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SUMMARY and RECOMMENDATIONS

The central thrust of nuclear science is the study
of strongly interacting matter and of the forces that
govern its structure and dynamics.

As we enter the last decade of the 20th cen-
tury, this agenda ranges from large-scale collective
nuclear behavior through the motions of individual
nucleons and mesons (collectively called hadrons)
in atomic nuclei, to the underlying distribution of
quarks and gluons. It extends to conditions at the
extremes of temperature and density which are of
significance to astrophysics and cosmology and are
conducive to the creation of new forms of strongly-
interacting matter.

Another important focus is on the study of the
electroweak force, which plays an important role in
nuclear stability, and on precision tests of funda-
mental interactions.

Over the last 20 years our understanding of
both the strong and electroweak interactions has
undergone profound development, resulting in a
theoretical framework referred to as the Standard
Model. A major goal of nuclear physics today is the
further exploration of this theory and its applica-
tion to nuclear systems. A particular challenge is to
show how the accepted theory of the strong inter-
action, quantum chromodynamics (QCD), which is
cast in terms of unobservable quarks and gluons,
can be developed to yield a low-energy description
consistent with the baryons and mesons observed
in the physical world. This development would pro-
vide a theory of hadronic matter of suflicient power
and generality that it could be applied to almost all
phenomena in the universe. New phenomena that
give a glimpse of matter as it existed at the very
beginning of time have already been predicted to
occur in the collisions of heavy nuclei. The search
for this “quark-gluon plasma”, like the search for
rare decays of strange mesons and of muons, may
lead to improvements to the Standard Model.

At the same time, the nucleus, as a fundamental
many-body system governed by the rules of quan-
tum mechanics, continues to be a source of new
phenomena, most interestingly at the limits of nu-
clear stability. The description of cooperative ef-
fects in terms of the interactions of the nuclear

constituents, in a strongly correlated system such
as the atomic nucleus, is a challenge to many-body
theory.

The tools needed to pursue this broad and fun-
damental research program with efficiency are di-
verse. They both drive and depend upon significant
advances in technology: (1) first and foremost, ac-
celerators that produce high-quality beams of elec-
trons, hadrons, and heavy ions, over a very large
energy range; (2) detectors and targets that are
novel in concept and complexity; and (3) large-
scale computational facilities for theoretical work
and data analysis.

The nation’s ability to maintain nuclear science
at the intellectual cutting edge, to provide research
tools in a timely fashion and to support the nec-
essary educational activities depends upon respon-
sible long-range planning. This 1989 Long Range
Plan (LRP) for Nuclear Science has been prepared
in response to a joint request from the U. S. Depart-
ment of Energy (DOE) and the National Science
Foundation (NSF) to the Nuclear Science Advisory
Committee (NSAC), to provide the agencies with
advice for the next decade. While building upon
the LRPs prepared in 1979 and 1983, NSAC under-
took a thorough assessment of the new scientific op-
portunities in nuclear physics, and of the facilities
and funding required to pursue these. Input was
obtained from all segments of the nuclear science
community through : “Town Meetings” sponsored
by the Division of Nuclear Physics of the Amer-
ican Physical Society; presentations to NSAC by
laboratory directors; and, finally, deliberations by
a broadly representative Long-Range Plan Work-
ing Group (LRPWG) of 54 nuclear scientists, at
a week-long meeting. The work and the recom-
mendations of the LRPWG form the basis of this
report.

Based on the major scientific opportunities de-
scribed in the body of this text, the LRPWG began
laying out the LRP by first addressing the issues
of major new facilities. Specifically, the merits of
the Relativistic Heavy Ion Collider which had been
proposed in 1983, were re-evaluated extensively.
The scientific merits of an advanced hadron facility,



KAON, were also discussed in detail. Accordingly,
the recommendations with respect to major facili-
ties are as follows:

1. The highest priority in U.S. nuclear sci-
ence at this time is the timely completion of
the Continuous Electron Beam Accelerator
Facility (CEBAF) and the beginning of its
important research program.

2. We strongly reaffirm the very high sci-
entific importance of the Relativistic Heavy
Ion Collider (RHIC). Since the last LRP,
theoretical progress has strengthened the
case for the existence of a quark-gluon plasma,
and recent experiments demonstrate the like-
lihood that conditions favorable to its for-
mation will be attained. RHIC will provide
unprecedented opportunities to produce and
study ultradense matter. Therefore, we
strongly endorse the recommendation of the
1983 LRP and subsequent NSAC delibera-
tions that RHIC has the highest priority for
new construction in the nuclear physics pro-
gram. We urge a swift beginning for this
important project.

3. NSAC recently endorsed the fundamen-
tal and exciting scientific opportunities that
will become available with a high-intensity,
multi-GeV hadron facility. These opportu-
nities will extend our knowledge both of the
strong force, which determines nuclear dy-
namics based on quarks and gluons, and of
the electroweak force, which provides strin-
gent tests of the basic laws governing sub-
atomic phenomena. The Canadian invita-
tion for U.S. participation in the construction
of an international research facility, KAON,
with Canada providing full support for the
operation of the facility, provides an excep-
tionally cost-effective way for the U.S. nu-
clear science community to address this im-
portant physics in a timely fashion. We rec-
ommend with very high priority that the
U.S. enter into negotiations with Canada to
participate in the construction and use of
KAON.
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The above facilities are essential to carry nu-
clear physics into the next century. They empha-
size the high-energy frontier of nuclear physics. In
addition, it is important to recognize the challenges
and opportunities across the broad frontiers of nu-
clear science. Many of these can be addressed by
existing facilities, in particular since several of them
are new and most have acquired significant new ca-
pabilities in the recent past. A good number of
these are located at universities and provide an im-
portant focus for research and educational activity
close to the source of the next generation of scien-
tists. This report outlines the wide scope of today’s
and tomorrow’s nuclear physics, and the need for a
variety of facilities, large and small. This leads to
the following recommendation:

4. Crucial elements of nuclear physics are
not addressed by the major new facilities of
recommendations 1-3. Opportunities range
across almost all subject areas discussed in
this report. Indeed, the wide range of nu-
clear phenomena and the unity of the under-
lying understanding, from the phenomen-
ology of nuclei through collective, nucleon,
and meson degrees of freedom, and finally
to quarks and gluons, is an essential fea-
ture of modern nuclear science. Exploration
of these frontiers requires a vigorous pro-
gram using existing facilities that provide
electron, hadron, and heavy-ion beams across
a wide energy range. The distribution of
funds between ongoing programs and new
initiatives should provide for a broadly based
and balanced advance.

A number of additional smaller facilities are
now being considered by various groups: an ac-
celerator for radioactive beams; intense higher en-
ergy pion beams; a 0.5 to 1-GeV/nucleon high-
resolution heavy ion accelerator; a proton cooler

ring in the range of 10-20 GeV, for the exploita-

tion of spin degrees of freedom; a facility for high
fluxes of cold and ultracold neutrons for fundamen-
tal measurements. The conceptual development of
some of these projects, or others of comparable
scale, is important for the field’s continuing vital-
ity. We anticipate that at least one such project



will achieve high scientific viability over the period
of this LRP.

Nuclear physics has always pushed against the
boundaries of the field. The emergence of the fun-
damental theories of the strong and electroweak in-
teractions and their combination in the Standard
Model, and the recently increased interest in nu-
clear astrophysics arising from the spectacular ob-
servation of supernova neutrinos as well as the con-
tinuing solar neutrino puzzle, provide many new
opportunities for nuclear physicists to contribute
to the solution of some of the most fundamental
questions of physics. Experiments in such areas of-
ten require tools not normally provided by nuclear
laboratories. The needs for these activities are the
subject of the following recommendation:

5. Precision tests of fundamental interac-
tions probe physics at mass scales beyond
the reach of any planned accelerator and be-
yond the Standard Model. Nuclear astro-
physics provides both tests of nuclear physics
in new regimes and perspectives on the evo-
lution of the universe. Experiments at very
high energies allow us to probe the quark
structure of nuclei at very small distance
scales. These activities are important to our
field. Experiments in these areas employ a
range of facilities from non-accelerator in-
struments through reactors and small accel-
erators, to the largest machines. We rec-
ommend effective pursuit of these topics by
strong and timely support for the specialized
instrumentation needs of this field, and the
cost-effective use of the world’s high-energy
facilities.

An exciting example of such new instrumenta-
tion is the Sudbury Neutrino Observatory (SNO),
a joint Canada-~U.S.-U.K. project, for which NSAC
recently enthusiastically endorsed U.S. participa-
tion.

As nuclear physicists open these new areas of
investigation and deepen their explorations in tra-
ditional areas, a commensurate increase in theoreti-
cal activity is needed. New ideas must be developed
and the predictive power within the framework of
QCD must be improved. FEach of the previous
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LRPs noted a need to strengthen the U.S. nuclear
theory effort. Progress has been made recently
in the funding for nuclear theory and through the
founding of a National Institute for Nuclear The-
ory, but there is still an imbalance between the ex-
perimental and theoretical efforts in nuclear physies:

6. As nuclear science explores new frontiers,
a strong theory program becomes increas-
ingly essential. We therefore reaffirm the
recommendations of the 1988 NSAC Report
on Nuclear Theory, and the statements of
previous LRPs calling for an expansion of
the nuclear theory effort. We recommend
that the agencies continue the recent trend
of increased support for theory.

The broad range of scientific questions addressed
by nuclear physics requires continuous technologi-
cal developments. It is often through the invention
and development of the required technology that
nuclear physics makes its most important contri-
butions to our technological society. This report
describes many of these significant advances. We
cite here only the Gammasphere project, which
will greatly expand the horizons of nuclear spec-
troscopy. There is a broad consensus in the nuclear
community that the present level of capital funds
available for novel instrumentation is inadequate.
In addition, as university groups are changing more
and more to a user’s role, an improved level of tech-
nical infrastructure at universities is required if the
development of novel and complex detectors is to be
effectively pursued by faculty and students. Thus
we recommend as follows:

7. Nuclear physics is moving into many new
experimental domains that require novel con-
cepts and/or increasing complexity in detec-
tors, targets, and other instrumentation. To
realize the most promising new ideas and
projects in this area requires an increase in
capital equipment funds over the present le-
vel, and increasing attention to the techno-
logical support structure at university labo-
ratories.



The quality and vitality of any scientific en-
deavor are determined by the intellectual strength
and the creativity of its scientists. Are there enough
nuclear physicists to take up all the expanding chal-
lenges offered in this report? The number of active
scientists in nuclear physics has been historically
limited to about 1400, plus about 800 Ph.D. stu-
dents, by a constant funding situation. Neverthe-
less, it is estimated that sufficient scientific man-
power exists in the field to exploit the new facili-
ties and maintain the important programs at the
existing ones. Of course, as the major new accel-
erators which are the subject of recommendations
1-3 are realized, some redistribution of scientific
effort must be expected.

The continuing and vigorous involvement of the
universities, as the well-spring and training ground
of future scientific manpower, in nuclear research
programs is vital. Nuclear physics is fortunate to
have many research facilities, some quite large, lo-
cated at universities. We note with satisfaction the
present strong interest of graduate students in our
science. As an important part of our nation’s ba-
sic research effort, nuclear physics will continue to
play a significant role in the scientific education and
training of young Americans.

8. We urge the agencies to maintain sup-
port for the educational and specifically the
university-based programs that produce the
skilled young scientists so vital to the well-
being of nuclear science, and that provide
high-level training of manpower for the many
related sciences and the technology base of
the country.

At this time, nuclear physics, like high energy
physics, is moved by the intellectual development of
its science to invest heavily in new facilities. Ma-
jor scientific opportunities that had already been
identified in 1983 will be lost to U.S. science un-
less construction of the appropriate facilities, most
importantly RHIC, is started very soon. With this
background in mind the LRPWG has carefully con-
sidered the minimum requirements for an effective
and efficient nuclear physics program in the U.S.
over the next decade.

We have constructed a budgetary profile that
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can accomplish the highest priority goals in nu-
clear science in a timely, cost-effective way. These
goals include the effective utilization of key capa-
bilities now in place or under construction, the re-
alization of the major new facilities recommended
in this plan, and the proper attention to the human
and technical infrastructure that ensures continued
success in research and education.

QOur extrapolation starts with the assessment
that the present needs for nuclear science come to
(all in FY91 Dollars) about $340 Million in the
DOE program and $50 Million in the NSF program.
When these needs are extrapolated to 1997, beyond
the completion of both CEBAF and RHIC, the pro-
grams in the field will require a base budget of at
least $340 Million in the DOE program and $62
Million in the NSF program. These levels would
provide for an austere, but scientifically viable, pro-
gram, and recognize the need to increase funding
for operation at some facilities, for increases in equip-
ment funds and support for university users groups,
as well as for nuclear theory.

They do not include funds for KAON, and we
urge that new money be sought for this cooperative
venture once it is approved by Canada. The above
estimate also does not include funds for construction
of a new smaller facility or upgrade. It is highly
desirable to allow for construction or upgrade of
at least one small facility in the time frame of this
LRP, and we propose addition of about $20 Mil-
lion per year in new construction funds later in the
decade.

