ( Cizewski, 1979).
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then, at £_~1.8 MeV, a dramatic increase in level density. By inspection, one
can immediately point to an approximate value for 2A.

We also note that, seemingly contrary to the preceding discussion, there are,
in fact, a few peaks below the pairing gap. We shall discuss these in consider-
able detail in later chapters. They correspond to macroscopic “collective” vi-
brations and/or rotations of the nucleus as a whole and can be viewed as
resulting from the interactions among a number of two-quasi-particle statesin
which the lowest such state is pushed down by mixing, and therefore occurs
below the energy gap.

Finally, the defining equation for A is interesting since it indicates something
about the origin of the pairing gap. Clearly A should vanish in the absence of
pairing, which the proportionality to G in the Eq. 5.22 reflects. Secondly, the
range and number of energy levels over which U and V are different from 1 and
0 increases with G, as does the sum in Eq. 5.22.

To summarize the discussion of pairing, it is an extremely important con-
tribution to the structure of medium and heavy nuclei, affecting energy levels,
pray transitton rates, particle transfer cross sections, moments of inertia, and
the microscopic structure of virtually all collective excitations. It modifies
most nuclear matrix elements. Itisalso, as we commented in Chapter 4, one of
the two ingredients in the so-called pairing-plus quadrupole (or PPQ) interac-
tion, which is a standard basis for the study of collective excitations (See
Chapter 9). We shall see the effects of pairing throughout the rest of this book.

To conclude this chapter and lead into the next part of the book we
emphasize that, despite the numerous successes of the shell model over the
years, it is apparent that it is not actually applicable for the majority of nuclei.
Even the complex ?Nd case just discussed required simplification by ignoring
the excitation of the closed proton and neutron shells. When one deals with
valence nucleons of both types, the shell model rapidly becomes intractable,
especially in the larger multi-j valence shells of heavy nuclei. Moreover, as we
shall see, such nuclei display characteristics that clearly point to nonspherical
or deformed shapes. Thus, there are better discussed in the context of
geometric (and other) models where such shapes arise naturally. We now turn
to a discussion of such models. Later we will show how the collective features
that characterize these models can, in fact, be obtained (and therefore justi-
fied) microscopically from the shell model.
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6

COLLECTIVE EXCITATIONS IN EVEN-EVEN
NUCLEI: VIBRATIONAL AND ROTATIONAL
MOTION

6.1 An Introduction to Collectivity, Configuration Mixing and Deformation

The shell model is generally considered the fundamental nuclear model.
Historically, it was the first model to have considerable, detailed success. Of
course, this is not accidental. The shell model works best for light nuclei.
Much of the crucial information on nuclear structure comes from nuclear
reactions that require the incident projectile to have energies near or above
the Coulomb barrier in order to penetrate the nucleus. This requires higher
and higher energies for heavier and heavier elements and, conscquently, most
early studies with low-energy accelerators also focused on light nuclei. The
development of nuclear models is intimately connected to the historical prog-
ress of experimental techniques.

More fundamental to the shell model’s central position in nuclear physics is
that it provides a well-defined procedure for the calculation of basic nuclear
observables. The principle ingredients needed for any given calculation are a
choice of the single-particle energy levels, of the number of these that should
be included in the space to be diagonalized, and the residual interaction to be
used. Moreover, since the shell model is the only broadly applicable micro-
scopic model available, it is the standard against which others are compared,
and it is the source and rationalization of macroscopic models. A collective
model that can be shown to be inconsistent with the shell model is discarded
with little delay.

Unfortunately, the use of the shell model is, in practice, rather severely
limited. In previous chapters we considered some simple applications, mostly
those in which the particles were confined to a single jshell. Except for very
light nuclei, however, and those very near closed shells, the valence nucleons
occupy more than one jshell. (The pairing interaction assures this if the single-
particle spacing is less than or comparable to its “spreading” parameter A.)

While shell model calculations for multi-j-configurations are certainly pos-
sible, the size of the matrices in which the residual interaction must be
diagonalized rapidly becomes enormous. For even a few valence nucleons in
several j orbits, it is easily possible to construct hundreds of states of a given J*
value. Even if such calculations are possible using high speed computers, the
results are difficult to interpret physically and the consequences of agreement
or disagreement with the data are much less intuitively informative. The
situation becomes totally intractable when more valence nucleons are added.

141
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To quote the famous example of Talmi, in ,'"*Sm,,, approximately 3 x 10* 2*
states can be constructed with protons and neutrons in the Z = 50-82 and N =
82-126 major shells. Insucha case, noshell model calculationis even remotely
feasible, nor could one even begin to understand the resultant wave functions.
Since the vast majority of nuclei fall into the many-valence nucleon category,
any advance in our understanding of nuclear structure beyond a very select
group of nuclei must depend either on some truncation of the shell model or on
the development of alternatives to it. This problem is, of course, a common
one in physics. One develops a simple model. Later, one introduces first-order
perturbations to it to refine its predictions. Further improvements involve
incorporating additional degrees of freedom, which enlarge the basis. When
the required basis becomes too large or the wave functions too complex in that
basis, one looks for a new physical picture that allows one to approach the
problem from an alternate basis.

The development of nuclear structure in medium and heavy nuclei has
followed two related paths, which we shall discuss extensively in the next three
chapters. Both involve the concept of a nonspherical shape, but one empha-
sizes the single-particle motion of nucleons in a field of that shape, while the
other stresses the macroscopic motions and excitations of a nucleus having
that shape. Ultimately, the former approach (a “deformed shell model”) can
be shown or must be shown to be the microscopic justification for the latter,
but in practical terms, the two models are often used complementarily in a
microscopic—macroscopic combination that has proved to be very powerful.
The nonspherical, or deformed, shell model approach is usually called the
Nilsson model, while the macroscopic one is a fundamentally collective model,
generally known as the collective model of Bohr and Mottelson although
many others have contributed in essential ways to it. Each of these ap-
proaches, of course, has numerous offshoots, extensions, and refinements.

The assumption of a nonspherical macroscopic nuclear shape is a phenom-
enological or ad hoc one: while the enormous successes of the collective
model, its demonstrated predictive power, and the numerous progeny it has
spawned over the last three decades leave little doubt that it aptly describes the
nuclear structure of perhaps the majority of nuclei, one is left with an uneasi-
ness about the apparent incompatibility of an independent particle picture
such as we have been discussing and the clearly collective and coherent motion
involved in macroscopic rotations and vibrations. It was a theoretical achieve-
ment of basic importance in the early 1960s when it was demonstrated that
macroscopic collectivity could indeed result from the shell model with appro-
priate and reasonable realistic residual interactions. The essence of the
method involved is the so-called random phase approximation or RPA method,
or its somewhat simpler cousin the Tamm Dancoff Approximation (TDA).
We shall discuss these two methods in some formal detail in Chapter 9.

In the last decade or so, a rather different approach to collective behavior in
nuclei has been developed. It exploits the dynamical symmetry structure of
nuclei, and utilizes powerful group theoretical techniques to obtain many
nuclear properties by simple algebraic techniques, often in analytic form.
There are many such algebraic models in use today. However, beyond a doubt,
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the most popular, successful, and widely tested to date has been the interacting
boson approximation (IBA) model of Tachello and Arima. This model will
also be discussed later in this chapter. Other algebraic models, which empha-
size the fermions (nucleons) directly, currently offer enticing initiatives that
promise to be both more general and more microscopic.

Since the shell model picture of nucleons orbiting in a spherically symmetric
central field must ultimately be relied upon for the microscopic justification of
collective behavior in nonspherical nuclear shapes, it is worthwhile to see how
this model is capable of producing nonspherical configurations. To many
students this is a mysterious point: the explanation is actually quite simple
while the confusion stems from a semantic misunderstanding. This discussion
will form at least a qualitative justification for the basic concepts of the Nilsson
model—the assumption of a deformed shell model potential-—as well as
highlight the central importance of the proton-neutron (p-n) interaction in
the development of coliectivity and deformation in nuclei. And finally, it will
help to foster an appreciation of the key role played by the distribution of
valence nucleons between protons and neutrons, as opposed to a simple
consideration of the total number of valence nucleons.

There is really nothing mysterious in the idea of generating deformed
shapes from the spherical shell model. The model is spherical in the sense of
the shape of the central potential, not the resulting shape of the nucleus. A
spherical potential allows no distinction between magnetic substates of a given
orbit, all of which are degenerate. A single-particle in a shell model orbit
occupies all such substates equally, and overall, its wave function will be
spherically symmetric. However, any mechanism that yields an unequal
occupation of m states gives a nonspherical shape. (An orbit may be circular,
but it is a circle in a specific plane and therefore gives the nucleus a “bulge” in
that plane.) Such mechanisms abound in the shell model without introducing
anything fancy (even without residual interactions). Consider, for example, a
configuration of two identical nucleons in equivalent orbits, say f(fm)zj),
outside a magic core. The 0+ ground state is spherical, of course, but let us ook
at the construction of the 2* state in terms of m substates. From Table 5.1 we
see that many possible m,, m, values, such as m, = 7/2, m, = 1/2 or m = 5/2,
m, = 3/2 give M = m_+ m,> 2 and cannot contribute to the 2* state. This state
is then formed from a nonuniform distribution of m,, m, components and must
be nonspherical. Indeed, thisis why it has a quadrupole moment (see Eq. 5.5).

A nonuniform magnetic substate distribution is in fact so characteristic of
deformation that one of the best known features of the Nilsson (deformed
shell) model is a filling of orbits based on their m values instead of their j
values. But that jumps ahead of the discussion. We must discuss how and why
j itself nay not always be a good quantum number. This is an essential point
since “configuration mixing” of single-particle j values ensures an unequal m
substate distribution and is therefore tantamount to ensuring deformation,

To do this we will show that there is a fundamental difference between the
occupation of valence orbits by like nucleons (e.g., two protons or two neu-
trons) and unlike nucleons (one proton and one neutron). Consider then, and
by way of example, a nuclcus with two valence nuclcons filling the lower part
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of the 8-20 shell in the 1d,, and 1d,, orbits, which are separated by =5 MeV.

We want to consider matrix elements that can admix d,, and d,, compo-
nents. In Chapter 4 we discussed diagonal matrix elements of short-range two-
body residual interactions. Now, we are dealing with nondiagonal ones
(although the diagonal elements still play an important role in modifying the
unperturbed energies of the states that mix). Nevertheless, the basicideais the
same: if the particles are not close to one another in the two two-particle
configurations, the matrix element will be small. The Pauli principle must also
be considered. In addition, as opposed to the diagonal case, here we also need
to consider the unperturbed (initial) energy spacing of the two configurations.
The whole issue then is just one of two-state mixing. We consider the possible
matrix elements:

<d%/21[ Vl d23/21> , <d25/21| 14 d5/2d3/2l> , <d%/21] V] d5/zd3/2]>
and concentrate on qualitative effects, ignoring complexities due to angular
momentum coupling coefficients.

For like nucleons (T = 1) the unperturbed energies of the (d,,)? and (d,,)?
configurations are =10 MeV apart. Though the individual J states of each are
lowered by the diagonal residual interaction (see Fig. 4.3 (top)), this lowering
is roughly similar in the two configurations. The spacing thus remains =10
MeV, and it is unlikely that strong mixing will occur. (Recall the pairing
discussion; A=1MeV and states are admixed only over an energy range of that
magnitude.)

The mixing is also small for matrix elements like (d%,J | V|d,d, /), since
although the unperturbed separation is now only = 5 MeV, the Pauli principle
enters in an important way. The configuration (d,,)* for like nucleons only
existsinJ =0, 2,4 states. The (d,,d,,) configuration does not exist as J = 0.
Therefore, the strongJ = Ointeraction is forfeited and we are left with only the
J=2and 4 cases. But, we can apply our geometric analysis of Chapter 4 to these
cases. For J =4, for example, the angle 8 between the two orbits in a (d,,)?
configuration is = 82°, while it is = 49° for (d,,,d,,). We can see the effect of this
if we imagine that one orbit in each configuration is fully aligned with one in
the other (the optimum case). Then, to couple these two states (that is, for a
finite matrix element), the short-range residual interaction must act over an
angular “distance” A6 = 33°. We have seen in Chapter 4 that such matrix
clements are small. Thus, in all these cases, the like nucleon configuration
mixing amplitudes will be small.

For unlike nucleons, the large energy difference (=10 MeV) between (d,,,)?
and (d,,)* configurations again leads to small mixing. However, the single
nucleon mixing induced by the (d,,%/ Vi dy,d,,J) matrix element is not neces-
sarily small. First, the spacing is only =5 MeV. Second, both configurations
existin/=1,2,3, and 4 states and, third, the angles involved favor large matrix
elements. For example, for J = 1, the angle between the two nucleons in (d, ,)*
is =152° while for (d,d,,) itis =156°. Another way of saying this is that in the
J = 1 states, the main difference between (d,,)* and (d,,d,,) is a flip of onc
intrinsic spin—the matrix clement corresponds to the strong 2§ interaction.

Therefore, we conclude that 7'=1 configurations of identical nucleons are
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not very mixed by short-range attractive residual interactions, because of the
large energy differences between such configurations, because of the conse-
quences of antisymmetrization in determining which spin states are allowed,
and because of the magnitude of the matrix elements that do exist. Incontrast,
configurations of nonidentical nucleons can be strongly admixed. Moreover,
the mixing is a single nucleon effect. Therefore, such excitations cannot be
absorbed into an effective two-body interaction. The strong admixtures of dif-
ferent single nucleon wave functions, in this case d,, and d,,, implies that the
spherical symmetry of the wave functions is lost since the resultant wave func-
tions must have nonuniform m state distributions (e.g.,(d,,)*(p-n) hasa com-
ponent M =5/2 +5/2 =5 while (d,, d,,)(p-n) has M__=5/2 +3/2=4. Thus,
one can write the single-particle nuclear functions as y=C,, d., +C,, d, . As
we shall see, this is exactly the form of Nilsson wave functions for a deformed
shell model potential.

Although we have illustrated the idea for a particular case, the argument is
general. Itis also interesting to note that the C, coefficients must depend on
the substate m. In this example, C,, , ., canbe nonzero,but C,, . must be
zero. Looking ahead for a moment, this, in essence, explains why Nilsson wave
functions are m-dependent (m is often called K in the Nilsson model) and also
why they are purest for the highest K values since, in that case, no other orbits
can contribute admixed amplitudes.

In closing these introductory pages it is worthwhile to re-emphasize that our
arguments for the existence of deformation and configuration mixing arose as
a consequence of the Pauli principle, which led to a different behavior of T=0
and T = 1 configurations, and of the short-range attractive nature of the
nucleon residual interaction. Nowhere was it necessary to specify the interac-
tionin detail. Of course, the choice of a specific residual interaction will affect
the detailed wave functions that result, but the possibility of nonspherical
wave functions is a rather general feature resulting from the particular con-
figurations and interactions allowed by the Pauli principle when nonidentical
nucleons are involved.

6.2 Collective Excitations in Spherical Even-Even Nuclei

One of the most characteristic empirical facts of nuclear systematics is that the
shell model picture of nearly independent particle motion under the influence
of weak residual interactions in simple configurations breaks down as one adds
more and more valence nucleons past magic numbers. Simply put, the residual
interactions among a growing number of valence nucleons build up to such an
extent that they obliterate much of the underlying shell structure. The shell
model wave functions become a poor first-order approximation to the real
nuclear wave functions. Inshort,they nolonger serve as the most appropriate
basis states. In general, in a physical system, one always searches for some
suitable set of basis states such that the realistic wave functions are dominated
by one or a few components and any admixtures of basis states can be treated
as relatively small perturbations. This is not to say that the shell model cannot
provide a valid microscopic description of such collective excitations. Indeed,
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we shall see in a later chapter that the widely used and extremely important
RPA and TDA techniques are just such descriptions. Nevertheless, an alter-
nate viewpoint, that approaches the nuclear structure more macroscopically,
emphasizes the nuclear shape and excitations of that shape, providing a much
simpler, physically transparent approach.

In this chapter we shall discuss a sampling of the most important models for
collective excitations in even—~even nuclei. As always, the emphasis will be on
the physical ideas.

To begin, we recall some of the systematics shown in Chapter 2. Figure 2.8
showed the energy levels of the Sn, Xe, Te, and Cd nuclei. Sn, with Z = 50, is
singly magic and displays a typical shell model behavior regardless of the
number of valence neutrons. The 2 * energy remains high and the 4,*, 6," levels
cluster. As soon as valence nucleons are added, for example in Te and Cd
(where the two valence protons are counted as holes), E,; drops sharply. The
decrease grows as the number of valence neutrons increases. The dropis even
faster for Xe, which has four valence protons. Figure 2.15 showed the sys-
tematics of the energyratio E43/Eat. Itranges fromvalues <2 for shell model
nuclei through ~2 for nuclei reasonably close to closed shells, then increases
sharply towards the limiting value of 3.33 near midshell. As we shall discuss,
values near 2.0, 2.5, and 3.33 are all typical of different types of macroscopic
collective shapes: spherical harmonic vibrator, axially asymmetric rotor, and
axially symmetric rotor, respectively.

Generally, there is a smooth progression from one to another of these
idealized collective limits. However, inspection of Figs. 2.13 and 2.14 shows
that the systematics is anything but simple. At the end of this chapter we shall
see some easy, physically transparent, ways of understanding this complexity
and of parameterizing the behavior of heavy nuclei. Appropriately enough,
this approach will be based on a recognition of the importance of the residual
p-n interaction among the valence nucleons.

Here, though, we discuss models for each type of behavior, turning later to
their evolution from one into another. We start the discussion with the least
collective nuclei, which occur soon after closed shells: spherical-vibrational
nuclei. The generic concept of vibrational motion in nuclei is widespread and
encompasses a great richness of phenomena. We speak here of a particular
kind. To put thisin context, suppose we expand the residual interaction among
the valence nucleons in multipoles, the first few terms will correspond to
monopole, dipole, quadrupole, octupole, and hexadecapole components. Each
of these carries a parity = (-1)* where 4 is the multipolarity involved.

The electric dipole mode corresponds, geometrically, to a shift in the center
of mass, and therefore plays little role in the low-lying spectrum of even-cven
nuclei. At higher energies, however, it induces the well-known giant dipole
resonance, which can be pictured as an oscillation of the proton distribution
against the neutron distribution. As this mode involves a rather large scale
displacement of major components of the nucleus, it requires considerable
energy, typically between 8 and 20 MeV. Since it is also a negative parity
excitation, and since most of the orbits in a given major shell consist of the
same parity, it necessarily involves excitations of the particles from one major
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Fig. 6.1. The M1 scissors mode.

shell to the next and, once again, we see why it is generally high lying. We shall
not discuss the giant dipole resonance, or indeed, other giant resonances, any
further. This isin no way meant to minimize their importance: indeed, they are
a major focus of current work in nuclear structure physics. Their neglect here
stems rather from the emphasis in this book on the low-lying nuclear structure
spectrum and from the author’s feeling that he has nothing particularly new or
innovative to say about the subject.

There is, however, a low-lying magnetic dipole excitation that has recently
been discovered in beautiful electron scattering and yray inelastic scattering
experiments. It occurs, for example, in heavy deformed nuclei at roughly 3
MeV and corresponds to a vibration in which the proton and neutron distribu-
tions osillate with respect to each other with a scissors type of motion, as
opposed to the linear vibrational motion of the giant electric dipole resonance.
The idea is illustrated in Fig. 6.1. This mode, characterized by strong M1
electromagnetic transitions to the ground state and first 2, * state is now known
in a number of nuclei and an interesting systematics has been established. It
has been studied from both geometric and algebraic (IBM-2) viewpoints.
Further discussion of this active area of research is beyond the scope of this
book.

Quadrupole Vibrations

The next vibrational mode, that we shall consider in detail, is the electric
quadrupole or E2 vibrational mode. Itappears in different guises in different
categories of nuclei. Near closed shells, where the nuclei are spherical in their
ground state, the action of a quadrupole residual interaction causes the nu-
cleus to oscillate in shape, taking on a range of quadrupole distortions as a
function of time. The Hamiltonian for such a state can be schematically
written as

H=Eo+h (DZ(b;pbz,‘+%)+Cz[(b%ub;p)L(bzpbzﬂ)L}(O) 61)
i u

where [, is the zero-point energy and the operators b, and b, create and

destroy this quadrupole vibration: y, = b, 0).

For simplicity of notation, and to keep the essential physics to the fore, we
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shall henceforth usually drop the subscripts on the operators b, . In the same
spirit, summations over the components g will usually be implied rather than
explicit. Since we shall make frequent use of phonon or boson creation and
destruction operators, we pause for a moment to recall some key properties of
such operators in the formalism of second quantization. The basic defining
rules for arbitrary creation and destruction operators b and b are:

b| ns)=Vns|ns~1) (6.2)
and
bT|nb)= an+1|nb+1> (6.3)

where ]nb) is a state with n, bosons. Here b refers to quadrupole phonons;
later, in the discussion of the IBA, b will refer to either s or d bosons. From
these definitions

b'b|ne)=b Vs | ny—1) =vits / (n6-1)+1| n3)
or
bfb|nb)=nb| ney) (6.4)

So, b'b simply counts the number of b-type bosons. Thus we now recognize
that the second term in H is just the energy, relative to the ground state energy
E, needed to create the quadrupole phonon excitation, which naturally carries
a spin and parity 2*.

There is no reason, except the limitations provided by the Pauli principle
when the microscopic structure of these vibrations is considered, that prevents
more than one phonon excitation from simultaneously existing. These mul-
tiphonon states v, , = (b")*0) will correspond to higher and higher nuclear
levels. From Eq. 6p.4, the second term in H is the product of the number of
quadrupole phonons and the energy of each. Clearly, at this stage in the
Hamiltonian one has a purely harmonic vibrational spectrum, where the
excitation energy is linear in the number of phonons: for an N ,-phonon state,
E =fo (N, + 5/2), since the quadrupole mode is a 5-dimensional oscillator.

Table 6.1. m scheme for two-quadrupole phonon states. *

J =2 I,=2

m, m, M J
2 2 4 |7

2 1 3

2 0 2 4
2 -1 1

2 2 0 |

1 1 2 7]

1 0 1 2
1 -1 0 ]

0 0 0 1] 0

*Only positive total M values are shown: the table is symmetric for M < 0.The full set of allowable m, values
giving M 2 0 is obtained by the conditions m 20, m, <m,.
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Table 6.2. m scheme for three-quadrupole phonon states*

J=2 J,=2 J,=2 M J
m1 m2 ms
2 2 2 6 | |
2 2 1 5
2 2 0 4
2 2 -1 3
2 2 -2 2 1]
2 1 1 4 |7
2 1 0 3
2 1 -1 2
2 1 2 1|
2 0 0 2 {7
2 0 -1 1 —— 2 — 4 —6
2 0 ) 0 |_]
2 -1 -1 0 ]
1 1 1 3 7]
1 1 0 2 3
1 1 -1 1
1 1 -2 0 |_|
1 0 0 1 |7]
1 0 -1 0 |_|
0 0 0 0 |7 }——o
J=6,4,3,2,0

*Only positive total M values are shown; the table is symmetric for M < 0. The full set of allowable m, values
giving M 2 0 is obtained by the conditions m 2 0, m,<m, < m_.

To continue, we must now turn to the question of which spin states are
allowed in multiphonon excitations. For the two-quadrupole phonon case, it is
clear that the maximum possible spin is 4*. But it turns out that only a triplet
of levels with spins J* = 0%, 2%, 4* is allowed. There are many ways to derive this
result. Perhaps the most elegant is the use of Young tableaux, but here we shall
use the simpler and more straightforward, though more tedious, method of the
m-scheme. The essential difference between the use of the m-scheme for
phonon excitations and for single-particle excitations is the recognition that
phonons, involving particle-hole excitations and integer spins, behave essen-
tially as bosons. Therefore, the Pauli principle is not applicable and the wave
functions must be totally symmetric. This means that all combinations of m
states are allowed. Table 6.1 shows the m-scheme counting of substates for the
case of two quadrupole phonons and shows that the allowed spins are as stated
previously. The m-scheme analysis for the three-phonon case is given in Table
6.2, which shows that this excitation comprises a quintuplet of levels (at three
times the single phonon energy), with spins J*= 0+, 2+, 3%, 4+, 6*. This harmonic
picture of single- and multi-phonon excitations is illustrated in Fig. 6.2.

To pursue the study of multiphonon states, it is necessary to delve more
deeply into their structure. Consider the three-phonon levels. As Fig. 6.3
illustrates, the 6* state can only be made in one way: by aligning the angular
momentum of a single phonon state with that of the 4* two-phonon level.
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Fig. 6.2. Low-lying levels of the harmonic vibrator phonon model.

Similarly, the 0,*three-phonon level can only be constructed by antialigning a
single quadrupole phonon with the 2* two-phonon state. However, the other
three-phonon levels can be constructed in more than one way. For example,
the 2+ level can be made by coupling a quadrupole phonon with the 2* two-
phonon state or by antialigning a quadrupole phonon with the 4* two-phonon
state. In similar fashion, the 3* and 4* three-phonon states can be made by
coupling the third quadrupole phonon to more than one of the two-phonon

4 + + a + + + 2* +
2+r [2*@2*] @2t [2'®2'] ®2

A 2+ 2+ 2+ 2+ 2+ 2+

+
4 2* + Al

2t /T3t
N v— J
e* o* 3t

CONSTRUCTION OF SOME 3-PHONON STATES

Fig. 6.3. Two-phonon composition of three-phonon states.
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Table 6.3. Relative coefficients of fractional parentage for three-phonon quadrupole vibrator
states

J2ph
o o 2 4
6% V3
4* V1177 VY1077
3* V157 - 67
2* T vYan V36/35
0* V3

¥The normalization is to ¥ N. For the three-phonon states, J, ., the squares of the coefficients for each J, . also
give the relative values of B(E2.J, ,—Ji, - For example, the B(E2:4%,  —2*, ) and B(E2:4", a—4Y;,) values are
in the ratio 11/10 = 1.1. See text.

states. The wave functions for the 2%, 3*, and 4* three-phonon states are
therefore linear combinations of two terms, and the relative amplitudes are
simply phonon coefficients of fractional parentage whose squares give the
relative likelihoods that the three-phonon state is made in a certain way. Itis
often useful to know these coefficients, so we give them for the N, = 3 states
in Table 6.3. We will encounter two applications of these coefficients momen-
tarily.

An important aspect of the vibrational model centers on electromagnetic
transition rates since they are particularly sensitive to coherence properties in
nuclear wave functions. We saw, for example, in Fig. 2.16, the systematics of
B(E2:0,* — 2,*) values throughout the periodic chart. Although small and
comparable to single-particle estimates in light nuclei, they attain values
orders of magnitude larger in heavy deformed regions. Intermediate values
characterize the realm of spherical-vibrational nuclei we are presently consid-
ering.

In general, radiation can be given off when any nucleon changes its orbit.
For example, changes in single-particle orbits in shell model nuclei are often
accompanied by the emission of yradiation. While collective excitations are
clearly not of single-particle nature and the destruction of one does not
correspond to a single change of orbit by an individual nucleon, we will see in
Chapter 9 that their wave functions can be represented as coherent linear
combinations of single-particle-hole (or, equivalently, two quasi-particle)
excitations. Therefore, not only are yray transitions between phonon levels
permitted, but the coherence can make them particularly strong. Since a two-
phonon excitation involves a superposition of two linear combinations of one-
body excitations, the destruction of two-phonons would require a simultane-
ous destruction of two particle-hole excitations or four quasi-particles. There-
fore, such transitions are forbidden and one has the characteristic phonon
mode! selection rule ANP,, = 1, where N is the number of phonons. The
argument for this selection rule (obtainc(f here for quadrupole vibrations of
spherical nuclei) is rather general and applies to any phonon structure de-
scribed as a linear combination of one-particle excitations. We will encounter
it repeatedly in various applications.
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Fig. 6.4, B(E2) valuesin the harmonic vibrator model.

Let us now consider the magnitude of these B(E2) values between phonon
states as illustrated in Fig. 6.2 and 6.4, where we assign a value of unity for the
decay of the one-phonon 2+ state to the ground state. Since, in first order,
multiphonon excitations simply consist of the piling on or superposition
of more than one idcntical phonon, it might seem that the B (E2) value
for the decay of the two-phonon state would also be unity. However, this
neglects the fact that there are two phonons in the initial state and that either
one of them may be destroyed. This gives twice as many decay possibilities and
therefore B(E2:(N,, =2) — 1) = 2, as indicated in Fig. 6.2. Continuing this, one
can state a general expression for the decay of the N ,-phonon state to the
(Nph—l)-phonon state. A transition N, — N ~1 must be accomplished by an
E2 operator of the form b, that is, a one-phonon destruction operator. By Eq.
6.2

b] Nph>= \/TV;I Nph— 1>

and so the B(E2) value is proportional to N,

This general statement, howcever, obscures the important point that, for
N2 3, angular momentum conservation allows the decay of some initial
states to morc than onc final state. For example, the 2+, 3, and 4*, three-
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phonon levels can each decay to two or more of the two-phonon states. We
shall now show that the proportionality of these B(E2) values to the number of
phonons in the initial state actually refers to the sum of the B(E2) values from
a given N ,-phonon level to all possible (N_,-1)-phonon levels. Itis trivial to
work out the relative B(E2) values for each of these decay routes: this exercise
is in fact one of the promised applications of the phonon CFP’ in Table 6.3.
Consider as an example the decay of the N, = 3, 4" level to the 2* and 4* two-
phonon states.

From Table 6.3, the wave function for the three-phonon 4+ level can be
written, in obvious notation, as

()= I (2] 2 [l ()]

Then, the E2 matrix element connecting this level to the 2+ two-phonon state is

(w2 QB2 ys(47)) :{%Wg (e @)1l [y (2) 9 @)

A (bl |

But the second term vanishes because y,(2*) and w,(4%) are orthogonal.
Hence, using Eq. 6.2 and setting B(E2:2*, — 0*,) = 1, we get

B(E2 :4‘§ph—+2§ph)=3/3 (11/7 )= 11/7 (6.5)
Similarly,
B (E 2: 4% 4+2ph) = 1770~

and we see that the three-phonon — two-phonon B(E2) values are propor-
tional to the squares of the three-phonon CFP coefficients in Table 6.3. The
table can be used to obtain the B(E2) values we have not worked out. The
results for the decay of the 4+ and 2* three-phonon states are illustrated in Fig.
6.4. We also see an example of our general result, namely,

Y. B(BE2:45m—J%m) =3 B(E2:2i,n—03) (6.6)
]2ph
and similarly for the other three-phonon levels.

The reader is cautioned to bear these results in mind, since one occasionally
encounters statements such as that the B(E2) for the decay of a three-phonon
state to a two-phonon state is three times that for the decay of the one-phonon
state to the groundstate. The proper relation involves the sum of the decays to
the possible final states.

This discussion of energies and B(E2) values in the harmonic vibrator
model assumes an idealized picture in which all of the phonons in a mul-
tiphonon state are identical. However, as we shall see in more detail when we
consider the microscopic structure of collective vibrations, a phonon state can
be written as a linear combination of individual particle-hole (or two quasi-
particle) excitations. Since a multiphonon wave function can be written as a
product of single phonon wave functions, multiphonon states effectively corre-
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spond to multiparticle-multihole excitations. Since each of these excitations is
a Fermion excitation, the Pauli principle must be obeyed. Its effects arc
significant only when the particle-hole excitations cause stgnificant occupa-
tion of individual j shells. As a trivial example, consider a nucleus where a
valence s, orbit has, on average, one valence nucleon in the ground state (i.e.,
the amplitude for (s ,)* is 0.5). Further suppose that a particular vibration has
an amplitude of 0.707 for raising a particle to this s , orbit. Clearly, it is not
difficult to create a single- or even a double-phonon excitation in this case.
The latter would add, on average, one particle to the s , orbit, thereby filling it.
This component of the vibrational wave function would be “blocked,” how-
ever, in a three-phonon state, since one cannot put more than two particles in
ans, , orbit. The three-phonon wave function would therefore entail a modi-
fication to the basic phonon structure. This, in turn, would entail a change in
the B(E2) values for the decay of this state compared to the harmonic phonon
picture. Therefore, in realistic situations, the simple selection rules and the
analytic results for the relative B(E2) values between various phonon states
will be at best approximately realized.

Moreover, this blocking leads to anharmonic vibrational spectra in which
the degeneracies of the states in multiphonon multiplets are broken. Such
degeneracy breaking can also arise from the neglect of those residual interac-
tions not taken into account in the microscopic structure of the phonon itself.
In general, the calculation of such anharmonicities is complex and depends on
the specific j shells and residual interactions involved. However, there is one
situation in which a very simple and elegant result can be obtained esscntially
by inspection.

This brings up the second application of the CFP’ in Table 6.3. Suppose we
assume that degeneracy breaking is caused by residual two-body intcractions
only. This means that the level energies in a two-phonon state are simply not
twice the one-phonon energy, but differ because of a residual interaction
between the two-phonons. This, in fact, is the effect of the third term of H in
Eq. 6.1: it represents an interaction between two phonons.

In the three-phonon states, the same residual interactions apply and our
assumption simply states that there are no mutual interactions among the
three phonons at a given time. In this case, without ever specifying the residual
interaction, the nature, or the microscopic structure of the phonon, one can
immediately deduce the anharmonic energies of the three-phonon states from
those of the two-phonon levels. The situation is illustrated in Fig. 6.5, where
the energies of the 0%, 2%, and 4* two-phonon states are written in terms of the
harmonic value 2 £, , plus a perturbation ¢, (¢, €,, €, are the anharmonicities).
Consider now the three-phonon levels. Aswe have seen, there is only one way
to make the 6" level: by aligning a single 2* quadrupole phonon with a pair of
phonons coupled so as to produce the 4* two-phonon state. In the three-
phonon 6 state, there are three possible pairs of (indistinguishable) phonons
that can couple and interact in forming the intermediate 4* plus state. There-
fore, the anharmonicity (the deviation of I, from 3 E,; ) is three times the
anharmonicity in the 4" two-phonon state, or 3g,. In the same fashion, the 0" 3-
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Fig. 6.5. Energy anharmonicities in the vibrator model assuming arbitrary two-body residual
interactions.

phonon state can only be made by antialigning one phonon with the 2+ two-
phononstate. Again, there are three ways to do this, and the anharmonicity in
the three-phonon 0* energy will be triple the anharmonicity in the two-phonon
2+ level, or 3¢,. The other three-phonon states, which can be made in two or
more ways from the 2-phonon levels, will have total energy anharmonicities
given by the relative proportions of their wave functions arising from the
various two-phonon states. These relative proportions are given by the CFP
coefficients of Table 6.3, and the resulting energy anharmonicities are shown
in Table 6.4 and illustrated in Fig. 6.5.

It is worthwhile to reiterate what has been derived here. We have never
specified the structure of the phonon itself. We have also never specified the
nature of the residualinteraction except to state thatitis two-body. Neverthe-
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Table 6.4. Energies of the three-phonon quintuplet states in terms of the two-phonon anhar-
monicities.

N, J En'ergy*'
(relative units)

0 0 0

1 2 1

2 0 2+¢g,

2 2 2+e¢,

2 4 2+¢g,

3 0 3+3¢,

3 2 3+7/5¢,+ 4/7€, + 36/35¢,

3 3 3+15/7¢, + 6/7¢,

3 4 3+11/7¢, + 10/7g,

3 6 3+ 3¢,

*&, &, and &, are defined as the deviations of the 0%, 2*, and 4* level energies of the two-phonon triplet from
2Bt
1

Iess, from the observed anharmonicities in the two-phonon states, we have
been able to derive predicted anharmonicities for the three-phonon levels.

This model can be tested by observation of the three-phonon levels. If
discrepancies are found, then we immediately know that they must arise either
from three-body interactions, from Pauli principle effects in the multiphonon
states, or from interactions with other nearby excitations. Our analysis helps
to isolate the specific mechanisms leading to the observed anharmonicities.

The vibrational model was originally proposed in the early 1950s, and it was
thought that numerous examples of such a structure were observed empiri-
cally. Triplets of levels with spins (%, 2, 4%, were known in many nuclei near
closed shells at slightly more than twice the energy (typically, EIE, .~ 2.2) of
the first 2* state. However, it was commonly found that the energy splitting
among the two-phonon levels is comparable to the one-phonon energy; basi-
cally, the structural effects leading to anharmonicities are comparable to those
involving the phonon itself. Moreover, the predicted phonon model B(E2)
values were significantly violated. Perhaps most importantly, over the last
decades, additional low-lying levels near the two-phonon states have been
detected in many nuclei.

While in many of these nuclei there may be an underlying vibrational
structure, it is significantly perturbed and admixed with other degrees of
freedom. An interesting example is the Cd isotopes shown in Fig 6.6: These
nuclei, especially 1**Cd, historically have been considered the best prototypes
of vibrational behavior. However, it is clear from Fig. 6.6 that there are four
and sometimes five levels clustered together in the two-phonon energy region.
The extra states have since been identified as intruder levels.

It is worth digressing from our discussion of vibrational excitations to
comment on such intruder excitations, which are now known to be widespread
in nuclei near closed shells. They are an area of active study, especially in



Collective Excitations in Even-Even Nuclei 157

+
20 q —
— of at
< p 4 @*oh
> L at o+ ot
s + b om— M
2 § — 4t == + + + +
.‘ - ot (oM 2 0 Y +
W 3} e G — o + 27
—— ot 4#—/%0:"24 2* @
o 2PN 40—‘(4 )
1.0~ -
2t et 2t ot + 2t
— t —_—
4 ot ot ot 2
— ot —o* ot —ot o* o* ot o ot ot -
106 108 t1o 12 tig I e t20 122 124

CADMIUM SYSTEMATICS

Fig. 6.6. Energy systematics in the Cd isotopes. Note the intermingling of two-phonon triplet
states with extralevels (Aprahamian, 1984).

nuclear regions far from stability. An understanding of them is, in any case,
essential to disentangling the empirical features of many vibrational nuclei.
Moreover, the discussion will introduce some basic ideas relating to the p—n
interaction, which we shall return to later in this chapter. We have already
alluded several times to the idea that this interaction is essential to the
development of collectivity and deformation in nuclei. Here we will encounter
our first specific example of this.

Cd has Z =48, and therefore two proton holes relative to the Z = 50 magic
number. It is of course possible to excite the Cd nuclei by elevating two
protons from the Z = 28-50 valence shell into the next higher, Z = 50-82 shell.
The idea is sketched in Fig. 6.7. Normally this requires considerable energy
since it involves raising two nucleons across a major shell gap. However, the
residual p—ninteraction is strong and attractive, and as such introduces a major
modification to this first-order energy. In a simple picture, one can view the
“normal” states of Cd as consisting of two proton holes interacting with some
number of valence neutrons. In the intruder state, there are four proton holes
in the Z = 28-50 shell plus two proton particles in the Z = 50-82 shell. In a
sense, there are six valence protons that can now interact with the same
number of valence neutrons. In this picture the intruder states in Cd are
analogous to the normal states in Ba, as suggested in Fig. 6.7.

We have already seen that the more valence nucleons there are of both
kinds, the “softer” the structure will be. Sufficient numbers of valence protons
and neutrons lead to deformed shapes. Therefore, in this schematic view,
intruder levels should be more deformed than the “normal” levels. Moreover,
since the attractive interaction is three times greater thanin the normal levels,
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Fig.6.7. Schematic illustration of intruder excitations and normal states in Cd. The normal
states of Ba are shown for comparison with the Cd intruders.

the intruder state excitation energies are lowered relative to their unperturbed
(no p~n interaction) value. This lowering increases approximately linearly
with the number of neutrons, and therefore, one expects the energies of these
intruder states to drop from approximately twice the shell gap for N~50 or 82
toward midshell, where the p—n interaction strength is maximum. Inspection
of Fig. 6.6 shows that this simple picture is at least qualitatively correct.

Assuggested, this intruder state model is quite general and such excitations,
once thought to be rare, are now known to abound throughout the periodic
table. Perhaps the best known example is in the Pb region, whose systematics
are shown in Fig. 6.8.

Mostintruder levels observed to date are proton excitations. This is related
to the role of a strong p—n interaction in lowering these levels. Since thereis a
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neutron excess in heavy nuclei, the excited valence protons in the intruder
state occupy the same shell as the neutrons, thus enhancing the p—ninteraction
(see Fig. 3.5).

The concept of intruder states is far more important than the explanation of
afewbothersome levels. Itis closely connected with the origin of deformation
itself, as we shall discuss towards the end of this chapter.

These comments relate to our discussion of Cd vibrational states because,
as the N = 82 shell closure in Cd is approached, the expected rise in intruder
energies should leave behind a reasonable vibrational spectrum. This has led
to experiments on #12°Cd, The data included in Fig 6.6 seem to confirm this
expectation, although studies of absolute B(E2) values show that the interpre-
tation is not quite so simple. The level scheme for "8C is illustrated in Fig 6.9,
which includes the known information on yray transition rates and relative
B(E2) values. There is a triplet of levels near 1200 keV in which the energy
separation is much less than E,; . Furthermore, and most remarkable, an
entire closely spaced quintuplet of candidates for the three-phonon multiplet
was identified. (In fact, candidates for even higher four-phonon states have
been suggested.) Although there are significant deviations from the expected
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Fig. 6.9. Level scheme of 18Cd showing the one-, two-, and three-phonon states as well as an
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On the right are shown the average (ANph = 1)/(ANph =2) branching ratios. On the left are the
predictions for the three-phonon states assuming the empirically observed anharmonicities in the
two-phonon states. These are the same predictions one would obtain in the U(5) limit of the IBA
(Aprahamian, 1987).

patterns of relative B(E2) values compared to the phonon model predictions,
the overall predominance ofANPh = 1 transitions is well satisfied. On the right
of Fig 6.9, the average ratio of one-phonon to two-phonon changing transitions
[(AN,, = D/I(AN,, = 2)] is indicated: there is at least an order of magnitude
preference for the phonon model selection rule. On the left are the predicted
energies for the three-phonon quintuplet based on the anharmonicities ob-
served in the two-phonon triplet. Although the agreement with experiment is
not at all exact, the observed clustering of the levels into two spin groups is
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correctly predicted. Presumably, the remaining deviations are due in part to
intruder—normal state mixing or to Pauli principle effects. In fact, calculations
by Heyde and co-workers that incorporate such mixing provide a significant
improvement in the predicted energy levels.

The observation of E2 transitions in Cd, as well as other near-vibrational
nuclei, such as the weak ANP;. = 2 transitions that violate the phonon model
selection rules are often considered to arise from interactions that mix the
number of phonons. From the B(E2) branching ratios, one can make esti-
mates of the mixing amplitudes and thereby extract the interaction matrix
elements. A similar approach can be used for intruder states. These states
have forbidden E2 transition matrix elements to the normal states, since they
cannot be connected to them by a one-particle operator. Once again, however,
neglected residual interactions will cause some small mixing of the intruder
and normal states, and such mixing can be probed empirically by measuring E2
branching ratios. It is generally estimated that the intruder—normal mixing
matrix elements are ~100 ke V. Therefore, in a nucleus such as **Cd where the
final energies of the intruder and normal 0 states near 1.2 MeV are only ~200
keV apart, these states must have been nearly degenerate prior to mixing
(after mixing, degenerate levels are twice the mixing matrix element apart),
and therefore their perturbed wave functions will be nearly equal admixtures
of the unperturbed intruder and normal states. In*®Cd, on the other hand, the
final separation, and therefore the initial separation, is much greater; the
mixing is correspondingly smaller.

There are other nuclei that display reasonably well-developed vibrational
spectra. Examples are 'Ru, which has a full three-phonon quintuplet but with
greater intramultiplet splitting (anharmonicity) than ®Cd. The Te isotopes
near A =120 also exhibit nice two-phonon triplets, relatively closely bunched.
The level schemes for two of these nuclei were included in Fig. 2.9.

Despite these examples, near-harmonic vibrational motion is the exception
rather than the rule. The reason seems to be that it takes only a few valence
protons and neutrons to soften the nucleus to deformation to such an extent
that the simple scheme of quadrupole surface vibrations of a spherical shape
loses applicability.

6.3 Deformed Nuclei: Shapes

Further from closed shells, the accumulating p-n interaction strength leads to
additional configuration mixing and deviations from spherical symmetry even
in the ground state, and so we now turn to consider nuclei with stable and
permanent deformations. The lowest applicable shape component is a quad-
rupole distortion. There can also be octupole and hexadecapole shapes.
These are schematically illustrated in Fig. 6.10a. Nuclei with quadrupole
shapes abound throughout the periodic table in midshell regions.

For a nucleus with quadrupole deformation, one can write the nuclear
radius as
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Fig. 6.10. (a) Equal potential surfaces for different multipole distortions. (b) Schematic illustra-

tions of various quadrupole shapes (prolate, oblate, axially asymmetric) as well as of yand 8
vibrational motions.

R=Ryp

1+ ouY2u(6, ¢)} (6.7)
u

where R is the radius of the spherical nucleus of the same volume.

The Y,, are spherical harmonics of order 2 and the o are expansion
coefficients. It is convenient to change notations here and write the five o, in
terms of three Euler angles and two variables fand y. We sete, = o =0, since
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these two coefficients represent only the motion of the nuclear center of mass,
and write ¢, = fcosyand o, = a, = Bsiny. The nuclear shape is then specified
interms of § and y. B represents the extent of quadrupole deformation, while
ygives the degree of axial asymmetry. Most nuclei are axially symmetric, or
close toit, at least in their ground states. For an axially symmetric nucleus, the
potential has a minimum at y= 0°. [Itis unfortunate that no single notation for
deformation parameters exists. fis quite common, but we shall also encounter
e and §, especially in Chapters 7 and 8. Often, a subscript “2” is appended to
explicitly denote quadrupole deformation.]

The relation between B, ¥, and the nuclear radii can be seen by evaluating
the changein radius (R, - R,) in Cartesian coordinates as a function of B and

r 6Rz=1/iRoﬁcosy
47
5Rx:w/—5—Roﬂcos(y——2——)
47 k¥ 4
SR :1/‘§‘R 0( __4_)
g 47 ocos| ¥ 3

To see the shapes implied by these expressions, Table 6.5 gives the values of
these correction terms to a spherical shape for four y values in units
of V5/4 n R B. Values greater than zero in the table indicate an elongation in
the direction concerned; those less than zero indicate a compression. Note
that, for y values that are a multiple of 60°, two 6R,values are always identical
since the nucleus is axially symmetric for these y values. For y=0°,the nucleus
is extended in the z-direction and compressed in x and y. This is a prolate
(American football) shape. Oblate (disk-like) nuclei correspond to y=60° and
180° and are compressed in the y- and z-directions, respectively, and extended
in the xz and xy planes, respectively.

The essential difference between prolate and oblate shapes is that the form-
er is extended in one direction and squeezed in two, while oblate shapes are
extended in two and compressed in one. Intermediate values of y(y= na/3),
such as the y= 30° example in the table, correspond to axially asymmetric
shapes, that is, to a flattening of the nucleus in one of the two directions
perpendicular to the symmetry axis. Then all three radii are different.

An attempt has been made to depict several nuclear shapes in Fig. 6.10b (as
well as  and yvibrational motions to be discussed). These pictorial images,

Table 6.5. Changes in the radius of a quadrupole ellipsoid in the x, y, z directions for several y
values and fixed 3. *

Y
0° 30° 60° 180°
oR, +1 +0.866 +172 -1
oR_ -12 0 +1/2 +1/2
5Ry -172 -0.866 -1 +1/2

*All numbers are in units of ¥5/4x R, B.
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Fig. 6.11. Empirical systematics of quadrupole deformation parameters fin the rare earthregion.

while crude and too classical, should be helpful to readers unfamiliar with the
shapes involved.

The systematics of S values (effectively, quadrupole moments) for the rare
earth region is shown in Fig. 6.11. The qualitative behavior is easily under-
stood in terms of a generalization of the seniority argument of Chapter 5 (see
Eq. 5.17). Early in a major shell, when softness to deformation first appears,
the individual j orbits are still nearly empty; hence the quadrupole moments
for the nucleons in these orbits are positive. Then a large positive Q(f) builds
uprapidly. As the shell fills, however, the contribution of successive j shells to
the total quadrupole moment decreases, vanishes, and ultimately turns nega-
tive (see Fig. 5.4). On account of these negative contributions, the summation
over the individual quadrupole moments steadily decreases and may even go
negative (as in Pt, not shown in Fig. 6.11) near the end of the shell.

Two important quantities for a quadrupole deformed nucleus are the
moment of inertia and the quadrupole moment of the ellipsoidal shape. Both
can be written in terms of B for axially symmetric nuclei. For an ellipsoid, the
so-called rigid body moment of inertia is 7 = 2/5 Mr*. Integrating the radius
over the nuclear surface gives (to first order in f3)

I:%A MRE(1+031 ) (6.8)

The intrinsic quadrupole moment is given by
Qo=—3_ZR§B (1+0.16 8 (6.9)

to second order in S.

Note that since R, A", I = A*® and is a linear function of f. Q, is
directly proportional to 8 in leading order. For the B values typical of actual
deformed nuclei, = 0.3, the higher-order terms are rather small.
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6.4 Rotations and Vibrations of Axially Symmetric Deformed Nuclei

The most obvious characteristic of nonspherical nuclei is that they can un-
dergo rotations about an axis perpendicular to the symmetry axis. They can, of
course, also vibrate and, moreover, rotations can be superimposed on vibra-
tional motion. In order to discuss both rotational and vibrational motion, and
later, their superposition and interactions, we need to specify the deformed
wave functions.

These wave functions incorporate the two aspects of intrinsic excitation and
rotational motion. The latter is specified in terms of the well-known rotational
D matrices, the former in terms of the wave functions x,. The adiabatic
assumption of the separability of rotational and intrinsic motions leads to a
product wave function in D and . In a state vy, in a spherical nucleus, all
magnetic substates are degenerate since there can be no distinction in energy
as a function of angular orientation of the motion. This, of course, is not true
for deformed nuclei whose energies depend on the orientation of the wave
function with respect to the symmetry axis. However, whether we consider the
motion of a single nucleon in a deformed field (as we shall do when we discuss
the Nilsson modelin the next chapter) or the motion of some collective “wave”
around the nucleus, there remains a twofold degeneracy, corresponding to
clockwise and counterclockwise motions, which persists even in the deformed
field. These two motions can be distinguished by the projection, K, of their
angular momenta on the symmetry axis. States with projections K and —K will
still be degenerate. The nuclear wave function must reflect this and thus one
has the symmetrized product form for wave functions in rotational nuclei;

1
WJMZ(Zl—éi%)Z[DJMK T+ (1) Do 4] (6.10)
l6x

Note that for K =0, only even J values are allowed, so wave function collapses
to a single term

1
W;M:(_?E}_"LZLJ?'DJQZQ (611)
VA

With these wave functions in hand, we consider axially symmetric nuclei in
which the rotation has equal frequencies around the x or y axes. The rotational
Hamiltonian is simply )

H=L_R?

Y (6.12)
where / is the moment of inertia and R is the rotational angular momentum
operator. If we assume that the ground state is /= (", K = 0, and if all the
angular momentum can be ascribed to rotation (as is normally true for the low-
lying, low-spin, positive parity states in deformed even—even nuclei) then the
total angular momentum J = R and we obtain the famous symmetric top
rotational energy expression

2
Eml(J):?%J(Hl) (6.13)

where only even J are allowed.
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It is useful to comment briefly on the assumption of a 0* ground state. For
spherical nuclei, we have seen that a d-interaction between two identical
particles in a j shell produces a 0* ground state. For the case of multiparticle
configurations of identical nucleons in the same j shell, the seniority v = 0 (*
state also emerges as the lowest energy configuration. This behavior does not
result from the special character of the interaction, but is characteristic of any
short-range interaction. The same result applies when one has both valence
neutrons and protons, It also occurs if j is not a good quantum number, as when
there is single-nucleon configuration mixing. (As we shall see, such mixing
characterizes Nilsson model wave functions, which can be written as coherent
sums over several j values.) The reason is that a short-range interaction favors
the lowering of the 0* states in each j-configuration. The presence of many j
values actually serves to further lower the 0* state because of a build up of
coherence. We have already seen this coherence effect in our discussion of
pairing, in which the lowering of the 0* state is related to the size of the energy
gap A, which in turn depends (see Eq. 5.22) on the number of partially filled
orbits near the ground state and the strength parameter GG. Thus the phenome-
non of a 0* ground state persists in deformed even-even nuclei as well.

The symmetric top expression for rotational energies gives the values
(where we abbreviate #%21 by 9):

Ez{ =690
Est =200
Eet =429

and so on. Thus, the energy ratio Es{/E,; = 3.33. This simple formula is one
of the most famous results of the rotational model and still remains one of the
best signatures for rotational motion and deformation. We have already seen
examples of nuclei that behave according to this relation in Figs. 2.10 and 2.15.

Combining Eqs. 6.8 and 6.13 gives two characteristic features of transitional
and deformed nuclei. For a given mass region (A = const), #%2I decreases as
Bincreases, leading to smaller and smaller rotational spacings as a deformed
region is entered. This behavior is one of the signatures of nuclear transition
regions, as we pointed out in Chapter 2 (Figs. 2.13 and 2.14). Second, since
nuclear radii increase as A, I = A% and #%21 = A3, for constant f8.
Rotational spacings should therefore decrease for heavier nuclei. Figure 2.10
illustrated exactly this behavior with examples taken from Zr, the rare earth,
and the actinide regions.

As we stated earlier, in a geometrical picture (that is, a macroscopic one in
which we do not worry explicitly about the Pauli principle), there is no reason
why rotational motion cannot be superposed on intrinsic excitations, whether
of collective vibrational or two-quasi-particle character. Now consider such an
intrinsic excitation in a deformed nucleus.

Each intrinsic excitation carries intrinsic angular momentum J . It can be
partially characterized by the projection of that angular momentum onto the
symmetry (z) axis. Since for axially symmetric nuclei, any rotation of the
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nucleus as a whole must be about an axis perpendicular to the z axis, such
rotation has vanishing projection along the z axis. Therefore, the projection of
the total angular momentum J along the z axis, denoted K, is the same as that
of the intrinsic excitation. One sometimes sees the notation Q for the projec-
tion of the intrinsic angular momentum. However, the assumption of axial
symmetry is generally a good approximation and K is often used interchangea-
bly for both the projection of the intrinsic and total angular momenta. We shall
follow this simplified notation here.

When nuclear rotational motion is superimposed on an intrinsic excitation
characterized by projection X, the total angular momentum can take on values
J=K,K+1,K+2,..., except when K = 0, in which case only even spins J are
allowed. Thus, for the rotational energies, relative to the “base” energy of the
intrinsic excitation, Eq. 6.13 becomes

E,ol<f)=g—j[f<f+1)-z<(1<+1)] (6.14)

The energy expressions, Eqgs. 6.13 and 6.14, are quite accurate for low spin
states in deformed nuclei, thus affirming the basic validity of the rotational
concept. Anexample is shown in Fig. 6.12 for a typical deformed nucleus, '%Er
(the nature of the intrinsic excitations indicated in the figure will be discussed
momentarily). The energies for each band are normalized to the bandheads in
order to isolate the rotational behavior. The predictions from Eq. 6.14 are
reasonable, but there are also clear deviations as J increases. Also, note the
changes in the inertial parameter, # %2/, from band to band. Apparently the
deformation is not completely constant.

