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PREFACE

The DOE/NSF Nuclear Science Advisory Committee of the Department of Energy and the
National Science Foundation is charged with providing advice on a continuing basis regarding the
scientific priorities within the field of basic nuclear research to the Department of Energy and the
National Science Foundation. It is in this sense that the Committee was asked (Appendix A) to
develop a long range plan for the field, a plan that will serve as a framework for coordinated ad-
vancement of the research program over the next decade. This long range plan is the second one
since the Committee’s establishment in 1977; the 1979 Long Range Plan has guided the priorities of
the field over the past several years, and has had a substantial impact on new directions and
initiatives.

The Committee started discussing the 1983 Long Range Plan at its meetings in January, February,
and April 1983 (Appendix B). The major issues were outlined, and the framework for formulating
the Plan were established in April. The detailed substance of the Plan emerged from a week-long
workshop in Aurora, N.Y. during the week of July 10 (Appendix C). In this Workshop, the scientific
questions confronting nuclear science and the relevant technical issues were thoroughly discussed
and drafts of sections of the report were formulated. This workshop involved a larger number of par-
ticipants (about 30 in addition to the Committee) to ensure a broad representation of expertise and
of opinions.

The writing and editing of the Long Range Plan document were carried out during August-
October of 1983 and, at the meeting of the Committee on the 15th and 16th of October, the final
details were discussed and the Plan was endorsed. Copies of the final draft were mailed to the Com-
mittee and to external readers, consisting of G. E. Brown, J. Cerny, H. Feshbach, E. M. Henley, and
H. J. Jackson for their comments.

The Committee is indebted to a number of individuals for their help in connection with this task,
the names of scientists who participated in the workshop and helped in other ways are listed in Ap-
pendix C. The chairman would like to express his particular appreciation to Karen Thayer, whose
help during the workshop and in the typing of successive drafts has been invaluable.
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SUMMARY

In response to the request by the Department of Energy
and the National Science Foundation for a Long Range
Plan for Nuclear Science, the DOE/NSF Nuclear Science
Advisory Committee (NSAC) held a number of meetings
and a workshop during 1983 to prepare such a plan. From
these discussions and studies, we reaffirm our earlier
recommendation for the earliest possible start on the con-
struction of a national electron accelerator laboratory and
we make the following recommendations for the future:

1) The research program in nuclear physics, with the
facilities in existence or under construction, faces
many challenges and opportunities now. To ad-
dress those opportunities, central to the vitality of
our field, it is essential that the $20 million in-
cremental adjustment in operating and equipment
funds for the ongoing research program that we
recommended earlier this year be forthcoming.

2) We identify a relativistic heavy ion collider as the
highest priority for the next major facility to be
constructed, with the potential of addressing a new
scientific frontier of fundamental importance.

3) To effectively utilize the national electron ac-
celerator, the relativistic heavy ion collider and the
other vital facilities of the nuclear research pro-
gram, we recommend a level of funding rising to
$270 million per year (FY 1983 dollars) by the time
the above two major construction projects have
been completed.

The nucleus continues to be a rich source of new and
often surprising phenomena. Exploration of many of these
lies within the scope of existing accelerators and in-
strumentation. Nuclear physics both in the U. S. and
abroad is in the midst of a renaissance of interest, excite-
ment and optimism. The purpose of this Long Range Plan
is to provide the United States with a strong role in the
leadership of nuclear physics during the coming decade in
which this renaissance is developing.

The major questions facing nuclear physics point to a
number of important scientific opportunities beyond the
reach of the facilities in existence or under construction.
Many of these opportunities may be attained by a variety
of possible upgrades and additions to the capabilities of
present facilities. Among these are the capability for high
resolution continuous (CW) electron operation below
1 GeV, substantially enhanced kaon beams, improved
medium energy neutrino capability, antiproton beams,
improved proton beams of variable energy between 200
and 800 MeV, and also above 800 MeV, intense neutron
sources with energies up to a few hundred MeV,
capabilities for accelerating very heavy ions with easily
varied energy between 3 and 20 MeV per nucleon, a high
intensity pulsed muon facility, and a number of other op-
tions. We estimate that a reasonable fraction of these
opportunities can be realized within the currently envi-
sioned base program. Decisions on relative priorities
should be made at a later time and with more specific pro-
posals in hand.

A high intensity 10-30 GeV proton accelerator (kaon
factory), capable of producing intense beams of kaons,
neutrinos, and other particles would provide substantial
opportunities for physics, in areas that are clearly fun-
damental and exciting. Given our commitment to the na-
tional electron accelerator laboratory and the heavy ion
collider discussed above, the financial assumptions of this
report preclude a major additional facility. But as cir-
cumstances change, we want to keep this important op-
tion readily available.

There are fundamental issues in nuclear symmetries, in
nuclear excitations, and nuclear dynamics for which the
facilities, the instrumentation, the techniques and the
theoretical framework are just beginning to come into
existence. These major questions facing our science are
discussed in the body of the report. We note that in addi-
tion to the wide variety of studies of nuclear structure and
interactions at lower energies, there is an increasing in-
terest in exploring the nuclear implications of quantum



chromodynamics (QCD), the theory of strong interactions
that has emerged from particle physics. Not only are the
implications of QCD for nuclear physics profound, but
nuclear physics may provide fundamental new informa-
tion on crucial aspects of QCD, such as quark confine-
ment, by studying the elementary constituents of
nucleons within nuclear matter. The 4-GeV electron ac-
celerator of the national electron accelerator laboratory
recently recommended by NSAC, will be an ideal instru-
ment for exploring this crucial area and it is eagerly
awaited by the nuclear physics community.

Our increasing understanding of the underlying struc-
ture of nuclei and of the strong interaction between
hadrons has developed into a new scientific opportunity
of fundamental importance—the chance to find and to ex-
plore an entirely new phase of nuclear matter. In the inter-
action of very energetic colliding beams of heavy atomic
nuclei, extreme conditions of energy density will occur,
conditions which hitherto have prevailed only in the very
" early instants of the creation of the universe. We expect
many qualitatively new phenomena under these condi-
tions; for example a spectacular transition to a new phase
of matter, a quark-gluon plasma, may occur. Observation
and study of this new form of strongly interacting matter
would clearly have a major impact, not only on nuclear
physics, but also on astrophysics, high-energy physics,
and on the broader community of science. The facility
necessary to achieve this scientific breakthrough is now
technically feasible and within our grasp; it is an ac-
celerator that can provide colliding beams of very heavy
nuclei with energies of about 30 GeV per nucleon. Its cost
can be estimated at this time only very roughly as about
250 million dollars. It is the opinion of this Committee
that the United States should proceed with the planning
for the construction of this relativistic heavy ion collider
facility expeditiously, and we see it as the highest priority
new scientific opportunity within the purview of our
science. The tasks of specifying the detailed character-
istics of the accelerator, identifying technical issues, and
planning for the necessary instrumentation will have to be
taken up by workshops and NSAC subcommittees as soon
as is appropriate and practical.

The tools, techniques and concepts of nuclear physics
have found wide application in our sister sciences—as in-
deed we have benefited from advances in other sciences.
Many applications have been made to the betterment of
society and the nation. Radioisotopes and nuclear detec-
tors, for example, have provided both research and
clinical medicine with probes-of unprecedented specific-
ity and sensitivity. Nuclear medicine is the most rapidly
growing subfield of medicine at the present time. The ion
beam technologies developed for nuclear physics have
revolutionized many aspects of surface and materials

vi

science and of technology. And fundamental concepts
such as pairing have been passed back and forth between
nuclear and condensed matter physics to the enrichment
of both. All these are only isolated examples of the
unusually broad impact that nuclear science has had and
continues to have on other basic sciences, on technology
and on society at large.

The budgetary implications of the Long Range Plan are
stated. Comparison to other advanced countries indicates
that the relative U. S. investment in nuclear physics is
presently substantially lower (by a factor of two to three).
In order to respond to the major new opportunities con-
fronting the field with the present facilities we point out
the need for the 10% ($20 million) incremental adjust-
ment in operating and equipment funds recommended by
our Committee on April 29, 1983.

We see this increment as helping alleviate some of the
most urgent needs of the field: (a) supporting long-term
developmental work on accelerators and instrumentation;
(b) fuller utilization of existing facilities that are funded at
subcritical levels of operation, far below their potential to
produce outstanding research; (c) support of technical
manpower for user groups; (d) support of young investiga-
tors; and (e) many opportunities in research where a
relatively small investment would have significant impact.
Looking further into the future, the budgetary implications
of the major new facilities are considered as leading to a
total annual budget of about $270 million (FY 1983
dollars) after the completion of the relativistic heavy ion
collider.

The opportunities for new research confronting us now
are highly promising, a number of them involve changing
perspectives and close interactions with other fields of
science. Our progress towards meeting the challenges
ahead of us is only limited by the resources at hand.
Within the framework of this Long Range Plan one can
anticipate a decade in which nuclear science will confront
key scientific questions and in which the United States will
play a leading role.



. INTRODUCTION

The world in which we live is made mostly of nuclear
matter. Though some of the important features of our
universe, such as chemical and biological properties, are
determined by the fragile shell of atomic electrons sur-
rounding the nucleus, others, such as our sources of
energy, are predominantly nuclear in origin. The nuclear
fusion reactor that is our sun provides the energy for all
life in the biosphere, and this solar energy, as stored in
wood, coal and oil, has been the basis for the develop-
ment of civilization on this Earth. It is also nuclear fission
and fusion energy that our society has been attempting to
tame during the last four decades as the energy sources
for future generations.

The drive to study, understand, and control our
environment has been the unique distinguishing charac-
teristic of the human race. This must have been true for
many millenia, and has been a crucial element in our
evolutionary success. But this pursuit of knowledge based
on observation and measurement has been institutional-
ized by our society only in the very recent past, in the
form of systematic support of science.

It is clear that the enormous advances mankind has
achieved in the last century in controlling the environ-
ment and improving the quality of human life are directly
related to prior investments made in very basic, then ap-
parently ‘‘useless,”” science. The pursuit of basic
knowledge and of the understanding of our world, this
very uniquely human curiosity, pays off in the most un-
expected ways, and is the soundest investment our soci-
ety and our country can make in its future.

We view this Long Range Plan for the future of nuclear
science in this spirit. Our perspective is to observe,
characterize, and attempt to understand the properties of
the atomic nuclei which are the overwhelmingly domi-
nant component of the universe in which we live. Many
applications have already sprung from this pursuit of
knowledge and understanding—some as techniques, per-
'spectives or insights into other basic sciences—others as
direct tools to be used to satisfy the needs of society.

The discovery of the existence of atomic nuclei is three
quarters of a century old—barely one human lifetime. Our
knowledge and characterization of nuclear properties
have made enormous advances since that discovery—
particularly in the latter part of this century and particu-
larly in the United States

As children are taught now in grade school science
classes, the nucleus is made of nucleons: neutrons and
protons. There are nuclei with one or two nucleons and
nuclei with several hundred. The force that holds nuclei
together has been studied and characterized but it is
understood only in a very qualitative sense. But the prop-
erties of nuctei—simple and isolated many-body systems—
show a rich variety of phenomena that are often not sen-
sitively dependent on the details of the nuclear force.
Many mathematical techniques of group theory have
found their realization in descriptions of the symmetries
exhibited by nuclear structure. As it involves the study of a
many-body system, nuclear physics shares a common
frontier and intellectual overlap with solid-state physics on
one hand and atomic physics on the other. In astro-
physics, the properties of nuclei and nuclear matter play a
crucial and detailed role in stellar evolution and are of
critical importance in determining the behavior of super-
novae and neutron stars.

The characterization of the symmetries and of the
simple excitations and simple modes of motion of nuclei is
by no means finished. The interplay between these and
the limits where the symmetries change or break down
needs to be explored systematically, and there are impor-
tant lessons to be learned not only for our understanding
of nuclei, but also for the applicability of mathematical
techniques to the properties of (finite] many-body
systems. The [imits of nuclear structure symmetries and
what lies beyond them are explored in a number of direc-
tions: with heavy-ion beams, allowing more and more
nucteons within the nucleus to become stirred up from
their normally quiescent and relatively inert states; with



simpler probes, which can add more energy and momen-
tum to nuclear excitations; and with mare precision, ex-
ploring the quantitative limits of our understanding of the
nucleus.

A currently very lively frontier of nuclear physics is the
one it shares with its younger and precocious sister field—
particle physics. The quark-gluon theory of elementary
particles that has evolved over the past two decades has
been enormously successful in describing the properties
of these particles. Since protons and neutrons consist of
three quarks each, and the mesons, which are the carriers
of the nuclear force, are quark-antiquark pairs, the im-
plications of these new ideas about the structure of
nucleons on our understanding of the nucleus must be
explored.

The fundamental forces governing the physics of nuclei
and all subatomic phenomena have recently been
embedded in a consistent theoretical framework involving
the basic building blocks—quarks and leptons—and their
interactions. It is of paramount importance to determine
whether this theory is correct or is in need of modification
or extension. This requires experiments at high energies in
elementary particle physics and precision experiments at
low and intermediate energies using nuclei and the tools
of nuclear physics. Nuclear physics has provided a testing
ground for many implications of the structure of matter
and of the basic forces of nature. Some recent examples
are limits on the existence of stable free quarks, of light
particles such as axions or light Higgs bosons, of neutrino
oscillations and neutrino masses, to name only a few.

The expansion of our horizons and knowledge in
nuclear physics has had a unique impact on society. The
influence of nuclear fission on the modern age is univer-
sally known, as is the continuing search for a major new
energy source in the form of nuclear fusion. But the appli-
cations of nuclear techniques are much more widespread.
Nuclear medicine is the fastest growing subfield in
medicine, nuclear accelerators find widespread use in
fields beyond medicine, ranging from food preservation to
the fabrication of integrated circuits and the measurement
of the ages of paleolithic artifacts. Nuclear systems
measure environmental contaminants with unprecedented
accuracy, and nuclear techniques have given life scientists
exquisitely sensitive and selective probes. Most important
of all, a good fraction of each generation of U. S. nuclear
scientists serve society in industry and government, by ap-
plying their skills and training in the techniques of the field
to further help solve societal problems. For this contribu-
tion to continue, and for the continued scientific vitality of
the whole field, it is important that the training of young
nuclear scientists receive the high priority that it deserves.

The field of nuclear physics is on the threshold of a new
phase in its development. A number of new techniques
are in the process of being applied to the investigation of
areas of the science where our knowledge is at best
fragmentary. The next decade is certain to uncover new
results, better understanding and improved insights into
this major area of our physical universe.

In 1979 the DOE/NSF Nuclear Science Advisory Com-
mittee proposed its first Long Range Plan. It is gratifying to
see the extent to which the overall recommendations of
that Plan have been and are being implemented, even
though the level of funding has been severely constrained
and some difficult priority decisions have had to be made
in order to allow the research programs to continue pro-
ductively within the available, very limited, resources. The
severe lag in accelerator construction of the mid 1970’s
has been partially corrected and several modest but im-
portant construction projects are either underway or just
completed. These new capabilities open fresh areas for in-
vestigation and should provide us with a new harvest of
knowledge over the coming decade.

Especially encouraging is the prospect of a 4 GeV CW
electron accelerator which has been a gleam in the eyes
of the nuclear physics community for a decade and which
was the key goal of the 1979 Long Range Plan. Since 1979,
that goal has evolved into specific facility proposals and,
in 1983, into the specific recommendation of this Commit-
tee for the national electron accelerator laboratory. This
facility will play a crucial role in extending the frontiers of
nuclear physics to encompass studies of the nuclear
dynamics based upon quark degrees of freedom on the
interface between nuclear and high-energy physics.



Il. THE SCIENCE

In this chapter we formulate some of the basic ques-
tions facing nuclear physics today. These questions span a
broad range, including both strong and electroweak inter-
actions and the properties of the physical world from the
scale of nuclear forces to the large-scale structure of the
universe. Nuclear science deals with the many-body
aspects of the strong interactions. It also deals with tests of
fundamental theories and symmetries. In particular, the
limits of the electroweak theory must be explored and
nuclear science has important contributions to make to
this effort, as it does also in connection with the role of
nuclei and nuclear processes in determining stellar struc-
ture and in constraining cosmological models.

Our understanding of nuclear structure and nuclear
dynamics continues to evolve. Under the impact of im-
proved facilities, new techniques in instrumentation and
computing, and fresh ideas we have made substantial
progress in the last five years. New simple modes of ex-
citation have emerged, new symmetries are appearing
and some completely unexpected new phenomena have
been discovered. We may expect this trend to continue in
the next decade as new facilities with qualitatively new
capabilities will become available for use by nuclear
scientists. The identification and characterization of
simple modes is a difficult challenge requiring a multi-
plicity of experimental techniques. But as our knowledge
of these modes increases and becomes more complete, it
can confirm or alter our understanding of the structure of
the atomic nucleus very profoundly. The study of the sym-
metries inherent in the nucleus has been very rewarding
and the insights gained of the nature and the limits of the
symmetries have considerable overlap with the study of
symmetries in other branches of science. There are many
aspects of nuclear symmetries that require further work
and hold promise of qualitatively new results, particularly
outstanding among these is the pursuit of nuclear struc-
ture symmetries in very rapidly rotating nuclei.

Our microscopic approach to a multiparticle system
seeks to identify its constituents, to discover and study its
elementary modes of excitation, and to describe the

elementary excitations in terms of the constituent
nucleons and, to some extent, the other hadrons. But as
experimental evidence accumulates to confirm quantum
chromodynamics (QCD) as the correct theoretical frame-
work for hadronic phenomena, it becomes clear that the
basic degrees of freedom in multihadron systems are
those of the constituent quarks. The theoretical descrip-
tion of the nucleus in terms of quark dynamics is not yet
tractable. Nor is it the whole story. Many-body problems
can only be solved approximately and in building such ap-
proximate solutions qualitative physical insight is as im-
portant to our understanding as numerical prediction. In
studying a given mode of excitation, the preferred
description reproduces the essential physics in the
simplest most readily-visualized way and the selection of
the proper degrees of freedom contains a crucial element
of qualitative judgment.

