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tion except geographical convenience.
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thesis, University of Michigan

Elementary Modes of Excitation

In the field of nuclear dynamics a cen-
tral theme has been the struggle to find
the proper place for the complementary
concepts referring to the independent
motion of the individual nucleons and
the collective behavior of the nucleus as
a whole. This development has been a
continuing process involving the inter-
play of ideas and discoveries relating to
all different aspects of nuclear phenome-
na. The multidimensionality of this devel-
opment makes it tempting to go directly
to a description of our present under-
standing and to the problems and per-
spectives as they appear today. How-
ever, an attempt to follow the evolution
of some of the principal ideas may be
instructive in illustrating the struggle for
understanding of many-body systems,
which have continued to inspire the de-
velopment of fundamental new con-
cepts, even in cases where the basic
equations of motion are well established.
Concepts appropriate for describing the
wealth of nuclear phenomena have been
derived from a combination of many dif-
ferent approaches including the explora-
tion of general relations following from
considerations of symmetry, the study of
model systems, sometimes of a grossly
oversimplified nature, and, of course,
the clues provided by the experimental
discoveries which have again and again
given the development entirely new di-
rections (/).

The situation in 1950, when 1 first
came to Copenhagen, was characterized
by the inescapable fact that the nucleus
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sometimes exhibited phenomena charac-
teristic of independent-particle motion,
while other phenomena, such as the fis-
sion process and the large quadrupole
moments, clearly involved a collective
behavior of the whole nucleus.

It was also clear from the work of
Rainwater that there was an important
coupling between the motion of the indi-
vidual particles and the collective defor-
mation; and one was thus faced with the
problem of exploring the properties of
a dynamical system involving such
coupled degrees of freedom (2-5)

H = Hyy, + Hyare v Heoupl

Hyyp =3 C, % |0‘Au|2+%DA%|&AuIZ

Heowor = 2 k() 2 0 Yo (06— (D)

where oy, are the amplitudes of the nu-
clear deformation expanded in spherical
harmonics and (r,, 0,, ¢,) are the coordi-
nates of the particles considered. The
coupling term represents the effect of the
deformation on the one-particle poten-
tial.

I remember vividly the many lively
discussions in these years reflecting the
feeling of unease, not to say total dis-
belief, of many of our colleagues con-
cerning the simultaneous use of both col-
lective and single-particle coordinates to
describe a system that we all agreed was
ultimately built out of the neutrons and
protons themselves. Niels Bohr partici-

20. R. Kaulaéara, Silpa Prakdsa, A. Boner and S.
Rath Sarma, Transls. (Brill, Leiden, 1966), p.
XXXili. -

21. The major cardinal alignments at Angkor Wat are
as follows. The northern side of the moat of
Angkor Wat is along a 27.6-km line between Wat
Khnat and Wat Trach (about 10 km north of
Roluos). The eastern edge of the moat of Angkor
Wat is aligned with the east wall of Preah Khan
and the outer wall of Angkor Thom. The north-
south meridian of the topmost elevation of Ang-
kor Wat terminates at Prasat Einkosei 4 km to
the south; 5.5 km to the north it joins the earthen
ridge west of the western side of the moat of
Preah Khan.

pated very actively in these discussions.
Something of the flavor of his contribu-
tion can perhaps be gathered from the
exchange recorded in the Proceedings of
the CERN International Physics Confer-
ence in Copenhagen from June 1952; 1
had given a report on our work, and in the
discussion Rosenfeld ‘‘asked how far
this model is based on first principles.”’
Niels Bohr ‘‘answered that it appeared
difficult to define what one should under-
stand by first principles in a field of
knowledge where our starting point is
empirical evidence of different kinds,
which is not directly combinable.”’

I would like to take this opportunity to
acknowledge the tremendous inspiration
it has been for me to have had the privi-
lege to work for the entire period cov-
ered by this report within the unique
scientific environment created by Niels
Bohr.