An understanding of the physics involved in these deviations is extremely

1500 4t 2219 2220
+
5t 3352 3444 O , E(E) 5(014)
+ Boty SRl
1000 3+ 861 861 72111 keV
2t 0 0
y  EEp Elegd)
6" 6144 6398 11721 =144 keV
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4* 299.5  304.7 4
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21 91.4 914
ol 0 0 0
gsb £, 2E(eq.l4)
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Fig. 6.12. Ground, ¥, and § band levels of a typical deformed nucleus Er. For each band the
symmetric top rotational energy predictions (Eq. 6.14) are shown.
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simple, yet intimately connected with a number of subtle effects involving
rotation-vibration coupling, bandmixing, axial asymmetry, and ysoftness.
These concepts, and the various models emphasizing different aspects of them
(e.g., the Davydov and Wilets-Jean pictures), are so interrelated that a logi-
cally ordered pedagogical treatment is difficult. We have chosen to first
discuss the basic “Bohr-Mottelson” idea of an axially-symmetric, deformed
nucleus susceptible to quadrupole vibrations of so-called § and ytype. This
will allow us to proceed to consider their interactions with the ground state
band and with each other (thatis, bandmixing or rotation-vibration coupling).
This, in turn, will provide us with a refinement to Egs. 6.13 and 6.14. With this
inhand, we will turn to approaches that provide closely related viewpoints. In
the end, we hope that both the different starting points and the intimate
relationships of these models will be clear.

We have seen that the most common distortion of spherical nuclei is
quadrupole in nature. Therefore, it should not be surprising that the most
common low-lying vibrational excitations in deformed nuclei are quadrupole
vibrations. Clearly such modes, which carry two units of angular momentum,
canbe of two types with K =0and K =2. The former are known as Svibrations;
since K = 0, the vibration is aligned along the symmetry axis and therefore
preserves axial symmetry.

The latter, with K =2, is called a ¥ vibration and represents a dynamic time-
dependent excursion from axial symmetry. These names stem from the fact
that the Svibration corresponds to fluctuations in the quadrupole deformation
B, while the ¥ vibration corresponds to oscillations in y. A qualitative depic-
tion of the § and y modes is included in Fig. 6.10. The y vibration is more
difficult to visualize. It may be viewed as an alternate “squashing” of an
American football in two directions 90° to the symmetry or major axis. Note
that, although the y vibration involves a dynamic fluctuation in yand has an
average value of y = 0°, the rms value of ¥ is finite and can be quite large.
These two vibrational modes appear in essentially all deformed nuclei, usually
around 1 MeV for A > 100. The fact that they occur well below the pairing gap,
2A~1.5-2MeV,isnot aviolation of the concept of pairing correlations but an
affirmation of the collective character of these excitations (as we shall see
explicitly in Chapter 9). Anexample of a typical deformed nucleus with fand
y vibrations was shown in Fig. 6.12. Figure 2.17 showed the systematics of the
lowest-lying intrinsic K = 0 and K =2 excitations in deformed rare earth nuclei.
Although it is possible that such excitations may involve components {rom
configurations other than for y vibrations (such as low-lying “pairing” vibra-
tions or two-quasi-particle excitations), it is safe to assume that nearly all the
excitations included in these figures are predominantly of S or y type.

After our discussion of the microscopic structure of S and yvibrations in
Chapter 9, we will understand the origin of these systematics. For now we
simply treat these vibrations as phenomenological macroscopic shape excita-
tions. Aswe have noted, each of them can have rotational motion supcrposced.
Therefore, we can look on a level scheme such as that in Fig. 6.13 as a
prototypical one for a heavy, axially symmetric (or nearly so) deformed nu-
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Fig. 6.13. Positive parity levels of a typical deformed nucleus.

cleus, with ground, f§ and y excitations, and rotational bands. Two-quasi-
particle excitations, each with its own rotational band, can also appear above
the “pairing gap”, as indicated schematically. (Negative parity (octupole)
vibrations can also occur low in energy and will be briefly mentioned later.)

Itis also possible to have multiphonon deformed vibrations. Since K values
are projections of the angular momentum and not themselves vectors, the K
values for multiple phonon excitations are obtained by simple algebraic sums
and differences of the component K values. Thus, the double f vibration has
K =0, the B y vibration has K = 2, and the double ¥ vibration exists in two
formswith K=0and K =4,butnot K = 2.

In contrast to spherical vibrational nuclei where one quite frequently
encounters at least some two-phonon and occasionally three-phonon levels,
albeit with anharmonic distortions, deformed multivibrational states (vy, 5, or
By) are the exception rather than the rule. (Extensive studies of a few
deformed nuclei, such as '*Er and some of the Dy isotopes, have identified
candidates for multiphonon vibrations, but they are probably admixed with
other configurations and the data are both fragmentary and ambiguous.) One
reason for the dearth of multiphonon vibrations in deformed nuclei is that,
while single-phonon spherical vibrations typically occur at about 500-600 ke 'V,
placing the two-phonon states around 1.2 MeV, Band y vibrations are typically
at ~1 MeV, which would put the two-phonon states above 2 MeV. But the
energy gap 2A is also on the order of 2 MeV, so that there is a plethora of two-
guasi-particle excitations at the same energies. This fragments the collective
states and makes them harder to detect.
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In addition to the experimental problem of identifying multiphonon vibra-
tions in deformed nuclei, there is the question of the effects of the Pauli
principle. This was discussed for quadrupole vibrations of spherical nuclei—
the same arguments apply here, except more so. The reason is that, in
spherical nuclei, a given single-particle level such as £, can contain up to eight
particles, and the Pauli principle will not play a large role if the level is less than
half filled. In deformed nuclei, however, each intrinsic excitation (Nilsson
orbit with given K value) is only two-fold degenerate (see Chapter 7): if the
excitation is important in the one-phonon state, there will be a substantial
“blocking” effect due to the Pauli principle in a two-phonon vibration., De-
spite extensive recent discussion, the issue of the inhibition of multiphonon
excitations in deformed nuclei is not yet settled. Calculations testing the
possibility of such excitations involve large bases that incorporate both quasi-
particle and collective degrees of freedom and, in most cases, they are simpli-
fied by truncating the space. Different truncations schemes yield different
results.

Perhaps the most telling and interesting properties of the fand y vibrations
centers on their electromagnetic decay properties. The basic E2 selection rule
here is identical to, and arises from the same arguments as in the phonon case.
Microscopically, the 8 and y vibrations can be written as linear combinations
of two-quasi-particle excitations (or, in nonpairing terminology, particle-hole
excitations). Therefore, an electromagnetic transition can create or destroy at
most one such vibration or phonon. A B or y vibration can decay, therefore,
by E2 radiation to the ground state band, but transitions between y and 8
vibrational bands are forbidden since they involve the simultaneous destruc-
tion of one vibration and creation of another. For multiphonon vibrations (yy,
BB, By) this selection rule allows yy— ¥, B8 — Band By— y or Btransitions and,
indeed, such transitions are among the key signatures used in searching for
such excitations.

We shall see in Chapter 9 that the “collectivity” of fand y vibrations is such
that their wave functions typically involve a small handful of orbits comprising
a subset of the valence particles. Since collectivity in electromagnetic transi-
tions arises from coherence in the wave functions, we can expect that y— g or
B — g E2 transitions will be collective (the matrix elements will be much larger
than single-particle matrix elements), but that they will be much weaker than
transitions occurring within a given rotational band since a change in rota-
tional structure involves the whole nucleus (or at least all of the valence
nucleons).

We saw in Chapter 2 that rotational transitions in even—even deformed
nuclei, typified by B(E2: 2,* — 0,*) values, can easily reach several hundred
single-particle units. Atthe same time, vibrational transitions such as y— g are
typically 10-30 single-particle units. As we shall see in Chapter 9, while it is
relatively easy to construct K =2 two-quasi-particle states by breaking nucleon
pairs and exciting one particle to an excited quasi-particle level, it is not so easy
to create K = 0 excitations. This normally involves the excitation of a pair of
nucleons together. It should not be surprising that B(E2) values for § — g
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transitions, while collective, are much weaker than y— g transitions, typically
a few single-particle units. We illustrated these points in Chapter 2 (Fig. 2.18)
by summarizing the transition rate data for deformed nucleiin terms of ratios
of y— g and 8 — g B(E2) values to B(E2: 2,* — 0,*) values. One remarkable
feature is the relative constancy of the y— g B(E2) values. This surely points
to a collective, slowly evolving structure.

To further consider jray transitions, both within rotational bands (intra-
band transitions) and between intrinsic excitations (interband transitions), we
must be a bit more formal. The basic results are extremely simple to derive.
Taking the wave function of Eq. 6.10 for deformed nuclei, the E2 transition
matrix element (up to constant factors) is:

(wrl| E2]] ""'>=<D auxpxt(= 1) Dovxprxr|| B2
DJMK,'ZK.'"‘(— 1 )J_Ki Dy K,-XAK,->
:<DIMKfHEZHDIMKixfo”EZHXK:‘) (6.15)

where we have neglected the cross terms of the form (KJIE2/-K), which
normally vanish by conservation of angular momentum, and have utilized the
fact that the K, —» K, and -K, - —K, matrix elements are identical. The
separation of the wave function into rotational and vibrational components
thus gives a separation of the matrix element into an intrinsic part (second
factor on the right in Eq. 6.15) dependent only on y and a “rotational” part,
which in turn depends only on the angular momenta involved and is propor-
tional to the Clebsch-Gordon coefficient (/K2 AKIJ K ).

The diagonal matrix elements with y, = ;4. =J, give the intrinsic quad-
rupole moments Q_ of the excitation involved. Note that these quadrupole
moments are given in the intrinsic body-fixed frame. The observed quad-
rupole moments, that is, the so-called spectroscopic quadrupole moments,
involve a transformation to the laboratory frame, giving the well-known result

L [3K*-J(+1)
=00 [W] (6.16)

The dependence on K and J reflects the fact that the perceived shape of a
rotating nucleus is not the same as the shape in the intrinsic frame. Thisis easy
to visualize. When a prolate deformed nucleus rotates about an axis perpen-
dicular to the symmetry axis, the time averaged shape looks more like a disk
(an oblate nucleus), which would have a quadrupole moment of the opposite
sign. This effect is exacerbated for higher rotational velocities and, indeed, for
J(J +1) > 3K2, the spectroscopic quadrupole moment does have a sign opposite
to the intrinsic quadrupole moment. In fact, for K = 0 this is always the case.
Note that for J = 0 (which implies K = 0 since K < J), Q = 0: a state of zero
angular momentum can have no preferred direction of the time averaged
distribution in space and therefore no quadrupole moment.

For the important case of matrix elements diagonal in y but not in J (or
transitions within a band), we have nearly the same result except for a Clebsch-
Gordon coefficient connecting J, and J. Thus
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B(E2:JioJf)=—2—e2Q5{1:020 |70\ 6.17

(B2:7)=5_e0H{11020 iyo) (617
For 0* — 2 * transitions this gives

B(E2:0f>21)=—3—¢2Q} 6.18

( ' 1) l6rn Qo ¢ )

Since the intrinsic quadrupole moment Q o< B(1 +0.168), B(E2:0,* - 2,*) ~
The large Bvalues (of about 0.3) that characterize deformed nuclei can lead to
a one to two order of magnitude increases in this B(E2) value above that of
near spherical nuclei (§ ~ 0.05). This explains the systematics we showed in
Fig. 2.16, which provides the most obvious evidence of deformed collective
behavior in nuclei.

Frequently one can extract very sensitive and critical information on struc-
ture effects and rotation—vibration interactions from B(E2) values for a pair of
transitions connecting the same two intrinsic states. These transitions can be
either both intraband or both interband with the same initial and final bands.
Then the intrinsic matrix element will clearly be identical for both transitions
and will cancelin their ratio. Such branching ratios depend only on the squares
of Clebsch-Gordon coefficients, and are therefore model independent in the
sense that they do not depend on the microscopic structure of the excitations
involved. They depend on the assumption of the separability of rotational and
vibrational motions. They are known as Alaga rules.

Specifically, we have

B(E2:/ioJy) (LiKi2 AK UrKyY’

B(E2:JioJ’r) (IiK2 8K 'Ky

Note that, since the intrinsic structure has canceled out in such ratios, they
are equally valid for transitions involving any intrinsic states (e.g., two-quasi-

particle states) as well as for those involving vibrational excitations.
As examples of these ratios, we have

B (E2:2;->0§)_0
B(E2:25-28)
B(E2:27-45) (s ©621)
B(E2:2j-2;) '

(6.19)

(6.20)

Equally simple but numerically different results are obtained for other
transitions. There are two important uses of such ratios. First, since they
depend on the K values of the initial and final states, they can sometimes be
empirically used to assign K quantum numbers to different intrinsic excita-
tions. Secondly, as we shall see momentarily, small admixtures of different
intrinsic excitations (bandmixing effects) can induce enormous changes in
these branching ratios, so the empirical ratios can provide very sensitive tests
of small details of the nuclear wave functions.

Itis easy to look up or calculate values of the Clebsch-Gordon cocefficients
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Table 6.6. Some useful Alagarules for E2 transitions in deformed nuclei*

( K28K 1K)

7, J, K- K,
050 20 052 22
0 2 1.0 — 1.0 —
2 0 0.200 0.200 — —_
2 0.286 0.286 0.286 0.286
3 — — 0.500 0.500
4 0.515 0.014 0215 0215
3 2 — 0.358 — 0.358
3 — — — 0
4 — 0.143 —_ 0.343
5 — —_ — 0.300
4 2 0.286 0.120 0.008 0.120
3 -— — 0.112 0267
4 0.260 0.351 0.351 0.042
5 —_ — 0.389 0234
6 0.455 0.031 0.142 0.340
5 3 — — —_ 0.191
4 — 0.319 — 0.191
5 — — — 0.093
6 — 0.182 — 0.167
7 — — — 0.360
6 4 0315 0.098 0.021 0235
5 — — 0.154 0.141
6 0.255 0.364 0.364 0.130
7 — — 0.347 0.124
8 0.431 0.039 0.116 0371

*The entries are the squares of the Clebsch-Gordon coefficients for each indicated transition. Thus, relative

B(E?2) values connecting states J, J, in bands with K, K are B(E2 :J K~ K) o (J K2AK llfo 2,

involved in these branching ratios. However, transitions involving K = 0 and
K =2 bands are so important and so common that it is useful to collect the
results here. Table 6.6 shows the relative B(E2) values for transitions involv-
ing low-spin states in K = 0 and K = 2 bands.

Itis interesting to compare them with the data for deformed nuclei. To this
end, we show comparisons for three nuclei in Table 6.7, of which one,™Sm, is
situated at the beginning of the deformed region while the other two, *®*Er and
1Hf, are near midshell. The table shows a number of very interesting
features:

1. The general agreement is remarkably good, indicating that these simple
expressions are a reasonable leading-order approximation. Despite the
deviations to be discussed at considerable length next, it is important to
stress that the approximate validity of the Alaga rules is one of the
strongest arguments for axially deformed nuclei and for the concept of
separable rotational motion. Nevertheless, there are substantial devia-
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Table 6.7.Comparison of some relative B(E2: y— g) values in deformed rare earth nuclei with the
Alagarules*

Relative B(E2:J,J)
J, 7, Alaga 54Gd Er 31
2 0 70 43 54 88
2 100 100 100 100
4 5 14 6.8 5.8
3 2 100 100 100 100
4 40 105 65 52
4 2 34 16 20 18
4 100 100 100 100
6 9 —_ 14 ~
5 4 100 — 100 100
6 57 - 123 107
6 4 27 — 12 18
6 100 — 100 100
8 11 — 37 —

*One transition is normalized to 100 for each initial state. The Alaga rule entries are relative values from Table
6.6 for the K = 2 — K = O case.

tions from them and their study greatly deepens our understanding of
deformed nuclei.

2. The deviations increase substantially with increasing spin.

3. Transitions in which the spin increases (/,> J)) are nearly always empiri-
cally larger than the Alaga rules, while spin decreasing transitions (/,<J)
are nearly always smaller.

4. The deviations can become quite large, leading to factors of three or four
discrepancies from the predictions.

5. The deviations are, on average, larger in Sm than in Er and larger in Er
than in Hf,

Combined with all the evidence from rotational energy sequences, meas-
urements of quadrupole moments, and the like, point 1 provides a vast body of
evidence that supports the idea of a superposition of rotational and intrinsic
motion and the approximate separability of the two. Point 5 suggests that this
separability is most applicable in midshell and least just after the transition
regions from spherical to deformed nuclei. This is reasonable, of course, since
the energy scale of rotational motion decreases systematically toward mid-
shell, and therefore, the distinction in energy between rotational and vibra-
tional behavior is larger there than closer to the vibrational regions at the
beginning and end of major shells. We shall soon see more dramatic evidence
of this point shortly in terms of a systematic measure of the rotation-vibration
coupling. First, however, in order to understand points 2, 3, and 4, and in
particular why point 4 does not indicate a serious breakdown of the rotational
description, we must introduce the concept of bandmixing and discuss a
quantitative formalism to treat it in a simplc way.
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Bandmixing and Rotation-Vibration Coupling

Bandmixing is a widespread phenomenon in even-even nuclei. We shall limit
our discussion o its simplest and most common manifestations, namely AK = 2
mixing between the ¥ and the ground bands and AK = 0 mixing between Sand
ground bands. This is not to minimize the importance of B~y mixing or the
mixing of two-quasi-particle intrinsic excitations with vibrational states: the
same physical concepts and formalism also apply to such cases but the extent
and systematic behavior of g mixing makes it the most interesting and
informative to study. The basic scheme is simply an example of two-state
mixing. For g mixing, the ground and y band wave functions can be written
as
‘/’g=¢g+£'r(~’) 2%

Wy =€"y(1)dg+9y (6.22)

where ¢ is the small mixing amplitude of each band in the other. It is
convenient to separate the spin dependent and spin independent parts of the
mixing by writing

e'y=V2 e,f,{J) (6.23)

In order to derive the spin dependence, we need to anticipate a result from
Chapter 8 on Coriolis mixing in the Nilsson model. Coriolis mixing is a well-
known effect in any rotating system and arises from the transition from a body-
fixed (nuclear) frame of reference to the laboratory. We will show in Chapter
8 that the Coriolis effect in nuclei mixes intrinsic states differing by AK = *1.
The dependence of the Coriolis mixing matrix element on the total angular
momentum J is contained in the mixing operator J , given by (see Eq. 8.2)

(K| K+1)=~ (/- K)(J+K+1) (6.24)

where K is the lower K value. We now interpret y— g mixing as proceeding via
atwo-step Coriolis effect through anintermediate K = 1 band (which need not,
and generally is not, known empirically). For weak mixing, this can be viewed
as a sequence of two separate two-step mixing effects.

We know from the discussion in Chapter 1 of weak two-state mixing that if
three states ¢,, ¢,, ¢, mutually mix, the mixing of states ¢, and ¢, gives

¢ 2=ad2+P23 ¢3
Then, if the already mixed state ¢,” mixes with state ¢, we have
vi=on ¢1+B129"2
=1 gr+Pradr+Piafags

or,since o and o~ 1,

yi= @1+ P12 02+ P12 P23 ¢3

Thus, the overall mixing amplitude of state ¢, in state ¢, is simply given by the
product of the individual two-state mixing amplitudes 8, and j,,.
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Applying this to the present case, we have the mixing sequence (K = 0) —
(K=1) - (K =2). Hence the spin dependence of the AK =2 mixing amplitude,
1s

F()=AT[I+1) 4 (I-1)([T+2)

=N ({I-1)I([I+1)([I+2) (6.25)

Similarly, for mixing between the § (K = 0) and ground bands, the mixing
sequence is (K= 0) — (K=1) - (K'=0). Then fy(J) is given by

fo()=1(+1) (6.26)

Note that both f,(J) and f(J) — J* for large J: the band mixing increases rapidly
for high spin.

The spin dependence of ¢, explains point 2 concerning the increase of the
deviations from the Alaga rules with increasing spin, However, we have yet to
explain why these deviations can be so large without implying a corresponding
destruction of the entire rotational picture on which the Alaga rules and the
present formalism are based.

We can now calculate the interband E2 matrix elements very simply using
the admixed wave functions of Eq. 6.22.

(vl | E2[ v =(04]| E2]| 09 +&"5[ (4] E2[[ 09~ (04l | E2][ ¢5)]  (627)

The first term in Eq. 6.27 is the direct matrix element in the absence of
mixing. Thus, the perturbed matrix element can be written as a sum of a direct
term plus a contribution proportional to ey’. In deriving this expression we
have dropped terms in ¢ ?since the mixing is assumed to be small. Each of the
two terms multiplying sy’ is proportional to a Clebsch-Gordon coefficient
multiplied by the intrinsic quadrupole moment of the y or ground band.
Therefore, even if we assume these intrinsic moments to be equal (as is
commonly done since the deformation does not differ much from band to
band), the K dependence of the Clebsch-Gordon coefficients prevents this
term from vanishing.

In the case of 8 —» g mixing, exactly the same formalism applies with a
substitution of f, for f, One interesting result for the special case of transitions
that do not change spin (J,=J ) follows immediately. For identical quadrupole
moments, the two terms multiplying ;" are identical and vanish: The f — g
bandmixing has no effect on transitions which do not change the spin. This is
a special case of the result derived in Eq. 1.17.

Incorporating the spin dependence of € and expressions for the Clebsch-
Gordon coefficients in Eq 6.27 leads to a general form for the effect of band-
mixing on interband B(E2) values. We obtain in this way the well-known ex-
pressions:

B(E2:Jy>Jg)=Bo(E2)[ L +Z,Fy(J4J5)) (6.28)

B(E2:Jp—Jg)=Bo(E2)[ 1+ZgFp(IpJy)) (6.29)
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Table 6.8. Correction factors F«,(J.- J f) and Fp ;.7 f) for Y- g and 8 — g reduced E2 matrix
elements due to Y- g and - g bandmixing

J‘ J f Correction factor

Y-8 B-g
J -2 J 1+ @+ 1)Z 1+2(2]—1)Zﬂ
-1 A 1+ +2)z, roz
J’ Jj 1+2Z1 1
j,.+ 1 J/f 1 «2(Jlf— 1)Zy —_
f+2 f 1~ s l)Z_( 1—2(21f+ 3)Z,

*Riedinger, 1969.

Here B,(E2) is the unperturbed value and Z and Z, are bandmixing
parameters proportional g, and ¢, respectively. The functions F,(Jy’ Jg) and
F, (J,,, JB) are given in Table 6.8 for the three possible cases of AJ =0, +1, +2.
C/iearly the case AJ = +1 does not apply to the B — g transitions, and the result
obtained earlier for AJ =0, § —» g transitions is reflected by the value of unity
for F(J,=J)

One can analyze experimental data in terms of this formalism in several
different ways. One is to extracta Z value from each branching ratio between
a pair of bands and then test for a consistent value. An example of this is shown
in Table 6.9, where the Z, values for Sm are given. Clearly in this case,
Z,~ 0.078 provides good agreement with the data.

Another approach exploits a particularly useful form of Eq. 6.27. We will
give it in a form that is applicable to both 8 — g and y — g transitions by
combining the spin dependence of the f; or f functions with that of the
Clebsch-Gordon coefficients. We obtain

B(E2:Ji-J5)=2(/iK2 AK U0 [ Mi— Mo (Jy (Jp+1)-Ji(Ji+1))* (6.30)
For y— g transitions M, and M, are defined by

Table 6.9. Z, values for 152G m*

Branching Experiment Alaga Z‘,
Ratios (x10%)
41’"48

42 11.2(19) 2.94 8.1(8)
34

;;:2; 1.00(5) 4 7.7(5)
2,72,

24 10.0(14) 20 6.7(18)
2y

2,05 2.38(18) 1.43 8.8(14)
240,

2oy 4.16(61) 14.0 7.6(1.1)

*Errors given on last digit. Riedinger, 1969.
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M, :<¢-y{ M (E 2)! ¢g>-— 4 M,

1
M2=(£)2 Qo&y (6.31)
h¥4

and are related to Z, by

Zyem2Ma _____ 2Mp
(M1+4M2) (¢ M(E2)|9y)

1
:(Li)i Qogy

21) (94 M (E2)| 95)
For f — ytransitions, M, ={¢, | M(E2) | ¢) and M, = (5/16m)"*Q £,

Thus, M, is essentially the direct intrinsic AK = 2 matrix element (the
correction term, —4M, for y - g mixing, is normally very small) and M, is
proportional to the spin independent mixing amplitude ¢,. The advantage of
this form of Eq. 6.30 is that it can be rewritten as (taking the y— g case to be

specific)
NB(E2:1y—1y)
V2 (7y22-2 750)

A plot of the left side against the spin function on the right is a straight line with
intercept M, atJ =J and slope M,. Fromsuch a plot, called a Mikhailov plot,
one can extract directly from the empirical results both the direct intrinsic
unperturbed AK = 2 matrix element and the mixing amplitude ey(ocMZ), pro-
vided the data can be fit by a straight line. Deviations from a straight line can
arise from several sources: unequal quadrupole moments of the bands, more
than two-bandmixing, undetected M1 components in the interband transi-
tions, or two-bandmixing that follows a different spin dependence than that
given by the f,(J) and £ (/) functions.

An example of a Miﬁhailov plot, for '8Er, is shown in Fig. 6.14 (the dashed
line labeled IBA will be discussed later). Itis clear that the data points are very
well approximated by a straight line, thus validating the use of the Mikhailov
formalism. Such data are typical of deformed nuclei.

The use of the bandmixing formalism in either the Z_ or Mikhailov forms is
a powerful tool for analyzing deviations of relative E2 transitions from the
rotational (Alaga) values and for studying rotation-vibration interactions.
Empirically, it is invariably found that M, << M, and negative (by convention,
M, is positive): therefore Z , is positive. In this way, Z values have been
extracted for anumber of rare earth nuclei. The results are summarized in Fig.
6.15.

These systematics exhibit a parabolic behavior that minimizes at midshell.
This smooth pattern highlights, indirectly, the collective structure of the unper-
turbed states involved: if the mixing were with single-particle excitations, it
would surely be more erratic. As we shall see in Chapter 9, however, the
microscopic structure of collective vibrations changes smoothly and slowly
with N and Z. The minimum in Z_at midshell, and the generally small values

=My~ Mo Jg(Tg+1)=T{ T+ 1)] (6.32)
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of Z , demonstrate the overall validity of the separation of rotational and
vibrational degrees of freedom and show that, as expected, this separability is
best at midshell.

With this bandmixing formalism and the empirical results in hand, we can
now address points 2, 3 and 4 mentioned earlier. First of all, Eq. 6.32 shows
that, regardless of the sign of M,, the effect of bandmixing (on AJ # 0 transi-
tions at least) must increase with increasing spin as we anticipated earlier from
the spin dependence of the mixing amplitudes € and g, . Second, the negative
values of M,, that is, the positive slopes in a Mif(hailov plot, and the fact that
the abscissa is positive for J > J,, implies that the B(E2) values are increased for
spin-increasing transitions and decreased for spin-decreasing transitions, as we
observed in the examples given in Table 6.7.

This point is also clear from inspection of the analytic formulas in Table 6.8.
Since M, has the opposite sign to Z , the data in Figs. 6.14 and similar data for
other deformed regions show that Z is always positive. Then, we see from
Table 6.8 that, for spin increasing transitions, the B(E2) correction factor
always has the form

[1+g (J)Zy]2 (spin increasing) (6.33)
while for spin decreasing transitions, we have
[1-h (J)Zy]2 (spin decreasing) (6.33)

where g(J) and h(J) are positive functions of the final spin J.

It is worth working through an explicit example to see how the bandmixing
technique is used. We take the case of ¢ground mixing in **Er and use both
the analytic approach with Table 6.8 and the Mikhailov formalism.

According to Tables 6.6 and 6.8,

B(E2221) | [(1422) :
B(E22;-01) | (1-%))

where the first factor is the unperturbed (Alaga) ratio. From the experimental
value of 1.85, we obtain Z_= 0.044. Similar values are obtained from other
transitions. A good average value is Z ~ 0.038. The small magnitude of Z
confirms the adequacy of the two-state bandmixin g approach.

Turning to the Mikhailov approach, which generally is easier and yields
interesting physics more directly, Fig. 6.14 gives

M,=0268¢eb M, =-0.0045¢b

(6.34)

Thus, we can immediately deduce the direct, unperturbed y— g E2 matrix
element

(M E2] ¢g):0250 eb
Using Q, = 7.61 eb, the spin independent part of the mixing amplitude is

1
e,:(M)zM.l ——0.00077 (6.35)
157 Qo
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The full mixing amplitudes ¢/(J) = V2 g, f(J) are then -0.0053 (2%),
-0.012 (3*), and -0.021 (4*).

We can now calculate the actual mixing matrix element since for such small
mixing we have, from Eq. 1.10

INVak=2| 0]
bl o

Neglecting the tiny difference between perturbed and unperturbed spac-
ings, and taking E;—- Ez; =741 keV we get

(¢7(2+)l VAK:Z' g (2+)>=87(741 keV)=39keV

In a way, it is remarkable how much detailed information, including a
mixing amplitude, an interaction matrix element, and even an absolute unper-
turbed transition matrix element, can be obtained in this simple way and only
from the measurement of relative interband B(E2) values, without measuring
absolute transition rates.

Finally, we now see that the rather large changes in the interband B(E2)
values result from extremely small residual interactions, on the order of a few
keV, and mixing amplitudes ~102-10-. Returning to our earlier point 4, we
see that the rotational description of the wave functions is still an excellent
approximation although certain observables deviate substantially from their
rotational predictions. Later we shall see other cases, such as Coriolis mixing,
where small disturbances of pure wave functions grossly affect certain observ-
ables and, conversely, where the measurement of those observables provides
very sensitive probes of specific wave function components.

The fundamental reason that small interactions such as the one we are
considering can lead to such large effects is obvious from Eq. 6.27: the mixing
introduces an effectively intraband contribution to the originally interband
transition. The 4 * — 2 * transition, for example, contains small amplitudes for
the very large 4* — 2 *and 4 * -2 * rotational matrix elements. From this, we
can immediatefy appreciate the well-known empirical fact that contrary to
interband transitions, intraband transitions are virtually unaffected by band-
mixing because the effect is reversed, namely, adding a small interband ampli-
tude to a much larger intraband amplitude.

By formalizing this argument we can deduce some interesting results. We
consider the set of bands shown in Fig. 6.16, where we illustrate states of spin
J,J+1,J+2 occurring somewhere in these bands. We donot restrict ourselves
to small mixing, First, let us isclate the two-band system of intrinsic states 1
and 2 and actually calculate the relevant B(E2) value for the transition
between states of spin J* and J. If the mixing is large, we might expect
transitions between bands to be comparable to those within a band. However,
we shall see that under one rather reasonable assumption, this is not the case.

We explicitly write the B(E2) value, using an obvious notation for the initial
and final wave functions analogous to the notation in Eq. 1.7 except that it
distinguishes amplitudes «, o/, B, B for the spins J and /. We have, for an
intraband transition in band 2,
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Fig. 6.16. Set of admixed bands (sce text).
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E2[| o2 () + B (02| £2] |1 (7))

But, here, the interband matrix elements connecting unperturbed states in
bands 1 and 2 are negligible compared to the intraband rotational matrix
elements. We assume for simplicity that the intrinsic matrix elements are band
independent and obtain

B (E2: (.1'—>.1)2)~2j,12+l (e +BB Yo )| E2||on ()] (637

H we now assume that the mixing interaction, though possibly large, is not
very spin dependent, then the composition of the mixed wave functions will
also not depend much on spin and therefore, @~ o and 8~ 7. But, then, the
factor (e’ + BB’) ~ 1 by orthonormality and the intraband transition has an
identical B(E2) value as in the unmixed case.

Extending this argument to multiband mixing, the factor (@a” + f8") in Eq.
6.37 will simply be replaced by (axa’ + BB’ + vy’ + 88’ +...). If, again, the
primed and unprimed mixing amplitudes are approximately equal, this is just
the orthogonality sum, which is unity. (For interband transitions, the ampli-
tude sumis (o, + BB, + ...), and in this case nearly vanishes by the same
orthogonality argument.) Thus we see that, although the mixing is large,
intraband transitions are barely affected and retain their normal rotational
strengths.

This has many repercussions, two of which are worth citing briefly. It
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means, for example, as we argued already, that Alaga rules for intraband
transitions are essentially unaffected by mixing. Thus, observed deviations
from the Alaga rules can be ascribed to other mechanisms {e.g., M1 compo-
nents) and can be used to estimate these. Second, consider heavy ionreactions
that bring large amounts of angular momentum into the nucleus, which then
decays by a series of cascade transitions (see Chapter 10). It has been observed
that these cascades flow through many rotational bands, but that the popula-
tion within a band tends to remain intact as J decreases, even though these
relatively high-lying quasi-particle excitations are expected to mix considera-
bly. The preceding derivation provides a simple explanation: the mixing can
indeed be strong, but as long as it does not change rapidly with J, the intraband
transitions are only slightly affected and remain dominant.

In closing this section, we note that extensions of the formalism to include
B —v mixing have also been developed and are available in the literature. One
point that will be useful in our later discussion of the IBA can be deduced
immediately without a formal development of the mixing expressions. The
effects of 8- v bandmixing on f§ — g and y— g transitions are second order
and generally weak; however, since § — 7y transitions are forbidden in the
absence of mixing, such mixing can strongly break this fundamental selection
rule. The expression for § — y transitions in the presence of - y mixing is
analogous to those we generated for the § — g and y— g cases, except that
there is no longer a direct term and hence the entire transition strength arises
solely from a mixing term proportional to Z_ . Thus, in ratios of f — y
transitions, Z o cancels out. Therefore, although the finite transition matrix
elements arise from mixing, branching ratios are independent of the strength of
that mixing and are given only by ratios of functions of /,and J . We note for
future reference that in the IBA model, B — ¥ transitions are, in contrast,
allowed for deformed nuclei but their branching ratios depend on the detailed
structure (in effect on the value of the asymmetry parameter y). We will
discuss this further later in this chapter.

Having discussed the low-lying, intrinsic excitations of axially symmetric
nuclei, we can return to the question of rotational energies and corrections to
the simple first-order expressionsin Eqs. 6.13 and 6.14. 1t was useful to discuss
these intrinsic excitations, in particular, the bandmixing between them, first,
because the corrections to the symmetric top formula are intimately connected
with excursions from axial symmetry and rotation—vibration coupling. Indeed,
the first order rotational expression makes several implicit assumptions, the
most important of which are that there is no coupling between rotational and
intrinsic degrees of freedom and that 8 is independent of J. These two
assumptions are, in fact, related. As the nucleus rotates, it experiences a
centrifugal force that tends to increase the deformation and moment of inertia
and decrease the rotational spacings, and leads 1o an enhanced coupling to
vibrational modes (recall Egs. 6.25 and 6.26, which show that this increases
with spin). There are several ways of incorporating these effects into a
rotational energy expression. One of the first and most commeon is simply to
expand the rotational energy in powers of J(J + 1) and keep the second term.
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Fig. 6.17. Empirical ground band levels of *®Yb compared with various models. The labels ab and
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One then has

E=AJ(J+1)+BI*(J+1) (6.38)

where A = £ %21, (We will derive this formula in a moment.) From our carlicr
comments, we know that empirical values of B are negative. 1l they are also
small (B/A << 1), the expansion converges rapidly and Eq. 6.38 will be a
significantimprovement.
In some cases, still higher-order terms such as CJ?(J + 1)? arc necessary 10
produce adequate fits for higher J values. Rather than explore this, we shall
turnshortly to an alternate expression that automatically includes Eq. 6.38 and
all higher-order terms. First, we show an example in Fig. 6.17 of the ground
state rotational band of '®*Yb compared with the energies calculated from Egs.
6.13 and 6.38, as well as other expressions to be discussed. Evidently, the first-
order expression (Eq. 6.13) is reasonable only for very low-spin states. Equa-
tion 6.38 (AB in the figure) is an improvement for higher spins, although it too
encounters serious difficulties for still larger J. A fit with the CJ3(J + 1)* term
(ABC) included further improves the predictions, but is also inadequate for
large J: the opposite signs empiricaily deduced for B and C tend to produce
wild oscillations in predicted cnergies (compressions of levels, even spin
inversions) at high enough J values.

An alternate approach to incorporating rotation—vibration or centrifugal
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effects into the rotational energy expression is to make the moment of inertia
spin dependent. This approach is known as the Variable Moment of Inertia
(VMI) modeland has enjoyed considerable success. In general, its predictions
are better than those of Eq. 6.38, and it is not limited to the realm of strongly
deformed nuclei. Figure 6.17 includes VMI predictions and shows their
advantages. We shall not dwell on this approach, as it has been extensively
covered in other literature.

Interestingly, it is easy to see how both effects (a change in the moment of
inertia and the addition of a higher order term) result immediately from the
effects of y-g bandmixing.

We have seen that the mixing is generally small so we can use the approxi-
mation of Eqs. 1.12 to write the energy shift (lowering) of the ground state
band as AE#*(J) = VYAE? . But, from Eq. 1.10, the mixing amplitude
e =V2ef, () = VIAE,, . So,AEs* =2 gXf(J). Hence, from Eq. 6.25,

g“’(J) 2e5(J-1)J (I +1)(J+2)
=27 (J+1)[(/-1) (7+2)]
=2¢&7) (J+1)[J(J+1)-2]

=2¢2J? (J+1) ~4ep(J+1) (6.39)

The second term is the promised correction to the standard rotational formula,
and can give the variation with J of the inertial parameter # %21, while the first
gives the required second-order correction term. From this derivation it is
clear that Eq. 6.38 is, as we implied earlier, ultimately connected with the
concept of rotation-vibration coupling (bandmixing) and also that it implicitly
assumes small mixing.

When J becomes large enough such that ¢ f, (J) ~ 1 we must anticipate a
breakdown of Eq. 6.38 and thus a need for many higher-order terms or an
alternate formula. We have seen this effect empirically in the failure of Eq.
6.38 for /> 14 in Fig. 6.17.

However, there is a much superior rotational expression that is valid for
even higher spins that unfortunately has not been discussed much in the
literature. It automatically gives Egs. 6.13 and 6.38 as limiting cases, automati-
cally includes all the higher order correction terms, and moreover, contains a
specific relationship between the coefficients of each successive term. One
simply writes the two-parameter formula

E(J):a[m +bJ(J+1)—1] (6.40)

where a and b are parameters.

This expression can be derived in the Bohr-Mottelson picture by including
small deviations from axial symmetry. A trivial rationale for this was pre-
sented by Lipas many years ago. Suppose that we make the ansatz thatwe can
write the moment of inertia I as a function of excitation energy:

I=o0+BE()
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Then, substituting this into Eq. 6.13 gives

E(N=—x-t ____j(J+1
V) 2[a+BE(J)] (7+1)
or
2BE*(J) +2@E-#*J(J+1)=0
Hence
_2atN4a2+8p12 I (J+1)
EQ)
4p
or, taking positive energies,
2
E(J):ih/ﬂzﬁh JU+1) -1 (6.41)
2B o’

which is simply Eq. 6.40 with a = o/2 and b = 2% 23/ *. Note that energy ratios,
suchas E,/ E»;, depend only on the single parameter b in Eq. 6.40. Neverthe-
less, this formula is far more accurate than any of the expressions we have con-
sidered, as shown in Fig. 6.17 for ®Yb where the predictions are compared
with one-, two-, and three-term expansions in J (J + 1) and with the VM1
model. Its success extends to softer (transitional) nuclei (e.g., **Sm, *Pt).
Since the expression works so well for higher J, we anticipate a later discussion
to caution thatitis only applicable below any “backbend” that may be present.

Aside from its empirical success, Eq. 6.40 is interesting because, for rela-
tively low spins such that bJ(J + 1) << 1, expansion of the square root naturally
recovers the second (and higher) order terms in the rotational formula of Eq.
6.38:

[Jl+bJ(J+1)—1]:§J(J+1)—%312(J+1)2+... (6.42)

Here, however, the coefficients of each power of J(J + 1) are interelated,
whereas in Eq. 6.38, they are arbitrary parameters. It is remarkable that this
constrained version of the expansion in powers of the angular momentum
produces such an excellent fit.

For large J such that bJ(J + 1) >>1 (this typically requires J ~ 30), this
expression is almost linear in J, reflecting the enormous compression of the
ground band due to both bandmixing effects and to centrifugal stretching.
Thus, Eq. 6.40 incorporates the limit of small mixing (Eq. 6.38), but also
extends into spin regions where the mixing is large.

6.5 Axially Asymmetric Nuclei

The models we have discussed thus far incorporate excursions from axial
symmetry that are both small and dynamic. Certainly, such an approach
accounts reasonably well for the deviations of most well-deformed nucleifrom
the properties of the pure axial rotor. However, there have long been indica-
tions that larger and possibly permanent (static) asymmetries also occur.
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Naturally, this would lead to more radical departures from the energy and
transition rate expressions we have considered. In fact, in certain limiting
cases of large asymmetry, new selection rules appear. In another sense,
however, such models for larger asymmetry are extensions of the small excur-
sions from axiality dealt with so far, and their predictions go over into the latter
as y—> 0°. It also turns out that many predictions of models for large, fixed
asymmetries ¥ are identical, or nearly so, to models incorporating dynamic
fluctuations in ¥ so long as 7, .. in one equals ¥,__in the other.

The best known model of fixed stable asymmetry (triaxiality) is that of
Davydov and co-workers developed around 1960. Here, the potential V (3) is
envisioned to have a steep, deep minimum at a particular value of y so that the
nucleus takes on a rigid shape with that asymmetry.

We have seen that, if the rotational and vibrational motions are not com-
pletely decoupled, and there is an interaction (mixing) between the y and
ground bands, the latter will acquire a finite 7, _and K will no longer be a good
quantum number. Therefore, it is not surprising that in the Davydov model X
is not a good quantum number either. Here, however, since ¥ can be large, the
K admixtures can reach levels far beyond those we have encountered.

The relation between the Davydov model and models with axially symmet-
ric but ¢soft potentials runs deeper than this. In a nucleus with such a
potential, the greater the softness the lower the y vibration will lie, and the
larger y__ will be in the ground state. In the Davydov model there is no
distinction in intrinsic structure between what is normally called the ground
state rotational band and the ¥y vibrational states. The levels of these two
bands simply become the so-called normal and anomalous levels of a new
ground state band whose energies depend explicitly on 7y, which can take on
values from 0° — 30° (prolate symmetric — maximum asymmetry: 30° < y< 60°
corresponds to the “oblate” region of asymmetry). Figure 6.18 shows the
lowest levels as a function of yand clearly illustrates the descent of the y
vibrational levels. Indeed, for y> 25°, E2;<E4i'. In contrast, as y— 0°, the
normal levels 0%, 2*,, 4%, 6", which are rather insensitive to ¥, go over into
those of an axially symmetric ground state band, while the “y band” energies
increase rapidly. Animportant feature of the anomalous levels is their energy
“staggering”: They tend to be grouped into couplets as (2*, 3*), (4%, 5%)...

The behavior in Fig. 6.18 is easy to understand. As y increases, the nucleus
becomes increasingly flattened. Therefore, states whose wave functions are
predominantly aligned in the direction of the flattening attain lower energies,
since the nuclear force is attractive and they are, on average, closer to the bulk
of the nuclear matter. This is exactly the case for the K = 2 (and higher K)
levels which, therefore, rapidly decrease inenergy with increasing 7. They also
mix with the normal ground state band levels (yrast states) and, as we have
seen, K is no longer a good quantum number. The leveling off of the energies
of the anomalous levels for y >25° is easily understood in terms of that mixing.
In Table 6.10 we give a number of interesting quantities relating to the
Davydov model, including the amplitude for K =0 in the 4,* and 4," states as a
function of y. For y between 25° and 30°, the major amplitudes in the 4,7 state
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Fig. 6.18. Normal and anomalous levels of the triaxial rotor (Preston, 1975).

actually interchange so that the K = 0 amplitude is larger than the K =2 one.
(The 4 amplitudes do not quite “cross” since there is actually substantial
three-state mixing involving the 4,* state.) The interchange of amplitudes in
the 4," level occurs near the energy inflection point in Fig. 6.18. The decreasing
trend of the quasi-y-band, or anomalous level energies, would have caused
these energies to cross the normal Ievels at this point. Instead, the interaction
causes a repulsion. This is a nice example of this two-state mixing effect
discussed in Chapter 1.

In practical applications of the Davydov model, one usually extracts y from
the energy ratio E»3/E,; of the first two 2* states. This ratiois given in Table
6.10 for several values of yand is plotted in Fig. 6.19 (along with two B(E2)
ratios). It can be calculated for any y value from the expression

E» :[1+X]
Ly [1-X]

oo

(6.43)
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Table 6.10. Some useful predictions of the asymmetric rotor (Davydov) model*

Y- 0° 5° 10° 15° 20° 25° 27.5° 30°
Epty/Exny oo 64.2 15.9 6.85 3.73 2.41 2.10 2.00
B(Ezz+2—>2+1)
R 1.43 1.49 1.70 2.70 5.35 20.6 82 %0
B(EZZ*z»aﬁ*])
K=0 1 1 0.999 0.993 0.955 0.852 0.792 0.739
"
van K=2 0 0.003 0.030 0.114 0.296 0.522 0.605 0.661
K=0 0 -0.003 -0.030 -0.114 -0.296 -0.523 -0.602 0.559
Va2 K=2 1 1 0.999 0.993 0.954 0.842 0.754 0.500
B E2:2% —0"; 1 0.993 0.972 0.947 0.933 0.955 0.985 1
B E22"2 0% 0.0074 0.028 0.053 0.067 0.425 0015 0

B E22 -2 ) 0.011 0.051 0.143 0357  0.865 123 1.43

B(EZZ *1)

- (E 70 ) 0 00074 0.0288  0.056  0.072 0.0445 0.015 0
B E24% -2 0 0.0004 0.011 0.008  0.0004  0.021 0.018 0
B( B249 -2 0 0 0.0023 0.010  0.033 0.039  0.016 0

1;(&4*2-,4 ) 0 00138  0.0624 0.167 0.313 0.311 0.271 0273
B{ B24% -2 1.429 1.418 1.395 1.377 1.372 1.365 1.378 1.389
B{ E23% 4% 0 0.006 0.034 0130 0406  0.821 0.955 1

B(E23+1 -2 ) 0 00132  0.0492  0.095 012 0079  0.027 0

B(EZB*] -2 ) 1.78 1.77 1.74 1.69 1.67 1.70 1.76 1.78

*B(E2) values are in units of 52Q20/167L

where

X=1/1-8sin’(3
9sm ( y)

The individual energies are equal to the respective numerators and denomina-
tors multiplied by (9/sin?3%). Note that X — 1 for y— 0°. Thus, Ea5/E2; —»eo
for y— 0° asseen in the Table and figure. Also, X — 1/3 for y— 30°. Table 6.11
gives the empirical values of E»3/E»; foranumber of heavy rare earth nuclei
as well as the associated y values. If, on account of the anomalously low
E231 Eq; ratios, these nuclei are considered to have large rigid triaxiality (this
is the term usually used for the concept of fixed asymmetries), then these y
values are the only input needed to make Davydov model predictions for other
observables. Such predictions are included in Table 6.10 for several yvalues.
The branching ratio,

B (E2:25-21)

B (E2:2>-01)
is also a useful indicator, as shown in the same table and in Fig. 6.19. R, can be
written analytically and calculated for any y from
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Fig. 6.19. Dependence of several observables on y(compare Fig. 6.42).

71 9x?
Ry= 9X

L(1_3—2smz(3 y)}

(6.44)

2 3X

where the numerator and the denominator are the individual B(E2) values.
Note that both B(E2) values in R, vanish for y=0°, yet they have a finite ratio
thatis the Alagarule: the vanishing is reasonable since for y=0°, Ey3/ Ea; —ee,
corresponding to infinite rigidity in the ydirection and to vanishing vibrational
amplitude. R, increases rapidly with y and R, — oo for y=30°. This latter result
isidentical to the selection rule for an alternate model of axial asymmetry that
we will soon discuss, the y flat or y-unstable model of Wilets and Jean in which
the 2,* — 0, transition is forbidden.

Some other B{E2) values and branching ratios are given in Table 6.10.
Those corresponding to rotational transitions in either the ¥ or ground bands,
are ncarly v independent. Others vanish at both y=0°and 30° but attain small,
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Table 6.11. Values of E,3/E,; for some deformed and transitional nuclei and the corresponding
y values (rounded to nearest degree)

Nucleus EzglEz; Y

1528m 89 13°
160Dy 11.1 12°
168, 10.3 13°
72yb 18.6 9°
176 £ 152 10°
182y 122 12°
1840 79 14°
18805 4.1 19°
19205 2.4 25°
196py 1.94 300

finite values for intermediate y values. These are transitions between normal
and anomalous levels. The 2" — 2* and 3" — 4,* transitions form a third
category: small at ¥ = 0° and rising rapidly toward y = 30°. This behavior is
easily understandable if we note that, in the y= 30° case, the Davydov model
has the same selection rules as both the quadrupole vibrator model and the
Wilets-Jean y-unstable model. For example, at y = 0°, the 2,* — 2.* and
3, — 4, transitions are interband (y— g): given the built-in stiffness in 7, they
must be forbidden. At y= 30°, the 3" state is analogous to a three-phonon
level, the 4, level to a two-phonon excitation, so the transition becomes
allowed. Similarly the 2,- — 2 - transition is analogous to a 2 - 1-phonon
transition.

Since finite y values correspond to mixed K values, one might expect a close
relation between B(E2) values for finite ¥ in the Davydov model and in the
bandmixing formalism. Thisisindeed so. Consider, as an example, the case we
worked out earlier of **Er. We found that the Mikhailov plot analysis gave a
full mixing amplitude in the 4+ states of €,(47) = 0.021. In the Davydov model,
the experimental ratio R, = 1.85 yields y~ 11° (see Table 6.10). This, in turn,
corresponds to a y— g mixing amplitude of 0.03, which is quite close to the
bandmixing result. The agreement is not exact since the comparison is not
quite on an equal footing. In the bandmixing case, the spin independent
mixing amplitude was deduced from a Mikhailov plot, which gives an overall
average value for all transitions, while the Davydov mixing value was deduced
from R, alone. In any case the essential point is that both the bandmixing
formalism and the Davydov model lead to K mixtures in ¥ and ground bands,
and give comparable mixing amplitudes and B(E2) values for small . (The
bandmixing formalism is a first-order perturbation treatment and is therefore
inapplicable for large ¥.) Though the physical pictures are different, predic-
tions for many observables are nearly identical.

When we turn to the large yextreme, one might think that the extremely
low-lying y band levels of the Davydov model would be an appropriate
signature for stable axially asymmetric shapes. However, we can also envision
large y values as dynamic quantities by picturing a deformed nucleus that is
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totally free to vibrate in the y degree of freedom. Such a nucleus is completely
¥soft: it is a “y-unstable” rotor. This corresponds to a nuclear potential
centered at a finite B8 but completely flat in the y degree of freedom. The
nucleus oscillates smoothly from y= 0°-60° and has y__=30°. In the extreme
limit of complete y instability, known as the Wilets-Jean model, the “rota-
tional” energies are given by

E (A)WA]= SA(A+3) (6.45)

where 9 is a constant analogous to £%21 and the levels are now classified
according to the quantum number A. This classification scheme is givenin Fig.
6.20. The yrast levels have J = 2A. Note that each A value (for A > 1)
corresponds to more than one level and that the A values 2, 3, 4, ... include a
low-lying set of levels analogous to the y vibrational band and to the anoma-
lous levels of the Davydov model for large ¥.

Now that we have the three basic extreme geometric models, the harmonic
vibrator, the axially symmetric deformed rotor, and the ysoft axially asymmet-
ric deformed rotor, it is interesting to compare their rotational energies. The
results are shown in Fig. 6.21. The spacing of the normal rotational levels of
the Wilets-Jean rotor are quite different than in the symmetric rotor. This is
easy to see if one notes that for these levels (the yrast states) A = J/2, so that
E,, (J-yrast) = (9/4)J(J + 6), which increases with J considerably slower than
the J(J + 1) law for a symmetric rotor. For example, E4;/E2; = 2.5 compared
to3.33for therotorand E¢;/ E4t =4.5instead of 7. We note for later reference
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Fig. 6.20. Ground band levels in the yunstable or Wilets-Jean model. (Left) In terms of A
multiplets; (Right) Displayed in analogy to the quasi-band structures of a normal rotor.
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that the y unstable limit of Wilets-Jean is very closely related to the 0(6) limit
of the IBA Model.

Another characteristic of the Wilets-Jean model concerns E2 selection
rules. The allowed transitions must satisfy AA = 1. Comparison with Table
6.10 shows that the Davydov model goes over to the same selection rules as the
Wilets-Jean model for y=30°, again highlighting the similarity of a yflat model
with y__ = 30° to a rigid asymmetric model with fixed y=30°. The Wilets-Jean
picture also resembles the phonon model in its E2 selection rule and gives
some identical predictions. For example, the 2,* — 2 * transition
(A=2— A=1)isallowed, asis4,* -2 *, but the crossover 2, — 0, transition
is forbidden (AA = 2), as is the 4,* — 2*(AA = 0). These are the same results
one would have if the 0%, 2,* and (4%, 2,*) doublet were treated as the zero-,
one-, and two-phonon vibrational states. This is not surprising since the
potential for the spherical vibrator, while parabolic in 8, is independent of ¥, so
it is trivially %~unstable as well. The real difference between the vibrator and
Wilets-Jean limits is that in one S, = 0, whereas the other has a deformed
minimum. Another difference between the two models (with the vibrator now
considered in its harmonic, degenerate multiplet limit) is that the vibrator has
a two-phonon triplet of levels 0, 2*, 4* while the Wilets-Jean scheme has only
a 2+, 4%, doublet, the first excited (' state having A = 3. Thus, not only is it
higher in energy but its allowed decay is to the second 2* level (27,) rather than
the first as in the vibrator; more precisely, B{(E2:0,* 5 2,") /B(E2:0," 5 2,*) > e
in the yunstable limit but is zero in the vibrator. The reader is warned,
however, that these differences do not necessarily persist in a sufficiently
anharmonic vibrator. We will encounter this point, and this close relationship
between vibrator and j-unstable models, again, in our discussion of the U(5)
and O(6) symmetries of the IBA model later in this chapter.

Despite the obvious similarities between the Davydov and Wilets-Jean
models, there is one outstanding difference by which 1o distinguish them
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empirically: the energy staggering in the low-spin anomalous or ¥ vibrational
levels is opposite in the two models. In the y unstable case, these levels group
according to (24), (3+,4%), (5%,6")... as seen in Fig. 6.20: in the simplest version
of this model, the levels within each couplet are degenerate.