In most low-energy nuclear phenomena, the quark
dynamics appear to be well approximated in terms of
three-quark nucleonic clusters with meson exchanges.
The validity of this approximation resides in the fact that in
the center of nuclei the typical internucleon separations
seem to be substantially larger than the diameters of the
nucleon “‘bags’’ within which the quarks are confined.
The appropriate description here is then in terms of
nucleons and the effective interactions between them.
This nucleons-only regime is well known and far reaching;
the remarkable success of ‘‘conventional” nuclear
models in correlating nuclear phenomena has profound
importance for QCD-based dynamics. The richness and
beauty of the excitations and phenomena it encompasses
are central to nuclear physics; the pursuit of the detailed
characterization and understanding of these nucleonic ex-
citations will remain of crucial importance even as we dig
deeper towards the underlying quark structure.

At somewhat higher energies and for high-precision
treatment of electroweak and hadron-induced processes,
the description in terms of inert, structureless nucleons
breaks down, and a level of description intermediate be-
tween that based on structureless nucleons and that based



on guarks becomes valuable. At this level, the nucleons
(bound states of three quarks) can exist and propagate in
their ground and excited states, and their effective inter-
actions are described in terms of the exchange of mesons
(bound states of quark-antiquark pairs). This intermediate
level of description has had impressive successes, but its
place in many-particle strong-interaction physics is still im-
precisely defined, although a deeper level of understand-
ing appears to be tantalizingly close. At still higher
energies, as the substructures of baryons and mesons
become important, so also does the quark content of
nuclei, and the basic features of QCD should begin to
emerge. It will certainly be of considerable interest to
understand such distinctions more precisely as more ex-
perimental results emerge.

One of the greatest challenges facing nuclear physics
today is to find and follow the implications of quarks and
of QCD in nuclei. This challenge is experimental and
theoretical in equal measure. We must design ex-
periments that will reveal the relevant degrees of freedom
as clearly and unambiguously as possible; we must at-
tempt to find experimental signatures for modes of excita-
tion in which the quark degrees of freedom participate in-
dividually, not merely as the underlying structure of
nucleons and mesons. The 4-GeV CW electron ac-
celerator recently recommended for funding will play a
crucial part in beginning this endeavor.

The more macroscopic approach to nuclei views them
as aggregates of nuclear, hadronic or quark matter. Ex-
perimental studies focus on the flow of matter and energy
in collisions between such aggregates. What matter den-
sities are achieved in such collisions? How much energy
can be deposited in regions of high density and over how
large a volume is this energy distributed? As answers to
those questions are found, it becomes possible to study
the nuclear equation of state over a wide range of density
and temperature. We may look for phase transitions in
which new forms of hadronic matter are produced and
the many-body aspects of QCD are realized as they were
in the early Universe, new forms in which quarks are no
longer confined into individual nucleons and mesons. In
this report we identify this physics as presenting a major
‘new opportunity of fundamental significance.

Another interface area with elementary particle physics
stems from the fact that nuclear physics can provide tests
of the theory of the electroweak interactions which
together with QCD forms the “‘Standard Model.”” The
electroweak theory has been ‘enormously successful. Its
prediction and its limits of validity must be explored and
understood, and nuclear physics and the tools of nuclear
physics can provide some of the crucial experiments for
this purpose.

The questions in the subsections of this chapter of our
report represent the major current issues in nuclear
science. There are certainly other interesting issues that
deserve attention, but in this report we have identified
these ten questions as being central to future progress in

“nuclear science.

With the facilities in existence, those under construc-
tion, and those recommended previously, the field of
nuclear science faces a decade in which our horizons
have expanded dramatically and in which we may expect
major qualitative progress both in the understanding of
nuclear structure and nuclear dynamics and in the
elucidation of the foundations of nuclear matter in terms
of the basic interactions of nature.

11.1 ELEMENTARY EXCITATIONS

What are the simple modes of nuclear motion? What
information do they provide about the properties of the
nuclear many-body system, and what constraints do they
place on fundamental theories of the nucleus?

A nucleus is a quantal system, built from a number of
strongly interacting particles, mainly nucleons, but with
important admixtures of pions, other mesons, as well as
excited states of the nucleons such as the delta isobar. A
consequence is the coexistence and interplay in nuclei of
an astonishingly rich spectrum of motions, some involving
one or a few nucleons, some involving the coherent
motion of many nucleons, and still others involving
simultaneously pions, deltas and nucleons. But there is
considerable order within this complexity. Studies with a
variety of projectiles, targets and energies have led to
remarkably successful models of nuclear structure. Two
aspects of the nuclear many-body system have made this
possible. First, there are simple modes of motion of the
nucleus which serve as the elementary degrees of
freedom for describing more complex motions; and sec-
ond, reaction probes are available which selectively ex-
cite the simple modes. In the past decade many new
elementary excitations have been discovered and their
properties characterized. The behavior of these excita-
tions, as a function of mass, proton-neutron ratio, angular
momentum and energy provides a controlled laboratory
in which to test and develop models of nuclear structure.

The Mean Field

Perhaps the most fundamental and conceptually simple
of the elementary modes is the motion of a single nucleon
in a nucleus. To a good approximation each nucleon
moves almost independently in a mean field created by its
average interaction with all other nucleons. The goodness
of this approximation is the basis of the shell-model



description of nuclear phenomena. Self-consistent
Hartree-Fock calculations have now put this picture on a
firm theoretical foundation and predict nucleon densities
in nuclei that are extremely accurate, deviating signifi-
cantly from experiment only deep in the nuclear interior.

A similar picture should describe the interaction of a
nucleon scattering from a nucleus, but the mean field, or
optical model potential, must now contain an imaginary
part to account for absorption of the projectile by the
nucleus. Accurate measurements of elastic proton scatter-
ing cross sections and spin analyzing powers for energies
up to 800 MeV have now been made for many nuclei.
New experimental techniques yield similar data for
neutrons and permit estimates of the difference in the
mean field for neutrons and protons, a difference that af-
fects many nuclear phenomena. These data span a broad
range of energy and momentum transfer to provide
stringent tests for theories of the mean field.

Progress in the derivation of the mean field from a fun-
damental theory has been made at three levels: in terms of
neutrons and protons alone; in a relativistic theory involv-
ing implicitly not only the nucleons but also mesons; and
finally at the most fundamental level, in terms of the
quarks and gluons of QCD.

It is certainly an oversimplification of the nuclear
system to consider only nucleon coordinates. Mesons
play a central role for the nuclear force; a more complete
theory of the nuclear many-body system must explicitly
include them and also include relativistic effects. Many-
body and multiple scattering theories based on the
relativistic Dirac equation are being considered; they have
already provided a simple and accurate description of
some nuclear properties and scattering. The spin-orbit
interaction, crucial to the success of the nuclear shell
model, arises naturally from the relativistic treatment, as it
does in atoms.

The detailed implementation of relativistic effects in
mean field theories awaits future developments. It will be
necessary to understand the status of a relativistic field
theory based on composite objects rather than on the
presumably fundamental quarks; the origin of certain of
the mesonic degrees of freedom in the theory; and the
meaning of the implied large decrease in nucleon mass in
the relativistic nuclear field. Studies of nuclear structure
and reactions within this framework will form a major task
for the future.

Single Particle and Collective Excitations

In its simplest form, the shell model describes nucleons
moving independently, it is not well suited to the descrip-

tion of more coherent modes. Allowing for a residual pair-
wise interaction between valence nucleons yields an
interacting shell model with greatly increased predictive
power. It provides a remarkably accurate description of
low-lying nuclear energy spectra in light nuclei and near
closed shells where detailed calculations are practical and
its predictions have a general validity even for nuclei far
from the valley of stability. A recent measurement of the
charge density difference between 20571 and 206Pb deter-
mined the shape of a specific proton orbital in the deep in-
terior of the lead nucleus as shown in figure 1l.1-A; it was
found to be well described by the shell model.

These single particle excitations are the basis for the
descriptions of more complex phenomena, and must be
understood for nuclear excitations to be described on a
fundamental basis. At present the location and width of
hole states is reasonably well understood only for the two
outermost shells, and little is known about deeper lying
states. The coming generation of high duty-cycle electron
accelerators will allow one to form these in a particularly
clean fashion by electron induced knockout of a nucleon,
and may even permit definitive studies of short range pair
correlations between nucleons. Proton induced knockout
reactions provide complementary information through
their sensitivity to neutrons and their control of the spin
degree of freedom.

The macroscopic collective model is often used to
describe phenomena in which large numbers of nucleons
move coherently. In this model, the nucleus is treated as a
liquid drop, capable of vibrating and rotating. The struc-
ture of low lying collective states in most nuclei is
dominated by the prolate spheroidal shape. Coulomb ex-
citation is a selective probe for this mode, exciting states
with probabilities directly related to this quadrupole
deformation. New experimental and analysis techniques
involving comparisons of Coulomb excitation with light
and heavy projectiles allow an essentially complete deter-
mination of the quadrupole structure of nuclei. Other
studies have found independent-particle and collective
excitations coexisting at low excitation in many nuclei.

New technical developments in gamma-ray spec-
troscopy involving germanium detectors with anti-
Compton shields and many-detector arrays, the so-called
““crystal ball’” multiplicity filters, should allow extension of
these studies to still higher spin and excitation. Unusual
new collective modes may be discovered in these un-
explored regions. Already there may be some indication
of octupole, or pear-shaped deformations for nuclei with
mass numbers between 220 and 230. In general one
hopes to delineate better the interplay of single particle
and collective degrees of freedom, and to determine the
limits of the macroscopic collective model.
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Fig. 11.1-A. The density distribution of the least bound proton in 206Pb_ The shell model predicts that the last (3s;,5) proton in 206Pb should have
a distribution with a sharp maximum at the center as shown on the left. Even though there had been considerable skepticism about the validity of

the shell model deep inside a heavy nucleus, recent experimental results s

Giant Resonances and Selective Probes

Over the past few years our knowledge of giant
resonances has increased dramatically. These resonances
are states of the nucleus in which all available nucleons
participate coherently. One classifies them into multipoles
by the angular momentum L characterizing their vibration
(L = 0, monopole; L = 1, dipole; L = 2, quadrupole; etc.).
Since the nucleus has four components, protons and
neutrons with spin up.or down, each multipole vibration
can be of four types, neutrons and protons with particular
spin orientations moving in or out of phase. These are
classified as isoscalar (neutrons and protons in phase),
isovector (neutrons and protons out of phase), electric (no
spin coherence), and magnetic (spins parallel).

Because these resonances are expected to be broad
and often overlapping, it is imperative to use probes
which selectively excite the specific modes. The history of
the discovery of the giant resonances — the isovector
dipole in the mid 1940’s, the isoscalar quadrupole in the
early 1970’s and many others in the past six years —
reflects our success in developing such selective probes.
Systematic data on the location, width and strength of the
electric giant resonances now exist for the isoscalar
monopole, quadrupole and octupole and for the isovec-
tor monopole, dipole and (possibly) quadrupole. Similar

hown on the right confirm this expectation.

data exist for the spin excitation or magnetic monopole
(Gamow-Teller transition) and higher magnetic multi-
poles. In addition, a variety of data clearly show that the
giant dipole resonance exists even when built upon ex-
cited states of the nucleus or states with very high spin.
The location, width, strength, and systematic variation
with nucleus of these simple giant resonance vibrations
provide an excellent testing ground for the unification of
macroscopic models based on the bulk properties of the
nucleus and microscopic descriptions based on the shell
model. The location of the isoscalar electric monopole
states, in which only radial or breathing motion occurs,
provides by far the best measurement of the resistance of
nuclear material to compression. This compressibility is
important for testing nuclear matter calculations, for
understanding shock wave phenomena in heavy-ion colli-
sions and supernova explosions, and for establishing
bounds on the sizes of neutron stars.

An important discovery followed from a property of the
nucleon-nucleon force around 200 MeV. When a
200-MeV proton projectile knocks a neutron out of a
nucleus in a charge exchange (p,n) reaction, it almost
always transfers a unit of spin to the nucleus. This process
is then a uniquely selective probe for the spin structure of
nuclei. A striking application of this probe is the discovery
of the giant spin-vibration or Gamow-Teller resonance in



many heavy nuclei as shown in figure 11.1-B. The distribu-
tion of such spin strength is closely related to the distribu-
tion of beta decay strength and is important in a variety of
applications in astrophysics (supernova explosions and
the rapid-neutron-capture process in the synthesis of the
heavy elements) and in the calculation of average fission
fragment beta decay spectra in reactors. But perhaps the
most important feature of these spin excitations is that
their strength is quenched, having only about half the ex-
pected value. Evidence is accumulating for a similar
quenching in other spin excitations, suggesting that
perhaps all spin-dependent phenomena are quenched by
about a factor of two. A simple and elegant explanation of
this quenching has been proposed in terms of the role of
chiral symmetry and the underlying QCD structure in the
nucleus. A related simple mechanism is the polarization of
the nucleon by the nuclear medium leading to admixtures
in the nuclear states of high-lying delta-hole states. How-
ever, other phenomena can also affect the transition
strength, so that the quantitative importance of this
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quenching is one of the most interesting open questions
involving giant resonances. Further studies of spin excita-
tions offer perhaps the best opportunity for establishing
the importance of new degrees of freedom in nuclei. In-
elastic scattering and charge-exchange reactions such as
(n,p) and (p,n) should play an important role in these
studies; new accelerators providing intense beams of
polarized protons and neutrons up to a few-hundred MeV
will be crucial for such work.

Recent studies of elementary excitations have greatly
increased our understanding of a number of the core
problems in nuclear physics: the fundamental basis of the
nuclear mean field; the importance of relativistic effects
on nuclear structure; the interplay of single-particle and
collective degrees of freedom in the nucleus and the im-
portance of non-nucleonic degrees of freedom in giant
resonance excitations. One expects that further study will
further enrich this understanding.

(a) | 4Ocq (p,n)

0 20 40 60
EXCITATION ENERGY IN *%c (MeV)

Fig. I1.1-B. New giant resonances: evidence for the Gamow-Teller (GT) giant resonance in (p,n) spin flip reactions are shown on the left; on the
right recent data from pion charge exchange show evidence for an isovector charge-exchange dipole giant resonance in 405¢ based on 40Ca.



1.2 NUCLEAR SYMMETRIES

How extensively can symmetry considerations be used to
describe nuclear properties?

““Symmetry, as wide or as narrow as you may define its
meaning, is one idea by which man through the ages has
tried to comprehend and create order, beauty and perfec-
tion”” (H. Weyl). The first serious use of symmetry con-
siderations in physics was in the classification of the
shapes of molecuies and crystals; the symmetries here are
geometrical. Later it was realized that the lack of preferred
orientations in space-time places severe restrictions on the
form and content of physical theories; these are space-
time symmetries. A third class of symmetry, dynamic in
character, was first discovered and applied in atomic and
nuclear physics around 1930; dynamic symmetries ex-
press general properties of the interactions between the
constituents of many-body systems (involving the sym-
metrical interchange of neutrons and protons—isospin
invariance—to name but one). Symmetry considerations
enable us to identify properties of complex physical
systems that transcend the details of their structure and in-
teractions. We concentrate in this section on dynamic
symmetries. Some milestones in nuclear symmetries are
shown in figure [1.2-A.

NUCLEAR SYMMETRIES
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Fig. 11.2-A. Milestones in the development of nuclear symmetries.
Isospin

The symmetry represented by charge independence,
expressed by the isospin quantum number, has the
mathematical group-theoretic structure of SU(2) and has
long been an important tool in the study of nuclear prop-
erties. It is now understood in terms of the underlying

symmetries in QCD. It relates families of states and giant
resonances in nuclei with the same mass number. The
energy relations between members of these isobaric
multiplets provide exacting tests of our understanding and
raise as yet unanswered questions about small charge-
dependent components in the nuclear interaction. The
relative strengths with which the different multiplet-
members are excited in reactions and decays yield precise
information about the neutron and proton content of
nuclear orbitals.

Isospin considerations have been a fertile source of in-
formation about nuclear structure but their application to
date has been confined to a restricted class of excitation
and to nuclei close to the line of stability. The opportunity
now exists to study the isospin properties of new types of
nuclear excitation and to push isospin considerations far
beyond the line of stability. Detailed study of isobaric
multiplets involving low-lying collective excitations may
shed light on the elusive relation between the neutron
and proton deformations of deformed nuclei.

Isospin symmetry is the simplest of dynamic sym-
metries; it expresses the fact that nuclear interactions are
invariant under interchange of neutrons and protons
(charge independence). Spin and isospin symmetries
were combined by Wigner in 1936 to fashion a much
richer symmetry—supermultiplet [SU(4)] symmetry. The
direct impact of supermultiplet symmetry on nuclear
physics has been slight; it has been applied only to light
nuclei and even there it is strongly broken. There are
some prospects for new applications, however. The
recently-discovered Gamow-Teller giant resonance in-
volves the simultaneous reversal of the spin and isospin of
a single nucleon and it is possible that the supermultiplet
symmetry may play a significant role in describing its
properties.

Indirectly, of course, supermultiplet symmetry has
played a fundamental role in the development of modern
physics. A generalization of the symmetry represented by
the isospin group [SU(2)] and that of supermultiplet
symmetry by [SU(4)] led to the introduction of the Gell-
Mann—Ne’eman quark model based on the group
[SU@3)). Indeed, many applications of symmetry con-
siderations in elementary particle physics trace their
origins to Wigner’s work on supermulitiplet theory.

Shell-Model Symmetries

To a surprising extent, nuclear interactions conspire to
produce a mean field in which the nucleons move freely.
The possibility arises that some of the symmetries of the
interactions may achieve simple expression in symmetries
of the mean field. Exploitation of this idea started with



Elliott in 1958. He noted first that the mean nuclear poten-
tial is quite similar in shape to a deformed harmonic-
oscillator potential, second that this oscillator potential
has a dynamical symmetry described by the group SU(3).
Systems of nucleons moving almost independently in the
mean nuclear potential thus have an approximate SU(3)
symmetry. This discovery opened the first fruitful avenue
to a microscopic interpretation of nuclear collective
properties.