Interpretation of Low-Energy Nuclear

Excitation Spectra

In the beginning of the 1950’s, there
existed very little evidence on nuclear
spectra which could be used to test these
ideas. In the following years, however, a
dramatic development of nuclear spec-
troscopy took place. The new data made
possible the identification of the charac-
teristic patterns of rotational spectra (6)
and, shortly afterward, the recognition
by Scharff-Goldhaber and Weneser (7)
that a significant class of spectra exhibit
patterns corresponding to quadrupole vi-
brations about a spherical equilibrium
(8-14). The existence of the static defor-
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Fig. 1. Nuclear potential energy function. The
figure, taken from (79), gives a schematic rep-
resentation of the nuclear energy as function
of the deformation B. Curve a represents
a configuration with only relatively few parti-
cles outside closed shells. As particles are
added, the restoring force for the spherical
shape (8 = 0) decreases (curve b). Still fur-
ther from the closed shells, the spherical
shape may become unstable (curves ¢ and d)
and the nucleus acquires a nonspherical equi-
librium shape.

mations in certain classes of nuclei re-
ceived further decisive confirmation in
the successful classification of the in-
trinsic states of these spectra in terms of
one-particle motion in an appropriately
deformed potential (6).

A striking feature in the developing
picture of nuclear excitation spectra was
the distinction between a class of nuclei
with spherical shape and others with
large deformations. The clue to the ori-
gin of this distinction came, rather unex-
pectedly, from the analysis of the mo-
ments of inertia of the rotational spectra.
The cranking model of Inglis (/5) had
provided a starting point for a micro-
scopic interpretation of the rotational
motion, and the analysis showed that
significant deviations from independent-
particle motion were required to account
for the observed magnitude of the mo-
ments of inertia. These correlations
could be attributed to the residual inter-
actions that tend to bind the nucleons
into pairs with angular momentum zero.
Such a pair is spherically symmetric, and
this nucleonic correlation could there-
fore, at the same time, be seen to provide
an effect tending to stabilize the spheri-
cal shape (/6).

Thus, quite suddenly the way was
opened tc a qualitative understanding of
the whole pattern of the low-energy ex-
citation spectra in terms of a competition
between the pairing effect and the tend-
ency toward deformation implied by
the anisotropy of the single-particle or-
bits. The outcome of this competition
depends on the number of particles in
unfilled shells; for few particles, the de-
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formation in the absence of interactions
is relatively small and can easily be domi-
nated by the tendency to form spherical
pairs; but with an increasing number of
particles, the spherical equilibrium shape
becomes less stable, and eventually a
transition takes place to a deformed equi-
librium shape. These considerations are
illustrated by the potential energy sur-
faces shown in Fig. 1.

Microscopic Description of

Collective Motion

This qualitative interpretation of the
nuclear coupling schemes could soon be
given a firmer basis in terms of many-
body wave functions that describe the
correlation effects governing the low-en-
ergy nuclear spectra.

A step toward a microscopic under-
standing of the deformation effect result-
ed from the discovery of rotational
spectra in light nuclei (17-19). For these
nuclei, even a few particles represent a
significant fraction of the total and can
give rise to deformations that are among
the largest observed. The spectra of
some of these nuclei had previously been
successfully analyzed in terms of shell-
model configurations (6). Thus, for the
first time one had a many-body wave
function with rotational relationships
and one could see explicitly that the
main effect of the rather complicated
finite range interactions employed in the
shell-model calculations had been to gen-
erate a deformed average potential.

The essence of this development was
brought into focus by Elliott’s discovery
that the SU, classification scheme for
particles in a harmonic oscillator poten-
tial leads to multiplets with rotational
relations (20). The effective two-body
interaction that is invariant under SU,
symmetry (when acting within the config-
urations of a major shell), and thus leads
to the rotational coupling scheme, is giv-
en by the scalar product of the quadru-
pole moments of each pair of particles

Vetr = 3¢ E lg@a(lo

qu @) = l','2 You (vidh)) 2

Such a two-body force is equivalent. to
the interaction of each particle with'the
total quadrupole moment of the system
and thus to the effect of an ellipsoidal
deformation in the average potential.

In retrospect, the important lesson of
this development was the recognition
that the aligned wave function

Y =A [P, (x1) Pr, (c2) s x)] 3

single-particle
excitations

Fig. 2. Frequency distribution of nuclear elec-
tric dipole excitations. The figure is a schemat-
ic representation (for A =~ 100) of the dipole
strength for single-particle excitations as com-
pared with the observed frequency distribu-
tion of the photoabsorption cross section.
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obtained as a simple product of single-
particle states in a self-consistent de-
formed potential provides a starting
point for the full many-body wave func-
tion (2/-23). This viewpoint had indeed
been implied by the establishment of the
classification based on the Nilsson
scheme, but the revelation of the exact
SU, solution, even in such an over-
simplified model, contributed greatly to
the confidence in this approach.