It is interesting to use a quantitative measure of the asymmetry as a
distinguishing signature. To this end, we define the quantity AE, = E, - E, _,
where the energies refer to the band, and then define the energy staggering,
E(J), as

Es(J)=AE;~AE (6.46)
For example,
Es(4)=(E«- E3;)-(E3j- E;) (6.47)

These double energy differences involve three levels with spinsJ, /-1, and J-2,
and we use the convention that the level of spin J (the starting level) is always
of even spin. The usefulness of £ in comparing different models is evident if
we relate it to the energy of the first 2* level, Ez;. Although the harmonic
vibrator is not a rotational scheme, the levels of the “quasi-y band” in that
scheme also display a staggering similar to the yunstable model and include
the same degenerate couplets. We can therefore include this model in this
intercomparison as well. For the four cases of the symmetric rotor, the triaxial
rotor/ Davydov model with y= 30°, the y-unstable or Wilets-Jean model, and
the harmonic vibrator, the following analytical expressions result:

Es(4)=g—;{[1(1+1)—(J—l)J]—[(J—1)(1)—(1—2)(1—1)]}

=f‘—22 -Eax (symmetric rotor)
21 3
Es(4)=A[(34-18)-(8-12)]=10A=3 5 (yrigid, 7= 30")
Es(4)=A{0-[3(6)-2(5)]}=-8A=-2E>; (yunstable)
Es(4)=[0- (B Eq;-2E3)]=-Ex (vibrator) (6.48)

Generally, if E(4) <E23/3 (ysoft case), the even spin states are depressed
relative to the odd spin; if £ (4)) > E,; /3 (y—rigid), the odd spin levels are
depressed relative to the even spin ones.

Before inspecting empirical values of £(4), we note another interesting
feature of the vibrator limit. As we have seen, empirical values of the energy
ratio R=E, /E,  for vibrational nuclei are typically ~2.2 rather than the strict
harmonic limit of 2.0. Table 6.4 gave the energy levels of the three-phonon
states, which include the 3* and 4 levels of the “quasi-yband” in terms of the
two-phonon levels. E(4) cannot be defined analytically in this case since the
unknown energies of these 3* and 4+ levels implicitly involve the energy of the
4. *level. However, if we make the approximation that the two-phonon 2,* and
4,* levels are degenerate (i.¢., €, = ¢, in the notation of Table 6.4), then the 3*
and 4* quasi-yband states will still be degenerate at an energy 3 E2 (R -1).
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The energy anharmonicity of the two-phonon states is tripled in the three-
phonon states. Simple manipulations then give E(4) = - E»f (2R - 3). Of
course, in the harmonic limit R = 2, and this goes to E (4) = - E»1 as in Eq. 6.48.
For the more typical case of R > 2, however, E(4) becomes increasingly
negative compared to the harmonic value.

We see that £ nicely distinguishes different models ranging from vibra-
tional to rotational to axially asymmetric, and is also a useful signature of
transitional regions between these ideal limiting cases. We show in Fig. 6.22
the empirical E(4) values for rare earth nuclei. Near the N = 82 closed shell,
the nuclei are close to vibrational with only a small component of f softness.
E (4) is negative and, in units of E»; ,ranges from-0.8 — -0.4. As the neutron
number increases, the f softness rapidly increases and E(4) approaches the
rotational limit of + E;$/3. The fact that most of the deformed rare earth
nuclei have E(4) values slightly less than E21/3 reflects both their predomi-
nantly axially symmetric rotational character and the presence of a small
amount of rotation-vibration coupling. Towards the end of the N = 82-126
shell, the behavior becomes more erratic, with the Pt isotopes displaying
tendencies toward extreme ¥ softness.

Despite years of poputarity of the Davydov model becausc of its simplicity
and analytic formulas, there is virtually no evidence for rigid triaxial behavior.
Axial asymmetry in nuclei seems associated with y softness instead.

In a later section of this chapter we shall see that such y softness also
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characterizes the O(6) symmetry of the IBA and nuclei in O(6) — rotor or
SU(3) transitional regions. To anticipate that discussion briefly, it is interest-
ing to note that the classic O(6) nuclei, *>"'%Pt, have larger E(4) values than
some of the other Ptisotopes, even though they are supposedly completely y—
soft. We can already guess from Fig. 6.22, however, that nuclei with nearly 3
independent potentials but with shallow minima at 30° (that is, with the
addition of a small component of triaxiality at y=30°) might have £ (4) values
higher than the extreme y-unstable limit. This is in fact the case, as will be
commented later in the discussion of the IBA.

The y-rigid—y-soft ambiguity is not the only one that can obfuscate an
interpretation of the structure. Figure 6.22 also shows the difficulty in distin-
guishing near harmonic vibrational structure from ysoftness. There is one
useful, albeit qualitative, indicator stemming from the systematic behavior of
certain absolute energies that can sometimes clarify whether a transitional
region is vibrational — symmetric rotor or axially asymmetric — symmetric
rotor in character. This indicator is the relation between the energy of the 2 ’
(normally 2,*) level and the 4,* state of the quasi-ground state band.

Ina transmon from v1brator to symmetric rotor, the 2 * level starts off
initially degenerate with the 4,* level at rather high energies (since E»; is then
also rather high). As the phase transition develops, the 4,* level drops rapidly
(as the 2, energy drops) to become a member of the ground state rotational
band, while the 2 - level remains rather high in energy (although it may drop
slightly). Ina transition from an axial asymmetric rotor (either soft or rigid) to
symmetric rotor, the 2 and 4," levels start out nearly degencrate (for targe y)
and rather low-lying, but the former rises rapidly as ¥ — 0° while the 4, level
drops slightly as the deformation increases. These contrasting systematlcs arc
shown for the Sm and Os nucleiin Fig. 6.23. This signature, while valid, cannot
be quantified as well as the energy staggering since the two levels involved
have intrinsically different structure in the rotational limit: the 47, state be-
longs to the ground state band while the 2 * state is an intrinsic excitation
whose energy depends on details of its microscopic collective wave function
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(see the discussion of the RPA in Chapter 9). In any case, it is evident that the
Ba-Gd region represents a vibrational-rotational transition, whereas the
Pt-Os region is axially asymmetric — rotational.

This completes our brief survey of some of the essential features of geomet-
ric models for deformed even-even nuclei. These models have been
enormously successful, especially when the first order energy and B(E2)
predictions are modified by incorporating the higher order terms that reflect
changes in shape and adiabaticity of the rotational motion as J increases.
These models are all truly phenomenological in that they are applied to real
nuclei by inspecting empirical properties in order to assign the appropriate
shapes (B, 7, or higher-order moments). The models then provide a framework
for the prediction of numerous other observables.

In closing this section, it is important to stress that we have hardly exhausted
the collective vibrational modes in even-even nuclei. For example, we have
not touched on the most basic low-lying negative-parity excitations—octupole
vibrations—nor have we considered hexadecapole excitations. Just as quad-
rupole vibrations in deformed nuclei can have K = 0 or K = 2, octupole
excitations existin K =0, 1,2, and 3 forms. In many deformed nuclei, several
of these have been identified, primarily via strong E1 and/or E3 transitions to
the ground state hand. The ordering of these octupole K values changes
systematically through a shell: near the beginning, the low K modes are lowest,
while they are highest toward the end. The basic physics, especially concerning
¥ray transitions into and out of these excitations, is similar in spirit to what we
have already outlined for positive parity levels. Though these excitations
account for most of the known negative parity states below the pairing gap in
deformed nuclei, they have been less well studied than their positive parity
quadrupole counterparts. Recently, however, they have taken on a new
interest in conjunction with, or rather as an alternative description to, the
possible existence of a-like cluster states, which are expected to have some of
the same properties. Hexadecapole vibrations are much less well known:
perhaps the most likely manifestation of their particular characteristics are in
the low-lying K = 4 bands in the Os isotopes.

We will not pursue a discussion of these higher multipole excitations here;
instead, we will return to the question of hexadecapole excitations and stable
hexadecapole deformations after our discussion of the Nilsson model in Chap-
ter 8, and to the structure and systematics of octupole excitations in Chapter 9
after our treatments of the TDA and RPA approaches to the microscopic
derivation of collective vibrations,

6.6 The Interacting Boson Model

Up until the mid-1970s the two principle strains of nuclear structure theory
were embodied in the shell model, which emphasized the single-particle
aspects of nuclear structure along with a careful accounting of the effects of the
Pauli principle, and the collective model pioneered by Bohr and Mottelson
and generalized by Gneuss and Greiner, Kumar, and numerous others. Each
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of these models, of course, had numerous offshoots: the shell model for
spherical nuclei led to the development of the Nilsson model for deformed
shapes and the collective models developed refinements that incorporated
axial asymmetry, higher moments in the shape such as hexadecapole compo-
nents, and the like. The link between these models was provided in the early
1960s by the development of microscopic approaches to collective motion
utilizing such techniques as the TDA and RPA, which we will discuss in
Chapter 9.

In 1974 the Interacting Boson Approximation (IBA) model was proposed,
which is based on a third approach that is group theoretical or algebraic and
that recalled methodology developed in the 1950s by Elliott and co-workers
for light deformed nuclei. The IBA has been extraordinarily successful, and
has also generated its own family of offshoots inspiring alternate, sometimes
competitive algebraic approaches such as the interesting pseudo-SU(3) and
symplectic group studies of Draayer and co-workers.

The IBA is a model for collective behavior. It has become customary to
refer to collective models of the Bohr-Mottelson type as “geometric” models
and those of the IBA or other group theory-based approaches as “algebraic”
models. Today one has a situation in which there is a triad of models—shell,
geometric, and algebraic—with which one can attack the basic problems of
nuclear structure. These models are not generally incompatible, although
there are differences in certain important details, but rather reflect three
approaches to nuclear structure that emphasize different complementary
aspects of that structure.

As we have commented repeatedly, the shell model rapidly becomes intrac-
table far from closed shells. In order to circumvent this, two basic alternatives
have been tried. In one, that of geometric models, the whole microscopic
approach is abandoned and replaced by a macroscopic one involving an
assumed or deduced nuclear shape, with rotations and vibrations about that
shape. The other, of which the IBA is an example, seeks to effectively truncate
the shell model space: the practical utility of such an approach depends on the
extent of the truncation, while its success depends on the appropriateness of the
truncation in isolating the key configurations involved (at least in the low-lying
states).

The truncation inherent in the IBA is shockingly extreme. For example, it
reduces the 3 x 10* 2+ shell model basis states in ***Sm to 26! Itis a wonder that
such a scheme can work at all, much less have the extensive and repeated
success it has enjoyed.

The basic idea of the IBA is to assume that the valence fermions couple in
pairs only to angular momenta 0 and 2 and that the low-lying collective
excitations of medium and heavy nuclei can be described in terms of the
energies and interactions of such pairs. These fermion pairs, having integer
spin, are treated as bosons (called s and d bosons for obvious reasons).

More formally, the model is founded on and embodies the following as-
sumptions and ideas:

* Closed shells of either protons or neutrons, and excitations out of them,
are neglected.
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* The low-lying excitations of even—even nuclei depend only on the va-
lence space.

s The valence nucleons are treated in pairs, as s and d bosons, with angular
momenta 0 and 2. In the IBA-1 no distinction is made between proton
and neutron bosons. The number of bosons is half the number of valence
protons and neutrons, both of which are always counted to the nearest
proton and neutron closed shells. This counting rule generates a finite,
fixed, number of s and dbosons. This finite number has profound effects,
and leads to numerous predictions that are different from those of the
geometric analogues of IBA structures.

e The states of this boson system result from the distribution of the
fermions in 5 and d pairs, and thus depend only on the s and d boson
energies and on interactions between bosons. These interactions are
assumed to be simple (at most two-body).

A fundamental feature of the IBA that results from these assumptions is its
group theoretical structure. Since an s boson (J = 0) has only one magnetic
substate and a d boson (J = 2) has five, the s—d boson system can be looked at
mathematically as a six dimensional space. The basis states span that space. It
turns out that such a system can be described in terms of the algebraic group
structure U(6). As we shall discuss at length, such a “parent” group has
various subgroups and different “decompositions” of U(6) into sequences of
subgroups that lead to different symmetries (dynamical symmetries, to be
exact). There are three of these symmetries that are physically interesting,
known by the labels U(5), SU(3), and O(6). Each has specific, characteristic
properties and a definite geometric analogue. Actual examples of nuclei
manifesting these symmetries have been identified.

This symmetry structure is central and critical to the IBA. Many predic-
tions can be obtained analytically by powerful group theoretical (algebraic)
methods, rather than by tedious numerical diagonalizations. Moreover, the
group structure keeps the underlying physical picture close at hand. Even
when analytic results are not obtainable (for nuclei with structures “intermedi-
ate” between two symmetries) the symmetries act as benchmarks or touch-
stones that provide a physical backdrop and a simpler starting point for de-
tailed calculations.

As Broglia and others have pointed out, the twin aspects of the grounding of
the IBA in fermion pairs, and its symmetry structure with geometrical ana-
logues, confers on the model a “Janus-like” character. On the one hand, it
looks to the shell model for its microscopic justification (is it a reasonable trun-
cation toignore all configurations except those corresponding toJ =0 and J =2
valence fermion pairs?) and for the ultimate derivation of its parameters and
their systematics. On the other, it leads to a picture of the nucleus, and specific
predictions, very closely allied to macroscopic geometrical collective models.

To summarize, the two essential distinguishing features of the IBA are its
symmetry structure resulting from the s-d boson truncation and its emphasis
on the valence space, with explicit recognition of the finite number of valence
nucleons. The first leads to its algebraic formulation and to the dynamical
symmetries so intimately associated with the model, while the latter leads to
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many key predictions, often different from otherwise closely related geometri-
cal models. As we shall see, it confers a microscopic aspect on an otherwise
basically phenomenological model.

We now present a simplified outline of some key elements of the IBA-1
model (protons and neutrons treated together). We first discuss the bosons
and the basis states that can be constructed from them, and then a suitable
IBA-1 Hamiltonian. We then turn to a discussion of the group theory of the
IBA and its symmetry structure. Finally, we consider realistic (nonalgebraic)
calculations for actual nuclei and a simplified approach to many of these, the
so-called consistent Q formalism. Throughout, we give a number of concrete
examples of IBA predictions and stress the relationship to the geometrical
models discussed earlier in this chapter.

The basic entities of the IBA are s(J = 0) and d(J = 2) bosons, which are
assigned energies € and £, (Note that it is conventional in the IBA literature
touse L for angular momentum both for the individual bosons, s and d, and for
the total spin of a state. Here, we keep to the convention of this book and use
J for these quantities.) A given nucleus with N + N valence protons and
neutrons (each counted to the nearest closed shefl) has N=(N_+ N )/2 s and
dbosons. For example, **Sm has N = 6 + 4 = 10 and both *Ba and Pt have
N =3+ 3 =6. Nodistinction is made whether the valence nucleons are par-
ticles or holes. Ground and excited states are formed by distributing the bo-
sons indifferent ways among s and d states and coupling them to different total
J. The level structures that result depend on these distributions and couplings.

The simplest situation is to imagine all N bosons in s boson states. By
convention, ¢ = 0, the absolute ground state. The lowest excited state will have
(N - 1) s bosons, one d boson, and an energy E = ¢, The next states, in this
simplest case, will be a group with two d bosons (n, = 2). Clearly, as in the
phonon model, the two d bosons can couple to J =0, 2, 4. This triplet will be
degenerate. Higher d boson multiplets will also occur up to n, = N. This is a
purely harmonic spectrum identical to the harmonic vibrator except for the
limitation due to finite boson number.

Since the IBA is configured explicitly in terms of s and d bosons, most of the
formalism is phrased in terms of creation and destruction operators for these
entities, s, s , d, d ', and combinations thereof. The basic rules for operating
with these are the same as for the phonon operators b, b used earlier in this
chapter (Egs. 6.2-6.4). The Hamiltonian for the harmonic system just de-
scribed, is simply

H=€d(d1.d)0:€l'ld (6.49)

that is, the energies are E = en, where for simplicity here and henceforth we
drop the subscript “d” on €.

Different states in a multiplet can be distinguished by their angular
momentum J and by the number np(nA) of d bosons coupled pairwise (tri-
pletwise) to J = 0. Sometimes one specifies not n,, but the number of bosons
not coupled to J =0, and denotes this “boson seniority” quantum number by v.
These states form a convenient basis set for the IBA and are illustrated in Fig.
6.24. Note that for n > 4, more than one state of a given J can occur.



Collective Excitations in Even-Even Nuclei 201

g+ (400) g+ (400) 5+ (400) 4+ _(400) 4+ _(410) o+ (401) o+ (410) o+ (420)

6+ (300) 4+ (300) 3+ (300) o+ (310) o+ (301)

4+_(200) o+ (200) o+ (210)

2+ (100) U (s)
(nd Ng nA)
o+_{000)

Fig. 6.24. Basis states of the IBA. The U(5) limit (Casten, 1988a).

Having defined the basis states in this way, we can now consider more
general IBA Hamiltonians composed of creation and destruction operators
for s and d bosons limited to a maximum of two-body (boson) interactions. If
we keep only those terms relevant to excitation energies (i.e., if we ignore
terms contributing to binding energies), we can write

H=8’nd+—]—‘—2 CJ(deT (J)°(a:i)(j)
275

V2 EEANCO et vo fai2e2
+T_1_0_{(d a ds+H.c.}+;{g_—(d s+H.c) 6.50)
where ¢’, C,, v, and v, are six free parameters. As we have discussed, the first
term simply counts the number of d bosons and multiplies it by a d boson
energy. This gives the unperturbed energy of a state with n, noninteracting d
bosons. The second group of three terms introduces interactions between
pairs of d bosons that depend on the angular momentum to which they are
coupled but that do not change the relative numbers of s and d bosons nor mix
the basis states. The other terms have the property of changing the number of
d bosons by An, = £1, 2. These terms mix different basis states of a given J
and, as in the analogous case of the shell model, it is this configuration mixing
that leads to a build-up of collectivity and to the appearance of rotation-like
behavior.

One often sees another equivalent form of the IBA Hamiltonian,

H=¢"ng+aoP P+a1J*+a:Q*+asT3+as T4 (6.51)

where

T;:(d*&)m, J=0,1,2,3,4
Q Z(de+sfa)—g(dTH)(2)

na=V5To, J=YI0T (6.52)
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The operators in Egs. 6.51 and 6.52 are convenient combinations of those in
Eq. 6.50 that have simple physical interpretations in terms of, for example,
boson pairing and quadrupole operators. The most important point to note in
Eq. 6.51 is the An, character of the various terms; those inn,, J?, T, and T
have An, =0, P'P has An, = 0, 2 contributions, while Q' has An, = 0, £1, +2
parts.

An important aspect of IBA predictions focuses on E2 transitions. The
relevant operator, T(E2), is simply related to Q in Eq. 6.52, by

T(Ez):eEQ:eg{sfdm*sm(dfdﬂ (6.53)

where ¢, is a boson charge similar to the effective charge for fermions and is
often treated as a free parameter. Inthe original IBA formalism, the parameter
x in Q is fixed at y = - V7, 2 in the Hamiltonian and treated as a free para-
meter in T(E2). An alternate formalism, the consistent Q formalism (CQF),
uses the same y in both H and T(E2), which leads to certain simplifications and
to a clearer physical picture of this model. This formalism will be discussed
shortly.

We have stated that the s and d boson structure of the IBA leads to a six
dimensional space and hence to a description in terms of the unitary group
U(6). We shall not delve into the group theory of the IBA in any detail, but a
few ideas are useful to understand how the symmetries so characteristic of this
model arise. Much of the following discussion is based on a recent review by
the author and D.D. Warner to which the reader is referred for additional
material on the IBA and its literature.

The basic concept underlying the group theory of the IBA is that of the
“generators” of a group. These are sets of operators that “close on commuta-
tion” (i.e., the commutator of any pair [A, B] = AB - BA either vanishes or is
proportional to another member of the group, or a linear combination thereof).
For the IBA, the 36 operators s 's, s"dﬂ, du*s and (d#“d#)’ whereJ=0,1,2,3,4
and |l <J satisfy this condition and are the generators of U(6). As anexample,
we show this closure for the particular pair d's and s 's.

Using Eqgs. 6.2-6.4 we have

{d*s,s*s][ndns)z(dfss*s—s’fsdfs) | nans)

=d'sny nany-s'sd's| nany)

or, since n_is just a number and is factorable
=(ns—sts)d's| nany
=(ns—s''s)Yna+1vn;| na+1,n,-1)
=Vna+1Vn5[ns— (n—1)]| na+1,ns-1)
=m1/n_s|nd+l,ns— 1)
=d"s|na,n,)

or
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[d“s,sfs]zdfs (6.54)

The other commutators can be similarly evaluated and indeed close on com-
mutation. This set of 36 generators of the group of transformations of U(6) is
said to form a Lie algebra.

Another key concept is that of a Casimir operator of a group. This is an
operator that commutes with a/l of the generators of the group. Such opera-
tors can be composed of linear or higher order combinations of the generators
and are appropriately called linear, quadratic,... Casimir operators.

The linear Casimir operator of U(6), which commutes with all 36 genera-
tors, is the total boson number operator N = d*d+s's whose eigenvaltue is N.
This result follows trivially from the fact that all 36 combinations of the s and
doperators must conserve the total boson number. For example,

[N,s*d} sz(s*d)y/—(s*dN)y/

:N(s*d) y/—N(sTd) y=0
Suppose now that some smaller set of operators also closes on itself under
commutation. This set forms the generators of a smaller subgroup of U(6). It
will have linear and/or quadratic Casimir operators associated with it that
commute with all the generators of the subgroup. There are several subgroups
for U(6), so the reduction process continues until the rotational subgroup O(3)
is reached.

It is now necessary to find the quantum numbers that label the states. In
general, the generators of a group may change some quantum numbers (e.g.,
n,) but there will be one (or more) that are not changed by any of the
generators. For U(6), the 36 generators always conserve N. The set of basis
states that have a particular fixed value of an unchanged quantum number (or
numbers) is called an irreducibie representation of the group.

Since the generators of a given group cannot connect different irreducible
representations, the Casimir operator(s) of a group that commute with all the
generators by definition must be diagonal and therefore must conserve all
quantum numbers, including those of the subgroups. Indeed, each Casimir
operator has eigenvalues that are functions only of the conserved quantum
numbers of the particular subgroup. Thus we have the central result that a
Hamiltonian consisting of Casimir operators of a group and subgroups cannot
mix different representations of any of the groups involved. Furthermore, its
eigenvalues are simple linear combinations of its component Casimir operator
eigenvalues and are functions of the quantum numbers characterizing each
group and subgroup. Since the quantum numbers characterizing a subgroup
are constant for all the states of the particular representation it defines, all the
states of that representation must be degenerate. This degeneracy is broken
only by the next step in the chain, which subclassifies the levels according to
another quantum number (for a subsequent subgroup). This whole process is
illustrated for one of the group chains (the so-called O(6) limit) of the IBA in
Fig.6.25. The precise meanings of the quantum numbers and eigenvalue terms
will be clarified shortly. The key point here is the successive degeneracy
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Fig. 6.25. Tllustration (using the 0(6) symmetry) of the successive degeneracy breaking in a
dynamical symmetry group chain (Casten, 1988a).

breaking and the classification of sets of states (representations) of each
subgroup by specific quantum numbers. Another important result is now also
obvious: a transition operator consisting of generators of a given group or
subgroup cannot connect states in different representations of that group.
This leads to many essential selection rules.

A central task in developing any group chain or group reduction scheme is
to identify the quantum numbers that label the irreducible representations of
each subgroup. Thisis the basic procedure followed in the algebraic treatment
of the IBA. Group chains are constructed starting from U(6), where all the
states are degenerate for a given value of N, and ending with O(3). A
Hamiltonian for any such chain is written as a sum over the Casimir operators
of the subgroups of the specific chain, and is therefore diagonal in a basis
defined by the corresponding representation labels. Each step in the chain
reduction introduces one or more free parameters (coefficients of terms in H)
into the eigenvalue expression and requires one or more quantum numbers to
distinguish the representations of the particular subgroup; it also breaks a
previous degeneracy. Thus, the solution of the eigenvalue problem for such a
chain reduces to that of the (known) eigenvalues of each of the Casimir
operators.

The structure defined by such a Hamiltonian is referred to as a dynamical
symmetry. One of the elegant aspects of these symmetries is that the excitation
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energy spectrum can be written down immediately and each state can be
labeled by appropriate quantum numbers even though these symmetries may
correspond to a complex physical situation and, in terms of Eq. 6.51, to a
complex Hamiltonian. Since transition operators can often be written in terms
of the group generators, transition selection rules appear naturally, and the
rates for allowed transitions can be written analytically. Moreover, many
ratios of transition rates depend only on general characteristics of the symme-
try (group chain) and are parameter free. This should not be surprising: the
Alaga rules for E2 branching ratios in deformed nuclet are a familiar geomet-
rical analogue.

Returning now to the basic problem in the IBA, there are exactly three
group chains of U(6) that end in O(3), which is the rotation group. This group
is a necessary subgroup in any physical chain because it provides for rotational
invariance. The three group chains can be written, along with their relevant
quantum numbers (see discussion to follow) as:

L U@®)> UG> 0G)> 03) U®)

N n, v nJ (6.55)
I. U@®)> SUB)> 003) SU(3)
N (A, 1) KJ (6.56)

. v@> O0@®> 00B)> 03 0 (6)
N c T vJ (6.57)

We now discuss each of these symmetries in turn.

L UG)

The U(S5) symmetry is the IBA version of a vibrator. Its representation
labels were already introduced, since this limit provides the basis states used in
most treatments of the general IBA Hamiltonian.

The eigenvalues of U(5) are

E(na,v,J)=ana+fna(na+4)+2yv(v+4)+28J(J+1)  (6.58)

where a, B, 7, and dare parameters. A harmonic version of U(5) was illustrated
in Fig. 6.24. Note, however, that U(S) is a very rich symmetry and allows much
anharmonicity. The degenerate multiplets with a given value of n, include
levels with different values of v, J and the energies can depend on these
quantum numbers. The U(5) wave functions, of course, are trivial. Since they
are themselves the normally-used IBA basis states, each wave function has but
asingle term. Even highly anharmonic U(5) spectra maintain the same simple
wave functions: the anharmonicity is a diagonal effect on the energies and does
not lead to mixing of the basis states.

Aninteresting result concerning the anharmonicity follows from the Hamil-
tonian for U(5) written in the form of Eq. 6.50. Here U(5) includes all terms
with An, = 0. Although the interactions that break the degeneracies may
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appear to be complex, they never involve higher order interactions ind and s
boson operators (i.c., operators such as (d'd*d")(ddd)). Thus the anhar-
monicities, whatever they may be, arise from two-body interactions. This is
exactly the ansatz used to discuss the relationship between three-phonon and
two-phonon energies in the anharmonic vibrator model earlier. In neither case
are the results dependent on the details of the interactions, but only on the
number of the interacting entities. Thus, these same relationships, listed in
Table 6.4, characterize the U(5) limit. No choices of U(5) parameters can
violate them.

In each symmetry that we shall discuss, key signatures and tests are pro-
vided by E2 transitions. So it is useful to summarize some typical results for
each.

The operator T(E2) has a term that changes n, by 1, and a term with
An,=0. If T(E2) is chosen to be a generator of U(S), only the latter term is
used. (Since n,is a good quantum number in U(5), a generator of U(S5) cannot
change n,) The predicted E2 matrix elements would then vanish between
states differing by *1 d boson, while they would yield nonzero diagonal
contributions (quadrupole moments). This situation is essentially the inverse
of what is expected and observed for vibrational nuclei, making it customary to
use the first term of the E2 operator in the U(5) limit, as this term produces
results similar to those of the geometric vibrational picture.

For example, one obtains the general result

Y. B(E2:/,na+1 5t na)=ef(na+1)(N-na) (6.59)
7

The sum on the left side of Eq. 6.59 accounts for the distribution of strength
from a given initial state if the angular momentum selection rules allow decay
to more than one level of the next lower multiplet. This sum contains more
than one term only for decay of n, > 3 states, and is identical in origin to the sum
in the phonon model expression, Eq. 6.6.

The factor (n,+ 1) in Eq. 6.59 is analogous to the phonon model result
proportional to (N, +1). The factor (N -n,) in the IBA case has no analogue
in the phonon model and arises specifically from the finite boson number. Its
origin can easily be seen. The matrix element {n, n, |stdln,+1,n —1)canbe
calculated as:

<nd, Ns

s"ﬁ,nﬁl,ns— 1>:4/ (nd+1)1fn_s<nd,ns Ind,ns)

=~/ (na+1)¥n;=+/(na+1)YN=na  (6.60)

In terms of the number of quadrupole excitations only (i.e., d bosons or
quadrupole phonons) the U(5) limit and the geometrical vibrator are identical.
The 2,* level has one such excitation, the levels of the 0, 2, 4* triplet have two,
and so on. The difference is that, in such excitationsin the IBA, the restriction
to a finite fixed N imposes another complementary constraint on the number
of s bosons, which gives rise to the second factor on the right in Egs. 6.59 and
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6.60. In the phonon model, a creation (or destruction) of a phonon takes place
in isolation: the transition rate is related to the number of phonons available.
However, in going from one U(S) representation to another in the IBA, the
creation (or destruction) of a d boson must involve the destruction (or crea-
tion) of an s boson to conserve N. As n, grows, there are fewer available s
bosons, and the s boson factor n_ (or N — n ) decreases. Inan (n,+1) > n,
transition in the IBA, larger n, values facilitate the transition (there is more
freedom in choosing a particular d boson to destroy) but the smaller number of
s bosons hinders the transition. These two counterbalancing aspects are
reflected in the two factors in Egs. 6.59 and 6.60.
Equation 6.59 gives, for the transitions between the lowest levels,

B (E2:21 0" )=¢4N (6.61)
and
B(E2:2%252")=2¢e}(N-1) (6.62)

The ratio of these two equations gives the useful result

R=(w] = )[B(Ewﬁfl)] (663
U(s)

B(E2:21-01) N J|B(E2:21-0")

Phonon
Since U(5) is usually relevant only near closed shells where N is rather small,
differences with the geometric model can be significant. For example, Eq.6.63
gives R=1.6 for N =5, compared to R = 2.0 for the geometric picture. Finally,
when the initial state is the fully aligned J = 2N excitation, the factor (N-n ) is
reduced to unity. This is an example of the well-known cutoff effect in B(E2)
values involving high spin states, which is another characteristic distinction of
the IBA from geometric models.

Whenever some model predicts a symmetry, it is always a critical test to
search for empirical examples. This is particularly true for the IBA since it is
sointimately connected with the concept of dynamical symmetry. Searches for
U(5)-like nuclei naturally focus on those regions where the geometric vibra-
tional model is also appropriate. The nucleus *®Cd has recently been proposed
as a near-harmonic empirical manifestation of U(5). Its level scheme was
shown in Fig. 6.9. The E2 selection rules for U(5) (identical to the vibrator) are
clearly well-satisfied, and the small anharmonicities in the two-phonon states
reasonably account for the three-phonon anharmonicity. It is also possible to
fit many nuclei with more highly anharmonic U(5) energy spectra but strong
disagreements with the U(5) E2 selection rules and branching ratios nearly
always result.

II. SU@3)

This symmetry is the IBA version of a deformed rotor, but with special
characteristics that distinguish it from its geometric analog. The SU(3) limit is
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obtained when the Q? term dominates in Eq. 6.51 (a J? term may also be
present). Thus

H=aQ +aF (6.64)

Here, for Q to be a Casimir operator of SU(3), ¥ must equal — ﬁ/z . We saw
before that Q?strongly mixes U(S) basis states with An, = 0, +1, +2. Therefore,
SU(3) wave functions are no longer simple in terms of an expansion in U(S).
On the contrary, they are rather complex, and certainly not very physically
transparent, combinations of many U(S) states. The simplicity of SU(3), or
any IBA symmetry, results from its geometrical structure, from the analytic
nature of many results, and from simple selection rules, despite the fact that
the wave functions, when expressed in the basis of another symmetry, may be
complex. Such complexity signals only that the symmetries are different from
each other, not that one is more complicated than any of the others. Neverthe-
less, one gets an insight into the symmetry structure by explicitly showing some
wave functions in the same basis. This is done for all three symmetries in a
U(5) basis in Table 6.12.

On account of the mixing of basis states with different n, values in SU(3),
the expectation values of the operator (d'd)’ = n_, are very different in SU(3)
and U(5). They are shown for the ground band states in Fig. 6.26 along with
the values for O(6). InU(5),{n)=0,1,2, ... etc.,up to{ny=N. InSU(3),(n)
is already substantial in the ground state. This has three important effects that
we can see without detailed calculation. First, any effects of finite boson
number will be relatively larger in the SU(3) ground state than in U(5).
Second, since in both cases (n,) = N, the expectation value of n, must
increase slower with J in SU(3) than in U(5). This will have 1mportam
consequences for certain B(E2) values that, we shall see, will increase more

Table 6.12. Wave functions expressed in the U(5) basis for the first three 0" states in each limit of
the IBA

Basis States (”d”,;"A)

State*  Limit  (000) (210) (301) (420) (511) (602) (630)
UGy t 0 0 0 0 0 0

0% o) -43 -75 0 -491 0 0 -095
SU@3) 134 463 ~404 606 ~422 -078 233
UG o 1 0 0 0 0 0

0% 0o(6) 685 079 0 -673 0 0 -269
SU@B) 385 .600 -204 -175 456 146 -437
U@Gs) o 0 1 0 0 0 0

0% o) 0 0 -.866 0 -463 0 0
SU@3) -.524 -181 -.554 030 -114 -068 -.606

*The states are ordered for pedagoglcal c]dmy and not necessanly in the order of increasing energy: indeed, the
7= 3 0% state in 0(6) (here labeled 0* ) is usually the 0 , state.



Collective Excitations in Even~Even Nuclei 209

I T | T I
6 N=6
yrast levels
5 -
4= su(3) N
<ng>
3 —
0(6)
2~ -
u(s)
[ —
o | | | 1 I
o] 2 4 6 8 10 12

Fig. 6.26. Expectation values of n in the ground band in the three limits of the IBA (Casten,
1988a).

slowly with J in SU(3) than in U(S). Third, in U(5), {n ) for a given state is
independent of N, while in SU(3), it is roughly proportional to N. This has
enormously important effects on collective E2 transitions.

The SU(3) energies are given in terms of quantum numbers of the group
chain II of Eq. 6.56

E (R, ) =22 (P4 +3 2 43 (Z+u))+(a1-—%az)](1+l) (6.65)

where a,, a, are the coefficients of the multipole form of the Hamiltonian of
Eq. 6.51. Eachset of (4, i) values defines a representation of the subgroup of
SU(3) and corresponds to a set of one or more rotational bands. Each band is
characterized by a quantum number, sometimes denoted K’, which is almost
identical to the usual K projection quantum of geometrical shape models.
(Technically, some SU(3) states contain small admixtures of other K values;
this has notable effects on certain B(E2) values since it is a bandmixing effect,
but as far as the wave functions are concerned, it is an exccllent (and useful)
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approximation to ignore these mixtures and use the usual notation K.) The
rule that determines the K values that occur in a given (4, ) representation is
K =0,2,...min(4, u), K even. For typical values of a,< 0, the ground state band
has (4, p) = (2N, 0). The next representations are (4, p) = (2N - 4, 2) with
K =0, 2 bands, (2N - 8, 4) with K=0, 2, 4 bands; and (2N - 6, 0) with a single
K =0 band. These states are illustrated in Fig. 6.27. The similarities to a
deformed rotor are clear: we see sequences of states resembling a ground state
band, B and yvibrational bands, and bands that can be characterized as the
BB(K = 0), By (K = 2), and yy (K = 0, 4) two-phonon intrinsic excitations.
However, we note two specific features, exemplified by the fand y bands, that
distinguish SU(3) from a general deformed rotor and act as characteristic
signatures for the symmetry. They are schematically shown in Fig, 6.28. Since
the Band y bands appear in the same representation, states of the same spin of
these two bands must have the same energies. Thus, SU(3) is a special case of
a deformed rotor with degenerate 8 and y bands. We stated that a transition
operator consisting of the Casimir operators of a subgroup cannot connect
different representations. Therefore, in the SU(3) limit, the E2 operator with
X=- Y7/ cannotlead to transitions from either the Bor ybands to the ground
band! This is in direct contrast to the usual picture of harmonic collective
and yvibrations in deformed nuclei. Moreover, since these bands are in the
same representation, the E2 operator leads to allowed, collective y — BE2
transitions, again violating the ANph =+1 selection rule of geometrical models.

&* et 6 &
—5" —5"
4* 4+ 4* 4
. . . K=4
g— —6 . -3, ot
2 — w52 —0"
———5+ O+F6 K"'2 K=O
. (2N-6,0)
gt —r gt (2N-8,4)
___3+
6+_ 2+ _____2+
o+ K=2
KO SU(3)
(2N-4.2) N=16
qr—
ot ——
+-—_—_-
(2N,0)

Fig. 6.27. Characteristic spectrum of SU(3) (Casten, 1988a).
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Fig. 6.28. Characteristicsignatures of SU(3) (Casten, 1985b).

Given decades of success of the latter model, this would appear to be an
argument against the IBA. However, neither the issue nor the data is as simple
as at first appears, and both approaches can be made more or less mutually
consistent. We will discuss this shortly to help us to better understand the IBA.

There are three more distinguishing characteristics of the SU(3) symmetry
shown in Fig. 6.28. Since there is no connection between representations,
there can be no y-g or f-g bandmixing. Z (Z)) are effectively zero in SU(3).
And, although both > g and y— g E2 transmons vanish in SU(3), they have
a finite ratio. Specifically,

B (E2:2'5-0%) .
B (E2:2-0%) 6

Finally, we see from Eq. 6.65 that if we substitute (4, u) = (2N, 0) and
(2N -4, 2) for the ground and ¥ intrinsic excitations, we obtain the energy
difference E (/) - Es(]) o (2N ~ 1)—the yvibrational energy increases with N
in SU(3) towards midshell.

We note that in Fig. 6.28, the collectivity of § — ytransitions is enclosed in
brackets because it persists even with large SU(3) symmetry breaking and, as
such, cannot properly serve as a specific signature of the limiting symmetry. It
does, however, distinguish the IBA from harmonic geometrical models.

A few specific results of SU(3) are useful to cite for practical applications.
The parameters a, and a, of the eigenvalue expression may be written in terms
of specific level energies by inserting appropriate values of A and . One
obtains, for example,
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a2=——————E2:;_Ezf , a1=§—2—i
3 (2 N-1 ) 6
Ground band B(E2) values are given by

3
+=aq2 6.66

B(E2:J+2J) = e%i{:—(—',tz—)ﬁl—)—} @N-D(2N+J+3) (6.67)

4 (2]+3)(2J+5)
Hence,
N(2
B (E2:2{501) = e%,»—(—sﬁﬁl (6.68)

Note that these go as N? for large N, in direct contrast with the linearity in N
characteristic of U(S). The reason is obvious and has already been hinted at.
The U(5) B(E2) values scale as N because of the (N - n_) factor in Eq. 6.59.
The n, factor is independent of N because a given pair of U(S) states (e.g., 2,*
and 0,*) always have the same pair of n, values (e.g., 1 and 0, respectively)
regardless of N. In SU(3), the d's and s'd operators in T(E2) give factors
involving N from both operators in each pair, because, as we just saw, both n,
and n_increase with N. So, a dependence on N enters twice, leading to the ~N?
dependence.

Finally, we note, from direct substitution in Eq. 6.67, an interesting result
that we can illustrate by the ratio

B(E24i-21) . [(2N-2)(2N+5)
B(E2:2{-0f) 7[ @N)(2N+3) }

The first factor is the rotational model Alaga rule. The second factor is
(another example of) an N-dependent finite boson number effect, which
means that even in the strict SU(3) limit, B(E2) ratios deviate from the Alaga
rules. Note that the second factor goes to unity as N — o, That its predictions
go over into those of the usual geometrical models for large Nis a characteris-
tic feature of the IBA. Many of the unique aspects of the model (such as
allowed, collective § — y E2 transitions) stem directly from the explicit
incorporation of finite N, which in turn, reflects the model’s emphasis on the
valence space.

Since SU(3) is such a specific type of deformed rotor, we already recognize
that it does not characterize most deformed nuclei since such nuclei exhibit
nondegenerate B and ybands, collective 8 — g and (especially) y—» g transi-
tions, and finite Z. . (See Fig. 6.29.) Moreover, in the first half of the deformed
rare earth region E (J) - E (J) actually decreases rather than displaying a pro-
portionality to (2N ~1). We will consider shortly how the IBA can treat such
nuclei. First we ask if there are any nuclei that do display the limiting
characteristics of SU(3). The answer is (probably) yes, the rare earth isotopes
of Yb and Hf near neutron number N = 104. The empirical evidence is
displayed in Figs. 6.29 and 6.30, where each of the signatures of SU(3) is
approached in the same general N, Z region (and in no other). At the same
time, it is clear that no single nucleus in the N = 104 region displays all the

(6.69)
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Fig. 6.30. Comparison of empirical and SU(3) values for Ez*—ﬁz* in the rare earth region
(Casten, 1988a). N is the boson number.

SU(3) characteristics. Moreover, some of these same empirical features (high
intrinsic K = 2 energies, weak B(E2: y-> g) values, small bandmixing) also
characterize high-lying noncollective two-quasi-particle excitations. Thus the
evidence is ambiguous, although the author feels that it points toward an
underlying SU(3) character that may be mixed with noncollective degrees of
freedom; the coincidence of signatures is too significant to be dismissed as
fortuitous.

11 O(6)

The O(6) symmetry is the least familiar geometrically, although it is now
recognized as corresponding to a deformed, axially-asymmetric but ¥ soft
rotor, the Wilets-Jean model. The O(6) Hamiltonian is

H=aoP'P + a11%+a3T3 (6.70)

and the eigenvalue equation is
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E(0,7,))=A(N-0)(N+0o+4)+B T (T+3)+J(/+1) (6.71)

where A = af4, B = a2 and C = a, - 4,10 (one sometimes encounters a
notation with coefficients A/4 and B/6). The characteristic quantum numbers
are o for the O(6) group and 7 for the U(S) subgroup. A typical O(6)
spectrum was used to illustrate the idea of a group chain in Fig. 6.25, and is
shown more completely (for N=6) in Fig.6.31. The lowest levels (for 4, B> ()
have o=N,and 7=0, 1, 2, .... For each value of T 2, there is a multiplet of
states whose degeneracy is broken by the J (/ + 1) term. For 7 =2, there are
only 2+ and 4* levels, and no triplet as in U(5). Major families of O(6) levels are
grouped and characterized according to o, and within each family, by 7(and J,
of course). Note the characteristic behavior within a ¢ family: energies of
states with the same 7 are monotonic in J (usually decreasing with J since
C > 0) and splittings increase rapidly with 7. The ground band or yrast levels
increase as 7(7+3) = (J/2)(J/2 + 3) < J(J + 6) as in the Wilets-Jean model. As
noted for the corresponding geometric models, this increase is faster than in
U(5) where E(J) =< J, and slower than in SU(3) where E(J) << J(J + 1). These
relative ground band energies may be summarized

End=1:End=2:End:3:End=4:1:2:3:4 U(S)
E22E4:E52E3:= Efzx1E¢=2:E¢:3:E1=4=122.514.517 0(6) (6.72)
Ejr2:Ej4:Er6:Er8=1:333:7:12 SU (3)

These expressions are identical to those of the vibrator, Wilets-Jean, and rotor
models shown in Fig 6.21. Despite the apparent differences in ground band
energies for each of the symmetries, it is important to recall that the curves in
Fig. 6.21 are defined by the characteristic quantum number n,, 7, and J for
U(5),0(6), and SU(3), respectively. For U(S) and O(6), however, there is also
aseparate J (J + 1) term in the Hamiltonian and, depending on the strength of
its coefficient, the actual ground band energies in these two symmetries can be
made to resemble each other or SU(3) itself.

In terms of the U(S) basis states, the nondiagonal termin H,, is PP, which
has An, = 0, £2 matrix elements. Thus the wave functions are mixtures in a
U(5) basis, but are not as complex as in SU(3). Table 6.12 illustrates this,
showing that in O(6) the finite amplitudes always differ from each other by the
addition of a zero coupled pair of d bosons for a given state. This implies that
the number of unpaired d bosons is constant for a given state. Itiszero for the
0," and 0,* states, and 3 for 0,". But note that this quantity is just the boson
seniority v, and in fact, 7and v are identical. The use of different notations has
historical origins only and no physical content. Indeed, v or rarise in U(5) and
O(6) because both chains involve the same subgroup O(5). This has been the
source of some confusion since the common occurrence of this subgroup
means that many predictions of the two symmetries are identical. Differences
between them do exist, but reside principally in transition rates, which depend
onthe detailed d boson structure and occur among higher-lying states belong-
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ing to higher n, multiplets in U(5) and to o < N representations in O(6). (We
shall return to this point momentarily).

The fact that PP has only An, = 0, 12 terms suggests that one might be able
to construct O(6) wave functions in another way. We pointed out that the Q2
term has An, = 0, £1, 2 components, but that if ¥ = 0, it has only An, = 0, £2
terms. Therefore, the Hamiltonian

A2
H=a:Q*+mJ  (with z=0) (6.73)

also produces O(6) wave functions and spectra. This Hamiltonian has only
two terms, so it cannot give three independent terms in the eigenvalue equa-
tion. This way of producing O(6) thus leads to a special case of Eq. 6.71 where
A = B. Although this is only one of an infinite set of possible A:B relations, it
turns out to be the one empirically observed in O(6) nuclei, suggesting the use-
fulness of this alternate form for H .. We will see that this alternative is in fact
one limiting case of the CQF that offers a simplified approach to many IBA
problems. First, however, we need to delineate a few additional O(6) predic-
tions. The E2 transition selection rules are clear from the form of the E2
operator that is a generator of O(6), namely
T(E2)=es(s'd+d's)

The allowed transitions must satisfy Ac=0 and At=11. The first rule is a
direct consequence of the fact that a generator of a group cannot connect
different representations. It means that there are no allowed transitions from
one o family to another. Eventually, excited levels with o< N must decay, but
only by violations of the strict symmetry. This selection rule provides the most
telling contrast with U(5). (See the following.) The A7 = 1 rule is similar to
the AN, or = An, = *1 rules for the geometrical vibrator and U(5) limits.
Naturaﬁy, B(E2) values between yrast states are allowed, and given by

L1
. _ : =e2N-1 A 2
B(E2:/+2-5J)=B(E2:2(r+2)>27)=e}{N 2)(N+2+4) 2| (674

from which we get,

B (EZY—)OT)ze%M (6.75)
Asin SU(3), B(E2) values in O(6) scale approximately as N? for large N. The
yrast B(E2) values are illustrated in Fig. 6.32.

There has recently been much discussion of the differences and similarities
between O(6) and U(5). The level schemes in Figs. 6.24 and 6.31 appear very
different. Specifically, U(5) has the well-known two-phonon triplet, while
O(6) lacks the 0* state. On account of this difference, the first excited 0 state
in U(S) decays to the 2,* level, while the first excited 0* state in O(6) has 7=3
and therefore decays to the 2,* state. These distinctions have been used as
evidence both for or against each of these symmetries. This issue is more
subtle, however. Each figure embodies a specific choice of parameters (o, 5, 7,
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Fig. 6.32. Dependence of ground band B(E2) values on J in the three limits of the IBA.

¢ for U(S) and A, B, C for O(6)); indeed, the U(5) scheme is the harmonic
limit. Actually, both symmetries permit a rich variety of level scheme configu-
rations by appropriate choices of parameters. Since both group chains contain
O(5) and O(3) subgroups, the only real structural differences center on the
O(6) and U(S) parent groups. Thus, it turns out that the energies of the entire
lowest representation of O(6), with o= N, can be exactly replicated in U(5).
To do so, the 0,* (two-phonon or n, = 2) U(5) level must be forced up in energy
above the n,= 3 0,* state in order to reproduce the O(6) decay pattern in which
the first excited 0* state decays to the 2,* level. Such an O(6)-like U(5)
spectrum would be enormously anharmonic but still valid within the context of
this dynamical symmetry.

The real difference between O(6) and U(5) occurs in two other realms:
absolute transition rates and higher-lying levels. Table 6.12 shows that, though
their energies may be identical, the U(5) and O(6) wave functions are com-
pletely different. Thus, B(E2) values will be different; in particular, the
different expectation values of n, imply different finite N effects. We have
seen an example of this in the yrast B(E2) values in Fig. 6.32. In U(5), the yrast
band experiences greater changes in (n,) from state to state (see Fig. 6.26), and
hence the B(E2) values change more rapidly with spin.

High-lying levels in U(S) have high n,and decay to (n 1) levels. There are
many such (n 1) states and thus many allowed E2 transitions. In 0(6), high-
lying levels often belong to low 7 states of o < N representations. These
typically have only one allowed deexcitation transition—that permitted by the
At =11 selection rule.

O(6) nuclei are now well known in two regions: the Pt isoptopes, especially
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%Pt and the Xe-Ba nuclei near A = 130. A comparison of the *Pt level
scheme with the O(6) limit is shown in Fig. 6.33. The agreement with all the E2
selection rules is impressive. All allowed transitions are observed and domi-
nate the decays of their respective levels; all forbidden transitions are either
weak or unobserved. At the same time, there are at least three important
discrepancies in energies: the 7= 3 0* state is not below the 3, " level as it should
be, the splitting among the high 7 states (e.g., the 0°—2*-2*, 7= 3 - 4 - 5 states)
is much less than predicted, and the energies in the ¥ band are less staggered
than predicted.

The data for Xe and Ba is comparable to Pt: only o= N and N -2 levels are
known, but many 7 =4, 3, 6 states have been assigned and the O(6) character
extends over a large range of nuclei. There are some striking analogies
between Pt and Xe-Ba. Besides their common manifestation of O(6)-like
characteristic, fits of the O(6) eigenvalue equation in each region show nearly
identical ratios A/B ~ 0.9. Interestingly, this common value is very close to the
special case A/B =1, which corresponds to the CQF Hamiltonian of Eq. 6.73.
Moreover, exactly the same discrepancies with O(6) that occur in Pt are
repeated in Xe-Ba. One of these, the weaker y band energy staggering,
provides a useful clue to the nature of the responsible symmetry breaking,
Recall from our earlier discussion of asymmetric rotor models that the rigid
triaxial rotor of Davydov is characterized by staggering exactly opposite in
phase to that of the Wilets-Jean y unstable model. The O(6) limit corresponds
to the latter, that is, to a completely y independent potential and to a nucleus
whose shape fluctuates uniformly over a range of y values from y = 0° - 60°
such that y, = 0°but y,__=30°. The staggering data suggests that a realistic
potential for Pt and Xe-Ba might contain some small ¥ dependence that
would shift the characteristic y band energy staggering pattern slightly toward
the opposite couplings of the Davydov model. It turns out that the introduc-
tion of a very small (3-4%) v dependence in the potential with a minimum at
30° corrects not only the yband energy staggering, but the other discrepancies
aswell. Thisideais in line with our earlier discussion in the context of Fig. 6.22
in which we suggested that the £,/ E2; data could be accounted for by a
potential that was predominantly yindependent but with a small minimum
near y= 30°.

We commented earlier that a strict distinction between O(6) and U(5) can
not rely on the energies or branching ratios of low-lying levels alone, but
requires absolute B(E2) values or branching ratios for o < NV states. Both of
these types of data are abundant for Pt and for Xe-Ba. Asan example, Fig.
6.34 shows the decay of the most telling o = (N - 2} = 4 level for ¥Pt and
compares this with O(6) and U(S) predictions. The high n, U(5) levels have
multiple allowed decay routes while the O(6) o < N levels often have only one
such route. The data clearly support the O(6) interpretation.

As we have suggested in each of the preceding discussions, it appears that
good examples of all three IBA symmetries exist. This provides support for
the general structure of the IBA model and, moreover, these limiting cases
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{Cizewski, 1978).

offer convenient benchmarks to assess the structure of nuclei similar in charac-
ter to the symmetries but exhibiting some degree of symmetry breaking.

Of course, there is no a priori reason why a particular nucleus should satisfy
a given symmetry or, indeed, why any nuclei should satisfy the particular

do
0(e) X0

u(s) SU(3)
az
X272

Fig. 6.35. Symmetry triangle of the IBA with the coefficients giving each dynamical symmetry.
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constraints of one of these symmetries. Most nuclei do not, yet the IBA is
appealing precisely because it provides a simple way to treat such nuclei. Such
treatments also reveal new aspects of collective behavior not heretofore en-
countered or expected.

To study some of these ideas, we now turn to transitional nuclei between
IBA symmetries. A convenient way to picture the symmetry structure of the
IBA is in terms of the symmetry triangle shown in Fig. 6.35. The three
symmetries mark the vertices. In terms of the Hamiltonian of Eq. 6.51, the
characteristic wave functions of each symmetry are generated by a specific
term whose coefficient is labeled at the appropriate vertex: € for U(5), a, for
SU(3),and a,for O 6}. We have also seen that for O to be a generator of SU(3)
one must set y =-Y7/2, and thatif y = 0, the same Hamiltonian produces O(6)
wave functions. These y labels are also included in Fig. 6.51.

Treating transitional nuclei is trivially simple. Structural evolution from
one limiting symmetry to another merely involves changing the ratio of the
two parameters associated with the two vertices from 0 to «. For example, a
U(5) - SU(3), or vibrator —» rotor, transition, such as occurs in the Nd, Sm,
and Gd nuclei near A = 150, is effectuated by varying &a, and an O(6) — rotor
transition, as in the Os isotopes, by changing a /a,. Examples of such structural
evolution are shown for these two cases in Figs. 6.36 and 6.37. The extremely
complex changes in level schemes and transition rates in these phase transi-
tions are rather well reproduced in terms of a variation of a single parameter.

While the SU(3) symmetry represents a deformed nucleus, few deformed
nuclei satisfy its strict rules. Therefore, to properly calculate the bulk of
deformed rare earth and actinide nuclet, one needs to break the SU(3) symme-
try either towards U(S5) or O(6). Most deformed nuclei have E,> E, We recall
that a high-lying 0,* state is characteristic of O(6). This suggests that devia-
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tions from SU(3) in that direction are appropriate. It is indeed possible to
obtain excellent fits to most deformed rare earth nuclei by using finite ratios of
aja, near —4. We shall not show such results, but rather turn to an alternate
method, the consistent Q formalism (CQF), an even simpler way of dealing
with these nuclei.

In early applications of the IBA, it was customary to keep y in the quad-
rupole operator in the Hamiltonian fixed at the SU(3) value of —ﬁ/z , while
treating y in the E2 operator as a free parameter. This is certainly permissible,
even though one might feel slightly uncomfortable using different forms of the
quadrupole operator since it is same quadrupole force that produces deformed
nuclei and collective E2 transitions. This discomfort initiated interest in
pursuing an approach in which consistent forms of Q are used throughout.
This approach, the CQF, is widely used, perhaps due more toits simplicity than
to any philosophical preference. One additional advantage of the CQF is that
itinvolves fewer free parameters, which makes it easier to establish a relation-
ship between the IBA and corresponding geometrical analogues.