Although Elliott’s work is almost 30 years old, much
remains to be done before its full implications in nuclear
many-body physics become clear. Elliott’s early work con-
cerned low-lying modes of excitation, in which valence
nucleons populate the levels of the lowest accessible
oscillator shells. Consideration of excitations into higher
oscillator shells involves enlarging the symmetry group
from SU(3) to Sp(6,R). The implications of this group in
nuclear physics remains to be explored. Is the symmetry
that it carries sufficiently weakly broken to be useful? Can
it identify new excitations or families of levels that are of
physical interest and are accessible to experimental study?
Another interesting property of the harmonic-oscillator
potential is that it permits a natural description of another
fundamental mode of excitation of nuclei: clustering. The
Elliott SU(3) scheme has been extended to describe alpha-
particle clustering in nuclei. How accurate is this
description?

Pairing and Seniority

The interaction between nucleons in nuclei is par-
ticularly strong and attractive between pairs of identical
nucleons (neutron pairs and proton pairs) coupled to total
angular momentum zero. This pairing property of the in-
teraction between identical nucleons plays a fundamental
role in the systematics of both spherical and strongly-
deformed nuclei. It is of central importance in studying
the effects of rapid rotation on the interaction between
- nucleons. Nuclear pairing is at bottom a dynamic sym-
metry of nuclei, the corresponding symmetry label having
acquired the name “‘seniority.” Applications of seniority
or pairing symmetry to the study of nuclear spectra have
been widespread. The main unfinished task, the choice of
a physically-motivated generalization to systems involving
both valence neutrons and valence protons, has recently
come to be viewed from a fresh and promising perspec-
tive suggested by work on dynamic symmetries of the col-
lective modes of nuclei.

Collective Models and Symmetry Breaking
The deformation of the mean potential field in a large

class of nuclei is an example of a very general
phenomenon called spontaneous symmetry breaking. It

was applied early in the development of physics to the
discussion of ferromagnetism and is now an essential in-
gredient of modern particle theory. The restoration of
symmetry under rotations produces the rotational band,
and a new quantum number arises because these nuclei
are still axially symmetric. Many nuclear properties can be
viewed as a manifestation of this partially broken sym-
metry of the underlying many-body interactions.

Symmetries of the collective modes can be considered
not only from the many-body viewpoint, but also in terms
of a phenomenological collective model whose explora-
tion was started by Bohr and Mottelson in the early 1950’s
and pursued actively since that time. This model
possesses three distinct dynamic symmetries, correspond-
ing to special shapes of nuclei: the spherical, the axially
deformed, and the axially asymmetric.

Examples of these symmetries abound in the structure
of medium and heavy nuclei, although in most cases they
are significantly broken. Many important questions re-
main in the study of this type of symmetry. For example,
what are the patterns of symmetry breaking? What is the
relation between the dynamic symmetries of the collec-
tive modes and the symmetries of the central field? In
other words, what is the microscopic origin of the
dynamic symmetries of the collective modes?

Interacting Boson Model

Dynamical symmetries of the collective modes have
been discovered within the context of a model in which
collective features arise because protons and neutrons
pair together to form quasi-stable objects (interacting
bosons). We have here, on the one hand, the generaliza-
tion of pairing symmetry alluded to above and, on the
other, an opportunity to study from a new viewpoint the
microscopic basis of the Bohr-Mottelson collective model.
Many open questions remain. In this context, three major
threads of nuclear physics meet—the shell-model, the
Bohr-Mottelson collective model and new collective
dynamic symmetries based on the interacting-boson
Hamiltonian. Work in this interface area, with the collec-
tive symmetries, and the rich structure of the Bohr-
Mottelson model to provide guidance, is bound to yield
new insights into the physics of the nucleus.

The Search for Supersymmetries

The concept of symmetry has been further extended in
recent years to include a more complex type. Such super-
symmetries were originally examined for applications to
elementary-particle physics. They apply to mixed systems
of bosons and fermions and bring together both bosonic
and fermionic states in the same multiplet. Although the



search for supersymmetry has focused on elementary-
particle physics, indications of supersymmetry have

recently been found in nuclear spectra. The super-

symmetry here links the bosonic collective degrees of
freedom and the fermionic single-particle degrees of
freedom. Numerous interesting questions arise. Can
enough convincing examples of supersymmetries be
found in nuclei to establish systematic patterns? What is
the microscopic origin of supersymmetries in nuclei?
What properties of the basic interactions do they express?
Since the bosonic degrees of freedom in nuclei are
composite, the supersymmetries observed are effective
supersymmetries. Is this a general property of all super-
symmetries and what implication does it have for super-
symmetry searches in elementary particle physics?

Statistical Aspects

In addition to predicting properties of individual levels
and excitations, symmetries also affect the statistical prop-
erties of physical systems. The relation between statistical
properties and symmetries has been systematically in-
vestigated in recent vyears. Techniques have been
developed to assess the goodness of symmetries from
averaged properties of nuclear spectra. These techniques
are being applied to the study of collective symmetries. A
problem of great current interest in several branches of
physics is the transition between ordered and chaotic
behavior, the interplay between statistical properties and
those associated with a few selected degrees of freedom.
The characterization of this interplay is a profound prob-
lem in many-body quantum physics. The nucleus has cer-
tain obvious advantages as an arena for such a study. First,
the nucleus has an unparalleled richness of dynamic sym-
metries, stemming from the fact that three levels of fun-
damental interaction—strong, electromagnetic and
weak—play essential parts in determining its structure.
Second, the nucleus is a system of precisely the right size
{~100 nucleons)—Ilarge enough for statistical properties to
manifest themselves, not so large that all signs of privi-
leged degrees of freedom are washed out. It will be impor-
tant to study the interplay between statistical and
nonstatistical behavior in nuclei and the role of symmetry
considerations in this interplay.

Remarkable though it may seem, the exploitation of
dynamical symmetry in nuclei is still, if not in its infancy,
not far beyond adolescence. This is due in part to the fact
that symmetry considerations, by their very nature, relate
data over wide ranges of nuclei and nuclear excitation;
data of sufficient quality over sufficient ranges are only
now becoming available. The prospects of finding new
dynamic symmetries and of finding new uses for those
already known, are major challenges for nuclear physics.
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11.3 HIGH SPIN AND EXOTIC NUCLEI

How does the nucleus rearrange its shape and structural
symmetries under increasingly rapid rotation? What
happens to nuclei-at the limits of stability?

Nuclei at High Spin

in recent years it has become possible to study nuclei at
very high angular momentum under enormous, rotation-
induced Coriolis and centrifugal forces. Under these con-
ditions important changes occur in nuclear structure
which may still be essentially simple—as long as all the in-
ternal energy is concentrated into two macroscopic
degrees of freedom, that of collective rotation, and that of
particle alignment along the rotation axis.

Changes in pairing and deformation occur as nuclei are
subjected to these increasingly strong forces. Do nuclei
continue to show both single-particle and collective prop-
erties and behavior? When both the temperature and
angular momentum are raised, shell effects and pairing
effects should disappear; do the nuclei then behave like
classical rotating liquid drops, or do new forms of quantal
collective motion appear?

The limit to the amount of angular momentum that can
be added to a nucleus is provided by the centrifugal force
which, in the liquid drop model, is expected to eventually
deform the nucleus into a (prolate) triaxial shape before
fissioning it into two fragments. The liquid-drop model is
based on Coulombic, centrifugal, and nuclear (surface
tension) forces, and provides a surprisingly good estimate
of the gross limiting angular momentum for fission as a
function of neutron and proton number, giving a maxi-
mum value of spin of ~70 units for stable nuclei around
mass 130. It predicts smaller maximum spin values both
for heavier nuclei (due to increasing Coulomb repulsion)
and for lighter nuclei (due to the rapid increase in the cen-
trifugal force).

The nucleus carries angular momentum in two ways:
by the alignment of the orbital motion of individual
nucleons along the rotation axis and, if deformed, by the
rotation of the nucleus as a whole. The nucleon
alignments tend to destabilize the collective rotation,
whereas the centrifugal stretching tends to stabilize the
collectivity. Rather extreme examples of these two modes
are shown in figure 11.3-A. On the right, the levels of 212Rn
illustrate particle alignment; the level sequence is quite
irregular, with a variety of electromagnetic transitions. On
the left, the yrast sequence (lowest energy for each spin)
of 238y exhibits features characteristic of a spheroidal
rotor, that is, regularly spaced levels connected by
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Fig. 11.3-A. The sequence of angular momenta in two nuclei. On
the left we see the regular level scheme of a nucleus that is a good
rotor: 238U, On the right is an example of the irregular pattern that
arises as angular momentum increase is being accommodated by the
successive alignment of nucleons in single-particle orbitals, in the
levels of 212Rn.

enhanced photon emissions. Most nuclei, however, com-
bine both types of motion, and it is this interplay between
collective and single-particle motion that makes the
behavior of cold nuclei with changing angular momentum
so fascinating and so rich in variety.

The nuclear pairing correlations play an important role
for spins up to about 30 units. The nucleon orbitals in a
static deformed potential can each accommodate two
nucleons, corresponding to the two time reversed states.
Thus every orbital, whose nucleons have individual
angular momenta j, can give rise to a pair of nucleons with
total spin zero. The nucleons in a just-filled orbital can
scatter as a pair into a nearby empty orbital, and the
coherent scattering pattern that develops comprises the
nuclear pairing correlations. These correlations affect the
ability of the nucleus to generate angular momentum and
the magnitude of the nuclear moment of inertia.

With high-resolution gamma-ray spectroscopy, we can
investigate the changes caused by increased angular
momentum as evidenced in the alignments, shapes, and
pairing correlations for discrete states up to 20-30 units of
spin. These studies have led to an understanding of why
the nucleus does not show the nuclear analog of the
dramatic phase transition that is seen in superconducting
solids where similar pairing correlations occur—the
Meissner effect. With increasing angular momentum, the
nucleus undergoes a gradual phase transition from the
paired to a normal state. Nuclear phase transitions, with
only ~100 particles, are less sharp than those in an effec-
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tively infinite solid. Because the several pairs of nucleons
in the paired phase are made of nucleons with very dif-
ferent j-values and because the Coriolis interaction is
stronger the greater the value of j, large irregularities in the
nuclear level spacings can occur due to the sudden align-
ment along the rotation axis of one high-j pair of particles,
with all the other (lower-j) nucleons essentially retaining
their pairing correlations. An example of the crossing of
two bands, the paired and the 2-quasi-particle band, is
shown in figure 11.3-B. The spectroscopic study of these
alignments, or band crossings, is a new endeavor of the
last few years and has contributed greatly to our
knowledge of the pairing correlations, but has also left
unexplained, as yet, a number of changes in behavior at
the band crossing. An example of the degree of
understanding achieved is illustrated by the fact that the
change in the band-crossing frequency (one-half the tran-
sition energy) for the first i, neutron band-crossing in
several odd-mass rare-earth nuclei appears to be well cor-
related with the deformation (quadrupole moment) of the
odd neutron orbital occupied. The blocking effect of the
odd neutron on the pairing correlations depends on its
configuration; not all orbitals participate equally in the
pairing state, as given by the model based on the simplest
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Fig. [1.3-B. Plot of excitation energy (E) against spin () for the
Jowest-lying (yrast) levels of 164Yb. The insert shows the same data in
a typical backbending plot of the moment of inertia (2 8 42) against
the rate of rotation (iw)? deduced from these energies. The dotted
and dashed lines show the extensions of the ground and two-quasi-

neutron bands that cross to form the backbend.



Bardeen-Cooper-Schrieffer (BCS) theory of superconduc-
tivity. There are other interesting and detailed results from
measuring the changes in other nuclear properties (such
as lifetime and branching ratios) through the first “back-
bend” discontinuity in the sequence of highest spin states;
some of these can be explained, but others are not yet
understood.

Discrete-state y-ray studies may be pushed to spins as
high as 40-50 units using newly developed multidetector
arrays: ‘“‘crystal balls’” and Compton suppression tech-
niques. But in the foreseeable future, there probably will
remain a region of highest spin (up to 60-70 in the rare-
earth nuclei), where the discrete transitions become too
weak to be observed, and that region can thus only be
studied through its continuum y-ray spectra. Such studies
of necessity yield only average properties over a distribu-
tion of states. But they still show significant changes with
angular momentum, and at these high spins nuclei along
the yrast line may still be as individualistic as they are in
the ground state. The goal of such studies is not only to
determine the persistence of shell effects, but also the role
of particle alignments and the importance of collective
motion on the properties of nuclei up to the highest spins
before fission. Very interesting first steps have been made,
both in experimental measurements and in theoretical
calculations, to define and measure ‘‘kinematic”’ and
““dynamic” moments of inertia. The latter are very sen-
sitive to the local configuration, that is, to changes in
alignment and deformation, but have only been available
and understood from experiments performed during the
past year. In addition, first experiments are being made to
measure average lifetimes and magnetic moments in the
continuum, and angular distribution measurements have
provided evidence in some transitional nuclei of electro-
magnetic transitions of dipole character, suggesting possi-
ble changes in shape at high spin.

Angular momentum may be carried by nuclei in still
another, very special way, in the orbital motion of two,
almost distinct, nuclear fragments rotating around each
other in a transient, molecule-like configuration.
Examples of such behavior seem to appear throughout the
range of available nuclear systems, but particularly strik-
ing examples occur in light nuclei at excitation energies of
several tens of MeV above the nuclear ground state. This
is a domain where relatively unstructured many-body
features of nuclear systems were thought to predominate,
but imbedded in this chaotic region are found structures
involving simple coherent patterns of motion that have
many features in common with atomic molecules, have
relatively long lifetimes, and appear in the form of sharp
resonances in the vyields of heavy-ion reactions.
Measurements have shown that in some cases these struc-
tures reflect a reorganization of the host nucleus into two
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massive clusters undergoing an as yet imperfectly under-
stood form of dinuclear molecular motion.

The study of these quasi-molecular and resonance
phenomena at high excitation has progressed in step with
advances in the ion source, accelerator, and detection ap-
paratus technologies, and has broadened from its original
focus on a few nuclei (?*Mg and 28Sj) to encompass the
entire periodic chart. It is clear that the narrowness of
these resonances implies a stability that is remarkable at
such high excitation energies. We would very much like
to know what physical processes underlie this stability.

Molecule-like configurations are also thought to be
crucial to understanding the narrow peaks observed in the
positron spectra from U + U collisions at around
6 MeV/amu. The positrons reflect spontaneous decay of
the e"e™ vacuum in the supercritical electromagnetic field
of two uranium nuclei in close proximity; the 70-80 keV
observed width of the peaks implies the formation of a
long-lived giant system in which two uranium nuclei
maintain a quasi-stable fixed separation for an extended
period of time. The implications of such simple structures
at high excitation in the 500 nucleon system are very ex-
citing and have not been fully absorbed.

Future Opportunities

There are many as yet unanswered questions in high-
spin nuclear physics. Where and how are the pairing cor-
relations finally quenched by the rotation? What is the
detailed nuclear shape and how does it vary as a function
of spin in going down an average path through several
bands connected by crossings (alignments)? What are the
changes in shape induced by excitation above the yrast
line holding the spin fixed? Do particle alignments con-
tinue as a source of angular momentum all the way to fis-
sion, and are the responsible orbitals those of high j from
the next shell or even the one above that? What are the
appropriate quantum numbers to describe the system at
the highest spins? Are there still shell effects along the
yrast line at high spin? This is related to interesting ques-
tions connected with “‘superdeformation’” and the shape
evolution to fission. If there are very large deformations,
with the pole-to-pole distance twice that of the diameter
at the nuclear equator, what part is played by shell effects
and what part by the predicted stretching of a liquid drop
before fission? Over a broad range of masses the angular
momentum we can study is limited mainly by fission, so it
is clear we can reach situations where the centrifugal
force produces major changes. How these are influenced
by new shell effects or other aspects of the single-particle
motion will be fascinating to study. In addition, we still
have the problem of the molecule-like resonances to
understand. To accomplish this, experiments must be



done with good energy resolution and with highly effi-
cient special-purpose detection apparatus capable of
probing specifically the molecular degrees of freedom.
Very few theorists have possessed the means of carrying
out even remotely realistic calculations and thus the full
ramifications of the two-center shell model, the double
and multi-resonance coupled channels models, the time-
dependent Hartree-Fock approach, and other promising
avenues remain largely unexplored. The situation is
changing, however, and continued emphasis on modern-
izing our computing facilities should pay dividends in
unlocking the secrets of these quasi-stable configurations
found at high excitation energies.

Exotic Nuclei

An important dimension in nuclear structure is that
represented by changes in the number of neutrons vs.
protons; this clearly yields marked changes in nuclear
shapes, structure, and properties. In regions of a great ex-
cess of neutrons or of protons, the question arises whether
this imbalance affects the relative importance of the effec-
tive nn, pp, and particularly the np interactions. This
would be reflected in changes in the masses, in different
shell closures, and thus in different shapes. Near the pro-
ton and neutron drip lines (zero particle binding energy)
one has observed in the last few years exotic forms of
radioactivity, such as ground-state proton decay,

B-delayed two-neutron and two-proton emission, and
B-delayed fission.

The production of very heavy elements and the at-
tempts to reach a possible ““island of stability’” formed by
the still heavier ‘‘superheavy elements’” were pursued in
the past by irradiating the heaviest targets with the lowest-
Z projectiles that could make the desired nucleus. This
method was employed to produce new elements up
through 106 at Berkeley, but with decreasing yields.
Scientists at Dubna pioneered a new method for making
element 106, involving less excitation energy in the com-
pound nucleus, using a closed-shell nucleus, 2%8Pb or
209B;, as the target for appropriate heavy-ion projectiles.
This technique, coupled with the use of an excellent
velocity filter to separate the few product nuclei from the
beam particles, enabled the group at G.S.l. to observe
262107 last year and possibly a single atom of 266109 this
year. The tentative decay chains of these nuclides are
shown in figure 11.3-C. Since the single atom of element
109 was produced in 12 days of bombardment, it does not
seem likely that one will be able to follow this path to
much heavier elements.