Nuclear physics is an important component of
the intellectual, scientific and technological foun-
dation of a prosperous, technologically developed
society. Because of its connections to other fields
adjoining its wide perimeter, nuclear physics plays
a very significant role in supplying scientific man-
power for industry and national laboratories. Nu-
clear physics continues to make essential contribu-
tions to our society — its industry, technology, and
national defense —through advances in basic knowl-
edge, through technical developments, and through
the demonstration of new technical concepts. The
size of the U.S. nuclear program has clearly rec-
ognized this important role in the past. It is our
hope that this Long Range Plan will contribute to
maintaining this role through the 1990s.



PREAMBLE

Basic nuclear physics research in the United States is a large effort. It involves about 2200 scientists
and graduate students, many laboratories and universities, and about $330 Million in funds in 1989. Thus
long-range planning is essential.

In the late 1970s the Nuclear Science Advisory Committee (NSAC) was established as the main scientific
advisory body to the federal agencies which traditionally fund nuclear science, the Department of Energy
(DOE) and the National Science Foundation (NSF). Since then, NSAC has played a major and, one dares
say, successful role in the long range planning process for nuclear physics. Long range planning documents
were prepared in 1979 and in 1983. This year, in 1989, NSAC was again asked by the agencies to prepare
such a plan for the next decade.

The charge issued by Dr. Marcel Bardon from NSF and Dr. Wilmot Hess from DOE (which is appended
to this report) on June 13, 1989, requests that

NSAC conduct a new study of scientific opportunities and priorities in U.S. basic nuclear physics
research and recommend o long range plan which will provide a framework for coordinated
advancement of the Nation’s basic nuclear research programs over the next decade.

The charge lists the high priority recommendations from the earlier plans, i.e., the high-energy high-duty-
factor electron accelerator, CEBAF, now under construction, and the relativistic heavy ion accelerator,
RHIC, now in an advanced stage of planning, as starting points for the new plan.

In response to this charge, NSAC has held a number of preparatory meetings and collaborated with
the Division of Nuclear Physics of the American Physical Society in arranging a number of open Town
Meetings (the list of meetings is given in the appendix) at which input from the entire nuclear science
community was obtained. The planning process culminated in a meeting of a Long Range Plan Working
Group (LRPWG), consisting of 54 members (including the NSAC membership) broadly representative of
the entire scope of nuclear physics. At that meeting, held from August 6 to 11, 1989, on the campus
of the University of Colorado in Boulder, the priorities and recommendations for the 1989 Long Range
Plan were worked out in long and open discussions. In parallel, the LRPWG wrote nine scientific position
papers covering the various subfields of nuclear physics that provide the background and motivation for
the priorities and recommendations. These nine scientific sections make up the main body of this report,
the 1989 Long Range Plan. The scope and layout of the report follow quite closely the successful model of
the 1983 LRP. Accordingly, the scientific section is supplemented by material which describes the facilities
and instruments of nuclear physics, the impact on science, industry and society, and by an overview of the
scientific manpower and funding pattern of the field.

As was the case for its predecessor, this report is not addressed to the experts in the field, although
they might find it useful to obtain an overview over the broad landscape which nuclear physics represents
today. It is the aim of the authors to convey to a broader audience the excitement and the vitality which
pervades nuclear physics today, and to make the priorities and recommendations understandable to an
educated general public.

Finally, although this report looks at a horizon of ten years, it is likely that it will be outdated before
1999. Scientific research is a rapidly evolving and sometimes not very predictable enterprise. It speaks
for the foresight of the 1983 LRP that the LRPWG in 1989 reaffirms the direction which was initiated by
the earlier plan, providing additional scientific motivation and momentum to extend it through the 1990s.
It is our modest hope that the next LRPWG will find, in turn, that the priorities and recommendations
presented here were sound, and led to a solid advancement of nuclear science.



I. NUCLEAR PHYSICS: AN EVOLVING SCIENCE

e The Science

The next decade of nuclear physics will build
on over 60 years of discovery and progress. As nu-
clear physics evolved over this period, it spawned
the sister discipline of elementary particle physics
(high energy physics) and developed many experi-
mental and theoretical methods that are now rou-
tinely used in atomic, molecular and condensed-
matter physics. This fertility arises in part from
the pivotal position of nuclear physics at the bor-
der between the physics of our daily experience and
that of the subatomic world.

Today, the horizons of nuclear science are ex-
panding in substantial ways. Our understanding of
basic issues, such as nuclear collective motion and
its relation to the underlying nucleon-nucleon force,
has deepened as we have discovered more powerful
experimental and theoretical techniques. Simulta-
neously, new frontiers are emerging: the properties
of nuclear (or hadronic) matter at extremes of den-
sity and temperature; the connections between the
meson-nucleon and the quark-gluon descriptions of
strongly interacting systems; the application of the
fundamental theory of the strong interaction, quan-
tum chromodynamics, to nuclear systems; the nu-
clear physics of supernova explosions; the processes
by which the elements were synthesized; and the
exploitation of the nucleus as a medium for precise
tests of the electroweak interaction and its connec-
tion to the strong interaction by the so-called Stan-
dard Model. The realm of nuclear physics now in-
cludes the study of all forms of natural and induced
radioactivity, with emphasis on the production of
new, exotic nuclei that have no counterparts among
the stable elements that we encounter in our daily
lives, as well as the study of neutrinos from the sun
and other astrophysical phenomena. Nuclear phe-
nomena of interest today thus involve natural scales
that range from the shortest distances we can test
with existing accelerators to those of the grandest
events in astrophysics.

The recognition that quarks and gluons are the
fundamental building blocks of strongly interact-
ing particles, and thus of nuclear matter, and the
advent of QCD as the fundamental theory of the

strong interaction have had a great impact on nu-
clear physics over the last decade. They have ex-
panded the horizons of nuclear physics into an en-
ergy domain that was, until very recently, con-
sidered the exclusive realm of elementary particle
physics. This was already recognized in 1983 when
the previous Long Range Plan was written. The
trend has since become clearer and is now taking up
more and more of the resources of the field, in terms
of people as well as of accelerators and research
funds. This change in balance is apparent in the
ordering of the scientific topics that constitute the
main body of this report. It is as natural today to
begin the discussion of nuclei in terms of quarks and
gluons as it was a decade ago to begin with nucle-
ons and mesons. However, it is important to keep in
mind the full panoply of nuclear phenomena. The
nucleus, as the quintessential quantum-mechanical
many-body system, is so rich in phenomena that
many important new frontiers are opening up far
from the level of detail where a description in terms
of quarks becomes essential.

The historic evolution of nuclear physics, and
with it the nuclear phenomena studied, are de-
picted schematically in Fig. 1. Nuclear history evol-
ves from the top to the bottom of the figure. Not
accidentally, this sequence also describes the nu-
cleus on an increasingly finer length scale, i.e., as
seen through increasingly powerful “microscopes.”
As the name implies, nuclei are at the center of
atoms, with a dimension only about one hundred-
thousandth that of an atom. This dimension is of
the order of a few femtometers (1 fm = 10~°m)
which is commonly called a fermi after the great
[talian-American physicist who first studied the in-
teraction between neutrons and nuclei and who led
the construction of the first nuclear reactor in 1942.
Looking at the nucleus as a whole we can envision
it as a droplet of liquid that can be deformed, that
has oscillations and rotations, and that can change
its shape or fission into two droplets. These phe-
nomena are called “collective” because they involve
many neutrons and protons in the nucleus moving
in a concerted manner. So far, the nuclear liquid
has been explored mostly at very low nuclear tem-
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Figure 1: Diagram of nuclear properties and the mod-
els used to describe them, with increasingly fine spatial
resolution ranging from the top to the bottom. At the
finest detail the nucleus consists of quarks and gluons.

peratures, much like water near the freezing point.
Only recently have physicists begun systematically
to heat nuclei and to look at the nucleus as a ther-
modynamic system. Nuclear temperatures are ex-
pressed in million electron Volts (MeV). A temper-
ature of 1 MeV is about one million times hotter
than the surface of the sun. It has already been
learned that whole nuclei can be heated up to a
temperature of about 6 MeV, and that much hot-
ter spots within nuclear matter can be created. It
takes large amounts of energy on the very small
scale of nuclei to heat the nucleus in order to study
it as a thermodynamic system.

The nucleus is, of course, composed mostly of
neutrons and protons (nucleons) which have dimen-
sions of about 1 fermi. The nucleons move around
in the nuclear “mean field” produced by all the nu-
cleons, in an orderly way prescribed by quantum
mechanics. Thus they can occupy only certain or-
bitals of specified energy and character. Much has
been learned about these orbitals since their dis-

covery in the 1940s. What remains to be learned
is what happens when the mean field is stretched
and strongly deformed, and when it is augmented
by strong centrifugal forces created by very fast ro-
tation of the nucleus.

Quantum mechanics dictates that only a lim-
ited, predetermined number of neutrons and pro-
tons can be fitted into each orbital. Thus the ques-
tion arises of what happens if we grossly change
the relative numbers of neutrons and protous from
those that exist in stable nuclei. On earth, such
exotic nuclei must be created by nuclear reactions.
However, in astrophysical objects, such as neutron
stars, they probably occur naturally. Fig. 2 shows
the remarkable multitude of nuclei that are either
stable (263 in number) or quasistable (potentially
about 6000, of which so far only 2200 have been
synthesized). Nuclei that contain certain “magic”
numbers of neutrons and protons (indicated by ei-
ther N or Z in Fig. 2) are especially stable, and
an island of superheavy “stable” nuclei far beyond
the actinide elements has been predicted since the
1960s.

Nucleons interact with each other by the so-
called strong force. It is about a thousand times
stronger than the electromagnetic force, which holds
atoms together, and is effective only over a very
short distance, about 1 fm, the size of a nucleon.
Particles interact with each other by exchanging
characteristic bits of energy, often in the form of
other particles. In nuclei, the strong interaction
between nucleons, for separations greater than the
nucleon radius, can be quite successfully described
in terms of the exchange of medium-weight par-
ticles called mesons, such as the 7 and p mesons.
The strong interaction can also produce excitations
of the nucleon itself, so-called isobars. Although
much is known about the motions of nucleons in nu-
clei, much less is known about the motions of these
isobars and the mesons in the nuclear medium.
Some of the new accelerator capabilities in nuclear
physics are aimed at elucidating these aspects.

It is now well known that nucleons are made
up of quarks which interact by exchanging glu-
ons. Three constituent quarks make up a nucleon,
whereas a quark and an antiquark together produce
a meson. It is then the ultimate aim of nuclear
physics to relate the known phenomena of the nu-
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Figure 2: Island of stable or quasi-stable nuclei, defined by the dashed border contour. The black squares indicate
the stable nuclei. The colored areas contain the quasi-stable nuclei that have been produced. Indicated N and Z

numbers refer to magic numbers, and doubly-magic regions are especially stable. The actinide nuclei complete the
known mass table at the upper right end. The long-sought superheavy nuclei would lie around Z=114, N=184.

clear medium to the quarks and gluons and the
corresponding theory, QCD. This theory has al-
ready predicted completely new phenomena, such
as the existence of a new form of matter, the quark-
gluon plasma, at very high energy density. A ma-
jor recommendation of this report is aimed at ob-
serving and studying this phenomenon. However,
such predictions are as difficult to make as they
are fundamental. The application of QCD is rel-
atively straightforward at very high energies and
high momentum transfer —the so-called perturba-
tive region— but very complex at the energies nor-
mally associated with nuclear phenomena. This
has led to simplifying models, such as holding the
quarks together in “bags” that stand for the nucle-
ons. Only at very high nuclear temperatures, about
150 MeV, may it be possible to “melt” these bags
and allow quarks to range freely over the distance
of a few nucleons. The energies required to induce
this process are sc high as to blur the boundary
between nuclear and high-energy physics.

The step from nucleons and mesons to quarks
and gluons has had still wider implications for nu-
clear science. This is because quarks come in six
different “flavors”. Two of these, the “up” and
“down” quarks, are present as the major constituent
quarks in normal nucleons. Another flavor, called
“strange” quarks, can be created in laboratory ex-
periments, thereby producing “strange” nucleons,
called hyperons. These can be inserted into nuclei
to form hypernuclei. The behavior of the strange
quarks in nuclear matter is an important part of
understanding the strong interaction in the nuclear
medium. Again, a promising beginning has been
made towards cataloguing the states of excitation
of hypernuclei, but much more remains to be done.
The creation of new forms of strange matter is one
of these goals.