The second major development in-
volved the many-particle interpretation
of the nuclear pairing effect. As we have
seen, this problem had become a crucial
one for the quantitative analysis of col-
lective motion in the nucleus, but the
story of the pairing effect goes back
much further, to the very earliest days of
nuclear physics (24). The discovery of
the neutron made it possible to interpret
the accumulated systematics concerning
the differences in stability of odd and
even nuclei in terms of an additional
binding associated with even numbers of
protons or neutrons (25). This effect later
provided the basis for understanding the
striking difference in the fission of the
odd and even isotopes of uranium (26).
The pairing effect also played an impor-
tant role in the development of the shell
model since it provided the basis for the
interpretation of many of the properties
of odd-A nuclei in terms of the binding
states of the last odd particle 27-29).

The key to understanding the correla-
tion effect underlying the odd-even differ-

-ences came from the discovery by Bar-

deen, Cooper, and Schrieffer (30) of the
profound new concepts for treating the
electronic  correlations  in  super-
conductors (37/-33). It was a marvelous
thing that the correlations, which might
appear to be associated with such com-
plexity, could be simply expressed in
terms of a generalized one-body problem
in which the particles move in a potential
which creates and annihilates pairs of
particles, giving rise to the quasiparticles
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Fig. 3 (left). Single-particle dipole excitations in a nucleus with neutron
excess. The boxes represent the occupied proton (p) and neutron (n) orbits and AT
the hatched domains correspond to the particle orbits that can be excited by the
isovector dipole field with different components, u,. For large values of the
neutron excess, the excitations lead to a change AT in the total isospin quantum
number equal to w.. [The figure is from (23)] Fig. 4 (right). Isospin of vibra- T0 -1
tional excitations in nucleus with neutron excess. The ground state of sucha ~—~— —
nucleus has a total isospin component M = 4(N — Z) and total isospin Ty =
M. The figure gives a schematic illustration of the pattern of states formed by _ +
adding vibrational quanta with isospin 7 = 0 and 7 = 1. Isobaric analog states N-1,Z+1
are connected by thin broken lines. The ground states of the isobaric nuclei with M . -TO -1

My = T, * are indicated by dashed lines. [The figure is from (23)]

that are superpositions of particles and
holes (34, 35). It could also be seen that
the many-body wave function represent-
ed a generalization of Racah’s seniority
coupling scheme (36) which had been
exploited in the interpretation of the one-
particle model in nuclei.

One thus had available the basic tools
for a microscopic analysis of the cou-
pling schemes encountered in the low-
energy nuclear spectra. These tools were
rapidly exploited to treat the moments of
inertia of rotating nuclei (3740), the po-
tential energy surfaces and inertial pa-
rameters for the vibrations of spherical
nuclei 37, 41) as well as the effects of
pair correlations on a variety of nuclear
processes (42-45).

This was indeed a period of heady de-
velopment in the understanding of many-
body problems, with a fruitful interplay
of experience gained from the study of so
many different systems that nature had
provided, including the ‘‘elementary par-
ticles’ that had stimulated the devel-
opment of the powerful tools of relativ-
istic field theory. An important clari-
fication in the description of collective
motion was the new way of viewing the
normal modes of vibration as built out of
correlated two-quasiparticle (or particle-
hole) excitations. The significant part of
the interactions creates and annihilates
two such basic excitations, and the vibra-
tions can thus be obtained from the solu-
tion of a generalized two-body problem
46). This approach not only com-
plemented the previously applied adia-
batic treatment of nuclear collective mo-
tion, but also gave a broader scope to the
concept of vibration that was to be im-
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portant for the subsequent development.

The whole picture of nuclear physics
at this stage in the development is beau-
tifully expressed by Weisskopf in his
summary talk at the Kingston Confer-
ence in 1960, where the recurring theme
is his comment, again and again, ‘It
works surprisingly well’” (47).