In the CQF, the O(6) — SU(3) transition leg in the symmetry triangle is
accomplished by varying x from 0 to - 1/7/2 in both H and T(E2). Now, H has
the form shown in Eq. 6.73

A2
H=a;Q%+a1] (with A(zisxso) (6.76)

Since J? is diagonal and has the same effect on any states of the same spin, it
plays no structural role. Thus, if we write

A2
H:az{Q%%—J J (6.77)
2

we see that a, is just a scale factor on energies and has no structural influence.
Thus the wave functions, relative B(E2) values, and relative energies of states
of the same spin are determined solely by y and N. Whereas in the traditional
form of H in Eq. 6.51 the structure and relative energies in an O(6) — SU(3)
region depend on a,, a,, a,, and E2 transitions depend separately on y, now a
single parameter determines all. The only loss of generality is that the O(6)
symmetry approached and obtained in this way is a special case, with A/B =1.
However, this does not seem to be a deficiency, since it is this special case that
is experimentally observed.

Since predictions of branching ratios and of relative energies (of states of
the same J) depend only on y and N in the CQF, it is possible construct
universal plots for a given N, or universal contour plots against y and N. Some
examples are shown in Figs. 6.38 and 6.39. (In the energy ratio plotted, E»; is
always subtracted to remove the structurally inconsequential effects of the J?
term.) Figure 6.38 (top) shows the behavior of the B vibration relative to the y
band energy. These excitations belong to the representation (N - 4, 2) in
SU(3). As O(6) is approached, the Svibration increases rapidly relative to the
¥ band. The reason is that the y band goes over into a quasi-y band sequence
starting with the 7=2 2" level of the o= N family, while the [ bandhead
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B(E2;27 —0y)
B(E2; 25 —0g)

BOSON NUMBER

0.01

V5 x
Fig. 6.39. Another CQF contour plot (Warner, 1983).

becomes the yrast 0" level of the higher-lying o= N -2 family. Figure 6.38 also
shows that for essentially all y values, and especially for those values typical of
deformed nuclei (cross hatched box), the § band lies well above the y band.
This is in excellent agreement with the data, but not unexpected given our
discussion. What is more impressive is that the B(E2) ratio in the middle panel
shows that the CQF automatically predicts that B(E2:8 — g) << B(E2:y— g).

In Fig. 2.18 we saw that this feature was one of the most characteristic
empirical properties of deformed nuclei. It is particularly interesting that the
IBA predictions for realistic deformed nuclei come out this way since both
B — gand y—> g transitions are forbidden in SU(3). However, in the transition
towards O(6), the ¥ band levels go over into the quasi-y band (in Davydov
language, into the anomalous levels of the ground band) with collective
transitions to the latter, while the § band goes over into the low-lying states of
the o= N -2 family and the Ao = 0 selection rule forbids their decay to the
ground band. Thus they remain weak throughout the transition leg while the
Y — g transitions become collective.

The lowest contour plot in Fig. 6.38 shows one of the most remarkable and
surprising predictions of the IBA, that of collective B < y transitions that are
comparable in strength to ¥ — g transitions. This is completely contrary to
normal expectations and to the traditional perception of the experimental
situation. When this prediction of the IBA was initially realized, it was thought
to contradict a wide body of empirical evidence showing systematically
collective ¥y — g and weakly collective B — g transitions but no 8 & y
transitions. However, given the normal closeness in energy of £, and £ and
the fact that E2 transition rates T(E2) < B(E2) £, such transitions would be
extremely weak in intensity even if the matrix elements are large. Recently,
though, extremely sensitive experiments, mostly utilizing the (n, ) reaction
and powerful yray spectometers installed at an Institute Laue-Langevin in
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Grenoble (see Chapter 10), have shown that collective 8 <> y transitions do
indeed exist and appear whenever the appropriate experiments have been
carried out.

It is evident in Fig. 6.38 that the y — g/f8 &> y matrix elements generally
increase with N, and in the large N limit, f <> y matrix elements become
negligible relative to either y— g or g — g intraband transitions, thus recover-
ing the geometrical picture. Of course, geometrical models can be modified
(perturbed) so as to produce § <> y matrix elements of collective strength
simply by introducing mixing between $ and ybands. However, as we pointed
out in the bandmixing discussion earlier in this chapter, the B{E2) values so
produced result not as a correction to an unperturbed value (since the latter
vanishes), but solely from the mixing. Thus, all 8 —» y B(E2) values are
proportional to the same mixing parameter (usually called Z, in analogy with
ZotZ l,) and, hence, their branching ratios must be independent of the armount
of mixing; B—ymixing provides no {lexibility in the branching ratios predicted
in this way and generally disagrees with the data.

The last contour plot, that of Fig. 6.39, is also interesting. It shows a
branching ratio that vanishes in both SU(3) and O(6) limits but is finite in
between. There is no possible path between these limits that bypasses finite
values. Thus, in a totally parameter-free manner, the IBA automatically
predicts that such a branching ratio (and, indeed, many others) will peak in
transitional regions.
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St . 4 O Hf
x Er 8{E2;27 - 23) % Er
0 oy O Oy
A Gd A Gd

{ B(E2;2% = 0%)

B(E2; 2% — O%)

Q.06+
C.04-

Q.02

Fig. 6.40. Comparison of the data with predictions of the CQF for two observables. In cach case
astraight-line trajectory in ) (see dashed line in Fig. 6.39) was used (Warner, 1983).
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When carrying out actual calculations, one generally chooses y to repro-
duce a specific energy ratio or branching ratio and then inspects other predic-
tions. However, a more generic viewpoint is obtained by taking the simplest
possible trajectory in y (shown as the straight dashed line in Fig. 6.39) between
O(6) and rotor nuclei. Figure 6.40 shows predictions for such a trajectory for
the branching ratio of Fig. 6.39 and for a branching ratio involving the same
pair of intrinsic states, and compares them with the data for rare earth nuclei.
One does not expect to get exact agreement in such a simplified approach, but
the general pattern of the predictions is in remarkably good accord with the
data.

It is useful to present a more detailed set of predictions for a typical
deformed nucleus situated between SU(3) and O(6) but closer in structure to
the former: ®Er has become, by virtue of the extensive data available for it, the
standard case. Calculated and empirical energies are compared in Fig. 6.41.
The empirical B(E2:y—» g) values were shown earlier in a Mikhailov snapshot
in Fig. 6.14. The dashed line is the IBA prediction in the CQF. Table 6.13 also
presents this comparison. In either format, the agreement is outstanding and
demonstrates the automatic incorporation of bandmixing in the IBA.

Aninteresting feature of this bandmixing is that it decreases with increasing
N. This can be discerned on the left in Fig. 6.40 from the flattening of the
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Fig. 6.41. Obscrved and calculated energies in '®Er. The J = 4%, 5", 6' levels of the K = 4 band
predicted ncar 1.6 MeV are not observed below 2 MeV (Warner, 1980).
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Table 6.13. Relative B(E2) values from the ¥ band in **Er

J; J f,K/ Exp IBA (CQF)
2 0,0 54.0 54
2,0 100 100
4,0 6.8 7.6
3 2,0 2.6 2.6
4,0 1.7 18
2,2 100 100
4 2,0 1.6 1.7
4,0 8.1 96
6,0 1.1 1.5
2,2 100 100
5 4,0 2.9 35
6,0 36 4.4
3,2 100 100
4,2 122 95
6 4,0 0.44 0.44
6,0 38 49
8,0 14 1.0
4,2 100 100
5,2 69 57
7 6,0 0.7 1.9
5,2 100 100
6,2 59 36

Based on Warner, 1982.

predictions and their asymptotic approach to the Alaga rule value of 0.7 as N
increases. Thus, the IBA automatically predicts a parabolic behavior for Z
against N, minimizing at midshell, that is nearly identical to the empirica
pattern shown earlier in Fig. 6.15.

Of course, the agreement in energy for the higher bands in Fig. 6.41 is
probably at least partially fortuitous since the empirical excitations seem to
have some two-quasi-particle character. Also, the predicted K = 4 band is not
observed below 2 MeV. (It may be necessary to include g bosons in the IBA to
account for this discrepancy.)

From all these results we hope that the power of the IBA as a simple yet
general phenomological model becomes apparent. In other approaches to
collective nuclear structure, one must invoke different models (vibrator, rotor,
etc.), in an ad hoc way to accommodate different structures. In the IBA, a
single framework, embodied in the simple Hamiltonian of Eq. 6.51, encom-
passes all three limiting symmetries, and most intermediate situations as well.
It does so simply through appropriate relative magnitudes of the coefficients g,
a,, a,, or x, and by diagonalization of a small sct of basis states. The “ad-
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hocness” is still there, of course, now appearing in the choice of parameters,
but the simplicity of the framework greatly facilitates calculations and helps us
to understand transitional cases in a unified context.

Having dealt at some length with the IBA predictions in the CQF, it is useful
to comment on the physical significance of y. Since the CQF has only one
significant parameter, it is possible to compare IBA predictions as a function of
x with geometrical model predictions as a function of S or y. It has beenshown
that one can relate 8 and y by the equation

ﬁIBA%ﬁO[- \/?xi @_)12 +4 (6.78)

where fB, is a normalization factor because the scale of §,,, is undetermined.
Thus we see that, as y varies from —V7 /5 — 0, B8, , goes from V2 B, — B,—that
is, both SU(3) and O(6) are deformed rotors, the latter slightly less so. The 8
— x correlation is relatively minor in importance. The essential structural evo-
lution in the IBA is one of y with y. This is easy to see by carefully comparing
Figs. 6.19 and 6.42, in which the same three observables are plotted against y
for the IBA and y for the Davydov model. (The use of the latter as a point of
comparison is convenient but not valid in the strict sense since the O(6) limit is
¥ soft, not rigid; however, the reader will recall our statement that most
predictions of the Davydov model for fixed y are nearly identical to those of a
y soft model with the same y ) These two figures show that each observable
passes through the same set of values via a similar path. Simply by equating
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Fig. 6.42. Three observables, relating to axial asymmetry, as a function of y (for N =16) in the IBA
(compare Fig. 6.19).
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Fig. 6.43. Relation between the peometrical asymmetry y and the IBA parameter y (Casten,
1984). For N =16 (the dependence on N is weak).

values of each observable, one can assign an effective y to each y value. This
y— x correlation is shown in Fig. 6.43. The fact that all three observables show
the same correlation supports the validity of associating each y value with an
asymmetry ¥. The picture provided by this correlation is simple: increasing
deviations of y from SU(3) toward O(6) correspond to increasing axial asym-
metry and to larger and larger values of ¥_ . Since the IBA never introduces a
minimum in V(3), this increase in y__ can only arise if the potential becomes
increasingly flatter in yas y — 0. Figure 6.44 confirms this by showing the
effective potential V() for several y values. This figure shows one other
interesting point. The reader may have noted in Fig. 6.43 that y= 0° for SU(3),
even though this limit is supposed to be that of a symmetric rotor. Figure 6.44
shows the reason. Although the minimum in V() occurs at y= 0°, the potential
is not infinitely steep (for finite N), and zero point motion leads to a finite y__.
The body of research relating to the IBA in the last decade is enormous. We
have only summarized a few highlights, emphasizing the symmetries of the
IBA, transition regions, the role of finite boson number, some experimental
tests of the model, and a geometrical understanding of it. We have completely
ignored important topics such as the intrinsic state formalism, which allows
many IBA results to be obtained analytically; the extension of the CQF to the
SU@3) — U(5) transition region by adding an en, to Eq. 6.76; the use of
effective boson numbers, especially in regions where important subshell gaps
occur that might alter the proper counting of valence nucleons; the N, N, par-
ameterization of the IBA; and numerous extensions to the model.
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Fig. 6.44. Dependence of the IBA potential on y for several y values (Casten, 1984, Ginocchio,
1980).

The two most important of these latter are the IBA-2, in which protons and
neutrons are distinguished and treated separately, and the IBFM, which incor-
porates a single fermion coupled to the boson core so that odd A nuclei can be
calculated. The IBA-2 has its own symmetries and has led to the recognition of
an important new collective mode, the so-called M1 scissors mode, in which
protons and neutrons oscillate (in angle) relative to each other (see Fig. 6.1).
This mode, recently discussed by Richter and collaborators in the rare earth
region, is now known to be widespread near 3 MeV excitation energy in
deformed nuclei. Its existence and properties are closely connected with a new
quantum number that arises in the IBA-2, F-spin, which describes the degree
of proton-neutron symmetry. For many IBA-2 Hamiltonians, F-spinis a geod
quantum number. This classification leads to the concept of an F-spin multi-
plet—a group of nuclei, widely dispersed throughout a mass region but dis-
playing similar level schemes. F-spinalso facilitates the projection of complex
IBA-2 calculations into simpler, equivalent IBA-1 cases. The development of
boson models for both even and odd mass nuclei raises the possibility of
treating both in a single unified framework. This leads to the concept of bose-
fermi symmetries or even supersymmetries (often called SUSY's).

These are all extensive topics that merit their own discussion but that arc
well outside the scope of this book. Also beyond that ken are important
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studies extending the basic model to incorporate g bosons. These efforts aim
both toreduce the impact of “boson cutoffs” that lead to reduced B(E2) values
between high-spin states and to account for classes of excitations (e.g., K =3
and K = 4 bands) that regularly appear among the low-lying intrinsic excita-
tions of deformed nuclei. The incorporation of g bosons has followed two
distinct paths, one in which a single g boson is introduced numerically and
allowed to interact with the s — d bosons, and another in which a full comple-
ment of g bosons is incorporated group theoretically by expanding the parent
group U(6) to U(15).

Other extensions to the IBA involve the inclusion of two-quasi-particle
excitations so that “backbending” phenomena (see Chapter 8) may be treated,
the introduction of higher-order terms such as those cubicins or dbosons (e.g.,
(dtd*fd*Y(dddy’) that incorporate a y dependence in the IBA potential, and
the expansion of the model basis with p and f bosons so that negative parity
states appear.

Finally, a most significant recent facet of the whole arena of algebraic
modelling in nuclear structure is the development of sophisticated approaches
that invoke symmetries in the Fermions directly. Some of these, like the IBA,
emphasize fermion dynamical symmetries in the valence space. Others are
even more general. They use techniques founded in symplectic group theory
to incorporate all oscillator shells simultaneously, thereby affecting important
renormalizations and offering the possibility to describe giant E2 resonances
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Fig. 6.45. Animaginary, but typical, sequence of level schemes and nuclear structure types from a
near closed shell region to a well deformed midshell nucleus.
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and low-lying collectivity without effective charges, in a single coherent alge-
braic framework. Though far beyond the scope of this book to describe, these
more microscopic models are nonetheless active current research areas. For
all this work the reader is referred to the recent literature.

6.7 The Development of Collectivity:
Phenomenology and Microscopic Basis

We have seen that magic nuclei do not display low-lying collective behavior.
Moreover, collectivity and a softness toward deformation go hand in hand as
valence nucleons are added beyond closed shells. In midshell regions of
medium and heavy nuclei, one invariably encounters a large concentration of
deformed nuclei exhibiting rotational behavior and low-lying vibrational exci-
tations of f3, ¥, and octupole type.

A schematic view of such a structural evolution, typical in broad brush
strokes of many regions, is shown in Fig. 6.45. The basic trend reflects the
systematics of the Sm nuclei shown in Fig. 6.23. As long as neither type of
nucleon is magic, E»; drops and E4;/E,; ranges from <2 — 3.33 as nucleons
of either type are added. The structural sequence is shell model — vibrator —
transitional — rotor. In the transitional region, £,/ E,; usually jumps rapidly
from <2.5 t0 >3.0. Earlier in this chapter we discussed two kinds of transitions,
one spherical-deformed, the other spherical-ysoft-deformed. E.;/E,; values
near ~2.5 can occur in either case, but in one case they imply softness 1o
quadrupole deformation, in the other an extreme softness to axial asymmetry.

Despite the apparent simplicity of Fig. 6.45 and the concepts behind it, real
nuclear systematics is usually much more complex. This is exemplified by Fig.
2.13, which shows the systematics of E,; inthe A = 100 region, and by Fig. 6.46
(left), which shows similar data for the energy ratio Eq;/E2; in the A = 150
region. While the general pattern of increased collectivity toward midshell can
be discerned, these plots provide few obvious clues to simple understanding of
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Fig. 6.46. Normal (left) and NpN" (right) plots of g, {1Eat for the A = 150region (Casten, 1985a).
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the structural behavior. One important clue, however, is provided in Figs.
2.6-2.8, which show the behavior of E,; in a set of singly magic nuclei, the Sn
isotopes, and in nuclei with both valence protons and neutrons. We have
commented that the much lower values in the latter strongly suggests that it is
the valence proton-neutron interaction that leads to softness. Earlier, we
formalized this idea slightly by giving some qualitative arguments why the
T = 0 component of the p-n interaction can induce single nucleon configura-
tion mixing, unlike its 7' = 1 component, or the like-nucleon interaction, and
why such mixing is tantamount to the development of nonspherical nuclear
shapes. Here, we wish to illustrate and discuss a phenomenological approach
that greatly simplifies the systematics of nuclear transition regions and pro-
vides some insights into the operation of the p—n interaction, and the develop-
ment of collectivity and deformation. (Caveat lector: this is one of the pet
ideas of the author who is, not surprisingly, rather favorably biased toward it.)

The NpNn Scheme

The approach is called the N N, scheme, and is an attempt to parameterize
nuclear data in such a way as to explicitly emphasize the valence p—n interac-
tion. Suppose we make the assumption that the onset of collectivity, configu-
ration mixing, and deformation in nuclei is simply due to the p-n interaction
and, moreover, that this interaction is fairly long range, orbit independent, and
relevant only for the valence protons and neutrons. Then, its strength will scale
as the product, NpNn, of the number of valence protons times the number of
valence neutrons. N, and N, are always counted to the nearest closed shells,
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Fig. 6.47. NpN,1 plot of Ly for the A =130 region (compare Fig. 2.14) (Casten, 19854).
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Fig. 6.48. Normal (left) and NpNn (right) plots of g, 1B for the A = 130 region (Casten, 1985a).

whether these valence nucleons are particles or holes. It is important to
understand that the valence p—n interaction embodied in the N N, scheme is
not the total p—ninteraction, but the collectivity-and deformation- dnvmg part
of it (primarily the T =0 component). The 7 = 1 component must be identical
to the p-p and n-n T =1 forces, and as we have emphasized repeatedly, aside
from the pairing interaction, these are repulsive on average and do not lead to
configuration mixing, collectivity, and deformation. (The Sn nuclei in Fig. 2.6
are a classic example of this.)

To illustrate the N N, scheme, the data shown for the A =130 region in Fig.
2.14 are replotted, in Fxg 6.47,interms of N N, instead of N or Z as is normally
done. Figure 6.48 compares normal and N N, plots for Es;/E.; in the same
region.

It is evident that the N_N, plot substantially simplifies the systematics: the
data that fell on several distinct curves before now coalesce so that they can be
described by a single curve for a given mass region. If such behavior is general,
the N N, scheme offers a phenomenological tool to simplify and unify the
treatment of nuclear systematics, and has a simple underlying microscopic
basis.

However, applying the NN, scheme to some other regions is less straight-
forward. If there are substantial subshell gaps in the single-particle level
energies, the counting of N, and N, may be ambiguous. Moreover, the gaps
themselves may also evolve, partly as a consequence of the p—n interaction
itself. If the p-n interaction is expanded in multipoles, the monopole and
quadrupole components generally dominate. The monopole component
P (cos 0) is obviously constant as a function of the angles between the proton
and neutron orbits, and is therefore independent of the total angular
momentum J to which a pair of protons and neutrons are coupled. The
monopole p-n interaction does depend on the relative radial behavior of the
proton and neutron orbits, and therefore on which orbits are {illing in a given
mass region. Its effect is to shift the effective proton and ncutron single-
particle energies. As one proceeds through a pair of proton and neutron major
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Fig. 6.49. Illustration of the eradication of a proton subshell gap at Z = 64 as a function of neutron
number due to the monopole p—n interaction.

shells, the specific behavior of the integrated monopole p-n interaction in-
duces distinct patterns of shifts in the single-particle energies that can and do
cause the appearance and disappcarance of subshell gaps. Since the radial
integral is largest for orbits with similar shell model quantum numbers (see
Fig. 3.5), the largest effects in heavy nuclei generally occur when spin-orbit
partner orbits, such as 8y, and g, ,are filling. Insuch a situation, the single-
particle energies of both these orbits are significantly lowered relative to their
neighbors. The consequences can be rather dramatic and are now thought to
be the underlying reason for the very sudden onsets of deformation near
A =100and A =150. The ideaisillustrated in Fig. 6.49 for the latter region. As
neutrons begin to fill the hy, orbit near N = 90, the strong 1h,,, - 1h
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Fig. 6.50. Contrasting behavior of Epy: for N = 88 and N = 90 isotones.
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interaction causes the effective single-particle energy of the 1h,, , proton orbit
to decrease and to obliterate the gap at Z = 64. Thus, for N < 90, the effective
proton shell in this region is Z = 50 - 64, while for N > 90, the effective shell is
the normal major shell Z =50 ~ 82.

There is some very simple and beautiful empirical evidence for this concept
from the energies of the first 2+ states in the N = 88 and N = 90 isotones. These
data are shown in Fig. 6.50. If the effective proton shell were the normal one
from Z = 50 - 82, one would expect E,; to decrease as the number of protons
were increased past Z = 50 until the near midshell region at Z = 66, after which
E,:should increase once again. This is precisely what happens for N = 90.
Exactly the opposite behavior, however, characterizes the N = 88 isotones.
(The N = 84, 86 isotones are similar to N = 88.) Without the concept of a
significant subshell gap at Z = 64 for these neutron numbers, such behavior
would be completely incomprehensible. But if one assumes an effective
proton shell Z = 50 - 64 for N = 88, the midshell point is Z = 57, and one would
now expect E,; to increase for Z between 57 and 64. This is exactly the
behavior observed.
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Fig. 6.51. Effcctive numbers of valence protons and neutrons in the A = 150 transitional region
empirically extracted from g(2") factors. The solid lines give the normal dependence of N,
against N and the changes in N against N, assuming the 7 = 64 gap disappears suddenly between
N =88 and N =90 (Wolf, 19875,
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Of course, the idea of an instantaneous disappearance of the Z = 64 gap at
N =90 is an unrealistically simple scenario. More likely, the dissipation of the
gap is more gradual. Recently it has been shown that nuclear g factors for 2,*
states can be used to extract effective valence proton and neutron numbers.
The details of this technique are beyond the scope of this book, but the results
forN, ,and N,  are shown in Fig. 6.51. They support the idea of a rapid but
not 1nstantaneous dissipation of a proton subshell gap as manifested by an
increase in the effective value of N_ with neutron number for the Ce, Nd, and
Smnuclei. The solid lines in the figure show the abrupt dissipation scenario at
N =90.

A similar story characterizes the A = 100 region. Indeed, it originated in
that region with the pioneering microscopic calculations of Federman and
Pittel; the concept involved is sometimes known as the Federman-Pittel
mechanism. We have seen the effect for this region in Fig. 3.4 as a dramatic
change in single-particle energies between ,”'Zr and (™'Sn. The principal
change, a lowering of the 1g, neutron orbit, is caused by the filling of the
1g,, protron orbit between Zr and Sn. (Other, like-nucleon effects, arising
from the filling of the neutron 50-82 shell, have a smaller impact since filling a
given major shell is unlikely to alter much the ordering of the same orbits; they
will tend to move in step.) In any case, the lowering of the 1g,, orbit lowers
the 1g,,, orbit in turn, obliterating the shell gap at Z = 38 (or 40) and suddenly
increasing the size of the proton shell from Z =38-50 to Z = 28-50. Nucleisuch
as Zr effectively go from N, =2 to N, = 10. Deformation promptly ensues. It
is only because of a mechanismsuch as this that one can explain the precipitous
dropin E»; for Zr (and Sr) at N = 60 in Fig. 2.13.

This discussion provides a way to link the origin of deformation in terms of
subshell evolution to the structure of intruder states discussed earlier in this
chapter. There, we commented that intruder states appear as low-lying
excitations in some nuclei (e.g., Sn, Pb) because they effectively correspond to
an increase in the number of valence nucleons, and therefore, to an increase in
the p—n interaction. On account of this, they are also more deformed than the
normal states. How low the deformed intruder states go depends on two
factors: the size of the energy gap to be overcome and the strength of the p-n
interaction in the particular intruder orbits involved. Intruder excitations of
the type we considered in the Cd nuclei, or in Pb, correspond to a large gap
(Z = 50, 82) and a moderate interaction. Suppose, however, that the gap is
smaller and/or the interaction stronger. Then it becomes possible for the
intruder energies to drop below those of the “normal” states and become the
(now deformed) new ground state. In this view, the presence of excited
intruders in some regions and the sudden onset of deformation in others are
just two facets of a common mechanism. Such a model, discussed extensively
by Heyde and co-workers in recent years, works and can account at least quali-
tatively for the Cd-Sn and Pb intruders. It also accounts for the spherical-
deformed phase transition near A =100 (Sr, Zr) and A = 150 (Ce, Nd, Sm, Gd),
where the Z = 40, 64 subshell gaps come into play.
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Fig. 6.52. NpNn plot of Ey; for the A =100 region (compare Fig. 2.13) (Casten, 1985a).

The monopole p-ninteraction effectively modifies the valence space for the
protons and neutrons. This in turn affects the numbers of protons and
neutrons on which the quadrupole p—n interaction may act. All this suggests
that if one defines N and N, based on the known evolution of these subshell
gaps, then N N_may again be a realistic first-order estimate of the mlcyalcd
quadrupole p ninteraction strength. Figure 6.52 demonstrates this for £5; i
the A =100 region. Compare Fig. 2.13, which shows the same data in a normdl
plot. On the right of Fig. 6.46, the NN, plot of Esil E2; for the A = 150 region
was included. In these figures the protons shells are laken to be Z = 38-50
(50-64) for N <60 (N <90) and Z = 28-50 (50-82) for N = 60 (N = 90). The
effects are dramatic: the extremely complex systematics seen in normal plots
against N or Z are instantly simplified and the data coalesce into single smooth
curvesin N N, plots. The existence of two curves on the right in Fig. 6.46 is not
surprising; they correspond to the two halves of the proton shell. The circled
points at N = 90, which deviate from the smooth curve, demonstratc the
imperfectness of the assumption of an instantaneous change in proton shell
structure at N = 90. Thus, the NN, scheme is generalized to all transition
regions in medium and heavy nuclei and provides a simple, yet powerlul, guide
to understanding and predicting the systematic behavior of nuclear properties.

It can also be used as a more reliable way of estimating the properties of
unknown nuclei. The reason is that, whereas in traditional plots against N or
Z such nuclei constitute extrapolations beyond the known ranges, the NN,
values of many unknown nuclei far off stability are actually smaller than those
for known nuclei in the same region. The N,N, scheme converts the normal
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Fig. 6.53. Normal (left) and NPN,l (right) plots of Eyy for the A =150 region. Inthe N N, plot,
only the Z < 64 points are shown. The arrows point to the N N values for the extremely neutron
rich nuclei indicated. Predictions for Fyr (or other observables) for these nuclei are obtainable
simply by reading off the appropriate curve at these NpNn values (Casten, 1986).

process of extrapolation into one of interpolation, which is inherently much
more reliable. Figure 6.53 illustrates this, giving as well one more illustration
of the simplification achieved by the N N_scheme. The vertical arrows point
to the locations of four unknown neutron-rich nuclei in the rare earth region
whose N N, values are considerably less than those for known nuclei. Since
this plot was constructed, “*Ba has been studied and the predictions verified.
Preliminary reports on another nucleus in this region, 1*Xe, also show that the
NN, scheme provides a much more accurate structural guide.

In the same vein, one can use the N N_scheme to parameterize collective
model calculations. Normally, in phenomenological models such as geometric
coilective models or the IBA, the Hamiltonian contains a number of terms,
ea~h incorporating a free strength parameter. These must be estimated for
each individual nucleus, and therefore, the calculation of extensive sets of
nuclei can involve an enormous proliferation of parameters. If instead, the
parameters are written as functions of N N, , it is often possible to calculate sets
of 50-100 nuclei with only 4-6 parameters. Moreover, for reasons that are
obvious from the previous discussion, this process automatically give parame-
ter estimates for unknown nuclei further from stability, so their predictions
become interpolative.

Finally, the N N scheme has recently been applied to odd A nuclei by
Bucurescu, Zamt‘i;r, and colleagues with intriguing results. Energy ratios based
on different initial single-particle configurations probe the p-n interaction for
different orbit combinations. Moreover, N N _plots in odd nuclei provide a
sensitive signature of the evolution of strongly coupled and decoupled band
structures (see discussion of these in Chapter 8).

Thus far, we have discussed the N N, scheme for a given region and have
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Fig. 6.54. N N (left) and P-factor (right) plots summarizing the systematics of £, 73 insix
regions of medium and heavy nuclei (based on Casten, 1987).

noted its simplifying power. Further advantages of this approach are evident
when one compares different regions. As we saw in Chapter 2, different
regions appear to behave in entirely different fashion vis a vis the development
of collectivity and deformation: one needs only to glance at Figs. 2.13 and 2.14
or Figs. 6.46 and 6.48 for a dramatic illustration of this. In contrast, N N plots
are similar for essentially all regions of medium and heavy mass nuclei. Fi igure
6 54 (left) collects the smooth curves, drawn through NN _plots, of the ratio

41/ E,; for six mass regions in heavy nuclei. What appeared earlier to be
radically different behavior from one region to another becomes a set of nearly
parallel curves in N N . The similarity in structure of these curves gives
confidence that the NN, scheme is a meaningful indicator. It also provides
some confidence in extrapolating the curves for a new region once a few nuclei
in that region are studied.

The other feature in Fig. 6.54 is that the curves for different regions are
rather widely displaced: changes in structure are correlated with changes in
N_N, throughout medium and heavy nuclei but the absolute value of NN,
prov1dcs little information. However, a slight modification of the NN, scheme
putsit on an absolute scale and provides further physical insight. Tosee this we

consider the parameter
pe_NpNu_ (6.79)
(Np+Nn)

P can be viewed in several ways. Itis simply a normalized value of NN,. Itis
also a measure of the integrated strength of the valence p-n interaction
compared to the valence pairing interaction that scales as the total number of
valence nucleons. Finally, it is the average number of p-n interactions per
valence nucleon. For this reason, P has been called a nucleonic “promiscuity
factor.” If we now plot the same data used to obtain Fig. 6.54 (left) against P,
we obtain the results shown on the right of that figure. Individually, the six
curves show exactly the same behavior as their counterparts in the NN plot,
but the different regions are coalesced into a narrow envelope, pr(wxdmg, a
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unifying framework for understanding the systematic behavior of nearly all
medium and heavy mass nuclei and highlighting, even more than NN, the
correlation between the p-n interaction and collectivity.

A slightly more detailed glance at the right-hand side of Fig. 6.54 reveals a
fascinating point directly correlated with our understanding of the residual
pairing and p—n interactions. If we take the value Eq;/ L, ~3.0 as a measure
of the “transition point” from spherical and vibrational to deformed, we see
that all the regions pass through this value in the narrow range of P values
between 4 and 5. This value, denoted P_,, gives a kind of “critical” value that
acts as a signature for deformation. One can formulate a rule: nuclei with
P < P_, =4-5will not be deformed, unlike nuclei with P > P_, . Simple consid-
eration of the formula for P refines this idea: a necessary condition for P > 4 is
that both N, N = 4, while a sufficient condition for P > 5 is that both
NP, N,_210. Thus, no nucleus can be deformed unless there are at least four
valence protons and four valence neutrons and a nucleus must be deformed if
there are atleast 10 valence nucleons of each type. Apparent exceptions to this
rule such as the light Hg (Z = 80) nuclei, which have two proton holes relative
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Fig. 6.55. Calculated Is n | values for the deformed rare earth nuclei, illustrating the saturation in

quadrupole collectivity. Compare the behavior of empirical B(I:2) values in Fig. 5.3 (Casten,
1988b). The fegend gives the neutron number corresponding to cach symbol.
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to Z = 82, are indeed only apparent since the reason deformation sets in these
nuclei is another example of the movement of single-particle energies of one
type of nucleon as a function of the number of the other: as N decreases, the
hy,, orbit from above Z = 82 descends across the Z = 82 gap and enters the shell
beafow. The counting of N_should therefore be based on some effective Z
value between 82 and 92.

The value of P, ~ 4 to 5 is interesting in itself. We know from the energy
gap, 24, in even—even nuclei that typical like-nucleon pairing interactions
have strengths of V__ ~ 1 MeV. Similarly, p-n interactions are on the order of
200-300keV (see (fhapter 4). Thus, P, which gives the ratio of the number of
p-n interactions to pairing interactions, equals 4-5 at precisely the point at
which the integrated p—n interaction strength begins to dominate the pairing
strength. This provides an appealing physical picture that simply states that
softness to deformation and the phase transition to deformed shapes occur just
when the deformation-driving p—n interaction begins to dominate the spheri-
cal-driving like-nucleon pairing interaction.

The N N_scheme is based on the rather crude assumption that the p—n
interaction is orbit independent. Since it is not, one might expect situations in
which N N_is not the best scaling parameter. In fact, we have already seen
evidence for this: most observables are smooth against N N, but they are not
linear in N N,. The valence p-n interaction increases with N N, but is not
necessarily proportional to it. The most dramatic evidence for this occurs in
the empirical behavior of B(E2:0,* — 2.*) values in deformed nuclei. These
increase from the beginning of a shell through the transition region. But,
instead of continuing this increase unabated until midshell, they saturate. This
was illustrated earlier for rare earth nucleiin Figs. 2.16 and 5.3. The reader will
recall from our discussion of the IBA that this B(E2:0,* — 2,*) ~ N? both in
SU(3) and in realistic symmetry breaking calculations for deformed nuclei.
Thus, assuming constant boson effective charges e,, such IBA calculations
must disagree significantly with the data near midshell. These and other data
suggest that, although some simplicity will be lost, it might be useful to have a
more refined estimate of p-n strength than N N . This can be obtained very
easily by a simple, explicit calculation of the integrated quadrupole p-n
interaction among the valence nucleons. The result, called IS |, is shown in
Fig. 6.55. Clearly, instead of N N , one can use these calculated IS | values to
define effective (N,N,) . products and therefore effective values of N, and N,
themselves. If these are then used to recalculate quantities such as
B(E2:0," — 2,*) values, the observed saturation is excellently reproduced.

If we anticipate our discussion of the Nilsson model in the next chapter, we
can easily explain the behavior of IS |. (Readers unfamiliar with the Nilsson
model, please forgive this short digression: better yet, return toit after reading
the next chapter.) S | is obtained simply by integrating (summing) the
products of the individual proton and neutron quadrupole moments for each
Nilsson orbit over all filled orbits up to a given N, Z. Downward sloping lines
in the Nilsson diagram correspond to equatorial orbits, while flat or upward
sloping lines represent more polar orbits. Thus, at the beginning of a shell,
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when both protons and neutrons are filling the equatorial downward sloping
orbits, there will be high overlap and significant contributions to the integrated
quadrupole p-ninteraction. Near midshell, however, some neutrons will enter
flat or upward sloping orbits that will have lower overlap with the downward
sloping proton orbits, and vice versa. These, and proton-neutron pairs in
which both particles are in flat Nilsson orbits with zero quadrupole moments,
will contribute little or nothing to further increases in the integrated quad-
rupole p-n interaction strength. This strength should therefore increase line-
arly with N N,_at the beginning of a shell and then saturate toward midshell.

One last point is relevant before ending this discussion—the concept of a
p-ninteraction scaling approximately with N N _at the beginning of a shell and
thensaturating near midshell was originally proposed as a convenient ansatzin
order to provide a simple phenomenological approach to the systematics of
certain collective observables. Very recently, however, Zhang and co-workers
have empirically extracted actual p-n interaction energies for the last proton
and last neutron in a given nucleus and, by carrying out appropriate sums,
obtained the total valence p—n interaction energies for a given nucleus. The
results show exactly the initial linearity with N N and subsequent slower
growth that we have been discussing. That they do not completely saturate
highlights the fact that S is just the quadrupole interaction. The total p-n
interaction includes the alivays attractive monopole component whose strength
is monotonic throughout a shell and so provides a continuously increasing
“base” to the total 7= 0 p—n strength.

We have seen that the N N, scheme, and its siblings P and IS | plots, provide
a simple yet powerful way of correlating a vast amount of systematic data on
the development of collectivity, phase transitions, and deformation in medium
and heavy nuclei. These concepts have an appealing microscopic foundation
in the deformation-driving 7=0 component of the valence p-n interaction and
its competition with its opposite number, the spherical-driving like-nucleon
pairing interaction. In this way, these ideas, albeit phenomenological, bring
together a number of threads running throughout this book. Through this
phenomenology, we are beginning to develop a unified, coherent view of the
evolution of nuclear structure. This view emphasizes the importance of the
p-n interaction, and its role both in modifying the underlying shell structure
and in inducing correlations, configuration mixing and deformation. What is
needed now is to graduate from phenomenology to a real microscopic theory
of nuclear structure and its evolution that embodies these ideas.

Another key issue is to understand the relation between the obvious
centrality of the p—ninteraction and the equally obvious successes of collective
models that make no explicit mention of this interaction. The resolution of this
seeming paradox appears to be twofold. First, the p-n interaction determines
the “mean field,” that is, the correlations and deformation of the ground state
(or the base state of a family of states such as the intruders), upon which the
collective excitations are then constructed. Secondly, the p—n interaction,
through its monopole component, affects the detailed distribution and ener-
gics of the underlying single-particle states. As we have seen, this is critical to
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the evolution of subshell gaps and therefore to the content of the valence space
on which the quadrupole component acts. Moreover, these single-particle
states are the fodder with which (see Chapter 9) the detailed microscopic
structure (e.g., energies, collectivity) of the vibrational excitations is con-
structed. Thus, the p—n interaction implicitly enters collective models both in
the equilibrium shapes they present and in the single-particle energies used in
obtaining their predictions.



7

THE DEFORMED SHELL MODEL OR
NILSSON MODEL

The purpose of this chapter is to describe the basic single-particle model
applicable to nearly all deformed nuclei—the Nilsson model. This model is
surely one of the most successful nuclear models ever developed. It accounts
for most of the observed features of single-particle levels in hundreds of
deformed nuclei and is always the first model turned to when new experimen-
tal information on such levels is obtained. It also provides a microscopic basis
for the existence of rotational and vibrational collective motion that is directly
linked to the spherical shell model. 1t is also very easy to incorporate exten-
sions, refinements, and corrections to it. Essentially a single-particle model,
the Nilsson model has enjoyed particular success in the interpretation of single
nucleon transfer reactions.

Even before discussing this model, we are faced with a conceptual difficulty
arising from the nonspherical shape, or the separation of the motion of an
individual nucleon around the nucleus from rotations of the nucleus itself in
space. These motions can be very different. Imagine a nucleus with prolate
quadrupole distortion and a single nucleon orbiting in an equatorial plane, as
shown by orbit K| in Fig. 7.1. Now imagine that this nucleus can rotate about
an axis perpendicular to the symmetry axis. With rapid rotation about this
axis, the time averaged shape of the core becomes oblate (disc-like). What

Ko

Fig. 7.1. Dlustration of two single-particle orbits at different inclinations to a prolate deformed
nucleus.

247
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shape the orbit of the single nucleon takes then depends on the extent to which
its motion is coupled to that of the core, that is, it depends on the separation of
rotational and single-particle degrees of freedom. A rigorous separation is,in
general, not possible. Anapproximate separation can be made, however,if the
frequency of the nucleonic motion is much larger than the frequency of the
nuclear rotation, in which case the individual nucleon executes many orbits
during a single nuclear rotation, or, alternately phrased, the nucleus is essen-
tially stationary during a single orbit of that nucleon.

This discussion is not only of formal interest, but alerts us to the possibility
that the separability of these motions may be rather poor for extremely high
rotational velocities. Modern experimental techniques have approached the
limit where the characteristic frequencies for rotational and single nucleon
motion are not distinct. Itis then necessary to explicitly incorporate the effects
of the rotation on the single-particle motion. Coriolis mixing is one such effect
that we shall discuss at length, but there are others (relating to the underlying
core shape, the effective single-particle energies, and so on) that are beyond
the scope of this book. Mathematically, the separation of single-particie and
rotational motion greatly simplifies calculations and is the principle reason
why in a body-fixed frame of reference, one evaluates the single nucleon
motion first and later superimposes the rotational motion. (Incidentally, the
same basic type of problem applies to the spherical shell model, in which the
“global” motion is linear motion of the center of mass, which is more easily
distinguished.)

7.1 The Nilsson Model

We will discuss in considerable detail the quantitative properties of the Nilsson
model and in particular the Nilsson energies and wave functions. First,
however, we wish to proceed in a rather unconventional way in order to show
that it is simple to “derive,” without detailed calculation, the entire Nilsson
diagram and many of the prominent features of the Nilsson wave functions.
The two necessary ingredients are simply a choice of deformed single-particle
potential, such as a shell model potential with quadrupole deformation 8, and
the recognition that the nuclear force is short range and attractive.

Consider first, then, a valence nucleon in a single j orbit in such a prolate
deformed potential (Fig. 7.1). It will have lower energy if its orbit lies closer to
the rest of the nuclear matter than if it lies at larger distances from it. Clearly,
then, the orbit labeled K, will be lower in energy than K,. The energy depends
on the orientation with respect to the nuclear symmetry axis. This is contrary
to the spherical shell model where there is no preferred direction in space.
One can specify this orientation by the magnetic substate of the nucleon—that
is, the projection of the total angular momentum on the symmetry axis as
shown in Fig. 7.2. As in our earlier discussion of even—even nuclei, this
quantity is usually denoted by the symbol K. (Technically, Q is used for the
projection of the single-particle angular momentum on the symmetry axis and
K for the projection of the total angular momentum. However, since the
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> 7

sin 8~ K/j

Fig. 7.2. Diagram defining the quantities j, K, and 6in the discussion of the Nilsson model.

rotational angular momentum for low-lying states of axially symmetric nuclei
is perpendicular to the symmetry axis, it contributes nothing to K and therefore
K = Q and is often substituted for it.) The low K values correspond to
equatorial motion near the bulk of the nuclear matter for a prolate quadrupole
distortion, and have lower energy.

One can easily go a step further. Consider the classical orbit angles
corresponding to different K values. Suppose j = 13/2 (e.g., the i,,,, orbit) with
K=1/2,...,13/2. Classically, as illustrated in Fig. 7.2, we can approximate the
angle of an orbital plane by 6 = sin™(K/j). These angles are given in Table 7.1.
The interesting feature is that 8 changes slowly for low K values and rapidly for
high K values. Therefore one expects that the difference in energy between
low K values is rather slight and increases rapidly for the higher ones. With
these simple considerations, we can now develop a limited region of a Nilsson
diagram for a single j. This is shown in Fig. 7.3. The characteristic features are
just as we have derived: for > 0, the energy drops rapidly with f for low K
values and rises rapidly for the higher K values and the separation of adjacent
K values increases sharply with K. We shall see that the energies for small
deformations depend on K2

The only additional step needed to construct the full Nilsson diagram of
deformed single-particle energies as a function of 3 is to combine several j
values. As discussed earlier, the characteristic feature of a deformed field is
single-nucleon configuration mixing. Therefore, we must now superimpose
this configuration mixing of different j values on the K splitting just considered.

Table 7.1. Classical orbit angles, relative to the nuclear equator, for j = 13/2.
K 172 32 52 mn orn 112 1312

6(deg) 44 133 226 326 438 57.8 90
A&deg) 8.9 9.3 10.0 112 14.0 322
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Fig.7.3. Variation of single-particle energies of i, ,,, orbits with different projections K (orientations
6) as a function of deformation (3> 0, prolate, to the right).

Recalling a fundamental rule of quantum mechanics that no two levels with
the same quantum numbers may cross (an infinitesimal interaction will cause
them to repel when they get sufficiently close) and noting that the only
remaining good quantum number for these orbits is K, it then follows that no
two lines in the Nilsson diagram corresponding to the same K value (and
parity) cross. As two such lines approach each other they must repel (see Fig.
1.9). Thus, it is now possible to incorporate several j values into the Nilsson
diagram and to extend it to realistic deformations where the energies of
different orbits intermingle. This is shown in Fig. 7.4, which gives the Nilsson
diagram for two different regions. Each line, representing a Nilsson state,
starts outstraight and is downward or upward sloping according to the angle of
the orbit relative to the main mass of the nucleus. It only starts to curve when
itapproaches another level with the same K and parity. The entire structure of
the diagram relies thus on only three factors: K splitting (resulting from the
effects of a short-range nuclear interaction in a deformed field), level-level
repulsion, and the input single-particle shell model energies.

The Nilsson wave functions are equally easy to deduce qualitatively, even
though they are a complex result of a multistate diagonalization. (We ignore
here the phases of the various terms in these wave functions, most of which can
only be obtained by explicit diagonalization.) The interaction that leads to
configuration mixing in Nilsson model is of quadrupole form. (We will discuss
other deformed shapes later.) For very small quadrupole deformations 3, the
nuclear wave functions must be nearly pure in j; as the deformation increases,
the configuration mixing will increase.

The nondiagonal mixing matrix elements of the quadrupole interaction, not
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surprisingly, tend to mix configurations that differ by two units in angular
momentum and in which the nucleon spin orientation is not changed. For
example, in the 50-82 shell, the d,, and s,,, orbits have large matrix elements
and mix substantially, even though they are slightly further separated than the
d,, and d,, orbits. The g,, and d,, mix more than g,, and d,,do. Likewise, in
the 82-126 shell, the quadrupole matrix element between the p,, and £, orbits
isstrong. However, the closeness of the energies of the £, and h,,, orbits leads
to substantial mixing, even though the matrix element is not favored. There-
fore, combining a regard for the energy separations of different shell model
orbits and the most important quadrupole mixing matrix elements, one can
estimate the Nilsson wave functions, that is, the composition of the wave
functions in terms of amplitudes for different j subshells.

Consider the example of the 82-126 neutron shell shown in Fig. 7.4. As 8
increases, the f,, and hy, orbits begin to mix. We recall that the angle of the
orbital orientation depends primarily on the ratio K/j (8 = sin™ K/j = K/} for
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Fig.7.4. (a) Nilsson diagram for the Z = 50-82 regions. The abscissa is the deformation parameter
&, which is nearly the same as 8. (Gustafson, 1967).
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Fig. 7.4. (b) Nilsson diagram for the N = 82-126 regions. The abscissa is the deformation
parameter ¢, which is nearly the same as 8. (Gustafson, 1967).

small K). Small angles can occur either because K is low, or for given K,
because jis high. Thus, the energies of the K =1/2,3/2, and 5/2 orbits from the
hy, shell decrease in energy faster with deformation than those from the f,,
orbit. This difference inrate of decrease of the Nilsson encrgies with deforma-
tion can overcome the small spherical f, -h,, energy scparation. The low
K f,, and h,, orbits therefore approach each other, mixing more and more.
However, the two orbits cannot cross and so repel each other, leading to an
inflection point at the value of S wherc they would have crossed. This effect is
very clear for the K = 5/2 and K = 7/2,{, , and h, orbits in Fig. 7.4.
Aninteresting feature of the Nilsson diagram is apparent if one looks at the
energies past the “pseudo crossing.” Starting at large deformations and
tracing back toward 8 = 0 the energy of the lowest K = 5/2 orbit is drawn as if
it stems from the f,, shell. However, one sees that it actually points directly
back to the h,, spherical energy. This reflects the fact that this orbit, for large

deformations, is actually the continuation of the h,, shell. In effect, while the
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energies do not cross, the wave functions do “exchange” principle wave
function components near the inflection point.

In contrast to these examples, the K = 9/2 orbit from the hy, shell is virtually
straight since there is no other nearby (negative parity) j shell with a K = 9/2
component. This reflects the general feature that the Nilsson wave functions
for the highest K values in a given shell are very pure.

The extreme example of this, in the 82-126 shell, is the orbits stemming
from the i,,, shell. This shell, with [ = 6, has positive parity and lies amidst a
grouping of negative parity orbits. It has been brought down from the next
major shell by the strong spin-orbit interaction in the shell model. Having
opposite parity it cannot mix with any other orbits in the 82-126 shell. There-
fore the wave functions of these unique parity Nilsson orbits are extremely
pure, consisting almost solely of j = 13/2 components even to rather large
deformations. This special structure has many extremely important conse-
quences. The simplicity of their wave functions makes a number of physical
effects particularly simple to understand. Moreover, certain residual interac-
tions such as Coriolis effects are both simple and particularly strong in these
orbits. Finally, many of these same features make the states stemming from
these orbits easily amenable to empirical study.

This discussion of the structure of the Nilsson diagram for a given major
shell can be applied to any shell and the entire Nilsson diagram can be
constructed. The only other point to note is that the higher the shell, the
stronger the effects we have been considering will be, since a particle in a
higher shell is at a larger radius, further outside the spherical nucleus, and
therefore has more to gain energetically, upon deformation, if it is equatorial.

It should be evident by now that it is easy to write down not only the ap-
proximate energies but also estimates of the wave functions of almost any Nils-
son orbit without detailed calculation. We shall give a couple of examples of
this in a moment, but first it is convenient to define the Nilsson quantum num-
bers labeling each orbit. This is also instructive because it highlights the physi-
cal nature of the various orbits. A typical Nilsson orbit is labeled as follows:

K" NnzA]

The first quantum numbers give the K value and parity. Inside the brackets
the three quantum numbers are N, the principle quantum number of the major
shell; n,, the number of nodes in the wave function in the z direction (n, is
particularly critical for understanding the structure of the wave function); and
A, the component of the orbital angular momentum along the z, or symmetry,
axis. By definition, K = A +£= A £1/2, where Zis the projection of the intrinsic
nucleon spin on the symmetry axis. Hence, one sometimes sees an alternate
notation [NnZAT] or [anAJ,], where the arrow replaces K and indicates
whether the spin angular momentum aligns (T) or antialigns () with the
oribital angular momentum. The two notations are equivalent, but using K is
somewhat more convenient and common,

For the most common case of a prolate nucleus, equatorial orbits are
nearest the nuclear matter and lie lowest. It is clear from Fig. 7.1 that these
orbits are also those in which the nucleon wave function is most extended in
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the z direction. Their wave functions have the largest number of nodes in the
z direction and hence the largest values of n. We note also that there is a
relation between the permissible values of n, and A such that their sum must be
even if N is even (positive parity) and odd if N is odd (negative parity).

We are now in a position to label all the Nilsson orbits in a given shell. There
are two ways this can be approached, one by labeling the sequence of orbits
from each spherical j shell and another in which all orbits of a given K value are
labeled according to increasing energy. To make the labeling absolutely clear,
we will illustrate both approaches (for a prolate nucleus). We start from the
fact that the lowest-lying orbit has the highest possible n,. Clearly the maxi-
mum value of n_ for a given principle quantum number Nis n, = N. The lowest
orbit for a given N has K = 1/2, since this is the most equatorial orbit. Taking
N =5 for illustration, noting that if K= 1/2, A an only be 0 or 1, and that n_+ A
must be odd since N is odd, the Nilsson quantum numbers for the lowest N=5
orbit must be

K7 Nn.A)=1 [550]

This Nilsson labeling describes the K = 1/2 orbit stemming from the h,, , j shell.
Although most of the N = 5 orbits occur in the 82-126 major shell, the h,, , orbit
is the one thatis pushed down by the spin orbit interaction into the lower, pre-
dominantly N = 4, 50-82 shell. Continuing for the other orbits from the h,,
shell, the nexthas K =3/2. Since its orbital orientation is slightly more inclined
away from the equatorial plane, itis less extended in the z direction and has the
nextlower n_ value. Its Nilsson quantum numbers are 3/2-[541]. Again, the A
value is fixed by the requirements thatn + A is odd and A = K £ 1/2. The rest
of the h,,-based orbits are then 5/2-[532], 7/2°[523], 9/2-[514], 11/2{505].

The next N =5 orbits are in the 82-126 shell proper, and stem from the £,
parent (although their actual wave functions contain large h,, amplitudes).
The K = 1/2 orbit, having higher energy than the K = 1/2 orbit from the b,
shell, must be less extended in the z direction and must have a lower n. Its
Nilsson quantum numbers are then trivially, 1/2-[541]. The K =3/2 orbit is
3/2-[532]. One can continue filling the entire shell in this way, and it is easy to
reproduce the labels shown in Fig. 7.4,

An alternative way is to proceed not by energy for a given parent j shell but
by K value. For example, the sequence of K = 1/2 orbits, starting with that from
the h,,, orbit, will be (recall that A=0or 1)

1/2-550], 1/2-[541], 1/2-{530], 1/2-[521], 1/2-[510], and 1/2-[501)

The unique parity orbitin the 82-126 shell is the lowest N = 6 orbit, and there-
fore its Nilsson quantum numbers must be 1/2*[660)], 3/2+[651],..., 13/2*[606].

Let us now consider the wave functions in more detail. These wave
functions can be written in many forms. Because they involve single-j configu-
ration mixing, they can be expanded in a spherical basis. For many purposes
the easiest and most physically transparent form is one that the previous
discussion anticipated, an expansion in shell model orbits specified by their j
values. Thus, we write

V/Nilsi:Z C]-i¢j (7.1)
i
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where the ¢, are solutions to the spherical independent particle model and the
C, are expansion coefficients. Using this language, it is easy to make at least
crude estimates of the actual Nilsson wave functions. For example, for §=0.23
(=095 B=0.22) the 5/2-[523] orbit will have a wave function that is predomi-
nantly h,, with the next largest componentf, . Crudely, we can estimate that
v (5/27[523]) = 0.5¢,, + 0.8¢,, + .... We emphasize that this is at best a guess as
to the Nilsson wave functions and that the phases are arbitrary. We engaged in
this exercise simply because it is useful to have at least some, albeit crude, a
priori feeling for the structure of these wave functions. It will also remove
some of the mystery from the actual Nilsson wave functions. To take another
example, consider that the 3/2-[532] orbit for a deformation of = 0.23 is just
past the inflection point with the 3/2-[521] orbit. Its wave function should be
roughly equal admixtures of £,, and hy, components. In contrast, the wave
function for the same orbit for a deformation of 8~ 0.05 would be largely £,,.

The wave functions near the top of the 82-126 shell are particularly simple:
v (1/2[501]) is dominated by a p,,, component. Near midshell, the situation is
somewhat more complicated since a given wave function will contain compo-
nents from j shells both above and below it. A particularly nice example is the
1/2-{521] orbit. Careful inspection of the Nilsson diagram shows that although
it starts out from the p,, shell, it soon mixes with the K = 1/2 f, orbit,
undergoing a virtual crossing before = 0.1. At this point its wave function is
a very thorough mixture of ¢,, and ¢,, components. Continuing to larger
deformations, at = 0.2 there is another inflection point due to interaction with
a combination of the K = 1/2 orbits from the £, and hy, shells. Therefore, we
might expect at B=0.25 that y (1/27[521] = C,,¢,,, + C,¢,, + C,,¢,, + C,.8,,
with all four C values substantial in magnitude.