Neutron-deficient nuclei far from stability are most fre-
quently studied by using a heavy-ion compound-nucleus
reaction (although high-energy proton spallation is also
used) and then selecting the desired nucleus with an
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isotope separator. Nuclei with a neutron excess are
studied by coupling a similar isotope separator to a fis-
sionable target in a reactor or again looking at the prod-
ucts of high-energy spallation or projectile fragmentation.
By these methods the systematics of the energy levels of a
wide range of isotopes have been obtained in a few cases,
and, in still fewer cases, some transition probabilities have
been determined. A significant new development has
been the increased use of atomic-beam and laser tech-
niques for the determination of nuclear spins, moments,
and changes in the mean-square-charge radius. In
favorable elements properties can be measured for long
sequences of isotopes.

The systematics of energy levels and moments obtained
so far show that shell closures depend on the number of
the other type of nucleon present; that is, shells are a
dynamic variable of the nucleonic makeup and depend
on the neutron-proton interactions. Pragmatic tests of
various mass formulae can be made by Q-value deter-
minations from transfer reactions or from a decay or from
B-decay endpoints. Far from stability 8 decay may go to
highly excited levels; the near continuum of excited states
in the daughter nucleus leads to the description of the
B-decay rate in terms of an energy-dependent strength
function which is crucial to the calculation of stellar pro-
duction of heavy elements in supernovae. Direct proton
radioactivity is also possible in neutron-deficient nuclei
and is most likely at the very limits of particle stability. This
decay mode was originally observed in a high spin isomer
of a nuclide closer to beta stability, but recently was also
seen in two rare-earth isotopes, most likely to be ground
state decays.

Such radioactivities should become more common as
studies extend to the limits of particle stability and even
new radioactivities such as direct two-proton emission,
should be discovered. The limits of particle stability have
been reached only in very light nuclei: future research
should greatly increase our knowledge of these exotic
decay modes.

11.4 NUCLEONS AND OTHER HADRONS IN
NUCLEI

What are the limits for describing the nucleus in terms
of nucleons? How do the non-nucleonic, hadronic
degrees of freedom manifest themselves? What is the
nature of the strong interactions between the hadrons,
and how are these interactions modified inside a
nucleus?

For most low-energy phenomena, the simplest and
therefore the most appropriate description is that in terms
of nucleons and the effective interactions between them.

As was discussed in Sec. !I.1, the main role of the inter-
actions between nucleons inside a nucleus is to establish a
smooth mean field in which the nucleons move almost
freely. The interaction between nucleons imbedded in
nuclear matter is referred to as the effective interaction in
the nuclear medium. It is qualitatively different from the
interaction between free nucleons. In particular, it is not
strongly repulsive at short distances; it depends, further-
more, not only on the distance between interacting
nucleons but on the ambient matter density of their
nuclear environment.

Not all properties of nuclei can be described in terms of
protons and neutrons alone. This is not at all surprising
since the baryons (of which the proton and neutron are
the lightest and most stable) have structure and excita-
tions of their own. These hadronic degrees of freedom are
manifest in the spectrum of free baryons and of the
mesons which couple them, and reflect the elementary
quark composition of strongly interacting particles. These
degrees of freedom are at the interface between nuclear
and particle physics, with the associated questions span-
ning the range from hadron dynamics to nuclear struc-

“ture. The physics of the intermediate and short-range

nuclear force clearly involves baryonic excitations, with
the role of explicit quark and gluon degrees of freedom
still an open question. The propagation of hadronic
resonances through the nuclear medium, including
modifications arising from multi-nucleon interactions,
promises new insights into nuclear forces. The nuclear
electromagnetic and weak currents are altered from their
“’classical’”’ values by the flow of charged mesons and by
excitation of nucleon isobars. Even at low energy, spin-
isospin modes can couple strongly to modes generated by
nucleon excitation. The study of all of these phenomena
has begun vigorously in the last few years, with the
horizon of “nuclear degrees of freedom’ irrevacably
enlarged beyond the limited view of nucleons only. The
understanding of these phenomena, extrapolation into
new regimes such as high density, and the search for
qualitatively new nuclear modes based upon the internal
degrees of freedom of the nucleon comprise a central pro-
gram in nuclear science.

The delta (A) plays a special role in these considera-
tions. It is the lowest excitation of the nucleon and ap-
pears as an isolated resonance dominating the landscape
of pion- and photon-nucleon interactions. In quark
language, the A is a “‘static’’ spin-isospin excitation of the
nucleon, accounting for its importance in low-energy
phenomena. A focus on A-nuclear systems will be a unify-
ing element in much of the discussion to follow.



The Two-Baryon System

The most basic arena in which to study the interplay of
nuclear and nucleon degrees of freedom is the two-
baryon system. Careful investigation of such systems is of
crucial importance for the understanding of hadronic ef-
fects in nuclei. There has been enormous effort recently in
examining the coupled two-nucleon, nucleon-delta, and
pion-two nucleon systems at intermediate energy,
: measuring spin observables in particular. An example of
data is shown in figure 11.4-A. A major motivation for this

program, in addition to refining understanding of the
" nuclear force, is the search for possible dibaryons
associated with the color degree of freedom ‘‘hidden’ in
the study of baryon spectroscopy. Despite considerable
theoretical effort, the data have not been reproduced in a
unified way with hadronic degrees of freedom alone.
Progress in experimental determinations of two-baryon
spin amplitudes will provide important further clues.

AO’L , mb

Fig. Il.4-A. Compilation of measurements of the polarization
parameter Ag)p in proton-proton scattering from a number of
laboratories. There has been speculation that the sharp energy
dependence may be a reflection of exotic 6-quark states.

Studies of antinucleon-nucleon collisions may uniquely
complement nucleon-nucleon experiments by highlight-
ing the difference between quark-quark and quark-
antiquark interactions. Medium- and long-range meson-
exchange contributions to the nucleon-antinucleon force
are simply related to the nucleon-nucleon force, but the
annihilation of nucleons by antinucleons introduces en-
tirely new features. Some calculations suggest that since
the force between a nucleon and an antinucleon is much
more attractive than the NN force it may support a
number of bound states and resonances, some of which
may couple to narrow diquark-antidiquark states.
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The nuclear electromagnetic current has been probed
to distances small compared with the inter-nucleon
separation. The interplay between nucleon and nuclear
degrees of freedom is seen clearly here: though the cur-
rent is a rather simple one-body operator at the quark
level, it is decidedly not a one-nucleon operator, and the
structure of the operator is a measure of the strong-
interaction dynamics of the nuclear system. The two-
nucleon electromagnetic current recently seen in photo-
dissociation of the deuteron and illustrated in figure 11.4-B
clearly demonstrates the spectacular failure of using the
“classical’” one-nucleon current alone and probes a
region where the simple exchange currents, based upon
the one-pion-exchange potential and charge conserva-
tion, must be supplemented by heavier meson and isobar
contributions. A key problem of intermediate energy
nuclear physics is to develop a quantitative understanding
of this question in an underlying QCD description.

Nuclear Matter

It is found that, although individual nuclei may be very
different in their low-energy properties, the nature of the
nuclear substance in the interior is the same for all but the
lightest nuclei. The idea of nuclear matter arose in the
attempt to study the material deep inside nuclei free from
complications connected with finite size and special
““surface’’ properties. Normal nuclear matter is an ideal-
ized infinite system abstracted to allow calculation of
properties of the material at the heart of a heavy nucleus.

The crucial problem of calculating the binding energy
per nucleon and the density of nuclear matter from a
given two-body free-nucleon interaction has been solved.
It is now understood why nuclear matter has roughly its
observed binding energy and density. A significant
residual discrepancy, larger than the errors in the calcula-
tion, remains between the observed properties of nuclear
matter and those predicted on the basis of the best
nucleon-nucleon interaction potentials. At the correct
density, nuclear matter is more tightly bound by about
1 MeV per nucleon than the best theoretical estimates.
Attempts are now being made to account for the discrep-
ancy in terms of three-body interactions between
nucleons or equivalently by explicit reference to the inter-
nal structure of nucleons.

Few Body Systems and Forces

The improvement of our microscopic understanding of
the three-nucleon systems is a crucial step in the develop-
ment of a quantitative microscopic theory of nuclear
structure. The experimental data to consider for the
bound states include binding energies, the 3H->He mass
difference, radial distributions of charge and magnetiza-
tion, and the interaction and absorption of pions by these
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Fig. 11.4-B. On the left are data on the photodisintegration of the deuteron and on the right the magnetic form factor for the 3He nucleus. These
data demonstrate the limitations of the ‘nucleons only”” description of nuclei. The dashed line represents a calculation with only nucleons in-
cluded, while the solid line includes mesonic effects and fits the data reasonably.

nuclei. Given a nucleon-nucleon interaction potential fit-
ted to two-nucleon data, it is now possible to calculate the

binding energies of three-body nuclei to an estimated ac-

curacy of better than 1%. A significant discrepancy re-
mains between the observed binding energies and those
computed from the best two-nucleon interactions; the
calculated binding energies are too small by about 1 MeV.
This underbinding is consistent with what is found in
nuclear-matter studies and presumably is of similar origin.

Three-body nuclei offer the simplest bound system for
studying the isospin structure of electromagnetic ex-
change currents. The 3He magnetic form factor data were
shown in figure I1.4-B together with the wholly inadequate
one-nucleon-current predictions, The analogous data for
3H are awaited eagerly. Our quantitative understanding of
exchange currents is still largely restricted to parts of the
long-range pion exchange current which are largely in-
dependent of dynamical models. For example, the many-
body corrections to the nuclear charge operator are
bound up with relativistic corrections that must be made
in the usual theories of nuclear systems. This problem
points to the more general, very important issue of the
need for a consistent relativistic theory of nuclei. The
pressure for this is provided in many ways, including the
probing of nuclei at short-distances with large momentum
transfer electron scattering, and the intriguing systematics
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- medium-energy electron-

uncovered in phenomenological relativistic treatments of
the nuclear mean field. A substantial theoretical effort is
required here.

Great strides have been made recently in our
understanding of effective interactions within the nuclear
medium. The approximate inclusion in treatments of finite
nuclei of the effective interaction resulting from nuclear
matter theory has led to a new level of quantitative suc-
cess and expectations for microscopic many-body calcu-
lations of nuclear structure and dynamics. One is now
able, for example, to attach significance to systematic
small discrepancies between Hartree-Fock calculations
and the precise maps of nuclear densities obtained in
and hadron-scattering ex-
periments. Microscopic analyses of intermediate-energy
proton elastic and inelastic scattering data reveal very
clearly the role of medium modifications to the inter-
nucleon force. Nucleon inelastic scattering and charge
exchange transitions initiated at 100-400 MeV have been
discovered to provide very useful filters to probe the
strength and momentum-dependence of specific terms in
the effective interaction. This advance arose from the use
of an adequate direct-reaction theory, combined with the
selective excitation of states of simple structure (especially
involving spin transfer), and with transition densities
measured in complementary electromagnetic experiments.



Non-nucleonic Degrees of Freedom in More Complex
Systems

In extending these studies to heavier nuclei, it becomes
clear that meson contributions play an important role in
essentially all large momentum-transfer electromagnetic
form factors, particularly for magnetic transitions. Here,
the richness of the nuclear spectrum (states of varying
angular momentum and isospin transfer and structure)
must be utilized to extract systematically the spin, isospin
and momentum transfer dependence of the two-body
current. The systematics then should lead to the isolation
of multi-nucleon contributions to the nuclear current.
Such contributions are linked to the fundamental nature
of short-range hadron dynamics. The nuclear weak cur-
rent has been probed far less extensively, partly because
of the extreme kinematic restrictions of processes such as
- muon capture or beta decay.

Spin-isospin modes in nuclei present a particularly
good example of possible strong coupling between
nucleon and nuclear degrees of freedom at low excitation
energy. As indicated above, this possibility arises from the
fact that the A is a simple spin-isospin excitation of the
nucleon. In a series of experiments at Indiana University,
the intermediate energy (p,n) reaction proved to be the
right tool for locating the nuclear spin-flip response. These
experiments, together with electromagnetic studies of
transverse magnetic excitations, have systematically
found only about half of the expected strength.
Qualitatively, some of the strength is expected to be
mixed into high-lying A-hole excitations with the same
qguantum numbers, Quantitative resolution of the ques-
tion will benefit from measurements of the spin-transfer in
the continuum region.

Turning to hadron dynamics, the wealth of data from
the meson factories has dramatically improved our under-
standing in the A region. The studies at the two-baryon
level have been discussed already. Systematic studies of
pion reactions with heavier nuclei have included energy
and target dependence of pion elastic and inelastic
scattering, pion single and double charge exchange, and
total pion annihilation. For light nuclei, a rather complete
picture of the pion-nucleus reaction, including ““competi-
tion”” between pion scattering and annihilation, has
emerged, and is supplemented by electromagnetic data in
the corresponding energy region. Much of the data have
been described rather concisely in terms of A-hole states
with a strongly-absorptive, spin and isospin dependent
A-nucleus interaction. While this theoretical description
represents considerable progress, many questions remain
open. The A reaction processes in heavy nuclei, involving
many nucleons, are certainly poorly understood. The im-
portant pion annihilation process, which provides a direct

link to theories of the strong force, has not been under-
stood microscopically. The role of multi-nucleon absorp-
tion processes, analogs of many-body forces at low
energy, is an open question, and the rapid fall of the
annihilation cross section just above the resonance is not
consistent with available models. While we have learned
a great deal about the phenomenology of A-dynamics in
nuclei, fundamental advances in microscopic understand-
ing of the strong short-range force in nuclei remain ahead
of us. This progress will depend upon the availability of
more data specifically aimed at unraveling the spin-isospin
structure and the multibody nature of the A-nucleus in-
teraction and the precision nature of the electromagnetic
probe must be brought to bear upon these questions
more effectively. We note that resonance dominance of
meson reaction processes leads in some cases to
qualitative tests of nuclear structure. For example, the
isospin selection rule implied by A dominance leads to a
direct measure of isospin mixing in nuclear particle-hole
states.

We have focused upon the nuclear interaction of
baryon resonances. However, meson interactions not
dominated by resonances, such as the low-energy
(S-wave) interactions, also pose interesting problems. For
example, the origin of the repulsive S-wave pion-nucleus
interaction and of the narrow width of deeply-bound

. pionic atom states has no accepted explanation. These

problems are basic to understanding pion propagation in
nuclei over a broad range of kinematic conditions and
nuclear densities. Experimental reaction studies in this
low-energy region have not yet been pushed very far.

The existing key facilities in this area of nuclear physics
are LAMPF with its pion, muon and proton beams, and
neutrino capabilities, the Bates laboratory with high-
resolution electron scattering, and the Indiana University
cyclotron with its proton beams. In the last decade
nuclear physics has changed radically under the impact of
new research with these intermediate-energy ac-
celerators. The new 4-GeV CW electron accelerator will
be an essential forefront facility. However, as was noted in
the 1983 Report of our Panel on Electron Accelerator
Facilities, CW electron capability up to 1 GeV is likely to

- play a key role in these areas of nuclear physics. In other
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areas, upgrading the Indiana cyclotron and its new cooler
to higher energies could be an important national pro-
gram and an improved pion channel deserves serious
consideration.

The interpretation of experimental results addressing
the fundamental issues of hadron dynamics and large
momentum transfer nuclear excitations relies heavily
upon theoretical interpretation in terms of strong inter-
action models and upon assumptions about short-range



nuclear structure. Many of the interesting questions are in-
extricably tied up with the need for the development of a
consistent relativistic theoretical treatment of nuclei.

11.5 QUARKS AND QCD IN NUCLEI

How does the nucleus appear in terms of its quark
content and how does the nuclear medium affect quark
confinement?

We now believe that hadrons and their interactions
have an underlying quark structure whose effects extend
beyond the known properties of free baryons and
mesons. One of the fundamental questions of nuclear
physics is the importance of these quark degrees of
freedom for our understanding of nuclei. Models of
nuclear structure and nuclear matter have not yet dealt
explicitly with this problem. Within nuclei, two com-
plementary questions arise. First, does the fact that the
nucleon itself is a composite particle have important con-
sequences for the properties of nuclei? And secondly,
how can the effect of the nuclear medium on the nucleon
lead us to a better understanding of the manner in which
quarks are confined?

On the first question we need to understand better how
the observed features of hadrons and their interactions fit
into the framework of QCD. QCD is not presently soluble,
but in describing hadronic physics it leads to useful ap-
proximations in two simple limits. At short distances (high
momentum transfer), the “‘colored’’ quarks (and gluons)
are asymptotically free. At longer distances, the quarks
and gluons are confined in ‘‘colorless”’ color-singlet
clusters (hadrons), which interact via the exchange of
other hadrons (mesons), as in the traditional interpreta-
tion of the internucleon potentials. Although the transition

between these two regimes has not yet been understood

quantitatively, it has been incorporated in existing models
by the ad hoc introduction of a potential, or ‘’bag,”’ to
confine the quarks and gluons. These models have
already had significant success in accounting for some
properties of hadron structure and hadron-hadron forces,
but lead to a number of fundamental questions that re-
main to be addressed by theory and experiment. Is there a
sharp transition between the meson- and gluon-exchange
regimes, and if so, what are the characteristic dimensions?
What are the relative roles of the constituent quarks and
of the meson cloud in hadron structure? How are these
roles altered when two hadrons interact? How does QCD
produce the observed short-range repulsion between two
nucleons? Do the quarks and gluons contribute essentially
(e.g., via color excitations of the interacting clusters) to the
intermediate-range attraction?