Nature also provides us with astrophysical “lab-
oratories”, such as stars, neutron stars, and super-
novae, in which we can study the properties and
behavior of nuclear matter under unusual condi-




tions. The energy density characterizing the tran-
sition from nucleons to quarks, or the reverse, was
presumably produced at the birth of our universe,
the Big Bang. This transition should have left its
mark on the relative abundances of the light ele-
ments that we observe today. Similarly, a stellar
collapse, such as indicated by the recent supernova
observation, provides an opportunity to study nu-
clear matter at extremes of density and tempera-
ture, and with neutron-to-proton ratios that have
not yet been reached in the laboratory. The skills of
the nuclear physicist have become essential to any
quantitative modeling of the physical and chemi-
cal processes that govern the long-term evolution
of our universe.

Nuclear radioactivity has produced some of the
most fundamental insights into nature and some
of the most important practical applications of nu-
clear physics. This stems from the fact that beta
radioactivity involves another fundamental force of
nature, the weak interaction. The latter brings a
new set of very light elementary particles, leptons,
into play and is today understood within a frame-
work that also includes the electromagnetic force.
A key verification of this aspect of the Standard
Model occurred recently, with the discovery of the
W and Z particles, the predicted carriers of the
weak force. The Standard Model also predicts the
interaction between leptons and quarks, as depicted
schematically in Fig. 3. While all known phenom-
ena seem to fit within the Standard Model, includ-
ing all the recently studied detailed properties of
the Z particle, there are reasons to believe that
the model is incomplete and must ultimately fail.
Nuclei offer unique opportunities for isolating cer-
tain “low-energy” aspects of the Standard Model
and testing it with high precision. Thus, probing
the electro-weak interaction has become an area
of common interest between nuclear and particle
physicists.

e The Tools

This modern agenda stretches nuclear physics
over a wider range of energies and phenomena than
ever before in its history. A set of basic tools are
needed, which is described in more detail in later
sections of this report. It includes:
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Figure 3: A list of the forces and their participants
— quarks and leptons— that are interconnected by the
Standard Model. The connections between the different
sectors — strong, electromagnetic and weak— are indi-
cated by the lines.

e Electron beams interact with nuclei or their char-
ged constituents, the quarks, via the well-known
electromagnetic interaction. Thus they provide a
tool that can test unknown properties inside the nu-
cleus in a precise way. Very energetic muon beams
play a similar role in elucidating the quark struc-
ture of nucleons and nuclei.

e Proton beams are needed for several tasks: to test
particular aspects of the interaction between nu-
cleons; to produce other particles, such as mesons,
neutrons, neutrinos, or even strange particles, and
to study their interactions or decays; and to act as
“vessels” of quarks to be brought into the target
nucleus. An accelerator capable of producing these
beams is broadly defined as a hadron facility.

e Heavy-ion beams of energetic nuclei, of almost
any species available in the table of the stable and
even unstable elements, can deposit large amounts
of energy over a large part of the nuclear medium.
They are needed to produce exotic nuclei; to com-
press and heat nuclear matter; or to induce rapid
rotation of nuclei upon impact. Finally, they also
serve as carriers of quarks and gluons.



o Neutron beams from reactors and accelerators
are used for nuclear reactions or to produce nuclei
far from stability as products from nuclear fission;
highly polarized cold and ultracold neutrons serve
as tools for precise tests of fundamental interac-
tions.

The arsenal of nuclear physics accelerators has
undergone a significant modernization and expan-
sion since the 1983 LRP. However, as we explain
more fully below, key facilities remain either to be
completed (for electron beams), to be started (a
relativistic heavy ion collider), or to be fully de-
fined (an advanced hadron facility) at the time of
the present report.

From the very beginning of nuclear science, nu-
clear physicists have been inventive builders of ac-
celerators. Many different kinds of accelerators,
initially conceived for nuclear physics, have since
found applications in other sciences,including medi-
cine. In many cases, nuclear physics accelerator
development has pushed new technologies to their
first large-scale applications. For example, super-
conducting high-precision magnets for cyclotrons
and superconducting resonators for linear accelera-
tors have been developed into mature technologies.
These devices make it possible to produce energetic
particle beams at great savings in electric power,
and, because they lead to a reduction in accelerator
size, at reduced construction costs. The concept of
cooling a beam of protons or heavy ions, contained
in a storage ring, by interaction with a cold elec-
tron beam has been successfully implemented, and,
for heavy ions, recently demonstrated for the first
fime.

It was already recognized in 1983 that a new
agenda for nuclear physics was emerging. This
agenda would require new facilities for each of the
three species of beams — electrons, protons, and
heavy ions— to investigate the consequences of QCD
in nuclei. Of necessity, these facilities would have to
have much higher energy capability than any of the
existing nuclear physics facilities and rival the scale
of some high-energy physics projects. Typically
they are designed to provide beams of high qual-
ity, high intensity and, recently, high duty factor.
Responding to the new agenda, an initial step for
electrons is the Continuous Electron Beam Accel-

erator Facility (CEBAF), now under construction
at Newport News, Virginia. It will use supercon-
ducting resonators to produce three simultaneous
intense electron beams at a peak energy of 4 GeV
(4 billion electron volts).

The proposed project to increase our capability
with heavy-ion beams is a very bold one. The Rel-
ativistic Heavy Ion Collider (RHIC) is a very cost-
effective facility owing to previous development and
construction that had been invested in an earlier
proposed proton collider at Brookhaven National
Laboratory. It will consist of two intersecting rings
of superconducting magnets, 2.5 miles in circum-
ference, in which energetic beams of nuclei from
protons to gold will be accelerated, stored, and
brought into collision at six interaction regions. Its
energy capability of 100 GeV per nucleon for each
beam will be uniquely suited for producing and
studying the predicted quark-gluon plasma.

For the third machine, the modern hadron fa-
cility, a group in Canada is presently proposing a
proton accelerator, KAON, with a combination of
beam energy and intensity unprecedented in nu-
clear physics. This accelerator would in turn pro-
vide the intense secondary beams needed for a thor-
ough investigation of the nuclear physics of “strange”
particles and for testing the limits of the Standard
Model at nuclear energies.

e The Agenda

As we extend the nuclear physics agenda into
the 1990s, we can summarize the central goals, based
on the scientific discussions in Chapter II (and in
that sequence), as follows:

(1) Study of the nucleus as a strongly interact-
ing many-body system, consisting of nucleons and
mesons. This traditional focus can now take advan-
tage of the theoretical and experimental advances
of the past decade, and will use the new experimen-
tal facilities being readied, to decisively introduce
excited states of the nucleons, and strange parti-
cles, into the nuclear medium.

(2) Exploration of the fundamental theory of the
strong interaction, QCD, in the nuclear medium.
This is a task for theoretical nuclear physics, which
must find reliable and practical ways to apply QCD



to the nuclear energy range. Clearly this effort in-
volves significant connections to elementary-parti-
cle theorists. Tt is also a task for experimental
nuclear physics, one that relies crucially on new
energetic electron and hadron facilities. Because
quarks are primarily confined in the nucleons, it is
important to study the nucleus on a dimensional
scale that is small compared to 1 fm. This requires
beams in the billion electron volt (GeV) range. On
the other hand, some manifestations of quarks can
be studied at somewhat lower energies by the use
of ingenious methods such as polarized (i.e., spin-
oriented) beams and targets. If strange quarks or
mesons need to be produced then this again re-
quires primary beams of high energy and high in-
tensity.

(3) Study of the thermodynamic properties of nu-
clear matter, expressed in the equation of state, and
its phase transitions. The most spectacular phase
transition is that from normal nuclear matter to
the quark-gluon plasma, a completely new form of
matter. It is predicted to occur at a temperature of
about 150 MeV. To produce the required conditions
of energy- and mass density in nuclei demands the
capabilities of the Relativistic Heavy Ion Collider.
However, there is a large regime of lower temper-
atures and moderately increased densities that re-
main to be explored with lower-energy heavy-ion
beams. The exploration of hot nuclear matter is
still in its infancy.

(4) Searches for new phenomena at the very lim-
its of nuclear stability. In this context a nucleus
is considered stable even if it is created in a nu-
clear reaction in the laboratory and lives only for
a brief moment. Even these broad stability limits
are tested when the nucleus is formed under the
stress of ever larger centrifugal forces or increasing
temperatures, and with a very unusual composition
of neutrons and protons. Some of these conditions
prevail in astrophysical objects; so understanding
their properties in the laboratory contributes to
our understanding of the universe. The decades-old
goal of reaching the predicted island of stability for
superheavy, transuranic nuclei, and the recent pos-
sibility of producing regions of pure neutron matter
in nuclei, are intriguing possibilities in this area.

(5) Exploration of the electroweak force and its con-
nection to the quarks, as prescribed by the Stan-
dard Model, in the nuclear medium. In the labora-
tory, this often requires some of the most powerful
accelerators available. But, if the object of study
is astrophysical, such as the sun, a neutron star,
or a supernova, some very sophisticated and large
stand-alone detectors are needed.

As one considers this broad agenda, it is in-
structive to note a certain analogy with recent de-
velopments in another major field of science, molec-
ular biology. A huge body of information on biolog-
ical systems and effects has been accumulated, and
is well understood and widely applied, without tak-
ing reference to the underlying “theory”, namely,
that all these properties are ultimately expressions
of an alphabet of only four letters, the four nu-
cleotides A,C,G,T, of the genetic code. Now, molec-
ular biology is embarking on a huge project to de-
termine the sequences of these letters in the hu-
man genome, in order to relate the “macroscopic”
biological properties to the fundamental building
blocks of biological systems. Substituting six quarks
for the four nucleotides makes the analogy clear.
Just as biology and molecular biology will need to
maintain a broad effort in addition to the genome
project, for the many aspects that do not require
invoking the ultimate building blocks, so nuclear
physics must make advances on a broad front, in
addition to the quark-related programs.

The major scientific goals outlined above re-
quire new instrumentation and new technologies,
as well as new ways of accumulating, processing
and analyzing data. It is these aspects that have
made nuclear physics, throughout its history, a ma-
jor source of technical innovation for our industry
and society. Nuclear techniques of a wide variety
are used today in solid-state research and even in
the production process of the most advanced semi-
conductor chips. The applications of radioactive
three-dimensional imaging for medical diagnostics,
and the use of beams of radiation for cancer treat-
ments are widely known and continue to be further
developed. The use of neutron beams to detect ex-
plosives and to produce the first practically useful
wires of high-temperature superconducting materi-
als, are very recent developments.



II. THE SCIENTIFIC FRONTIERS

This chapter represents the core of the Long
Range Plan. It describes the present status of the
various important fields of nuclear physics and gives
examples of significant achievements made since
the last LRP, in 1983. The sections also list the op-
portunities which are ripe to be exploited in these
subareas. It is from these discussions that our plan
for the next decade emerges.

The ordering of sections in this chapter devi-
ates from the essentially historical order of the 1983
LRP. The reason is the great expansion in the scope
of nuclear physics in the intervening years. Nuclear
physics now spans the realm stretching from the
macroscopic structure of the nucleus as a whole,
through the behavior of individual nucleons inside
the nucleus, through the meson cloud that pervades
the nuclear medium, and ultimately to the under-
lying quark structure of the nucleons and mesons
themselves. Reflecting the increased importance of
these most fundamental topics, it is this logical,
rather than the historical, sequence of ever more
microscopic views that is emphasized in the pro-
gression from Sections 1 to 4.

At the same time, great strides have been made
in recent years in studying the nucleus as a whole,
including its excitations and interactions. The lim-
its of angular momentum, excitation energy, and
neutron-proton composition to which nuclei are be-
ing pushed today offer a vastly increased range for
exploring nuclear matter and nuclear structure.

Similarly, the interactions of colliding nuclei can
now be studied in energy regions and with a sen-
sitivity heretofore impossible. At extremely high
collision energies, it appears likely that sufficient
energy can be focused to break apart individual
nucleons, forming a quark-gluon plasma. Sections
5 to 7 describe these facets of nuclear science, and
Section 7 forges clear links with Sections 3 and 4.
Section 8 emphasizes the role of the nucleus as a
unique laboratory for testing fundamental symme-
tries and interactions, which play a deep role in
physics as a whole, using both terrestrial tools and
the stellar environment. Finally, Section 9 builds
on all previous sections in addressing the key role
played by nuclei and their interactions in the for-
mation and evolution of the universe and the nu-
cleosynthesis of the elements.



I1.1 Nucleons in Nuclei

Introduction

The nucleus can be described most directly in
terms of neutrons and protons. These nucleons
interact by exchanging mesons, and the nucleons
and mesons themselves have a complicated internal
structure of quarks and gluons. There is a rich vari-
ety of phenomena that can be explained in terms of
nucleons alone, moving in regular orbits in a mean
field that they themselves create. This is the simple
picture at the heart of the nuclear shell model, a
model that has had enormous success in describing,
with few parameters, the detailed properties of low-
lying states in many nuclei. Interactions between
these nucleons give rise to correlated motions of
pairs of particles and to interesting collective phe-
nomena involving many nucleons. Nuclear experi-
mentalists have cleverly exploited a wide range of
probes to reveal these and many other facets of
the nuclear response. High-energy and low-energy
particles, heavy ions and light ions, neutrons and
electrons, particles with spin and without spin- all
see specific aspects of the richness of nuclei. Here
* we describe some highlights from recent work il-
lustrating progress and current issues in nucleonic
descriptions of nuclear structure and reactions. We
will find that a complete discussion of some of these
topics requires the introduction of explicit meson
and perhaps quark interactions, described in later
sections.