Aswe anticipated, the unique parity orbits are extremely pure, and increas-
ingly so as K increases. For example, the 13/2+[606] orbit must (assuming no N
mixing) be pure j = 13/2, while y (1/2[660]) =~ 0.95 ¢,,, + 0.3 ¢,,,.... (These
numbers are only rough estimates but do embody the physics and reflect the
actual amplitudes from real calculations.) Note that the only other significant
contribution besides i,,, comes from the g, orbit, which differs by two units of

Table 7.2. Nilsson wave functions (C,. coefficients) for some N = 5 orbits

J

Kr{Nn_A] 172 3R 52 " on 1172
3127532 0234 0.369 -0.560 -0.651 0.268
5/27[523] 0237 -0.472 -0.826 -0.196
7127[514] 0323 0938 0.128
17274521] -0.510 0.345 0473 0.431 0.444 0.120
5127[512] -0.023 0.836 -0515 0.157
127510] 0.021 -0.676 0.586 -0.343 0277 0.067
3/27[512] 0379 0.815 0283 0327 0.063
7127[503] 0.937 ~0.336 0.099
9/27[503] 0.998 0.071
172501} -0.821 -0.361 -0.411 0122 -0.104 -0.019

*5= 022, x = 0.0637, = 0.42,
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angular momentum and has its spin and orbital components aligned in the
same way as the i ,,.

Table 7.2 gives examples of some actual Nilsson wave functions for a typical
Nilsson potential (§=0.22, B~0.23). Inspection of the table shows that all our
guesses as to the structure are semiquantitatively correct. Of course, fine
details are beyond this discussion and some amplitudes are more difficult to
intuit a priori.

It is worth pausing here to reflect on and to re-emphasize what we have
done. Without any detailed calculation whatsoever, using only simple consid-
erations of the attractive nature of the nuclear force and the nuclear shapes
involved, we have essentially “derived” the entire Niisson diagram, the Nilsson
energies, and the asymptotic Nilsson quantum numbers. We have also dis-
cussed the basic structure of the wave functions.

At this point, however, we can obtain a deeper understanding of the Nilsson
model and diagram and of the role of the quantum number, n , by a slightly
more formal approach.

To begin, we consider the Nilsson Hamiltonian for a single-particle orbiting
in a deformed potential and inspect two instructive limits, corresponding to
small and large deformation. Actually there are many Nilsson-type Hamil-
tonians incorporating many variants of the single-particle deformed potential.
Various authors have used deformed harmonic oscillator or modified har-
monic oscillator potentials, Wood-Saxon potentials, and others. The differ-
ences reside primarily in details that do not concern us here so we will content
ourselves with the modified harmonic oscillator originally used by Nilsson.

The Nilsson model is a shell model for a deformed nucleus. It provides a
description of single particle motion in a nonspherical potential,
V=V(r)+ V,(r) P,(cosf). The original and basic form incorporated only
quadrupole deformed axially symmetric shapes. An appropriate single-par-
ticle Hamiltonian for a nucleus with symmetry axis z is:

H=T+V

:—p—z—+l-m[a)x 1«2+y2)+cozz2]+Cl~s+Dl2 (7.2)
2m 2
where @, w , and @, are one-dimensional oscillator frequencies in the x, y, and
z directions. This Hamiltonian satisfies the eigenvalue equation Hy, = Ey,
where v, is a Nilsson wave function written in the form w,= £C/¢. The [? and
1 » s terms ensure the proper order and energies of the single-particle levels in
the spherical limit (8 = 0).

Although the form of the Hamiltonian in Eq. 7.2 is useful, it is also
convenient to introduce an alternate version written directly in terms of a
nuclear deformation parameter 8= 3/2{5/4 , B~0.95 B. Todo this, one writes
the frequencies as

wzx:wzy:a)&(l +%6)

wzzza)oz(l—%é) (1.3)
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where ), is the oscillator frequency (fw, = 41A-7) in the spherical potential
with 6 =0. Itis assumed that the nuclear volume remains constant as a function
of w,. Therefore, one has the condition o0 0, constant or

-1
m0=(1_i52_&53) 6=constant (7.4)
3 27

For positive deformations § or § > 0 (prolate shapes), @, decreases with
increasing deformation while @, and o increase. This is physxcally reasonable
since an increasing prolate deformation elongates the nucleus in the z direc-
tion. This increases the “length” of a circumferential route and therefore
lowers the frequency of orbiting in this direction. In contrast, the nucleus is
“squeezed” in the x and y direction so the orbit frequencies can be larger for a
given energy,.

Inserting these definitions into Eq. 7.2 allows us to rewrite the Hamiltonian
in terms of the operator r’Y,, as follows

H=P2"ilm i -molrt st \/EYZO (9,¢)+Cl- s+DIF (7.5)
2m 2 3Y¥5S

The two equivalent versions of the Nilsson Hamiltonian in Eqgs. 7.2 and 7.5

allow us to understand the structure of the model in the limits of large and

small deformations, respectively. Note that, in the literature the 1 » s and 12

terms are usually expressed in terms of parameters x = C/2khw, and u = 2D/C.

K typically takes on values around 0.06 and u varies from 0 to =0.7.

For small deformation, j is approximately a good quantum number. Equa-
tion 7.5 consists of a Hamiltonian for an isotropic oscillator with12 and I« s
terms plus a perturbation proportional to 6 r*Y,,. The former part gives the
spherical shell model energies and is spherically symmetric. The eigenstates of
this Hamiltonian can be labeled by the quantum numbers N/j and m of the
spherical single-particle states. Treating the Y, term as a perturbation, the
shift in energies relative to =0 s

AE(Nljm)——-—\/-ma)0 Nl]mlr Y20(6, ¢)’Nl]m> (7.6)

We can evaluate this by separating the radial and angular parts and using the
relation for a harmonic oscillator potential that

%m wg(szm{rﬂszm)%ﬁ a)o(N+-§-) (1.7)

Evaluating the matrix element of the spherical harmonic Y, gives the final
result for small &

[362-jG+1)]|2-7G+1)]
(2j-1)jG+1)(2j+3)
where we have replaced the projection m with K, the projection of the total

angular momentum on the z axis.

This simple result has three facets that account for the structure of the
Nilsson diagram for small deformations:

AE(Nl]m)—-gh a)o(mi)(s (7.8)

2
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* There is a proportionality to §, the quadrupole deformation.
¢ The shifts display a dependence on K%
* They depend linearly on the oscillator quantum number N.

We have seen exactly these features in our intuitive derivation and in the
Nilsson diagram, especially for unique parity orbits for which j is a good
quantum number out to rather large deformations.

Another direct implication of Eq. 7.8 is that for § > 0 there are more
downward sloping than upward sloping orbits. For j> 1/2, the [3K*—j(j + 1)]
termis negative, giving downward sloping orbits (since 3/4 - j(j + 1) is negative)

if
radl

K<A/ 1G+1) i _ogs; (7.9)
3 18

and upward sloping for K> 0.65j. For example, for j=13/2, orbits with
K =1/2,3/2,5/2, 72 should be downward sloping and K = 9/2, 11/2, and 13/2
upward sloping. This feature is indeed displayed by the exact numerical diag-
onalizations depicted in the Nilsson diagram of Fig. 7.4. Note the interesting
physical correlation here. The angular orientation of an orbit to the symmetry
axis is approximately given by sinf= K/j and K/j= 0.65 corresponds to 6= 40°,
Inclinations greater than these are unfavored energetically by a prolate quad-
rupole deformation.

The dependence on N implies that the slopes of the energy levels in a
Nilsson diagram are steeper for larger N. Thus, heavier nuclei are easier to
deform than lighter ones. We commented implicitly on this N effect earlier
and can now explain its physical origin a bit more precisely. A nucleonin a
high oscillator shell will have a larger average radius [indeed, we just utilized
the fact that the expectation value {(r?) o< (N + 3/2)]. Therefore, as the nucleus
deforms, the nuclear matter approaches this outer orbit. Since the nuclear
force is attractive, the energy of a particle in this orbit decreases. The effect is
obviously less for a particle in a lower oscillator shell that is already closer to
(or inside) the bulk of the nucleus when it is spherical.

In the opposite limit of large deformation, the 1 s and §? terms in Egs. 7.2
and 7.5 are negligible and the Hamiltonian simply reduces to an anisotropic
harmonic oscillator whose form shows that the motion clearly separates into
independent oscillations in the z direction and in the xy plane. Therefore the
number of quanta in these directions, n, and (n, + n ), separately become good
quantum numbers. The eigenvalues of the one dimensional harmonic oscilla-
tor with quanta n, are simply Z@,(n, + 1/2). This gives the familiar result for an
isotropic three-dimensional harmonic oscillator that £ ~ (N + 3/2) where
N =n, +n, +n, Thus, in the present case of large 6, the eigenvalues of the
anisotropic harmonic oscillator of Eq. 7.2 go asymptotically to

E(ny,ny,ng)=h (ox(N~nz+1)+h wz(nz+%—) (7.10)
Since H is independent of the angle ¢ around the z axis, the Hamiltonian

corresponding to Eq. 7.10is invariant with respect torotations about the z axis.
Therefore the z-projection of both the orbital and spin angular momenta of a
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particle must be constants of the motion. As we have stated, these quantum
numbers—the eigenvalues of the operators /, and s,—are commonly denoted
by A and Z while their sum, the projection of the total angular momentum on
the symmetry axis, is indicated by K. The asymptotic energies E(n,,n, n,) can
then be more conveniently expressed in terms of the quantum numbers
K[Nn A] of the familiar Nilsson orbit notation.

Asymptotically, these energies are dependent onn, and independent of A.
The separation according to n,, that is, according to the extent of the motion in
the z direction or perpendicular to it, simply reflects the point made at the
beginning of this chapter that, since the nuclear force is attractive, equatorial
orbits will be favored and polar orbits unfavored in energy. The independence
of A occurs for large & because the terms in 1« s and 12 are negligible. Since
K = A £ %, this independence of A becomes an independence of X for large 6.
This is exactly opposite to the small deformation limit.

In general, a given value of n_ will have a number of degenerate states that
can be specified by A, taking on the values (N-n ), (N-n-2), (N-n4), ...0 or
1. For finite deformation where the I » s and 1% terms cannot be ignored, the
eigenvalues will also split according to the value of A and, therefore, of K.

The asymptotic separation of the Nilsson diagram for large deformation
according to n, and the approximate independence of A or K are surprisingly
little known, but can easily be seen in the Nilsson diagram for large deforma-
tions. As evidentin Fig. 7.4 for large ¢, the lowest-lying orbits have n, = N, N-1,
while in midshell 7, = 1-2 orbits predominate and near the end of a shell the
n,=0andn =1 Ol’bltS are collected. The independence of A or K is illustrated
mcely by the nearly degenerate and parallel orbits pairs 7/2-{503] and
9/2-[505], 3/2-[512] and 1/2-[510}, or 3/2*[422] and 1/2*[420].

A nice empirical verification of the separability of the motion into compo-
nents along and perpendicular to the symmetry axis comes from the properties
of certain orbits differing by 12 in their principle quantum number N. In
principle, the Nilsson Hamiltonian (specifically the 12 and I « s terms) can
couple states with AN = +2, although these couplings are normally neglected
since such states are separated by two oscillator shells (=10 MeV). For large
deformations, however, the sensitivity of the energies to n, leads to the
phenomenon that steeply upsloping orbits from oscillator shell Nmay eventu-
ally cross steeply downsloping orbits from the N + 2 shell. These orbits will
have small and large values of n, respectively. An example of such AN =2
orbit pairs are the 3/2*[402] and 3/2¢[651] orbits. A priori, their mixing might
be expected to be large in the near crossing region. However, that mixing has
been empirically deduced from single nucleon transfer cross sections. The
extracted interaction matrix elements are typically only =50-100 keV. Such
small coupling matrix elements between states with very different distribution
of quanta in the z and xy directions points to the approximate validity of the
separation of motion in these two perpendicular directions. Itisworth noting,
however, that the presence of other deformation components, such as hexade-
capole (j,) shapes, can greatly increase AN = 2 mixing.

To recapitulate some of the preceding points, we see two limiting situations
of the Nilsson scheme. For small deformations &, the energies are approxi-
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mately given by Eq. 7.8. They are linear in &, j remains an approximately good
quantum number (the configuration mixing is still small), and the orbits are
separated principally by their K quantum numbers. For large deformations,
the energies (Eq. 7.10) are again linear in & (recall that the o, are linear in §).
The slopes, however, now depend on n, and the energies separate according to
the distribution of motion along and perpendicular to the z axis. For interme-
diate deformations, a transition between these two coupling schemes takes
place.

7.2 Examples

Having discussed the Nilsson model both physically and formally, we can now
turn to its application to odd mass deformed nuclei. Actually, this works in
much the same way as the shell model for the single-particle excitations of
spherical nuclei. The principle difference lies in the degeneracy of the orbits.
In the shell model, an orbit j can contain 2j + 1 nucleons. In the Nilsson model,
the degeneracy is broken according to the orbit orientation, or K value, and
each Nilsson orbit can contain only two nucleons, corresponding to the two
ways (£K) in which the nucleon can orbit the nucleus (clockwise or counter-
clockwise). Neglecting pairing for a moment, in a deformed region the Nilsson
orbits are sequentially filled, two protons and neutrons to each, until the last
odd nucleon is placed. This defines the ground state. Excited single-particle
excitations can be obtained two ways, either by raising the last odd nucleon to
a higher orbit, thereby changing its Nilsson quantum numbers, or by lifting a
nucleon from one of the filled orbits to the last orbit, completing a pair of
nucleons in the latter and leaving a hole below the Fermi surface. One
therefore expects to have a sequence of intrinsic excitations whose energies
and quantum numbers can be simply read off from the Nilsson diagram once
the deformation is specified.

Here, in effect, is the major difference between the spherical shell model
and the Nilsson model: N = 105 corresponds to 21 holes relative to the magic
number 126. A typical shell model calculation would diagonalize some resid-
ual interaction among 21 neutrons in the 82-126 shell and the complexity
would be enormous. By switching to a deformed basis, the Nilsson model
regains a “single-particle” picture, but with deformed single-particles orbits,
each a relatively simple mixture of spherical j orbits. Multiparticle (or quasi-
particle) excitations (the equivalent of seniority v > 3 in the spherical shell
model) only begin to appear near the pairing gap at 1.5-2.0 MeV. The
deformed ansatz gives a remarkable simplification.

We recall and emphasize here that the Nilsson wave function is only a
specification of the orbital motion of the nucleons in a body fixed coordinate
system: the full specification of the wave function requires a consideration of
the rotational behavior. This is absolutely crucial for an understanding of the
structure of odd mass deformed nuclei and, indeed, for a deeper understand-
ing of the Nilsson model itself, as well as its testing and application to real
nuclei. We shall turn to the rotational motion shortly.
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It is nevertheless useful at this point to indicate how well and simply the
Nilsson mode! can be applied to deformed nuclei by way of a brief example or
two. Consider the nucleus "Hf with 72 protons and 105 neutrons. All the
protons will be paired off to total angular momentum zero and, at least for the
low-lying single-particle excitations, can be ignored. The same applies to the
first 104 neutrons. Simple counting in the Nilsson scheme for £~ 0.3 shows that
the 105th neutron will enter the 7/2-[514] orbit. We therefore expect that the
ground state of Hf will be 7/2". (Actually, this is not so trivial: we have
implicitly assumed that the lowest angular momentum will be equal to the K
value for a given orbit. While this is generally true, it is not always the case,
especially when strong Coriolis effects are present. This is a question that must
be dealt with when we consider the rotational motion of an odd nucleus in
more detail. For the moment we accept this assumption.) A low-lying excited
state can clearly be formed by lifting the last neutron to the 9/2*[624] orbit,
giving a 9/2* state. Similarly, one of the two nucleons in the 5/2-[512] orbit may
be raised into the 7/2-{514] orbit leaving a hole with spin 5/2-, Other low-lying
excitations should correspond to the 1/2°[521], 7/2-[514], and 7/2-[503] orbits at
appropriate energies. A partial empirical level scheme for ""Hf is given in Fig.
7.5, showing the bandhead levels corresponding to each intrinsic Nilsson
excitation. It corresponds rather well with our predictions. If we now go to
HE, we would expect the ground state to be 9/27(624] with the 7/2-[S14] an
excited (hole) state. Moreover, all the excitations that were above the Fermi
surface in "Hf will now decrease in energy while those that were below the
Fermi surface will increase in excitation energy. Comparisons of the two-level
schemes in Fig. 7.5, which uses the convention that particle excitations are
shown on the right and hole excitations on left, reveals exactly this behavior.
In general, as one sequences through a series of isotopes (or isotones, if one is

Fig. 7.5. Limpirical bandheads of intrinsic Nilsson excitations in V7HF, 7HE. Particle (hole) states
arc on the right (left).
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Fig.7.6. Systematics of some Nilsson orbit excitation energies in the rare earthregion. Hole states
are given negative energies (extracted from Bunker, 1971).

dealing with odd proton nuclei), the energy of a given Nilsson orbit should
descend along the right-hand side of the “V.” At some point it should become
the ground state, or at least occur very low in the spectrum, then increase in
energy along the left arm of the “V.” At least approximately, the behavior
exemplified by the systematics in Fig. 7.6 (here hole energies are shown as
negative values) is typically observed. Deviations from it can be due to
changes in deformation across such a sequence (we have implicitly assumed a
constant deformation), or to shifts in the relative positions of the Nilsson orbits
from effects such as higher order deformation components (hexadecapole
deformations), or to Coriolis effects.

A nearby nucleus that shows one such case is "W, whose level scheme will
be discussed at great length in the next chapter and is illustrated in Fig. 8.1.
Simple counting would suggest that the ground state is 7/2-{503], with low-ly-
ing 1/2-[510] and 3/2-[512] particle excitations. Yet, the empirical level scheme
shows that the latter two orbits are near the ground state and the 7/2-[503]
occurs at a few hundred keV excitation energy. An explanation of this will be
given in Chapter 8.

We have seen that it is as easy in the Nilsson model as in the shell model to
determine the expected order of single-particle excitations and their energies
and to deduce, virtually by inspection, an anticipated level scheme. Though
this seems a trivial exercise, one should not lose sight of the fact that by
considering a deformed shell model potential, one is able to account instantly
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for the low-lying levels of literally hundreds of deformed odd mass nuclei,
ranging from A =20 to the actinides. There have been innumerable tests of this
model over the last three decades and it has proved capable of correlating a
vast amount of data, particularly when some rather simple refinements (pri-
marily Coriolis mixing and hexadecapole deformations) are incorporated.

7.3 Prolate and Oblate Shapes

It is interesting to break the discussion at this point to discuss an extremely
basic question that is seldom alluded to but is now easy to answer. Ii is an
empirical fact that the vast majority of deformed nuclei are prolate rather than
oblate in their ground states. The only candidates for oblate nuclei are those
inwhich either N or Z is near the very end of a major shell (e.g., Hg). However,
the Nilsson diagram can be applied equally on the oblate side.

Although we will not discuss it explicitly, the derivation of the model for
oblate shapes should be self-evident by now. Here the “core” nucleus is disc
shaped, and the lowest energy orbits will be polar with high K values. The
sequence of levels will be more or less inverted relative to the prolate case. For
example (see the sketch in Fig. 7.3), the i ,, shell model state will again split
into seven orbits in order of increasing energy K = 13/2,11/2,9/2, ..., 1/2. For
small | ,B| , the energies are again linear in K?, and hence the spacings between
different X levels are proportional to K.

Although the empirical preference for prolate shapes is well known, it is
much less understood why it should be so. Years ago, this issue was discussed
with some frequency, but since has been ignored without having received a
satisfactory or at least well-known explanation. However, a simple under-
standing actually involves only two considerations, namely the specific se-
quence of single-particle spherical j shells and the relative angular orientations
of different K orbits in the Nilsson model.

A casualinspection of the Nilsson diagram seems to show no preference for
oblate or prolate shapes. Energy-favored downward sloping orbits appear on
both sides. Furthermore, if we imagine a spherical closed shell nucleus with a
single valence nucleon (see Fig. 3.1), the resulting disk-like orbital “ring”
would appear to be oblate. There is no elongation along a symmetry axis but
an orbital plane superimposed on the spherical core.

Why, therefore, are most nuclei, and in particular those at the beginning of
major shells, prolate? Consider a single j shell such asi ,,. We recall from an
earlier discussion (see Table 7.1) that the orientations of the orbital planes
change very little for low X values, but increase rapidly for higher K. Thus,
while on the oblate side, a single K = 13/2 orbit may descend as rapidly in
energy as its K = 1/2 partner on the prolate side, there are several prolate orbits
that have comparable, strongly downsloping energies. In contrast, only a
couple of orbits will be steeply downsloping on the oblate side. We saw before
that the “switch” to upsloping should occur at K = 9/2. When several valence
nucleons are present, as there must be for the nucleus to be deformed, a
summation over their energies will favor a prolate deformation.
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This is almost, but not quite, the desired explanation. One other ingredient
is necessary. To see this, consider the sequence of spherical j values (see Fig.
3.2, or Fig. 7.4 for B = 0). Suppose that, instead of this order, the lowest orbit
had been p,,, p,,, or even f, instead of a higher j orbit. The preceding
argument would then have had little weight. Upsloping orbits would soon be
encountered for both prolate and oblate shapes. Itis because the lowest orbits
after a shell closure have relatively high j, with many K values, that a distinc-
tion between the oblate and prolate behavior can be made and a preference for
prolate deformations can develop. Thus, the second key feature is the modifi-
cation of the shell model potential to include components that favor lower
energy for higher / and j orbits. The nearly universal preference for prolate
shapes in nuclei stems from the specific radial shape of the shell model central
potential that is intermediate between harmonic oscillator and square well,
which favors large / values, and from the properties of the sine (the orbit
inclinations as a function of K). Once again, we have an example of how a very
simple but physically intuitive appreciation of the structure of a given model
leads to important results even without detailed calculation.

7.4 Interplay of Nilsson Structure and Rotational Mofion

We have discussed the structure of the Nilsson wave functions as linear
combinations of single j shell model wave functions with expansion coefficients
q and have seen a number of examples of such wave functions. It cannot be
emphasized too strongly that these are wave functions in the body-fixed
system, that is, the nonrotating nucleus. In this system, j is clearly not a good
quantum number. However, the nucleus exists in space and the total angular
momentum J must be a constant or the motion. The projection of this angular
momentum K, (and the expectation value {j) of the single-particle angular
momentum) on the nuclear symmetry axis are also good quantum numbers.
The Nilsson wave function is known as an intrinsic state or a state of excitation
of an isolated body, which in this case is the deformed nucleus. The real
nuclear states are combinations of this intrinsic motion and a superimposed
rotational motion of the core. Phrased another way, the Nilsson wave function
does not possess a fixed angular momentum J; rather, it can be projected onto
states of many different angular momenta. It is because of this seemingly
abstract idea that a particle in a given Nilsson orbit actually gives rise nottoa
single state in a deformed nucleus (as would be the case for a single shell modet
particle in a given orbit j), but rather to a set of states comprising what is known
as a rotational band.

A proper understanding of the interplay of this rotational motion and the
intrinsic motion leads to a much deeper understanding of the wave functions
for odd mass deformed nuclei, of the actual nature of the rotational motion
involved, of the reasons why single nucleon transfer reactions are such power-
ful probes of Nilsson model wave functions, and of the effects of the Coriolis
interaction.

The same approach used to obtain the first order rotational energy expres-
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> 7

Fig. 7.7. Angular momentum diagram for an odd mass deformed nucleus. Note: this figure can be
very misleading—see text and Fig. 7.9.

sion in even-even nuclei can also be used for odd mass nuclei. If the odd
nucleon, considered for a moment to be in a single j orbit, does not polarize the
even—even core, then the total angular momentum results from the vector sum
of the core rotation and the odd particle angular momentum. Thisisillustrated
in Fig. 7.7. We now start with the same rotational Hamiltonian as before and
obtain, using the notation for the different angular momenta given in Fig. 7.7,

2 2 2
H=2 R* =2 (J-iV =2 (J24+2-2]F e 7.11
ER=L0-)) 21( i ) (7.11)

We can convert this to a more useful form by defining the familiar raising and
lowering operators

Ji=J1tijp
Je=hxij2 (7.12)

Simple multiplication of these operators gives J_ j +J j, = 2(J,j, + J,i,).
Therefore

Jej=liji+Jaj2+1sjs :%- (ed-+J-ji)+I3j3

and hence
H:Eﬁ;[Jz+j2~2J3j3-(J+j_+J_j+)]

Replacing these operators with their eigenvalues where possible and using the
fact that, for low-lying states, both J, and j, have the same projection K, gives

E(J)z?—j[](]+1)—2 K2+~ @+ 5] (7.13)
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or
E(ﬁ):%[](]+1)—2 K2+<j2>] +V Coriolis (7.14)
where

2
V Coriolis =~ -;—L-;(J +j—+J—j+)

The first term on the right in Eq. 7.14 is identical to the rotational energy
expression for an even—even nucleus. It is clear from Fig. 7.7 that this must be
the case, since this figure would collapse to that of an even mass rotor if there
were no single-particle angular momentum j. The other termsin Eq. 7.14 arise
specifically from the presence of the odd particle and are intimately connected
with the coupling between rotational and particle degrees of freedom. Even
the resemblance of the first term to the symmetric top formula is fundamen-
tally misleading. We shall see momentarily that the simple picture illustrated
in Fig. 7.7 conceals some important physical effects, and that the rotational
motion is not as simple as commonly believed, but an alternate picture that is
nearly as simple will allow us to retrieve Eq. 7.14 in a transparent, elegant way
that will disclose a much different understanding of rotational motion in odd
mass nuclei.

The third and fourth terms in Eq. 7.14 involve the j structure of the de-
formed single-particle wave function (Nilsson wave function). Whatever
value () takes, both it and K should be constant within a rotational band
(neglecting band mixing). The last term is called the Coriolis interaction
because its effects are very similar to the classical Coriolis force acting on any
rotating macroscopic body. The Coriolis interaction has important conse-
quences in both even and odd deformed nuclei and will be extensively dis-
cussed later. We will show then that, in first order, its effects on energies simply
correspond to a change in the £%21.

To this order then, the energy levels of a given rotational band in an odd
mass nucleus should behave as £%21J(/ +1). In Fig. 7.8, we illustrate a number
of examples of rotational bands in heavy nuclei and show that this simple
formula works remarkably well. Alsoincluded in the figure are two examples
where it clearly fails to provide even a reasonable first-order estimate. One of
these involves a K = 1/2 band (1/2-{521] in **Er) that we shall later see incor-
porates a special (diagonal) Coriolis interaction. The other is a “band” (“h,,,”
in La) that appears to be partly “upside down” (e.g., E(11/2°) << E(5/2"),
E(7/2-)) and unrelated to the kind of structure that we have been examining. It
tooinvolves especially strong Coriolis effects and will be discussed later. Here,
we wish to raise, and resolve, an apparent paradox that arises from Fig. 7.7
(and that is intimately related to this type of inverted structure).

Equation 7.11 states that the total angular momentum results from the
vector combination of the rotational angular momentum R and the particle
angular momentum j, thatis J = R +j. The situation was sketched in Fig. 7.7,
which is a simplification since the Nilsson wave function contains, in general, a
linear combination of functions of different j. That is not the point. Consider,
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Fig. 7.8. Rotational bands in some deformed odd-mass nuclei. The dots give the rotational energy
predictions from Eq. 7.14 after normalization to the first two levels. Dots for the energies of the
K =1/2,1/27[521} band in **Er are omitted since they require a “decoupling parameter” term (to
be discussed in Chapter 8). Asdiscussed laterin the text, the rightmost “band” isso Coriolis mixed
that no single Nilsson label is possible.

for simplicity, the one case in which a single jvalue does nearly characterize the
Nilsson wave functions—the unique parity orbits. To be specific, let us take a
Nilsson wave function such as that for the 1/2°(660] orbit from the i ,, neutron
shell in the rare earth region. (For convenience we neglect Coriolis mixing.)
Now, we have seen examples of rotational bands with spinsJ = K, K + 1,
K +2,... whose energies vary approximately as J(J + 1), or in this case, a
sequence withJ =1/2,3/2,5/2,7/2, .... The common view (Fig. 7.7) of this band
as consisting of a single particle in the 1/2+[660] orbit coupled to a sequence of
successively faster core rotations is seriously in error. Tosee this, recall that we
have taken a simple case where the Nilsson wave function consists of only one
jvalue,j=13/2. Thisis therefore the only single-particle angular momentum
inthe system. This in turnimplies that any fofal angular momentum other than
J = 13/2 must incorporate angular momentum from another source. That
source can only be the rotational motion. Thus, as in Fig. 7.7, one canimagine
aJ =17/2 state obtained by coupling a j = 13/2 single-particle angular momen-
tumto a core rotational angular momentum R = 2. Similarly, J =9/2,5/2 states
could be formed by the antiparallel coupling of j = 13/2 and R = 2, R = 4,
respectively. The only energies in the system are the Nilsson energy, which is
constant (independent of J), and the rotational energy, %2/ R% Hence, the
J =972 state (with R = 2) should have higher energy than the J = 13/2 state (with
R=0). The J=5/2 and 1/2 states should be expected still higher. Morcover, the
energy difference £(9/2) - E(13/2) should equal E,_, - E,_, or in other words,
E»; of the neighboring even—cven core nucleus; £(5/2) - £(13/2) should equal
E.t,andsoon. This picture leads to “upside down” rotational bands with the
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lower spin states lying higher than the state with J = j. Such band structures do
indeed exist (as we noted in discussing the right-most band in Fig. 7.8). They
have recently become highly interesting as a particular manifestation of im-
portant Coriolis effects in high-spin states. However, they are not the normally
observed situation and are certainly not consistent with most of the empirical
rotational bands shown in Fig. 7.8. Clearly, there is something wrong with this
picture.

A clue to a more accurate understanding of the rotational motion begins by
recalling that we are dealing with an axially symmetric deformed nucleus. This
means that any orientation of the angular momentum vector j with respect to
the symmetry axis z that maintains a projection K is indistinguishable from any
other orientation and therefore is equally likely: the angular momentum
vector j is free to precess around the z axis. Figure 7.7 showed only one
particular orientation of this angular momentum vector—that corresponding
to the smallest possible value of | R, since jand R are aligned. In contrast,
imagine that the angular momentum j were rotated 180° to that shown in the
figure so that it lay in the plane of the page but pointed downward, below the
z axis. This situation is depicted on the left in Fig. 7.9. The amount of core
rotation required to produce a final total angular momentum J would clearly
be much larger. If we extend this idea to other angles of the angular momen-
tumvector j, then, as jprecesses, R will pointin a continually varying direction
and | R| will take on a constantly changing series of values.

]
R 9
W 20l >

A

X

ROTATIONAL MOTION
IN ODD A NUCLEI

Fig. 7.9. (Left) Angular momentum diagram for an odd-mass deformed nucleus. This is a more
rigorous version of Fig. 7.7 that incorporates important refinements. (Right) Path (circle)
followed by the tip of the j vector with time as it precesses about the z axis (point ). This is an
“end view” of the time dependence of the diagram on the left. Tam grateful to D. ID. Warner for
thisfigure.
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Consider again our example of a j = 13/2 particle in a K = 1/2 orbit. For
J =1/2, J points nearly along the z axis, and |R| remains rou hly constant in
magnitude, although not in direction, as j precesses, at avalue | R |~6. Onthe
other hand, forJ=13/2, | R| takes on values ranging from 0to 12 as j precesses.
Since the rotational Hamiltonian, %221 R?, is quadratic in R, large .1 R ) values
carry more weight than small ones. Therefore, a situation in which | R| varies
smoothly from 0 to 12 will have, on average, higher energy than one in which

| R |is approximately constant at a value |R | =6, and the J = 13/2 state will
require more (rotational) energy than the J = 1/2 level.

This analysis can be made more quantitative by viewing the nucleus end on.
This situation is depicted in the side and end views in Fig. 7.9. Point Cis along
the symmetry axis at a distance K from the origin. Point B is the terminus of
the fixed total angular momentum vector J, and point A marks that of the
single-particle angular momentumj. The circle in the end view shows the path
followed by the angular momentum vector j as it precesses about the symmetry
axis z. We can now calculate the expectation value of R* by allowing j to rotate
about the point C at a radius . From simple trigonometry

R*=r2+(BCY+2r(B C)cosd (7.15)
Integrating this expression over of 8 gives
R 2ave:"'Z"f'(B C)2

but
r2:(A C)szz—Kz
and
(BCY=1*-K?
Thus
Rlve=j’-K%J*-K? (7.16)

or, taking the quantum mechanical expectation values
R(R+1)=J(J+1)+j(j+1)-2K> (7.17)

This is exactly the same as Eq. 7.14 except for the Coriolis term that has not
been included since we have assumed that K is constant and, as we shall see,
the Coriolis interaction inherently mixes different K values. (Since we as-
sumed a single-j wave function, () has become j(j + 1).) Note that the
assumption of constant X is equivalent to the assumption that the particle
angular momentum vector j precesses exactly about the z axis. We shall
shortly encounter a special, though not uncommon, situation in which preces-
sion is about an axis perpendicular to the z axis: clearly in such a situation it will
be K, not R, that changes continuously. This then will bring us back to the
picture in Fig. 7.7, which leads to “inverted” rotational sequences.

We therefore see that the derivation of Eq. 7.14 for the eigenvalues in a
rotational band built on a given Nilsson orbit was correct, even though the
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simple picture that is commonly used to illustrate this situation, Fig. 7.7, is too
simplistic. The more accurate view shown in Fig. 7.9 gives the same formula in
atrivial manner. It hasbeen a constant emphasis in this book that most results
in nuclear structure physics can be derived, at least semi-quantitatively, by
very simple, often intuitive, analyses. This example warns us that such an
approach cannot be careless handwaving, but must accurately reflect the
correct underlying physics.

The most important conclusion from the present analysis is the recognition
that the rotational motion in a deformed odd mass nucleus is far from simple.
Not only does the magnitude of the rotational angular momentum IR vary
with time but its direction in space also changes. In the J = 1/2 state, for
example, the nucleus at times rotates clockwise about the y axis, at other times
counter clockwise about this axis, and at still other times about a continuously
varying axis in the xy plane. The rate of rotation is relatively constant
corresponding to | R| =6. Inthe J=132 state, on the other hand, the nucleus
is at times stationary (R = 0) while at others it rotates at frequencies varying
from values corresponding to R = 0 to those for [R| =~ 12! We cansee that the
rotational motion is really a complex, time dependent, variation that includes
not only a true rotational component but also a kind of tumbling motion. The
fact that the principle term in Eq. 7.14 (i.e., the term that depends on J, the
others being constant) has the same form as in the symmetric top or in the
rotational energy expression for an even-even nucleus, is really almost an
accidental result of the particular combination of the precessing single-particle
motion and the varying core rotational motion needed to produce a constant
total momentum J*.

For typical (nonunique parity) Nilsson wave functions, several j values
commonly appear and the “rotational” motion is even more complex. From
the formal standpoint, one need not worry about this since, as we saw in
deriving Eq. 7.14, as long as the proper vector character of the angular
momenta are taken into account the correct results always emerge.

There is one other important point implicit to this discussion. It should be
clear by now that while many values of | R| contribute to the wave function for
a state of spin J in a rotational band built on a given Nilsson orbit, the special
value R = 0 can only occur if the Nilsson wave function y,, contains an
amplitude ¢ —that is, only if it contains an amplitude for the single nucleon in
the orbit with j = J. For any other j value, the state with total angular
momentum J can be constructed only by incorporating some rotational mo-
tion. As we shall see, this has important consequences for single nucleon
transfer reactions. We recall that for a given oscillator shell N,j__ =N +1/2
(e.g.,J,, = 11/2for N =§). Itis thus clear that all states with J > N + 1/2 must
have R=0.

Having discussed the basic Nilsson model and the basic rotational motionin
odd mass deformed nuclei, we turn in the next chapter to a detailed discussion
of specific tests of and refinements to the model, with emphasis on the crucial
and pervasive effects of Coriolis coupling.

*The author is grateful to D. D. Warner, with whom this analysis was worked out.
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NILSSON MODEL:
APPLICATIONS AND REFINEMENTS

8.1 Single Nucleon Transfer Reactions

The description of odd mass deformed nuclei in terms of Nilsson orbits and
their configuration-mixed nonspherical wave functions has been an extremely
successful model for over three decades. One of its most appealing features is
that it is extremely easy to test empirically and to measure the detailed shell
model (j) composition of individual Nilsson wave functions. As we shall see
momentarily, single nucleon transfer reactions provide a direct and specific
measure of each successive component in the Nilsson wave functions. This
remarkable property stems from a particularly simple feature of the interplay
of rotational and single-particle motion in producing final states of given total
angular momentum J.

Although we shall defer our discussion of experimental probes of nuclear
structure to a later chapter, an exception will be made for single nucleon
transfer reactions leading to deformed odd mass nuclei, because they are so
intimately linked with the basic structure of the Nilsson model itself. The
underlying reason stems from a point about the rotational motion brought out
at the end of the previous chapter. Since J =R + j, a component with R = 0 in
a state of spin J can only occur if the Nilsson wave function y = £C ¢, contains
an amplitude for the single-particle angular momentum j = J. If we could
somehow sample the R = 0 components of a sequence of states in a rotational
band, we would be sampling the successive C, amplitudes in the Nilsson wave
function for the underlying intrinsic state. Single nucleon transfer reactions do
just that.

We will pursue this point in a moment, but first it is interesting to consider
how and under what conditions such reactions occur, as well as some of the
experimental considerations applicable to them. We shall do this for the (d, p)
reaction, but the same reasoning applies to other light-ion single nucleon
transfer reactions such as (d, t), *He, «), (a, t), and so on. First, consider a
schematic diagram of such a reaction as was shown in Fig. 3.3. An incident
nucleon, in this example a deuteron, passes near a target nucleus. As it
experiences the nuclear force (we neglect Coulomb effects) several things may
occur. The deuteron may simply scatter from the nucleus elastically or
inelastically (producing excited states). It could be absorbed by the target
nucleus producing a nucleus A" = A + 2 in a highly excited “compound” nuclear
state. It could attract one nucleon, such as a neutron, from the target nucleus

27
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and emerge from the collision as a triton, leaving behind a residual nucleus
with A=A -1, Thisis a (d, t) reaction. Or,aneutron could be stripped off and
enter an orbit around the target nucleus, producing a final nucleus with mass
A’=A+1,a(d,p)reaction. These reactions can be experimentally selected by
detecting the outgoing particle and identifying it. This can be done with a
number of different techniques we will not discuss here. Some utilize the
different magnetic rigidities of the outgoing particles. Others exploit the
dependence on the mass and charge of the ratio of the energy loss AE in a thin
detector to the total energy.

In any case, we assume we have identified an outgoing proton, thereby
“tagging” a (d, p) reaction event. This reaction is not necessarily a single step
process. It could be accompanied by inelastic scattering or Coulomb excita-
tion. Or it could be the result of a compound nuclear reaction in which the
deuteron was first fully absorbed. To select appropriate experimental condi-
tions to favor a simple single step process, we consider some of the parameters
describing the reaction process of Fig. 3.3. If the closest distance of the
incident projectile from the target nucleus is large, the interaction is weak, and
stripping occurs with low probability. When scattering occurs it will not be at
large angles. Two-step processes involve a product of such single-step ampli-
tudes, and will be negligible. For a closc collision (distance of closest ap-
proach), the nuclear interaction and hence the scattering angle are much
greater. The probability of a single event occurring is much larger butso is that
for multistep processes. The optimum situation of large, direct, reaction cross
sections but small multistep amplitudes occurs for an intermediate angle
corresponding to a “grazing” collision. This discussion is highly qualitative
since quantum mechanical interference effects lead to significant oscillations
of a(d, p) with 8. Nonetheless, for targets with A > 100 and typical incident
deuteron energies E, ~ 10-15 MeV, most (d, p) experiments emphasize detec-
tion at angles 40° < <125°, Similar considerations apply for heavier projec-
tiles, except that, for a given bombarding energy per nucleon, the heavier
projectile brings in more angular momentum and is more likely to excite final
states involving larger angular momentum transfer.

With this brief digression finished, we turn to consider the nuclear structure
information obtainable from single-step reactions such as (d, p). We consider
the population of members of a rotational band built on some Nilsson orbitin
adeformed odd mass final nucleus. Since the reaction is single step, sequential
processes, such as transfer followed by inelastic scattering, are eliminated by
the choice of experimental conditions. Indeed, by definition—the only thing
that can occur is that a single nucleon can be transferred to a given, quantized,
empty valence orbit (Nilsson wave function v, ). In particular, the process
cannot induce any rotation of the target nucleus. Since no rotational notion
can be imparted, it follows that the probability of populating a state with a
given total angular momentum J must be proportional to the probability, Clj: ,,
for a shell model single-particle wave function ¢, _, in the Nilsson wave
function. Thus, even though the intrinsic wave function for each state in the
rotational band is identical, the (d, p) cross scction for populating cach
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successive state successively samples a specific component of the Nilsson wave
function. The cross sections for populatingthe J =K, K+ 1, K +2, K +3, ...
states directly give C%,, C?, ., C% .., C*% ,in v, Since the sequence of C
values is characteristic of each specific Nilsson wave function, the pattern of
cross sections is an identifying signature of a particular orbit and is commonly
called a fingerprint pattern. Much of the study of Nilsson orbits in heavy nuclei
is grounded in this basic property of single nucleon transfer sections.

Note the interesting point brought out in the last chapter that since
Jox = N+ 1/2 for a given shell, single-step single-nucleon transfer reactions
can never populate states with J/ > N + 1/2. All components in the wave
functions of such states must have R = 0. If such states are populated, it is
immediate evidence either for multistep processes or for wave function admix-
tures from higher major shells (e.g., AN =2 mixing that can be induced by large
hexadecapole deformation components).

The formal expression for the single nucleon transfer cross section to a
specific state of spin j of a rotational band in a deformed nucleus built on a
Nilsson orbit i, is given by

%( j)=NoP*(6)Cf P? (8.1)
where we have included a pairing factor denoted by P2, which we shall discuss
in 2 moment. (The quantity (C,P)? is analogous to the spectroscopic factor
(see chapters 2 and 3) for spherical nuclei.) This formula is extremely well
known and has been extensively used for two decades in probing the structure
of Nilsson wave functions; strangely, its simple origins described earlier are
often only vaguely understood, and the power of (d, p), (d, t), and other single-
particle reactions in elucidating Nilsson structure often seems almost magical.

Before discussing this equation in relation to the empirically deduced
structure of various Nilsson orbits in typical deformed nuclei, we must add a
few more comments on the other factors appearing init. In a formal derivation
of Eq. 8.1, there must occur an integral linking the initial and final states

(‘Pp yus (A+1))] ¢dWe—e(A)>

giving the overlap of the initial deuteron—(A)-nucleon even-even target system
with the final proton—(A + 1) nucleon odd mass system. This matrix element
involves the internal structure of the incoming and outgoing projectiles and
the degree to which the final nucleus looks like the target plus a neutron in a
specific orbit. It is usually assumed for simplicity that the latter point is
satisfied: (y/,, (A+1) l ¢ y._(A)) is unity. This is really just the single-step
process assumption. The former aspect concerning the projectile/ejectile
structure is absorbed into the arbitrary normalization constant N in Eq. 8.1.
The reaction process also depends on kinematic effects (£, 6, etc.). These
kinematic factors are included in the function ¢,(6), which can be calculated by
standard DWBA techniques. Typically, ¢, (6) has a diffractive oscillatory
pattern thatis a function of 8. The specific extent and locations of maxima and
minima are functions of the transferred angular momentum/. Starting from an
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even—even nucleus, the final angular momentum J = j = / + 1/2 and the final
state parity is 7= (-1)". In principle, a measurement of the angular distribution
of the outgoing particles can provide information on the J* values of various
final states. In practice, this information is somewhat unreliable in deformed
nuclei, and measurements are typically made at only two or three angles: the
ratio of the cross sections at these angles provides at least a qualitative guide to
the transferred orbital angular momentum /. On account of the centrifugal
barrier, it should not be surprising that, for low-energy, light projectiles, the
population of higher / values is inhibited: the cross sections decrease with
increasing /(and therefore J). Generally, it turns out that the angular distribu-
tions for small / values are somewhat forward peaked, while those for large [
transfers are backward peaked. Therefore, a ratio such as 0(125°)/0(60°)
increases with transferred orbital angular momentum /. The cross sections
¢,(6) also have a dependence on the reaction Q value (the difference in
incoming and outgoing projectile energies). The @ value is easily deduced
from the known nucleon separation energies. For example, for a (d, p)
reaction

Q(d.p)=Ei-Ep=5(n)- Ex-B.E.(d)

where B.E.(d) is the deuteron binding energy 2.23 MeV. Since S(n) =5-8 MeV
in heavy nuclei, Q(d, p) is typically positive for low E_and decreases as &
increases.

As noted, the use of reactions that carry more momentum into the system
such as (*He, «), favors high / transfers. Therefore, the ratio of populations of
a given state in (o, *He) and (d, p), o(a, *He)/o(d, p), can also serve as a
“meter” for the transferred angular momentum /. Indeed, at back angles, it
singles out the highest jl values accessible (e.g., /= 13/2 in the odd neutron rare
earth nuclei: see the following discussion (Fig. 8.9)).

The factor P?is U?for a stripping reaction such as (d, p), and V'*for a pickup
reaction such as (d, t). It represents the probability that the single nucleon
orbit involved is initially either empty or filled, respectively. It is reasonable
that this factor is present. In a (d, p) or (d, t) reaction, a given orbit can be
populated only to the extent that it is initially empty or full, respectively. Thus
(d, p) tends to populate orbits above the Fermi surface, while (d, t) populates
orbits below the Fermi surface most intensely.

Now we can turn to the extraction of specific nuclear structure information
from these reactions. It is easiest to show this using a specific example.
Consider the final nucleus **W whose level scheme is shown in Fig. 8.1 with the
states arranged according to Nilsson assignment and rotational band in the
same format as in Fig. 7.5 for "7Hf. Figure 8.2 shows (d, p) and (d, t) spectra
leading to W, while Table 8.1 summarizes the measured cross sections (at
90°) for those negative parity states that were assigned to specific Nilsson
states. Table 8.2 gives similar information for W. We assume that the
“kinematic” factors N¢, (6) are known so that the cross sections may be used to
extract empirical values of C“JPI. for the ith band.

Look at Fig. 8.2, bearing in mind the strong [ dependence of the DWBA
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{Casten, 1972).

cross sections. Typically o(d, p) drops by an order of magnitude as / changes
from/=110/=35. Thus, large cross scctions may not imply large C2P values
and vice versa,

Extracting the Cj‘ coefficients and the structure of each band now only
requires an estimate of the pairing factors U, or V. The simplest way to do this
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Table 8.1 Comparison of unperturbed, Coriolis coupled and experimental cross sections in W
(6 =90°)*

o(d,p) ublsr o(d,t) ub/sr
State Unper- Per- Experi- Unper- Per- Experi-
turbed turbed mental turbed turbed mental

9/29/27[505] 64 65 25 1.8 12
7/27/27[503] 357 364 284 38 48 72
92 7.0 80 = 0.6 13 =1
3/23/27[512] 138 208 131 29 60 58
512 249 184 96 48 34 35
72 30 48 87 5.8 17 44
972 6.0 39 4 1.0 1.0 <1
1172 0.2 0.4 4 0.0 0.1 1
1/21/27{510] 03 0.4 8 02 0.6 5
32 334 269 264 195 179 150
512 98 163 202 53 65 103
772 33 18 11 18 15 14
972 33 5.5 11 1.6 1.6 7
512 512-{512] 0.0 0.0 6 02 0.2 19
772 17 7.9 29 269 217 237
972 12 12 3 14 25 18
1172 0.1 0.0 1.3 0.8 4
1/21/2-[521) 25 15 15 280 280 364
32 7.0 2.8 3 128 114 54
52 51 43 86 87 66
2 43 1.8 7 64 69
972 0.7 0.6 10 10 8
712 72-[514] 20 3.8 16 40 81 91
92 2.6 3.0 3 45 35 29
1112 0.0 0.1 <4 08 1.3 15

*Casten, 1972,

isto assume a Fermi energy, and the simplest assumption here is to assume that
it coincides with the energy of the Nilsson orbit that forms the ground state in
the odd mass nucleus. For a reasonable choice of the gap parameter A (typi-
cally 0.75-1 MeV), it is easy to solve the quasi-particle Eq . 5. 23, to obtain U
and V as a function of excitation energy. However, the Fermi energy need not
coincide exactly with any specific Nilsson orbit. For example, in ®W the
ground state is the 1/2-[ 510] orbit (see Fig. 7.4) and the 3/2-[512] orbit occurs
at an excitation energy of approximately 200 keV, while in W the order is
reversed but the two bands occur within =20 keV each other. If the deforma-
tion has not changed, one cannot account for this asymmetric situation by
placing the Fermi surface at, say, the position of the 1/2-[510] orbit in ***W and
at the 3/2-[512] orbit in W. Given the separation of these two orbits in the
Nilsson diagram, = 150 keV, it is clear that in **W, the Fermi surface must be
approximately centered between these two orbits, producing (see Fig. 5.7) low
excitation energies for both. Since the U and V factors change rapidly near the
Fermi surface, such fine details of the Fermi surface location can have signifi-
cant effects on single nucleon transfer cross sections for low lying orbits.
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Table 8.2. Comparison of unperturbed, Coriolis coupled, and experimental cross sections in W
(6=90°)*

o(d,p) ublsr o(d,t) ublsr

State Unper- Per- Experi- Unper- Per- Experi-

turbed turbed mental turbed turbed mental
9/2 9/27[505) 66 62 25 33 39 10
7/27127[503] 334 341 316 58 72 154
972 6.4 10 1.0 21 =3
112 0.5 0.5 =6 0.1 02 1
3/2327[512) 107 30 5 59 1.7 1
5 195 247 301 97 173 207
"2 23 72 11 12 1.0 1
92 4.7 6.5 11 2.1 45 11
112 02 0.1 0.1 0.0 =~0.4
1/21/27[510] 02 0.2 4 0.3 0.9 3
373 180 262 357 343 423 308
5r 53 03 =4 a2 14 11
mn 18 37 104 32 55 99
92 1.8 0.0 2.7 0.1 =1
1172 01 02 5 02 0.4 4
52 5/27[512] 0.0 0.0 <3 02 02 14
"2 17 7.7 32 268 208 206
92 12 1.1 14.1 24 =20
1/21/27[521] 14 14 <62 281 280 =266
32 6.4 2.8 129 107 =43
52 47 38 86 89 =20
(A 3.9 16 72 60 =25
92 0.5 0.6 10 10 11
727127514} 21 4.1 15 40 86 80
92 2.7 12 45 34 19

*Casten, 1972.

A more empirical way to extract U and V factors is from the ratio of (d, p)
and (d, t) cross sections to the same state in an odd mass nucleus of mass A.
This procedure is slightly inconsistent, since the U? factors refer to the empti-
ness of Nilsson orbits in the target nucleus A in the (d, p) reaction while the V2
factors relevant to (d, t) refer to the orbit occupancies in its A + 2 target
nucleus. Nevertheless, this technique is widely used and is adequate for
essentially all cases of practical importance.

We could now extract empirical C;values from the measured (d, p) and (d, t)
cross sections. For technical reasons, it is easiest and most common to use
theoretical sets of C. coefficients to calculate theoretical cross sections and to
compare these with the measurements.

By identifying appropriate sequences of cross sections, the states in an odd
mass nucleus may be sorted into rotational hands whose Nilsson wave func-
tions can be identified. Such assignments are made in Tables 8.1 and 8.2 for
183, 185W, and the theoretical and experimental cross sections arc compared. In
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Fig. 8.2, the deduced J values and Nilsson quantum numbers are indicated
above the corresponding peaks.

Careful inspection shows very different patterns for the different rotational
bands, justifying the term fingerprint patterns. For example, the 1/2-[510] band
has a very small cross section to the 1/2- state, large cross sections to the 3/2-
and 5/2- levels, and smaller cross sections thereafter. The 7/2-[503] band has a
large cross section only for the 7/2- state. For the positive parity levels,
essentially only the 13/2* states are populated. (Note that we have not
attached specific Nilsson quantum numbers to some of the latter levels. The
reason will be clear after we have discussed the strong Coriolis mixing between
these bands.) The U? and V? dependence in Eq. 8.1 is also evident in Fig. 8.2.
For the low-lying bands where U? and V2 are roughly comparable, the same
states were populated in both (d, p) and (d, t), whereas at higher energies, the
levels separate according to whether they are populated in stripping (U?) or
pick up (V?). For example, the 1/2 1/2- [S21] and 7/2 5/2- [512] hole states are
stronger than the ground band states in (d, t), but much weaker in (d, p).

Tables 8.1 and 8.2 are well worth careful inspection. Although there are
small differences in detail, especially for weaker states, the characteristic
fingerprint patterns are often observed experimentally. Examples are the
5/27[512] and 1/2-[510] bands in W and the 7/2-[503] band in ¥*W, Indeed,
these fingerprint patterns are often the technique used to identify the specific
Nilsson orbits in the first place. The reader should not minimize the impressive
successes of such a simple model, many of whose predictions can be antici-
pated without calculation despite the presence of perhaps dozens of valence
nucleons.

Nevertheless, while qualitative patterns emulate the data, the detailed
predictions often disagree substantially with the experimental results. Ex-
amples are the 5/2 3/2-[512], 5/2 1/2-[510], 3/2 1/27[S21], and 7/2 7/2-[514] states
in both nuclei. There are differences of nearly an order of magnitude in the
cross sections for populating certain corresponding states in the two nuclei.
For example, in (d, p) in "W, the 5/2 1/2-[510] state is strongly populated while
the 5/2 3/2-[512] state is weak; in "W, it is just the opposite.

Both of these phenomena are striking manifestations of the importance of
the Coriolis interaction in odd mass nuclei. As we shall see, we can greatly
improve the predicted cross sections if we take this residual interaction into
account. The importance of the Coriolis interaction goes far beyond the
question of sorting out difficulties with single nucleon transfer reactions. Itis
gspecially important for high-spin states in both odd and even mass nuclei, and
has been shown to lead to a new coupling scheme—the so-called rotation
aligned coupling scheme characterized by “decoupled” bands in many nuclei,
and by the backbending phenomenon. Itis in fact difficult to overestimate its
significance in understanding odd mass deformed nuclei. We turn now to a
systematic treatment of the Coriolis interaction with emphasis on its physical
origin, its principal effects, and a simplified discussion of some easy ways to
estimate its effects by inspection.
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8.2 The Coriolis Interaction in Deformed Nuclei

The origin of the Coriolis interaction has already been seenin Eq. 7.13, where
the rotational energy expression for a single-particle coupled to a deformed
rotor contains a term —A%27 (J j + J j) where J, acts on the total angular
momentum and j, on the particle angular momentum. This termis an interac-
tion between the rotational and single-particle motion and has physical effects
similar to that of the Coriolis force on a classic rotating body. The simple
properties of operators such as J, j, are discussed in any standard quantum
mechanics text. They serve as raising and lowering operators for the z
projections, K and Q, of the total and single-particle angular momenta. Their
matrix elements are (equating K and Q and calling both K):

(K|¥e K21)=V({ 7 K)(J+K+1) (82)

(K|j=| K+ 1)=V (T K)(j+K+1) (8.3)

Note that both J_and j_decrease K while both J_and j, increase K.