The Great Variety of Collective Modes
While the low-frequency spectra are
dominated by transitions of particles

within the partly filled shells, new aspects
of nuclear dynamics are associated with
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the excitation of the closed shells. The
classic example of a collective excitation
of this type is the ‘‘giant dipole reso-
nance’’ which was discovered in the
study of the photoprocesses soon after
the war #8), and which could be given
an interpretation in terms of collective
motion of the neutron and proton fluids
with respect to each other (49, 50).

After the development of the shell
model, attempts were made to describe
the photoabsorption in terms of single-
particle excitations (57), but one encoun-
tered the problem that the one-particle
excitations that should carry the main
part of the dipole strength appeared in a

PAIR VIBRATIONS

ISOTOPES OF Pb

(2,2) LS
2 (0,3)
A (0,2) o
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Fig. 5. Neutron monopole pair vibrations based on 2**Pb. The levels in the pair-vibrational spec-
trum are labeled by the quantum numbers (n-, n,), where n. corresponds to the number of
correlated J = 0 pairs that have been added to or removed from the closed-shell configuration
of **Pb. Thus, the levels (n_, 0) and (0, n,) correspond to the ground states of the even Pb
isotopes. The observed levels are indicated by solid lines, while the dashed lines indicate the
predicted positions of additional levels. The strong two-neutron transfer process [(pf) and (tp)]
that have so far been observed are indicated by arrows. [The figure is from (88)]
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part of the spectrum quite distinct from
that in which the strong dipole absorp-
tion was observed (see Fig. 2). This led
to a period of lively discussions, and for
a time it was felt that the single-particle
and collective descriptions represented
opposite and mutually exclusive inter-
pretations (52).

A step in the resolution of the problem
resulted from a study of the interaction
effects in the single-particle excitations
of the closed-shell configuration of '¢O,
which revealed a strong tendency toward
the formation of linear combinations of
different particle-hole configurations, col-
lecting the major part of the dipole
strength and shifting it to higher energy
(53). A highly simplified model based on
degenerate single-particle excitations, as
in the harmonic oscillator potential,

again provided valuable insight by exhib-
iting exact solutions, in which the total
dipole strength was collected into a
single high-frequency excitation (54, 55).
These schematic models could soon be
seen in the more general framework of
the normal modes treatment referred to
above.

In carrying through this program, one
faced the uncertainty in the effective
forces to be employed, but it was found
possible to represent the interactions by
an oscillating average potential acting
with opposite sign on neutrons and pro-
tons, the strength of which could be re-
lated to the isovector component in the
static central potential that is present in
nuclei with a neutron excess (23, 56, 57).
Indeed, it appears that all the collective
nuclear modes that have been identified

can be traced back to average fields of
specific symmetry generated by the effec-
tive interaction.

The new insight into the manner in
which the vibrations are generated by
the interactions in the various channels
of particle excitations opened a whole
new perspective, since one became liber-
ated from the classical picture of vibra-
tions and could begin to imagine the enor-
mously greater variety of vibrational phe-
nomena that are characteristic of quantal
systems. This perspective became appar-
ent 10 to 15 years ago, but there was at
that time very little experimental evi-
dence on which to build. The understand-
ing of some of the features in this rich
fabric of possibilities has been the result
of a gradual process [which added a dec-
ade to the gestation of volume 2 of our
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Fig. 6. Single-particle response function for quadrupole excitations. The figure gives the strength of the transitions produced by the quadrupole
operator r2Ys, acting on a nucleus with neutron number N = 60. The single-particle spectrum has been obtained from a potential represented by a
harmonic oscillator with the addition of spin-orbit coupling and anharmonic terms reflecting the flatter bottom and steeper sides of the nuclear
potential. The excitation energies are plotted in terms of the oscillator frequency w,, and for the nucleus considered hw, ~ 8.7 Mev. [The figure is
from (23)]

CROSS SECTION

10 15 20
EXCITATION ENERGY (MeV) Classical orbits in nuclear potential
Fig. 7 (left). Inelastic electron scattering on Ce. The highest energy resonance line corresponds with the well-known isovector dipole resonance ob-
served in photoabsorption, while the resonance at an excitation energy of about 12 Mev is identified with the isoscalar quadrupole mode. [The
figure is from (69)] Fig. 8 (right). Periodic orbits in nuclear potential. For small values of angular momentum the motion resembles the elliptical
orbits in the oscillator potential. For larger values of angular momentum, the effects of the rather sharp nuclear surface can give rise to approxi-
mately triangular orbits.
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work on Nuclear Structure (23)] and
which is still continuing. A few examples
may give an impression of the scope of
the new phenomena.