The search for QCD effects in nuclei is very new with
only a few but extremely significant results in hand. Most
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striking is the result from deep inelastic scattering of
250 GeV muons from iron and deuterium which has been
beautifully verified by the re-analysis of deep inelastic
electron scattering data taken a decade ago at SLAC at
lower electron energies between 8 and 20 GeV. These
deep inelastic scattering reactions result from a single hard
collision of the lepton with a quark within the nucleus.
Comparison of the yields from iron nuclei, with 56
nucleons, and deuterium with only two, as a function of
the variable x, shows, as seen in figure I1.5-A, that for small
x the yield from iron is relatively larger by 15%. As x in-
creases the ratio first drops, and then increases again as x
approaches one. This latter increase is expected, but the
unanticipated behavior at x < 0.6 indicates that the quarks
in a heavy nucleus have lower average momentum than
those in the deuteron. The low-momentum effect may
possibly be understood in terms of an increase in the
relative number of virtual mesons (mostly pions) in Fe
relative to deuterium. The decrease in the relative yield for
0.3 € x € 0.6 may indicate a depletion of the higher
momentum component of the constituent quarks, which
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Fig. I.5-A. The observed ratio for the highly inelastic electron
scattering cross sections for iron to that for deuterium. The data are a
collection of results employing high-energy electrons and muons and
are plotted as a function of the scaling variable x (= q2/2Mpv). The
unexpected increase in the ratio for x below 0.6 indicates relatively
more quarks with lower momenta in the heavy nucleus,



could result from their occupying a larger volume, either
due to “’percolation”” or from 6 quarks sharing a larger
““bag.’”” The results of these experiments are potentially
very important as they could appreciably alter our ideas
on what happens to the nucleon in the nucleus.

All inelastic scattering processes involving very high
momentum transfer between leptons and hadronic
systems are best understood by treating the process as a
hard collision with a single quark. This point has been
demonstrated in a host of deeply inelastic scattering ex-
periments which qualitatively can be accounted for within
the framework of QCD. In the high momentum transfer
limit, QCD predicts a power law falloff of the helicity con-
serving elastic form factors. Figure 11.5-B shows this result
applied to the deuterium form factor. This prediction ap-
pears to work at momentum transfers less than 1 GeV/c.
This is viewed as surprising, insofar as one believes that
the non-perturbative effects of QCD would be extremely
important at values of momentum transfer, q2, that small.
For an understanding of nuclei in terms of their quark
substructure, the result presented in figure 11.5-B is most
tantalizing.

When considering the directions of future research one
should realize that up to the present detailed knowledge
of hadronic structure has come almost exclusively from
th+e deep inelastic scattering of high energy leptons and
e e collisions producing hadrons. Electrons, the most ac-
cessible leptonic probe, have provided the bulk of the
information, although potentially there is further informa-
tion contained in neutrino scattering. The interactions be-
tween the hadrons may be investigated by the scattering
of high energy leptons from composite systems as well as
direct hadron-hadron scattering.

Further measurements of quark distribution functions
from inclusive deep inelastic electron scattering are
awaited with great interest. Systematic studies of the
dependence of the gquark momentum distribution on
nuclear size can yield information about how the pion
and ““6-quark bag’’ content of nuclear matter depends on
nuclear density. Further measurements of the momentum
transfer dependence are needed to tell -at what
wavelength electrons can first resolve individual quarks
inside nucleons.

Following the above series of experiments with
measurements of exclusive inelastic scattering is an ex-
tremely exciting prospect. This research is required to ex-
plicitly characterize the modification to the free nucleon
by the nuclear medium. Over the range of momenta ac-
cessible to a 4-GeV electron accelerator, a systematic pro-
gram of (e,e’X) coincidence experiments (where X is a
nucleon, excited nucleon, pion, light nucleus, or quasi-
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Fig. 11.5-B. Product of the deuteron elastic scattering form factor
times a kinematic dependence predicted from QCD. The constancy
of the results down to q2 < 1 GeV2/c?, indicates that certain types of
scaling may extend to quite low values of momentum transfer.

two-body state) will provide detailed information which
will shed light on the nature of short-range correlations
and components of nuclear wave functions. Many of
these components can be expressed in terms of hadronic
degrees of freedom (N, A, higher resonances plus mesons),
but others are not. In particular, interactions in which two

- nucleons exchange quarks, or states in nuclei in which 6

quark configurations are important, are phenomena
beyond the conventional description. A very high priority
is to quantify the effects of these “hidden color”
configurations.

Even for the deuteron, where the dominant configura-
tion, at low (1 fm™') momenta, is that of colorless protons
and neutrons, at higher momenta small components ac-
quire some ‘‘color” in the 3-quark bags via gluon ex-
change. These configurations may couple preferentially to
(highly) inelastic channels, and so may be detected in
(e,e’N*) experiments. Also, these color degrees of
freedom could possibly appear as highly excited dibaryon
states with unique decay properties. Unable to decay by
pion emission they would have narrow widths, and thus
be readily detectable. The search for such states is likely
best carried out by exclusive (inelastic) electron scatter-
ing. A several-GeV CW electron accelerator is ideal for
such searches.

In very deep inelastic electron scattering, a single quark
receives a great deal of momentum and attempts to
escape from the hadron in which it was confined. The
strong force of QCD can be viewed as a string that keeps
the quark from becoming deconfined. An individual
quark that acquires a large momentum in a collision loses
energy as its string stretches by radiating gluons and



creating many quark-antiquark (meson) pairs. While this
phenomenon has been studied for free nucleons, it is
quite possible that the properties of the extended *‘string”’
and the mechanism for losing energy are modified within
the nuclear medium. By studying deep inelastic electron
scattering on a nucleon imbedded in a heavy nuclear
target and comparing the radiations produced with those
obtained from a similar process on a free nucleon, one
can explore quark propagation in the nuclear medium
and the effect of the medium on the ‘string.”” The
development of QCD at low momenta is of greatest in-
terest to nuclear physics, and conversely the results from
nuclear physics are most likely to impact the low-
momentum aspects of QCD. Ultimately, analysis of all ex-
periments for evidence of explicit quark-gluon degrees of
freedom will depend heavily on the theoretical interpreta-
tion, and this requires not only considerable effort
directed toward realistic, usable, QCD-based models, but
the development of sophisticated relativistic conventional
models which can provide a believable standard of
comparison.

While much research in this area of quark degrees of
freedom of nuclei will involve leptonic probes as dis-
cussed above, the properties of baryon and meson
spectra plus searches for “exotic’’ new states predicted by
models of QCD will be carried out using hadronic probes.
These searches employ polarized protons, pions, kaons
and antiprotons in addition to electrons and muons.
Unraveling the explicit role of quarks and gluons in
nuclei, the integration of nuclear physics with QCD, is
one of the most exciting and challenging problems ever
faced by nuclear physicists. Its resolution will mean that
we have obtained a more fundamental description of
hadronic matter, an issue of great impact on nuclear
physics, and on both elementary particle and
astrophysics.

1.6 STRANGENESS IN NUCLEI

What happens when ‘‘strange’’ quarks, belonging to a
different ‘‘family”’ of quarks, are brought into the
nucleus? What are the forces, the appropriate degrees of
freedom and symmetries?

Nuclei are made of protons and neutrons, with
mesons, and isobars (the delta prominent among them)
also present. All of these particles are built of quarks that
belong to one ““family,”’ that of the “‘up’’ and ““down’’ (u
and d) quarks. Introducing a new quark, from another

family, brings a completely different and new degree of .

freedom into the nucleus, that can test our understanding
of nuclear structure and nuclear interactions at a very
basic level and strengthen our understanding of the
underlying role of QCD. A single “‘strange’’ (s) quark,
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combined with a u and a d quark, forms a baryon called
the lambda (A), which is sufficiently stable to form long-
lived nuclei; the next heavier strange baryons are the
sigma (X) and the cascade (). The A and X can be pro-
duced from interactions of the nucleon with the lightest
meson containing a strange quark, the kaon (K).

" Nuclei containing a strange particle are called “’hyper-
nuclei’”” and were discovered some thirty years ago in
emulsion studies. Kaon beam lines and spectrometers for
hypernuclear studies have been developed at CERN and
Brookhaven National Laboratory (BNL) in the last decade.
Because of the low intensity of these K~ beams, the sparse
data are of poor resolution and restricted to light hyper-
nuclear systems. Even so, dramatic results determining the
small size of the A-nucleus spin-orbit force and the
tendency to develop dynamical symmetries in hyper-
nuclei have been obtained. The availability of intense
kaon beams at some future ‘’kaon factory’’ would lead to
qualitative new insights within nuclear science.

Consider, for example, the question of whether the
baryon-baryon interactions can be described in a unified
manner, both at the phenomenological and at the fun-
damental quark levels. Phenomenologically, one must
explore the relationship between nucleon-nucleon,
lambda-nucleon, and lambda-lambda effective inter-
actions in the context of QCD, where the various quark
flavors (u,d,s, ...) are treated on an equivalent footing, and
the spectroscopy of hypernuclei is as fundamental as that
of ordinary nuclei.

Lambda Hypernuclei

The information available from the early emulsion
studies was used to estimate the A central potential well
depth (some 30 MeV compared to 50-60 MeV for the
nucleon) and to determine loose constraints on the
lambda-nucleon interaction. With the advent of magnetic
spectrometer systems, production of hypernuclei via the
strangeness exchange (K ,n ) reaction became possible.
At a “‘magic momentum’’ of about 530 MeV/c, recoilless
production of A-hypernuclei, in which the 0° reaction
produces a A at rest in the nucleus, becomes sizeable.
These favorable kinematics were first exploited by the
CERN group, and a sampling of their results is shown in
figure 11.6-A. Under these kinematic conditions, the ex-
citation of “‘substitutional states,”” in which a neutron is
simply replaced by a A in the same shell-model orbital, is
emphasized. These data led the CERN group to the sur-
prising conclusion that the spin-orbit potential for a A is
much weaker than that for the nucleon. This fact has sub-
sequently been explained both in the context of meson
exchange and of quark models.
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The first spectra measured at 0° did not yield guan-
titative constraints on the residual interaction because of
the coarse energy resolution. Subsequently angular
distributions were measured with improved energy
resolution. Data for 13C at 4° and 15° are shown in
figure 11.6-B. As the pion angle is varied hypernuclear
states of different spin are excited preferentially, relative
intensities change, and small but significant energy shifts
occur. The data were analyzed in terms of a hypernuclear
shell model. The most interesting conclusion is the deter-
mination that the spin orbit splitting is an order of
magnitude smaller than that for normal nucleons. Despite
the weaker central as well as spin orbit interaction, some
hypernuclear states show a tendency toward a high
degree of spatial symmetry. However, the available
energy resolution still does not permit the extraction of
quantitative constraints on the AN spin-spin and tensor
forces. Recently, the feasibility of studying the (K ,n y)
reaction has been demonstrated at the Brookhaven AGS
and electromagnetic transitions between hypernuclear
levels were observed. Results for several light nuclei sug-
gest that level splittings due to the spin dependence of the
lambda nucleon force are less than 200 keV. Good y-ray
energy resolution permits the precise measurement of
energy level differences even when the absolute energies
are not accurately known.
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Sigma Hypernuclei

The (K_,nt) reactions have also been exploited to pro-
duce Z-hypernuclei. Results for gBe at 0° are included in
figure Il 6 A and compared with the corresponding excita-
ttons in ABe Figure 11.6-C shows similar narrow structure
for zH Presumably, the relatively narrow X peaks result
again from coherent substitutional transitions. Recently,
evidence has also been seen for narrow Z structure in
other light nuclei. There are indications from these data
that the X central potential is shallower than that of the
A. The Z-nucleus spin-orbit potential has not been con-
clusively determined from the data. In the naive quark
model, the Z-nucleus spin-orbit potential is predicted to
be comparable to that of the nucleon, whereas conven-
tional boson exchange models predict it to be about 1/3 as
large. Appreciable isospin mixing may occur in contrast to
the very small isospin mixings which prevail in normal
nuclei. A number of effects have been noted which
reduce the X widths below simple optical mode!
estimates, but better data are required in order to provide
definitive answers.

Future Prospects

The current program should be extended in several
directions. High resolution (K ,n y) measurements need
to be pursued for a variety of targets in order to obtain the
systematics necessary for a unigue determination of the
spin-spin, symmetric and antisymmetric spin-orbit, tensor,
and three-body parts of the effective interaction in nuclei.
M1 spin-flip transitions between members of the ground-
state doublet provide direct information about the
A-nucleon spin dependence, but their observation re-
quires efficient photon detection below 200 keV. Applica-
tion of y-ray methods to heavier hypernuclei is a
challenge. One can consider working at higher K~ energy,
where the kaon beam intensities are greater and the kaon
decay length is longer. Conversely, one could utilize the
(n, K y) reaction, which provides access to a wide variety
of hypernuclear states with high momentum components.
A recent experiment at Brookhaven demonstrated that
hypernuclei can be produced in the (r, K') reaction. The
higher pion flux would make possible higher resolution
spectrometers for studies of heavier hypernuclei with
more complex level schemes. Yet a further opportunity
lies in the (e,e’K ') reaction, which with few GeV electrons
from the new 4-GeV electron accelerator will be a very
effective tool for producing hypernuclear excitations.

The full exploitation of the structure information
available from A-hypernuclear spectra clearly requires a
considerable improvement in both energy resolution and
intensity. Good resolution is particularly important in
heavy systems, where level splittings are generally small.



] T [ [ | T I !
(o)
500} '%(K‘.w‘)'jc
800 Mev/c
eldb:4°
_ aook
n
>
D
=
-II-
a
- L
2 300
w
he)
~
g |
he)
3 200f
he)
nooL
| 1 i | | | | —1
0 5 10 15 20 25 30
E, (MeV)
Fig.
i — 1 —_
= v T T
sal SLilK,7h3H +
37°
40 1
s |
()]
=
5 30] 1
0
i
w
© 2ql 4
(o
2
b
©
mT 1
/7
1/ 1 1 1
R L§ T Ll
o -10 -20 -30
B2 (MeV)

Fig. 11.6-C. Evidence for a heévy hydrogen hypernucleus _Z6H pro-
duced by the (K~,n") reaction on 6Li. The peak near a binding energy

(Bx) of —22 MeV is probably the ground state.

22

120 T T T T

—
(b)
etk 77 Be -L
100+~ 800 MeV/c
B4 =15° "
80

60 i

40

1 S I TR IR B
o] 5 10 15 20 25 30
E, (MeV)

11.6-B. Production of _‘/\3C at two angles. The variation of intensities with angle enables extraction of crucial spectroscopic information.

To observe processes with any but the largest of cross sec-
tions requires an improvement in intensity. The degree of
collectivity in heavy hypernuclei (do “‘strangeness analog
states’’ exist?) can only be determined with better
facilities. Measurement of spins of excited levels, electric
and magnetic multipole moments, lifetimes, and
disintegration products must also await these improved
facilities.

High-resolution work could exploit the A as a relatively
weakly coupled probe of properties of conventional
nuclei. A A coupled to a rotational or vibrational nucleus
would alter the moment of inertia or effective phonon
spectrum of that nuclear core. In superfluid nuclei, the A
would influence the energy gap. Through core polariza-
tion induced by the A, one expects changes in the quad-
rupole moment of a rotational nucleus, and enhanced
isoscalar magnetic transitions in the nuclear core. The
change in radius due to the presence of the A may shed
some light on the question of nuclear compressibility.
These and other fascinating possibilities for nuclear struc-
ture investigations remain totally unexplored.

The study ofi_elastic and inelastic scattering processes
induced by K~ beams or K, = K regeneration ex-
periments on nuclei with neutral kaon beams has not yet



been explored in depth. At low momenta, the K™ has a
very long mean free path and is sensitive to neutron as
well as proton densities. The K, on the other hand, is
strongly absorbed and can be considered the strange
equivalent of the pion. More intense higher resolution
kaon beams with better kaon-pion separation are needed
to exploit kaon-induced reactions for these nuclear struc-
ture studies. Of course, we must also refine our
knowledge of the two-body kaon-nucleon amplitudes,
which are only poorly determined at present but which
would be critical input for such nuclear structure studies.

The first hypernuclear weak decay experiment was
completed recently. More could be done in this particular
area with present facilities. Precision measurements of the
decay modes of very light hypernuclei, where the nuclear
cores are not spin-isospin saturated, are essential in order
to unravel the spin and isospin dependence of the AN —
NN conversion process. Hypernuclei offer a unique
possibility for studying baryon-baryon weak amplitudes.
In all but the lightest systems, the weak decay of the A
hypernuclear ground state proceeds via the AN — NN
process which is inaccessible except in the nuclear
environment.

The (K ,m ) reaction on deuterium or 3He should be
thoroughly explored to investigate possible strange
dibaryon resonances in the Ap system. Angular distribu-
tions are needed to obtain spin assignments; the lowest-
lying six-quark bag states which couple to the Ap system
require one unit of angular momentum for their excitation
{nonzero angle).

The doubly-strange six-quark dibaryon (the “H") is a
dramatic prediction of the MIT bag model. A search for
such a state requires intense kaon beams in the 1-2 GeV/c
range. The ‘‘H’’ particle plays a special role in multiquark
spectroscopy because it is predicted to decay only
weakly. Two methods for its production have been pro-
posed: the reaction 3He(K™,K n)*“H"’ in which the Kt and
neutron are detected, and the production of a = in the
reaction p(K ,K')= followed by the atomic capture (in
say deuterium) leading to the “H’’ and a neutron, with the
monoenergetic neutron being detected.

The study of Z-hypernuclei would benefit immensely
from higher kaon intensity, both for increased counting
rate and improved beam purity. A very low-momentum
beam (approximately 400 MeV/c is optimum) is required
in order to emphasize the production of the narrow sub-
stitutional states without large quasi-elastic backgrounds.
This is a technically difficult project because of the short
decay length and low kaon production cross sections. A
basic question is whether narrow states occur only in light
nuclei or whether they are representative of a rich, but as
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yet undiscovered, X shell-model spectroscopy of heavier
systems.

A subject of much interest in the study of normal nuclei
is the role of the A resonance in the nucleus. The
analogous problem in hypernuclear physics is the pro-
duction, propagation, and decay of Y* resonances. The
narrow Y*(1520), with a width of only 15 MeV, is a
particularly interesting quark excitation with one unit of
internal orbital angular momentum, and thus its study
within the nucleus has important unique aspects. Such
study also requires a low-momentum K beam
(400 MeV/c).

Finally, the (K~ K" or K',K°) reactions on nuclear
targets offer a possible window into the spectroscopy of
hypernuclei with two strange quarks, containing a = or
two A hyperons. Such studies represent a logical next step
in the evolution of hypernuclear physics. The spec-
troscopy of such hypernuclei is potentially rich: narrow =
states are likely to exist, just as in the case of Z’s, though
their widths will depend on the = p = AA conversion rate
as well as other factors, such as the hypernuclear wave
function. Cross sections to specific high-spin discrete AA
states are predicted to be a few nb/sr at 0°, requiring a
very intense K~ beam, and providing a formidable
challenge to experimenters.