The physical nature of the Coriolis interaction is easy to see. Itis analogous
to the classic effect that occurs in any rotating body. Consider the analogy of
a projectile traveling northward from the equator on the earth’s surface,
illustrated in Fig. 8.3. A projectile launched at the equator initially travels
eastward at a rate given by the rotational speed of the earth at the equator.
Since the earth’s circumference at higher latitudes is less, an observer at a
northern latitude has a smaller rotational velocity. To this observer, the

Initial ,
Direction > £ Apparent
7

Direction

Vrot

CORIOLIS EFFECT

Fig. 8.3. Coriolis effectin arotating system resulting from the dependence of rotational velocities
on “latitude.”
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projectile that was fired directly northward will appear to be deflected toward
the east. This is the Coriolis effect, and while it is sometimes called a fictitious
or apparent force, it has real physical effects. (It accounts for the fact thatriver
banks tend to be eroded more on the right (facing downstream) side in the
northern hemisphere.) We see from this illustration that the Coriolis interac-
tion effectively tilts the orbit relative to the equator. If we now picture the
orientation of the angular momentum vector perpendicular to the orbit in-
stead of the orbit itself, the Coriolis effect is equivalent to a change in its
projection onto the equator. Thus itis understandable that, in the nuclear case,
the Coriolis interaction alters the projection of the angular momentum X on
the symmetry axis, admixing different K values. Another way of looking at
this that will be useful later is to recall that K is only a good quantum number
if the nuclear potential is axially symmetric. Therefore, the Coriolis interac-
tion effectively introduces small amounts of axial asymmetry as it mixes K
values.

We now evaluate the Coriolis matrix element explicitly. We consider two
intrinsic Nilsson states characterized by K and K + 1. Since J is a good quantum
number, we can replace J, with its eigenvalue. This cannot be done with j_
because of the configuration (j) mixing in Nilsson wave functions, although it
can be done approximately for the unique parity orbits where one j value
dominates. Noting that only one of the two terms in J_j + J_j, gives a
nonvanishing result, we get

(o Vcor| w,m):‘z_";ﬂ/(J— K)(J+K+1)(K|j-| K+1)(U1 U2+V1V2) (84)

where the symbols K, K + 1 in the j matrix element are a shorthand for the two
Nilsson wave functions and the effects of pairing are included in the factor
(U,U, + V,V,). The pairing factor has the general effect of reducing the
Coriolis matrix elements since its maximum value is unity. The reduction is
least for orbits in similar positions relative to the Fermi surface (then U, = U,
and V, = V,, hence (U,U,+V V,)= U ?*+V ?=1). Itisleast for orbits laying on
far opposite sides (then U, = V, and U, =V ,s0 (U, U, + V.V)) = (U,V, + U,V,)
and one factor in each term is small). For diagonal Coriolis matrix elements,
the factor is obviously unity.
For a single j shell, the j matrix element is

(i K[i-|jK+ 1)=J(j- K)(+K+1) (8.5)

This is approximately correct for unique parity orbits. For an arbitrary Nilsson
wave function, terms like this occur for each j, so that, in general,

(iK]|i jK+1)=Z i cf V(- K)(+K+1) (8.6)

where the C*and C, ** coefficients are those describing the specific Nilsson
wave functions. An interesting limiting case occurs for J, j >> K, if j is
approximately a good quantum number. This applies for low K orbits from the
high-spin unique parity states or for high spin, low K states generally if f is
small (little configuration mixing). Then Eqs. 8.4 and 8.6 give
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K

VCor= 7 J] (87)

This is a general upper limit on the strength of the Coriolis interaction. For
typical inertial parameters (say 15 keV for rare earth nuclei) and say,
J,j=11/2, this attains = 400 ke V! Typical spacings between Nilsson orbits are
=150 ke V. Coriolis mixing is not necessarily a minor perturbation!

Since the Coriolis matrix elements change K by AK = 11, it is generally a
nondiagonal interaction. However, it has an important diagonal matrix ele-
ment that contributes to certain rotational energies. For K = 1/2, the symmet-
rization of the wave function gives rise to terms with K = +1/2, allowing a
diagonal AK =1 contribution to the energies from the cross terms. Substituting
Egs 8.4 and 8.6 in Eq. 7.14, we get for the rotational energies for K = 1/2 bands
including Coriolis mixing

Ert (J):‘zi;[J(ul)w%a (~1)’*%(1+%>} (8.8)

where a is the well-known decoupling parameter given by substituting
K=-1/2inEq. 8.6

a :; (-1)3 (j+%) o (8.9)

The two phase factors in Egs. 8.8 and 8.9 come from the symmetrization of the
wave functions (e.g., Eq. 6.10). The phase factor in Eq. 8.8, (-1)"*?, means that
the contribution to the rotational energies from the Coriolis interaction alter-
nates in sign with J.

It is clear from Eq. 8.9 that a can be either positive or negative. The
behavior of E(J)in Eq. 8.8 as a function of a is shown in Fig. 8.4. If a <0, states
with spins 3/2,7/2,11/2... are lowered in energy while the alternate spin states
are raised. For a > 0, the opposite situation occurs. On account of the factor
(J +1/2) the effect grows with spin. On account of the factor (j+1/2) the effect,
on average, increases for heavy nuclei (j,, < N). For lal =1, Eq. 8.8 shows
that the levels occur in degenerate pairs. If a = -1, the J = 3/2 state coincides
with the J = 1/2 level. Similarly, the (5/2, 7/2) and (9/2, 11/2) pairs are degencr-
ate. If a= +1, the degenerate pairs are (3/2,5/2),(7/2,9/2), .... For lal >1, the
level order within a rotational band is no longer monotonicin spin. Clearly, the
typical rotational spacings can be so severely perturbed as to obscure the
normal J(J + 1) spacings and even the ordering of different spin states. Aswe
shall see, these effects propagate via nondiagonal Coriolis mixing, and affect
many bands with X # 1/2. We can now understand one of the anomalous
rotational spacings and sequences in Fig. 7.8, specifically that for the 1/2-[521]
band. Thisis a K = 1/2 band with its decoupling parameter close to unity.

For an arbitrary Nilsson wave function, many terms can appear in Eq. 8.9
for a. Frequently these terms (each carrying a phase) largely cancel and the
resultant a values are rather small, typically less than unity. However, very
large a values can be obtained if the wave function is dominated by few terms
with high j values. The classic example of this is the unique parity orbits for
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Fig. 8.4. Dependence of rotational energies (J) on the decoupling parameter a. The dashed lines
are for | a‘ =1 (based on Preston, 1975).

which () = N + 1/2 (e.g., j = 13/2 in the N = 6 shell), and the wavc functions are
nearly pure in j. For these special orbits, Eq. 8.9 gives a = (-1)"(N + 1). For
example, a = 7 for the 1/2*[660] orbit. This enormous value so perturbs the
normal spacing that the 13/2+ level is among the lowest-lying levels in the
rotational band. For #%2] = 15 keV, the decoupling term is = -750 keV! In
general, the sign of a is always such that the /= N + 1/2 level (e.g., J = 13/2 for
the i, shell) is lowered.

The reader may recall an apparent paradox in the order and spacing of
rotational energies in odd mass nuclei that was discussed in Chapter 7. The
simplest view led to the notion that rotational bands should be “upside down.”
We showed that the “normal” order was regained when the precession of j
around the symmetry axis was considered. We also pointed out that in some
cases an “upside down” pattern does in fact occur. We have just encountered
that case where large Coriolis effects in unique parity orbits upset the mono-
tonic order of rotational energies with J. Having gone to great lengths to
explain away this paradox in Chapter 7, why does it now appear in the data? In
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other words, what happened to the precession argument? Aswe shall seelater,
the physical difference here is that K is no longer a good quantum number
(£1/2 values are admixed), so the precession need not be about the symmetry
axis: the Coriolis force, by mixing K values, forces the angular momentum
vector to switch back and forth (precess) about the rotation axis instead. Thus,

jand R are nearly parallel or antiparallel, so now J = 13/2 does correspond to
|R| =0,/=9to IRI =2, and so on.

One often reads that a is called the decoupling parameter because it repre-
sents a decoupling of the rotational and single-particle motion. Itis now easy
to see why this name is appropriate. For a = +1, the energy differences of the
172, 5/2, 9/2,... states are exactly the same as those between the 0%, 2+, 4+,...
states of the even—even core: the odd particle acts like a spectator to the
rotation. Moreover, it is clear from the comment just made that changes in
core rotation have little effect on the orientation of ¥ = (R +j) when a is large
(i.e.,when Iilis large, K/jis small, so sin8= K/jis small, and J is nearly aligned
along the rotation axis). Extrapolating to very large a values in Fig. 8.4 shows
that the J = 13/2 state will lie lowest, followed by the 9/2 level (13/2 - 2), and
then by the 5/21evel (13/2-4). The alternate spin levels are much higher. Thus
the rotational energies of alternate J values (with |7~ j | even) are nearly para-
bolicin |J-j| where jis the dominant j of the unique parity orbit. Sequential
states differ mainly in R: the rotational motion is effectively decoupled from
that of the odd particle. We shall encounter a related but even more dramatic
effect later as a consequence of the nondiagonal Coriolis interaction.

Turning now to these nondiagonal Coriolis effects, there are two significant
observable effects. One concerns rotational energies and stems from a propa-
gation of the highly perturbed level order in the K = 1/2 band to higher K bands
via successive AK =1 Coriolis mixings. Precisely because of the large decou-
pling parameters, this is most important for unique parity states and, as we
shall see, accounts for their importance in high-spin studies where the (J + 1/2)
factor in Eq. 8.8 becomes crucial. The other effect occurs in “normal”
rotational bands (especially in their impact on single nucleon transfer cross
sections). We shall discuss this first.

Consider the admixture of two bands as shown in Fig. 8.5. Recalling our
discussion in Chapter 1 of two-state mixing and the fact that the Coriolis
mixing increases with J, the perturbed energies will behave as illustrated. Itis
easy to show that, to first order, the effect of the Coriolis interaction is to
decrease the effective inertial parameter, £%2/, for the lower band and to
increase it for the higher band.

Equation 1.6 gives the energy shifts of the two interacting states relative to
the unperturbed spacing for a given spin J

AB; 11, [1,4v _1} v

AE, 2 AE} AE?
where the last step assumes small mixing (Eq. 1.12). Thus AE, o« V?
Isolating the spin dependence Eq. 8.4 gives

2
AEsoc;L_I(J—K)(nKH)

Cor’
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or
2
AE;«—%[J(JH)—K(KJA)] (8.10)

which is just the rotational energy expression (J, K dependent parts). The
Coriolis interaction merely alters the effective rotational spacings. The lower
band is compressed, the upper one expanded. This simple result breaks down
for very large or multistate mixing, but even in these cases gives a useful
framework.

In general, there can be many low-lying Nilsson bands with assorted K
values; thus a realistic Coriolis mixing calculation will be a multistate diag-
onalization. The admixed wave functions can be written

y/(J):Z s (/) (8.11)

where the o are the mixing amplitudes that depend on J.
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In this way, for example, a predominantly K = 3/2 band may contain
admixtures of K = 7/2 through the intermediary of K = 5/2. We shall see later
that this is especially important for the unique parity case. Although such
mixing can be rather complicated, one can almost always estimate the effects
of a full multistate diagonalization rather accurately by carrying out a se-
quence of two-state mixing calculations. We shall see examples of this shortly.

At this stage it is important to discuss the actual magnitudes of the Coriolis
mixing matrix elements. The quantities #%/21, (J-K)(J+K+1), and the U, V
factors are easy to estimate, as we have done. They are dependent on the
orbits involved but not on their detailed structure (Nilsson wave functions).
However, (v, (K) lj | ¥, (K+1)) depends explicitly on the structure of the
states included, as evident in Eq. 8.6.

As with the decoupling parameter, the nondiagonal j matrix elements for
the unique parity orbits are both large and particularly simple to calculate,
since one j term in Eq. 8.6 dominates. For example, for 8 = 0.23 and typical
Nilsson parameters x and g, the Coriolis matrix element of j connecting
the 1/2:{660] and 3/2:{651] Nilsson orbits is = 6.6. If we had assumed the wave
functions consisted only of the j = 13/2 component, Eq. 8.6 gives (K | j. | K+1) =
N + 1, which is the maximum possible value for any matrix element of j in a
given shell. Thus, to a good approximation, the unique parity Coriolis matrix
elements can be estimated using the single j approximation, and moreover,
they have very nearly the maximum possible values.

Table 8.3 provides a number of other examples of off-diagonal j matrix
elements in the N = 5 shell. The reader may easily derive these numbers by
applying Eq. 8.6, using the wave functions given earlier in Table 7.2. Inspec-
tion of Table 8.3 reveals two global features. First, Coriolis matrix elements for
nonunique parity orbits are considerably smaller, Second, their relative values
can differ by more than an order of magnitude.

In considering a given level scheme and attempting to determine whether
Coriolis mixing effects will be important, it is often useful to be able to
estimate, without calculation, the approximate magnitude for Coriolis matrix
elements. A very simple rule allows one to do this. For nonunique parity
orbits, Coriolis matrix elements divide roughly into two classes, allowed and
nonallowed. The allowed matrix elements are those in which both n_and A

Table 8.3. Theoretiral valuas (K | j 1K +1)*]
9/27[505] 7/2°7[503) 3/27(512] 1/27[510] 5/27[512] 1/2°7[s21] 7/27[514)

9/27[505] -0973 2.847
712[503] -0973 2.858

31271512 0951 0.045 2.546

1227[510] 0951 -2.541

5r27512] 2.858 0.045 -1.151
127[521] 2546  -2.541

717[514] 2.847 -1.151

*The Nilsson model parameters are §= 0. 2, x = 0.0637, 1 = 0.42.
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change by one unit, but their sum remains constant (An, = -AA). (The unique
parity case is, of course, in this class.) Examples from the table are the matrix
elements between the 3/2-{512] and 1/2-[521] orbits or between the 7/2-[514]
and 9/2-[505] orbits. Such allowed j matrix elements are typically on the order
of Nf2 — Ni3. All of the others are nonallowed matrix elements and are
typically < 1. Examples of these are the matrix elements between 7/2-[514] and
5/2-[512] or 1/2-[510] and 3/2- [512].

It is important to note that Coriolis mixing between orbits in the latter class
is not always negligible, especially if they have the same n, values. Aswe have
seen, the Nilsson diagram separates approximately according to n, values for
large deformations. Therefore, it can often occur that two orbits with identical
n, values differing in K by AK =1 lay very close to each other. Their Coriolis
mixing can be large even with a small matrix element. A classic example of this
occurs for the 1/2-[510] and 3/2-[512] orbits in > 85W, We shall discuss this
case in some detail momentarily.

Having dealt with typical values of the j, matrix elements, it is useful to
develop a feeling for the absolute magnitudes of the full Coriolis matrix
elements in Eq. 8.4. For well-deformed nuclei, #%21 = E,;/6 where E,; is
given by a neighboring even-even nucleus. For rare earth nuclei, £%/2] = 14-18
keV, while for the actinides, %2/~ 7keV. The matrix elements of J, given by
the square root factor are typically 2-3 for moderate spin states, although they
can become very large for high spins. Finally, as noted, the pairing factor
becomes very small for high-lying orbits on opposite sides of the Fermi surface,
while for orbits near the Fermi surface, or for those on the same side, this
factor is typically between 0.7 and 1.0. Thus, typical nonunique parity allowed
Coriolis matrix elements in the rare earth region are roughly
V., = (16)(3)(1)(0.8) =~ 40 keV. This estimate is only accurate to a factor of
2-3. Nonallowed Coriolis matrix elements will, of course, be less.

For unique parity orbits, the j matrix elements are ~ N. In addition, the
observed states are typically of rather high J, since single nucleon transfer
reactions preferentially populate the J = N + 1/2 states for which C, ~1and
heavy ion reactions tend to feed the high-spin unique parity levels. Taking
A (/-K)(J+K+1) = N, the Coriolis matrix elements linking unique parity
orbits can be extremely large, typically reaching V. (unique parity) =~
16(6)(6)(0.8) = 400 keV. Such matrix elements mixing states often only a
couple of hundred keV apart have enormous structural effects.

From extensive experience with Coriolis mixing calculations, it has been
found that the actual empirical matrix elements are generally about 20~-50%
lower than these theoretical estimates. This conclusion emerges from com-
parisons of extensive data on level energies and single nucleon transfer cross
sections in many deformed nuclei. We will not detail this evidence here, but
one example of it is trivially evident in Fig. 8.1, which shows that the 7/2-states
of the 7/2-[514] and 5/2-[512] bands in W are separated by only 70 ke V. If we
consider this an isolated two-state system (an approximation good enough for
the present purposes although not for detailed calculations) and recall that
suchstates can never be closer than twice their mixing matrix clement, then the
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Coriolis matrix element between these two states must be <35 ke V. Since both
bands are hole excitations, the pairing factor is near unity. Using #%2] = 18 keV
(Ea2 ("™W) = 111 keV) and the j matrix element from Table 8.3 gives a
predicted Coriolis matrix element of 55 keV. The maximum matrix element
allowed empirically is only 65% of this. Other similar examples abound.

Despite this attenuation, Coriolis mixing effects, especially among unique
parity orbits, represent a substantial perturbation to the rotational picture and
can seldom be ignored. One final point to emphasize before considering some
actual calculations is that in weakly deformed and transitional nuclei, Coriolis
matrix elements are far larger than in well-deformed nuclei because of the
smaller moments of inertia. Matrix elements between unique parity orbits
may reach an MeV or more, and under certain circumstances may evenlead to
a new coupling scheme, the so-called rotation aligned scheme we shall discuss
later.

As an example of multistate Coriolis mixing, let us consider the level
scheme of "W shown in Fig. 8.1. In principle, a full calculation cannot neglect
the unseen bands that occur at higher energies, but in practice, one assumes
that their effects are small (at least for nonunique parity orbits). We will see
one way to estimate whether such an assumption is grossly violated. Under
this assumption, the Coriolis mixing among the negative parity bands involves
diagonalizing matrices of varying size, 2 x 2 forJ =1/2, up to 6 x 6 for J = 11/2.
For the positive (unique) parity states, the strength of the Coriolis mixing
precludes safely ignoring unseen bands and therefore one usually carries out a
full 7 x 7 diagonalization.

We consider first the negative parity states. We note the empirical result
(from ratios of (d, p) to (d, t) cross sections) that the Fermi surface is slightly
below the 1/2-[510] orbit. For simplicity we ignore the 9/2[505] band. (In any
case, it can only affect/ 9/2states.) From our earlier discussion, we anticipate
that the principle mixing effects will occur between the 1/2-[521]-3/2-[512] and
5/27[512]-7/27[S03] pairs. That this is not quite true highlights the other factors
that must be taken into account in practical situations. Although the matrix
element connecting the 1/2-[510] and 3/2-[512] orbits is rather small (=1), they
lay so close to each other that the mixing is substantial. Likewise, the
“forbidden” matrix element between the 5/2-[512] and the 7/2-[514] orbits
(=1.1), strongly admixes these close-lying bands. In contrast, despite the large
j matrix element between the 5/2-[512] hole orbit and the particle excitation
7/2-[503], the pairing factor substantially reduces the overall matrix element.
The one exception to the simple rule given above for estimating Coriolis
matrix elements among these bands occurs for the 1/27[510] and 1/2-{521} pair:
the supposedly forbidden j matrix element has a value = 2.5. Although these
bands are nearly an MeV apart, the coupling between them is nonnegligible.
Thus, the principle Coriolis admixtures will be between the 1/2-[510] and
3/2-[512] bands, the 5/2-[512] and 7/2-[514] bands, and the 1/27[510] and
1/2-{521] bands. Second-order mixtures of, say, the 1/2-{510] into the 5/27[512]
band, will be very small. Thus, a rather good simulation of the full diagonali-
zation should be obtainable by considering sequential two-state mixing of the
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Table 8.4. Calculated mixing amplitudes (¢, x 100) for the 7/2” states in 1®> 185w

Kn{Nn_A] A E, 7275031 327[512] 1/27(510] Sr27(512] 1°27[521] 7r27(514]
7/27[503] 185 244 +100 — — +5 — —
183 453 +100 —_ — +5 — —
3/2-[512] 185 174 — +91 +42 —_ +2 —
183 412 — -96 +26 — -8 —
1/2-[510} 185 334 — -41 +90 — -11 —
183 207 — +27 +96 —_ -5 —
512-[512] 185 986 -5 — —_ +98 — -19
183 1002 -5 — — +98 — -17
1/2-[521] 185 1335 — +6 -9 — -99 —_
183 1265 — -6 -7 —_ -100 —
7127[514] 185 1058 +1 — — ~19 — -98
183 1072 +1 — — -17 — -99
*Casten, 1972.

preceding three pairs. As an example, consider the 7/2- states with a Coriolis
attenuation factor 0.7. With #%2] = 18 keV and a pairing factor of 0.9, we
obtain ~41 keV for the full 1/2-[510]-3/2-[512] Coriolis matrix element. The
final spacing of the 7/2 1/2-[510] and 7/2 3/2-[512] states is 205 keV. Working
backwards in Fig. 1.7, we see that R must be rather large and therefore the
energy shift induced in each state by the mixing is a small fraction (=0.05) of
their unperturbed spacing. Reducing the full separation by 10% to estimate
the unperturbed splitting gives R = 3.8. Another application of Fig. 1.7 or Eq.
1.8 gives the admixed wave functions as yw (“7/2 1/27[510]") =
(0.97) 7/21/2-[510] + (0.24) 7/2 3/2-[512] and the orthogonal combination.
For the 7/21/2- [510])-7/2 1/2-[521] mixing we take a pairing factor of 0.6,
giving the full Coriolis matrix element of = 88 keV. AE_  =1058keV, so we can
use the final spacings to obtain R=~12. The admixed wave functions are
v (“7/2 1/2-[510]”) = (0.99) 7/2 1/2-[510] + (0.08) 7/2 1/2-{521] and the orthogo-
nal combination. Finally, for 7/2 3/2-[512] and 7/2 1/2-[521], the pairing factor
is = 0.5. Calculations again give R = 12, and final wave functions of
v (“7/2 3/2-[512]”) = (0.99) 7/2 3/2-[512] + (0.08) 7/2 1/2[521], and the orthogo-
nal combination. In all three cases the signs of the amplitudes are arbitrary.

We can test these estimates by reference to the detailed wave functions
resulting from a full diagonalization given in Table 8.4. The three admixtures
just calculated are 1/2-[510]-3/27[512] = 0.24,1/2-[510}-1/27[521] = 0.08, and
3/27[512]-1/2-[521] = 0.08. The exact calculations give 0.26, 0.05 and 0.08!

We can also estimate the energy shifts. Using the same R values we get the
following results (in ke V):

212 [510):  -12.0(3/2-[512]) - 7.2(1/2-[521]) = -19.2 ke V
7232-(512):  +12.0(1/2-[510]) - 5.8(1/2-[521]) = + 6.2 ke V
721/2[521}:  +7.2(1/27[510]) + 5.8(3/2-[512]) = +13.0 ke V
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where the orbits in parenthesis give the mixing partner that induced each shift.
Again, these estimates are close to the results of an exact calculation.

With these shifts, and similar ones for other J values, the 1/2-[510] band is
compressed and the 1/2-[521] and 3/2-{512] bands are expanded, reflecting the
derivation in Eq. 8.10 that, to first order, Coriolis induced energy shifts can be
absorbed into changes in £%21. Indeed, one clue to the presence of Coriolis
effects in empirical level schemes is unequal empirical £%/21 values (i.e., after
mixing), with larger magnitudes for the higher-lying (expanded) bands and
smaller values for the lower (compressed) states. A measure of the adequacy
of a calculation is whether the input (unperturbed) %217 values are substan-
tially closer: they should be if the deformation is the same for all excited states
and small microscopic “blocking” effects are neglected.

8.3 Coriolis Mixing and Single Nucleon Transfer Cross Sections

Strong Coriolis effects are at the heart of most current research in high-spin
states, and thus occupy a crucial role in modern nuclear structure physics.
They were first studied extensively in single nucleon transfer reactions,
however, and, although such work is not so common nowadays, it is an
appropriate starting point for our discussion since the effects of Coriolis
mixing are so dramatic and also easy to understand physically in this context.
While the energy shifts previously discussed may seem rather small and per-
haps easily negligible, such an impression is misleading because even small ad-
mixtures can have large effects on single nucleon transfer cross sections. The
expression for the cross section to a state of spin J in a given band in the
presence of Coriolis mixing is an obvious generalization of Eq. 8.1 given by

; 2
g_g (=2 N¢1(9)[; a:C| P.-] (8.12)

where the os are the Coriolis mixing amplitudes and the sum is over the
admixed bands. Note that the sum is coherent, thus magnifying the effects.
Simple manipulations also show that the total cross section is conserved for
each spin J; that which is lost by some states must be gained by others.

Before considering the example of W in detalil, it is useful to emphasize
how small mixing amplitudes can have significant effects. For simplicity,
assume a two-state mixing of bands with identical C, coefficients and pairing
factors for some spinJ. Then, if the mixing amplitude of each band in the other
is 0.22 (meaning that the amplitude for the “parent” state is still 0.975), this
gives a 50% increase in the cross section of one state and a 50% decrease inthe
other [g, o< (1.22)?, 0, (0.78)*]. The two cross sections that would have been
equal without mixing now differ by a factor of three!

Another feature is evident from Eq. 8.12. If two admixed states have very
different unperturbed C, values for some J, the state with the larger C value
will be relatively unaffected while that with the smaller may be drastlcally
altered. Indeed, much of the resultant cross section may easily come from the
small admixture rather than from the parent orbit itself. To be specific,
suppose the two bands have equal pairing factors, that ¢, =02and C*,=0.8,
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and that the mutual mixing amplitudes are +0.22. Then, assuming that the
phases are such that the cross section for the state of spin J in band 1 is
increased, the ratio of perturbed to unperturbed cross sections is =3.5 for band
1 (0.2 + 0.22(0.8)]* and =0.9 for band 2 [(0.8 — 0.22(0.2)]>. This is another
example (bandmixing in even nuclei was the first) of how relatively small
mixing interactions and amplitudes can lead to drastic effects on certain
observables, especially when one of the unperturbed transition rates is small
or forbidden. If the phases were reversed (which would happen if the unper-
turbed positions of the two bands were exchanged), the same analysis shows
that despite the small mixing, the cross section for band 1 would essentially
vanish while that for band 2 would increase only by about 6%. Finally, if one
C, coefficient is nearly zero, the cross section will come only from the mixing.
If will therefore be independent of the signs of the mixing amplitudes and will
always be increased by the mixing.

Simple application of Eq. 8.12 to the mixing amplitudes such as those given
in Table 8.4 for the 7/2- states of the negative parity bands in W gives the
cross sections labeled “perturbed” in Table 8.1. The point of this section is
highlighted by the enormous differences between perturbed and unperturbed
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Fig. 8.6. Systematics of experimental, unmixed, and Coriolis coupled (d, p) and (d, 1) cross
sections in W isotopes.
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cross sections even in cases where the mixing amplitudes of Table 8.4 are small.
For example, because of its small value of C, , nearly all the cross section to the
172 1/2-[510] state stems from weak mixing with the 1/2 1/2-[521] state. The
cross sections for the 3/2- levels of the 1/2-[510] and 3/2-[512] bands are
significantly shifted by the mixing. The same applies to the J = 5/2 and 7/2
states of these bands and to the 7/2 states of the 5/2-[512] and 7/2-[514] bands.
Table 8.2 shows similar Coriolis mixing results in %W,

Figure 8.6 shows the systematics of some empirical and Coriolis calculated
cross sections across the odd mass W isotopes. It includes a comparison with
the unmixed cross sections. The latter are constant except for small, smooth
changes in the pairing factor P2 in Eq. 8.1. The figure highlights the changes
insingle nucleon transfer cross sections brought about by the Coriolis interac-
tion as well as the dramatic shifts that can occur from one isotope to another.
This is particularly evident for the 1/2-[510] and 3/2-[512] bands in W and
18W. An understanding of this is obvious from our discussion of two-state
mixing in Chapter 1. As we have stated before, these two bands have
interchanged positions (energies) in these two nuclei. In W, the 1/2-[510]
band is the lower, ground state orbital, while the 3/2-[512] band is the first
excited intrinsic excitation. In W, the 3/2-[512] orbital forms the ground state
and the 1/2-[510] band is close, lying just above it. Therefore, the signs of the
mixing amplitudes are inverted between W and **W. In the familiar termi-
nology of first-order perturbation theory, the sign of the energy denominator
has changed from one nucleus to the other. Therefore, for those states where
the two unperturbed Nilsson wave functions have comparable C, coefficients,
cross sections that were increased in W will be decreased in W and vice
versa. For cases where the C, coefficient in one is negligible, the cross section
to that state will increase relative to the unmixed case in both nuclei. Another
example of inversion concerns the 7/2-[514] and 5/2-{512] bands, in which the
7/2-1evels interchange positions between ¥'W and *W. Figure 8.6 shows the
dramatic effect on the weaker cross section.

Before turning to the positive parity levels, it is worth re-emphasizing the
extremely large effects involved here. Empirical fingerprint patterns auto-
matically incorporate the effects of Coriolis mixing and can differ from those
predicted by the Nilsson model by sufficiently large quantities as to completely
obscure the identification of the bands if Coriolis mixing is not taken into
account. Moreover, the mistakes that one would make would not even
necessarily be the same in neighboring nuclei, and the systematics of the
Nilsson orbits deduced could be completely wrong.

Unique Parity States

We now consider the unique parity orbits. Here, the Coriolis mixing becomes
at once much stronger but also somewhat simpler to interpret. The reason is
that, for practical purposes, only the J = N + 1/2 (J = 13/2 for the odd neutron
rare carth nuclei) state is important because of the utter dominance of the
C._r.1, coefficients in the Nilsson wave functions for these orbits. Moreover,
the Coriolis matrix elements are all very similar and only directly link adjacent
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orbits stemming from the same j shell (although second-order (AK =2) mixing

is significant).

Before discussing practical calculations, let us take a schematic model.
Assume the Fermi surface lies below the whole group of unique parity orbits in
some nucleus. The order of their excitation energies is K =1/2,3/2, ..., (N+1/2).

PROPAGATION OF DECOUPLING
via CORIOLIS MIXING
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Each mixes with the K + 1 and K - 1 member of the series. We thus have a
situation analogous to one discussed in Chapter 1, in which equally spaced
states each mix with adjacent levels. One general resultis that lowest band will
be pushed much lower. Moreover, given the increase of the Coriolis matrix
elements with J, it will be severely compressed, and its wave functions will be
a complex mixture of several components with all wave function components
in phase.

The principle difference between this schematic situation and the real one
arises because of the large decoupling parameter for the K = 1/2 band. For
N = 6, this has the effect of greatly lowering the 13/2*,9/2*,5/2", 1/2* states and
raising the 11/2+,7/2,3/2+,... states of that band prior to mixing. Consider now
the effect of Coriolis mixing on the nearby K = 3/2 band. The situation is
illustrated in Fig. 8.7. The reordering of energies in the K = 1/2 band because
of the large diagonal Coriolis effect (decoupling parameter) causes the unper-
turbed spacings between the 3/2, 7/2, and 11/2 states of the two bands to be
much larger than between the 5/2,9/2, and 13/2 states. Therefore, in the lower-
lying K = 3/2 band, the 5/2, 9/2, ..., group is shifted down substantially more
thanthe 3/2,7/2, ..., group. The perturbed energies of the K = 3/2 band take on
an alternating pattern as well, relative to a pure J(J+1) rotational spacing, and
appear as if the K = 3/2 band had a decoupling paramcter of the same sign and
slightly smaller magnitude than the K = 1/2 band. When the K = 3/2 band in
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turn mixes with the K = 5/2 band, this “signature” is passed on in a somewhat
reduced form. In effect, the Coriolis mixing “propagates” the decoupling
parameter throughout the entire sequence of unique parity orbitals.

If the Fermi surface is below the K = 1/2 orbit, the effect is reversed. The
K =1/2 band lies below the K = 3/2 band and therefore the closest lying pairs
are the 3/2,7/2, and 11/2 states. Also the propagation is severely damped by
the pairing factor as one goes {from hole states to particle states. In the W
isotopes that we have been considering, the Fermi surface is near the 9/27[624]
and 11/2*[615] orbits, and the effect of the K = 1/2 band is negligible. (This is
linked with a point we will make shortly, that strong diagonal Coriolis matrix
elements are most effective in inducing a rotation aligned coupling scheme
when the Fermi surface lies near the low K orbits.) In W, the primary
observable mixing among the unique parity orbits should be in the K = 5/2,
7/2,9/2, and 11/2 orbits. As contrasted with the normal parity states, here the
matrix elements and spacings are comparable and a two-state mixing calcula-
tion is hopelessly crude. The results for W of an explicit calculation of the
single nucleon transfer strengths (C,ﬂm coefficients) to 13/2" states is shown in
the top two pancls of Fig. 8.8. Since the j matrix clements arise almost solely
fromthe j = 13/2 term in Eq. 8.6, and since the C ) coclficients all have the
same sign, the phases of the resulting wave functions are such that in any two-
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state mixing of these orbits, the cross section to the lower state is increased
while that to the higher is decreased. This persists in the multistate extension,
and the net effect is to transfer cross section from the higher-lying bands to the
lower ones. This is the point alluded toin the schematic model at the beginning
of this discussion. We now compare this calculation with the empirical situ-
ation.

In W, the lowest-lying unique parity orbit is 11/2+[615]. The 9/2*[624] and
7/2*[633] orbits are hole excitations. An ideal reaction to study these unique
parity orbits is the (*He, «) reaction, which preferentially excites higher-spin
hole levels. In the rare earth region it can almost be used as a “J = 13/2* meter.”
Typical (*He, ¢) spectra, for ¥-1%W, are shown in Fig. 8.9. Comparison with
the (d, t) reaction in Fig. 8.2 vividly illustrates the selectivity. In the absence of
Coriolis mixing, the (*He, &) reaction to 13/2* states in **W should look like
that shown schematically at the top of Fig. 8.8, in which there are five nearly
equally strong peaks. (That for the K = 11/2* is weaker than the others due to
the smaller V? factor and the peak from the 13/2+[606] orbit is absent since
V = 0.) In contrast, the data show only four peaks but with the same total cross
section expected for the six unperturbed states. This illustrates both the
shifting and the descent of strength just discussed. (The empirical (*He, )
spectrum (Fig. 8.9) for B'W shows this effect even more; only two peaks
consume nearly all the 13/2* strength.) The bottom-most panel of Fig. 8.8
summarizes the empirical C,_,,, coefficients in bar graph form for *W.

The second panel of F1g 8.8 includes Coriolis mixing, and is somewhat
better than the unmixed calculations shown in the top panel. Further improve-
ment requires, as we shall now see, the introduction of hexadecapole deforma-
tions. The study of such shape components offers us anideal situation to apply
the same kind of intuitive approach we used for the Nilsson model itself.

Hexadecapole Deformations and Unique Parity States

Although quadrupole distortions dominate heavy nuclei, hexadecapole ef-
fects are not at all negligible and, as we shall see, frequently have major impact.
It is by now well known that most heavy deformed nuclei have either positive
or negative hexadecapole deformations superimposed on their quadrupole
distortions. Figure 6.10 illustrated the effect of hexadecapole deformations on
the nuclear shape for both signs of ¢,. For ¢, > 0, the nucleus takes on a so-
called pin cushion or barrel shape, while for g, < 0, it is “clover leafed.”
Remarkably, we can now understand, without calculation, the origin of the
shape components, their expected systematics, and their effects on Nilsson
energies, on Coriolis mixing, and on single nucleon transfer cross sections. To
illustrate the usefulness of this approach, we shall carry out the following
discussion without any formal derivations. We will then compare our under-
standing with the results of actual calculations.

It is obvious that creating a positive (g, > 0) hexadecapole shape requires
the occupation of orbits situated at large radii relative to the bulk of the
nuclear matter in oricntations roughly 45° to the equatorial plane, so that the
“corners” of the mass distributions will be filled in. In a given shell, the orbits
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with the largest radii are the unique parity orbits since they stem from the next
higher oscillator shell. From the relation sin@ ~ KJ/j, we see that 6 = 45°
corresponds to K/j ~ 0.7. For the i,,, neutron orbitin the rare earth region, this
gives K ~ 9/2. Thus, the largest contributions to an increasing positive
hexadecapole deformation in this region occurs when the 9/2+ [624] orbit is
filling near the Fermi surface. Simple counting in the Nilsson scheme shows
that this occurs around A ~ 180.

At the other extreme, analogous reasoning shows that negative g, values are
favored when very low or very high K i ,,, orbits are filling. The former occur
near the beginning of the deformed region at neutron number N ~ 92. The
latter occur near the end of the shell and serve to reduce the positive g, values
for A > 180. The expected ¢, systematics should therefore consist of large
negative values at the beginning of the deformed region that decrease in
absolute value with mass, cross zero, turn positive, and maximize around the
W isotopes, followed by a rather rapid decrease towards zero as the *®Pb
closed shell is approached. This is exactly the systematics observed empiri-
cally, as shown in Fig. 8.10.

[A technical point is worth mentioning here. In this discussion, we have
used ¢, as the deformation parameter. Figure 8.10 is expressed in terms of §,.
In Nilsson’s original paper, the principle discussion was carried out in terms of
deformations 8, and 8,. The disadvantage of these parameters when discussing
AN =2 mixing and hexadecapole deformations is that, even for f§, = 0, there
will be finite AN = 2 mixing. In contrast, the € representation discussed in an
appendix to Nilsson’s original article, was designed so that AN = 2 mixing
vanishes when g, = 0. The relation between ¢,, ¢, and f,, , is complex and
coupled. Either set of deformation parameters may be converted into the
other by the use of Fig. 9 of the article by S. G. Nilsson et al (1969): However,
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Fig. 8.10. Systemalics of f, in the rare earth nuclei.



298 Collectivity, Phase Transitions, Deformation

one should note that there is a mistake in this figure and that its proper use
requires the reversal in the sign of g,. Very crudely, g ~ —,.]

We can go one step further. Since the orbit inclination 6 changes slowly for
low K, there will be more low-angled orbits (8 < 45°) than orbits near 45°.
Therefore, negative ¢, deformations should predominate and the “crossing
point” to positive values should occur past midshell. This is also seen in Fig.
8.10.

The principle effect of hexadecapole deformations on the Nilsson wave
functions is to admix components with AN = +2. Thus, the N = 6 i,,, Nilsson
orbits will now contain some components from the N = 4, 8 shells, and the
N = 5 normal parity orbits will contain contributions from N = 3, 7. Normally,
this AN = 2 mixing is miniscule because of the large energy separation of
oscillator shells. However, inspection of the characteristic form of the Nilsson
diagram (downsloping early, upsloping late), shows that there are a few
isolated regions where steeply downsloping unique parity orbits from one shell
(e.g.,i,,) intersect upsloping orbits from the next lower shell (here, N =4). If
the nuclei in such regions have large ¢, then substantial AN = 2 mixing can
occur. An example of such interacting orbits was discussed earlier in Chapter
7 in the context of a comment on the relative purity of the n, quantum number
at large deformations.

Thus far we have discussed the origin of hexadecapole deformations, their
systematics, and their relatively minor effects on Nilsson wave functions. It
remains to discuss their enormous impact on Coriolis mixing and single
nucleon transfer cross sections. This impact arises mostly from the effect of ¢,
on Nilsson energies of orbits that can Coriolis mix. It is easy to see what the
main effects will be. Consider, for example, a large positive g, and the i,,, or-
bits. It is obvious that both equatorial (K = 1/2, 3/2, 5/2) and polar (K = 13/2
and perhaps 11/2) orbits will be, on average, further from the nuclear matter
than for ¢, = 0, and therefore their energies will increase. The mid-K orbits
(K =112, 9/2) will be closer to the nuclear matter and their energies will
decrease. Hence the overall effect will be a compression of the energy
separations from K = 1/2 to 7/2 or 9/2. Moreover, this compression will become
more extreme as g, increases. In fact one can imagine sufficiently large ¢,
values that some of these K orbits may actually cross and interchange their
relative positions. Figure 8.11 shows an explicit calculation of the i ,,, energies
for fixed ¢, as a function of ¢,. All these features appear. There is a compres-
sion, and even a crossing, near g,~ 0.1. The envelop of the energies can easily
be compressed by a factor of two and, therefore, the already large Coriolis
mixing among the unique parity orbits will increase still further (the Coriolis
matrix elements themselves will not substantially change).

Recall from our discussion of cross sections to 13+/2 states in the W isotopes
that Coriolis mixing calculations produce some improvement in the predic-
tions, but that significant discrepancies remain. The mixing casts some cross
section from higher lying levels into the lower ones. With the increased
Coriolis mixing that now occurs with a large positive ¢,, this effect will be
exaggerated, as shown in the third panel in Fig. 8.8, where we see much better
agreement with the empirical cross sections.
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Fig. 8.11. Effect of hexadecapole deformations on i, , , Nilsson energies.

One of the beauties of the Nilsson model is its easy extendibility. We see
here an excellent example where the basic model predictions are in strong
disagreement with the data but where simple and physically reasonable refine-
ments easily remove most of the discrepancies, and thereby show both the
usefulness of the model as a starting point and also the absolutely crucial need
1o incorporate certain of these extensions. The particular case we have been
considering is historically interesting as well: the large changesini,,, energies,
Coriolis mixing, and (*He, @) cross sections as ¢, varies from 0 to 0.06 provided
the first definitive evidence for large hexadecapole deformations in the odd W
isotopes. Another interesting point is that while ¢, values of zero and 0.06 can
be casily distinguished in this way, the approximate constancy of the envelope
of K = 1/2to 7/2 orbits from ¢, = 0.06-0.16 precludes a further refinement in the
actual g, values.

There is one other consequence of large hexadecapole deformations that
should be mentioned. We have been discussing permanent or static hexadeca-
pole shape components. However, it is also possible that the nuclear potential
energy surface may be “soft” in ¢,, and that this will lead to hexadecapole
vibrations, just as softness in § and vleads to f and y vibrations. It is not
surprising that the heavy even-even rarc earth nuclei, especially the Os
isotopes, display rather low-lying (~1 McV) K = 4 bands that have been
interpreted in terms of hexadecapole vibrations by Baker and co-workers. Of
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course, such K = 4 intrinsic excitations can also be thought of as double y
vibrations: the particular states in the Os isotopes appear to be mixtures of
both modes, and interestingly, theiry decay seems to pick up the two-phonon
character while their single nucleon transfer cross sections reveal the hexade-
capole aspect. This is a nice illustration of how a complementarity of experi-
mental approaches can highlight different features of nuclear excitations.

8.4 Coriolis Effects at Higher Spins

Our rather brief treatment of the unique parity orbits does not even begin to
hint at their importance in modern nuclear structure physics, especially at high
spin. Indeed, the unique parity states are the most thoroughly studied of high-
spin levels and are nearly always used as the first testing ground for new
theoretical ideas. Some of the reasons for this should be obvious from the
preceding discussion. Primary is the purity of the unique parity states in j,
resulting from the shell model spin orbit interaction that separates them from
other levels of the same parity by nearly the distance between major shells.
Their properties can be calculated with extremely high reliability and more
simply than most other states. Second, since Coriolis effects are crucial to most
of the physics at high spins, the fact that these states form an isolated but
strongly admixed set enhances the ease with which one may spot the influence
of extra degrees of freedom. Colloquially speaking, these states “close under
the Coriolis interaction.”

Another key feature of the unique parity states is that Coriolis effects are
largest amongst the low K orbitals, both because the matrix elements are
themselves slightly larger and also because the energy separations are small-
est. Noting that these are precisely the orbits whose angular momenta are
aligned most nearly paraliel to the nuclear rotation axis (their orbital motion is
most nearly equatorial), we have three factors contributing to the develop-
ment of the so-called rotation aligned scheme to which we have alluded and to
which we now turn.

Rotation aligned coupling

This coupling scheme, illustrated in Fig. 8.12, was originally introduced to
account for apparently anomalous rotational spacings in certain orbits in odd
mass nuclei (see extreme right in Fig. 7.8). Figure 8.12 shows angular momen-
tum diagrams for the cases of large and small K. We assume for simplicity that
the Nilsson wave {unctions can be approximated by a single j value. We can
write the total Hamiltonian as H=H,,_ +H_. The Nilsson energy of a single
nucleon can be represented by H,, = £ + AE(jK) where the ¢ are the spherical
single particle energies and the AE are the shifts due to the deformed
potential. Writing Eq. 7.8 for AE(jK) as a constant plus a K-dependent term,
we have E = £ + const + CSK?, and hence (neglecting the constant term)

H:gf+§l;[1(1+1)_21<2+<j2>] +Veort COK?

Nils

=£,-+§‘—j[](]+1)+j(j+1)]+

2
c5—2_2ﬁ[—)1<2+ Vor (8.13)
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Fig.8.12. Diagram for strong coupling and rotation aligned or decoupled level schemes (based on
Stephens, 1975).

This is the Nilsson energy of the odd particle plus the total rotational energy.
At the top of Fig. 8.12 K is large and the K? term dominates the V term.
Since the coefficient of K?is linear in § and since the inertial parameter, #%/21,
decreases with increasing deformation, this is a situation that is valid for large
deformation and/or large K. The dominance of the K? term implies that Kis a
good quantum number (the K mixing terms are relatively small) and one has
the so-called deformation aligned or strong coupling scheme we have been dis-
cussing. Coriolis mixing effects are a small (but important) perturbation that
causes the angle of the vector j to “wobble” slightly as it precesses about the z
axis.

However, there are situations in which this coupling scheme does not occur.
An obvious one is for high spins for which V< J; when this tcrm dominates
the K? term, the solutions must be approximate eigenfunctions of V that
correspond to a new coupling scheme in which K specifically is not a good
quantum number. One then has the situation illustrated in the lower part of
Fig. 8.12, where the particle angular momentum vector, j, precesses about an
axis perpendicular to the symmeltry axis (i.e., about the rotation axis). Clearly,
K will vary significantly and include negative values. It is now the alignment
along the rotation axis, commonly called a, that is the good projection quan-
tum number. This coupling scheme will be realized when

(ca_zzil; K<< Veor (8.14)

that is, especially for low K valucs. This is physically plausible since j already
points nearly along the rotation axis. Clearly, if K is large, an enormous
Coriolis interaction (extremely high J values) would be required to enforce
precession about the rotation axis, whereas for low K, such precession can
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occur at relatively low spins. Inspection of Eq. 8.14 shows that the rotation
aligned scheme can also be realized for low J if the coefficient of K? vanishes.
Since #%2I ~ 1/6, it is clearly possible to choose a d value that satisfies this
cancellation requirement. For the A = 130 region, numerical estimates give
8= 0.17 (=0.18). Thisis a rather moderate deformation and accounts for the
fact that the rotation aligned scheme often manifests itself in transitional,
moderately deformed prolate nuclei early in a shell (where the low K orbits are
filling). For larger deformations, the inertial parameter #%27 drops rapidly
while the Nilsson energies further split and the Coriolis effects decrease below
a critical value. In most well-deformed nuclei we see normal (strongly coupled)
rotational behavior.

The energies in the rotation aligned scheme are very easy to visualize. The
total angular momentum points essentially along the rotation axis and is
composed of the particle angular momentum j plus a core rotation R. Thus,
from Eq. 8.13

2
Erot () =22—ﬁ1—[1(1+1)+j(/'+1)+VcOrJ
For high spin unique parity states, low K values and moderate deformations,
J,j>> K and j is nearly a good quantum number. Moreover, in the rotation

aligned scheme, ljl=lal. Therefore, using Eq. 8.7 and neglecting terms
independent of J, we have

Era(J) zzzﬁl-z-[l(1+1)—21a] - %[(]— &) (-a+1)-a?] (8.15)

This equation is simply that for a rotor of spin (/- a). But |(J-a)| = | R,
the core rotational angular momentum! So the energies do not behave like
those of a rotor with spin J, but rather like those of the rotational core.
Moreover, the lowest energies occur for the highest alignments, a. The reader
may recall that when we derived Eq. 7.17, we set the problem up as the solution
to why rotational bands were not upside down, and why for example, the core
angular momenta R were not 0, 2, 4... for states with J = 13/2 and (9/2, 17/2),
ﬁ5/2, 21/2), ..., respectively. The solution involved recognizing the variation of

R/ values that occurs when the particle angular momentum vector precesses
around the symmetry axis. We alluded to the possibility that rotational bands
with core rotational spacings did indeed exist in certain circumstances. We
now see those circumstances—when the precession is no longer about the
symmetry axis but rather about the rotation axis—so that R is nearly a constant
of the motion.

To understand the implications of Eq. 8.15, let us take as an example a
situation of maximum alignment for the rare earth nuclei where the unique
parity orbit has j = 13/2. We take a =13/2. The energy difference £, - E,,, is
given by the energy difference between R =2 and R = (), that is, by the energy
of the first 2* state in the even—even core nucleus or 6(£%2I). This is com-
pletely different from the strongly coupled case in which E, -E ,, =
%2121 [17/2(19/2) - 13/2(15/2)] = 64 (#¥2I). This difference is enormous, as is
the energy saving if the rotation aligned scheme is applicable. It was precisely
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Fig. 8.13. Comparison of rotational spacings in Ba and La nuclei. This is the classic example of
decoupled band structure (based on Stephens, 1975).

the observation of such spin and energy sequences in moderately deformed
odd mass nuclei, such as the La isotopes, with energy spacings nearly identical
to those of the adjacent even—even Ba nuclei, that inspired the development of
the rotation aligned scheme. The remarkable La-Ba comparison is shown in
Fig. 8.13. The similarity of spacings in the odd and even mass nuclei is striking,
extending even to the way they track with neutron number.

The sequence of R =0, 2, 4,6, ... values leads in turn to low-lying rotational
states that differ in spin by two units (the alternate spin states are higher in
energy). Thisis another difference from the strongly coupled case of “normal”
rotational sequences /= K, K+ 1, K+2, K +3,....

Note that it is also possible for R and j to be antialigned, producing total spin
values J < j. Thus, the state with J = 9/2 also corresponds to a core angular
momentum R =2 and will have anidentical energy to that for the /= 17/2level.
Since the energies follow an R(R + 1) rule, and since states with spinsJ =j £ R
have identical energies, it follows that a plot of E(J) vs. J will be a parabola
whose minimum is at or near J =j. 1t is possible, of course, that the alignment
along the rotation axis does not attain its maximum value. For example, if
a=11/2, one can still apply Eq. 8.15. In this case the lowest aligned state, with
R =0, will have J = 11/2. States withJ=7/2 and J = 15/2 will occur higher with
R =2, This sequence of states also forms a parabola, but one lying slightly
higher than for the case of maximum alignment. Continuing this process, se-
quences of parabolas will occur: each succeeding one corresponds to the next
lower o value. The states along the lowest parabola are called the favored
states and may be cither favored aligned or favored antialigned. Those on the
higer parabolas are called unfavored states and may also be aligned or an-
tialigned.

In a sense, this picture resembles that of a weak coupling model. There is,
however, a qualitative difference. If the coupling of a particle with angular
momentum j to a core state R is weak, all states with (j - R) <J < (j + R) will
form a nearly degencrate multiplet since j and R can have any relative
orientations. Here, however, only the energies of the favored states approxi-
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mate those of a weak coupling model. The other, unfavored states are pushed
considerably higher.

Of course the exact solution for the rotation aligned scheme can be ob-
tained by explicit diagonalization of the Nilsson particle-plus-rotor Hamil-
tonian. An example taken from Stephens is shown in Fig. 8.14, for the case
where the unique parity orbit is the h, , and the Fermi surface is below the
K =172 orbit. (Note that in all of the preceding discussion of the i ,, orbits, the
only relevant property of the unique parity orbits was the purity in j, and
therefore nearly identical effects result for any other unique parity orbits
simply by substituting a different j. For example, if the unique parity orbit is
h,,, rather than i,,, the lowest spin state will be J = 11/2 and the favored
aligned states will have spins J = 11/2, 15/2, 19/2, .... This makes for a very
generally applicable scheme with close correlations from mass region to mass
region.) InFig. 8.14, the favored aligned states are given by the thick lines, the
others as thinlines. The characteristic feature of the decoupled band emerges
clearly on the prolate side, whereas on the oblate side, the Fermi surface is
near the high K orbits, so the lowest states form a normal strongly coupled
band. For the rotation aligned scheme, the favored aligned energies remain
remarkably close to those of the core energies (which canbe seen at f=0) even
out to relatively large deformations.

This brief summary of rotational alignment shows that it can be a rather
widely applicable phenomenon, occurring especially in moderately deformed
nuclei, where Coriolis effects are strong and deformation effects still rather
weak, whenever the Fermi surface is near the low K unique parity Nilsson
orbits. The rotation aligned scheme relies on the notion that it is energetically
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Fig. 8.14, Behavior of particle-rotor level energies with 8 for unique parity levels including
Coriolis mixing. The Fermi surface is below the entire h,,, set of orbits. Note the strongly
coupled pattern (AJ =1,J(J + 1) spacings) on the left and the decoupled pattern (A =2, E_, for
J =11/2, compressed (core) rotational spacings) on the right (Stephens, 1975).
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Fig. 8.15. Empirical proton unique parity (%= +, g,,,) levels of odd mass Rbisotopes. The isotopes
span a strongly coupled (deformed) toward decoupled (weakly deformed) transition. The inset
indicates the proton orbits and the movement of the proton Fermi surface (with decreasing N).

Solid levels are favored states (dashed are unfavored) in the rotational aligned picture (based on
Tabor, 1989).

easier to achieve a given spin by combining a particle angular momentum
aligned nearly along the rotation axis with a small amount of core rotation than
itis to couple a particle angular momentum aligned elsewhere with a large core
rotation.

If we inspect a sequence of nuclei, it is possible to observe smooth transi-
tions from rotation aligned behavior when the Fermi surface is near the low K
unique parity orbits early in a shell (moderate deformation) to strongly
coupled as the Fermi surface rises. The odd Z Rb isotopes, shown in Fig, 8.15,
provide a nice example. The low N isotopes are reasonably well deformed: a
transition toward smaller deformations takes place as N increases. The proton
Fermi surface is just below the entire g,,, unique parity shell. Near ®*Rb, a fine
decoupled structure exists: the low-lying levels form a AJ = 2 sequence, starting
atJ =9/2,thatis, a fully aligned (o= 9/2) configuration. The alternate spinsare
shifted quite high. (Incidentally, in modern parlance this splitting of favored
and unfavored states is known as “signature splitting”.) As N decreases, the
deformation increases, simultaneously reducing the Coriolis strength among
the g,, proton orbits and lowering the K = 1/2, 3/2 orbit energies so that the
Fermi energy moves into this group (see inset): a transition to a strongly
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Fig. 8.16. Plotof R, (see lext) against 4 for several energy differences in the Er nuclei (based on
Stephens, 1975).

coupled scheme ensues. By ”7Rb, a nearly monotonic AJ = 1 sequence appears
although a fully developed rotational pattern has yet to emerge.