The dipole mode is of isovector charac-
ter and each quantum of excitation car-
ries unit isospin. It is thus a component
of a triplet, which also includes ex-
citations that turn neutrons into protons
and vice versa. In a nucleus with equal
numbers of neutrons and protons, and to-
tal isospin 7, = 0in the ground state, the
triplet of excitations represents an isobar-
ic multiplet and the different states are
therefore directly related in terms of rota-
tions in isospace. However, in a nucleus
with neutron excess and isospin T, # 0in
the ground state, the dipole excitations
with charge exchange may be very dif-
ferent from those with zero component of
‘the isospin (see Fig. 3). The resulting
dipole excitation spectrum is schemat-
ically illustrated in Fig. 4 and presents an
example of symmetry breaking resulting
from the lack of isobaric isotropy of the
“vacuum’ (the nuclear ground state).
Some of the features in the pattern in-
dicated in Fig. 4 have been experimentally
confirmed, but the major part of this rich
structure remains to be explored (58, 59).

Another dimension to the vibrational
concept is associated with the possibility
of collective fields that create or annihi-
late pairs of particles, in contrast to the
field associated with the dipole mode
that creates particle-hole pairs and there-
fore conserves particle number. The new
fields are connected with the pairing com-
ponent in the nuclear interactions which
tend to bind pairs into a highly correlated
state of angular momentum zero. The ad-
dition of such a pair to a closed shell con-
stitutes an excitation that can be repeat-
ed and can thus be viewed as a quantum
of a vibrational mode. Figure 5 shows
the pair vibrational spectrum with the
two modes associated with addition and
removal of neutron pairs from the closed-
shell configuration of 2**Pb. One thus en-
counters a vibrational band in which the
members belong to different nuclei. In
systems with many particles outside
closed shells the ground state can be
viewed as a condensate of correlated
pairs as in the superconductor (60). Such
a condensate can be expressed as a
static deformation in the magnitude of
the pair field, and the addition and re-
moval of pairs from the condensate con-
stitute the associated rotational mode of
excitation.

The clarification of the dynamical role
of pair fields in the nucleus has resulted
from a close interplay of experimental
and theoretical work (6/-65). From the
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Fig. 9. Elementary excitations based on the closed shell of 2Pb. (A) Fermion excitations in-
volving the addition or removal of a single proton (AZ = +1 or AZ = —1), and boson ex-
citations involving correlated pairs of protons (AZ = = 2) as well as collective shape oscilla-
tions (particle-hole excitations) in 2Pb itself. (B) Observed spectrum of %3 Bi, which com-
prises partly the single-proton states and partly states involving the combinations of a single
particle or a single hole with a collective boson. The configuration (hgs2, 3-) gives rise to a septu-
plet of states with/ = 3/2,5/2, . . . , 15/2 which have all been identified within an energy region
of a few hundred kiloelectron volts (see Fig. 12). At an excitation energy of about 3 Mev, a

rather dense spectrum of two-particle one-hole states sets in, as indicated to the right in the
figure. [The figure is from (88)]
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Fig. 10. Basic diagrams for particle-vibration
coupling. The solid lines represent particles
and the wavy line a phonon of a collective ex-
citation. The particle-vibration coupling
creates or annihilates vibrational quanta and
at the same time either scatters a particle (or
hole) or creates a particle-hole pair.
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polarization effect

Fig. 11. Renormalization of the matrix elements of a single-particle moment resulting from par-
txcle-yibration coupling. The moment F may be any operator that acts on the degrees of freedom
of a single particle, such as an electric or magnetic moment, 8-decay transition moment, and so
forth.
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experimental side, the decisive contribu-
tion came from the study of reactions in
which a correlated pair of nucleons is
added or removed from the nucleus as in
the (zp) or (pt) reactions (66).

The new views of vibrations also lead
to important insight concerning shape os-
cillations. While the early considerations
were guided by the classical picture pro-
vided by the liquid-drop model (5, 67),
the lesson of the microscopic theory has
been that one must begin the analysis of
the collective modes by studying the
single-particle excitations produced by
fields of the appropriate symmetry.