It is remarkable that so much information has already
been uncovered from the relatively sparse data now
available with strangeness in nuclei. Higher intensity and
higher quality kaon beams would help this field toward
expanding a more detailed and fascinating new perspec-
tive on our understanding of the structure of nuclei.

11.7 THE ELECTROWEAK INTERACTION AND
BEYOND

Are there new interactions beyond those of the minimal
standard model? Are there new particles of low mass
beyond those we know? How can low and intermediate
energy nuclear physics contribute to these issues?

The investigation of nuclear processes has always in-
volved to a substantial degree the study of the properties
and interactions of elementary particles. Our sister field of
particle physics is entirely devoted to this undertaking
with its main thrust directed towards the questions which
can be probed at higher and higher energy. The study of
fundamental interactions has important frontiers in addi-
tion to those at high energy. The existence of the weak
interaction was one of the early discoveries emerging
from the study of nuclei and the existence of neutrinos
was inferred from the properties of nuclear decays half a



century ago. Later, the discoveries of many of the critical
properties of the weak interaction have come from the
study of nuclei and nuclear processes: the confirmation of
the existence of neutrinos through their interaction with
nuclei; in the late 1950's the discovery of dramatic viola-
tions of parity conservation in weak processes, essential to
our understanding of this interaction; more recently the
demonstration of the conserved vector current relations
between weak and electromagnetic processes; and cur-
rently some of the most important issues in neutrino
physics are being addressed within nuclear physics, such
as limits on the neutrino mass and on possible neutrino
oscillations. Contributions to these fundamental questions
have been made by many branches of physics including
atomic physics, astrophysics and cosmology as well as
nuclear and high energy physics. These have long been
recognized and welcomed as a sign of the coherence and
the unity of physics.

Many fundamental questions in both strong and weak
interaction physics have been and continue to be in-
vestigated with the nucleus as a physical arena. We em-
brace here, within this long range plan for nuclear
science, those questions and aspects of elementary par-
ticles which can be effectively addressed within nuclear
physics. The pursuit of this subfield of nuclear physics has
grown in size and importance because of recent startling
developments in our understanding of elementary par-
ticles and because of their potentlal impact on the
description of atomic nuclei.

The recent unification of electromagnetic and weak
forces is one of the most extraordinary developments in
modern physics and it may be compared to the unifica-
tion of the electric and magnetic forces by Maxwell 100
years ago. The discovery earlier this year of the heavy vec-
tor bosons, the W and Z particles, whose large mass is
related to the relatively ““weak’’ nature of the weak force,
beautifully confirms and reinforces the new theory. These
new particles, together with the photon, are responsible
for the electroweak force. This theoretical model, with its
many experimental triumphs, further challenges us to ex-
plore its range of validity and to search for new fundamen-
tal interactions and particles.

The two fundamental interactions governing the
physics of nuciei as well as of elementary particles (the
“strong’’ and the ‘‘electroweak’’) have recently been
embedded in a consistent theoretical framework sup-
ported by experiment, the so-called Minimal Standard
Model (MSM). The MSM is a“gauge theory (akin to the
quantum theory of electricity and magnetism, quantum
electrodynamics) and is described by the group
theoretical symmetry SU(2), x U(1) x SU (). [Here the
electroweak interaction is represented by SU(2)L x UM
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while QCD is contained in the group SU(3).} The known

fermions (leptons and quarks) are grouped into three

“families’’ or ““generations’’ each containing two types of

quarks and two kinds of leptons; the existence of one

hitherto unobserved quark (the top quark) and one

unobserved neutrino (the tau neutrino) are predicted. The

term ““minimal’’ in MSM refers to the fact that the model
contains only the minimal number of ingredients

necessary to account for the known facts. For example,

MSM does not contain right-handed neutrino fields.

The basic theory has massiess particles. In order to
generate the masses of the W and Z and the masses of the
fermions, the symmetry of the theory is broken through
the so-called Higgs mechanism and leads to a hitherto
unidentified neutral Higgs particle. This Higgs mechanism
is a crucial element of the theory as it is now formulated.

A number of important features are embedded within
the MSM framework: baryon number is conserved, as is
not only the total lepton number, but also lepton number
within each ““family’’ separately. Thus electron number,
muon number, and tau number are each conserved lead-
ing to the prediction, for instance, that the decay of a
muon into a photon and electron is forbidden. The
charged-current weak interactions have a vector minus
axial vector (V-A) structure. The neutral-current weak
interactions are determined by a single new parameter,
the Weinberg angle 6,,, which determines the ratio of the
masses of the Z and the W particles. The neutrinos are
massiess and there are no neutrino oscillations. The
theory contains a CP-(charge conjugation-parity) violating
interaction which may account for the observed CP-
violation in the neutral kaon system, but there are, in first
order, no CP (or time reversal T) violating effects in the
leptonic and semi-leptonic weak interactions. The weak
and electromagnetic interactions of the leptons e, u and T
are identical (perfect e-u-t universality).

Although all the known physics is consistent with the
Minimal Standard Model, it is unlikely to be the ultimate
theory. For example, it is described by more than one
coupling constant; it provides no clues for the replication
of fermion families; the fermion masses and various weak
mixing angles are not calculable.

The theoretical possibilities for physics beyond the
MSM include: theories which unify the electroweak and
the strong interactions (grand unified theories), new inter-
actions which distinguish the fermion families, e.g., the
electron and the muon (horizontal gauge interactions),
theories which do not require elementary Higgs fields but
involve a new strong force and further new interactions

“(technicolor schemes), a symmetry which relates fermions

and bosons (theories with supersymmetry), and theories



in which the leptons and the quarks are not elementary
(composite models). In addition, the electroweak inter-
action may be described by a group larger than that of
MSM (e.g., electroweak theories involving right-handed
currents). Also, there may be more than one Higgs
particle.

In the presence of any of these possibilities some or all
of these quoted features of the MSM will be lost. Thus the
major directions of research are, and will likely continue
to be: (a) search for new interactions, and for possible new
light particles; (b) further study of the physics of the
minimal standard model. There are important contribu-
tions to be made by nuclear physics in both parts of this
scientific challenge.

A. ISSUES AND EXPERIMENTAL PROBES RELATING TO
PHYSICS BEYOND THE MINIMAL STANDARD
MODEL.

Using nuclear processes, or particle beams developed
for nuclear physics, a number of issues can be studied
which pertain to possible new physics beyond the
minimal standard model. Experiments with improved sen-
sitivities may uncover new phenomena, limit proposed
theories, or lead to new theoretical possibilities. We shall
briefly outline several of these important issues.

CP-Violation. The phenomenon of CP-violation was
discovered nearly 20 years ago in the neutral kaon system
but, despite considerable effort, its origin is still unknown.
It was an unexpected result at the time and to date CP
violation has been seen only in this one system. While the
data are consistent with the expectation of the MSM, they
are also consistent with other possible sources of CP viola-
tion that may be present in some of the mentioned exten-
sions of the MSM. The most important experiments to
understand the origin of this symmetry violation include:
higher precision measurements in the neutral kaon system
which require intense kaon beams; searches for CPand T
violation outside the neutral kaon system, in particular a
sensitive measurement of the electric dipole moment of
the neutron, using ultra cold neutrons {the present limit is
D < 6 % 10725 e-cm, while 10722°—10732 e-cm is
predicted by the MSM); and improved tests of time-
reversal invariance in semileptonic kaon decays, muon
decay, nuclear beta decay (where present results have
sensitivities down to 1073 and in other leptonic and
semileptonic processes. '

Conservation of Muon and Electron Number. The rele-
vant processes to study include y = ey, y~ —> e~ conver-
sion in nuclei, and K, — pe. Meson factories have im-
proved the sensitivity for the branching ratios of the first
two processes by two orders of magnitude, to about
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10710, Further improvements are expected from new ex-
periments in progress or proposed on rare kaon decay
modes but still higher sensitivity would require better
kaon beams. Direct observation of forbidden decays
would be of the greatest importance and would signal the
existence of new interactions or additional neutrinos.
Branching ratios could be just beyond the existing ex-
perimental limits. In technicolor schemes, for instance,
the branching ratios of K, > pe and u Z = e7Z are ex-
pected to be not far from the present limits.

Conservation of Lepton Number. At present the most
sensitive test for the conservation of total lepton number is
neutrinoless double beta decay, a process that may occur
in many nuclei. Another example is neutrino-antineutrino
oscillations which also provide tests of lepton number
conservation.

Baryon Conservation. Stimulated by predictions of grand
unified models the decay of the proton is being studied
presently with large-scale detectors. One of these ex-
periments has recently set a lower limit for the lifetime of
the decay p = ne™ of 1032 years, while theoretical
estimates based on the simplest grand unified theory give
1028 to 103! years. This crucial confrontation between
observation and theory needs to be explored further in-
cluding sensitive measurements of other decay modes.
The search for transitions between neutrons and anti-
neutrons, a process violating baryon number conserva-
tion by two units and referred to as a neutron oscillation is
being conducted at nuclear reactors.

Deviations from the (V-A) Nature of Weak Charged Cur-
rents. Precision tests of the space-time structure of the
charged-current interaction are important because of the
possibility that the standard left-handed (V-A) structure is
modified slightly by possible contributions from right-
handed currents or charged Higgs exchange. A high-
precision search for right-handed currents in muon-decay
has just been completed at TRIUMF, and is consistent
with V-A. Another relevant muon-decay experiment is in
progress at LAMPF. Other tests of V-A come from
measurements of helicities and asymmetries of beta par-
ticles in nuclear beta-decay. Improvements in the sen-
sitivity of these and other tests are possible with the
advent of new techniques for measuring positron
polarizations.

The Structure of the Neutral Current Interactions. A

powerful probe of possible deviations from the standard
model is a set of precise measurements of the neutral cur-
rent parameters sin?6yy and ¢ (e = M&,/M2 cos?8y). In the
standard model the parameter sin29¥V is arbitrary and ¢ =
1. In some grand unified models sin 6,y can be predicted
rather precisely; the simplest SU(5) theory agrees well



with the experimental value of 0.224 + 0.015. The cor-
responding value of ¢ = 0.992 + 0.017 from semileptonic
neutral current processes is consistent with 1.0. Informa-
tion on g and/or sin29W will come from precise determina-
tions of W and Z masses.

One of the important challenges is to also measure, to
an accuracy of a few percent, the purely leptonic scatter-
ing reactions v.e = v e and v e = v e, such studies are
under way at present high energy accelerators. One
would also want to improve substantially the results for
;ee = ve and to study v.e = v e, which are uniquely sen-
sitive to interference between neutral and charged cur-
rent interactions, and such improvements are not feasible
at high energy accelerators. High-intensity neutrino
sources, such as those proposed for kaon factories, would
be able to achieve substantial improvement in the
measurement of these purely leptonic processes.

The scattering of longitudinally-polarized electrons
from nuclei offers a way to study the structure of the
neutral current interaction. Scattering of polarized elec-
trons on deuterons at SLAC first showed the existence of a
parity violating neutral current. An electron accelerator
with energies up to 4 GeV, as recently recommended by
NSAC, is ideally suited for these pursuits. Precision
nuclear excitation and elastic scattering studies with
polarized electrons at available electron accelerators
(e.g., Bates), and perhaps with eventual neutrino beams,
are also useful for testing the isospin structure of neutral
hadronic currents and therefore serve as tests of the
electroweak theory. The availability of different nuclear
targets and variable electron energies is helpful in this
regard.

Neutrino Properties. Besides being an important issue in
the present theoretical framework, the question of
neutrino mass has profound ramifications in astrophysics,
and cosmology. Nonzero masses for the neutrinos are
strongly suggested by grand unified theories.

From the experimental point of view there are several
approaches to pinpoint the neutrino mass. There are
kinematical tests using low-energy nuclear beta decays
such as tritium, or the decay of the pion into a muon and a
neutrino. Present sensitivities for the electron neutrino
mass are about 35 eV. Several experiments currently in
progress with nuclei are expected to resolve.an existing
experimental controversy concerning the electron
neutrino mass, and should be sensitive to a mass as small
as 10 eV within the next 2 years. Similarly, the n = v
decay should be studied with the aim of obtaining more
stringent limits (or values!) of the v. mass whose present
limit is only about 500 keV.

For massive neutrinos one expects in general the
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phenomenon of neutrino oscillations, i.e., transitions from
one type of neutrino to another. Searches for such pro-
cesses are currently being carried out with high energy
neutrinos from high-energy accelerators, medium energy
neutrinos from meson factories, and low-energy neutrinos
from fission reactors. To date no evidence has been found
for oscillations, but more sensitive tests may yet uncover
them. The most sensitive test for ‘—’e oscillations has been
obtained with low-energy reactor neutrinos, and the limits

provided by these experiments are shown in figure 11.7-A.
The solar neutrino problem, the observation of fewer

neutrinos from the Sun than expected from the standard
solar model is still an unresolved problem despite years of
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Fig. I1.7-A. Present limits on neutrino oscillations. The unshaded
region of the plot has been ruled out by reactor experiments. The plot
is of the mass difference (between two possible neutrino states)
squared, as a function of the phase angle (sin226) that mixes the two
states.



studies. This may be related to neutrino oscillations with
long oscillation length as discussed in Sec. 11.10.

If neutrinos have mass, the question becomes pertinent
whether they are Dirac or Majorana particles, the latter be-
ing particles that are identical to their antiparticle.
Neutrinoless double beta decay in nuclei appears to be
one of the most sensitive tools to answer this question. Re-
cent studies based on 7®Ge set upper limits on the mass
parameter of 10-20 eV. New experimental techniques
adapted from high-energy physics, such as the time pro-
jection chamber, will make these nuclear experiments
much more sensitive.

Deviations from e-u Universality. At present the most
sensitive test of e-u universality in charged current weak
interactions is the ratio of the n = ev and n = uv rates. This
ratio has recently been measured with an accuracy of
about 1.5%, and further improvement is possible. A devia-
tion from e-u universality would suggest the presence of
charged Higgs mesons and/or mixing in the leptonic
sector.

New Particles. Experiments possible with nuclear transi-
tions and nuclear physics accelerators or reactors are well
suited to search for new particles of low mass. Such par-
ticles include the axion (conjectured to explain the ap-
parent absence or smallness of CP violation in QCD), light
Higgs bosons, massive neutrinos, and some new particles
predicted by supersymmetric theories. Among the pro-
cesses in which such particles might appear are specific
nuclear transitions and rare decay modes of kaons. Sen-
sitive experiments to look for possible massive neutrino
states are searches for peaks in the charged lepton
momentum spectra from the decay of pions and kaons.

Anomalous Phenomena. An example of anomalous
phenomena not permitted in renormalizable gauge
theories are ’‘second-class” currents. Second-class cur-
rents are weak currents which have opposite ‘G parity’”’
quantum number to that of the usual weak quark cur-

rents. Existing experiments on correlations in beta decay

are all consistent with no second-class currents, but more
sensitive experiments are needed. An interesting new
technique involves measuring the electron-neutrino cor-
relation in beta decay, since interpretation of the result
does not require knowledge of the weak magnetism form
factor.

B. OTHER OPEN AREAS OF RESEARCH IN THE
PHYSICS OF THE MINIMAL STANDARD MODEL

Besides the above tests there are other issues bearing
on the physics of weak interactions within the MSM,
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Weak Form Factors of Hadrons. The weak interaction of
hadrons cannot, in general, be predicted directly from the
weak interactions of the quarks because of the effects of
the strong interactions which induce form factors not
present for point particles. It is not known vet how to
calculate these effects accurately, although conservation
principles (CVC and PCAC) provide some useful relations.
Understanding the weak structure of hadrons (especially
of the nucleon) complements the studies of the electro-
magnetic and strong interactions of nucleons. Processes
of particular interest, beta decay, parity violating studies in
electron scattering, and muon capture, address several
issues. CVC can be tested by way of the weak magnetic
form factor. Current experiments test this at the ~10%
level. It would be valuable to push this down until isospin
breaking becomes important. A precision determination is
needed of the axial-vector coupling constant in the beta
decay of the neutron. Aside from its intrinsic importance,
this quantity is needed, for example, to predict the
amount of “He produced in the “‘big bang.”” At present
there are conflicting results on the neutron half-life,
however the axial vector coupling constant 84 can prob-
ably be better determined from an angular correlation
measurement. The axial-charge form factors in nuclei are
believed to be strongly enhanced by pion-exchange.
There is some evidence for this, but more work remains to
be done to clarify the issue. There is also evidence for a
quenching of g, in a nuclear medium. Further study is
needed to shed light on the nature of this effect. Muon
capture is particulady sensitive to 8y the induced
pseudoscalar form factor. Present results are consistent
with the (PCAC) predictions, but the experimental preci-
sion should be improved.

The Nonleptonic Weak Interactions. The only
strangeness conserving nonleptonic weak interaction
which is presently accessible experimentally is the parity-
violating nucleon-nucleon force. Parity violation has been
observed in both heavy and light nuclei, and also in
polarized proton-proton scattering. These experiments
provide valuable input for tests of dynamical calculations:
for instance, studies of parity-mixed doublets in light
nuclei have set constraints on the isospin structure of the
parity violating interaction. Parity violating effects in scat-
tering of polarized pgotons from protons, and in light
nuclei are consistent with quark model calculations in the
framework of the MSM. Information on this nonleptonic
weak interaction can also be obtained from studies of
polarized electron nucleus scattering at low momentum
transfer.

Study of Higher Order Effects in the Standard Model.
Studies of decays forbidden in first order in the standard
model are motivated by the desire to test higher order



calculations, to constrain the parameters of the standard
model, and to probe for the existence of new interactions.
An example is the decay of a charged kaon into a charged
pion and neutrino-antineutrino pairs. Calculations lead to
the conclusion that a branching ratio significantly above
3x 1072 would represent evidence for new physics, while
one significantly below 4 x 10719 would suggest the
presence of more than three fermion generations or new
interactions. Other examples are precision tests of quan-
tum electrodynamics such as measurements of the
anomalous magnetic moment of the muon and the hyper-
fine splitting in muonium.