Another beautiful example of such a transition from a decoupled toward a
strongly coupled scheme occurs in the neutron deficient, near-stable Er iso-
topes. Stephens displays this transition in a way that highlights a couple of
important points. Consider astate of spinJ in an odd mass nucleus. H the state
is fully aligned (a = j), then the core rotational angular momentum

= |7-jl and the energ difference in the odd mass nucleus £(J) ~ E(j) =
(fz 4y2I) - 112 = [ ( J - T) of the neighboring even—even nuclei. If the
strongly coupled fimit applies, these rotational energy differences in the odd
mass nucleus will be much larger than those in the even—even nucleus for states
withJ > j: EQJ) ~ E(j) = (%21 [J(J + 1) —j (j + 1)]. Figure 8.16 shows the data
for the lowest band based on the i, orbital in the odd mass Er isotopes. The
ordinate is the ratio R  of the energy difference E°(J +2) — E°()) of two states
in each odd mass nucleus divided by the energy difference F*(J + 2 - ) -
Ee(J - ) taken from the data for the neighboring even—even nucleus. 1f the
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odd mass nucleus has full rotation alignment (o= 13/2), then R_ ~ 1 independ-
ent of spin. ‘

If the rotational band in the odd mass nucleus is strongly coupled, the larger
spacings will lead to R >> 1. Empirically, near "’Er R, = 1, but a clear
transition toward a strongly coupled limit is observed with increasing neutron
number. This is caused both by an increase in deformation, which reduces the
strength of the Coriolis interaction (V,, o« £%2I), and by an increase in the
Fermi surface from near the low K unique parity orbits toward the mid-K
orbits. In addition, we note that the transition proceeds much more slowly for
higher spins. The energy spacing E,, .- E,, remains very close to the rotation
aligned limit. This is simply because, as we have noted several times, the
Coriolis interaction increases with J for high spins states and therefore the
rotation aligned coupling scheme persists longer.

One last point, of some interest in terms of testing this picture of rotation
alignment and favored and unfavored states, concerns the relative role of high-
and low-spin levels. The entire picture described so far assumes a simple
axially symmetric rotational core and its coupling to the odd particle motion.
It entirely neglects any effects due to rotation-vibration coupling, axially
asymmetry, mixing with quasi-particle states, and so on. If one considers the
rather general situation of a fixed number of valence nucleons spanning a
specific set of single-particle states it is clear that, while there are many ways of
constructing low and intermediate spin states from different combinations of
the single-particle angular momenta, there is only one way of constructing the
highest spin level—by aligning all these individual particle angular momenta
along the same direction in space. Therefore, any model for this highest spin
state has the same structure, independent of the assumptions of the model.
For other high-spin (but not the highest-spin) states there will, in general, be
only a few ways of constructing them and different models may present
somewhat different, but mostly likely not very different, predictions. For low-
spin states, however, different models with different interactions may have
entirely different effects on specific subsets of states. Their energies and
structure may differ markedly from one model to another. Although the
beauty of and evidence for rotation aligned behavior is most dramatic in the
high-spin states, perhaps the most sensitive tests of such models occur in the
low-spin, unfavored, antialigned levels. Study of such levels may provide
evidence for other degrees of freedom of some importance.

We should briefly apply our understanding of Coriolis effects to even—even
nuclei. This will provide a simple understanding of the widespread phenom-
ena of backbending. Consider a specific two-quasi-particle state with both
particles in a low K unique parity orbit paired to J* = 0" and with the Fermi
surface below all the unique parity orbits. Neglect for a moment the interac-
tion between the two particles. Since the particles are in the lowest unique
parity orbits, their energies are greatly lowered due to the strong Coriolis
interaction with particles in higher K orbits. This is analogous to the situation
discussed in Chapter 1 of a set of equally spaced states with equal matrix
elements connecting adjacent levels. The lowest level is pushed down and
becomes a collective (strongly admixed) combination of amplitudes. From the
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size of the unique parity Coriolis mixing matrix elements, we have seen that
this energy lowering can be substantial. The tendency will be for each particle
to align its angular momentum with the rotation axis. Since the Coriolis
interaction grows with spin, it may well be that at some J value it becomes
energetically favorable to form a state, not from a core angular momentum
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Fig. 8.17. Nlustration of the idea of crossing bands and frequencies in a plot of E(J) against J
(lower part) leading to the backbending phenomenon (top). The insets give an example, appropri-
ate to the Ce region, of how one can understand the systematics of proton (#) and neutron (v)
crossing frequencies (sketched in the small boxes) against Z and N (based on Wyss, 1989).
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R = Jsuperimposed on a spin 0" pairing condensate, but rather by breaking the
pair of particles in a high j orbit so that their spins couple to (2j - 1) (2 is
forbidden by the Pauli principle) and coupling this angular momentum nearly
parallel to a much lower core rotational angular momentum of R =J - (2 - 1).
The lower energy required because of the lower expenditure of core rotational
energy more than compensates for the energy lost in breaking the pair of
particles.

In such a case, a plot of the yrast energies against J will increases paraboli-
cally until this transition or critical angular momentum (J_, ), where the sudden
drop in required R values leads to a smaller energy jump to the next higher
angular momentum. This is illustrated in Fig. 8.17 (lower), where J_, = 14.
The figure also shows the continuation of the “decoupled pair” band below the
critical angular momentum. That is, the configuration in which the angular
momenta of the two particles are aligned nearly along the rotation axis also
exists below spin J: it is just not yrast. The “crossing” spin is simply that point
where this rotation aligned band begins to be favored energetically. This spin
depends on the deformation and the location of the Fermi surface relative to
the low K unique parity orbits. It therefore varies with N or Z.

Despite the radically altered structure at J__, the deviation from J(J + 1)
behavior is often difficult to detect in this kind of plot. A more convenient
presentation has become standard, which is to plot the inverse of the inertial
parameter, 2//#2, defined for each particular spin as we will describe shortly,
against a quantity proportional to the square of the energy difference between
adjacent rotational energy states. In an ideal rotational band, E(J) - E(J - 2)
= (B%2D) [JJ + 1)~ (J-2)J - 1)] = #%2I (41 -2). Thus the quantity
(47 - 2Y(E(J) - E(J + 2)) should be constant. If the moment of inertia
increases slightly with J, due, for example, to centrifugal stretching effects,
then 2J/%% may increase gradually with J but, in any case, 2J/# % is empirically
defined as (47 - 2)/(E(J) - E(J - 2)). One then plots 2I/4? against the abscissa
(E(J) - E(J - 2))¥4, which is 1/4 the square of the energy difference between
these two levels and is called (Aw)%. (When plots like this are done for an odd
mass nucleus, J isredefined asJ —j, where j is the spin of the unique parity orbit
and is taken to be a good quantum number.)

Note that both ordinate and abscissa in such a plot are trivially obtained
(without ever knowing the actual excitation energies) simply from the observed
wray transition energies between adjacent rotational levels. Atlow spins,each
successive transition energy increases and 2//%2 is more or less constant (ideal
rotational behavior) or slightly increasing. This gives a horizontal or slightly
rising line. At the crossing point, as is evident from Fig, 8.17, the level energy
increases by a smaller amount than would have been expected; that is, the
transition energy (%®) increases less than expected, or may decrease, while
20kt V(E(J) - E(J - 2)) increases. A plot of 2//%? against (Aw)? will exhibit
an upbend or perhaps a backbend at the crossing frequency. After thisspin, a
normal rotational pattern, but with much lower R values and hence smalier
spacings, is re-established with a different “scale factor” 2//#% The upper part
of Fig. 8.17 shows such a “backbending” plot for the yrast states (first crossing
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only), and aptly reflects the origin of the name backbending. The smaller
energy spacing between the J = 12 and J = 14 states in the lower part becomes
the sharp backbend in the upper part. The concept of crossing frequency now
replaces that of /.

One can view the reason for the upbend or backbend in two equivalent
ways, both based on the rotational energy expression (£%2I) R(R +1). In one,
the R values are effectively lower, as we have described. This is the view in
terms of a new aligned coupling scheme in which R suddenly decreases to take
advantage of the angular momentum gained from the aligned particle. The
other view is phrased directly in terms of Coriolis coupling in that the coupling
causes a substantial lowering of the states of the two-quasi-particle aligned
band. This lowering is larger for higher spins so that, at some spin, they cross
the “normal” levels. (Of course, there can be other origins for backbending
behavior, such as shape changes of nucleus as a whole: we do not discuss these
here.)

In a realistic situation, there will be an interaction between the ground band
and the decoupled band near the critical or crossing frequency. Justbelow J__,
the decoupled band is higher. Itsinteraction with a ground band will lower the
energies of the latter, effectively increasing 27/%2, while simultaneously reduc-
ing the transition energies. This causes a slight upbend for J < J_,: mixing
smooths out the sharply angled ideal pattern. The net effectis to lead to an §
shaped curve where the sharpness of the backbending or upbending depends
on the strength of the interaction between the two bands.

The data for many nuclei have now been accumulated and backbending is a
widespread phenomenon. As expected, it is typically observed when the
Fermi surface is near the low K orbits of the unique parity orbit. It tends o
disappear with increasing mass for a given sequence of isotopes as the Fermi
surface rises toward the higher X orbits.

How this works in practice can be illustrated by the example in Fig. 8.17.
The lower part, discussed earlier, shows a normal plot of E(J) vs. J and depicts
two crossings occurring at different E, J and crossing frequencies (Aw). The
insets show typical Nilsson diagrams for proton and neutron unique parity
orbits and indicate where the Fermi energies (£,) are in this example. We can
now understand the expected systematics of backbending in this region. As Z
increases, £”, (proton Fermi energy) increases. Moreover, the deformation 8
increases as deformation driving orbits are filled. For both reasons, the energy
required to occupy the low K unique parity orbits decreases. Hence, the
proton crossing (labeled x in the inset) occurs at lower energy and angular
momentum and hence lower Aw. As N increases, the deformation decreases as
polar orbits are encountered. Hence the proton crossing frequency increases
with N as the energies of the proton unique parity orbits rise. The neutron
crossing frequencies have an opposite behavior. They decrease withincreasing
N (decreasing ) since the energy separation to the low K orbits decreases, but
increase with Z because the deformation increases. These ideas are sketched
in the figure as crossing frequencics for protons and neutrons. While the
arguments are qualitative, they are borne out both experimentally and thco-
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retically in a cranked shell model calculation in a region such as the neutron
deficient Xe-Ba-Ce nuclei, to which this example applies.

There is no reason why there should not be backbending in odd nuclei, and
this has indeed been observed. Again, the study of such states has become a
major “industry” in itself and cannot be described in any detail here. There is
one particular point deserving mention, however: the use of backbending
studies in odd mass nuclei to identify the nature of the specific particles
producing the backbend in the neighboring even-even nuclei. So far, we have
made little mention of whether or not the unique parity orbits involved are the
proton or neutron orbits. In the rare earth region, backbending can be caused,
for example, either by aligning two protons in an h ., orbit or two neutrons in
ani,, orbit. Itis difficult to distinguish these two from the backbending plot
inthe even nucleus itself. However, the odd nucleus can be used toresolve this
ambiguity with the technique know as odd particle blocking. The basic idea is
extremely simple. Consider an even—even nucleus in which the backbending is
caused by alignment of two-neutron quasi-particles in a specific low K unique
parity orbit. Now consider the rotational states in the neighboring odd proton
nucleus where the odd proton is in a low K unique parity orbit. As the spin
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Fig. 8.18. Example of the odd particle blocking technique for intrinsic excitations in 1%y
(Riedinger, 1974).



312 Collectivity, Phase Transitions, Deformation

increases, there is no reason why two low K neutron quasi-particles cannot
align. Therefore backbending should ensue, and at approximately the same
frequency as in the neighboring even—even nucleus. On the other hand, if one
considers a rotational band built on the same unique parity low K orbit in the
neighboring odd neutron nucleus, the alignment of two neutrons in that orbit
will be blocked by the prior occupation by the last odd neutron. There should
be no backbend, or at least a greatly reduced effect. If this is observed, one
deduces that the backbend in the even-even nucleus results from neutron
alignment. This technique has been exploited in many nuclei and an example
is given in Fig. 8.18. Here we see a case where backbending occurs in the even
nuclei 'Yb. In the neighboring odd nucleus **Yb, the band based on the h,,
orbit also backbends, but not that based on the 1,,, orbit. Thus one deduces
that the backbending in '*Yb nuclei is caused by the i ,, neutrons and not h,
neutrons, at least at this transition frequency.

The study of high-spin states, backbending, and related phenomena in
heavy nuclei has become a major area of activity in the last decade and an
enormous literature has developed. It is not our purpose here to summarize
either it or the many refinements and improvements that have been made o
this simple picture. Our aim is rather to provide some insight into the
“traditional” background. Sufficc it to say that much more sophisticated
calculations are now standard, involving a “cranked” or rotated shell model
that quantitatively accounts for the transformation from the body-fixed Nilsson
scheme to the actual rotating system in the laboratory. Some of these calcula-
tions include the effects of axial asymmetry or hexadecapole deformations as
well,

Empirically, double and even tripie backbending has also been observed at
higher transition frequencies. This has been interpreted in terms of the
successive alignment of first one pair of particles along the rotation axis and
then a second pair and sometimes even a third. Note that this reduces the
overall pairing strength. At very high rotation, the alignment of all pairs can
lead to a situation of complete pairing collapse. The study of unpaired intrinsic
states is a currently active field.

Another phenomenon which has recently attracted much attention is that
of superdeformation. This refers to a state at much larger than normal
quadrupole distortion, typically 8 ~ 0.6. It has now been widely observed at
spins J ~ 40-60 in many rare earth nuclei and, possibly, at lower spins in the Hg
region. Its explanationinvolves steeply downsloping Nilsson orbits, stemming
from the second oscillator shell above the valence one, that descend, with
increasing f, into the low-lying spectrum. Their occupation tends to stabilize
very large deformations.

Clearly, as ever higher spins are sought and attained, increasing sophistica-
tion in data acquisition and analysis is required and a remarkable richness of
phenomena unfolds. From all this has developed a deeper understanding of
rotational particle coupling, nuclear shapes and potential energy surlaces, the
phenomena of superdeformation and pairing collapse, and so on. The reader
is referred to a fascinating literature,
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MICROSCOPIC TREATMENT
OF COLLECTIVE VIBRATIONS

Although there are many microscopic approaches to deriving the structure,
energies, and systematics of collective states from the shell model, there is one
that has been widely used for nearly three decades, is still commonly encoun-
tered, and is easily adaptable to higher-order treatments. Moreover, it clearly
shows the basic microscopic physics that must be at the heart of any approach.
The technique referred to appears in two forms, the Tamm-Dancoff Approxi-
mation (TDA) and the Random Phase Approximation (RPA). Doubtless, the
reader who is at all versed in nuclear structure physics has encountered
calculations carried out in the RPA or references to such techniques. Except
to the practitioners of this art unfortunately, the phrases TDA and RPA tend
toelicitfear and mystery. Those sections of theoretical papers describing such
calculations are frequently glossed over, and the reader quickly leaps to tables
or figures of the results. This is unfortunate for two reasons. First, these
sections often contain important information on the input physics (e.g., single-
particle energies, interaction strengths, etc.). Second, these techniques are
actually rather easy to understand if they are presented in a simplified form
that illustrates the essential physics rather than in an abstract formalism
designed to cover every generalization. In the next few pages we shall present
a simple derivation and discussion of the basic ideas involved, and then
illustrate the techniques with a particular calculation for rare earth nuclei. As
the reader will see, the end result will not only be a set of predictions for
comparison with experiment but a deeper understanding of the microscopic
nature of many aspects of collective behavior as well as of a very useful, but
often obscure, tool. It will then be easy to make predictions of the basic
structure of particular collective states without detailed or complex calcula-
tions. Simply by visual inspection of a Nilsson diagram, we will be able to
predict the energy behavior of collective vibrations (e.g., ¥ or octupole), the
systematics of their collective properties (e.g., B(E2) or B(E3) values), and
even such details as whether they should be seen in single nucleon transfer
reactions. In short, a simple understanding of the basic ideas behind the
microscopic structure of collective states will give us the ability to anticipate,
without calculation, many results of detailed RPA or TDA calculations.

The following derivation, inspired by Lane, may seem rather formal and
abstract, but it is in fact easy to follow and leads to some very simple, powerful,
and useful results.

313



314 Collectivity, Phase Transitions, Deformation

9.1 Structure of Collective Vibrations

To start, we denote the ground state wave function of a many-body system by
¥, ¥, is an eigenfunction of a Hamiltonian, H, such that

HWYo=Eo¥o (9.1)

We call ¥, the vacuum state and will see exactly what this means later.
Consider now an arbitrary operator Q' that acts on ‘¥, giving a new wave
function ¥,

V=050 2)

Now, suppose, and this is the key point on which all else depends, that O !
happens to satisfy the operator relation

[H,0]]=(H0}-0}H)=0.0], 93)
Although we have yet to specify what form O_" must have for Eq. 9.3 to be
obeyed, or what @, is, let us center our attention for the moment on the
implications of this equation. Writing out Eq. 9.3 explicitly and acting on ‘¥,
we have

HO!¥o- O/ H¥o=w.0! %o
Using Eq. 9.2, this is
HY¥o O HYo=0a¥a
Using Eq. 9.1, we have
HY¥o O Eo¥o=0a¥s
or, since E_ is a number, not an operator,
HW¥o EoO!Wo=w,¥a
Using Eq. 9.2 again, we obtain
HYo-EoYo= 0a¥Pa
or, finally
H V¥ o= (0ot Eo)¥a (94)
Thus, ¥, the result of acting on ¥, with O}

a) is also an eigenfunction of H, and
b) has an excitation energy @, with respect to the ground state E,.

Thus, O is a creation operator for the excitation . This basic idea, plus some
simplifying assumptions about the structure of O ', is the basis for the TDA
and RPA.

To proceed, we obviously need to find operators O that satisfy Eq. 9.3.
Alternatively, we can ask what the condition is such that Eq. 9.3 is satisfied. To
see this, let us expand O in another set of arbitrary operators that form a
complete set:
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0!=Y X0, (9.5)
r

That is, the wave function for excitation o is

\Pa=( Z Xar Or' \PO (96)

This is basically a definition of the expansion coefficients X . Using Eq. 9.5
in Eq. 9.3 gives

{H,ZXIZSOS] =C0azXaror
) r

where, to avoid confusion, we use different subscripts in the independent
summations on the two sides. Since the X coefficients are just numbers, we
have

zXas[H,Os]=waZXar0r 9.7)

Now, we define a set of coefficients, M, by the relation
[H,0,]=Y M0, 9.8)
and substitute this into Eq. 9.7: '
Y Xas Y M 0r=0ay, Xor O,
or, ' r '
Y My Xos0r=0a), Xar O, 9.9)

8,7 r
This, however, is just a matrix equation that must be satisfied for each r and
can be written

M Xa = (DaXa (910)

where M is the matrix whose elements are M and X is a column vector with
elements X_.

Thus, Eq. 9.4 and the condition on the O !, Eq. 9.3, follow if Eq. 9.9 holds.
Alternatively, if Eq. 9.9 is true, then defining the O ' by Eq. 9.5, we find that
Eqgs. 9.3 and 9.4 are obeyed.

At this point, it is probably not clear why we have indulged in this process of
piling definition upon definition. The aim was to produce Eq. 9.9. The reason,
and the practical use of all this is as follows.

The basic idea of the TDA and RPA (or higher-order approximations) is

a) to make assumptions about the operators O, defined in Eq. 9.5

b) to then use the definition given in Eq. 9.8 to solve for M (that is for the
elements M)

c) to then use these M s in Eq. 9.9 to solve for the X .

By Eq. 9.5 we then know the detailed structure of the operators O ' that creatc
the excitation ¥’ ! If this seems amazing and magical, good. If it seems abstract
and artificial, be patient.
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To remove a little of the magic (but hopefully not the awe), let us consider
two simple assumptions for the O s and see what results. Suppose the O’s
have the schematic form:

i) Ol =A! (9.11)
O, creates a particle~hole excitation by raising one nucleon to orbit j
ii) OT~Al+A; (9.12)

O, creates and destroys a particle-hole excitation, denoted, for the moment,
simply by j. Later, when it becomes necessary to specify both orbits involved
in excitation “j,” we will expand the notation.

Approximation or assumption (i) is called the TDA and (ii) is called the
RPA. Before proceeding, we use the general forms of (i) and (ii) to understand
the meaning of the TDA and RPA.

We need only to recall that ‘¥ is the ground state. That is, any destruction

operator acting on ¥, must give zero:
O0.¥0=0 (9.13)

For the TDA (assumption (i)), this is equivalent to
0a%¥0=) Xor A, ¥o=0

This will hold if A ¥, = 0 for all . Therefore, this ¥, has no particle-hole
excitations r. If it had any, A could destroy one, giving a nonzero wave
function that did not contain a particle in that orbit. Thus, ¥ mustbe a closed
shell nucleus. Alternatively phrased, ' has no builtin correlations. The TDA
therefore corresponds to creating excitations from a very simple, uncorre-
lated, uncollective ground state.

Assumption (ii), the RRA, on the other hand, means that we define O, in
terms of Eq. 9.5 by

of,:zr: (Xa,Ah Ya,A,)

where, for convenience, we have separated those arbitrary operators “O_” that
are particle-hole creation operators (denoted A ') from those that are
particle-hole destruction operators (denoted A ). Thus, we have

Oa\P0=(ZXarA;r+YarAj) Yo=0
r
But by definition, ‘¥, is the ground state, implying that
AlW,=0 (9.14)

for those r for which Y # 0. But A" creates a particle-hole excitation r.
Equation 9.14 holds then if ¥ already contains such a particle-hole excitation
so that A 'is “blocked.” Equation9.13 can also be satisfied by cancellations of
several terms (X and Y_ terms), which again implics the existence of
particle-hole excitations in W . Thus, although ¥ is itself the ground state
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Fig. 9.1. Highly schematicillustration of the difference between the TD A and RPA approxima-
tions to the microscopic structure of collective excitations.

wave function, it already has some built in excitations (or correlations, or
collectivity). We illustrate the TDA and RPA in a very schematic way in Fig.
9.1. We expect that the RPA will be a somewhat more realistic or better
approximation, at least for nonclosed shell (or subshell) nuclei.

Now, let us use the approximations (i) and (ii) to see how they allow us to
solve for M, and hence for O, ¥ , and w_. If we do this, we will then know
both the microscopic structure of the excitation o directly in terms of the
occupation of the single-particle shell model orbits and the excitation cnergy
of this excitation!

For simplicity, we consider the TDA, approximation (i). Then, Eq. 9.8 is

[H,Af} =Y MiA] (9.15)

Multiplying by A, on the left, writing out the commutator, and taking the
matrix element of Eq. 9.15 for state \¥, gives
\Yo>

\po>~<\yo‘ A,~A§H' %>:<\Po
Recalling that A " and A simply create and destroy particles in orbit s, and
abbreviatling wave functions ‘¥, = A "¥_ by s, (and similarly for i), we have

<\P0’A,~H Al

AY M Al

(i H| .¥>~<‘¥’0’ AiAIHf ‘Po>:z Mu<‘1’ol AiA;

‘P0> (9.16)

where we also used the fact that the quantities M are just numbers.

Now, the right sidc of Eq. 9.16 vanishes unless» =i (since for r #{ it contains
the factor (W | A AT | W) = (¥, | A, | ¥ ), which vanishes by orthogonality since
¥ has no particle in orbit i to be destroyed). For r = i, we have on the right side,
(W, IMAAT|®Y)=M_. So
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(i| HI s)—<‘I’o' AiAjH' ‘P0>:Mis

But the second term on the left, (¥, | AA'H | ¥) = (¥, | AA'E, | ¥, also
vanishes unless i = s, in which case it is given by the ground state energy E,.
Thus, we have the simple result
Mis=(i|H|s5)~ Eo &=(i| H|s) (9.17)

since we can choose to set E = 0. The particle-hole (or quasi-particle) energies
contained in H are energy differences between empty and filled orbits. We call
these energies Ae. In the RPA, a similar derivation yields a slightly more
complicated result that the reader can easily work out using analogous argu-
ments.

This result, Eq. 9.17, simply states that the matrix elements M, of the matrix
M that, via Eq. 9.9, give the coefficients (vectors) X and the energy w,
defining the excitation ¢, are equal to matrix elements of the Hamiltonian
between states i and 5. In order to calculate this explicitly, we need only to
make some choices for H = Ae + V. Starting from a shell model or Nilsson
model that gives the particle-hole energies Ag, we need only specify the
interaction V. Suppose we make the reasonable assumption that V is a
quadrupole interaction. Then,
where the @’ are proportional to the transition quadrupole matrix element
from the ground state to a particle-hole state with the particle in orbit i or j.
That is, Q, means (i 1Q ; | Y =i | ry, | ¥. Cis the strength of the interaction.
For an attractive interaction, C <(. To keep the notation simple, recall that we
have specified each particle-hole excitation by a single subscript. Technically
this is incomplete; each such excitation involves elevating a particle to some
empty orbit and vacating a filled one. Aslong as no confusion results, we shall
keep to this notation but the reader should keep in mind that each Ag, involves
a pair of orbits and the energy difference between them.

Substituting Eq. 9.18 in Eq. 9.9 and using Eq. 9.17, we have

Z(rl H‘S)Xasorzwazr:XarOr

or
Z[Agr&s +<r| Vl S)] XasorzwazXarOr

5,7

or
ZAErXarOH‘CZ QsQrXasOr :CoazXarOr

5,7 r

This must be satisfied for all r, so
A 61Xay+cz Qs QrX(XS :a)aX(ZV

or

(5/— C()a)Xay:— CE Qx QIX(ZS
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or, finally, we get the expansion coefficients or amplitudes for the wave
function ¥ of Eq. 9.6

p O M ©.19),,,

To find the eigenvalues @, we multiply Eq. 9.19 by O, and sum over r,
obtaining

07 Qs Xas
ZXarQrzcz —_—
r r a)a—Asr

But X Q, on the left is identical to £ X O on the right, so cancelling
these, we have

1.y 0/
c Z S (9.20).,,
which is the desired result. Note that the wave functions specified by the X
and the energy w, are now written in terms of completely known quantities:
single-particle energies and single-particle transition quadrupole moments.
Given a single-particle model (shell, Nilsson, etc.), they are easily calculable.
Indeed, we shall see shortly that, using these results, we can for example
virtually “derive” ¥ vibrational wave functions by inspection of the Nilsson
diagram without detailed calculations.
We emphasize thatin Eq. 9.19, the quantity ZQ X is just a number, so that

AQ AT Ae;

/
i
]
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Fig. 9.2. Tllustration of the solution to Eq. 9.20,,,. The energies @, correspond to those points
where the vertical curves cross the “1/C” lines. The lowest (rightmost) solution is the collective

one (Ring, 1980).
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the coefficients of the vibrational wave functions for the excitation o are
simply proportional to Q/(Ag, - w,). This fundamental result is of great
importance.

Recall that the O, are the quadrupole transition matrix elements connecting
the ground state with a particular (rth) particle-hole excitation. Thus the
amplitude for particle-hole excitation r in the vibrational wave function is
proportional to the matrix element for a quadrupole transition to this
particle-hole excitation and is inversely proportional to the difference be-
tween the particle~hole energy, Ag,, and the vibrational energy, o,
Particle-hole excitations that require energies close to @, and have large
quadrupole matrix elements are strongly favored.

The eigenvalue Eq. 9.20 has several possible solutions that are labeled a.
These correspond to those energies @, such that the right-hand side takes on
the value 1/C. These solutions are illustrated in Fig. 9.2. One solution always
appears significantly lowered in energy. This is the collective vibration.

It is easy to see this if we take a highly simplified example. Suppose there
are N identical particle-hole energies Ae and that the Q values are also all
equal. Then the lowest solution has the wave function amplitudes

Xar=a Qr

where a is just a constant. By normalization of this N-component wave
function, we have a = (1/ WQ,). This means that the wave function consists of
a sum of equal amplitudes for all particle-hole excitations, with all amplitudes
in phase. This is exactly the formal definition of a coherent or correlated wave
function, which has many comparable amplitudes contributing with the same
sign. To see how this collectivity manifests itself, let us calculate an E2 (or
quadrupole) transition rate from the vibration « to the ground state:

N
(¥l 2 #0)=3 (0 o] o)

NOr_yN o,
YN
Hence,

B(B2: Wuiba—> Wo) < (Yal| Yo | ¥0) =N @/

which is N times the single-particle B(E2) value. Since this exhausts the total
strength, it follows that no other solution has any strength. Of course, thisis an
extreme simplification, but it does demonstrate what is meant by collectivity
and coherence and how they arise from this microscopic formalism.

Finally, the eigenvalue for the collective solution in this degenerate case is
given from Eq. 9.20 by setting all (w,— A¢,) constant, giving

N
Eviba=wa=A&+CY, Q7 =A&+NCQ} (9.21)

r=1
The vibrational energy is lowered (recall that C <0 for an attractive residual
interaction), relative to the (common) particle-hole energy by the large amount
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NCQ? This leads to an alternate viewpoint on the structure and origin of the
vibrational wave functions since they are identical to those we obtained in
Chapter 1 for the mixing of a set of degenerate levels. The lowest wave
function (see Eq. 1.13) was a sum of equal amplitudes for all basis states: this
state was lowered by an amount proportional to the number of admixed states
while all of the others were raised in energy.

Before closing this discussion and looking at applications of these ideas, it is
worth recapitulating the key ingredients that lead to the results obtained:

* We discussed a simple but abstract operator formalism leading to the
essential Egs. 9.3, 9.4, 9.5, and 9.8. Equations 9.3 and 9.4 show the
properties of the excitation o whose structure we are interested in.
Equation 9.5 defines the creation operators O ' and Eq. 9.9, with the
definitions of Eq. 9.8, gives a means for solving for the coefficients X
that define the wave function ¥, of Eq. 9.6, and for the energies @,

* We made simple choices for the form of the various operators O '. These
correspond to the TDA (O, contains only particle-hole creation opera-
tors) and the RPA (O _! contains both particle-hole creation and destruc-
tion operators).

* We made a simple choice for the residual interaction V. This stepis often
called a schematic model. Doing this allowed us to calculate the X s,
hence the O_"s, and hence the structure and energy (@,) of the vibra-
tional state ¥ .

The TDA represents the gross approximation that the ground state is a
pure, undisturbed, closed shell nucleus. This is generally not realistic and the
use of the RPA toincorporate ground state correlations is more common. We
therefore present (without derivation) the eigenvalue results analogous to Eq.
9.20..,,, for the RPA:

TDA?

yoi 11

1
C 7 Wa—AE We+AE,
or

=23 QF B (9.20)

" CDa A 82 RPA

This is similar to the TDA expression except for the more complicated
factor multiplying the O 2. Note that, in the degenerate case (all Ag, equal) this
gives

wi-Ae?=2CAeY QF
or .
waz(Ae,2+2 CAeY Q,Z)5
r
or, if all the Q are equal,
2 2\2
0a= (82 +2CAENQ; )2

Using Eq. 9.20,,,, and labeling the energies o, as @, ™°* or @ ™, we have
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ifall the Q are equal. This shows that @ ** is always less than @ ™. The RPA

leads to greater collectivity.

We close this section by noting that the discussion has been phrased in terms
of spherical single-particle-hole energies g and single-particle quadrupole
moments (or other moments for other choices of V, such as octupole mo-
ments). However, as hinted at a couple of times, the single-particle energies
can be Nilsson energies equally well, and the A" s and A s can be creation and
destruction operators for Nilsson orbits. Then ¥ is the ground state of the
deformed nucleus. A related point concerns our choice for V in our example
of aschematicmodelin Eq.9.18. It seems toignore the short-range parts of the
residual (nonsingle particle) interaction such as the pairing interaction.
However, the whole formalism is identical if the pairing interaction is incorpo-
rated into the definition of the single-particle or Nilsson energies by defining
these as quasi-particle energies instead of single-particle energies. Then the
TDA or RPA can give the structure of vibrations in deformed nuclei in terms
of amplitudes for specific Nilsson quasi-particle excitations. We thus see how a
rather formidable looking formalism leads simply and elegantly to an easy way
of deducing the particle (or quasi-particle) composition of specific collective
vibrations. This is one answer to the apparent dichotomy that we noted earlier
between the independent particie picture of the nucleus and the existence of
collective excitations and correlations. The key element, of course, is in a
sense inserted a priori by defining the operators O ' as linear combinations of
single-particle (or two-quasi-particle) operators and by simplifying the
interaction V. Ultimately, the method is tested by its agreement with experi-
ment. This test has been passed many times, making the result a useful,
clegant, and powerful approach to the microscopic structure of collective
vibrations.

9.2 Examples: Vibrations in Deformed Nuclei

The formalism just developed is ideally suited for understanding the micro-
scopic structure of vibrations in spherical nuclei. Indeed, calculations for
nucleisuch as Pb or Sn were amongits first applications. Since these nuclei are
singly magic, the simpler TD A is areasonable approximation and is frequently
used. Pioneer applications of this formalism to such cases were made by
Kisslinger and Sorenson and are described in many texts. We will turn instead
to the application of these ideas to deformed nuclei.

Departing {from singly magic nuclei, the p—n interaction rapidly induces
configuration mixing that obscures shell structure. The onset of deformation
affects the single-particle energies, as we have seen in the Nilsson scheme. So
for B = 0.3, any remnants of the 50, 82, or 126 shell gaps almost totally
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disappear. Excitations involving orbits from the shells below or above the
valence shell must be incorporated in realistic calculations, and the RPA
becomes a necessary refinement,

Even higher-order forms of the operator O ' are sometimes applied and are
often called higher RPA (HRPA) for obvious reasons. Other approaches such
as that of Kumar and Baranger or the more recent refinement, the dynamic
deformation theory, may be used. The full sweep of many-body theory encom-
passes many varied and complementary approaches.

One of the most interesting, informative, and physically transparent appli-
cations of the RPA is to the y bands in deformed nuclei. The relevant
calculations were carried out by Bés and co-workers in the early 1960s and
remain the standard for the microscopic structure of these modes.

The basis states here are naturally the Nilsson orbits. Pairing must be
included via a BCS calculation, so that, for the ground state, there is a
distribution of occupation amplitudes over several orbits near the Fermi
energy A. This can be seen quantitatively in a modification to Eq. 9.20,,,. For
this discussion, we must specifically label both orbits involved in the quasi-
particle excitation as we must specify occupation amplitudes for each. Replac-
ing the particle-hole energy A with E + E, where the E’ are quasi-particle

energies defined by
Ei=« (6,'— X)2+A2

we have, for the energies @, the equation

Y QF(E+E)UVi+UiVyY

-4 (9.22)
C wé- (Ei+ E,‘)

where Q now means (i | ry, | /). The wave functions are now linear combina-
tions of two- quasi-particle excntatlons rather than single-particle-hole excita-
tions, but the physical idea is identical. Note thatin Eq. 9.22, E, changes more
slowly than g when (¢~ 4) < A. Therefore, a wider range of ¢ values and orbits
can contribute. Also, the pairing factor favors pairs of quasi-particle excita-
tions on opposite sides of the Fermi surface; as an analogue to particle-hole
excitations, this is not surprising,.

The matrix elements of r’Y,,, that determine the important yvibrational
amplitudes are easily deduced by writing r*Y_,, in Cartesian coordinates as

r’ Yo = (X'_tiy)z (923)

This is a field (operator) that does not change n_ (there is no effect in the z-
direction) but that changes A by +2. (For a table giving the structure of all the
low multipole operators in Cartesian form, see Mottelson and Nilsson, 1959).
Another practical selection rule is that the sum n, + n,+ n = N should be
conserved; otherwise the matrix element would involve Nilsson wave func-
tions [Nn A] and [N'n’ A’] with N = N +2. Such states are far apart (about 10
MeV). Thus, the important components of the yvibration will be two-quasi-
particle excitations involving a Nilsson orbit within about 2 MeV of the Fermi
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surface differing by AK =12, AA =42 (N, n, unchanged) from another near the
Fermi surface.

Since both K and A change by the same amount, the projection Z of the
intrinsic nucleon angular momentum will not change (AX = 0). In considering
which orbits satisfy this rule, recall that the ground state consists of a corre-
lated wave function ¥, = X ¢, + X,9, +..., each of whose components describes
two particles in the same Nilsson orbit but with opposite K values so that the
resultant K = 0. Since K = A + X, there two nucleons also have equal and
opposite A values (+tA). Hence, Y, , will also have matrix elements satisfying
the above rule that connect orbits such as [1/2 521] and 3/2[521], since the
A =#*1, K=41/2, and K = ¥3/2 components differ by AA and AK = 2, respec-
tively.

Let us now apply these ideas to a couple of examples. Consider ¥W. The
ground states of **®W are 1/2-[510] and 3/2-[512]. This approximately locates
the neutron Fermi energy in the Nilsson diagram (see Figs. 8.1 and 7.4). Then
we deduce by inspection that the important neutron components of the ¥
vibration in W are two-quasi-particle states of the form

157 [510]®3h [512], 15 [510]® 5, [512]
and
3 [s12]07 [ 514] (9:24)

The analogous proton amplitudes can be similarly deduced. To see how well
this estimate works, we show the detailed results of RPA calculations in Table
9.1, from which it is evident that we have indeed identified the most important
two-quasi-particle components.

Table 9.1. Principle neutron two-quasi-particle amplitudes (x100) for the %vihration in several
rare earth nuclei*

Two-quasi-particle states ~ 'Gd %Dy %Dy V0gr yp V8Hf 18w 18w

11/27(505] ® 7/27[514] - - = 7 7 - - =
11/27{505] ® 7/27[503] 11 12 15 25 26 21 11 8
9127[514] ® 5/27523] 9 /U
912{514] ® 5/27512] 25 23 21 20 “ - - =
912{505} ® 5/2°[503] - - - - - - mn 16
712523} @ 3/27[521] 9 12 - - - = - =
7127[514] ® 3/27(512) S 17 35 48 34 26
72[503) ® 3/27[501] I — 7 20 26
5/2(523) ® 1/27(541] 9 - - - = = = =
5127[523) ® 1/27521] 20 36 51 29 14 8 - -
si2{512] ®3/27[521] S — 9 7 - = -
5/2°[512] ® 1/27{510] - - 9 31 s6 6 32 24
3/27[532] ® 1/27530] 24 S — S —
3/2°(521] ® 1/27[541] 9 - = = e - = =
3/2[521] ® 1/2°521] 27 45 46 25 13 8 -  —
3/27[512] ® 1127510} - 8 13 2 6 70

*Bs, 1965.The table only includes amplitudes from the N = 5 shell.
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As a second case, consider Er,,,. Here the principle neutron two-
quasi-particle components of the pvibration would be expected to be

1 [521]®%, [523]
15 [521]@3; [521]
1 [s10]8% " [512]
¥y [s12]e7 [514]

7 [503)@11/; [505] (9.25)

Comparison with Table 9.1 again shows that these comprise most of the main
neutron components of the pvibration in ™Er. Perusal of this table shows how
various two-quasi-particle amplitudes systematically grow and decay across
the region as the Fermi surface rises, and how different amplitudes are favored
by the energy denominator and pairing factors in Egs. 9.20,,, and 9.22.

It is sometimes possible to test such predictions using single nucleon trans-
fer reactions. Since the W target ground state is the 1/2-[510] orbit, the (d, p)
reaction can only populate two-quasi-particle states in W of the specific form
1/2[510] ® w,,.. Moreover, they will contribute proportionally to U?, the
emptiness of ¥, in'®W. In'®W, therefore, the hole state 5/2-[512] component
should not contribute significantly to o(d, p), for the yvibration, while neutron
transfer involving the 3/2-[512] orbit should. (Of course, in ¥2W the jyvibration
must have similar structure. Hence, 5/2-[512] transfer will be important for the
1BW(d, 1)'2W cross section.) In any case, the (d, p) cross section to the various
spin states of the y rotational band in *W will be determined primarily by the
C, coefficients for the 3/27512] orbit.

The explicit expression for o(d, p) into an even—even nucleus is not quite as
simple as given in Chapter 8 for an odd-mass final nucleus, since each state of
spin J can be constructed by coupling a component (j,) of the 1/2-{510] orbit
with one j, from the 3/2-[512] orbit. In general, several j, j, pairs canlead to the
same J. Their relative contributions are given by Clebsch-Gordon coefficients.
The population of a two-quasi-particle state in an even—even nucleus in (d, p)
is thus given by a generalization of Eq. 8.1

2
O'(d,p)m=2N Y ¢1(j1 Kij2K> UK) c,| U3 (9.26)
bia

where the ¢ are DWBA cross sections (/ = j+1/2). It can easily happen that
several I values contribute to this expression for a given final state. In the case
of W, for example, the J== 2*_state can arise by coupling the target j = 1/2-
state with j = 3/2- or j = 5/2- components of the 3/2-[512] wave function; these
proceed by [ =1 and /=3 transfer, respectively. For a higher spin target such as
$Er (7/2*), there are even more possibilities. A 4~ level can be formed by
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coupling the 7/2* ground state with j, = 1/2, 3/2, 5/2,7/2, 9/2, 11/2 (the upper
limit here is provided not by angular momentum conservation but by the
available orbits in the N = 5 shell where j_, = 11/2). This involves six
contributions, with[=1,1, 3,3, 5, 5, respectively.

Thus, generally the “fingerprint patterns” in even-even nuclei will be
somewhat “washed out” and less orbit sensitive than in odd nuclei. Neverthe-
less, the (d, p) data for population of the y-band in W does have a pattern
very close to that predicted for the transfer of a 3/2-[512] neutron Nilsson orbit,
and the corresponding (d, t) data in W confirms the presence of the 5/2-[512]
orbit in the y-vibration there. Note that not only can the important orbits be
identified in this way, but their amplitudes in the pvibration may be deduced
(approximately) by comparing, for example, the cross sections into the
even—even nucleus to those for transfer of the same orbit into the neighboring
odd A nucleus. In this way, even the detailed structure of RPA calculations are
confirmed, at least for a couple of important amplitudes. Other amplitudes,
such as 3/2-[512] ® 7/2-[514] cannot be directly tested.

In a few special cases it is possible to test for amplitudes involving a non-
target-ground state orbit. As anexample,®W has a ground state 3/2-[512] and
alow-lying 1/2-[510] excited state. If W were stable, permitting the relevant
(d, t) reaction to W, it would be possible to study the 1/2-[510] ® 5/2-[512]
component in the W yvibration, because the (3/2°) ground state of **W has
a strong Coriolis admixture of the 3/2 1/2-[510] state. (The case starting with
1BW is not the same, even though here too the 1/2[510] and 3/2-[512] orbits are
admixed, since the 1/2- W ground state cannot contain a 3/2 3/2-[512] admix-
ture.) In the ®W(d, t)"*W case, the y band would be primarily populated by a
coherent combination of the components 3/2-[512] ® 7/2[514] and 1/2-[510] ®
5/2[512].

To return to our discussion of the structure of collective excitations, we see
how an understanding of the basic formalism and philosophy of the RPA
allows us to understand and even anticipate the detailed microscopic structure
of excitations such as the y vibrations of deformed nuclei. A little further
thought reveals five additional basic features of these excitations.

First, the unique parity orbit is generally unimportant in the y vibration,
since this vibration has positive parity and therefore both quasi-particles have
to be in a unique parity orbit. But, from the sequence of asymptotic Nilsson
quantum numbers, we see that any pair with AK = 2 also has An, = 2, and
therefore will not be connected by a r?Y,,, operator.

Second, since the important orbits are those within a certain distance of the
Fermi surface, the y vibrational wave functions will not change radically from
one nucleus to the next or even over a small region. This is almost a
requirement of a collective mode. We can go even further and predict how the
structure will vary. From our discussion of the relevant (large) matrix ele-
ments and of the role of the energy denominator, it is clear that a given Nilsson
orbit will, for some mass A, be high above the Fermi surface and will contribute
little. As A (N or Z really) increases, this Nilsson orbit will drop closer to the
Fermisurface and gainimportance. Later, it will become a hole state and begin
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decreasing in amplitude as it recedes further from the Fermi energy. Thus, for
most two-quasi-particle excitations, a plot of their contributions against N or Z
(whichever is relevant) will be bell shaped. Inspection of Table 9.1 shows that,
for most orbits, this is precisely the observed behavior. Amplitudes for two-
quasi-particle states such as 9/27[514] and 5/27[512] containing an excitation
from the h,,, orbit from the next lower major shell peak early in the deformed
region. The 5/2-[523] ® 1/27[521] component increases into the deformed
region and attains its maximum amplitude near N = 98 (**Dy), but contributes
little for N > 104. Finally, the 7/2 -[514] ® 3/2-[512] combination is negligible
until rather late in the sheil, but becomes strong near N = 108 and again drops
off in importance near N = 112.

Third, we note that for any given nucleus, the number of significant compo-
nents is surprisingly low, typically three to five for neutrons and slightly fewer
for protons (since the protons are filling the lower shell with fewer orbits).
Thus the word “collective” must be taken in context. One should notimagine
50 to 100 nucleons or amplitudes significantly involved in this or other collec-
tive excitations.

Fourth, one should address the question of how the collectivity (as meas-
ured, for example, by large B(E2:y — g) values) arises if only a few orbits
contribute strongly. This is especially so since “single-particle” B(E2) values
in odd-mass deformed nuclei (i.e., B(E2) values where one particle changes its
Nilsson orbit) are much smaller than in “shell model” nuclei. The former are
typically 1073 to 10~ s.p.u., since the shell model strength is fragmented by
configuration mixing in deformed nuclei. Yet B(E2:y—> g) values are typically
=10 s.p.u. This can only arise then as a specific effect of coherence: the
dominant contributions to these E2 matrix elements must add in phase.

This can be understood (at least qualitatively) by expressing the structure of
the vibration in an equivalent but, in a sense, inverted picture that we alluded
to briefly earlier. Instead of conceiving the vibration as built up of components
that arise by operating with Y, , on the orbits near the Fermi surface,
imagine a set of closely spaced two-quasi-particle states at some excitation
energy (e.g.,2 to 3 MeV) that mix by an appropriate interaction (that need not
be specified). Then, by the arguments concerning two- and multistate mixing
in Chapter 1, one level will be pushed down and its wave function will have the
most coherent admixture of amplitudes. More specifically, if one starts with
the idealized case of a set of degenerate levels with equal mixing matrix
elements, the lowest state after mixing is described by a thoroughly mixed
wave function (see Eq. 1.13) with all amplitudes identical and with the same
phase. For the still schematic case of nondegenerate but equally spaced initial
states that mix with equal matrix elements, a similar result is obtained. For the
more realistic case of more or less random initial spacings but roughly
comparable PY,,, matrix elements (since otherwise the orbits in question
would not be important in the y vibration), the same qualitative feature
persists. Sample diagonalizations show this. In particular, the lowest state
always has its various wave function amplitudes in phase. Thusthe B(E2:y— g)
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values will have the maximum possible collectivity consistent with this set of
orbits and matrix elements.

This leads to the fifth feature—the energy systematics of the yvibration—
which we can again deduce qualitatively without explicit calculation. We need
only refer once again to the aforementioned mixing calculations and recall that
(taking for simplicity the case of N degenerate levels mixing with each other
with equal matrix elements) one state is pushed down well below all others and
that its energy lowering is (N — 1)V, where V is the mixing matrix element.
Thus the y vibration will be lower when there are more contributing (mixing)
states. This occurs precisely when there is an abundance of Nilsson orbits near
the Fermi surface with identical n, values so that many large r*Y, ,, matrix
elements with An_ = 0, AA = 12 contribute.

It was shown in our earlier discussion of the Nilsson model that at the
beginning of a shell, the steepest downsloping orbits have high n_(for prolate
nuclei). Since these orbitenergies are so strongly correlated with the extent of
the wave function in the z direction, even neighboring orbits will have different
n, values. This makes it difficult to find nearby orbit pairs with AA =2 and
An,=0. Near the top of a shell, the large changes in orbit angles for different
K values means that there will be fewer orbits and that they will be further
apart on average. Thus, both cases only permit a few important y-vibrational
amplitudes. Just before midshell, however, one encounters a region where
orbits with various n, and A values congregate so that there will be more
contributing An_ =0, AA = 2 orbit pairs, hence greater collectivity and a lower
¥band energy. This qualitative behavior is sketched in Fig. 9.3 (which also
includes actual values calculated by Bés). These may be compared with the
observed systematics shown earlier in Fig. 2.17. The similarity of both ob-
served and calculated patterns to our simplified estimates is remarkable. (The
sharp drop empirically observed in E near A = 190 is beyond this approach
since it involves the onset of ysoftness and large y_ values evenin the ground
state.)

It is worth noting that this systematics stems from the specific detailed
microscopic structure of the y vibration. It is not simply a handwaving
statement that vibrations will be lowest, and be most collective, at midshell
where there are the most valence nucleons. Few of the valence nucleons
actually participate. Moreover, other excitations, such as the f vibration (see
the following), have radically different systematics.

Similar arguments can be applied to other vibrational modes such as octu-
pole (or hexadecapole vibrations). For example, for K = 0~ octupole vibra-
tions, the relevant operator is Y, , and hence An_ =13 AA =+) amplitudes are
critical. Being of negative parity, octupole vibrations need two orbits of
opposite parity. Thus, they must involve the unique parity orbit, and therefore,
there will not generally be as many available two-quasi-particle states that can
contribute. Octupole vibrations thus tend to be rather high-lying and not very
collective. They should lie lowest early in the deformed region where there are
anumber of An =+ 3, AK =0 combinations involving excitations from the high
jnormal parity orbits into the unique parity orbits.
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Fig.9.3. Qualitative estimate of the systematics of , §, and octupole vibrations across ashell. The
second panel shows the actual calculations for a yvibration from Bés (1965).

For neutrons in the rare earth region, for example, amplitudes such as
1/2-[530] @ 1/2*[660], 3/2-[521] ® 3/2*[651], and 5/2-[512] ® 5/2*[642] can con-
tribute. As the shell fills, the low K unique parity orbits, whose participation
is essential, begin to fill in the ground state, effectively blocking the collectivity.
Thus K =0, 3~ excitations should rise in energy. Late in the shell, the normal
parity orbits are all low K, while the nearest unique parity ones are high K.
Hence K = (- octupole excitations are inhibited. Now, however, K = 3-
octupole vibrations, with amplitudes satisfying An, = 0, AA = #3 such as
11/27[615] ® 5/2-[512] or 9/2*[624] ® 3/2-[521], begin to increase in collectivity
and drop in energy. Thus one expects the qualitative systematics shown in Fig.
9.3, where the K sequence of successive octupole excitations in a given nucleus
is seen to change from K =0-3 to K = 3- 0 as a major shell fills. This
inversion of K ordering across a shell is verified in detailed calculations by
Neergaard and Vogel and confirmed by experimental systematics. It is inter-
esting that this inversion arises from the interplay of the quadrupole (Nilsson
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diagram structure) and octupole (Y,,, operators) modes. As a consequence,
the locus of the lowest /7= 3~ excitation (regardiess of its X value) will have an
undulating character. First the K = 0~ excitation drops. Then it rises, and the
K = 3~ excitation drops in energy.

It is instructive to apply similar arguments to the f vibration. Here one
encounters a different situation because of the K = 0 requirement, for which
the relevant operator is ’Y,,. this has large matrix elements only between
Nilsson orbits with AN = 12, An, = +2, AA = 0. However, any AN = 2 matrix
elements will naturally be small because of the large energy denominators. It
is not surprising then that 8 vibrations are generally less collective than y
vibrations.

The collectivity that characterizes these states must arise from a completely
different origin. It occurs as a consequence of pairing correlations according
to an idea outlined in Chapter 1. The pairing interaction smooths out the
Fermi surface, leading to a gradual falloff in occupation amplitudes for Nilsson
orbits around the Fermi energy. Thus, the ground state consists of a linear
combination of two-quasi-particle components, each with K = 0 and with the
two particles coupled antiparallel in the same Nilsson orbit. We then need to
evaluate the matrix elements of 1°Y, not between two-quasi-particle (Nilsson)
states but between two different linear combinations of pair wave functions.
For simplicity, consider a case of just two orbits, a and b, mixed by the pairing
interaction, and let the ground state and an excited K = 0 state be orthogonal
admixtures:

Ves=aa+b @b
Yo =—b¢a+a s

The calculation of ( yfof | ry, | v,,) is just a special case of the general result
discussed in Chapter 1° we have now
0a)]

< )-ablfoYae 4 {:
+(a2—b2)<¢a” r2Y20||¢b> (9.27)
The last term vanishes since Y, | cannot change the orbits of both particles.

The first two matrix elements are just the quadrupole moments of two par-
ticles in orbits b and a, respectively. Thus,

( + rZYzo“%&):a b[Qb—Qa] (9.28)

and this is small unless the orbits a and b have very different quadrupole
moments.

As we have discussed, the orientation of a Nilsson orbit (and hence its
quadrupole moment) is closely linked to its up- or downsloping character. For
prolate nuclei, downsloping orbits are equatorial and have prolate quadrupole
moments, while upsloping orbits are oblate. So j vibrations should be rcla-
tively collective and low-lying only in regions of the Nilsson diagram where
orbits with very different slopes lie near each other. Inspection of Fig. 7.4

rzYzo‘
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shows that at the beginning and end of major shells, regions of strongly up- and
downsloping orbits approach each other from different shells. (The fact that
they have different N values is inconsequential, since the allowed Y, matrix
elements in Eqgs. 9.27 and 9.28 are diagonal: they do not connect the two orbits
involved.) Near midshell, there are virtually no such orbit combinations.
Thus, S vibrations should be low in energy at the start and end of a shell and
should peak (and have the lowest collectivity) near midshell. Thisis illustrated
in Fig. 9.3 and can be compared to the empirical situation in Fig. 2.17. The
qualitative agreement is reasonable.

The brief discussion of the TDA and RPA formalism in this chapter, and its
application to some of the most important low-lying vibrations in medium and
heavy nuclei is meant only as an introduction to the field. In practical
calculations there are numerous subtleties (e.g., detailed choices of single-
particle energies) and sophistications (e.g., higher-order operators, O_, than in
Eqgs.9.11 and 9.12, or other related approaches involving self-consistent many-
body theory). Nevertheless, the underlying physics is always similar to that
outlined here. It is hoped that the present discussion will have removed some
of the mystery from such calculations and indicated how simple arguments,
based on the form (operator) for each type of vibration and the available
single-particle orbits, can lead to reasonable deductions of the principle wave
function components, their mass dependence, collectivity, and energy sys-
tematics.
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10

A FEW SELECTED EXPERIMENTAL TECHNIQUES

The extraction of nuclear structure information from experimental observa-
tions has been implicit in much of the foregoing discussion. On numerous
occasions we used the energics of certain levels, transition rates, ratios of
energies, or ratios of transition rates to glean an idea of the underlying
structure.