The Nuclear Many-Body Problem
Nonrelativistic nuclear many-body theory has
the task of generating, from the Schrédinger equa-
tion, the static and dynamic properties of a quan-
tum many-body system-the nucleus—starting with
only the masses of the nucleons and their basic in-
teractions. The nucleon-nucleon interaction con-
tains a strong attraction outside a strong, short-
range repulsive core. The quantitative description
of a many-body system with this type of interac-
tion (liquid helium and neutron stars are other ex-
amples) has proved very difficult. Recently there
have been significant breakthroughs in the many-
body theory of such systems, with many of these
advances depending on the rapid increase in the

power of modern computers. Despite this progress,
many important questions can be answered only
by continuing to improve the quantitative accu-
racy of nuclear many-body calculations: Can nu-
clear densities, shell-model potentials, momentum
distributions, and collective and single-particle ex-
citations be computed directly from an underlying
Schrodinger equation? Can nucleon-nucleon cor-
relations be understood microscopically? At what
levels of momentum transfer, energy transfer, and
nuclear density does a nonrelativistic approach ba-
sed on static interactions fail demonstrably? Con-

tinued development can generate a firm basis for

extensions into the domain of relativistic dynamics,
hadronic degrees of freedom, and quantum chromo-
dynamics (QCD).

Relativity

In parallel with improving the quantitative treat-
ment of the nuclear many-body problem via the
Schrédinger equation, it is important to build on
recent progress in understanding the implications
of a fully relativistic treatment of nucleon-nucleon
interactions in a nucleus. There is evidence that
the relativistic Dirac equation provides a natural
description of spin effects in the nuclear medium,
just as it did much earlier for atomic systems. For
example, the spin-orbit force underlying the suc-
cess of the shell model arises naturally in relativistic
descriptions of nuclear structure. One also seems
to obtain a more economical account of polariza-
tion effects in medium-energy nucleon-nucleus col-
lisions, as illustrated in Fig. 4 by a comparison of
data and theory for the elastic scattering of 500-
MeV protons by 4°Ca.

The relativistic calculations in Fig. 4 explain
the spin effects considerably better than do the
nonrelativistic ones, at the same level of approx-
imation. Similar results have been obtained for
other energies and targets. As extensive polariza-
tion measurements for a variety of nucleon-nucleus
reactions are needed for further tests, it is impor-
tant to develop more intense polarized beams, po-
larized targets, and detection systems able to mea-
sure the polarization of scattered particles. It is
equally important to find ways to test other charac-
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Figure 4: Polarization data for the elastic scattering
of 500-MeV protons by *°Ca. The solid and dashed
curves are the results of relativistic and nonrelativistic
calculations, respectively.

teristic features of relativistic dynamics, such as the
expected large role of scattering processes in which
virtual nucleon-antinucleon pairs are created. The
relativistic mean field produces a significant change
in the effective mass of a nucleon when it is inside
nuclear matter. Initial relativistic structure calcu-
lations suggest that relativity may be an important
ingredient in understanding the Coulomb sum-rule
anomaly (discussed below), the saturation of nu-
clear matter, and the behavior of nuclear matter
under extreme conditions of excitation or compres-
sion, such as are attained in high-energy heavy-ion
collisions.

Even if the Dirac-based techniques continue to
have phenomenological success, this does not guar-
antee the soundness of the method. Significant
theoretical effort is also needed to understand the
foundations of relativistic nuclear dynamics. The
relevance of relativistic quantum fields (and the
Dirac equation) for describing composite nucleons
remains controversial, as is the dynamics of some
of the mesons responsible for the interactions. The
formulation of systematic, reliable, practical tech-
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niques for strongly coupled, relativistic many-body
systems is a challenging problem that will require
both experimental and theoretical input and inge-
nuity. These techniques are crucial for understand-
ing experiments at CEBAF and RHIC and for con-
necting the traditional nuclear theory of nonrel-
ativistic nucleons with a fundamental description
based on quark and gluon degrees of freedom.

Correlations and Collectivity

Particles moving in single-particle orbits in the
nuclear mean field, relativistic or not, are corre-
lated. At low excitation energies, the nucleus is
certainly not a gas of particles in random motion.
If the motion of many particles is sufficiently cor-
related, it is often simply described by collective,
mostly macroscopic, models. A long-range objec-
tive of nuclear physics is the development of a self-
consistent theory of collective and single-particle
motions. Progress toward this goal has been im-
pressive, but we are far from being able to describe
the rich spectrum of nuclear excitations on this ba-
sis.

The pion double-charge-exchange (7, 77) reac-
tion is particularly sensitive to the correlated mo-
tion of two particles because the pion must trade
its charge with two different nucleons. If the nu-
cleons inside the nucleus were completely uncorre-
lated, one would naively expect the double-charge-
exchange cross section to be proportional to the
number of excess neutron pairs available. Measure-
ments with 50-MeV pions showed that the cross
section for **Ca is only half that for 42Ca; this
differs by an order of magnitude from the simple
rule. This result can be explained in part by the
long-range correlations arising from standard shell-
model calculations. However, there are hints that
short-range correlations associated with the hard
core of the nucleon-nucleon interaction may also
play a role.

The correlated motion of a proton and a neu-
tron (p-n) in a state of total isospin zero has re-
cently been found to be critical to the develop-
ment of configuration mixing and collectivity in nu-
clei. Originally known to be an important factor in
light nuclei, the p-n correlation is now realized to
be equally central to the rapid shape transitions
in heavy nuclei. The complementary roles of its



monopole and quadrupole components are being
unraveled empirically and exploited in new shell-
model and Hartree-Fock calculations. The key role
of the valence p-n interaction motivates the recently
proposed scheme in which nuclear observables are
plotted against the product of the number of va-
lence protons and neutrons. This scheme greatly
simplifies the very complex systematics presented
by standard plots against N, Z, or A, and also re-
veals the unexpectedly similar behavior of diverse
mass regions. What is critically needed is to gradu-
ate from this phenomenology to a real microscopic
theory of low-energy nuclear structure and its evo-
lution. Recent Hartree-Fock calculations provide a
first step in this direction.

Dynamical symmetries, reflecting simplicities in
the interactions of the constituents of many-body
systems, offer an alternative approach to nuclear
structure that has been widely exploited in recent
years. The interacting boson model (IBM), which
interprets low-lying collective modes by treating
the valence nucleons as correlated pairs, leads to
three such symmetries, each of which has now been
found empirically: SU(3), a type of deformed ax-
ially symmetric rotor, O(6), an axially asymmet-
ric rotor, and the vibrator symmetry U(5). The
number of correlated pairs included in the IBM is
restricted. This key aspect of the model leads to
parameter-independent variations of nuclear prop-
erties with N and Z, and these predictions have
been widely confirmed. The IBM also provides a
simple one-parameter treatment of the complex re-
gions between the nuclei where the exact symme-
tries provide good descriptions. Extensions of the
IBM to odd-A nuclei and to light nuclei are cur-
rent frontier areas in this field. The successes of
the IBM have fostered intense interest in other al-
gebraic approaches that promise to be both more
microscopic and more general. Some of these focus
on the symmetries among the fermions (the neu-
trons and protons) in the valence shell, while oth-
ers incorporate excitations across all shells and give
hope of explaining collectivity up to high excitation
energies.

Experiments with electron and proton beams
are now able to produce detailed maps of the over-
lap in the proton and neutron valence-particle wave
functions of the ground state and low-lying excited
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states. These test our understanding of nuclear
collective and single-particle motion. Figure 5(A)
shows such transition charge-density distributions
for the three lowest 2% states of the deformed nu-
cleus 1*Gd measured in high-resolution electron
scattering. These states are generally character-
ized as the lowest rotational state, the “beta” vi-
bration along the long axis, and the “gamma” vi-
bration along the short axis. The densities peak
at different radii and qualitatively confirm the geo-
metrical pictures of these collective states. Proton
beams provide complementary information about
the overlap in the neutron wave functions once the
information on the protons has been determined;
this is a classic example of the need for comple-
mentary probes. Some results for the two lowest
2t states in 34S are shown in Fig. 5(B). The newly
developed precision in these densities poses a clear
challenge to theory.

Giant Resonances

Giant resonances dominate the spectrum of nu-
clear excitations below about 25 MeV. A good ex-
ample is shown in Fig. 6, where the wide giant
resonance at about 18 MeV overwhelms other fea-
tures of this spectrum observed in the °Ca(p,p’)
reaction at 319-MeV incident energy. These res-
onances can be thought of in macroscopic terms
as nuclear vibrations involving the motion of many
nucleons in phase. Excitation of giant resonances
by inelastic scattering of medium-energy heavy-ion
beams provides very large cross sections and low
backgrounds. The use of coincidence reactions such
as (e,e’'n) at electron accelerators with 100% duty
factor provides the opportunity to study electro-
magnetic excitation of giant resonances, also with-
out much background. Both techniques will lead to
improved microscopic descriptions of these states,
which are so important for the response of the nu-
cleus to the impact of various probes.

The nucleus responds in different ways to the
spin and isospin of a bombarding particle. Reso-
nances that do not require spin or isospin transfer
are generally strongly excited by hadronic probes
(see Fig. 6), and tend to mask spin or isospin reso-
nances that may also be present in the same spec-
trum. New facilities for the measurement of the
transfer of spin from the projectile to the target
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are becoming available at both ITUCF and LAMPF.
Such measurements are vital in separating spin-
transfer resonances from other overlapping excita-
tions. With a polarized beam and a focal-plane po-
larimeter, it has been possible to measure the prob-
ability that the incoming projectile flips its spin in
the reaction. The spin-flip data show what part of
the cross section is due to spin transfer, and this is
shown as the hatched area in Fig. 6. A spin res-
onance is now clearly seen, just under the spinless
resonance, and the spin strength at high excitation
seems surprisingly large —a result not yet under-
stood.

Resonances are also classified according to the
transfer of orbital angular momentum as monopole,
dipole, quadrupole, etc. The giant dipole resonance
was the first resonance discovered. Very recently,
evidence for the double dipole resonance has been
observed in the pion double-charge-exchange re-
action; this is a high-lying dipole resonance built
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upon the familiar giant dipole. Excitation of the
giant dipole requires the transfer of isospin to the
nucleus; seeing higher-multipolarity isospin reso-
nances has proved very difficult. However, it has
been shown that these states are excited in reac-
tions with heavy-ion beams at about 100 MeV/ A,
and that the cross sections increase markedly at
higher energies.

The Gamow-Teller resonance is a spin-isospin
resonance of particular importance. It is cleanly
separated in charge-exchange reactions, and im-
portant progress in understanding its strength has
been made since the last Long Range Plan, partic-
ularly because of new data on the (n,p) reaction
from TRIUMF. Theorists have shown that both
conventional correlations and those involving the
high-lying delta resonance are important ingredi-
ents for understanding the cross sections for ex-
citation of this resonance, which are smaller than
sum-rule expectations.



portant for understanding the nucleon-nucleon in-
teraction in the nuclear medium, for using charge-
exchange reactions to calibrate solar neutrino de-
tectors, and for fixing important parameters of mod-
els of stellar evolution. Polarization measurements
are essential here. It appears that heavy ions can
also play an important role, provided the reaction
mechanism is sufficiently well understood. For ex-
ample, the (8Li,®Li*) reaction leaving the 8Li nu-
cleus in its second excited state is an inelastic probe
of spin-isospin transfer without the background of
competing processes found with nucleon projectiles.
Nuclear Quasielastic Response and
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Figure 6: The experimental points are the cross sec-
tions for inelastic scattering of 319-MeV protons from
40Ca plotted against excitation energy. A giant reso-
nance is seen at about 18 MeV. The shaded area repre-
sents the spin-transfer part of this cross section, deter-
mined from polarization measurements.