Conclusion

In the area of electroweak interactions the lines be-
tween particle physics and nuclear physics are especially
blurred. Many of the crucial questions in this area can be
addressed by nuclear physicists, using nuclei, nuclear pro-
cesses, or the particle beams developed for nuclear
studies. In high energy physics the detailed studies of the
decay modes of the W and Z particles as well as many
other experiments (searches for the Higgs particle, for
evidence of the top quark, for new heavy particles
associated with possible extensions of the MSM, etc.) will
provide a rich field of study over the coming decade. The
combined results of the two scientific communities are
likely to lead to a deeper and more thorough understand-
ing in an area of physics which has produced the most
guantitative new insights into the nature of matter in the
latter half of the twentieth century.

11.8 MACROSCOPIC PHENOMENA

What are the new macroscopic and microscopic
phenomena associated with collisions between two
nuclei? How and on what time scale is energy absorbed
and a new equilibrium established?

Nuclei are many-body systems with many degrees of
freedom and with dimensions that are comparable to or
often smaller than the mean free paths of their constit-
uents. Exploration of these systems has thus far been
limited largely to relatively cold configurations near their
quantum ground states. Collisions between nuclei have
provided one of the richest sources of information con-
cerning both the microscopic and macroscopic structure
and behavior of nuclei; these collisions involving heavier
nuclei produce—in controlled fashion—nuclear com-
plexes very different from those encountered in nature
and permit study of the phenomena occurring in them
under conditions of higher temperature, density, high
spin, and high mass-to-charge ratios. Of particular interest
are the discovery and understanding of the simple modes
of nuclear excitation produced in these damped nuclear
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collisions, their microscopic foundations, their eventual
decay, and the cooperative and relaxation processes
responsible for them.

The study of heavy-ion collisions was initiated more
than forty years ago by measurements of Alvarez and his
collaborators at Berkeley but the full power of heavy-ion
studies did not become apparent until the late 1950’s with
the development of the tandem electrostatic accelerators
and the new generation of precision cyclotrons and linacs
designed to accelerate all ions in the lower end of the
periodic table. This power stemmed from the fact that the
heavy-ion collisions, for the first time, gave the experi-
menter much broader control over collision parameters
including charge, angular momentum, linear momentum,
number of transferred nucleons, and neutron to proton
ratio, than had been possible with more traditional lighter
projectiles. Reflecting the very small de Broglie wave-
length, these heavy-ion interactions were also amenable
to quite simple classical or semiclassical analyses. The
early measurements, and indeed, until recently, a very
large fraction of all studies on the physics of heavy-ion col-
lisions focussed on their macroscopic aspects such as
shapes, deformations, and fragment distributions-in mass

~and charge. Only recently has it become possible to focus

upon the underlying microscopic behavior of the
nucleons responsible for these macroscopic observations;
despite this, impressive progress has already been made.

An exception to this rather general rule is the case of
Coulomb excitation. These Coulomb-excitation studies
were, and remain, one of the most productive sources of -
information on nuclear collective motion and as such
were complementary to light-ion reactions such as
deuteron stripping which mapped out much of the single-
particle structure of nuclei. The fact that heavy ions could
bring large angular momenta into colliding systems,
without concomitant energy sufficient to disintegrate
them directly, gave access to entire new regimes of hot,
high-spin, nuclear configurations and partial answers to
the ubiquitous question of how the nuclear many-body
system responds to increasing energy and increasing spin.
What happened when it was heated? :

One of the early discoveries in this field, now thought
to be a very general feature of nuclear interactions, was
the nuclear molecule—a transient configuration in which
the target and projectile retain their identity but are bound
together for times long compared to the collision time
during which they rotated and vibrated in a fashion
familiar from the atomic domain.

Recent discoveries in this field, shown in figure 11.8-A,
have demonstrated the rather remarkable fact, for exam-
ple, that at excitations above 70 MeV in the 56 body *®Ni
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Fig. I1.8-A. Scattering of two 285i nuclei from each other shows sharp energy-dependent structures as seen on the left. On the right are angular
distributions of the elastic scattering in this system. These distributions demonstrate that very high angular momenta dominate these “molecular”

processes.

system there are sharp states having angular momenta
between 40 and 50 units which have very simple structure
indeed—two 28Si nuclei bound in a dinuclear molecular
configuration.

Damped nuclear collisions are intermediate between
the traditional nuclear physics classifications of com-
pound nucleus and direct reactions; they involve the last
classical phenomenon to be introduced into the quantum
domain—friction; and they show every evidence of
presenting entirely new phenomena in nuclear physics.
Thus far experimental studies have been extremely limited
in scope. Large areas remain unexplored awaiting the
availability of new accelerators, new instrumentation and
new understanding. Already this class of reactions has
provided substantial insight into the behavior of the
nuclear many-body quantum system, with some illuminat-
ing analogies and connections to other branches of
science such as chemical physics and quantum statistics.
The possibility of entirely new kinds of nuclear matter—
density isomers—of dramatic phase transitions in nuclear
matter, and of a wealth of other new phenomena await in-
vestigation, as soon as the facilities and instrumentation
become available.
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It is convenient to divide the energy range into five do-
mains; the critical energies marking their boundaries are
roughly 5, 20, 150 and 1000 MeV per nucleon, respec-
tively. The lowest energy is that where Coulomb barrier
effects are important; the second is that at which super-
sonic (i.e., shock wave) effects might first be expected; the
third is an effective threshold for mesonic effects and the
fourth marks the onset of pronounced relativistic phe-
nomena. We will here discuss the physics near the first
three of these boundaries and return to the fourth in
Sec. 11.9.

Elastic and Inelastic Scattering

Elastic scattering is the simplest interaction between
two nuclei dominated, respectively, by electromagnetic
and by strong nuclear forces at low and at high energies.
The small de Broglie wavelength, comparable to, or
smaller than the nuclear size, makes the analogy with op-
tics a very good one and a wide variety of optical
phenomena—interference, diffraction, rainbow scattering—
are observed dramatically in the nuclear domain.

Passing beyond elastic to inelastic scattering, we have



both Coulomb excitation where the electromagnetic
interaction is dominant, and the strong nuclear inter-
actions. In both instances, strong coupling to the nuclear
collective modes occurs and has been exploited effec-
tively to provide detailed information concerning the
static and dynamic shapes of nuclei.

It is important to note that much of what we know
about nuclear quantum states relates to excitations within
the pairing gap of the ground state—to cold nuclei. We do
not know what happens to collective states when they are
superimposed on the continuum, how they spread or
dissolve. We do not know in any detail how high in excita-
tion we can hope to follow microscopic behavior and
whether we will necessarily turn to macroscopic descrip-
tions. We really do not know in any comprehensive man-
ner how the nuclear many-body system will respond to
systematically increased energy and/or angular
momentum.

The Nuclear Continuum

The nucleus is one of the few examples of a many-body
system which both exhibits statistical behavior and can be
studied in sufficient detail to resolve individual energy
levels. The behavior of nuclei as a function of excitation
energy, angular momentum, and other properties varies
dramatically from domains of collective motion and
elementary excitations to domains of random motion in
which the levels show no correlations between observ-
ables. The density of levels is the most basic statistical
property of the nucleus, and is usually expressed as a
temperature—energy relation. Recent heavy-ion reactions
show that the nucleus can maintain its identity at least to
temperatures up to 3-6 MeV, but with many properties
altered by the large energy the nucleus contains. Ex-
perimental data on a much more systematic scale are re-
quired to test theory beyond its present rather crude level.

Deep Inelastic Scattering

It has been traditional in nuclear physics to separate
nuclear interactions into two broad classes, direct and
compound, depending upon the characteristic time scale
and the number of degrees of freedom involved. Heavy-
ion studies have been unique in that they have included a
totally new kind of interaction—deep inelastic scattering,
characterized by a massive transfer of kinetic energy into
internal excitation as well as limited mass and charge flow.
A definite correlation has been postulated between the
interaction time and the magnitude of the kinetic energy
loss.

The exact mechanism whereby this energy transfer is
accomplished remains a matter of some debate and

models range from those involving stochastic transfer of
individual nucleons between the target and projectile to
those based upon excitation of surface vibrational modes.
The general characteristics of the deep inelastic process
are only just beginning to emerge in broad areas of the
periodic table.

Fusion

Enormous impetus has been given to fusion studies by
the development of new ion sources, high energy electro-
static accelerators and second-generation linacs in recent
years. Once thought to be the consequence primarily of
simple one-dimensional barrier penetrability, fusion in
heavier systems is now suspected to be strongly depen-
dent on dissipation mechanisms, modes of nuclear excita-
tion, on the dynamics of the collision process, and in
general on both the microscopic and macroscopic
properties of the colliding nuclei.

With the recent availability of adequate computer
capacity, time dependent Hartree-Fock (mean field)

- TDHF fusion calculations can be extended to very heavy

nuclear systems; in these it is found that the flow of matter
between the interacting nuclei has a very major influence
on the dynamics. Macroscopic calculations, using
multidimensional potential energy surfaces have also
been applied to the fusion process. They have further
elucidated the role of nuclear dynamics and have pro-
vided an estimate of the excess energy required to fuse
massive nuclei over that anticipated on the basis of simple
one-dimensional pictures.

There is a growing suspicion that surface dominated
reactions such as inelastic scattering and single and
multinucleon transfer can have an appreciable effect on
the evolution of the nuclear complex, and that dynamical

" thresholds for fusion must be tied at least in part to

nuclear structure properties. What is badly needed to

" help clarify these connections is a careful study of quasi-
- elastic yields in reactions between heavy and moderately
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heavy nuclei. An example of experimental data showing
evidence for fusion, quasi-elastic scattering as well as
strongly damped scattering is shown in figure 11.8-B.

Fission

The large angular momenta involved in heavy-ion reac-
tions have provided a unigue opportunity to extend
fission studies beyond their traditional domain. The
disruptive nature of the centrifugal force can make any
nucleus in the mass table unstable toward fission under
experimental conditions readily accessible with the new
generation of heavy-ion accelerators. Studies of fission
barriers of relatively light systems have provided a testing
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Fig. 11.8-B. The particles observed at a forward angle (12°) from the collision between a 250-MeV 288i nucleus with a 4°Ca target. The regions of
energies and masses corresponding to three reaction mechanisms discussed in the text are indicated.

ground for the liquid drop model as applied to shapes of
extreme deformation. The importance of the diffuseness
of the nuclear surface and of the role of the finite range of
the nuclear force has been demonstrated, while the ef-
fects of shells and other microscopic effects present a
challenge for future studies.

in addition to the fission of compound nuclei, a new
process, fast-fission, has been identified. The reaction
time associated with the process is ~10720 sec. Fast fission
has been observed under any of the following three con-
ditions: when the energy needed for fusion is just below
the threshold; when the compound nucleus is unstable
toward fission; and when there is a third body present.
While the time involved is intermediate between that of
compound nucleus fission and that which characterizes
strongly damped reactions, the precise relationship be-
tween these processes remains to be explored.
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The major challenge here, as yet unanswered, is that of
bridging the gap between fission and the fragmentation
processes that have been approached via reaction
channels.

Collective Phenomena

As we go up in energy can we consider nuclear colli-
sions as just the incoherent sum of a whole range of
nucleon-nucleon collisions or rather are there coherent
collective phenomena involving all, or a large fraction of,
the nucleons present? A number of relatively low energy
studies clearly point to such collective effects.

A good example derives from measurements of
charged particles emitted in collisions of 400 MeV/
nucleon 2°Ne beams with heavy targets. The number of
protons observed is significantly fewer than predicted and



there is evidence for the existence of a slowly moving
source in the laboratory system, suggesting that the pro-
jectile appears to be stopped inside the target matter.

These findings all are suggestive of large energy deposi-
tion in a small volume, and appear to require a
cooperative effect involving many nucleons. Recent work
on 86 MeV/nucleon '2C + '2C collisions at CERN provides
additional evidence for strong collective phenomena.
Finally, and most revealing, the reaction 3He + 3He - °Li +
n has been observed using slow beams, well below
threshold velocity for the pion production in the free
nucleon-nucleon interaction while systematic studies with
35-MeV/nucleon "#N beams on a variety of targets ranging
from Al to W have resulted in determination of n° produc-
tion cross sections. These results demonstrate convinc-
ingly that the nuclear many-body environment plays a key
role, even in collisions of relatively light nuclei, enabling
the almost total conversion of the incident kinetic energy
into a coherent nuclear state. Thus high energy densities
favorable for the observation of qualitatively new
phenomena are achieved in the interactions of nuclei at
intermediate energies.

The Nuclear Equation of State

When we consider the equation of state of most
materials we examine the appropriate pressure-volume
diagrams, searching for phase changes and other
singularities or peculiarities.

In the equivalent diagram for nuclei, the nuclear equa-
tion of state, only the behavior in the vicinity of the
normal nuclear matter minimum has been explored; we
do not know whether there are additional local minima
which would correspond to density isomers or to entirely
new forms of matter. Simple fluid dynamic calculations of
the yield of pions expected per nucleon in Ar + KCl and
Ne + NaF collisions studied at the Berkeley Bevalac show
no evidence for anomalies in the energy range from about
500 to 2000 MeV/nucleon in the laboratory. Hydro-
dynamic calculations, however, indicate the onset of high
densities in collisions above about 80 MeV/nucleon and
by 200 MeV/nucleon densities three times normal are ex-
pected, albeit for times lasting only 10722 sec. Because of
the limited energy range studied, it is entirely possible that
measurements to date might have missed such secondary
minima if they exist. Moreover, hydrodynamic
phenomena may be most fully developed in collisions in-
volving the most massive nuclei; experiments with
relativistic uranium beams are just beginning and an early
event is shown in figure 11.8-C. Just as the collisions give
rise to densities above normal in their compression
phases, in the subsequent relaxations (or bounces) den-
sities significantly below normal may also occur and it is
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here that present-day calculations suggest the possibility
of another phase transition and the possible coexistence,
for brief periods, of both gaseous and liquid phases of
nuclear matter. Searches for this transition are planned for
the near future.

Localization

A fundamental question concerning the dynamics of
nuclear collisions and specifically the energy dissipation
mechanisms is that of the possible localization of energy
deposition—the formation of hot spots. As we move up in
energy the collision times become so short that mean field
effects become negligible and only a small fraction of the
nucleons present might be expected to participate in the
collision, the remainder functioning effectively as
spectators.

There are several approaches to the localization ques-
tion including use of a thermodynamic model for light
product emission, of a so-called coalescence model and
an interferometric method modelled on that evolved in
astronomy for estimation of the size of Sirius. All are
crude—but all agree that over the entire range of incident
energies from 20-2000 MeV/nucleon, the effective source
radius is about 3.5 fm—much smaller than the
characteristic dimensions of the interacting systems, and
surprisingly constant.

A wide variety of models has been developed for local-
ization in terms of some variation of a participant-
spectator situation (e.g., fireball, firestreak, hot spot). In
most of these, the overlap region between the two inter-
acting ions is assumed to constitute a very hot source of
light particles. Further measurements are needed to
determine the extent to which the models present a true
picture of interactions between complex nuclei, and par-
ticularly, to determine the energy ranges where different
phenomena may be dominant.

Fragmentation

As the energy of the projectile increases, the character
of the peripheral reaction begins to make a transition at
around 20 MeV/nucleon. Just below this energy, the
dominant mechanism probably involves the transfer of
“participant’’ nucleons from one nucleus to the other.
The momentum distribution of the ‘‘spectator’’ fragment
is constrained by the transfer process. With the increase in
energy, the angular momentum of these participant
nucleons is so large that they cannot be captured by the
other nucleus. The momentum distribution of the spec-
tator then attains the fragmentation limit which remains
essentially the same up to relativistic energies.
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Fig. 11.8-C. The pattern of tracks left by a 960-MeV-per-nucleon 238Y nucleus colliding with another nucleus in a photographic emulsion.

—

Supercritical Field Phenomena

in the study of heavy-ion collisions, much attention has
been focussed upon the supercritical field phenomena an-
ticipated in the collision of heavy nuclei carrying large
mass and charge. In the charge case, the Coulomb field in
the neighborhood of the colliding nuclei becomes super-
critical in that the electron binding energy exceeds twice
the electron rest mass. Under these conditions, a vacancy
in the K shell, created in the early phases of the collision,
can be filled by a negative energy electron from the Dirac
sea with the consequent appearance of an unaccom-
panied positron. Such positrons have now been observed
at GSI in the collisions of uranium beams with uranium or
heavier targets, and an example of data is shown in
figure 11.8-D.

A somewhat analogous strong interaction is that of pion
condensation, which may occur at densities several times
normal nuclear values and would be characterized by a
large pion field and the observation of numbers of pions
with unusual correlations. Simple models suggest that
such pion condensates might be expected for energies
around 200 MeV/nucleon and at densities above about
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twice the normal density but, as yet, no experimental
evidence for the condensates has been obtained. Ex-
periments to date have been very much limited in the
range of masses and energy involved. It is not yet clear
whether the nuclei studied (e.g., Ne) are simply too small
and diffuse to support a pion condensate or whether the
effective nuclear correlations are perhaps too strong to
permit condensation at the densities achieved.

The search for these pion condensates remains an
outstanding challenge in elucidating the phase diagram
for nuclear matter.

Nuclear Temperatures

It is rather remarkable that an enormous body of data
on the emission of light fragments from heavy-ion colli-
sions can be parameterized for many orders of
magnitudes in terms of cross sections depending ex-
ponentially on an assumed nuclear temperature. The
temperature extracted from such data increases with the
available energy, reaching values ~100 MeV for
laboratory energies ~1 GeV/nucleon. There appears to be
growing evidence for a temperature saturation in nuclei at
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Fig. 11.8-D. Positron emission from the “breakdown of the
vacuum’’ in the extremely high electromagnetic fields produced dur-
ing the collision between a uranium and a curium nucleus. Especially
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(close collisions) which could only arise if the combined system were
to exist for an unexpectedly long time. Such a long-lived state in the
486 nucleon system would indicate simple structural selection rules
of very special character.

about 150 MeV as the available energy is increased. The
behavior of the temperature in these high energy heavy-
ion collisions may be related rather closely to the nature
of the hadronic spectrum at high energies and this in turn
could have the most profound consequences in arenas as
different as the earliest instants of creation and the final
death throes of giant stars, quite apart from its great intrin-
sic interest as a fundamental aspect of the most basic
structure of all matter.