For quadrupole excitations, an ex-
ample of such a single-particle response

function is shown in Fig. 6 and reveals
that the quadrupole excitations involve
two very different frequency regions.
The first is associated with transitions
within the partially filled shells and gives
rise to the low-frequency quadrupole
mode discussed above. The second fre-
quency region in the quadrupole re-
sponse function is associated with transi-
tions between orbits separated by two
major shells and contains most of the os-
cillator strength. This group of transi-
tions generates a high-frequency collec-
tive mode which has been eagerly ex-
pected for many years (68); a few years
ago, the study of inelastic electron scat-
tering led to the identification of this
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Fig. 12. Energy spectra of deuterons scattered from ***Pb and **Bi. The prominent inelastic
group in ®*Pb corresponds to the excitation of an octupole vibrational phonon (Im = 3—;
hw, = 2.6 Mev). In 2°Bi the ground state has I = 9/2, corresponding to a single k4, proton out-
side the closed-shell configurations. The excitation of the octupole quantum leads to a septuplet
of states in the neighborhood of 2.6 Mev with I = 3/2,5/2,. . ., 15/2. [The figure is from (23) and

based on data from (89)]
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mode (69) (see Fig. 7), which has since
been found as a systematic feature in a
wide variety of inelastic scattering ex-
periments (70). This discovery opens the
possibility for a deeper probing of one of
the fundamental degrees of freedom in
the nucleus.

Returning to the quadrupole response
function, the low-frequency excitations
reflect a degeneracy in the single-particle
spectrum, which is responsible for the
tendency to break away from spherical
symmetry and to form a spheroidal equi-
librium shape (Jahn-Teller effect). One
may ask: What underlies this degeneracy
in the single-particle spectrum? Appar-
ently this question was never seriously
asked until the discovery of the fission
isomers (71) revealed the occurrence of
important shell-structure effects in poten-
tials that deviate in a major way from
spherical symmetry (72) (saddle-point
shape). These developments posed in an
acute way the question of the general
conditions for the occurrence of signifi-
cant degeneracies in the eigenvalue spec-
trum for the wave equation. It has been
possible to relate this question to the oc-
currence of degenerate families of period-
ic orbits in the corresponding classical
problem (23, 73, 74) and the instabilities
that arise for partially filled shells direct-
ly reflect the geometry of these classical
orbits. Thus, the observed quadrupole
deformations in nuclei can be associated
with the elliptical orbits for particle mo-
tion in a harmonic oscillator potential
(see Fig. 8). The nuclear potential in
heavy nuclei also supports orbits of tri-
angular symmetry, and indeed there is
evidence for an incipient octupole insta-
bility in heavy nuclei.

Modern View of Particle-Vibration

Coupling

The picture of nuclear dynamics that
has emerged from these developments
thus involves a great variety of different
collective excitations that are as elemen-
tary as the single-particle excitations
themiselves, in the sense that they remain
as approximately independent entities in
the construction of the nuclear excitation
spectrum. Examples of the superposition
of elementary modes of excitation are
given in Fig. 9 (see also Fig. 5).

In the analysis of the elementary
modes and their interactions, a central
element is the particle-vibration cou-
pling, which expresses the variations in
the average potential associated with the
collective vibrational amplitude. This
coupling is the organizing element that
generates the self-consistent collective
modes out of the particle excitations. At
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the same time it gives rise to interactions
that provide the natural limitation to the
analysis in terms of elementary modes.

Information about the particle-vibra-
tion coupling comes from a variety of
sources. For some modes, such as the
shape oscillations, the coupling can be re-
lated to observed static potentials. More
generally, the couplings directly mani-
fest themselves in inelastic scattering
processes and indirectly in the properties
of the modes and their interactions.

The average one-particle potentials ap-
pearing in the particle-vibration coupling
are of course ultimately related to the un-
derlying nucleonic interactions. Indeed,
many of our colleagues would stress the
incompleteness in a description that is
not explicitly based on these inter-
actions. However, we would emphasize
that the potentials are physically signifi-
cant quantities in terms of which one can
establish relationships between a great
variety of nuclear phenomena (75-77).