The Coulomb Sum Rule

A prominent feature of the nuclear response is
the quasielastic peak; it corresponds to the knock-
out of individual nucleons from the nucleus. This
peak is evidence that nucleons, to a large degree,
maintain their identity in the nuclear medium, and
it provides graphic support for the basic premise of
the mean-field approximation. In the past decade,
measurements with electron beams have been made
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Figure 7: The summed charge response of *He (solid)
and *H (open) is plotted against momentum transfer.
At high momentum transfer, the data are close to the
charge Z of the target. The effect of correlations is
seen by comparing the theoretical curves plotted with-
out (dashed) and with (solid) correlations.

of the quasielastic response of many nuclei over a
kinematic range sufficient to permit the separation
of the charge response from the magnetic response.
Within the standard framework of nuclear physics,
the integral of the charge response over the exci-
tation energy at fixed momentum transfer should
approach the charge Z of the target. This is the
so-called Coulomb sum rule. Departures from Z
should reflect dynamical correlations in the ground
state. These expectations are realized in the hy-
drogen and helium isotopes (see Fig. 7), where the
sum reaches Z by about 500 MeV/c; the proton
correlations are evident in 3He and absent in 3H
(as they should be for Z = 1). In heavier nuclei,



however, the sums seem too low by about 40%.
These deficiencies have provoked considerable the-
oretical activity, discussed in Section 2. Under-
standing the strength of these inclusive structure
functions is essential not only because they rep-
resent the nuclear response to our best-understood
probe, but also because the exclusive channels, such
as (e,e'p), (e,€'d), (e,e'n), etc., contain indispens-
able information on the occupation of shell-model
orbits, possible multinucleon currents and correla-
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tions, and the pion content of nuclei, respectively.
Continuous electron beams (100% duty factor), to-
gether with high-resolution spectrometers and po-
larization apparatus, will make possible extensive
studies of these exclusive channels. These data may
indeed indicate the limits of a description of nuclei
in terms of nucleons moving in a mean field. It is
important that this interpretation be subjected to
rigorous examination.



I1.2 Hadrons in the Nuclear Medium

Introduction

For many nuclear phenomena, a more general
description in terms of hadrons, i.e., of nucleons
and mesons, appears to provide the clearest insight
into the underlying physics. We look beyond the
nucleon as the only fundamental constituent of nu-
clei to discuss phenomena in which mesonic degrees
of freedom play an essential role, and address a
number of questions central to characterizing their
importance. How close together can two nucle-
ons be before it becomes inappropriate to use a
description in terms of baryons alone? Is the struc-
ture of the nucleon altered by the nuclear medium?
What is the pionic content of the nucleus? How
are mesons produced and how do they propagate
within the nucleus? How important are the baryon
excitations in understanding the nucleon-nucleon
force and medium-energy scattering reactions?

It is the interplay of such features of hadronic
excitations with the properties of multinucleon sys-
tems that provides the basis for a powerful phe-
nomenological model of nuclear forces and nuclear
structure. Ultimately, this phenomenology will
place rigorous constraints on the application of
QCD in the strongly coupled nuclear domain.

The Nucleon-Nucleon Force

For many decades we have viewed the nucleon-
nucleon (N-N) force as arising from the exchange
of mesons and the excitation of nucleons. In the
past few years, great strides have been made to-
ward developing realistic and consistent force mod-
els within this picture. These models have two im-
portant advantages over previous “realistic” poten-
tials: (1) One can now examine electromagnetic,
weak; and mesonic processes in a single consistent
framework. (2) One can begin to build models
of the N-N interaction above the pion threshold.
Over the next few years, these theoretical develop-
ments should be tested with experimental studies of
pion production from two- and three-nucleon sys-
tems. A subject that has just begun to develop is
the implications of quark-based models for the N-
N force. Consistent hadronic models will provide
us with benchmarks against which we can test the
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success of QCD-motivated results.

The two-body scattering amplitudes are the ba-
sic quantities that relate these theoretical concepts
to experiment, and vice versa. The lightest meson
that can be exchanged between nucleons is the
meson, and it leads directly to the existence of an
interaction between the spins of the nucleons: the
tensor force. At low and intermediate energies, the
effects of the tensor force have not been well deter-
mined, owing to the difficulty of carrying out dou-
ble spin-flip experiments. The recent development
of polarized-beam polarized-target technology has
made such experiments more feasible. The next
few years should see high-precision measurements
that will lead to a much better determination of
the tensor force.

At higher energies, the scattering amplitudes
have not yet been as thoroughly investigated. One
important accomplishment over the past five years
has been the determination of a complete set of
proton-proton scattering amplitudes at selected en-
ergies up to 800 MeV at LAMPF. An important
task for the next few years is the significant im-
provement of the neutron-proton scattering ampli-
tudes in this energy range. These are essential
to our understanding of the scattering of nucleons
from nuclei at a few hundred MeV, a process we will
have to understand very well in order to extract in-
formation from many of the experiments planned
at CEBAF.

A property of the strong force that has been
known almost as long as we have known about neu-
tromns is charge independence: neutrons and protons
look the same to the strong force. The only differ-
ence is that protons also have electric charge and
thus feel the Coulomb force, while neutrons do not.
This leads to one of the fundamental organizing
principles of nuclear physics: isotopic spin. How-
ever, we know that even after we remove the effect
of the Coulomb force, neutrons and protons are not
precisely identical. Their masses are slightly differ-
ent. This and other effects lead to breaking of the
charge independence of the strong force.

One of the interesting facts about the break-
ing of charge independence is that it may give us a



way to observe two nucleons when they are close to-
gether. One charge-symmetry-breaking force arises
from the mixing of exchanged mesons having differ-
ent isospin states. For example, if there is a charge-
asymmetric part to the nuclear Hamiltonian, it can
convert a p to an w meson in flight and mix the
isospins. This occurs primarily when the nucleons
are about 1 fm apart.

If charge symmetry holds, it implies certain sym-
metries in neutron-proton scatfering. For exam-
ple, the analyzing power for scattering a polarized
proton from an unpolarized neutron should equal
that for scattering a polarized neutron from an un-
polarized proton. In the past few years, two ex-
tremely difficult neutron-proton scattering experi-
ments have been carried out at TRIUMF and IUCF
at 477 MeV and 183 MeV, respectively. Early theo-
retical analyses of these results show that p-w mix-
ing provides an important and necessary contribu-
tion at the lower energy. Similar analyses have pro-
vided a possible explanation of long-standing puz-
zles about the mass differences in mirror nuclei.

Mesonic models therefore appear to describe
the two-nucleon system very well, even when the
nucleons are separated by distances on the order of
1 fm. In the next few years it will be very important
to confirm these results and see if they can be simi-
larly described as arising from the up-down quark-
mass difference in QCD-inspired models built to
describe the quark structure of nucleons.

Three-Nucleon Systems

The few-body problem is one of the few places
in nuclear physics where one can do both detailed
experiments and complete or nearly complete cal-
culations. In the past few years, models of the nu-
clear few-body system based on hadronic degrees
of freedom—consisting of nucleons, mesons, and
excited nucleons—have been developed to a high
level of sophistication. At the same time, a number
of tour-de-force experiments have provided severe
tests of these models. In most cases, these three-
body models have been very successful, though much
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remains to be done. Again, these results will surely
produce strong constraints on how QCD must be
organized in the low-energy regime.

A major advance has been the complete solu-
tion of the Schrddinger equation for realistic po-
tentials for both bound and scattering states using
the Faddeev method. Bound-state calculations us-
ing a large variety of realistic two- and three-body
potentials show that there appears to be only a
single undetermined parameter in the bound three-
nucleon system. All of the low-energy observables
scale together: if one chooses a set of potentials
that give the right triton binding energy, almost
all other low-energy observables are correctly re-
produced. For the scatiering states, recent accu-
rate measurements of spin observables are in excel-
lent agreement with new complete solutions of the
Schrodinger equation, with no adjustable parame-
ters. This marks the beginning of a detailed study
of three-body forces over the next few years.

In the past five years, electron scattering ex-
periments at Bates and Saclay have studied light
nuclei in detail. Elastic and quasielastic cross sec-
tions are now available for deuterium, tritium, and
3He for momentum transfers beyond 5 fm~!. These
experiments probe the nuclear currents at distance
scales below 1 fm.

For the triton and 3He, which are mirror nu-
clei under the exchange of neutrons and protons,
nucleons-only models that fit most low-energy prop-
erties fail to fit the form factors beyond inverse
length scales of about 2 fm~*. Great improvements
are achieved when the contributions of meson ex-
change currents and A’s are included; this permits
a consistent treatment of the three-body bound-
state wave function, the two-nucleon interaction,
and the meson-exchange currents. The results are
shown in Fig. 8. Although some discrepancies re-
main and a more consistent treatment of relativistic
effects is needed, a longstanding problem has thus
been solved. We now have a theoretical model that
describes the data down to distance scales smaller
than a nucleon.
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Figure 8: Magnetic form factors of tritium and 3He compared with the impulse approximation (IA) and with the
impulse approximation plus meson exchange currents (IA+MEC), demonstrating the needs for such currents.

Structure of Nucleons Inside the Nucleus
Changes in the internal structure of the con-
stituent nucleons in nuclear matter have been a
topic of much study and intense debate. If such
modifications are present, as suggested by deep-
inelastic lepton scattering, they should have sig-
nificant implications for a hadronic description of
nuclei. A variety of experiments has been carried
out to search for these effects in medium-energy
scattering reactions, with conflicting results!
Properties of the bound nucleons can be studied
in quasifree electron scattering by examining the
scaling properties of the cross section, i.e., the de-
gree to which a single kinematic variable describes
the reaction over a large range of energy and mo-
mentum transfer. Such experiments have set se-
vere limits on the modification of the free nucleon
properties by the nuclear medium. However, at
lower momentum transfer, the failure of longitu-
dinal quasifree electron scattering by heavy nuclei
to approach the Coulomb sum-rule limit (see Sec-
tion 1) has been attributed to modifications in the
nucleon form factor. The possibility that this sup-
pression of charge scattering has its origin in the
nuclear medium’s modifications of the nucleon struc-
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ture was tested recently by studying the momentum-
transfer dependence of the transverse response for
the (e, €'p) reaction on carbon and calcium. While
the data are consistent with free-space nucleon form
factors, the limited kinematic range of the measure-
ments restricts the experimental sensitivity. There
are intriguing suggestions from other experiments
that meson masses change in the nuclear medium.
Such modification results in a swelling of the meson
cloud of the nucleon, with an attendant change in
the nucleon form factor. K total cross sections for
carbon reveal anomalies that imply a KT-nucleon
interaction in nuclear matter differing from its in-
teraction with free nucleons because of such mass
rescaling. However, as alternative explanations ex-
ist, further investigation of these effects is clearly
warranted. High-resolution (e, e’p) studies at high
momentum transfer and the exploitation of spin
observables in electron scattering experiments will
provide additional information.

A prime requisite for study of the structure of
the nucleon in the nucleus is a knowledge of its
structure in free space. The contribution to the
mass of the nucleon arising from chiral symmetry
breaking has recently been shown to be directly re-



lated to the content of the ¢g sea in the nucleon.
One interpretation of deep-inelastic scattering sug-
gests that about 25% of the quark pairs in the sea,
are of the strange variety. In order to be sure that
we are indeed seeing a strange-quark component,
and to measure it with some precision, better low-
energy m-/V experimental data and theoretical anal-
yses are needed.

Pions in the Nucleus

The pion plays a central role in nuclear physics.
Its coupling to the nucleon and its light mass makes
it responsible for the long-range part (r > 1.5 fm)
of the hadronic interaction. Pions can be produced
or absorbed in the nuclear medium, and this pro-
cess is fundamentally linked with the processes of
meson exchange which generate the nuclear force.
Its isovector character, i.e., the fact that it exists in
three charge states, makes the pion a unique probe
of nuclear dynamics.

Pion Content of the Nucleus

One very important feature of the nuclear medi-
um, its pion content, remains a puzzle. If cur-
rent conceptions are correct, single and multiple
exchanges of virtual pions are responsible for much
of the long- and medium-range forces between nu-
cleons. The pion excess from such exchanges, over
and above the pion clouds associated with the in-
dividual nucleons, has been predicted to be about
seven extra pions in *®Fe. How then do we observe
them? Such effects are expected to modify the re-
sponse of the nucleus to spin and isospin probes.
Studies of the nuclear response in the quasifree re-
gion have begun to address this crucial issue, with
some surprising results. For such studies it is of-
ten useful to align the spin of the proton projectile
along the beam axis (spin longitudinal) or perpen-
dicular to it (spin transverse) before it interacts
with the target. A 500-MeV proton scattering ex-
periment performed at LAMPF extracted the ra-
tio of spin-longitudinal to spin-transverse responses
for quasifree scattering from lead and calcium from
complete sets of polarization observables. As seen
in Fig. 9, the theoretically predicted enhancement
of the ratio of spin-longitudinal to spin-transverse
response at small energy loss due to the attractive
particle-hole force provided by pion exchange is not
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Figure 9:
spin-transverse response functions as measured in

The ratio of the spin-longitudinal to

500-MeV inelastic proton scattering on lead and calcium

! The curve

indicates the effects of pionic enhancement expected for

at a momentum transfer of ¢ = 1.75 fm™

this reaction.

observed in the data. This has been interpreted as
evidence against a pionic enhancement in nuclei;
however, this deduction is controversial in part be-
cause both the isoscalar and isovector channels are
involved in proton inelastic scattering, and the ef-
fect should be seen only in the isovector channel.
It has been observed, however, that the position of
the quasifree peak in the (°*He,t) reaction at 2 GeV
is shifted toward lower apparent excitation energies
as compared to (e,e’) results. One speculation is
that the shift observed in this more complex reac-
tion may be due to spin-longitudinal correlations in
the nucleus, that is, due to the pioni¢ enhancement.
Nucleon charge-exchange reactions offer a possible
resolution to this apparent discrepancy because of
their pure isovector nature and thus simpler inter-
pretation. Future (p, n) polarization measurements
thus appear very important for addressing this is-
sue, which is at the heart of our understanding of
nuclear forces. In addition, pion electroproduction
experiments will be extremely valuable in attacking
this problem, since under specific kinematic condi-
tions they probe the distribution of the pion charge
in nuclei directly.