In this chapter we will briefly outline the key ideas characterizing a few
experimental techniques that illustrate the rich variety of experimental tools
available to elucidate nuclear structure. In no sense will the discussion be
complete either for any specific technique or as a summary of all possible tools
available. The choice of technique to be described is largely arbitrary, dictated
in part by the information each provides, but especially by the author’s experi-
ence.

We have already used single nucleon transfer reactions, such as (d, p) or
(d, t), to help gain a detailed understanding of the behavior of odd-mass
deformed nuclei. The use of stripping and pickup reactions to study near-
closed-shell spherical nuclei actually came first. It was in such work that the
concept of spectroscopic factor was first developed (the analogous quantity for
deformed nuclei is C2, or C>,U?). We will not dwell further on these techniques,
but will turn instead to a few others to show a variety of empirical approaches
to nuclear structure.

The basic data needed to probe nuclear structure is extremely varied. They
include nuclear masses and binding energies, level energies and J* values,
reaction cross sections, relative and absolute yray transition rates, electric and
magnetic moments (especially quadrupole moments), B decay rates, nuclear
radii, and so on. Here, we will illustrate the experimental side of nuclear
structure physics by brief, mostly qualitative, discussions of Coulomb
excitation,“complete” spectroscopy, with emphasis on average resonance cap-
ture (ARC), and heavy ion reactions, in particular (H.1., xny). In each case the
discussion will be elementary, aimed at introducing the basic ideas and ap-
proaches, the type of physics they provide, and the advantages and limitations
of each technique. No attempt will be made to encompass the highly evolved
sophistication in their current use.

10.1 Coulomb Excitation

This technique has, since its introduction in the 1950s, provided perhaps the
most abundant source of detailed information on absolute yray transition
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probabilities, especially B(E2) values and nuclear quadrupole moments. It
has thereby provided perhaps the most solid evidence for the presence,
evolution, and variety of collective behavior exhibited by atomic nuclei. With-
out demeaning the important role of inelastic scattering techniques and direct
lifetime measurements, the most salient data demonstrating the collective
vibrational and rotational character of heavy nuclei certainly comes from
Coulomb excitation studies. In particular, the data for the plot of
B(E2:2*, — 0*)) values in Fig,. 2.16, which so vividly pointed to collective
effects away from closed shells, came predominantly from Coulomb excita-
tion, as do nearly all of the absolute E2 transition rates connecting y and
ground bands in heavy nuclei shown in Fig. 2.18.

The basic aim of Coulomb excitation is to provide a well understood means
of exciting atomic nuclei in a controlled manner—via a tractable, nonnuclear
interaction—so that nuclear matrix elements themselves can be extracted
fromthe data. Asitsname implies, Coulomb excitation involves the process of
nuclear excitation solely by the electromagnetic field between an incident
projectile and a target nucleus. By bombarding a target nucleus of atomic
number Z, with a projectile of atomic number Z, at an energy sufficiently
below the repulsive Coulomb barrier between these two positively charged
objects, one ensures that the projectile does not enter the target nucleus, and
indeed, that its distance of closest approach is sufficiently far away that the
effects of the nuclear force are negligible. (We will briefly mention a variant of
this technique later where the latter condition is relaxed so as to exploit certain
quantum mechanical Coulomb-nuclear interference effects.) The electromag-
netic field is well understood and the process of Coulomb excitation can be
calculated explicitly. The principle computational tool for this is the so-called
deBoer-Winther computer code, developed in the late 1960s, which revolu-
tionized the modern use of the Coulomb excitation techniques by allowing a
simple and sufficiently accurate treatment of the complex multiple excitations
that occur when the incident projectile is itself a heavy ion.

The Coulomb excitation formalism has been lucidly described in great
detail in the classic paper by Alder, Bohr, Huus, Mottelson, and Winter, There
isno need to repeat their derivations and formalisms here. In fact, nearly all of
the key features, parameter dependencies, experimental arrangements and
constraints, possibilities, and limitations of the technique can be understood
and derived by a simple discussion of a few key ingredients. The main points
are illustrated in Fig. 10.1, which shows two possible trajectories for a projec-
tile (of energy E)) incident in the vicinity of a typical target nucleus. The figure
defines a few basic quantities of importance in understanding the reaction. We
start by recalling that the Coulomb interaction is given by

Vcoul (r12)=—Z—1—Zz—e2
r2
where Z and Z, are the projectile and target atomic numbers, and 7., is the
time-dependent distance between target and projectile. Clearly, the probabil-
ity for exciting the nucleus by this Coulomb field is related to the magnitude of
V(r,,) along the hyperbolic collision trajectory. The crucial ingredients arc



A Few Selected Experimental Techniques 337

COULOMB EXCITATION

ro
p:‘dn D e2hz
4+
6% —
3’
Ly 2%
4* —

2* L

ot —

Fig. 10.1. (Top) Diagram of some important parameters in the Coulomb excitation process.
(Bottom) Some E2 matrix elements involved in multiple Coulomb excitation.

then the product Z, Z, and the sequence of values taken by 7,,. Since most of
the excitation will take place when the Coulomb field is strongest, the most
important physical parameter is p, commonly called the distance of closest
approach.

Clearly, the scattering angle @ is closely connected with p: smaller values of
p during the collision lead to greater Coulomb interaction strengths and
therefore larger scattering angles. Conversely, the smallest distance of closest
approach, p_. , will be obtained when 8= 180°, and is given by
N YAVALY

mov?

Pm

where m is the reduced mass of the projectile and target.

The essence of Coulomb excitation can then be summarized as follows: for
a given target nucleus, the excitation probabilities depend on E , Z,, and 6. For
a given p, 6, they will be largest for projectiles of highest atomic number (Z ).
For a given projectile, they will be largest for the maximum energy E_ (and
therefore the minimum value of p), provided that E_is well below the Cou-
lomb barrier. In practice, projectile energies up to approximately 80% of the
Coulomb barrier are used. Interestingly, Coulomb excitation has been of such
importance in nuclear physics that the desirability of cxploiting this depend-
ence on Z, and £, in the form of higher-energy heavy-ion projectiles helped
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motivate the development of more powerful Tandem Van de Graaff accelera-
tors in the 1960s.

To further understand the Coulomb excitation process and the design of
Coulomb excitation experiments, let us consider the collision process in more
detail. A projectile passes near a target nucleus, and during the course of the
encounter, boosts this nucleus to an excited state. In the simplest such encoun-
ter, the projectile continues along its hyperbolic path and exits the region of the
target nucleus at an angle 8. The excited target nucleus subsequently decays,
nearly always by jyray emission, to lower-lying levels.

A common simplification in the treatment of Coulomb excitation data,
known as the semiclassical approximation, assumes that the excitation of the
target nucleus has negligible effect on the hyperbolic orbit of the projectile. In
most cases, this is reasonable, since typical excitation energies produced in
Coulomb excitation are less than 1 MeV, whereas typical projectiles are
massive heavy ions such as O, 2§, and heavier species, with energies ranging
upwards of 50 MeV. The validity of this approximation is embodied in the
parameter 7 defined as:

Z1Z2e% . Z1Z2Ay°

By 632k (Mev)

The semiclassical approximation is valid if n >> 1. This condition is
satisfied for most cases of practical interest. For example, for 60 MeV **0 ions
incident on Sm, n = 40.5.

Another important concept in the Coulomb excitation process is the excita-
tion energy AE imparted to the target. For a given projectile, £, 6, p_ ., itis not
surprising that the cross section drops rapidly with increasing AE. This de-
pendence is embodied in the parameter defined as the difference inincoming
and outgoing 1 values, 7, 7, For small AE(AE/E‘p << 1)

£= Z1ZzA11/2AE:1} AE

1265EJ2  2Ep

Since AE/E  is typically = 102, & typically ranges from 0 to 1.
The cross section for single step E2 Coulomb excitation can then be written

n:

<1

do_Zie’B(E2:isf)df(6,8)

dé #nvyp?
where df(6, &) arises from an integral over the orbit of the projectile along the
classical trajectory. This expression embodies our previous comments. The
cross section increases as the distance of closest approach of the projectile
decreases, or as its charge increases. It also increases with increasing E : the
1/v factor is more than compensated by large df(6, &) values for small £ (large
E) as we will discuss next. The df(, &) factor contains a sin*6/2 dependence
representmg the underlying classical Rutherford scattering. (Often, Coulomb
excitation yields are given as a ratio to Rutherford scattering, removing this
strong dependence.) More importantly, df(6, &) decreases exponentially with
& For large 7, the integral of df(8, &) over @ drops by a factor of 3 as & goes
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from 0 to 0.5 and by a factor of 10 as £ goes from 0.5 to 1.0. In our example of
60 MeV %0 ions on ¥°Sm, these three & values correspond to excitation
energies of 0, 1.5, and 3.0 MeV, respectively. Clearly, Coulomb excitation is a
tool for exciting low-lying states!

The preceding discussion implicitly assumed a single-step Coulomb excita-
tion process. There is no inherent reason, however, why multiple excitations
cannot occur during the collision process. Such multiple Coulomb excitation is
actually very common with heavy ion projectiles. The idea is illustrated in Fig.
10.1 (bottom). Itis convenient to view this as a sequential process in which the
target is excited first to one level, then subsequently to another. However,
recognizing the extremely short collision times involved (= 10-% seconds) the
uncertainty principle AtAE > fi implies a large uncertainty in the system energy
during the collision. This permits the process of “virtual” excitation over short
time periods during which the conservation of energy is not required. Since
the probability of direct Coulomb excitation decreases exponentially with
excitation energy while virtual excitation decreases roughly linearly, it turns
out that the virtual excitation process is dominant in most multiple Coulomb
excitation situations. While high-lying states can be virtually excited during
the collisions, the range of final excitation energies produced is governed by an
exponential behavior. Nevertheless, the presence of virtual excitation both
offers an opportunity to excite levels not otherwise accessible and imposes a
complexity on the resulting analysis because the extraction of nuclear matrix
elements from Coulomb excitation data ultimately involves solving a set of
simultaneous equations that involve all matrix elements (and their generally
unknown relative signs) that connect all levels involved, virtually or otherwise,
in the excitation process.

The solution of these equations can be greatly facilitated by certain experi-
mental tactics. One of these is based on the recognition that the only direction
fixed inspace in a Coulomb excitation collision is that provided by the incident
beam direction. By conservation of momentum, those excitation processes in
which the projectile is scattered backwards at 180° can involve no transverse
momentum transfer to the target nucleus and, therefore, only the m = 0
magnetic substates of the final nuclear levels are excited. This immediately
reduces the number of simultaneous equations to be solved by a factor on the
order of (2/+1)? where J is the average spin of the levels excited in the target
nucleus.

This quantum mechanical constraint can be imposed experimentally by
detecting the de-excitation yrays in coincidence with back scattered projec-
tiles. Excitation of m # 0 substates increases slowly for 8 <180°, so that in
practice, one measures the backscattered particles at angle, ranging from 160°
to 175°. This technique uses annular detectors in which the incident beam
passes through a central hole and the backscattered particles are recorded in
the back angle annulus. Coincidence with backscattered particles has another
advantage: it preferentially selects those collisions with high excitation proba-
bilities (p small), thereby enhancing yields and leading to increased multiple
excitation so that B(E2) values for higher-lying states can be measured.
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There is another aspect of the fact that the incident beam defines a direction
in space. De-excitation yrays have a particular angular distribution. In
principle, one should measure the yields at a series of angles and integrate over
angle. However, since virtually all Coulomb excitation proceeds by E2 excita-
tion (these are the strongest matrix elements connecting low-lying states), any
angular distribution involved can only include Legendre polynomials P (cos6)
of order 0, 2, and 4. Moreover, the coefficient of the quartic term is small in
most cases. Therefore, many Coulomb excitation experiments are performed
with the j-ray detectors situated at 55° relative to the beam axis since, at this
angle, P, also vanishes, making the yields nearly identical to those obtained by
integrating over all angles.

Another simplification exploits the Z, and E  , dependence of Coulomb
excitation cross sections by carrying out a sequence of experiments starting
with light, low-energy projectiles. Typically, in even—even nuclei, Coulomb ex-
citation by protons or a-particles excites only the first level or the first couple
of levels. It is easy to extract the nuclear matrix elements for these. Indeed, it
was in the early days of Coulomb excitation, when only these projectiles were
available, that many B(E2:2*, — 0*,) values were first determined. With these
matrix elements in hand, a second experiment is performed, using a heavier,
and/or more energetic, projectile to excite the next set of levels. This process
continues until all of the matrix elements are deduced sequentially. Most
Coulomb excitation studies of heavy nuclei have been carried out in this
manner. In recent years, however, the development of sophisticated search
algorithms in conjunction with the deBoer-Winther code has led to the possi-
bility of simultaneously fitting an extensive set of Coulomb excitation meas-
urements made with high energy, heavy ion projectiles to extract a reasonably
unique and consistent set of matrix elements.

Thus far we have discussed experiments in which the presence of Coulomb
excitation is indicated by the observation of de-excitation yrays. This is the
most common approach. Itis hampered, however, by a built in ambiguity: one
does not generally know what fraction of each level’s population (which is
deduced from the number of detected xrays de-exciting that level) resulted
from direct excitations and from the decay of higher-lying levels. The detec-
tion of the outgoing, scattered projectile gives the number of excitations of
each level directly. Although the energy resolution of typical particle detec-
tors, or the poor efficiency of high resolution magnetic spectrometers, ham-
pers the use of this technique, it is often a valuable tool. It also leads to an
alternative to the preceding step-by-step approach to unravelling the E2 ma-
trix elements. In the traditional approach just described, this is achieved by
choosing the experimental conditions (Z, and E)sothatp  attains different
values sequentially, the smallest corresponding to the most complex excitation
processes. From Fig. 10.1 it is clear that this can also be obtained with a single
projectile and fixed energy, simply by varying the angle fat which the scattered
projectile is detected. With the use of multiple particle detectors positioned at
different scattering angles, such a program can be carried out in a single
experiment, thus saving valuable running time and assuring identical experi-
mental conditions for each angle measured. The cost is that, for most angles,
the full set of magnetic substates must be included in the calculation.
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Fig. 10.2. Data from two Coulomb cxcitation experiments. (Top) a-induced excitation of 180¢Gd
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A final criterion that controls the choice of many of the projectiles used in
Coulomb excitation is that one generally wants to avoid projectile excitation
itself. Figure 10.1 is drawn in the laboratory system, but in the center of mass
system, it is impossible to distinguish projectile and target. One therefore
usually chooses projectiles that have very high-lying first excited states, gener-
ally magic or doubly magic nuclei such as a particles, O or ®®Pb. Sometimes
it is more convenient to reverse the kinematic conditions and use the nucleus
conceptually considered to be the target as a projectile. Thisis useful when the
appropriate projectiles are not available, but it is also used, by choice, because
of the different scattering angles then obtained in the laboratory system. For
example, by using a Pb projectile on a Mg target, all yields will be in the
forward direction. In some cases such reversed kinematics can be advanta-
geous.

To obtain a concrete feeling for Coulomb excitation spectra, it is useful to
inspect the two examples shown in Fig. 10.2. The top one nicely illustrates low
energy, o induced, Coulomb excitation with detection of the inelastically
scattered projectiles. The strongest peak corresponds to elastic scattering.
The 2* and 4* members of the ground band are also strong. The excitation
probabilities fall off very rapidly as more excitation steps are required and the
6%, 8+, ... states are not seen. Weaker, higher-lying peaks correspond to the
vibrational levels, 2*, and 3-. The former is much stronger because there are
two excitation routes and because it involves E2 rather than E3 excitation.
Also note that Coulomb excitation is almost always limited to natural parity
states [ = (1) such as 0%, 2+, 4*, 3-, but not 1* or 3*] simply because of the
angular momentum conservation rules. This is rigorous in a single-step
process and nearly always characterizes multiple Coulomb excitation yields
also.

The lower part of Fig. 10.2 shows the experimental set up for 2¥Pb induced
Coulomb excitation of 2*Th. Such massive projectiles impart considerable
recoil to the target leading to Doppler shifts in the yray energies that depend
on the angle of recoil. The “Doppler” detector tags a specific angle. The
typical Ge(Li) xray spectrum shown demonstrates the ability to populate high
ground band and even side band states (x=—, here). (The 2* — 0*and 4* — 2*
ray transitions are actually the strongest in this reaction; their weakness in
the spectrum is due to the fact they are highly converted.) Figure 10.2 includes
typical yields as a function of the angle of the scattered projectile. Note the
strong increase with @ corresponding to smaller impact parameters p.

To understand multiple excitation more thoroughly, let us consider the
excitation of the 2* band in Fig. 10.1. Even for relatively light projectiles there
are two possible excitation routes, a direct one from the ground state and a
double excitation via the 2*, state. In typical experimental conditions in which
backscattered particles are selected, the probability of exciting the 2, state
may well be greater than 50 percent per detected backscattered particle. In
rotational nuclei, the Coulomb excitation matrix elements, (2* |E2| 2+) and
(2+7| E2| 0*,), are simply related by Clebsch-Gordon coefficients. The latter is
slightly larger. However, it also involves a larger AE than the step linking the
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2+, and 2* levels. Therefore, in typical deformed nuclei, these two excitation
routes, 0", — 2%, — 2* and 0%, - 2* , may well be comparable. Since they
interfere coherently, and since that interference may be either constructive or
destructive, depending on the relative signs of the matrix elements, the net
yield of the 2+, level can vary from almost vanishing to several times the yield
obtained for the direct route alone. The measurement of the excitation
probabilities for this level can then directly yield even the signs of these
nuclear matrix elements. This is especially true if the measurements are done
at several different beam energies, since the individual excitation routes have
adifferent dependence onbeam energy. The signs of such matrix elements can
provide critical tests of certain nuclear models.

A second application of the multiple excitation process involves the recog-
nition that one kind of two-step excitation involves not an excitation from one
level to another, but a change from one magnetic substate of a single level to
another magnetic substate. This is also depicted in Fig. 10.1 for a couple of
states. Recalling that each step in a Coulomb excitation process involves a
matrix element connecting the initial and final levels, it is clear that this step
will involve the quadrupole moment, {2+ | E2 | 2+), of the level. If one meas-
ures the B(E2:0*, — 2*,) value sufficiently accurately (typically within one
percent), itis possible to extract the 2*, quadrupole moment, including its sign.
In a few cases this technique, known as the reorientation effect, has even been
applied to the measurement of quadrupole moments of higher excited states
such as the 2*_level.

There are other ways of obtaining the same information, such as the use of
Coulomb-nuclear interference effects, which we will discuss in a moment, as
well as muonic atom studies. While there has not always been agreement
between the quadrupole moments extracted from these different approaches,
the use of Coulomb excitation remains a standard technique.

Some nuclei are now known to display not only quadrupole but hexadeca-
pole deformations—p, or ¢, shape components—as well. These were dis-
cussed in connection with the Coriolis mixing of unique parity levels in odd
mass nuclei in Chapter 8. Typical hexadecapole shapes were shown in Fig.
6.10. Such shape components are also of interest in evaluating the role of g
bosons in the IBA (see Chapter 6). Once again, if the E2 matrix elements are
all well determined from previous Coulomb excitation experiments, the dis-
crepancies in the yields of certain states, for example the 4* level, can be
attributed to direct E4 excitation and the relevant E4 transition moments
determined. It is largely from such data that the systematics (Fig. 8.10) of
hexadecapole deformations throughout deformed nuclei, both in the rare
earth and actinide regions, has been mapped out.

Occasionally it is useful to bridge the gap between Coulomb excitation and
nuclear inelastic scattering by using projectile energies close to the Coulomb
barrier. In this technique, the scattering cross sections contain both Coulomb
and nuclear amplitudes, and more importantly, an interference term between
them. It has been shown that this interference term is very sensitive to the
magnitude of the quadrupole moment of, for example, the 2*, state. This is
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Fig. 10.3. Coulomb/nuclear interference effects in ¢ scattering near the Coulomb barrier (Bemis,
1973).

illustrated in Fig. 10.3, which shows the excitation cross sections for the 2, and
4* levels divided by the pure Coulomb excitation cross sections. Deviations
from unity represent the effect of the Coulomb/nuclear interference. This
technique has been applied to many nuclei, in particular those in the W region.
The measured yields can also give hexadecapole shape components because of
the large interference effects for 4* levels.

Until recently, Coulomb excitation experiments were carried out almost
exclusively below or at the Coulomb barrier. The reasoning was that interfer-
ence with direct or compound nuclear reactions would obscure the simplicity
of the technique. However, the increase of Coulomb excitation amplitudes
with projectile energy is not vitiated by competition with other processes. And
higher incident energies can provide access to higher-lying excitations. This
point has recently be exploited in very high-energy Coulomb excitation studies
of collective states, such as giant resonances (single or multiple) where other
excitation amplitudes are small. A technique thought by some to have already
witnessed its greatest popularity is thus being rejuvenated.

10.2 Spectroscopically Complete Techniques

(n,7

The (n, 7) reaction has been used for several decades to elucidate nuclear
structure. It has some severe limitations and some powerful advantages. Its
primary attribute is nonselectivity, which makes it complementary to selective
processes such as Coulomb excitation or transfer reactions. In certain forms,
such as average resonance capture (ARC), the (n, y) reaction is actually
designed to be completely nonsclective and to provide an a priori guarantee of
disclosing afl states in certain spins and excitation energy ranges. The basic
idea of the (n, y) reaction can be seen in Fig. 10.4 (left). Anincidentlow-cnergy
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neutron impinges on a target nucleus (of mass A) and is captured, forming a
compound nucleus of mass A+1 at an excitation energy (neglecting recoil)
E_=S(n) + E_ where S(n) is the neutron separation energy. This rather high-
lying, low-spin compound nuclear capture state is extremely complex and its
decay, governed by that complexity, is largely statistical. The capture state de-
excites either by relatively high-energy “primary” transitions that directly feed
low-lying states or by a myriad of different cascade routes passing through the
high density of levels that occur between =~ 2 MeV and the neutron binding
energy. In either case, low-lying levels are finally populated: they decay by
discrete “secondary” transitions. With few exceptions, the distribution of
primary transition intensities can be described statistically in terms of a so-
called Porter-Thomas distribution with one degree of freedom. This is a broad
distribution, characterized by a most probable intensity of zero. Thus, while
each primary transition immediately discloses a specific low-lying level, little
or no nuclear structure information can be deduced, and moreover, many
primary transitions will be too weak to be observed. Owing to the multipole
decomposition of the radiation field, the dominant primary transitions are
nearly always E1 in nature. M1 transitions are nearly an order of magnitude
weaker and other multipolarities are almost never observed. Therefore,
primary transitions can be useful in immediately giving certain spin parity
limitations.

Most neutron capture experiments are carried out at thermal neutron
energy (E_ = 0.025 eV), where s wave capture is totally dominant. For most
nuclei, S(n) = 5 to 8 MeV, and the level density is extraordinarily high so that
level spacings of capture states are typically in the few eVrange. If one of these
levels happens to coincide with E, the thermal capture cross section will be
very large. Usually, however, it will be much smaller, arising from a sum over
the tails of several nearby levels. This difficulty can sometimes be avoided by
“tuning” the neutron energy (e.g., by Bragg diffraction) to a “resonance” so
that E_ coincides with a level of appropriate spin. Since level energies at
capture state energies are statistically distributed, such a process usually
selects a particular isotope as well, thus eliminating the need for enriched
targets. On the other hand, such epithermal neutron fluxes are normally
orders of magnitude weaker than at thermal energies.

The obvious disadvantage of either thermal or resonant energy neutron
capture is the enormously wide distribution of primary transition intensities
and the fact that, in general, no nuclear structure information is obtainable
from them other than pinpointing the existence and energies of specific levels
and giving certain limitations on their spins. A technique developed in the
early 1970s and utilized frequently in the last decade is an extension of
resonance neutron capture that avoids many of its disadvantages while having
the unique property of providing the possibility of an a priori guarantee of
observing all levels in certain spin and excitation energy ranges. This is the so-
called average resonance capture (ARC) process. The idea is extremely
simple, as is illustrated in Fig. 10.4 (left). Suppose one carries out a sequence
of resonance capture experiments with steadily increasing neutron energies,
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sequentially populating, say, 50 to 100 individual resonances, and then sums all
the spectra so obtained. The statistical Porter Thomas distributions of each
resonance would then be nearly completely averaged out and all states of a
given final spin would be populated with nearly the same summed intensity.
Such an approach, although conceptually appealing, is clearly tedious and time
consuming. An alternative that achieves the same end automatically is to use
a beam of neutrons that has been rendered specifically non-monoenergetic.
This can be achieved by passing a reactor neutron beam through certain filter
materials, notably scandium and *Fe, which have minima in their neutron
scattering cross sections near 2 keV and 24 keV, respectively. Having passed
through such materials, a reactor neutron beam will have an energy centered
around 2 or 24 keV with a FWHM (typically 1 to 2 keV) determined by the
thickness of the filter material. The FWHM must be sufficiently broad so that
a large number (N,) of resonances are simultaneously populated, but not so
broad that it degrades the energy resolution of the primary yray transitions
following capture. The width of these lines is a convolution of the detector
(usually Ge) resolution (typically = Sto 6 keV at 6 Me V) with the energy width
of the incident neutron beam.

To illustrate the process more concretely, consider a typical deformed
even—even target nucleus. Since the ground state is 0* and 2 keV neutrons are
predominantly s wave, the capture state will be J = 1/2*. For nuclei such as
1558m, ¥WEr, W, the level spacing of 1/2* states at 1 MeV is= 10 eV. Therefore,
a2keV neutron beam with 1 keV FWHM will populate =100 resonances. The
fluctuations in the combined Porter Thomas distribution go approximately as
2/YN,. Therefore, instead of orders of magnitude variations in primary
transition intensities, the fluctuations in the ARC spectrum intensities will be
+2/Y100 = +20 %. {(Actually, this variance refers to the reduced intensities,
defined as I /E® » since it is necessary to remove a secular energy dependence.)
If we consider just E1 primary transitions (they dominate M1 transitions by a
factor of = 6), the final states will be 1/2-, 3/2- (Fig. 10.4, right).

When the target is odd mass, there are two possible capture state spins.
Each will decay by E1 (and weaker M1, which we ignore) primary transitions.
In the simplest approximation, neglecting a spin dependence of the level
density near the neutron separation energy, both of these spins contribute
equally. Thus, asillustrated in Fig. 10.4 (right), the relative reduced intensities
will fall into two groups differing by a factor of = 2. An ARC spectrum was
shown for Pt in Fig. 5.8. The "*Pt target has J* = 1/2-, so that the (s-wave)
capture state isJ_= 0, 1~. Decay of the 1-levels by E1 transitions lead to 0%, 1%,
and 2+ states. The 0~ level only feeds 1* levels. Final states with J*=1* should
thus be twice as intense as 0%, 2* levels. Of course, as we have seen in many
models, low-lying 1* states are very rare. So, in practice, we expect rather
uniform intensities. The good averaging in Fig. 5.8 is immediately apparent,
especially when contrasted with typical intensity fluctuations of one to two
orders of magnitude in thermal capture experiments.

The preceding examples correspond to 2 keV ARC measurements where s
wave capture still dominates. At 24 keV, both s and p wave components are
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roughly comparable and a wider range of final J* values becomes accessible.
The ratio of reduced ARC intensities at 2 and 24 keV provides a nearly ideal
parity meter for the final states. An example is shown in Fig. 10.5.

The limitation on excitation energies accessible in ARC stems from two
sources. First, with increasing £ , the level density increases, which may make
it impossible to resolve individual levels. At first this is not a serious problem
since an unresolved pair of levels appears in the spectrum as a single peak of
twice the area and is therefore readily identified. At higher excitation ener-
gies, however, and especially in odd—odd nuclei, the probability of missed
levelsrapidly increases. Second, and more importantly, the secular decrease of
the observed reduced intensities 7, (recall, it is the quantity I, IE, 5 that is
constant) eventually leads to a point at which they can no longer be safely
detected above the background.

It is important to realize the consequences of the ARC-based guarantee of
completeness. It is not simply a question of finding an additional level or two
beyond that obtainable with other techniques. Its most profound importance
lies not so much in finding all levels (of certain J* and E, ranges), but in
knowing that one has found all levels. This rather subtle point is best discussed
by two illustrative examples. Consider the imaginary level scheme shown on
the top in Fig. 10.6 and suppose that the ARC process populates levels with
spins 2+, 3%, 4* via E1 primary transitions. The figure clearly depicts a de-
formed rotational nucleus with an excited vibrational band containing at least
2+ and 4* levels. However, the figure is ambiguous as to whether this is a y band
with an undetected 3* state or a S band with undetected 0+ state. Even though
0 states are not accessible to the ARC process in our example, this question
can be unambiguously dccided. If the ARC data discloses a 3* level between
the 2+ and 4* states, then the band is clearly a y vibrational excitation. Equally
certain, if no such 3*level is detected, there must be an undetected lower-lying
0* level below the 2* state. (Only K™ = 0* bands have a spin sequence 0+, 2+,
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Fig. 10.6. Examples of “completeness” arguments using ARC. (Bottom left) Allw = -levelsin
1%8gr: (Bottomright) Arrangement into rotational bands. The numbers of bands of each K value
above ~ 1700 keV (right of dashed line) are discussed in the text.

4+,....) In this case, an ARC experiment identifies a particular vibrational
structure and points to an unobserved lower lying level simply by the nonob-
servation of another level. This process of obtaining information by nonobser-
vation is unique to completely nonselective processes.

Another common situation concerns levels with several existing J* possibili-
ties, say 1/2-, 3/2-, 5/2-, in an odd mass nucleus. ARC at 2 keV (s-wave) will
populate only (and all) 1/2- and 3/2- levels. Therefore, if the level in question
is undetected, its spin can unambiguously be assigned as 5/2-. Again, one has
an example of spin assignment by nonobservation.

The completeness inherent in the ARC technique can also provide impor-
tant nuclear structure information, even though the process itself gives no
direct information on nuclear matrix elements. An example concerns the
higher-lying negative parity states in the well-deformed nucleus **Er. Here,
the lowest negative parity states were already known and assigned to rota-
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Table 10.1. ' Fr. Numbers of negative-parity states and deduced rotational band structurest

J}t

1- 2- 3 4~ 5"
Number of observed states 2 1 4 S 6
Unique allocation of these
to rotational bands
one K*= 0" band 1 —_ 1 — 1
one K*= 1" band 1 1 1 1 1
two K*= 3" bands — —_ 2 2 2
two K*= 4" bands —_ —_ —_ 2

1The tabulation includes all negative-parity levels with spins from 1" to 5~ above 1780 keV not already allocated
to rotational bands with band-heads below 1570 keV.
*Davidson, 1981

tional hands. Between 1400 and 2000 keV, an ARC measurement disclosed
the set of negative parity states shown on the left in the lower part of Fig. 10.6.
The YEr ground state is 7/2*, so the capture spins are 3+, 4*: therefore E1(M1)
primary transitions following s and p wave ARC populate all 1—5-levels (up to
2MeV) and distinguish the 2, 5~ group from 3-, 4- states from the factor of two
difference in reduced intensities. Combined with other data, a full set of
unambiguous J* assignments was made, but no structural information about
these states was known. However, given just the knowledge that this set of
negative parity states is complete, one can not only deduce the number of
rotational bands present, but their precise K values and the number of levels of
spin 0-, without having observed them. The idea is illustrated in Table 10.1.
The top gives the number of levels of each J. The key point is that the number
of 5-levels is one greater than the number of 4-states. There are only two ways
to produce a 5-state without an accompanying 4-level, either in a K~ =0~ band
withlevels 1,37, 5, orina K* =5 band with levels 5,67, 7, .... Itiseasytorule
out the latter. There are two 1~ levels and only one 2 level. Again, the only
way this can occur is if there is a K*= 0-band. Thus there cannotbea K*=5-
band. Having established that there is one K = (- band, we have accounted for
one 1-, one 3-, and one 5 state. Since there are two 1- levels and only one
K™ =0 band, the other 1- state must be the bandhead of a K*= 1-band. This
accounts for one each of the 17,27, 37, 4-, and 5-levels, and thereby exhausts the
1-and 2-levels but leaves two 3~ Ievels unaccounted for. Each of these must be
K*=3-bandheads that account for two additional 4~ and 5- levels. There are
still two levels of each of these spins unaccounted for, and thus there must also
be two K* = 4~ bands.

This now accounts for all of the states disclosed in the ARC measurement.
We have deduced the exact number of negative parity rotational bands and
their K values, and the fact that there is only one 0~ band and no K = 5 bands
below 2 MeV in ®Er. And we have deduced all this without assigning a single
state to a single rotational band, attempting to fit any of them into specific
rotational energy patterns, or inspecting their y-ray decay. The key was the
knowledge that the set of levels was complete. Some other experiment that
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disclosed the same set of levels without providing this knowledge could not
have led to the same analysis.

Completeness with (a, xny) Reactions and
Extremely High Resolution pray Spectroscopy

Other techniques besides ARC can provide near guarantees of completeness.
Examples that have been well documented are the (n, n”) reaction, the (o, xny)
reaction, and the (n, 7) reaction where one detects the low-energy, secondary
transitions. In all these cases the completeness is virtually assured, although
the method by which this occurs does not provide a specific guarantee. Ineach
of these reactions, the yray cascade from the initial formation state passes
through so many routes down to the lower-lying levels that the population of
the latter is effectively averaged out. Then, if one detects the secondary jrays
connecting these states and fits these yrays into a level scheme using the Ritz
combination principle, perhaps accompanied by information from y—ycoinci-
dence data, one is nearly assured of locating all levels. This has been demon-
strated in many important experiments. However, note that there is a concep-
tual difference between these cases and the ARC situation. In the latter, the
levels are populated directly and the measurement itself discloses their exis-
tence. In these other cases, the existence of specific low-lying levels must be
deduced indirectly by building a level scheme through Ritz combinations. Itis
possible to miss a state in this process if, for example, it decays solely by one ¥
ray to the ground state and is not observed to be fed by a discrete transition
from above. There would then be neither identifying coincidence relations nor
Ritz combinations. Nevertheless, such a case is rare, and these reactions have
been used to obtain essentially complete level schemes.

The uniformity of population is exemplified by the ®*Te(a, ny)'*Xe reac-
tionin Fig, 10.7, where the final level populations from side-feeding yrays are
plotted against E_for J._ = 4 and 6. The smooth behavior and the clear
correlations with excitation energy demonstrates the unlikelihood of missing a
particular level. Moreover, the excitation functions show a difference in shape
for the two J_ values. Such a dependence is systematic and allows one to
assign final state spins. A typical level scheme from (e, ny) is shown in Fig.
10.8. The richness is readily apparent, as is the wide range of spins accessible.
In comparison with (n, y) and the (Heavy ion, xn9) reactions to be discussed,
(e, xny) occupies an intermediate niche with a wider spin range than (n, ) and
access to more states of a given spin than heavy ion reactions.

We have mentioned the study of secondary y-rays with the (n, ¥) reaction.
Such experiments encompass all the standard techniques of y-ray spectroscopy
including the measurement of yray energies and intensities, coincidence
relations, and angular correlations, as well as the associated studies of conver-
sion electrons. Coincidence studies are very important in deducing nuclear
level schemes. They provide keys to the relative order and placement of
specific yrays that complement those provided by energy sums alone. Con-
version electron studies are important in providing multipolarity information
on particular transitions. Angular correlation studies of successive cascade %
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rays also provide information onlevel spins, but they are seldom as unambigu-
ous as conversion electron measurements,

We will illustrate some of these techniques by focusing on the exceptional
capabilities of two instruments at the Institut Laue Langevin in Grenoble,
namely the electron magnetic spectrometer, BILL, and the kray spectrometer,
GAMS. Both are characterized by very high resolution and reasonable
efficiency. BILL achieves this by magnetic focussing, while GAMS measures
yray energies by diffracting the yrays at precisely measured angles. Solid
state Ge y-ray detectors normally have resolutions ranging from = 800 eV at
100keV to=1.5keV at= 800 keV. The corresponding numbers for the GAMS
spectrometers in normal operation are =50 eV and ~ 400 ¢ V. The corresponding
¥ray energy precision is typically 50 to 200 eV for Ge detectionand 1 to20eV
for GAMS. A portion of a typical GAMS spectrum is shown in Fig. 10.9. The
primary impact of such resolution is not the higher level energy precision that,
in any case, far exceeds the predictive capabilities of modern nuclear models.
It is rather in the avoidance of accidental energy combinations (“Ritz combi-
nations “) that can lead to incorrect ¢ray placements and, thereby, incorrectly
deduced structure information.

Consider an example of a typical deformed nucleus in which 250 yrays are
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observed with energies up to 1 MeV. If each y-ray has an energy precision of
+0.1 keV, then crudely, this set of transitions “blocks out” a total energy
window of 50 keV or about 5 percent of the total. Roughly speaking, this is the
percentage of transitions that might be involved in incorrect Ritz combina-
tions. If a typical level has four de-excitation y-rays, then one in every two to
three levels will have a mistakenly placed jray either feeding or de-exciting it.
Clearly, this can lead to incorrect spin assignments, and certainly to incorrectly
assessed nuclear structure information. In contrast, with GAMS, the probabil-
ity of an accidental, incorrect Ritz combination would be 1/4 to 1/2 percent, or
in other words, perhaps one yray in the entire level scheme would be mis-
placed.

The advantages of GAMS are actually more important than this example
illustrates. Its resolution, though energy dependent, is particularly good for
the low-energy yrays (below = 300 ke V) that often provide the most crucial
nuclear structure information. They occur in competition with higher energy
transitions that are kinematically favored (transition rates are proportional to
B(E2) x E75 ). The observation of a low energy transition therefore nearly
always signals the presence of crucial collective matrix elements that over-
come the phase space hindrance.

One of the most powerful methods for assignment of electromagnctic
transition multipolarities is the use of conversion electron process. A level de-
exciting by electromagnetic radiation may occasionally knock out an atomic
electron rather than emit a y-ray. The probability of this is highly correfated
with the energy of the transition, its multipolarity, and the particular electron
shell involved. Conversion electron emission probabilities are normally ex-
pressed in terms of so-called conversion coefficients, which are the ratios of
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the probability of emission of an electron from a given shell (K, L, M, N, ...)
compared to that of the associated yray. Figure 10.10 (left) illustrates the K
conversion coefficients for two Z values and E1, M1, and E2 multipolarities.
When L shell electrons are emitted there are several possible transitions, the
so-called L subshell electron lines, each corresponding to a particular energy
difference between electronic orbits in the atom. The energies of these lines
depend on the particular element and grow rapidly with Z: in heavy nucleinear
A =150 binding energies are = 60 ke V for the K shell and = 10 to 12 ke V for the
L subshells. The separation of the L,:.L,.L, lines is = 1 to 2 keV. Transition
multipolarities can be deduced from K conversion coefficients if the relative y
and electron intensity scales are known. However, the safest and most sensi-
tive method is the ratio of L subshell electron lines, which avoids all recourse
to pray intensities. Figure 10.10 indicates the very different E1, M1, and E2
L subshell patterns for a 200 keV transition in a nucleus with Z = 70. (The
figure also includes, for convenient reference, the single-particle lifetimes for
M1, E1, and E2 transitions for prays below ~ 5 MeV for Z = 55.) Unfortu-
nately, solid state electron detectors are incapable of resolving most L subshell
energy differences and can be used only for the measurement of K shell
electron intensities, or perhaps, the X to total L shell ratios. In contrast, the
BILL double focusing spectrometer can easily separate L subshell transitions,
and frequently, the M subshells as well. Furthermore, its efficiency allows one
to observe some N and O lines. A portion of a BILL spectrum is included in
Fig. 10.9.

10.3 Heavy Ion Compound Reactions and High Spin States

All of the techniques discussed so far deal essentially with low spin states. In
the last fifteen years, however, a large fraction of nuclear structure studies has
centered on high spin states, and an incredible richness of phenomena, barely
touched on in this hook, has been uncovered. We will give just the briefest
introduction to some of the many approaches to this field.

A projectile incident upon a target nucleus carries an orbital angular
momentum of I = r x p. The study of high-spin states, which necessarily
involves the transfer of large amounts of angular momentum to a target
nucleus, will clearly benefit from the use of heavy ion projectiles. An early
example of this approach was the pioneering (o, xny) studies of Lark and
Morinaga in the 1960s. They were able to populate the ground state rotational
bands of many even—even deformed nuclei up to the 6* and 8+ levels. These
early studies provided important information on rotational structure, supply-
ing impetus, for example, to develop higher-order terms in the rotational
energy expansion (see Chapter 6). A natural outgrowth of these studies was
the use of true heavy ion projectiles; 2C, O at first, and subsequently, nearly
all nuclear species up to and including 2Pb and U. In the last couple of years,
evidence for discrete levels up to spins of 60% and beyond have been detected
and have led to the discovery of the phenomenon known as superdeformation.

Figure 10.11 illustrates the basic population ideas behind a (H.IL., xny) reac-
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tion. An incident heavy ion impinges on and is captured by a target nucleus,
forming a compound nucleus. This state is formed at extremely high spin and
excitation energy. Itisinvariably particle unstable. The first step in the return
to a quiescent state is the emission of a number of evaporation neutrons. This
process is favored over yray emission both because it involves the strong
rather than the electromagnetic interaction and also because the more massive
neutrons provide a more efficient way of removing angular momentum for a
given energy emission. (Recall our discussion in Chapter 1 of the difficulties
inherent in high multipolarity %ray emission.)

This process exaggerates one of the key features of (H.L., xny) reactions—
they lead to extremely neutron deficient nuclei. They do so primarily because
most heavy ion projectiles (such as '*O or *S) have nearly equal numbers of
protons and neutrons. When added to a heavy target nucleus, a compound
nucleus with a relative deficiency of neutrons is produced. This occurs
because the valley of stability in heavy nuclei proceeds, on an average, by
adding more neutrons than protons. The additional evaporation of several
neutrons from the initial compound nuclear state increases the neutron defi-
ciency. Thus, (H.1.,xny) reactions are useful both for studying high-spin states
and gaining access to nuclei not otherwise observable.

Neutron emission, which proceeds along a path slanted toward the origin in
Fig. 10.11, terminates when the nucleus eventually reaches an cxcitation
cnergy that no longer permits particle emission. The only recourse is yray
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decay that can carry off considerable energy but relatively little angular
momentum. It therefore proceeds along nearly vertical de-excitation paths.
Given the high complexity of the compound state just prior to yray emission,
there are a myriad of possible routes and the decay is characterized by a nearly
statistical “rain cloud” pattern.

There have been many studies in recent years of the average properties of
the statistical continuum of yrays including measurements of their average
multipolarities, average energies, and so on. We will not delve into this here.
The net resultis that, finally, states relatively near the yrast levels are reached.
At this point the de-excitation path must closely follow the yrast line. The de-
excitation converts to the emission of a sequence of E2 jray transitions
feeding down any of several nearly parallel rotational bands in the yrast
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region. Eventually, the de-excitation of these “side bands” terminates at or
near their bandheads and the intensity feeds into the yrast sequence itself.
From here on all the decay proceeds simply by stretched E2 transitions in the
ground state band.

Experimentally, the techniques for the study of (H.I., xny) reactions clearly
center around the detection and placement of the discrete yray lines that de-
excite the various high-spin levels, as well as the characterization of average
properties of the continuum lines. In a way, the situation is exactly comple-
mentary to the (n, y) reaction. In heavy ion reactions, the discrete levels
observed are “cold,” that is, among the lowest-lying states of those spins
energetically possible. The reaction discloses states over an extremely wide
spin range. In (n, ), on the other hand, “hot” excited states are formed,
extending several MeV above the yrast sequence and encompassing a variety
of excitations, but always with spins within a few units of the target spin.

A typical level scheme observed in a (H.I., xny) reaction is shown in Fig.
10.12. One notes the separation of the levels into sequences of quasi-rota-
tional bands extending over extremely large ranges of spin. Even though these
bands may mix with one another, the decay, as we have noted, is preferentially
down the rotational band sequences rather than to high spin yrast states. We
saw in Chapter 6 why the decay remains within each band as long as the mixing
is not very spin dependent.

Except in the case of superdeformation, most of these rotational bands are
characterized by similar inertial parameters, £ %2/, and similar nuclear shapes.
Since they also involve similar spins, there will be many yray transitions of
nearly comparable energies. This poses a serious experimental problem. Itis
only with the development of multifold coincidence techniques in the last
years that this process has reached the stage of experimental sophistication
required to produce level schemes such as those in Fig. 10.12, The typical
experimental arrangement consists of a target surrounded by a large array of
ray detectors, usually Ge detectors flanked by anti-Compton shields designed
to enhance the photopeak efficiency and discriminate against Compton ef-
fects. Such arrays are commonly called “balls” and may involve upwards of 50
to 100 detectors, more in some proposed versions.

The procedure is to set up an electronic demand for two-, three-, or fourfold
coincidences as a prerequisite for triggering the recording of an event. This
allows one to select specific cascades and different spin regimes. The details
are well beyond the scope of this book, but an indication of the differences in
“fold” spectra is shown in Fig. 10.13. There is clearly a great advantage, in
terms of spectral “cleanliness,” in arrays that are large enough to provide
sufficient solid angle to permit efficient multifold triggers.

We have already described some of the interesting results from heavy ion
reactions, namely the phenomenon of backbending and quasi-particle align-
ment in conjunction with our discussion of the Coriolis interaction. Recently,
a particularly intriguing phenomena has been discovered: superdeformation
tn whichrotational sequences are observed with moments of inertia indicating
deformation values of near 8=0.5-0.6. This was first observed in 1986, and in
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the short time since, numerous other superdeformed sequences have been
found. At first, only high spin levels were associated with such structure.
Recently, in the Hg region, superdeformed states with J ~ 10 have been
assigned.

Initial interpretations of the superdeformed states involve the concept of
energy gaps in the Nilsson diagram at large deformations caused by the
presence of strongly downsloping Nilsson orbits from the N’ = N+2 oscillator
shell. These deformed “shell gaps” act in a similar way to spherical shell gaps
and lend greater stability to those nuclei whose Fermi surface is near the gap.
The detailed characterization of superdeformed levels and the correct predic-
tion of their systematics offers a challenge to modern theories, both of high
spin states and of the behavior of single particle levels well above the Fermi
surface. Critical to such predictions has been the development of sophisti-
cated “cranked” shell model calculations that properly account for the effects
of extremely fast rotational motion, along with the incorporation of specific
corrections for shell structure not included by simply specifying the deforma-
tion parameters. The effects of the monopole proton—neutron interaction may
well be important in a detailed understanding of some of the latter effects.

10.4 Heavy Ion Transfer Reactions

Another experimental technique for nuclear structure studies involving heavy
ions that has been used in the last decade, albeit to a lesser extent, involves
heavy ion transfer reactions. The basicidea of the reaction isillustrated in Fig.
10.14. As opposcd to the compound nuclear formation that is characteristic of
(H.1., xny) reactions, heavy ion transfer reactions are essentially direct. Imag-
ine an incident heavy ion passing rather far from a potential target nucleus
(region I). There will be little interaction. The orbit of the projectile will be
only slightly changed and the probability for particle transfer will be very
small. If, on the other hand, the projectile nucleus passes very close to the
target nucleus (region III), it will likely be absorbed, forming a compound
nucleus, with miniscule probability that an ejectile similar to the incident
projectile will be emitted. The effective cross section for one or two nucleon
transfer will likewise be very small. Hence, there is an “impact parameter
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Fig. 10.14. Iliustration of three trajectorics, and the associated angular distribution, for a heavy
ion transfer reaction.
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window,” in which the transfer cross section maximizes, corresponding to a
“grazing” collision (region IT). Thus the expected angular distribution is the
so-called “bell shaped curve” shown in Fig. 10.14.

Such one and two nucleon heavy ion transfer data have mostly been
exploited to study the reaction mechanism. But they can also be used in some
interesting ways to preferentially populate, and therefore identify, selected
high-spin states. This selectivity, especially when combined with coincidence
¥ray detection, overcomes the inherently poorer energy resolution of heavy
ion reactions. The idea is to exploit the possibility of high angular momentum
transfer and the differences in the orbits of the transferred nucleon for differ-
ent incident projectiles. Figure 10.15 shows some characteristic results.

As opposed to (H.I., xn) compound nuclear reactions in which the incident
projectile is absorbed along with all its angular momentum, heavy ion transfer
reactions only deposit large amounts of angular momentum if the incident and
outgoing energies and orbital angular momenta (I = r x p) are quite different.
The (**C, 2C) reaction, with a Q value near zero, is similar to (d, p), populating
low and medium spin states (lowest panel of Fig. 10.15). In contrast, Q values
for the (*°O, **O) and (2C, 'C) reactions are highly negative (the projectiles are
tightly hound), so under appropriate kinematic conditions (£, 6, ), large /
transfers are favored (top two panels).

There is more to it than this. In *C, the Iast neutron occupies a p,,, orbit
while it fills a p,, orbit in O. This leads to very different selectivity for
J=1-1/2and J=1+1/2final states in the two reactions as we see in the figure:
in the middle, the 9/2- (hy,,j=[-1/2) state is comparable in strength to the
13/2* (i,,,,j = { + 1/2) and the 7/2-1evel (f,,, j =  + 1/2) is weaker than either. In
contrast, in the top panel, the J = [ + 1/2 transfers (13/2+, 7/2*) are strongly
favored over the J = [ — 1/2 (9/2-). This spin-orbit selectivity also leads to
interesting polarization phenomena. Studies of a number of nuclei (**Nd,
49Sm, several Er isotopes, etc.) have exploited this technique.

In this short introduction to some of the experimental techniques of nuclear
structure physics we have, of necessity, been forced to be selective, giving only
a few illustrative examples of the rich possibilities that exist. Completely
untouched on, for example, are:  decay and the study of the spectroscopy of
fission product nuclei, which in conjunction with powerful modern isotope
separators, provides access to hundreds of extremely neutron rich nuclei on
the opposite side of stability to that accessible in heavy ion reactions; inelastic
scattering (except as touched on briefly in the discussion or Coulomb/nuclear
interference effects); the study of nuclear radii and isotope and isomer shifts
with laser-based techniques; the study of magnetic moments using integral and
differential perturbed angular correlation techniques; and the use of photon
induced nuclear excitations to study both giant resonances and the recently
discovered isovector collective M1 scissors mode. The reader is simply re-
ferred to the literature to pursue these or other topics as his or her interests
dictate. Hopefully the structural background provided by this book will
facilitate such an adventure.
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INDEX

This listing gives the locations of principal discussions of various ideas and
topics. Occasionally, casual references to an idea or technique (e.g., paren-
thetical comments in the text) are not listed. Also, themes running throughout
the text, sometimes implicitly, such as the attractive nature of the nuclear
force, the Pauli principle, two-state mixing, the nuclear potential, collectivity,
and so on are only cited where they are explicitly the principal topic. Ideas,
nuclei, and so on that are the subject of figures are cited by the page numbers
where those figures are discussed rather than where the figures themselves
occur. Greek letters and words are alphabetized according to their latin
spelling and acronyms (e.g., RPA, GAMS, CFP%) are generally given accord-
ing to the way they are commonly thought of: thus, CFP’ are listed under “co-
efficients...” while GAMS is given according to the letters themselves. Such

decisions are often quite arbitrary.

Alaga rules, 172-183,212-214,228-230
algebraic models, 3, 197-235

(o, x7),351

ARC,346-351

axial asymmetry, 168, 175-197, 221-234

backbending (see decoupled bands,
rotation alignment), 233, 307-313

bandmixing, 175-183,228-234

bell-shaped angular distributions,
361-363

B(E2) values, 41,42,118, 121, 126,
151-154,159-161,170-183,
189-193, 206, 207, 211, 212, 217,
221-233, 244, 245,327,336

B-decay, 29

B-vibrations, 26, 36, 43, 168, 169, 230,
328-331

BILL,352-356

binding energies, 7, 10, 29, 126, 127

Casimir operators, 202
central potentials, 4952

charge independence, 12,15
charge symmetry, 8
closed shells, 31, 49, 58, 68
CFP’s, 111-115, 149-154
coherence, 23-25
collective models, 3, 34, 141-331
collectivity, 23, 24, 130, 320-322, 327
completeness (spectroscopic), 344,
348-351
configuration mixing, 141~145,249-252
conversion coefficients, 355,356
Coriolis coupling, 24, 175, 265, 266,
279-312, 326
and backbending, 307-312
decoupling parameter, 282-284
hexadecapole deformation, 296-300
high spin states, 280-282, 287, 290,
300-313
off diagonal mixing, 280-312
rotation alignment, 267, 268, 294, 295,
300-313
unique parity states, 292-300
correlations (in ground state), 316, 320

n



372

Coulomb excitation, 29, 335-344
Coulomb force, 56, 57
Coulomb-nuclear interference, 343, 344
cranked shell model, 312, 361

crossing frequency, 309,310

cubic terms (in IBA), 220, 233

Davydov model, 168, 187-191
decoupled bands, 266, 279, 283, 284
deformation, 141145, 156-331
and configuration mixing, 141-145
intruder states, 156-161
m-shell distributions, 143-145
pairing, 101-103, 131
p-ninteraction, 126, 141-145,
156-161,233-246
p-p, n-n interactions, 126, 141-145,
156-161
degenerate model (see RPA, TDA),
320-322
d-function residual interaction (see
residual interactions), 69-104,
128-131
detector arrays, 359
deuteron, 9, 14, 26
dynamic deformation theory, 323
dynamical symmetry, 199, 202-235

energy, staggering in y-band, 194, 195

even—even nuclei, 69-108, 141-246

experimental techniques, 29, 59, 60, 64,
136,137,271-279, 288-299,
335-363

Federman-Pittel mechanism, 236-239

fermion symmetry models, 233

finite boson number effects, 206-209,
212,218, 224,227-231, 244,245

folds (coincidence), 359

f-spin (and multiplets), 232

y-vibrations, 36, 43, 166-169, 175-183,
194,195, 228-231, 323-326

y-ray multipolarities, 29

GAMS, 226,227, 352~355

gap (pairing), 80-85, 93, 132-137

gap parameter (A), 133

g-boson, 233

generator (group), 202, 203

geometric interpretation of residual
interactions, 76, 85-92, 96-103

Index

geometric models, 34, 145-331

g factors, 238, 239

giant resonances, 146, 147, 232
group theory (IBA), 199, 202-214

harmonic oscillator potential, 47, 50, 58
harmonic vibrator model, 42, 145-161
heavy ion fusion reactions, 29, 183, 351,
356-361
heavy ion transfer reactions, 361-363
and spin sensitivity, 363
hexadecapole deformation, 296-300, 344

IBA, 143,197-235
and Alaga rules, 212-214, 228-230
assumptions, 198,199
backbending, 233
bandmixing, 228-230
collective models, 197, 198, 206-216,
220, 223,226,231
CQF,217,224-231
dynamical symmetries, 199,202-235
U(S),205-208, 215,217-220
0(6),205,215-220
SU(3), 205,208-215
extensions to s-d IBA-1, 232, 233
finite boson number, 206-209, 212,
218,224,227-231, 244, 245
v-softness, 205, 215-221, 230-233
group structure, 199, 202-221
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