It is of course a great challenge to ex-
ploit the extensive and precise informa-
tion available on the two-body forces
and the structure of hadrons in order to
shed light on the average nuclear poten-
tials. The problem is a classical one in nu-
clear physics and has continued to reveal
new facets, not only because of the com-
plexity of the nuclear forces, but also
due to the many subtle correlations that
may contribute to the effective inter-
actions in the nuclear medium.

The basic matrix elements of the par-
ticle-vibration coupling can be represent-
ed by the diagrams in Fig. 10, which
form the basis for a nuclear field theory
based on the elementary modes of fer-
mion and boson type. In lowest order,
the coupling gives rise to a renormaliza-
tion of the effective moments of a par-
ticle illustrated by the diagrams in Fig.
11. This renormalization is a major effect
in the transitions between low-lying
single-particle states and provides the an-
swer to the old dilemma concerning the
distribution of the strength between the
particle excitations and the collective
modes. Thus, for example, for the dipole
mode, the one-particle excitations carry
a very small admixture of the collective
mode, which is sufficient to almost can-
cel the dipole moment of the bare par-
ticle (78-83).

Acting in higher order, the particle-vi-
bration coupling gives rise to a wealth of
different effects, including interactions
between the different elementary modes,
anharmonicities in the vibrational mo-
tion, self-energy effects, and so forth. An
example is provided by the interaction
between a single particle and a phonon in
209Bi (see Fig. 12) (84-86). The lowest
single-proton state h,, can be super-
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Fig. 13. Second-order diagrams contributing to the energy of a particle-phonon multiplet.
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posed on the octupole excitation observed
n 2%Pb and gives rise to a septuplet with
I =32, , 15/2. The splitting of the
septuplet receives contributions from the
octupole coupling, which can be estimated
from the second-order diagrams shown in
Fig. 13 (and which are seen to correspond
to those of the Compton effect in elec-
trodynamics).

It is an important feature of this calcu-
lation that the interactions contain the ef-
fect of the antisymmetry between the
single particle considered and the parti-
cles out of which the vibration is built.
This effect is contained in the last dia-
gram in Fig. 13, as schematically in-
dicated in Fig. 14. In a similar manner,
the third diagram in Fig. 13 contains the
effect of the Bose symmetry of the two
identical octupole quanta.

The particle-vibration coupling also
leads to the interaction between
“‘crossed’” channels, such as illustrated
in Fig. 15, which exhibits the coupling of
the 7 = 3/2 member of the septuplet in
*99Bi to the state obtained by superposing
a quantum consisting of a pair of protons
coupled to angular momentum zero (as
in the ground state of 2'"Po), and a single-
proton hole in the configuration d3}, (as
observed in the spectrum of 2’Tl). The
treatment of this diagram takes proper
account of the fact that the two configu-
rations considered are not mutually or-
thogonal, as must be expected quite gen-
erally in a description that simulta-
neously exploits the quanta of particle-

-1
O+ dsy,

A

3_

Figure 14 (left). Linked diagrams associated
with symmetrization of particle plus phonon
states. Fig. 15 (right). Coupling between
the configurations (kg 3—) 3/2+ and (d3h
0+)3/2+, based on particle-vibration vertices.

b
hole type as well as those involving two
particles or holes.

As illustrated by these examples, it ap-
pears that the nuclear field theory based
upon the particle-vibration coupling pro-
vides a systematic method for treating
the old problems of the overcom-
pleteness of the degrees of freedom, as
well as those arising from the identity
of the particles appearing explicitly and
the particles participating in the collec-
tive motion (23, 87). This development is
one of the active frontiers in the current
exploration of nuclear dynamics.

Looking back over this whole devel-
opment, one cannot help but be im-
pressed by the enormous richness and
variety of correlation effects exhibited
by the nucleus. This lesson coincides
with that learned in so many other do-
mains of quantal physics and reflects the
almost inexhaustible possibilities in the
quantal many-body systems. The con-
nections between the problems encoun-
tered in the different domains of quantal
physics dealing with systems with many
degrees of freedom have become increas-
ingly apparent, and have been of in-
spiration, not least to the nuclear physi-
cists who find themselves at an inter-
mediate position on the quantum ladder.
Looking forward, we feel that the efforts
to view the various branches of quantal
physics as a whole may to an even great-
er extent become a stimulus to a deeper
understanding of the scope of this broad
development.
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