Pion Production, Propagation
and Absorption

One of the most intriguing problems in medium-
energy physics is the nature of pion absorption in
nuclei. This process has a large cross section and
has been thought for some time to be dominated
by absorption on a pair of nucleons. While two-
nucleon absorption is indeed important, recent ex-
periments have shown evidence that processes in-
volving more than two nucleons may account for
about half of the absorption cross section. Re-
cent Bates (e, e’p) studies at large energy loss in-
dicate that the energy and momentum of the vir-
tual photon are often shared among several nucle-
ons. This is almost certainly closely related to the
processes seen in pion absorption. Interestingly,
this excess (e, 'p) strength at large energy loss ap-
pears to be primarily transverse in nature. Further
studies of the absorption of pions and photons to
resolve these very interesting questions are clearly
indicated. Several next-generation experiments in-
volving large-solid-angle detection of multiparticle
final states are being planned and implemented in
order to provide insights into this question.

At low beam energies, the pion is able to pen-
etrate deeper into the nuclear interior. The deep
minimum observed in the forward-angle single-char-
ge exchange cross section on '4C (see Fig. 10) demon-
strate the dramatic increase in the nuclear trans-
parency near a pion kinetic energy of 50 MeV. Pi-
ons of this energy thus sample the interior of the nu-
cleus and probe the influence of the nuclear medium
on the elementary pion-nucleon interaction. This
is in contrast to energies near the delta resonance
(~180 MeV) where the pion interacts mostly in the
nuclear periphery. At energies near the deep min-
imum shown in Fig. 10 one is more sensitive to
nucleon-nucleon correlations and possibly more ex-
otic mechanisms, because sequential processes are
inhibited. This transparency allows the pion to
propagate into the interior of the nucleus, where
modifications to the strong interaction are expected
to be largest. This also offers greater sensitivity to
nucleon correlations probed in pion double charge
exchange. The addition of a superconducting mo-
mentum compressor and a high-resolution neutral
meson spectrometer, soon to be operating on the
low-energy pion channel at LAMPF, will provide
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the tools needed to pursue studies with high res-
olution and high intensity in this interesting low-
energy regime.

With higher-energy pion beams, heavier mesons,
such as n's, K’s and p’s, are produced. By studying
their production and propagation, new selectivity
in exclusive reactions can be achieved. For exam-
ple, in the (m,n) reaction, only isovector, AT = 1
transitions are excited, while in the (7, K) reaction
a A particle is produced in the nucleus, leading to
a hypernucleus. The latter is discussed extensively
in Section 4.

Baryon Excitations

Pion degrees of freedom also become explicit
with hadronic and electromagnetic probes in the
excitation of the delta resonance. Studying this ex-
citation with real or virtual photons as a function of
mass number and comparing it to delta production
on a free nucleon, one finds that the resonance en-
ergy is essentially the same, although the width is

5

10

=
3
10" =
o ] 3
L0 y
o) 3
CO
S 7
10" 5
3 0
O ]
10 =
100"'1ﬁ*'|‘*'ﬁ‘
0 100 200 300

T (MeV)

Figure 10: Pion single charge exchange on '4C at 0°,
showing the apparent transparency of the nucleus to
low-energy pions, as evidenced by the deep minimum in
the cross section.



broader in the nuclear medium. In inclusive hadron
charge-exchange reactions, however, the position of
the peak is shifted down by roughly 60 MeV in all
miclei above mass 12. While a number of expla-
nations have been proposed, the purely kinematic
explanations seem not to work unless a large shift
due to the delta dynamics inside the nucleus is also
included. Measurements in various exclusive chan-
nels will be required to delineate the various con-
tributions to the inclusive cross section, as well as
detailed polarization measurements to separate the
spin-longitudinal and spin-transverse components
in the excitation of the delta in nuclei.

The principal underlying motivation for study-
ing A-nuclear interactions is the attempt to under-
stand the role of baryon internal structure in the
strong interaction. That is, by studying the inter-
action of different baryons with each other, we hope
to gain insight into the importance of various de-
grees of freedom in determining the nuclear force
and thus to guide the construction of models for
the study of strong-interaction dynamics. As the
lowest-energy excitation of the nucleon, the A is
accessible to medium-energy mesonic and electro-
magnetic probes and consequently has provided a
major focus for study over the last decade. The
richness of the A-nuclear system for this purpose is
suggested by quark-model calculations, which typ-
ically predict qualitatively different interactions in
various N-N, N-A, and A-A systems (e.g., very
strong attraction or very strong repulsion in certain
A-A and N-A channels, respectively). The very
short lifetime of the A requires that it be formed
inside nuclei so that its subsequent interaction can
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be studied.

For the average A-nucleus interaction, a wealth
of data obtained with pionic and electromagnetic
probes has led to a simple phenomenology that sys-
tematically describes a variety of processes. The
density dependence of the interaction indicates the
need for a significant spin-orbit contribution. The
most striking aspect in comparison with the nu-
cleon optical potential is the very large central ab-
sorption part associated with the underlying pion-
annihilation mechanism. Inelastic processes, in-
volving nucleon knockout or particle-hole excita-
tion are beginning to provide more microscopic in-
formation on the A-N interaction. The large A-
nucleus interaction discussed above suggests that
the A can itself induce the inelastic process in col-
liding with a nucleon. This process interferes with
the usual process to produce qualitative modifica-
tions of well-chosen observables. Specifically, exci-
tation of isospin partners (i.e., the use of discrete
transitions to “filter” the interaction) and coinci-
dence measurement of nucleon knockout in pion
scattering and photoproduction suggest the strong
repulsion in certain A-N channels which is pre-
dicted by quark models.

An interesting future direction will be the ex-
tension of such studies to the higher nucleon exci-
tations. There are many open questions about the
quark structures of these resonances, and a study
of their strong interactions can resolve some of the
key issues. These programs are difficult because
of the overlapping nature of the spectrum at high
excitation energy, so special signals, such as 7 pro-
duction, will be important.



I1.3 Quarks in Nuclei and Hadrons

Introduction

The internal structure of the proton has been
convincingly revealed in many experiments study-
ing proton structure at short length scales. In the
past decade, the theory of colored, point-like, spin-
% quarks interacting via spin-1 gluons—quantum
chromodynamics (QCD)—has developed from an
attractive picture to a successful, established the-
ory with a number of critical experimental confir-
mations. All of these confirmations are at large en-
ergy and momentum transfer scales, where the in-
teractions between quarks and gluons become weak
(“asymptotic freedom”) and perturbative tech-
niques can be applied.

This development changes our traditional view
of nuclear physics. Quarks and gluons are the fun-
damental building blocks of the nucleus. The “color”
carried by the quarks and gluons is analogous to
electric charge; in the laboratory we can only detect
combinations of quarks with a net color charge of
zero. The traditional picture of the nucleus as built
from neutrons, protons, and mesons (collectively
referred to as hadrons) is a low-energy approxima-
tion of QCD. There are therefore more degrees of
freedom to consider. This may alter our view of
the effect of the Pauli exclusion principle in nuclear
systems or on the value of sum-rule limits on exci-
tations, to give only two examples. The connection
of the traditional meson-nucleon description with
the high-energy, short-distance limit of quarks and
gluons is a fundamental, open problem. FEven at
low energies, the nucleon structure may have im-
portant consequences, just as the electronic struc-
ture of atoms is necessary to explain the electrical
conductivity of a metal.

We believe that a description of the nucleus in
terms of quarks and gluons is fundamentally cor-
rect. At high energies, theorists know how to de-
rive predictions from QCD using the perturbative
approach. At low energies, quarks and gluons are
confined in the hadrons and nuclei that we ob-
serve. Understanding QCD in the low-energy (non-
perturbative) regime of confinement is one of our
most important challenges, as most aspects of the
behavior of nuclei are manifestations of QCD in this
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limit characterized by strong coupling. Nuclei have
a special role in the study of confinement, since the
nucleus provides a “laboratory” where the nucleons
are naturally in relatively close contact. At this
level, the structure of individual hadrons and the
structure of nuclei may be inextricably intertwined.

There are three obvious paths to studying the
role of QCD in hadrons and nuclei. The first is
to use high-energy probes that interact with in-
dividual quarks and gluons to determine the in-
ternal structure in terms of the elementary con-
stituents. The second is to study carefully the
structure of free hadrons at lower energies and learn
if the structure of these hadrons changes within a
nucleus. The third is to study the interactions be-
tween hadrons, particularly as one changes the fla-
vor (up, down, strange, etc.) of the quarks; again it
is important to learn how these interactions change
inside the nucleus. We must be alert for new phe-
nomena, such as quark percolation among hadrons
or new groupings of large numbers of quarks, for
which our traditional hadronic description will pro-
vide little guidance.

Deep-Inelastic Scattering and
Quark Distributions

Deep-inelastic lepton scattering (electron, muon,
and neutrino) has been especially powerful in eluci-
dating the quark structure of a target. By using a
simple, structureless probe interacting at high en-
ergies via the electroweak interaction, it is possible
to extract the distribution functions of quark mo-
menta (ultimately, a consequence of confinement)
from the experimental cross sections. The obser-
vation that the distribution of quark momenta in
iron is not the same as it is in deuterium (the EMC
effect) provided the first clear evidence of the im-
portance of the nuclear medium at the quark level.
In the last few years, a series of new measurements
using high-energy electrons and muons has yielded
the remarkable results on the ratio of structure
functions shown in Fig. 11. These results may
reflect a change in the scale of confinement, inside a
nucleus, suggesting that the structure of a proton
may be different in free space and inside a nucleus.
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Figure 11: The measured ratio of the deep-inelastic
structure function Fy(z) of iron to that of deuterium
is plotted vs the fraction of the nucleon’s momentum
carried by the struck quark, z. The data are from elec-
tron and muon scattering experiments from the U.S.
and Europe. The observation that the ratio is not unity
demonstrates that the quark structure of iron is not the
same as that of deuterium.

But in other interpretations, the EMC effect may
be more directly related to the forces that bind the
nucleus. As we continue to examine the quark mo-
mentum distribution, we see additional evidence of
nuclear effects. In the region where a quark has
a very small fraction, z, of the momentum of the
nucleon (z < 0.1), the recent experiments have
shown that nuclear effects are also significant (see
Fig. 11). This has changed our picture of photon-
hadron interactions. At high energies the photon
is believed to interact very much like a hadron and
so to be “shadowed” from fully interacting with all
the nucleons in a nucleus. However, the new data
with virtual photons at larger momentum transfer,
Q?, show that this shadowing (seen as the decrease
of the ratio of cross sections below one at small z
in Fig. 11) can also be related to the quark dis-
tributions in nuclei. Another interesting region is
where a quark has more momentum than it could
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possess in a single free nucleon (z > 1); here one
might expect to find evidence of clusters of more
than three quarks.

New experiments are looking at nuclear effects
in the quark distribution functions for individual
flavors of quarks, either by detecting and identify-
ing the jets of hadrons that are the remnants of the
struck quark, or by selectively annihilating quarks
and antiquarks in the target with those in an inci-
dent hadron and detecting the emitted virtual pho-
ton (the Drell-Yan process). In this way we can
more cleanly identify the underlying nuclear mech-
anism and perhaps cast some light on the issue of
the number of pions in nuclei. Nuclei also provide
powerful “rulers” to measure the length scales of
QCD processes, e.g., how a fast-moving quark un-
dergoes the transition to a jet of hadrons. Nuclei
can be used to measure the time it takes for hadrons
to form and the effect of nuclear matter in modi-
fying this process. These techniques illustrate how
the nucleus has a unique role to play in the study
of QCD.

At high energies, the quarks are known to carry
roughly half the momentum of the proton, with
the rest being carried by the gluons. An exciting
new experimental result naively implies that only
a small fraction of the spin of the proton is car-
ried by the quarks, contrary to expectations from
simple quark models. This has caused a critical
re-examination of the link between low-energy ef-
fective quark models and the quark distributions
observed in deep-inelastic scattering. It is now es-
sential to measure the spin structure function of
the neutron, which requires the use of polarized
nuclear targets such as deuterium and 3He. With
these data, we will be able to test a fundamental re-
sult of QCD, the Bjorken sum rule, which provides
a clear prediction for the difference between the in-
tegrated proton and neutron spin distributions.

The possibly small contribution of the quarks
to the proton spin may indicate that an impor-
tant role is played by pairs of strange quarks and
antiquarks. Analyses of low-energy pion-nucleon
scattering also suggest that the strange-quark con-
tent of the proton might be surprisingly large. New
experiments in (neutral-current) neutrino scatter-
ing and (parity-violating) electron scattering show
promise for improving our knowledge on this im-



portant question in the near future. Thus we will
have many opportunities to explore further the spin
and flavor composition of the nucleon.