1.9 EXTREME STATES OF NUCLEAR
MATTER

What is the nature of nuclear matter at energy densities

comparable to those of the early universe? What are the

new phenomena and physics associated with the

simultaneous collision of hundreds of nucleons at
"relativistic energies?

Nuclear matter has been explored only over a very
limited range of energy and nucleon densities. Probing its
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equilibrium and dynamic properties further is a problem
of deep intrinsic interest in nuclear physics. Beyond need-
ing to map out the gross features of the phase diagram and
thermodynamics of nuclear matter, one needs its excita-
tion spectra, and transport properties, such as stopping
power for hadronic projectiles, mechanisms of energy
dissipation, and particle absorption and emission. Under-
standing these properties tests our knowledge of the basic
forces between nucleons—and at an even more fun-
damental level, between quarks—and our abilities to
derive these properties from first principles in terms of
these forces. Exploration of nuclear matter, using existing
heavy-ion accelerators, and proposed ultra-relativistic
ones, will open experimental and theoretical oppor-
tunities at the frontier of physics: most outstanding will be
the creation of extended regions of matter at energy den-
sities beyond those ever created in the laboratory over
volumes far exceeding those excited in elementary parti-
cle experiments and surpassed only in the very early
universe. One very exciting possibility at such energy den-
sities is the discovery of new states of matter.

The properties of nuclear matter are of great interest
outside nuclear physics as well. In astrophysics they are
important to the mechanism of supernova explosions, in
which massive stars undergo gravitational collapse to
beyond the point where their nuclei are crushed together;
to the properties of neutron stars composed in most part
of bulk nuclear matter, including their birth and evolu-
tion, a determination of their upper mass limit and the
transition to black holes; and in cosmology, to the
behavior of the early universe in the period from 1 micro-
second after the big bang until nucleosynthesis, when
space was filled with bulk matter. The study of nuclear
matter has direct interplay with the concerns of con-
densed matter physics, for example, states of broken sym-
metry, and with those of high energy physics.

Nuclear Matter at Normal Densities
Certain basic properties of nuclear matter are at present

well-understood at low excitation energies and nucleon
densities very near those found in undisturbed nuclei.

While these are reviewed in greater detail in Sec. 11-8, we

recall salient features here. The “‘saturation”” density g
of nuclear matter, 0.16 nucleons per cubic fermi (or 1.6 X
10%® per cubic centimeter), and its binding energy, are
determined from the properties of static nuclei. Observa-
tions on the ““breathing modes’’ (electric monopole giant
resonances) of nuclei indicate that nuclear compressibility
is close to that of a noninteracting gas at the same density.
Current theoretical methods for solving the many-body
problem at zero temperature, based on variational tech-
niques, yield results in agreement with these observations,
provided two-nucleon forces derived from fits to scatter-
ing data are supplemented with many-body forces.



Phase Diagram of Nuclear Matter

On the other hand, the nature of matter under extreme
conditions of high compression (or rarefaction) or high
energy density remains uncharted experimentally. Calcu-
lations of the phase diagram of bulk nuclear matter at
finite temperatures and varying densities suggest a very
rich structure, as illustrated in figure 11.9-A. For example,
at particle densities below that of saturation, nuclear mat-
ter should undergo a liquid-gas phase transition at low
temperatures, similar to the boiling of water, with a critical
point. The nuclear medium can greatly modify the proper-
ties of particles, such as pions and delta resonances, prop-
agating in it. As a consequence, at densities at least twice
the saturation density, bulk nuclear matter is predicted to
undergo a transition to a phase said to be ‘/pion-
condensed” in which the system should develop a
coherent macroscopic pion field, similar to the electro-
magnetic field in a laser. A charged-pion condensed
medium would also be a novel “’superconductor,”’ being
able to carry electrical current with no resistance, for in-
stance in neutron-star matter. Finally, under conditions of
very elevated energy density, nuclear matter will exist in a
wholly new phase in which there are no nucleons or
hadrons composed of quarks in individual bags, but an ex-
tended quark-gluon plasma within which the quarks are
deconfined and move independently. The phase diagram
should also exhibit the transitions associated with nuclear
pairing which have a low transition temperature. The
structure indicated in the figure also depends on the
neutron-proton ratio and on the nuclear angular
momentum.

The full exploration of this structure of the phases of
nuclear matter presents many exciting opportunities. The
dynamics and thermodynamics of the liquid-gas phase
transition can be studied in heavy-ion experiments that
deposit enough energy in the nucleus for it to "'boil off'’ or
fragment into smaller droplets; preliminary experiments of
this kind have been carried out on heavy-ion accelerators
and also at Fermilab and further ones are in progress. Two
major avenues currently being pursued promise new ac-
cess to the nuclear equation of state. The first is study of
the dependence on energy of the multiplicity of pions pro-
duced in a collision, a measure of the fraction of the total
collision energy going into kinetic versus potential energy.
The second is global analysis of particle flow in collisions.
New observations on collisions of Nb on Nb at 400 MeV
per nucleon provide evidence that the particles move in a
coordinated or collective flow, suggestive of the behavior
of a fluid described by hydrodynamics. Systematic study
of the collective flow patterns of matter as a function of
particle multiplicity, beam energy, and nuclear size will
permit the magnitudes of the pressures generated in such
collisions to be extracted.
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Fig. 1.9-A. Expected phases of nuclear matter at various
temperatures and baryon (or nucleon) densities, showing the
““hadronic phase’” including a gas-liquid phase transition region, and
the transition region to deconfined quarks and gluons. The dashed
lines illustrate trajectories in this phase diagram that can be explored
in ultra-relativistic heavy ion collisions.

The effects of nuclear matter on the pion field can be
studied in pion absorption and production experiments
and possible precursor effects of pion condensation may
appear. Temporarily condensed regions may be formed in
collisions of heavy ions designed to produce maximum
nuclear compression. Pion condensation in the deep in-
teriors of neutron stars would be detectable by satellite
x-ray telescopes, such as the proposed Advanced X-ray
Astrophysics Facility (AXAF) (likely to be launched in
1991), through the enhancement of the cooling rates via
neutrino emission. More generally, the role of non-
nucleonic degrees of freedom in nuclear matter is in need
of further exploration.

Ultra-High Energy Densities

Ultrarelativistic nucleus-nucleus collisions offer the op-
portunity of producing high energy-density matter in a
controlled laboratory environment, going well beyond
the possibilities for study made available by natural
laboratories, such as neutron stars, cosmic rays, and the
early universe, and providing information complementary
to that gained from very energetic scatterings of individual
nucleons. With increasing incident energy in a head-on
heavy-ion collision the nuclei at first transfer increasing
amounts of energy to each other, producing an increas-
ingly compressed and energetic central fireball.
Theoretical estimates indicate that the energy densities

“achievable in collisions of heavy nuclei such as uranium at

such energies are up to ~10 times those of ordinary
nuclear matter. More importantly, in this regime max-
imum baryon density is expected. As the bombarding



energy is further increased effects of transparency of
nuclear matter set in, and the two nuclei begin to pass
through each other, leaving highly excited and com-
pressed remnants, and filling the space between them
with a ““firetube’’ of hot matter with relatively low baryon
content. These two cases are illustrated in figure 11.9-B. In
collisions with energies about 30 GeV/nucleon in the
center-of mass, the energy densities produced in both the
nuclear regions and the central firetube can be at least
10-20 times that of ordinary nuclear matter. The energy
densities in these situations are sufficient, by theoretical
estimates, to produce a quark-gluon plasma. It is worth
stressing that such collisions present a range of different
physical systems simultaneously, from the nuclear
fragmentation regions in which the initial target and pro-
jectile nuclei are broken up, with high baryon density, to
the central region with negligibly small baryon density.
The plasma that would be produced in the central region
has the unusual feature of closely duplicating conditions
present in the first few microseconds of the early universe.
One should also note that to achieve such energy den-
sities requires using heavy ions, in which many individual
nucleon-nucleon collisions take place in the collision
volume of many tens and perhaps hundreds of cubic
fermis.

The production and detection of a quark-gluon plasma
in ultrarelativistic heavy-ion collisions would not only be a
remarkable achievement in itself, but by enabling one to
study quantum chromodynamics (QCD) over distance
scales as large as 5-10 fm it would make possible the study
of fundamental aspects of QCD and confinement
unattainable in few-hadron experiments. The deconfine-
ment transition is expected, from numerical computations
of the properties of QCD systems as well as other more
phenomenological estimates, to take place when the
energy density reaches ~0.5-2 GeV/fm3, some 3-10 times
that of nuclei at rest. Such a transition may be first order,
with a large latent heat, and with quite dramatic changes
in the properties of matter. A second ““chiral-symmetry"’
restoring transition, associated with the underlying
mathematical symmetry, is also expected at somewhat
higher energy density or perhaps coincident with the
deconfinement transition. Such a transition would be
heralded by the quarks behaving as massless objects, and
low mass pion-like particles no longer being possible ex-
citations in the system.

A further possible outcome of relativistic heavy-ion col-
lisions is the production of stable or metastable exotic
composite particles ranging from nuclei far from the valley
of beta-stability, to high-density isomers, to quark
“droplets”” of enhanced strangeness, to objects with
unusual stability arising from underlying mathematical or
topological structure. Such unusual objects may be
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Fig. 11.9-B. The possible outcome of collisions of heavy-ions at dif-
ferent energies. At lower energies (1) the two nuclei, in a central colli-
sion, stop each other producing a high degree of compression, while
at higher energies (2), the nuclei pass through and highly excite each
other, while at the same time leaving a highly-excited central region
composed of matter similar to that in the early universe.

related to the observed ‘‘Centauro’”” and ‘‘Chiron”
cosmic-ray events, and the reported phenomenon of
nuclear states with apparently anomalously short mean
free paths in matter (anomalons).

Investigations Feasible with Current Probes

Needed investigations, preliminary to embarking on a
full-scale experimental study of nuclear and quark matter
by relativistic heavy-ion collisions, include experiments
that can tell us further the dependence of the energy and
baryon densities achieved, on nuclear size and energy.
Cosmic ray experiments, such as by the Japanese

- American Cooperative Emulsion Experiment (JACEE) col-
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laboration, are an excellent source of preliminary
information on the gross properties of nucleus-nucleus
collisions, indicating that energy densities on the order of
3 GeV/fm3 are achievable in heavy-ion collisions (an order
of magnitude beyond that produced in current heavy-ion
accelerators). Such experiments may also provide data on
fluctuations, needed for planning accelerator ex-
periments. A continued effort in studying high-energy



cosmic-ray collisions, including balloon and space (e.g.,
Space Shuttle) flights of detectors will be valuable.

Also important are continuing systematic studies of
scattering of protons (as well as pions and other hadrons)
with large nuclei. Such experiments, interpreted in con-
junction with proton-proton and antiproton-proton scat-
tering experiments, can reveal coordinated or collective
behavior of nuclear matter in stopping nucleons, a ques-
tion of large practical as well as intrinsic interest. Detailed
studies of regions of energy and momentum transfer in
proton-nucleus collisions not accessible in proton-proton
collisions would be very desirable. From proton- and
pion-nucleus experiments one will be able to extrapolate
to the energy densities and particle multiplicities that will
be encountered in nucleus-nuclear collisions. The a-a
scattering experiments at the CERN Intersecting Storage
Rings (ISR) also provide a first look at the physics of colli-
sions of ultrarelativistic nuclei.

Interactions of anti-nucleons with nuclei are an as yet
little explored probe of nuclear matter; annihilation pro-
cesses can tell us, for example, how nuclei respond to a
localized deposition of a large amount of energy.

Much theoretical work is also needed to develop ap-
propriate calculational methods for dealing with
relativistic nuclear collisions. In particular, the regimes of
validity of nuclear cascade calculations and hydro-
dynamic descriptions need clearer delineation; a greater
understanding of dissipative mechanisms is called for. It is
also crucial to learn how the degree of thermalization
after a collision depends on the collision parameters, such
as nuclear size, energy and impact parameter.

Further theoretical and experimental effort will be re-
quired to recognize fully the signals in ultrarelativistic
heavy-ion collisions that a deconfined state has been
achieved in the collision volume. Measurement of the
gross properties of the collision will be needed to deter-
mine the energy densities and entropies achieved in early
stages of the collision. Correlations of the mean momenta
of fragments perpendicular to the collision axis with the
mean multiplicities can signal a thermodynamic phase
transition. Measurements of nuclear size dependences
and fluctuations from the average event are particularly
helpful for discriminating between signals arising from a
quark-gluon plasma, and backgrounds from pre-
equilibrium, or final state dynamics.

Leptons and photons produced in the plasma have
long mean free paths, and escape with little interaction.
They are also produced most copiously in the early stages
of the collision when the plasma is hottest and most
dense, and are thus a clean probe of the plasma
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dynamics. While their signal may be obscured by various
backgrounds, the nuclear size and energy dependence
should resolve the signal for a plasma from these back-
grounds.

Strange-particle production may also provide a signal
for a plasma. The equilibrium configuration of a high
temperature plasma contains up, down, and strange
quark pairs. As such quarks combine into hadrons, a large
number of strange baryons and mesons are produced. If
there is time and energy for such a configuration of quarks
to form, and if the distribution of hadrons survives the ex-
pansion and cooling of the plasma, strange hadrons
would be copiously produced.

Present heavy-ion accelerators, operating at laboratory
energies up to ~2 GeV per nucleon, are providing exten-
sive information on collective behavior and dynamic cor-
relations in heavy-ion collisions. However the energies
and particle densities reached are well below the ex-
pected thresholds for quark-gluon plasma formation. In-
jection of ions into existing particle accelerators, such as
at CERN, can carry out fixed target experiments in the
relatively near future. Such experiments would be at a
somewhat higher energy than that of the Bevalac and
would begin to uncover further interesting physics of
nuclear matter. However, exploration of the qualitatively
new physics of nuclear matter will require going to higher
energies and using beams throughout the periodic table;
this can only be achieved in an ultrarelativistic heavy-ion
collider.

11.10 NUCLE! AND THE UNIVERSE

How do the properties of nuclei, of nuclear matter, and
of nuclear processes determine the structure and the
evolution of stars and affect our understanding of the
large-scale structure of the universe?

Nuclear processes and the properties of nuclear matter
play a fundamental role in determining the basic structure
and evolution of the Universe. Nuclear reactions are
responsible for the synthesis of all the chemical elements,
are the primary sources of energy driving the evolution of
stars, and are, for example, the source of our sun’s energy
through the fusion of hydrogen into helium. In the near
future, we anticipate the production of conditions which
existed in the early instants of the big bang, in the collision
of ultrarelativistic heavy ions.

The interaction between nuclear physics and
astrophysics was initiated by the work of Bethe and has
evolved from an interface between two previously



isolated areas of science into the field of nuclear astro-
physics, in which both disciplines are combined in the
study of important and interesting physics problems. The
1983 Nobel Prize in physics was shared by William Fowler
in recognition of his pioneering insights and the key
importance of the developments in this field. The astro-
physical interest frequently motivates the study of ques-
tions which have important nuclear physics content,
while nuclear physics discoveries often have profound
astrophysical implications. The nucleus provides a
microscopic laboratory to study the basic elements
responsible for the structure and evolution of the
macroscopic Universe. Areas of research where present
results point towards important opportunities in the com-
ing decade include the study of high-density nuclear mat-
ter in supernova collapse and neutron stars, the study of
beta-decay strength functions for decays involving highly
excited states in nuclei far from stability, nuclear reactions
involving short-lived radioactive nuclei, and the solar
neutrino problem.

Creation of the Light Elements

While most of the chemical elements in nature are syn-
thesized in stars, those lighter than carbon are mostly too
fragile to survive the conditions found in stellar cores and
must have been created at a cooler, or more tenuous, site.
A simple description, involving creation in the big bang
expansion, and in spallation reactions induced by the
galactic cosmic rays, accounts for the abundances of
these light elements in an elegant and economic fashion.
This description also yields constraints on cosmology, as is
iltustrated in figure 11.10-A, as well as on nuclear and parti-
cle physics. Measurements of nuclear spallation cross sec-
tions at cosmic ray energies have recently shown that the
yields of °Li, ?Be, 19Be and "B can be accounted for as
the by-products of galactic cosmic rays interacting with
the nuclei of heavier elements, such as '2C. The remain-
ing light isotopes 2H, 3He, *He, and ”Li are the only ones
whose present abundances are relics of the big bang and
must therefore reflect conditions at that time. Their ab-
solute and relative vields are a function of the universal
baryonic density, so that one can infer from their yields a
value of the present density which is insufficient by itself
to close the Universe by about a factor of ten.

Supernovae, Neutron Stars, and Nuclear Properties

One outstanding problem in astrophysics is to under-
stand the late stages of evolution of more massive stars,
and the physics of their eventual gravitational collapse,
their subsequent explosion as supernovae and the forma-
tion of neutron stars (highly compressed stars with masses
about that of the Sun but with radii of only about 10 km)
or of black holes. After massive stars exhaust their nuclear
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Fig. 1.10-A. As determined by nuclear abundances, ours is an
"“open universe.”” The fraction of mass that is in the form of very light
nuclei is a good measure of the universal density of baryons gg. The
values determined from various abundances are shown as shaded
bars, the solid vertical line is the best fit to these. The dashed line is
the dividing line between the density at which the universe would be
closed upon itself, or open.

fuel they can no longer resist the inward forces of gravity;
their collapse and subsequent rebound is intimately tied
to the microscopic properties of the nuclei in their in-
terior. The collapse is initiated by the heating and dissocia-
tion of nuclei, and during the collapse the nuclei rebuild
into much heavier, more neutron-rich species than are
normally found in stars. An exotic aspect of this phase is
that neutrinos produced by the capture of electrons in
nuclei become trapped in the collapsing core as a conse-
quence of 