Hadron Form Factors and Hadron Structure

Much of our knowledge of the structure of nu-
cleons and nuclei comes from measurements of the
currents by which they interact with electroweak
probes. These currents are characterized by form
factors that parametrize the underlying flavor struc-
ture. They reveal, for example, the distribution of
charge within a proton or a nucleus. Figure 12 il-
lustrates the magnetic form factor of the proton.
At present, little is known about the correspond-
ing electromagnetic structure of the neutron,which
stands as a significant challenge for experimental-
ists. Since the neutron is electrically neutral, its
charge distribution is quite sensitive to models of
the charged constituents. The lack of knowledge
of the neutron form factors also limits our ability
to interpret some experiments on the deuteron and
heavier nuclei. Other transition form factors, such
as the quark spin-flip excitation of the A resonance,
allow us to concentrate on individual features of
the quark wave functions. Higher resonances, such
as the P;1(1440) and the D;3(1520), provide addi-
tional specific tests. The new CW electron accel-
erators at CEBAF and MIT-Bates with polarized
electron beams and polarized targets are ideal for
these form-factor studies.

At short distances, perturbative QCD makes
specific predictions for the momentum dependence
of these hadron form factors; these predictions are
simply related to counting the number of quarks
that must interact to keep the hadron intact. In
addition, perturbative QCD places important con-
straints on the spin structure of the form factors.
We must learn when these perturbative techniques
can be applied. The elastic form factors of the
pion and proton (see Fig. 12) appear to follow the
counting rules of QCD at high @2, but attempts
to calculate the absolute magnitude of the proton
form factor by nonperturbative techniques seem to
require quite complicated quark distributions. Re-
markably, studies of the deuteron show some evi-
dence of this type of behavior at relatively low en-
ergies, 1-2 GeV in the d(y,p)n reaction. Figure
13 shows a different property of the deuteron, the
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Figure 12: The proton magnetic form factor G%,(Q?)
times Q% is plotted vs. four-momentum transfer Q2.
The approximate constancy of these data is evidence of
scattering from three quarks in the proton. Perturbative
QCD techniques do correctly predict the shape of the
deviations from a constant, but it is not yet clear if
they give the correct absolute magnitude. Two typical
calculations are shown, but others give much smaller
values.

magnetic form factor, B(Q?), measured by elastic
electron scattering in the nuclear physics program
at SLAC, NPAS; the minimum in these data at
Q? =~ 2 (GeV/c)? is not easily explained in a pertur-
bative quark model. Indeed, the average momen-
tum transferred to a single proton in deuterium is
larger in the d(~, p)n reaction data than in the mag-
netic form-factor data. We need to extend all these
types of measurements to higher momentum trans-
fer. The distinct predictions of spin observables are
expected to be key signatures of the applicability
of perturbative QCD.

A central idea in perturbative QCD is that the
only way a hadron can recoil intact from a very
hard collision is to be caught momentarily in a
very small state with all its quarks packed close to-
gether. A hadron in such a small, colorless state is
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Figure 13: The deuteron magnetic form factor B(Q?)
is plotted versus four-momentum transfer Q2. The new
data (solid points) are from a recent NPAS experi-
The
smoothly decreasing dot-dashed curve is the shape pre-
dicted by the quark scaling models assuming hard scat-

ment at the Stanford Linear Accelerator Center.

tering on six quarks. Such models were able to describe
the smooth Q2 dependence of another deuteron form
factor, A(Q?), shown by the open squares. The solid
curve is from one meson-nucleon model but is quite sen-
sitive to assumptions for nucleon and meson currents in
the deuteron. Another low-energy, QCD-inspired model
of the electromagnetic current (dotted curve) is similar
in shape to the meson-nucleon curve.

expected to travel through matter with little inter-
action. By studying hard collisions in nuclei, this
idea can be verified, and the space-time evolution of
the hadron from this compact state can be deter-
mined. Recent data on p-nucleus scattering offer
an intriguing glimpse but are complicated by the
presence of significant nonperturbative amplitudes.
Electroweak probes, used for initiating the hard
scattering process, do not suffer from these non-
perturbative amplitudes and exhibit behavior con-
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sistent with the perturbative predictions in scat-
tering from free nucleons, as discussed above. New
experiments using these probes are clearly required
to explore this issue.

Can we see evidence that the structure of the
proton has changed inside the nucleus? The data
from searches using electron scattering, such as mea-
surements of the Coulomb sum rule, have been dis-
cussed in Sections 1 and 2; many-body physics is
seen to be essential in interpreting these results. In
the suggested explanations of the EMC effect, we
also see an interplay between a single-particle ex-
planation, the possible change in confinement scale,
and many-body effects. We will probably need a
consistent explanation of data, with both a hadronic
description and a quark description, to provide a
convincing case for a change of the structure of the
nucleon inside the nucleus. Such a change would
have tremendous repercussions in our understand-
ing of nuclear structure and interactions.

Hadron-Hadron Interactions

It is natural to look to QCD to give us new in-
sight into novel hadronic structures and the inter-
actions between hadrons. The most distinct predic-
tions of the various models are manifest in new par-
ticles such as glueballs (composed of gluons rather
than quarks) or other exotic hybrid states. One
collection of six quarks, the H particle, may be
stable; it is a symmetric combination of two up,
two down, and two strange quarks (see Section 4).
Some models suggest that, in bulk nuclear matter,
the effects of the Coulomb and color interactions
make states with large numbers of strange quarks
preferred. Often quark models provide simple ex-
planations for observations that require a compli-
cated explanation in the meson picture; the small
spin-orbit interaction in A hypernuclei discussed in
Section 4 is one such case. Perturbative techniques
are important here also, where they can be used to
make powerful predictions for hadron-hadron scat-
tering at high energies, just as for the electroweak
form factors.

We expect that QCD will not only predict new
phenomena in nuclear physics but will help us re-
solve some of the long-standing problems in the
field. Here the nucleon-nucleon interaction remains
a central issue. That the N-N interaction must be



strongly repulsive at short distances was already
evident in 1951. A meson description at very short
distances is very complicated and involves many ar-
bitrary parameters. In QCD inspired models, this
repulsion is generated by the Pauli restrictions, the
color-magnetic interaction generated by one-gluon
exchange, and other manifestations of the confining
forces. More information on other baryon-baryon
systems, such as the A-N, £-N, B-p (and possibly
A-N, A-A) will provide significant tests; this vari-
ety of short-range interactions should reveal further
evidence for QCD effects, such as quark-exchange
forces.

Theoretical Progress

The theory of QCD in the strong interaction
regime has been pursued vigorously on many fronts.
Lattice gauge calculations appear to offer the possi-
bility of obtaining numerical static solutions to the
QCD Lagrangian. These calculations have already
had some success in illuminating the nature of con-
finement and of the phase transition between the
low-energy confined system and the high-energy
quark-gluon plasma described in Section 7. There
are many attempts to incorporate approximate mod-
els of confinement (e.g., bags, strings, flux tubes),
which have been quite successful at a phenomeno-
logical level. The constituent quark model predates
QCD; its successes (magnetic moments, approxi-
mate flavor symmetry) are only partially under-
stood in terms of the more modern approaches.
Bag models attempt to incorporate the correct
quark degrees of freedom. In another approxima-
tion, i.e., in the limit that the number of colors
is large, QCD can be reduced to an effective the-
ory with the remarkable property that the quark
degrees of freedom can be eliminated and only me-
son degrees of freedom remain. Such a picture has
much in common with our traditional view of the
nucleus. Chiral bag models incorporate both quark
and mesonic elements to deal with the transition
between the deconfined and confined regions.

QCD provides a direct explanation for a pow-
erful symmetry principle, chiral symmetry. It ex-
presses the fact that the energy of the system is un-
changed under suitable rotation of its fields. This
symmetry is automatically built into a theory of
massless quarks, while in a meson-nucleon picture
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it implies that the mass of the pion is negligible. A
powerful phenomenology, chiral perturbation the-
ory, is built on this symmetry principle and offers
much hope for providing a basis for low-energy the-
ory with fundamental connections to QCD. A con-
siderable amount of precise low-energy experimen-
tal work on meson interactions (strong and elec-
troweak) is required to test this theory.

An important question is the relationship be-
tween two phenomena: the confinement transition
from weakly interacting quarks to mesons, and the
chiral phase transition from massless quarks to me-
sons. This issue must be addressed both in the
structure of the hadrons and in the phase transi-
tion to the quark-gluon plasma.

Progress on these theoretical avenues has been
rapid since the last Long Range Plan and this area
has developed into one of the most exciting areas
of nuclear theory research. This progress must con-
tinue, in conjunction with the new experimental ef-
forts, to provide an understanding of how we use
QCD in the nucleus and how we connect our quark
and hadron pictures of nuclei.

Summary

Incorporating quark and gluon degrees of free-
dom in nuclei has significantly expanded the scope
of our field. It is important to understand these
issues of confinement in QCD to address a host
of long-standing issues in nuclear physics. Since
QCD is solvable at high energies, the transition be-
tween the simple perturbative regime and the con-
finement regime must be explored. This requires a
well-stocked arsenal of probes of the nucleus, many
of which are not available at nuclear physics facil-
ities. High-energy leptons have been and will con-
tinue to be central to these studies. High-energy
hadron probes provide unique sensitivities to fla-
vor and gluon distributions. Nuclear physics has
or is developing some of the facilities for the study
of hadron structure and interactions at CEBAF,
LAMPF, MIT-Bates, NPAS, and a future high-
intensity, higher-energy hadron accelerator. How-
ever, as is evident from the figures in this section, it
is vital to carry out a number of the critical exper-
iments at truly high-energy accelerators. Nuclear
physics efforts at traditionally “high-energy” facili-
ties must be vigorously pursued in addition to work



at dedicated nuclear physics facilities.

The development of QCD has provided nuclear
physics a great challenge and an enormously stim-
ulating scientific opportunity. We must now attack
questions that we could not even state in a mean-
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ingful way in the recent past. In the past five years,
we have moved from the first confrontation with ex-
perimental data on explicit quark effects to a field-
wide appreciation of the impact of QCD on nuclear
science and on clear directions for the future.



11.4 Flavor Physics in Nuclei

Overview

As stated earlier, the neutrons and protons that
make up ordinary nuclei are in turn built up of
quarks of “up” or “down” (u or d) flavors. Heav-
ier baryons, which are called hyperons, contain one
or more “strange” (s) quarks. For example, an s
quark, together with a ud combination, forms the
lightest hyperon, called the lambda particle (A).
The strong and electromagnetic interactions do not
allow decays that change flavors. Thus the A de-
cays via the weak interaction and hence can form
rather long-lived (lifetime 7 ~ 10~19 sec) nuclear
systems, called hypernuclei. Examples of these were
discovered some 35 years ago in experiments with
nuclear emulsions. There is also some informa-
tion on nuclear composites containing the heavier
sigma (X) or cascade (2) hyperons, the latter con-
taining two strange quarks. These systems decay
via strong interactions, with a typical time scale
of 10722 sec, so their properties are more elusive.
Heavier quark flavors, namely “charm” (¢), “bot-
tom” (b) and “top” (¢), can be produced in high-
energy collisions. In general, the study of nuclear
many-body systems that incorporate one or more
heavy quarks (s,c,b,t) is called “flavor physics in
nuclei.” It forms the subject of this chapter.

Hypernuclei have been produced with beams
of mesons using both pions (7) and their strange
counterparts, the kaons (K), antiprotons, or even
heavy ions, incident on nuclear targets. The pio-
neering hypernuclear work with meson beams has
been carried out at proton synchrotrons at Brook-
haven, CERN, and at KEK (the Japanese High En-
ergy Physics Laboratory), using beams of limited
intensity and spectrometers of modest resolution.
At CERN and Fermilab, production of hyperon-
antihyperon and charm-anticharm pairs has been
achieved with antiproton beams.

There are a number of outstanding issues in fla-
vor physics to be addressed in the next decade.
These include the clarification of the strangeness
(s5) content of the nucleon, the interaction with
nucleons and nuclei of mesons containing s3 pairs,
such as the 1 and ¢ mesons, the search for strange
two-baryon bound states (dibaryons), investigations

~
~
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of the structure of hypernuclei with high energy
resolution, further exploration of the isospin de-
pendence of the hyperon-nucleon weak force, and
the study of nuclear medium effects with strange
probes, for instance the K. There are many ex-
amples of the significant role that heavier \quarks
play in understanding the physics of strongly inter-
acting multiquark systems. We focus later in this
section on a selection of problems that highlight
the broad scope of physics questions that can be
addressed by measurements involving strangeness
and heavier flavors.

For the future development of this field, the pro-
posed Canadian KAON project will provide a fore-
front facility capable of attacking a variety of fun-
damental problems with a wide range of reactions.
This 30-GeV, 100-uA CW proton accelerator will
have kaon, antiproton, pion, muon, and neutrino
beams that would make possible extensive studies
of flavor physics in nuclei. As a complement, CE-
BAF provides the capability of probing the spin-
flip strength in hypernuclei via the (e, ¢’ K) electro-
production with high resolution. Until the more
intense beams of kaons and pions at KAON be-
come available, the Brookhaven AGS must play the
primary role in these investigations, and continued
support for this facility is essential in providing a
bridge to the future.

The Baryons and Their Interactions

Strangeness in the Nucleon

The presence of strange quark-antiquark (s3)
pairs in the nucleon and their role in nucleon struc-
ture is a question of intense interest at this time.
There are indications of a relatively large number
of s3 pairs in the quark sea of the nucleon, as re-
vealed, for instance, by deep-inelastic v, scattering.
Recent measurements of the spin-dependent struc-
ture function of the proton and the neutral weak-
elastic scattering of neutrinos by the proton may
indicate that the strange-quark sea carries a fair
fraction of the proton spin, although there is con-
troversy regarding the contribution of gluons to the
spin. This is an issue of basic importance, which




was treated in more detail in Section 3.

Hyperon-Nucleon Interactions and
Strangeness Production

In investigations of baryon-baryon interactions
the hyperon-nucleon interaction plays a special role
as a test of the SU(3) flavor structure of the strong
interactions. There are interesting charge-symmetry
breaking effects and significant three-body forces
which involve hyperons. Direct investigation of A-
N scattering using tagged hyperon production will
become feasible as high-flux beams of protons, an-
tiprotons, pions, and kaons become available to
produce tagged A, X, and = particles. These par-
ticles decay in free space via the weak interaction,
and the spatial asymmetries of the decay products
give information about the polarization of these hy-
perons. In addition, the study of antiproton annihi-
lation processes on nucleons and nuclei, leading to
the production of strangeness- and charm-carrying
particles, deserves a high priority. The relative pro-
duction rates of strange mesons and baryons in
p-nucleus collisions are an excellent probe of en-
ergy dissipation and equilibration in heated nuclear
matter.

An example of the high-quality data of this na-
ture, obtained at the Low Energy Antiproton Ring
(LEAR) facility at CERN, is shown in Figure 14.
This represents the first precise study of lambda-
antilambda (AA) production very close to threshold.
A large p-wave component is present, posing an
interesting and unsolved problem for the reaction
mechanism.

Strange Dibaryons

The spin-spin interaction between pairs of
quarks
plays an important role for the differences between
the masses of the various baryons and mesons. The
existence of multiquark hadron states beyond quark
antiquark and three-quark systems has been pre-
dicted for many years. Strange six-quark states
are of particular interest, since some of these may
be stable or quasistable with respect to strong de-
cay. Of particular interest is the lowest-lying dou-
bly strange state, the H dibaryon. The experimen-
tal verification of the existence of the H particle is a
high priority. If the H exists, an investigation of its
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decay modes will test the special quark character
of its wave function and the effective weak inter-
actions for nonleptonic decays. What is needed is
a high-sensitivity measurement in the region of the
AA mass and below. The first such experiments are
now under development at the Brookhaven AGS fa-
cility. This direction of research will retain a high
priority at a future kaon facility.

The Structure of Hypernuclei

The conversion of a nucleon to a hyperon, such
as the A, provides a “tagged” baryon probe for nu-
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Figure 14: Total and differential cross sections for the
production of AA pairs in the reaction +p — A+ A
near threshold. Investigation of this reaction permits a
study of the mechanism for strangeness production. The
polarization of the A’s, obtained from the weak-decay
asymmetry of the hyperons, was found to be large at
backward angles.



clear structure studies. Such “flavor tagging” is
analogous to the technique of radioisotope tracers
in studying the structure of biological molecules.
Hypernuclei exhibit new features absent in the struc-
ture of nonstrange systems. The issue arises as to
whether hyperons behave as distinguishable fermi-
ons in the nucleus or whether the quark substruc-
ture is revealed when the hyperon is immersed in
the nuclear medium. The nonmesonic weak decay
of hypernuclei enables one to explore the AN —
NN strangeness-changing weak interaction, which
is inaccessible in free space.

The exploration of hypernuclei tests our under-
standing of their structure, constrains our models
of nuclear forces, and may even exhibit new phe-
nomena. The AN spin-orbit force has been shown
to be at least an order of magnitude smaller than
that for NN, but has yet to be precisely deter-
mined. Three-body ANN forces play a relatively
important role in hypernuclei. They are signaled by
a significant density dependence of the A-nucleus
mean field. Detailed shell-model calculations have
revealed significant deviations from the weak cou-
pling picture, which reflect the properties of the
AN effective interaction. Unique features of hyper-
nuclear structure have also been seen: for instance,
supersymmetric configurations, which are forbid-
den by the Pauli principle for ordinary nuclei. Ex-
ploiting hypernuclei to increase our understanding
of nuclear structure requires significant improve-
ment in excitation-energy resolution, to the level
of 100 keV, in order to resolve individual levels and
to determine their quantum numbers.

At the hadron level, the A is certainly distin-
guishable from the proton and neutron, so the Pauli
principle does not apply. However, at the quark
level one might anticipate that the A would expe-
rience a Pauli pressure due to the antisymmetriza-
tion of its u and d quarks with the quarks of the
same flavor in the nucleus. Still, present experi-
mental results on the atomic-number (A) depen-
dence of ground- and excited-state hypernuclear
binding energies are consistent with a simple one-
body (mean-field) potential for the A. Recent re-
sults from the Brookhaven AGS on the associated
production of hypernuclei with pion (7%) beams
are displayed in Fig. 15. The effects of quark
structure would contribute to the observed nonlin-
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ear density dependence of the A-nucleus potential,
but conventional nuclear medium corrections and
three-body forces produce similar effects.

The multiplet structure in hypernuclear spec-
tra reveals the spin dependence of the AN interac-
tion. The spin splittings are usually small, and high
energy resolution is required for their direct ob-
servation. The principal hadronic mechanisms for
producing hypernuclei are (K, ) strangeness ex-
change and (7%, K1) associated production. The
(n*, K1) reaction populates high-spin, natural par-
ity states. The photo- and electro-production reac-
tions (v,KT) and (e,e’K™), which will be stud-
ied at CEBAF, display similar kinematics but fa-
vor spin-flip transitions to unnatural parity con-
figurations. The spin splittings are generally small
throughout the p-shell, so their direct measurement
in any of these reactions requires a high-resolution
spectrometer. Decay v rays from hypernuclei have
been of particular importance; transitions in sev-
eral p-shell hypernuclei have been observed. The
transitions between the members of the ground-
state doublet are particularly interesting, but, ex-
cept for the A = 4 hypernuclei, these have not
been detected. At Brookhaven, upper limits of or-
der 80 keV have been obtained for several transi-
tions, indicating that the A-nucleon spin coupling is
small indeed. In the study of hypernuclear spectra,
there is a need for intense kaon or pion beams cou-
pled with high-resolution spectrometers and large-
acceptance detectors.

Weak Decay of Hypernuclei

The ultimate fate of a A hypernucleus is to un-
dergo weak decay via a mesonic (A — N) or a
nucleon-catalyzed non-mesonic transition (AN —
NN). The nonmesonic mode dominates for all but
the lightest systems. The decay can take place
from the ground state or from an excited state
whose electromagnetic lifetime is long compared
with that for weak decay (typically 200 psec). Hy-
pernuclear weak-decay lifetimes for light systems
have recently been measured at the AGS, and for
heavy hypernuclei at LEAR. Of even more inter-
est are measurements of the various partial decay
rates, especially the ratio of proton-stimulated to
neutron-stimulated nonmesonic decay. This ratio
is very sensitive to the relative contribution of dif-
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Figure 15: Identification of single-particle states in A
hypernuclei.

(A) Observation of the A single particle orbits in the
reaction 7T +89Y -89y + K+,

(B) Measured dependence of the binding energy of
Solid
curves correspond to a Hartree-Fock description of the

A-single particle states on mass number A.

A-nucleus mean field.
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ferent mesons exchanged in the AN — NN weak
decay process. Current data seem to be at odds
with theoretical predictions based on one-pion ex-
change.

The 7° and 7~ mesonic decay rates, the decay
excitation functions, and the pion angular distri-
butions from polarized hypernuclei have been pre-
dicted. The 7°/7~ ratio can, in many cases, be
used to distinguish the spin of the decaying member
of a ground-state doublet. The pionic decays offer
a sensitive test of nucleon occupation probabilities
and of the low-energy pion-nucleus interaction.

Large polarizations can be obtained for certain
hypernuclear states that are populated with ap-
preciable cross section in the (7, K*) reaction.
This polarization is especially useful when com-
bined with coincidence measurements of secondary
decay particles, as in the weak decay process. One
could test models of the weak decay mechanism by
studying the angular correlation between the weak
decay products and the hypernuclear spin.

Doubly Strange Hypernuclei

The existing data on doubly strange hypernu-
clei are very sparse. There are two AA hypernu-
clear events known, and several others that have
been interpreted as = hypernuclei. The (K~ K™T)
or (K~,K?) reactions can be used to produce =
hypernuclei in a single-step process. The momen-
tum transfer q is sizable, and hence high-spin states
are populated. The central question is whether
the width from ZN — AA conversion becomes too
large for the = single-particle states to be observed.
Model calculations suggest that widths of order 5
MeV might be expected for = ground states. The
2-GeV/c kaon/pion beam line under construction
at the AGS will provide access to this uncharted
domain.

For AA hypernuclei, production cross sections
of order 1 to 10 nb/sr have been estimated with
kaon beams, for certain high-spin states. In order
to measure such small cross sections in a reasonable
running time, the full capability of the proposed
KAON facility will be needed. Multiply strange hy-
pernuclei could also be produced with relativistic
heavy-ion beams. Beyond this, “strangelet” pro-
duction from the quark-gluon plasma is a more ex-
otic possibility.



KT-Nucleus Scattering

The K+ meson is an excellent probe of nuclear
matter because of its relatively feeble interaction
with nuclear constituents. It has a relatively long
mean free path (5-7 fm) in the nucleus. Analy-
ses of K*-nucleus scattering point up a serious
discrepancy between theoretical expectations and
measurements of the elastic differential cross sec-
tions, and of total cross sections relative to that
of 2H. In order to reconcile these discrepancies, it
has been suggested that the effect of the nuclear
medium is to modify the effective size of nucleons,
as suggested by the EMC effect. This can be in-
terpreted as a partial deconfinement effect or as a
lowering of the effective mass of mesons in nuclear
matter, leading to a density-dependent KN am-
plitude. Whatever the ultimate explanation, the
K" -nucleus interaction provides an important test
of our basic understanding of hadron interactions
in strongly interacting many-body systems.

Conclusions
The properties of baryons and nuclei are sig-
nificantly altered when strange quarks or heavier
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flavors are introduced. This provides an excellent
opportunity to test our understanding of these sys-
tems in terms of the interactions of quarks and glu-
ons. Discovery of a stable strange dibaryon would
be a major confirmation of our understanding of
quark confinement. The comparison of hyperon-
nucleon scattering with nucleon-nucleon scattering
provides an important test of strong interactions.
The investigation of hypernuclear properties is im-
portant, both for exploring the origin of specifically
nuclear effects such as the spin-orbit and tensor
forces, and as a means of investigating interactions
not otherwise accessible in the laboratory. Exam-
ples would be the weak A — N force and the strong
A — A force.

There is a wide range of provocative questions
in this sector of nuclear physics that should be ex-
plored in the next five to ten years. Obtaining an-
swers to these questions will ultimately require the
intense beams of kaons, antiprotons, and pions of
a high-intensity, multi-GeV proton facility, such as
KAON. In the interim, continued support for the
Brookhaven AGS will be essential.



11.5 The Nucleus Under Extreme Conditions

Introduction

The structure of nuclei has been a central sub-
ject of nuclear physics since its beginning. As a re-
sult, the main aspects of the modes of excitation of
nuclei near their ground-state configurations, and
in the valley of stability, are now quite well under-
stood. The major models, principally the spherical
or deformed shell model, or the interacting boson
model, are well in hand. The new emphasis is on
stressing the nucleus in order to learn about the
limits of our nuclear models. New phenomena ap-
pear when nuclei are driven to the limits of sta-
bility by adding angular momentum (i.e., centrifu-
gal'stress), by increasing their excitation energy to
values near 100 MeV, by raising the nuclear tem-
perature beyond 1 MeV, or by drastically changing
the balance between the number of neutrons and
protons from that prevailing in stable nuclei. Ad-
vances in our knowledge of these areas have come
about by the recent development of powerful new
experimental techniques.

Rapidly Rotating Nuclei

Rapidly rotating nuclei are produced by beams
of heavy ions when a massive projectile makes a
near-grazing collision with a target nucleus and the
two fuse. It was long predicted that such rapidly ro-
tating nuclei could be driven to unusually large de-
formations, but it was only with the development of
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